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Preface

Climate change is and will continue to be one of the central issues in the world’s
agenda. The 16th Conference of Parties (COP-15) of the UN Framework Con-
vention on Climate Change held in Cancun, Mexico, in December 2010 has
reiterated how much still needs to be done in order to tackle the various challenges
climate change and its various ramifications pose to mankind.

This book, prepared as a follow-up to the third online climate conference
CLIMATE 2010/KLIMA 2010, held on 1–7 November 2010, focuses on Climate
Change and the Sustainable Management of Water Resources. There are two key
arguments for the choice of this particular topic:

• First, it is widely believed that climate change has a serious impact on global
water supplies and may worsen water scarcity–a problem which threatens a
large part of the world already today. Under present conditions, approximately
1.2 billion people—especially in developing countries—have no access to
drinking water. In order to address this problem, the United Nations has set the
goal of increasing access to a further 600 million people by 2015, i.e. better
access to drinking water for around 100 million people per year between 2010
and 2015.

• Second, there is a pressing need to use the presently available water resources,
which are very scarce in some areas, more sustainably. Even though in parts of
Africa, Latin America and the Middle East water resources are already scarce,
the proportion of water wasted partly to leaks but also due to the lack of
adequate systems to retain, recycle and reuse water is considerably high. Urgent
action is needed to address this issue to keep up the UN targets.

The thematic focus of this book, which is also prepared in the context of the
Interreg IVB (North Sea) project North Sea Skills Integration and New Technol-
ogies (SKINT), will allow in-depth discussions and support the search for global
and regional solutions for the impacts climate change has on water supplies and
will address the need to promote sustainable water use across the world.

Part I contains a set of papers on geochemical and physical impacts of climate
change on water supplies, as well as on aspects of modelling, forecasting and
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software applications. Part II includes papers on the socioeconomic aspects of
climate change in relation to water supplies and use, whereas Part III presents
papers on the links between climate change, policy-making and sustainable water
use. Part IV presents a number of projects and initiatives, which focus on
addressing the links between climate change and sustainable water use, including
educational and awareness-raising initiatives.

I want to thank all authors for sharing their knowledge and their experiences, as
well as Mrs Marika Rudzite-Grike for the editorial support provided. Thanks are
also due to the ICCIP Team (Franziska Mannke, Natalie Fischer, Kathrin Rath and
Johanna Vogt) and Olaf Gramkow for contributing to Climate 2010 and to this
book project.

It is hoped that this book, which is Volume 3 of the ‘‘Climate Change Man-
agement Series’’, initiated as part of the ‘‘International Climate Change Infor-
mation Programme’’ (ICCIP), will be useful and allow a better understanding of
the problems, barriers, challenges, opportunities and possibilities related to the
promotion of the sustainable use of water resources worldwide.

Summer 2011 Walter Leal Filho
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Chapter 1
Climate Change Impacts on Green Water
Fluxes in the Eastern Mediterranean

Ibrahim M. Oroud

Abstract The present paper is part of the Glowa Jordan River project, which has
been focusing on climate change impacts on environmental, economic and social
issues within the lower Jordan river riparian states. The eastern Mediterranean is
characterized by scarce and erratic precipitation with relatively cool, wet winters
and dry hot summers. Water is the biggest growth-limiting factor. The present
paper discusses the use of climate gradient as a tool to examine the impact of
climate change on precipitation partitioning over field crops. The present experi-
ment is carried out using a multi-layer, multi-year model with a daily time step.
Six years of daily data for five locations, with average annual precipitation ranging
from 170 to 580 mm, were used in this investigation. Results show that the ratio of
soil evaporation (BE) to annual precipitation (P) during the growing season
depends strongly on precipitation regime and amount, ranging from *15 to 20%
when P [ 600 mm to *60% when annual P \ 200 mm. A decrease of 10% in
precipitation along with a temperature rise of 2�C increases bare surface evapo-
ration, on average, by *10% compared to average current conditions. The
implications of this would be a tangible reduction in blue and green water fluxes,
leading to compulsory land use shift and further water stress in the region.

Keywords Climate change � Mediterranean � Soil moisture partitioning � Rain-
fed field crops

I. M. Oroud (&)
Department of Geography, Mu’tah University,
Karak, 61710, Jordan
e-mail: ioroud@mutah.edu.jo

W. Leal Filho (ed.), Climate Change and the Sustainable Use of Water Resources,
Climate Change Management, DOI: 10.1007/978-3-642-22266-5_1,
� Springer-Verlag Berlin Heidelberg 2012
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Introduction

Rain-fed field crops are widely grown in western Asia and North Africa. Being
located in a transitional zone, this area experiences limited amounts of precipi-
tation with substantial interannual and within season variability. For instance, a 30-
year record of precipitation in a station located in this area shows that the average,
lowest and highest annual precipitation there were 340, 123 and 639 mm,
respectively, with a coefficient of variation of precipitation exceeding 30% in
many locations. Precipitation in the eastern Mediterranean exhibits strong spatial
gradients both latitudinally and across elevation contour lines. This is clearly
depicted in the geographic distribution of water resources, floral composition and
dominant agricultural practices.

General circulation models and long-term regional meteorological observations
suggest strongly that the eastern Mediterranean will experience a warming trend
along with a reduction in annual precipitation during the twenty-first century. This
climate change is expected to adversely affect soil moisture availability at different
depths, with subsequent impacts on the evapotranspiration regime and biomass
production. One of the objectives of this paper is to demonstrate the impact of
climate gradient on soil moisture partitioning when planted with a field crop,
wheat for instance. The use of climate gradient, or space-for-time approach,
provides an assessment of what to expect following a change in climate.

The objective of the present investigation is to examine how soil moisture
regime within the active root zone of a wheat crop is influenced by the amount of
precipitation and its temporal distribution, and how it is partitioned via direct
evaporation and transpiration along a climate gradient. A multi-year, multi-layer
simulation model was used. Six years of daily meteorological data for five stations
representing the high precipitation zone in Jordan were used in this investigation.

Study Area and Data Quality

The study area represents a semi-dry Mediterranean climate regime with ‘‘average’’
Koppen climate classification of Csa and Csb. The study area is located in
the mountainous areas of Jordan, with average annual precipitation ranging from
170 mm to about 550 mm (Fig. 1).

Precipitation falls in the cold season, October/November, and ceases around the
end of March/early April. Figure 2 shows the annual course of precipitation in two
locations. Annual potential evaporation (PE) in the study area is around 1,000 mm,
with the index of aridity ranging from 1.5 in a small mountainous enclave to about
4 in the drier mountainous regions. Six years of continuous daily meteorological
data (precipitation, maximum and minimum air temperatures, sunshine hours,
cloud cover, wind speed, and ambient vapour pressure) covering the period 1996/
1997–2001/2002 were obtained from the Department of Meteorology, Jordan.
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This period covers several growing seasons with wet, average and dry years for the
five stations used in the investigation. The selected stations provide good-quality
meteorological data with elements being observed on an hourly or three-hourly
basis. The data set was quite continuous with few gaps in certain elements which
were estimated from neighbouring stations using linear regression, and were
checked for consistency.

Fig. 1 Location of stations along with elevation (m) and average annual precipitation (mm)
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Method of Investigation

The present investigation is carried out using a cascading water balance model.
The water balance of a soil column may be expressed in the following form (e.g.
Gleick 1987):

dS

dt
¼ P� BE � AT � RO � Dp ð1Þ

The first term represents soil moisture change with time; P, BE, AT, RO, and Dp

are precipitation, bare surface evaporation, actual transpiration, surface runoff, and
deep percolation, respectively. In this formulation the soil profile is divided into
four equal layers, 0.25 m each, and thus it is assumed that maximum root
extension is 1 m. Soil evaporation is determined by atmospheric demand, soil
water content, and soil hydraulic properties (e.g. Ritchie 1972).

Atmospheric demand, or PE, is a thermal index which represents the amount of
available energy, radiative and advective, that can be used to convert water from
its liquid phase into vapour phase. A widely used expression to calculate PE is the
Penman–Monteith expression, in which radiative and advective terms were com-
bined to calculate PE (e.g. Dingman 2002).

Actual soil evaporation is either energy-limited or moisture-limited. Most of
bare soil evaporation (BE) takes place from layers close to the surface-atmosphere
interface. In this formulation, evaporation from the top layer is calculated using the
concept of readily available water such that soil evaporation proceeds at its
potential rate when skin layer moisture (x) exceeds atmospheric demands:

BE ¼ sPE; sPE�x; 0�x� 4 mm ð2Þ

When skin moisture content does not meet evaporative demands, then direct
evaporation is proportional to moisture content of the upper layer,

BE ¼ sxþ sðPE � xÞ hi � hh

hf � hh

� �1:8

; sPE [ x ð3Þ
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where BE, PE, x, hi, hh, hf, and s are bare surface evaporation, PE, readily available
water for evaporation, actual soil water content, residual water, field capacity,
and solar radiation fraction reaching the soil surface, respectively.

The readily available soil water is assumed to be 4 mm. Following rainy events,
bare surface evaporation proceeds at its potential rate until x is less than the
potential rate, with Eq. 3 being used instead.

Soil evaporation proceeds only from the top layer when its moisture content is
above a threshold value, but when it drops below that, then evaporation proceeds
from the deeper layers as well, but with a much reduced rate.

Evaporation/transpiration fraction distribution is assumed to have the following
exponential form as suggested by Novak (1987) (see also Zhang et al. 2004),

kk ¼
D expð�Dðz=zDÞÞ
zDð1� expð�DÞÞ ð4Þ

where D is the water use distribution parameter, and ZD is the maximum depth that
responds to evaporation processes at the surface-atmosphere boundary. The water
use distribution parameter for evaporation depends primarily on soil hydraulic
properties, and its value may be in the range 6–10 (e.g. Zhang et al. 2004), taken in
this paper as 8. When the top layer becomes desiccated, as is the case during the
long summer days, evaporation proceeds from the deeper layers.

Surface albedo is parameterized as follows,

a ¼ 0:3� ð0:1sþ 0:04ð1� sÞÞ; 1\x\4 mm ð5Þ

a ¼ 0:3� ð0:1ðh=hf Þbsþ 0:04ð1� sÞÞ; x\1 mm ð6Þ

where x is skin layer soil moisture wetness factor (taken in this case to be 4 mm),
h and hf are the upper surface layer soil moisture and its field capacity, respec-
tively, s is the fraction of global radiation reaching the ground surface, calculated
by (e.g. Oweis et al. 2000; Zhang et al. 2004),

s ¼ expð�K � LAIÞ ð7Þ

where K is solar radiation extinction coefficient, taken in this paper as 0.6 (e.g.
Zhang et al. 2004), and LAI is leaf area index. Because of rapid drying of the skin soil
layer which determines surface albedo, the exponent b appearing in Eq. 6 is taken as
2.2. Equations 5 and 6 reflect adequately alterations to surface albedo due to upper
soil wetting following rainy events and also due to development of foliage coverage.

Soil Moisture and Runoff

Runoff is a function of several parameters (e.g. soil texture and depth, topography,
vegetation cover, antecedent soil moisture, precipitation intensity). Because of
difficulty in obtaining precipitation intensity, runoff is assumed to be a function of
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total daily precipitation (p), soil moisture content of the upper layer (h1), and leaf
area index (LAI),

RO ¼ f ðP; h1; LAIÞ ð8Þ

Runoff may be calculated using the SCS curve. In this formulation, precipita-
tion threshold causing runoff increases as the upper soil layer moisture decreases
and as LAI increases. Under such conditions, runoff may occur without the need
for the entire soil profile being at its field capacity. The procedure adopted in this
paper is similar, in principle, to that presented by Rushton et al. (2006).

Transpiration

The specification of transpiration is crucial for evaluating soil moisture dynamics,
leaf area development, and dry matter accumulation, and thus its accurate deter-
mination is probably the most significant parameter in this type of study. Tran-
spiration occurs as a result of water potential difference between the soil and plant
roots; it is a function of climatic (mainly PE and physiologically active radiation),
physiological (LAI, root development and distribution, plant health) and edaphic
(soil texture, structure, depth and hydraulic properties) factors (e.g. Brisson 1998;
Novak and Havrila 2006). For a well-managed soil, moisture extraction is deter-
mined by vertical root extension,

AT ¼
Z
z

rðz; tÞdz ð9Þ

where AT is actual transpiration and r(z, t) is vertical root distribution. The plant
moisture extraction parameter depends on vertical root distribution within the soil
layer, and it ranges from 0.5 to about 5 (e.g. Novak 1987; Zhang et al. 2004). The
D parameter, presented in Eq. 4, is assigned a value of 1.45 which gives water uptake
fractions of 0.41, 0.27, 0.19, and 0.13 for the 0–0.25 m, 0.25–0.5 m, 0.75–0.75 m,
and 0.75–1.0 m, respectively. These values are congruent with the widely reported
fractions of 0.4, 0.3, 0.2 and 0.1 from the first, second, third and fourth soil layers,
respectively (e.g. Gardner 1983). Moisture extraction from each soil layer depends
on root extension in each layer and water availability.

Transpiration from a given soil layer is a dynamic parameter which is deter-
mined for a well-developed root system by critical leaf water potential and
atmospheric forcings (e.g. Nishat et al. 2007). It is assumed that transpiration
proceeds at its potential rate when the available moisture in a soil layer exceeds a
given threshold level (h*), and then decreases linearly until reaching the wilting
point (e.g. Hanks 1983; Dingman 2002; Kang et al. 2003),

AT ¼ PEð1� sÞ
Xn

i

Ks � y � ci; hi [ h� ð10Þ
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AT ¼ PEð1� sÞ
Xn

i

hi � hwp

h� � hwp
Ks � y � ci; hi\h� ð11Þ

where Ks is the plant transpiration coefficient, which depends on plant stage (Allen
et al. 1998), y is the fraction of root extension in the ith soil layer, ci is the ith soil
layer moisture contribution fraction, and h* is the critical soil moisture above
which transpiration proceeds at its potential rate. This critical level is influenced
primarily by meteorological factors, namely PE; it ranges from values close to 0.8
when atmospheric evaporation demands are high, to values close to the wilting
point when evaporative demands are small. The transpiration coefficient was
formulated after Allen et al. (1998) for winter wheat crop grown in a Mediterra-
nean environment which ranges from less than 0.2 in late growth stages to 1.1
during the mid growth stage (Fig. 3).

Root vertical development of a cereal crop depends on edaphic elements (e.g.
moisture, compaction), weather elements (e.g. PE, growing degree days) and
growth stage (e.g. Izzi et al. 2008). Izzi et al. (2008) found that average vertical root
growth of wheat in a typical Mediterranean soil in northern Syria is *7 mm/day. In
this paper, root growth from seeding to maturity is assumed to be a function of
growing degree days. Root vertical growth within a given soil layer, however,
depends also on soil water potential. It was indicated that root growth is severely
restricted when soil water content is less than * -1.0 MPa (e.g. Taylor 1983). In
this paper, root vertical extension within the second to fourth layers was not allowed
when water content of a layer is less than * -1.0 MPa. This occurs during
drought-stricken years when precipitation is not sufficient to penetrate to the deeper
desiccated soil layers, thereby impeding root development. The germination period
is assumed to be 10 days, during which roots are allowed to develop but no leaf
development was allowed.

LAI was assumed to be a function of biomass accumulation and senescence.
Sowing date was assumed to occur after 25 November, provided that accumulative
antecedent precipitation for the period starting from 1 October was at least 40 mm.
Farmers tend to plant their land around this time following sufficient amounts of
precipitation to ensure germination and subsequent growth for a few weeks to
come.
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Results

Soil Moisture Dynamics

Soil moisture reflects the overall budget of recharge and depletion via evaporation
and transpiration due to root-soil moisture differential. Figure 4 shows the annual
patterns of precipitation and plant available water (PAW) for the soil profile under
current conditions and following a climate change in northern Jordan with average
annual precipitation during the study period of 400 mm. There is an annual pattern
of soil moisture availability, reaching its maximum during winter and declining
during the growing season via both evaporation and root water uptake, and via
evaporation during the long dry season. During years with low rainfall, deeper
layers are not being replenished, with moisture there being further depleted by
evaporation during the following long summer. Long- and short-term drought
events are easily detected from moisture curves; poor years are also identified
(2000/2001), as the presented moisture curves were narrow and never reached field
capacity.

A climate change scenario assuming 2�C temperature increase along with a
10% reduction in precipitation shows that PAW is smaller than under current
conditions in all seasons. Although annual patterns are somewhat similar, PAW
under climate change scenarios is always less, reflecting the loss of water via direct
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evaporation because of the increased evaporative power of the contiguous atmo-
sphere. With an increase of 2�C, annual PE increases by *12%. The corre-
sponding value for direct surface evaporation (actual) following a climate change
is an increase of *10%. This means that an increase of direct evaporation will
come at the expense of blue and green water fluxes. This decrease, although
relatively small, is quite significant in this marginal environment, given the very
small amount of precipitation in this fragile ecosystem.

Direct Evaporation

Current seasonal direct evaporation ranges, on average, from *80 mm for drier
locations/years to *120 mm for larger P values. The late response of vegetative
growth in the mountainous areas, along with frequent surface wetting, intensify
direct soil moisture depletion via direct evaporation early in the season.

To demonstrate the impact of climate change on soil moisture dynamics,
we used data along a climate gradient. This data set is characterized by
substantial interannual and spatial variations. Seasonal bare surface evaporation
fraction (BE/P) ranges from *60% in drier areas/years with annual precipita-
tion \200 mm to *15–20% when it exceeds *600 mm. Corbeels et al. (1998)
found in a similar environment that direct soil evaporation during the growing
season was influenced strongly by precipitation amount, ranging from *35% in a
wet year (P *400 mm) to *80% during a dry year (P * 260 mm).

Annual soil evaporation fraction in drier realms/years accounts for [90% of
total precipitation, whereas in areas/years with more precipitation this fraction
is *25–30% (P [ 500 mm). Figure 5 shows the linkage between direct evapo-
ration and precipitation amount for the stations used during the study period.

In drier Mediterranean regions/years, intermittent and scanty precipitation wets
the upper soil layer, making it subject to continuous depletion by direct evapo-
ration resulting from large insolation and dry winds following rainy events.
Figure 5 demonstrates the steep response of BE to precipitation reduction,
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particularly at low P values. For instance, a reduction of P from 400 to 360 mm
leads to an increase in direct evaporation fraction by *5%, whereas a reduction in
annual P from 240 to 200 leads to an increase of BE by *12%.

Transpiration

Transpiration is the most limiting factor in biomass and grain production in dryland
farming (e.g. Gardner 1983; Tanner and Sinclair 1983). Wheat is usually sown
following sufficient amounts of precipitation. This may occur from mid-November
till the end of January. Surface frost occurs frequently in the mountainous areas
during the period November to March (Oroud 2007) which, along with low tem-
peratures, slows down vegetative growth. On average, more than 75% of precipi-
tation falls before the end of February, whereas growth begins near the end of
February. Figure 6 shows the ratio of wheat transpiration to total crop water
demand (potential transpiration) (AT/PT) for the five stations during the simulation
period. Transpiration fraction reaches its maximum when annual P is between 300
and 500 mm, and then decreases at both ends of precipitation. When P is small, soil
moisture is lost via direct evaporation, and at large P values, it is lost as blue water.

Discussion

The concept of climate gradient as represented by interannual precipitation vari-
ability for a total of 30 years provides a measure of soil moisture dynamics and
how precipitation is partitioned via various avenues. The present method provides
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realistic representations of precipitation partitioning via various avenues. Surface
evaporation proceeds at its potential following rainy events until the wetness
fraction drops below a critical level and then it continues at a reduced rate. Unlike
other methods which deal with surface albedo as a constant, the present paper
treats this element dynamically such that it changes following wetting/drying
episodes and also in response to foliage development. This treatment is important
given the fact that a change in surface albedo influences water loss appreciably
following rainy events. Following rainy events, net radiation increases as a result
of surface temperatures reduction and suppressed albedo due to strong spectral
absorption (k[ 0.75 lm). The combined effects of increased global radiation
along with a reduced albedo due to surface wetting enhance direct evaporation
from soils. A 5% difference in surface albedo leads to *12–15% difference in net
radiation, and correspondingly a similar evapotranspiration difference. This is
important following rainy events, as actual evapotranspiration is energy-limited
following these events.

The meagre amount of precipitation, which usually wets the top soil layer,
along with substantial evaporative demands, enhances direct evaporation in this
environment. Results show that bare surface evaporation represents a significant
fraction of precipitation for areas receiving less than 300 mm of annual precipi-
tation, with a total annual fraction exceeding 90% in these areas. These results are
congruent with those presented by Zhang et al. (1998), Oweis et al. (2000) in
northern Syria, Corbeels et al. (1998) in Morocco, and Monzon et al. (2006) in
southwestern Australia where Mediterranean-like conditions prevail. With a
climate change, drought frequency and severity will be more intense in the near
future compared to those experienced during the twentieth century. Under such
conditions, traditional areas which sustained dry agriculture practices during the
Holocene will be less suitable for rain-fed agriculture, with more frequent crop
failure. Although people and decision-makers will continue denying these envi-
ronmental changes, more intense drought episodes and frequent crop failures will
force these new painful realities. Consequently, a shift in land use from agricul-
tural towards grazing is an inevitable outcome of a climate change in this fragile
habitat.

Conclusion

A simulation model with a daily time step is developed to examine the partitioning
of precipitation along a climate gradient. Results show that direct evaporation
represents the largest water loss component in areas receiving less than 300 mm of
annual precipitation. The substantial evaporation fraction in dry areas indicates
clearly that rainwater harvesting (deep trenches for underground recharge or small-
scale collection systems directed to enhance green water fluxes) is the best
available option to conserve water and to maximize its usefulness in these mar-
ginal areas.
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Chapter 2
Stormwater Reuse via Aquifer Storage
and Recovery: Risk Assessment
for Sandy Aquifers

Anke Steinel

Abstract In the light of increasing demand and diminishing supplies due to
climate change and related alterations in rainfall pattern, a sustainable urban water
management for Melbourne and other cities will need to include water recycling
and reuse of reclaimed water and stormwater. One key issue in water reuse is the
need for storage between times of collection and demand. Aquifer storage and
recovery (ASR), which is defined as well injection of source water into a suitable
aquifer for later recovery, would be a valuable option as it has limited space
requirements, restricts loss from evaporation and limits the potential for contam-
ination. However, stormwater commonly contains elevated levels of heavy metals,
of which Zn and Cu are the most frequent and mobile. Stormwater and treated
wastewater also contain suspended solids, organic carbon, oxygen and nutrients,
which influence the behaviour of injected metals and induce geochemical changes
in the aquifer. While ASR has been practised in limestone aquifers in South
Australia, field data for sandy aquifers, which are more prevalent around
Melbourne, are very limited. After giving an overview about current ASR prac-
tices, the general aim of the study was the risk assessment of injected metals
derived from stormwater during ASR in sandy aquifers. As no field sites fulfilling
these criteria are in operation in Melbourne or anywhere else in Australia, this
study was limited largely to literature review and laboratory experiments.
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Introduction

Water is vital to the survival and growth of all life and all economic and envi-
ronmental processes, but the world’s supplies of freshwater are under increasing
threat from overexploitation, pollution and climate change. Among other coun-
tries, Australia has experienced a severe drought over the last 10 years and in
Melbourne water supply reservoirs are at an all-time low with the lowest storage
levels on record of below 30% at the end of June 2009 (Fig. 1).

A climate change study for Melbourne predicts higher temperatures and
reduced rainfall for the future, which would increase the demand and decrease the
supply (Howe et al. 2005). A sustainable water management is therefore vital for
Melbourne and other cities around the world facing a similar challenge. The
sustainable water management will also be an essential part of rural Australia,
where the drought has resulted, for example, in a decline of more than 95% in rice
production in the past 10 years (Barclay 2010).

Decision-makers have largely opted for desalination as the main solution to the
problem. The high energy needs and the problems associated with disposal of
highly saline brine make it an environmentally challenging option (Lattemann and
Höpner 2008). On the other hand, urban areas produce stormwater and treated
effluent streams, in volumes matching the demand (Mitchell et al. 2002) and
dispose of them into urban waterways and adjacent coastal areas leading to
degradation of these ecosystems (e.g. Walsh et al. 2005). It is therefore of twofold
benefit to recycle stormwater and reclaimed water and this has been identified as
an important strategy in maintaining a sustainable water supply for Melbourne.

Benefits and Constraints of ASR

The progress in this direction is often hindered, not by technical or economical
reasons, but due to perceived health concerns by the public and decision-makers
(Dillon et al. 2009; Po et al. 2003; Toze 2006) and by institutional structures that are
not suitable for non-centralized systems. Water treatment is capable of rendering
wastewater to a quality superior than that of potable water (e.g. Cheremisinoff 2002)
and hence reuse as drinking water is possible. There is an even greater potential to use
water treated to lower standards, hence using less energy, for non-potable uses, which
constitutes more than 70% of urban water demand (Mitchell et al. 2002).

The benefits of ASR are manifold. Public confidence in recycled water is
increased when the water has been put back into the natural system before
reuse (Dillon et al. 2009; Po et al. 2003) as ASR increases water quality, e.g.
through the removal of pathogens and nutrients (Toze 2006). ASR could
provide capacity for inter-seasonal or inter-year storage, especially in aquifers
of higher salinity that are of limited beneficial use (Pyne 1995; Maliva et al.
2006). Compared to surface storage, ASR has limited loss of water due to
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evaporation and is also less affected by contamination or algal blooms and does
not provide mosquito breeding grounds (Pyne 1995; Dillon et al. 2006). Space
requirements are also limited, which is especially valuable in urban areas for
projects larger than household scale (Hatt et al. 2006). And additionally, the
costs of artificial groundwater recharge are less than investments necessary for
large traditional dams (BGR 2008) or desalination (Dillon et al. 2009).

Despite these benefits, uptake of ASR in Melbourne has been limited by a
number of restraints. Insufficient legislation and guidelines for water recycling
including water ownership issues (Hatt et al. 2006), lack of experience and
knowledge in the water industry and relevant authorities (Dillon et al. 2005;
Hatt et al. 2006) and lack of detailed hydrogeological properties (Dudding et al.
2006) have restricted the application of ASR. In addition, more research on
well-designed and monitored field projects with long-term performance data, as
well as increased hydrogeological knowledge on contaminant attenuation
processes and contaminant mobility (Dillon et al. 2005; Maliva et al. 2006) are
needed to increase public acceptance (Toze 2006; Dillon et al. 2009).

Stormwater Versus Treated Effluent

Compared to treated effluent, stormwater has the advantage of lower concentra-
tions in nutrients, organic matter and total dissolved solids (Mitchell et al. 2002)
and is perceived as more acceptable for reuse by the public (Po et al. 2003). On the
other hand, stormwater is generated in single events of different magnitudes and is
often seasonally confined. Stormwater quality and quantity thus is rather variable

Fig. 1 Melbourne’s total water system storage (10 reservoirs combined, total volume 1810.5 GL)
development from 1997 to 2009, adapted from (Melbourne Water 2010)
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and depends on a range of parameters, e.g. land use, rainfall intensity, frequency
and volume (e.g. Wong 2006). Even within a catchment, pollutant concentration
can change by more than one magnitude (Sansalone et al. 1995) during the
hydrograph of a single event [e.g. first flush effect (Sansalone and Buchberger
1997; Barbosa and Hvitved-Jacobsen 1999)], from one event to the next and over
the seasons [e.g. seasonal first flush (Lee et al. 2004)]. A vital part of stormwater
reuse is therefore the collection and storage of the variable sources for later access.

Treated effluent, on the other hand, is a relatively constant and continuous
source, but storage for summer months would commonly be needed nevertheless.
It contains higher concentration of nutrients, salinity and organic matter. Its use for
agricultural purposes, which commonly comprise about 70% of the total water
demand, is therefore of twofold benefit, as the addition of fertilizers can be reduced
due to the nutrients contained in the water. Another advantage of using reclaimed
wastewater instead of stormwater is its lower impact on stream flows. Firstly,
treated effluent would not be discarded into streams, deteriorating its quality and,
secondly, stormwater flows would still be available as environmental flows. The
reuse of reclaimed wastewater with and without aquifer recharge has been
successfully implemented in many countries around the world and is being
promoted in rural areas (e.g. Abu-Madi et al. 2008).

ASR Technique: Theory and Case Studies

The artificial recharge of groundwater can occur via infiltration or injection. The
infiltration via infiltration basins, seepage trenches or vadose zone wells requires
the availability or construction of an adequate permeable soil and unconfined
aquifer (Bouwer 2002). Injection of water into the aquifer can involve one well for
injection and recovery and is defined as ASR, while the use of one well
for injection and another well for recovery is defined as aquifer storage, transport
and recovery (ASTR). It requires a suitable aquifer and better infrastructure, but
injection rates are usually higher than infiltration rates (Bouwer 2002).

In general, managed underground storage involves the following elements
(Fig. 2):

1. Collection or harvesting: Water sources can include potable water, surface
water, groundwater, treated effluent, and stormwater. This study will be mainly
concerned with urban stormwater runoff.

2. Pretreatment: Pretreatment options can include standard stormwater pollution
control design practices such as litter and sediment traps, wetlands and ponds,
advanced treatment and disinfection (Victoria Stormwater Committee 1999;
Ellis 2000; Hatt et al. 2006).

3. Injection: Suitable aquifers can be of different types: confined or unconfined,
from unconsolidated sands and gravels to limestones and fractured sedimentary
or volcanic rocks.

20 A. Steinel



4. Storage: A buffer zone separates the native groundwater from the injected
water.

5. Recovery: Recovery is typically achieved in a number of recovery stages
depending on demand.

6. End use: Recovered water can be used for drinking water, irrigation,
firefighting, environmental flows, toilet flushing, industrial cooling and other
purposes, and might be subjected to post treatment.

Site Selection Considerations

The site selection for an ASR scheme will depend on a range of factors. Firstly, a
suitable water source and a local demand together with the availability of some
space for stormwater collection and pretreatment are needed. Secondly, adminis-
trative, economic and operational constraints have to be met and finally, a suitable
aquifer must be available (Pyne 1995; Dillon and Molloy 2006).

The suitability of the aquifer is mainly defined by its storage capacity and
recovery efficiency (Pyne 1995; AGT et al. 2002). Both fractured and unconsol-
idated rock systems could be used for ASR systems. While storage capacity in
fractured rock can be quite high, its recovery efficiency is often lower due to the
usually not well-known heterogeneous characteristics of the fractures. Dual
porosity limestone aquifers have been favoured in many regions due to their
potential for increasing the storage volume by calcite dissolution and water quality

Fig. 2 Schematic aquifer storage and recovery system, modified after (CSIRO Land and Water
graphics 2010)
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improvements even with low recovery efficiency in karstic regions (Gerges et al.
2002) Unconsolidated porous aquifer systems have potentially the highest storage
capacity. Predictions about the hydraulic performance of the system are much
more reliable than for fractured rocks. In general, the aquifer should be sufficiently
transmissive to avoid excessive build-up of groundwater mounds, preferably
homogeneous and of sufficient extent for the scale of the ASR scheme.

Another consideration is the groundwater quality. It is commonly advisable to
have a lower-quality groundwater, so beneficial use will not be impaired by the
injection of non-potable water. Very high salinity levels, on the other hand, will
increase the buffer zone of an ASR scheme substantially or will limit the recovery
efficiency. Contaminated aquifers need to be avoided, as this would compromise
the quality of the recovered water.

One problem not only experienced with infiltration but also associated with
injection ASR is clogging. This reduction in porosity mainly around the injection
well leads to a decrease in injection rate and an increase in hydraulic head.
Clogging is a process that will usually occur, but in most cases can be managed
with pretreatment and redevelopment (Pyne 1995; Brown et al. 2006). The
pretreatment can include filtration/coagulation of suspended particle and micro-
organisms, addition of pH-elevating substances to reduce iron precipitation, and
disinfection to avoid microbial growth (Pyne 1995). Nevertheless, periodical
redevelopment by purging the well will be undertaken in regular intervals at all
sites. The disposal of these backflushed waters that are usually of low quality have
to be accounted for in the planning stage of ASR schemes. Limestone aquifers are
likely to compensate for loss in porosity by dissolution of carbonic matrix.
Addition of acidic agents has been used to enhance this process and decrease the
effect of clogging (Gerges et al. 2002).

Water Quality Considerations

A number of issues such as the uncertainty regarding the possible impacts of
recharge water on the beneficial use of the native groundwater resources, the
potential for increased discharge into streams and wetlands as well as the quality
of the recovered water have to be considered.

A better understanding of processes such as the fate of contaminants present in
the recharge water and the interactions taking place in the disturbed groundwater
system will also help with guideline development. These are of crucial importance
for protecting environmental values and beneficial uses of the groundwater as
required by statutory authorities such as the Environmental Protection Agency
(EPA Victoria 2003).

Depending on the source water and the end use, different aspects of water
quality will be of importance. A good compilation of water quality improvements
that can be achieved during ASR has been presented by Dillon et al. (2005). When
using lower quality water as recharge, the removal of pathogens, natural organic
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matter (NOM) and nutrients and associated redox reactions are of more impor-
tance. For all schemes, biogeochemical interactions with the aquifer matrix such as
ion-exchange and dissolution/precipitation will have an impact on the recovered
water quality, however.

Microbial Pathogens

Pathogens comprise a diverse group of microorganisms and have been found in
high concentrations in wet weather urban runoff originating from animal faeces
and sewer overflows (Wong 2006). The fraction of organisms associated with
settleable particles varies by type of microbe, and the partitioning behaviour of
each organism generally changes between dry weather and storm conditions
(Characklis et al. 2005). Once injected, their inactivation in the subsurface can be
achieved by adsorption, filtration, oxidation, degradation by native groundwater
microorganisms and die-off (Pitt et al. 1999; Foppen and Schijven 2006). The main
factors favouring long-term survival of pathogens in the ground are small size
(reduced straining especially for viruses), soluble organics (reduced adsorption),
low oxygen levels (reduced oxidation), low temperature, high pH and low salinity
(prolonged life span) and the native microbiota (John and Rose 2005). Monitored
ASR sites achieved complete removal of pathogens at storage times longer than
90 days (Dillon et al. 2005). It is therefore not necessary to disinfect water before
injection. This will also avoid the formation of carcinogenic disinfection
by-products.

Natural Organic Matter

Natural organic matter (NOM), usually measured as total organic carbon (TOC),
consists of both particulate (POC) and dissolved (DOC) organic carbon and
comprises a complex mixture of low to high molecular weight organic molecules.
The bulk of NOM found in stormwater are fulvic and humic acids. The degradation
rate of NOM varies widely. In general, smaller molecules with carboxylic and
phenolic groups are favourable for biodegradation while large aromatic molecules
are more stable (e.g. Howard 2000). Fulvic acids are soluble over the wide range of
pH, while humic acids are insoluble at lower pH. Humic substances are most
elongated and flexible at high pH, low salinity and low NOM concentration (e.g.
stormwater), while they form spheres at higher salinity ([0.05 M), in the presence
of trivalent cations and at high NOM concentrations (e.g. Ghosh and Schnitzer
1980). This behaviour plays an important role for cation and metal binding and pH
buffering. Depending on the properties of the organic molecule, pH and surface
properties of the clay or oxide, NOM can adsorb to clay minerals and oxides via a
range of mechanisms (Stevenson 1982; Jardine et al. 1989). The usually positive
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surface charge of the underlying clay or oxide thus changes to negative surface
charge and thereby influences the cation exchange capacity, sorption of other
organic molecules and colloidal stability of the particles (e.g. Stevenson 1982;
Kretzschmar and Sticher 1997). A complete reversal of surface charge and com-
plete coating of matrix with NOM can be achieved with as little as 0.5 mg-C/L
TOC (Day et al. 1994). Mono-layer coverage of organic matter may impede further
sorption of NOM (Jardine et al. 1989; Day et al. 1994), but competitive exchange of
more hydrophobic macromolecules with less hydrophobic molecules has been
observed (Gu et al. 1996a, b), resulting in higher mobility of smaller organic
molecules.

Redox Reactions

NOM in the injectant is the major driving force for microbial growth. Its
oxidation acts as an energy source for microorganisms and controls the redox
status especially near the injection well. If the electron acceptor is an aqueous
species such as O2, protons are consumed, while reactions involving reduced
minerals (e.g. sulphides, ferrous oxides) can release protons (Appelo and Postma
1999). In the natural subsurface environment, these processes will be partly
taking place simultaneously due to heterogeneities of the matrix, distribution of
reactants and microorganisms, meaning that there is usually no equilibrium
between all redox couples in the groundwater. Typically, groundwaters are low
in both particulate and dissolved organic carbon (\0.5 mg-C/L). The recharge
with organic, oxygen and nutrient-enriched injectant, therefore, is a major
disturbance to the system (Bahr et al. 2002). Around the well (\10 m) where
particulates are entrained, a so called ‘‘treatment’’ or ‘‘proximal’’ zone with
highly elevated microbial activity develops. Here dissolved oxygen is elimi-
nated in a few days, followed by nitrate reduction (Greskowiak et al. 2005;
Vanderzalm et al. 2006) triggering further geochemical reactions such as deg-
radation of organic contaminants, mineral dissolution/precipitation, sorption and
pH changes that influence the quality of the recovered water (Dillon et al. 2005).

Ion Exchange

The aquifer matrix provides a number of cation exchange sites on clay minerals,
oxides and organic matter (Appelo and Postma 1999). The injection of low
salinity, mostly Ca-dominated recharge water, into brackish often Na–Mg-domi-
nated groundwater, firstly decreases the salinity, which might cause swelling of
clays and a decrease in permeability (e.g. Konikow et al. 2001). Secondly, it will
lead to simultaneous homo- and heterovalent ternary cation exchange. The selec-
tivity sequence would usually favour Ca, which would replace Mg, which in turn
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replaces Na, leading to a high loading of Ca on the exchanger and increased
concentrations of Na and Mg in the solution (Appelo and Postma 1999). This
usually helps to restore the permeability. During the establishment of an ASR
scheme, these ion exchanges will be moved outwards into the buffer zone and not
play a major role for later ASR cycles (Bahr et al. 2002).

Dissolution/Precipitation

The chemical stability of minerals depends on redox and pH conditions as well as
the activity of ions in solution (Appelo and Postma 1999). As stormwater is usually
of neutral pH, the change in redox state is the main driver for mineral dissolution
and precipitation reactions, which are therefore mainly taking place near the
injection well. Minerals of high reactivity and main importance in ASR are
carbonates, hydr-/oxides and sulphides. Dissolution of minerals, especially
carbonates, is induced by undersaturation with low ion activity in the recharge
waters, especially by highly treated injectants (Johnson et al. 1999). The decrease
of pH due to release of CO2 during organic matter degradation also accelerates
dissolution of carbonates (Herczeg et al. 2004). In limestone aquifers this relieves
the effect of clogging but might lead to collapse of the aquifer matrix structure
(Pavelic et al. 2006). The interplay between oxidative/reductive changes induced
by ASR and dissolution/precipitation reactions with minerals can be complex. The
injection of oxygen into an anoxic aquifer with dissolved Fe and Mn will lead to
the precipitation of amorphous hydroxides, while reductive dissolution of Mn- and
Fe-oxides starts after oxygen is completely depleted and nitrate is in the progress
of reduction (Stumm and Morgan 1996). Both reactions occur in ASR operations
close to the injection well, where the injected organic matter induces redox and pH
changes (Greskowiak et al. 2005). While the precipitation of minerals will lead to
co-precipitation and adsorption of trace metals, the dissolution will in turn
mobilise previously incorporated or adsorbed trace metals (Bahr et al. 2002).
Pyrite oxidation is of special importance as it releases mobile oxyanions such as
arsenate and selenate and mobile cations such as nickel and zinc. It also signifi-
cantly reduces the pH due to the formation of sulphuric acid in solution, which can
mobilise other adsorbed metals. Multiple ASR sites have experienced a decrease in
recovered water quality due to geogenic metal release related to pyrite oxidation
(Brown et al. 2006). Over a number of ASR cycles, these effects seem to be
decreasing and shifting towards the buffer zone of the ASR scheme.

ASR in Use

Research on potable injection and infiltration ASR has been going on for some
decades most prominently in the USA (Pyne 1995; Brown et al. 2006), with most
emphasis on quantitative aspects such as clogging and recovery efficiency mainly
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for long-term and emergency storage. It is becoming more popular in the Middle
East together with desalination plants (e.g. Almulla et al. 2005). All schemes in the
USA need to comply with the ASCE (2001) standards, which do not allow the
injection of poor-quality water (Brown et al. 2006). Therefore the only water
quality problem in these schemes is geogenic metal mobilization, mainly
concerned with arsenic (Jones and Pichler 2007). Australia appears to be at the
forefront of non-potable water recycling and as one of the driest countries in the
world has focused on water reuse in urban areas. Adelaide, South Australia, has
taken on a leading role in ASR research and has operational, trial and proposed
sites, which are more or less well studied. Well-studied examples for stormwater
ASR include Andrews Farm (Herczeg et al. 2004; Pavelic et al. 2006) and
Parafield (Marks et al. 2005). For treated effluents, the ASR investigations at
Bolivar (Dillon et al. 2005; Greskowiak et al. 2005; Vanderzalm et al. 2006) have
to be mentioned. As they are all situated in limestone, these schemes cannot
directly be compared to potential sites in Melbourne.

Generally, performance results are somewhat limited, as some projects are still
relatively new and also because water quality monitoring has only been carried out
or documented infrequently. This is partly due to the fact that in Australia no
specific guidelines for stormwater recycling are currently in place and the existing
(usually treated wastewater recycling) guidelines are not enforceable standards
(Hatt et al. 2006).

First Conclusions

From the review so far it can be stated that ASR offers a valuable solution to the
storage problem associated with stormwater and treated effluent reuse in urban
areas, but implementation has been slow due to administrative hurdles and a lack
of political will. In addition, the interactions between microbial, geochemical and
hydraulic processes during ASR are complex. They are dependent on injectant,
aquifer and groundwater site specifics and have not yet been fully understood.
ASR scheme feasibility depends largely on the storage capacity of the aquifer and
they are preferably implemented in transmissive sandy or limestone aquifers (Pyne
1995). However, ASR schemes have to take into account the protection of the
aquifer and groundwater to reduce the impact on downstream environments and be
sustainable in the long term. Limestone aquifers have been used successfully for
stormwater ASR in South Australia and provide a high retention capacity for
metals due to the alkaline pH. The hydrogeological setting of Melbourne is quite
different and potential ASR sites are situated in sandy alluvial aquifers (AGT et al.
2002; Dudding et al. 2006), which have lower pH and might have limited sorption
capacity for heavy metals. A clear gap in ASR experience in alluvial sands has
been recognized (AGT et al. 2002).
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Stormwater ASR in Sandy Aquifers

The risk associated with water recycling to augment drinking water supplies is
currently under review and stormwater reuse and managed aquifer recharge are
part of the Australian guidelines for water recycling (NWQMS 2007). As elevated
levels of metals are ubiquitous in urban stormwater (Makepeace et al. 1995; Wong
2006) and metals cannot be degraded, their behaviour during stormwater ASR was
investigated. In contrast to South Australia, where stormwater ASR has been
practised for a number of years in limestone, Melbourne’s potentially viable
aquifers are mainly silicious (Dudding et al. 2006). As no field site was available
for this study, laboratory experiments with local aquifer sediments, groundwater
and stormwater were undertaken instead to evaluate the risk to the environment
posed by injected metals during stormwater ASR. Common empirical methods to
investigate metal solid-solution interactions are batch (OECD/OCDE 2000) and
column tests (e.g. Schweich and Sardin 1981; Bürgisser et al. 1993) and were
hence employed. Currently available hydrogeochemical models (Prommer et al.
2003) were adapted and enlarged to help interpret the empirical results. A detailed
description of the experiments goes beyond the scope of this paper and can be
found in Wendelborn 2008.

Stormwater Quality

Urban stormwater is a valuable water resource that needs to be integrated into an
urban water conservation management to meet future water demands. Neverthe-
less, urban stormwater contains a range of pollutants that have negative impacts on
receiving ecosystems and potentially need to be treated before reuse (Pitt et al.
1999). Stormwater quality and quantity is rather variable, however, and depends
on a range of parameters, but commonly occurring priority pollutants have been
identified (Eriksson et al. 2007).

Total Suspended Solids

Total suspended solids (TSS) comprise organic and inorganic particulates
([0.45 lm) deriving from natural and anthropogenic sources. TSS concentration
in stormwater ranges typically from 50 to 450 mg/L with lower concentrations
found in roof runoff and highest concentrations found in urban road runoff. Apart
from their clogging potential during infiltration or injection, their importance
arises from the attachment of other pollutants (e.g. nutrients, hydrophilic organics,
heavy metals) mainly with the finer fraction of particulates (e.g. Dempsey et al.
1993; Mikkelsen et al. 1994; Deletic and Orr 2005). While the coarser particles are
likely to be settling out before use in ASR schemes, the finer, more contaminated

2 Stormwater Reuse via Aquifer Storage and Recovery 27



proportion is likely to be injected into the aquifer and not to be recovered, as
observed at Andrews Farm (Pavelic et al. 2006). Particulate facilitated transport is
therefore a potential pathway for contaminants to be distributed in the aquifer and
should not be neglected (Dempsey et al. 1993; Liebens 2001) especially as particle
size distributions (PSD) analysis of Australian surface runoff showed that higher
fractions of smaller particles are generated compared to Europe or the USA with a
mean particle size of *50 lm (Wong 2006).

Nutrients and Oxygen

Nitrogen and phosphorus in stormwater derive from fertilizers, faecal matter, plant
debris and combustion processes. While they are essential nutrients for plant
growth, increased levels may lead to eutrophication and toxic algal blooms. While
phosphorus attaches readily to particulates, nitrate is highly soluble and very likely
to be injected during ASR. Dissolved oxygen and nitrate are the major electron
donors injected into the aquifer stimulating microbial activity, significantly
altering the aquatic ecosystem community (Datry et al. 2004).

Organic Carbon

Fulvic acids are the major colloidal and dissolved constituent in natural organic
matter. Concentrations typically range from 8 to 35 mg/L. Interactions between
DOC, dissolved constituents and solid matter are numerous. DOC stimulates the
growth of biofilms, biological production and subterranean ecosystem metabolism
and redox reactions (Stumm and Morgan 1996; Baker et al. 2000). Its presence
influences the speciation of heavy metals and can increase their solubility through
complexation. From the column experiments it is clear that the distinction between
mobile and immobile organic carbon is crucial, as mobile organic carbon increases
solubility of metals and facilitates their transport, while immobile organic carbon
enhances the accumulation of metals in the subsurface. Organic carbon in
stormwater consists of a conglomerate of organic molecules with different
molecular weights and functional groups. Accordingly, a fraction will be mobile in
the subsurface, while other fractions will either be strained, precipitate or sorb to
the matrix, becoming immobile. In low ionic strength solution, remobilization of
organic carbon can occur by biodegradation, increase in pH or dissolved small
organic acids.
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Heavy Metals

Heavy metals in stormwater derive from natural sources, as well as from different
anthropogenic sources such as hydrocarbon combustion, vehicle exhaust, brake
and tyre wear, roof materials, corrosion of metal objects, etc. (Makepeace et al.
1995; Wong 2006). They are often significantly toxic at low concentrations and are
therefore considered priority pollutants in stormwater (Eriksson et al. 2007). Their
importance stems from the fact that they (in contrast to organic contaminants)
cannot be degraded, but are persistent and tend to bioaccumulate.

Metal concentrations in stormwater are highly variable depending on a number
of factors such as land use, climate and rain event characteristics. According to
their prevalence in stormwater and toxicity Pb, Zn, Cu and Cd (e.g. Barbosa and
Hvitved-Jacobsen 1999; Legret and Pagotto 1999; Pitt et al. 1999) are the most
important metals for study. Zn and Cu concentrations are highest from urban road
runoff and Zn concentrations are increased through runoff from Zn roofs (Fig. 3).

This speciation of metals is vital to assess their potential for injection during
stormwater ASR, as larger particulates will be settling out in the detention ponds
before injection, while fine particulates and dissolved metals would not (Wong
2006). While Pb has been found to be nearly completely attached to particulates,
Zn, Cu and Cd are more associated with dissolved solids and colloidal material
(e.g. Sansalone and Buchberger 1997; Legret and Pagotto 1999). As Cd is
frequently below detection limit in Melbourne’s stormwater and non-settleable
fractions of Pb are also low, the main focus of this study is Zn and Cu. Relative to
overseas studies catchments in Melbourne showed elevated concentrations of Zn
(*1.1 mg/L) and comparable concentrations of Cu (*50 lg/L). Compared to

Fig. 3 Typical concentrations of worldwide stormwater samples for Zn and Cu in stormwater
(modified after Wong 2006)
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other metals Zn and Cu were predominantly found in the dissolved and fine
particulate fraction. Hence their concentrations were still considerably above
freshwater ecosystem guideline values after sedimentation. Without further
pretreatment noteworthy amounts of Zn and Cu are therefore likely to be injected
into the aquifer in dissolved and colloidal form (Wendelborn 2008).

Metal Behaviour During the ASR Cycle

Some of the processes described for water quality considerations are more or less
important for stormwater ASR in general and come into play at different stages of
the cycle. The main considerations will be highlighted below.

Pretreatment

In most cases stormwater will not be used for injection straight from the source,
but would be collected and pretreated to a degree. Best management practices for
urban stormwater (Victoria Stormwater Committee 1999; Hatt et al. 2006) offer a
range of primary treatment methods to reduce contaminant loads, the most
common being wetlands and detention ponds, which utilize the effect of sedi-
mentation of suspended solids and attached contaminants (e.g. Braskerud 2000;
Walker 2001). This helps to prevent clogging of bores and also decreases metal
loads attached to settleable solids. However, sedimentation does not affect loads
from dissolved metals or metals attached to particles about \20 lm (Walker and
Hurl 2002), and the accumulated metals and organic matter in the sediment have
the potential to be remobilized (e.g. Kalbitz and Wennrich 1998; Walker and Hurl
2002). Further improvements to the water quality has been achieved by using
constructed wetlands with vegetation, which takes up nutrients and accumulates
heavy metals (e.g. Zhao et al. 2007; Read et al. 2008). In return, a release of metals
can be expected during decay of plant material, and removal rates in the long term
are uncertain. Release of nutrients and dissolved organic matter from wetlands has
also been reported and can be increased by wildlife, e.g. birds. Further treatment
with filtration through gravel, sand or roughing filters has been shown to decrease
particle concentration and associated metals further (e.g. Page et al. 2006; Hatt
et al. 2007). Secondary treatment with filter material of different material (e.g.
alumina, bark, Bauxsol-coated sand, fly ash, granulated activated carbon, iron
oxide-coated sand, zeolite, etc.) have been tested with varying degrees of success
(e.g. Sansalone 1999; Genç-Fuhrmann et al. 2007). Conventional secondary
treatment (Kurniawan et al. 2006) with flocculation/coagulation, liming or
dissolved air flotation are possible and effective, but require the right dosing of
chemicals and the handling of sludge waste that are usually not practicable within
the ASR settings.
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Clearly, the pretreatment step is the most crucial step for metal behaviour as
their fate might already be established if no metals are injected into the aquifer.
This would be a favourable outcome. In this study metal concentrations dropped
about 40–50% for Zn and 75% for Cu from mean stormwater concentrations
through settlement (Wendelborn 2008).

Injection

The injection phase is the main disturbance of the groundwater system, as oxic,
nutrient and organic matter enriched, low ionic strength water enters a commonly
anaerobic, nutrient poor, brackish groundwater. The pH is commonly around
neutral for stormwater and free dissolved metals are likely to adsorb to the
immobile or mobile groundwater matrix near the injection well. Complexed metals
and colloidal metals are more mobile and are likely to get transported until they
reach areas of higher salinity (Ryan and Gschwend 1994; Bunn et al. 2002). Due to
the increase in flow velocity (McCarty et al. 1993; Ryan and Gschwend 1994) and
low salinity of the injected water, colloids near the well could also be mobilized
(Johnson et al. 1999; Konikow et al. 2001) carrying attached metals with them.
The increase in dissolved organic carbon is able to desorb previously adsorbed
metals, if complexation is more favourable. If free Fe2+ are present in the
groundwater, this would precipitate and scavenge dissolved metals. Other mineral
phases are likely to dissolve due to undersaturation or change in Eh–pH stability
conditions in the solution and release metals. Metals leached from the aquifer
matrix near the well are then redeposited further away from the well, within the
radius defined by the storage bubble.

Mixing along the flow path will diminish the difference between the injectant
and the native groundwater, but due to heterogeneities in the aquifer, zones of fast
preferential flow will develop next to diffusion-dominated areas and local
disequilibrium might increase, meaning that the geochemical conditions and hence
the dominating process can be quite different depending on the location.

During stormwater injection in the column experiments, Zn showed complete
breakthrough for sediments with low sorptive capacity and starting breakthrough
for sediment with organic coating. Solubility was slightly increased due to the
addition of DOC. The breakthrough curve for the former sediments pointed to a
high and a low affinity surface site, while the breakthrough for the latter sediment
was much more gradual, indicating a more gradual change in surface site metal
affinity exhibited by different organic functional groups (Wendelborn 2008).
Cu was completely adsorbed during stormwater injection without added DOC,
while solubility was significantly increased with the addition of DOC, with the
organically coated sediment again showing the highest retardation of all sedi-
ments. The shape of the Cu breakthrough curve suggested transport as organic
colloids and complexes and ligand influenced sorption for all three sediments
(Wendelborn 2008). Even though clay was B0.2% for all sediments they showed
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measurable release of inorganic and organic colloids (*200 nm) when injected
with neutral low ionic strength stormwater.

Storage

The injection of organic matter and nutrients will have stimulated microbial
activity in the vicinity of the injection well. During storage, organic matter
degradation and associated reduction in redox potential will be the main factor for
metal behaviour. Metals that were attached to the organic matter might be released
and reductive dissolution of minerals might also release metals. If redox potential
drops low enough sulphide precipitation of metals might occur. Changes in pH
during this stage might also influence the solubility of metals.

In general, disequilibrium will be lessened due to time for rate limited reactions
and diffusive processes. After a number of ASR cycles, diffusive processes will
have replaced the native groundwater with infiltration water completely.

In the column experiments, particle mobilization from the aquifer was observed
during storages related to organic biodegradation and probably mineral dissolu-
tion. In conjunction, increased concentrations of Zn and Cu after storages were
observed due to colloidal transport and release from matrix induced by changes in
solution parameters during storage. Kinetic biodegradation resulted in sharp metal
concentrations and pH increases after storage (Wendelborn 2008).

Recovery

The extent of geochemical changes during recovery is much lower than during
injection and depends also on the change in volume and the extent of the buffer
zone. Free metals in solution will be recovered and especially non-specifically
adsorbed metals are likely to be desorbed with an increase in ionic strength. In the
well vicinity, particles and all attached metals will also be recovered.

In the column experiments Zn was released continuously due to dilution and
competition with major ions and protons, resulting in high recovery efficiency. Cu
release was triggered by a decrease in pH. Both metals showed decreased desorption
when DOC was added, resulting in very limited release of Cu. The retained fraction
of added DOC had significantly increased specific sorption sites and anoxic condi-
tions were less favourable for metal release (Wendelborn 2008). Hydraulic
non-equilibrium conditions due to small scale heterogeneities in hydraulic properties
and diffusion limited flow were observed. Chemical non-equilibrium was due to rate-
limited sorption visible in extensive tailing (Wendelborn 2008).
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Overall

Speciation of Cu and Zn depends on a range of different processes and factors. Cu
speciation is mostly influenced by the presence of organic matter, in solution it is
mainly found as organic complex and sorption is dominated by specific surface
complexes, resulting in slow desorption. Zn speciation is mostly influenced by pH,
in solution it is mainly found as free ion and sorption is dominated by non-specific
surface complexes, resulting in fast desorption (Wendelborn 2008).

Overall, metals are persistent in the environment and mechanisms are revers-
ible, meaning that metals retained in the aquifer could eventually become mobile
again with time and change in geochemical conditions. In conclusion, the inter-
actions of metals with solution and solid described in this section are complex and
intertwined. At this stage, no single theoretical approach or model is capable of
incorporating all processes and factors and empirical approaches are therefore still
common. It is therefore critical to undertake site-specific studies and ongoing
monitoring to assess key processes and outcomes.

In conclusion, injected amounts of Zn are mobile and will mainly be recovered.
Cu can be mobile in the presence of mobile organic carbon, but will mainly
accumulate in the aquifer until the sorption capacity is exceeded. The release of
metals was triggered by reduction in pH, increase in ionic strength and particle
mobilization. Metal concentrations were high after storage phases. Minor sediment
constituents, especially organic matter, significantly reduce metal mobility.

Implications and Recommendations

Implications for Stormwater ASR in Sandy Aquifers

While the results obtained during the laboratory experiments are only represen-
tative for short-term behaviour, the lessons learned could be translated into long-
term behaviour in sandy aquifers. It should be remembered that spiked metal
concentrations during the experiments were considerably higher than expected
injected stormwater concentrations, i.e. about four times higher for Zn and about
50 times higher for Cu. One also has to consider that other metals would be present
in stormwater and especially Al and Fe would strongly be competing for sorption
sites.

The prognosis for injected Zn would be that it would be relatively mobile
within the aquifer and would be present throughout the injected freshwater zone.
It would be partially adsorbed onto surface sites especially during the first number
of ASR cycles, but largely be recovered in similar amounts as injected. If we
assume a mean injected stormwater concentration of about 500 lg/L and assume
that Zn is on average recovered in similar concentrations, then this concentration
would be well below the drinking water guideline of 3 mg/L (NHMRC 2004) and
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below the irrigation water guideline of 2 mg/L (ANZECC and ARMCANZ 2000)
and should be fit for these purposes. In contrast, these concentrations would be
drastically exceeding freshwater ecosystem guidelines of 8 lg/L (ANZECC and
ARMCANZ 2000) and should not be used for environmental flows.

The prognosis for injected Cu would need to be differentiated into different
scenarios.

• Scenario A: Low concentrations of organic carbon

For scenario A, injected Cu would be largely adsorbed to the aquifer matrix
slowly filling up sorption sites from the injection well outwards to the edge of the
freshwater zone, expelling less strongly sorbed metals such as Zn in its wake.
Desorption due to dilution would be highest close to the injection well, where high
volumes of recovered water are flowing past. Unless pH values of recovered water
are not significantly lower than pH 6, release of Cu would be limited though and
Cu would accumulate in the aquifer over the long term. If the surrounding
groundwater has lower pH values, the creation of a larger buffer zone and recovery
volumes less than injected volumes would drastically reduce the impact of the
original groundwater. Nevertheless, a breakthrough of low pH groundwater in
zones of higher transmissivity could result in a surge of desorbed Cu in the
recovered water, which could be many times higher than injected concentrations
depending on the sorption capacity of the aquifer. Hence, special attention should
be paid to recovered Cu values in low pH groundwater ASR settings. In these
settings, continuous monitoring of pH would be recommendable, as pH would be a
good surrogate indicator for elevated metal concentrations.

If we assume a mean injected stormwater concentration of about 15 lg/L and
assume that Cu is largely retained in the sediment, Cu concentrations in recovered
water would be well below drinking water guidelines of 2 mg/L (NHMRC 2004)
and irrigation water values of 0.2 mg/L (ANZECC and ARMCANZ 2000). Use
would only be compromised by release of previously accumulated Cu at low pH.
As freshwater ecosystem guidelines are set as low as 1.4 lg/L (ANZECC and
ARMCANZ 2000), recovered water would most likely be still not fit for envi-
ronmental flows, especially in the later years of operation of the ASR scheme,
when the sorption capacity has been exceeded.

• Scenario B: Elevated amounts of injected organic carbon

Injected organic carbon can be mobile or immobile in the subsurface.
The formation of mobile Cu-ligand complexes would increase Cu solubility and
transport, spreading Cu faster throughout the freshwater zone than in the previous
scenario and would result in higher recovery of Cu. However, significant portions
of the previously mobile organic complexes would presumably be deposited with
an increase of ionic strength during recovery, and hence increase Cu accumulation
throughout the subsurface. The immobile carbon would accumulate close to the
injection well and fuel redox reactions. As not all organic carbon will be degraded
quickly, retained amounts of organic carbon would significantly increase the
sorption capacity of the aquifer allowing for a longer and higher accumulation of
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Cu. On the other hand, release of Cu after storage phases would likely be increased
due to the biochemical changes and dissolution and degradation of part of the
immobile organic carbon during storage. Backflushed solutions and initially
recovered volumes could therefore be unsuitable for reuse.

• Scenario C: Elevated amounts of colloids

Relevant concentrations of colloids could result from injected particles, may be
due to mobilization of aquifer fines or be produced during mineral dissolution and
precipitation. They have the potential to transport adsorbed metals that would
usually be classified as immobile. In general, colloids will be transported along
preferential flow path, e.g. zones of higher permeability, and will aggregate and be
deposited once ionic strength reaches the critical limit at the outer edge of the
freshwater zone (Ryan and Gschwend et al. 1994; Bunn et al. 2002). Over a
number of ASR cycles, this could lead to a localized accumulation of fines,
potentially lowering permeability and leading to a localized higher metal
concentration at the fringe of the storage zone. Overall, this would lead to lower
recovered metal concentrations.

To estimate the possible accumulated Cu concentrations a rough calculation
could be as follows: With an injected Cu concentration of 15 lg/L it would
add up to an injected amount of 15 kg of Cu per year and GL and amount to
300 kg/GL in a life span of 20 years. If we further assume a mean porosity of
0.33 an average Cu concentration of 67 mg/kg would result over 20 years. The
experiments showed that even sediments consisting to [98 wt% of sand
exhibited considerable sorption capacity with more than 200 mg/kg for Cu and
hence Cu concentrations could easily be accommodated within the sediment.
Comparing the potentially accumulated concentration with the sediment quality
guideline target value of 34 mg/kg (ANZECC and ARMCANZ 2000), shows
that the accumulation of Cu would be well above the threshold effect level.
Similar calculations for an injected Zn concentration of 500 lg/L would
result in 2,200 mg/kg Zn compared to a sediment quality guideline value of
150 mg/kg. This would mean that more than 90% of Zn would have to be
recovered to stay below the sediment target value, which could be achievable
in low sorption capacity sediments.

It is clear that ASR schemes would be decommissioned once they are no
longer viable, e.g. due to clogging of the aquifer or decreasing volumes of
stormwater available for injection. Once the injections have stopped, the
previous groundwater flow and original groundwater conditions re-establish
themselves over time. In the long term, this would result in desorption of
accumulated metals due to dilution effects. Desorption would be accelerated if
groundwater was of low pH, which could result in an increased release of
metals into groundwater fed surface water ecosystems, which would be
potentially problematic. Desorption would be limited if groundwater was highly
reducing and metals would be precipitated as sulphides.
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Aquifer Selection Recommendations

The choice of the aquifer would be restricted by the available aquifer in the
location of source and demand of water, and the storage capacity needed for the
ASR scheme. From the point of view of this study, the recommendations for an
aquifer selection are divided by the question: (a) Do metal concentrations in the
recovered water need to be very low (e.g. use for environmental flows) or (b)
would long-term metal accumulation in the aquifer that might later pose a risk to
downstream systems be of concern and hence recovery of injected metals would be
preferred? In the first case high sorptive capacities are a bonus, while in the latter
case low sorptive capacities are needed.

Accordingly, a local aquifer with limited recharge to surface water and adjacent
aquifers would be the most suitable situation. In this case the aquifer could be used
for water purification and high sorptive capacity would be appreciated to lower
metal concentrations of the recovered water to a minimum. The accumulated
metals in the aquifer would pose very limited risk to surrounding ecosystems. If,
on the other hand, the aquifer is highly connected to other aquifers and discharges
into adjacent surface waters, then low sorptive capacity and a high recovery
efficiency of injected metals would be more appropriate. Given that irrigation and
drinking water guidelines allow for much higher metal concentrations than are
tolerated by freshwater organisms, high metal recovery would seem to be the most
preferred option. It should be taken into account that the sorptive capacity of the
aquifer will generally be increased with the injection of colloids and organic
carbon as well.

Analysis of aquifer sediments before the implementation of an ASR scheme
should include: fine clay, to assess potential mobilization of colloids from the
matrix; organic carbon, which offers high amounts of specific sorption sites; pyrite,
which is generally an undesirable mineral due to release of arsenic and other trace
metals; and cation exchange capacity and possibly specific sorption capacity to
assess the accumulation potential of metals. The evaluation of sediment analysis
should take into account that surface coatings consisting of oxides and organic
matter do not contribute a great deal of mass but offer a large amount of reactive
surface area. Low values of Fe2+ in the native groundwater would also be
favourable as this would prevent the precipitation of amorphous iron hydroxides,
which would also increase the sorption potential.

Monitoring Recommendations

Since the accumulation of metals in the aquifers constitutes a concern, the ASR
project should regularly be monitoring metal concentrations of injected and
recovered (including backflushed) waters, to be able to calculate the retained
amount of metals in the subsurface. Currently no ASR project has undertaken this
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mass balance for metals. As no stormwater ASR project in sandy aquifers has been
established yet, field data to validate the current laboratory experiments is desir-
able. Additionally, the monitoring of backflushed waters is of special importance,
as these would potentially contain the highest metal concentrations and should
include analysis for As. These volumes should not be discharged into streams
without the knowledge of metal concentrations and have to be disposed of
correctly or treated before discharge. The continuous monitoring of pH would be
highly recommended, as pH would be a good surrogate indicator for elevated
metal concentrations. Low pH readings could then trigger additional sampling and
analysis for metals before reuse.

Pretreatment Recommendations

The remediation of aquifers from heavy metal contamination is a difficult and
expensive task and it would therefore be advisable to limit the potential for metal
accumulation in the aquifer regardless of the specific situation. Recommendations
for pretreatment would therefore include the lowering of injected metal concen-
trations (including Al and Fe) as well as organic carbon and colloid concentrations,
as these increase the retention potential of the aquifer. This kind of pretreatment
would also be beneficial in other respects as the potential for biological and
mechanical clogging would be reduced.

Pretreatment for metals could be achieved with biofiltration, exchangers or
reactive filters, while organic matter and colloids would best be reduced via
coagulation and precipitation (Kurniawan et al. 2006). While this kind of
pretreatment would be desirable, the benefits have to be weighed against the
disadvantages of use of chemicals, disposal of waste sludge and associated carbon
emissions. Pretreatment with natural or recycled substances and low carbon
imprint should be investigated. For particulates and organic carbon, slow sand
filtration or roughing filtration would be possible (Page et al. 2006). Metal removal
could be achieved with oxide-coated sands (Sansalone 1999; Genç-Fuhrman et al.
2007), biosorbents such as tree fern (Ho 2003), agricultural waste products such as
hulls (Marshall and Champagne 1995) or wetlands (Walker and Hurl 2002).

Conclusions

The final conclusion from this study seems to be that water recycling and reuse is a
necessity in the current situation of many cities in the world with dwindling
surface and groundwater resources. Stormwater ASR is a valuable tool in fulfilling
this task. Additional pretreatment that might be necessary to bring recycled water
up to acceptable standards for humans should in reality be undertaken anyway
before discarding these waters into waterways.
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It must be emphasized that there is no one solution to water shortage and a
range of options should be implemented simultaneously. The trend is to decen-
tralize supply according to localized demand and use holistic approaches.
The most common form of small-scale stormwater reuse is the collection of roof
runoff in rainwater tanks. It has been widely employed in rural areas and is
increasingly implemented in urban households for domestic use (Mitchell 2004).
Greywater tanks are also a favourable option at household scale. The local reuse
also saves the cost of drainage, central treatment and redistribution. For larger
catchments, detention ponds, retarding basins and reservoirs are needed (Hatt et al.
2006) requiring increasingly more space, which is a limited and costly asset in the
urban environment and poses a major problem. Nevertheless, separation of
stormwater and wastewater streams limits the treatment costs and energy needs.
All schemes should be monitored for pathogens and heavy metals to limit potential
health issues.

Apart from technical considerations (Dillon and Molloy 2006), increased efforts
have to be made to educate and involve the population, which is accustomed to a
centralized system. The community needs to be made aware of the problems and
possible solutions. Information about actual dangers and realistic potentials needs
to be given. To increase the acceptance for recycled water, the community should
be incorporated in decision-making processes and the administrative and legisla-
tive frameworks need to be in place to allow innovative ways of water supply.
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Chapter 3
Hydrologic Balance of Citarum
Watershed under Current
and Future Climate

Rizaldi Boer, Bambang Dwi Dasanto, Perdinan and Delon Marthinus

Abstract As the biggest watershed in West Java, Citarum plays an important role
in supplying water for many districts in the province. The Citarum watershed
supplies approximately 7,650 million cubic metres of water per year (m3 a-1).
Currently, approximately 78% of the extracted water is used for irrigation, 14% for
industrial activities and electricity generation, and 8% for domestic consumption.
Analysis of this watershed found it to be very vulnerable to climate change. It was
found that all of the sub-districts already experience water deficit problems (i.e. not
enough supply to meet their demands), particularly in the lower areas such as
Kerawang, Bekasi and Purwakarta, even without a changing climate and if the level
of water extraction from the streamflow was limited to 10% of the mean annual
flow. In 2080, the water deficit for most of the sub-districts in this lower area would
be even more severe. Increasing water extraction to 20% of the mean annual flow
would not change the water status of these sub-districts. Consequently, conflicts
among water users may be a serious problem for these regions in the future.
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Introduction

Citarum watershed is an important watershed in West Java, Indonesia. Water
supply from this watershed is used for many purposes, including electricity
generation, domestic consumption, irrigation water for agricultural uses and
flushing Jakarta canals. The watershed supplies approximately 7,650 million
cubic metres of water per year (m3 a-1); approximately 5,750 million m3 a-1

(75%) comes from Citarum watershed dams (Saguling, Cirata and Jatiluhur)
and 1,950 million m3 a-1 (25%) comes from other rivers (Perum Jasa Tirta II
2003). Currently, approximately 78% of the water is used for irrigation, 14%
for industrial activities and electricity generation and 8% for domestic
consumption. Water is not only supplied for irrigating districts within the
watershed area, but also for districts outside the watershed. For example,
Jakarta, the capital of Indonesia, receives clean water from Jatiluhur dam. The
dam also supplies water for other districts outside the Citarum watershed such
as Indramayu and Sukamandi (the main rice production centres of West Java).

Extreme climate events, climate change, and land use and land use cover
(LULUC) change such as forest degradation, are expected to significantly impact
the Citarum watershed by decreasing the water supply. During drought years
associated with the El Niño phase of the El Niño Southern Oscillation Index
(ENSO), irrigation supply from a great portion of the watershed decreased
significantly causing widespread drought in irrigated rice paddies, particularly in
the tail-end of the irrigation area. In West Java, the average area (over the period
1989–2004) suffering from drought during normal years was approximately
7,800 ha, while during ENSO years, this area increased sharply to 290,000 ha
(Directorate of Plant Protection 2000).

It is very likely that due to the increasing demand for water supply, conflicts
between water users may be a serious problem in the future. It is predicted that
after 2010, the Citarum watershed might not be able to meet the water demand
of its users (Hernowo 2001). Observations using historical data from 1896 to
1991 have shown that annual rainfall over the Citarum catchments and the
corresponding water discharge have decreased by about 10 and 3.1 mm
annually. The output of the ECHAM model suggests that rainfall in this region
would continue to decrease in the future.

This study aims to assess the vulnerability of the watershed to current climate
variability and to evaluate the status of the water balance of the watershed under
the current and future climate using a number of climate change scenarios.
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Methodology

Study Area

Citarum watershed is situated in West Java province, Indonesia. The catchment
area is approximately 6,867 km2 with a length of about 269 km. The highest
geographic peak is approximately 1,700 m above sea level (ASL) and the lowest
point is 0 m ASL. There are three dams in the watershed: Saguling in the upper
part, Cirata in the middle, and Jatiluhur or Juanda in the lower part, as well as nine
hydrological observation stations (Fig. 1). The main city is Bandung, which has a
population of approximately 2.5 million people.

The annual rainfall is about 2,580 mm divided over two seasons–a rainy season
(from November to April) that receives approximately 1,840 mm and a dry season
(from May to October) that receives approximately 740 mm. The rainy season
peaks around January. The average streamflow of Citarum river is 173 m3 s-1.
The Saguling and Cirata Dams are mainly used for electricity generation while the
Jatiluhur Dam is mainly used for agriculture. Perum Jasa Tirta II (2003) predicted
that the water demand by allocation in 2005 would be approximately 5,519 million
m3 a-1 (75%) for irrigation, 672 million m3 a-1 (9%) for drinking water, 473
million m3 a-1 (6%) for industry, 315 million m3 a-1 (4%) for fisheries, 315
million m3 a-1 (4%) for flushing Jakarta canals, and 100 million m3 a-1 (1%) for
electricity generation.

The three dams (Saguling, Cirata, and Jatiluhur) are interconnected. Outflow
from Saguling Dam goes to Cirata Dam, outflow from Cirata Dam goes to
Jatiluhur Dam, and outflow from Jatiluhur is used for the many purposes as

Fig. 1 Geographic
characteristics of Citarum
watershed
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described above and then finally flows out to the Java sea (Fig. 1). Inflow from
other local rivers also supplies the three dams.

Streamflow Analysis

ENSO events are one of dominant factors that cause extreme climate conditions
in Indonesia such as drought (ADPC 2000; Yoshino et al. 2000; Kirono and
Partridge 2002; D’Arrigo and Wilson 2008). Water inflow into the reservoirs
decreased significantly as a result of decreased rainfall during ENSO-related
drought events. The behaviour of streamflow during these events was assessed
using a simple correlation analysis between the Southern Oscillation Index
(SOI) and streamflow data from one hydrology station (Cigulung-Maribaya
station) with a long historical record (1953–2002). The five SOI phases from
Stone et al. (1996) were used in the analysis. These phases are consistently
negative (Phase 1), consistently positive (Phase 2), rapidly falling (Phase 3),
rapidly rising (Phase 4), and neutral (Phase 5). The SOI values can be
downloaded from http://www.dpi.qld.gov.au. When SOI falls rapidly and then
remains negative, it indicates that an El Niño event is likely, which normally
reduces rainfall in Indonesia, particularly in parts of South Sumatra, Java, and
the eastern part of Indonesia. Conversely, when SOI increases rapidly and then
remains positive, it indicates that La Niña is likely, which normally increases
rainfall.

A graphical analysis showing the change in streamflow mean between normal,
El Niño and La Niña years was also conducted. Total inflows from local rivers to
each dam from 1986 to 2002 were obtained from Perum Jasa Tirta II were used in
the analysis. This record covered five El Niño years (1987, 1991, 1994, 1997 and
2002), two La Niña years (1989 and 1998), and ten normal years.

Hydrology Balance Analysis

The purpose of the hydrology balance analysis is to assess the status of hydrology
water balance at Citarum watershed under current and future climate. The analysis
was conducted down to the sub-district level.

Hydrology balance is expressed in the following equation:

Supply ¼ Demand þ Surplus

If the demand is higher than supply, the surplus becomes negative and vice
versa (if supply is higher than demand, the surplus becomes positive).
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Water Supply

In the water supply analysis, the annual water supply (i.e. surface flow or
discharge) of the watersheds was calculated using a simple linear regression
between annual surface flow as dependent variable and annual precipitation as
independent variable. This approach has been applied by previous work that
assessed hydrologic balance in Indonesia (Pawitan 1996). The equation used for
this study is expressed below,

VQ ¼ aP � b

where VQ represents annual surface flow or streamflow (in mm), P represents
annual precipitation (in mm), and a and b are constants. In this analysis, the
Citarum watershed is divided into three regions–upper, middle and lower–with
areas of 1,874 km2, 2,477 km2, and 2,517 km2, respectively. The relationship
between annual streamflow of local rivers and annual rainfall for each region was
developed using the above regression equation. Because Cirata Dam receives
water outflow from Saguling Dam, and Jatiluhur Dam receives water outflow from
Cirata Dam (refer back to Fig. 1), the water supply equation for these two dams is:

VQ ¼ aP þ b � I

where I represents the water outflow from the respective dams. As the streamflow
data is in m3 s-1, these units were converted into annual streamflow measured as
depth over the catchment (in mm). The calculation was conducted as follows:

VQ ¼ I � 365 � 24 � 60 � 60ð Þ=A½ � � 1000

where I represents the average of annual inflow or outflow (m3 s-1) and A represents
the area of the corresponding sub-watersheds (m2). The rainfall data used in the
analysis is taken from 26 stations (8 stations in the upper region, 7 stations in the
middle region, and 11 stations in the lower region).

This analysis assumed that the maximum annual streamflow (VQ) that can
be used as water supply should not be more than the minimum inflow. Based on
15-year data, it was found that the minimum inflows to the Saguling, Cirata, and
Jatiluhur dams were approximately 21, 23 and 22%, respectively. As such, this
study used two water supply scenarios equal to 10 and 20% of the annual
streamflow (discharge).

Water Demand

Demand for water comes from three sectors: domestic use (urban and rural),
industry, and agriculture. Water demand for domestic use was estimated by
multiplying population size by water consumption per capita. Bina Program Cipta
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Karya (1991) stated that the level of water consumption could be categorized
based on the population size of the city. The higher the population is, the higher
the demand per capita (Table 1). Thus, water demand projections will follow
population projections, assuming no changes in the patterns or management of
demand.

For the industrial sector, water demand is estimated based on the size of each
industrial area. The two water demand categories used by Bappenas (1991) were
0.55 l s-1 ha-1 (minimum) and 0.75 l s-1 ha-1 (maximum). The analysis in this
paper used a water demand value of 0.65 l s-1 ha-1. Because precise data on the
size of industrial areas was unavailable, this analysis assumed that the industrial
area of each sub-district follows the proportion of the sub-district relative to the
total area of the watershed. Using this approach, the industrial area of the Citarum
watershed was estimated to be approximately 49,615 ha (0.3% of the total
watershed).

For the agriculture sector, the dominant water use is for irrigation (for rice
cultivation, specifically). The length of the irrigation season for rice in the two
watersheds is between 90 and 150 days. The amount of water required is between
140 and 150 mm per month, equivalent to between 4,500 and 7,000 m3 ha-1 per
season. Thus, the total annual water demand for irrigation was estimated by multi-
plying the annual planting area by the demand. The annual planting data of irrigated
rice was obtained from the Dinas Pertanian Propinsi Jawa Barat (Department of
Agriculture for West Java Province) website (http://www.diperta-jabar.go.id).

Water Supply Scenarios

As the annual water supply is predicted using annual rainfall data, the scenario for
water supply will follow rainfall scenarios. The rainfall scenarios were developed
based on General Circulation Model (GCM) outputs under two emission scenarios,
SRESA2 and SRESB2. Changes in rainfall under global warming varied consid-
erably between GCMs. Two GCM models, CCSR and CSIRO, suggested that the
seasonal rainfall would increase consistently over the period from 2020 to 2080

Table 1 Freshwater use per capita in Indonesia

Population size according to city
category

Water demand (l/cap/day) Loss Total

Household
use

Drinking
water

Non-
household

[1,000,000 190 30 60 75 280
500,000–1,000,000 170 30 40 55 230
100,000–500,000 150 30 30 50 200
20,000–100,000 130 30 20 40 165
\20,000 100 30 10 30 125

Source: Bina Program Cipta Karya 1991
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under both scenarios, except for September–October–November (SON) rainfall.
Analysis from the ECHAM4 and CGCM1 GCMs projected that the rainfall would
decrease consistently. The HadCM3 GCM did not produce a consistent impact.
HadCM3 suggested that December–January–February (DJF) rainfall might not
change up to 2020, but would increase up to 2.5% from the baseline in 2050 and
then decrease by 2% from the baseline in 2080. The two most interesting findings
are (i) the SON rainfall might not change more than 5% from the baseline under
the two emission scenarios, and (ii) rainfall during other seasons would increase or
decrease up to 15% from the baseline in 2080. Analysis prepared by Xian Fu
(2002) also found similar features (Table 2). Because the impact of global
warming on Indonesian rainfall is not consistent among GCMs, hypothetical
climate scenarios were used. The five rainfall scenarios adopted by this study were
-20, -10, 0, +10 and +20% change from the mean rainfall value.

Water Demand Scenarios

Three scenarios were used for water demand. The first scenario is called the
baseline scenario (a scenario developed based on data of historical trend and
taking into consideration long-term government plan for 2025) and the other two
scenarios were developed based on assumptions used in SRESA2 and SRESB2.
Therefore, the rate of population growth at each sub-district for the latter two
scenarios followed from the population growth rates used in the SRESA2 and
SRESB2. Similarly, the development of industrial areas under the other two
scenarios was assumed to follow the pattern of GDP growth rate under SRESA2
and SRESB2. Meanwhile, the development of agriculture area was assumed to be
the same as that under the baseline scenario. This assumption was used because of
the limited land available for the development of agriculture area. The historical
data suggested that irrigated paddy area has decreased at a rate of approximately
0.5% per year. Hereafter, the other two scenarios used are referred to as SRESA2
and SRESB2. The result of projections for population growth rate, rice planting
area and industry area are presented in Tables 3, 4 and 5, respectively.

Table 2 Percent change of seasonal precipitation of wet season (DJF) and dry season (JJA) from
current rainfall in 2080 under the SRESA2 and SRESB2 scenarios

Sce-
narios

Months CGCM2 CSIRO-
MK2

CSM-
1.3

ECHAM4 GFDL-
R15b

MRI2 CCSR/
NIES2

DOE-
PCM

HadCM3

A2 DJF -9.16 5.09 -0.23 -7.3 52.21 10.69 10.62 2.18 3.65
A2 JJA -8.28 12.54 -12.63 -44.92 -23.83 5.61 -5.08 10.04 -27.38
B2 DJF -6.52 -2.82 -7.56 4.02 -2.05 7.44 -0.25 -2.8 10.72
B2 JJA -15.72 12.68 -10.01 -13.82 -41.68 7.85 -15.74 19.05 -14.51

Source: Unpublished data (Xianfu 2002)
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Table 3 Projected population growth rate within Citarum watershed under baseline, SRESA2,
and SRESB2 scenarios from 2005 to 2080

Scenario Population growth rate (% per year)

2000–2005 2006–2010 2011–2020 2021–2050 2051–2080

Baseline1/ 1.67 1.52 1.40 1.21 0.88
SRESA22/ 1.40 1.48 0.82 0.52 0.45
SRESB22/ 1.30 1.38 0.76 0.45 0.34

(1) Average values over a number of districts in Citarum watershed
(2) Growth rates under these scenarios were developed based on growth rates used in IPCC
scenarios (IPCC 2000). It was assumed that the maximum population density is 20,000 people per
km2 in a city (urban area), and 5,000 people per km2 in rural areas

Table 4 Projected rice planting area within Citarum watershed from 2000 to 2080

District name Rice planting area (ha/year)

2000 2005 2010 2020 2050 2080

Bandung City 4,465 3,422 1,992 500 500 500
Bandung 105,524 108,243 109,348 112,000 120,000 120,000
Bogor 88,185 92,010 95,280 102,000 120,000 120,000
Cianjur 114,415 99,687 88,707 80,000 60,000 60,000
Sukabumi 124,545 107,111 101,171 90,000 70,000 70,000
Subang 167,059 159,166 147,241 125,000 125,000 125,000
Sumedang 69,168 72,625 73,114 75,000 77,000 77,000
Garut 110,746 119,941 128,066 150,000 190,000 190,000
Purwakarta 28,886 33,565 36,820 45,000 63,000 63,000
Karawang 185,147 199,085 208,730 228,000 228,000 228,000
Bekasi 101,964 115,243 124,023 125,000 125,000 125,000

Source: Dinas Pertanian Jawa Barat 2002

Table 5 Projected industrial area within Citarum watershed under baseline, SRESA2 and
SRESB2 scenarios from 2000 to 2080

Scenario Industrial area (ha)

2000 2005 2010 2020 2050 2080

Baseline1/ 19,440 23,000 27,000 35,000 50,000 60,000
SRESA22/ 19,440 23,000 28,000 38,000 52,000 65,000
SRESB22/ 19,440 23,000 30,000 40,000 55,000 70,000

(1) Perum Jasa Tirta II 2003
(2) Growth rates under these scenarios were developed based on growth rates from IPCC
scenarios (IPCC 2000)
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Results of Analysis

Impact of ENSO on Streamflow

The impact of ENSO on inflows to the three dams was found to be significant in
particular seasons. The impact on streamflow from February to April was statis-
tically insignificant and the impacts of El Niño and La Niña were inconsistent.
The impact of El Niño was clear for May–July, August–October and November–
January streamflows, while the impact of La Niña was only clear for May–July
inflow. The reduction of inflow to the three dams during El Niño years could be as
much as 60% of normal inflow (Fig. 2).

Further analysis of the long-term historical streamflow data of Citarum
watershed at Nanjung station also showed similar results. The impact of El Niño
was significant only during May–July and August–September streamflows.
The results of the regression analysis between the seasonal rainfall and SOI
showed that May–July streamflow increased by 0.37 m3 s-1 for every 10 unit
increase in SOI, while August–October streamflow increased by 0.24 m3 s-1 for
every 10 unit increase in SOI (Fig. 3). The November–January and February–April
streamflows were not significantly correlated with SOI.

The seasonal streamflow distribution developed from SOI phases one month
before the season starts is shown in Fig. 4. The distribution suggests that the
August-October streamflow distribution changes when the July SOI falls rapidly or
is consistently negative, or when the July SOI increases rapidly or is consistently
positive. The same relationship applies to November–January streamflow.
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Fig. 2 Mean inflow to the three dams during El Niño, normal and La Niña conditions
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This analysis suggests that when the SOI phase in July falls rapidly or is
consistently negative, the chance of high streamflow from August to October
is low. On the other hand, if the SOI phase in July increases rapidly or is
consistently positive, the chance of having high streamflow in August–October
will increase. Similarly, the chance of having high streamflow from November
to January will be low if the October SOI falls rapidly or is consistently negative.
For example, the probability of having a November–January streamflow of least
2 m3 s-1 when the October SOI falls rapidly or is consistently negative (Phase
1 ? 3) is only 0.35, but when the October SOI increases rapidly or is consistently
positive (Phase 2 ? 4), the probability will increase to more than 0.60 (Fig. 4).
This finding is consistent with a study conducted by D’Arrigo et al. (2009). They
found a significant correlation between Citarum streamflow and Southern Oscil-
lation Index (SOI) for June–September.

Water Supply

In the Citarum watershed, the relationship between annual rainfall and total annual
streamflow is presented as simple linear regression equations (Fig. 5). Every
1,000 mm of rainfall yields 547 mm of streamflow for the upstream area, 736 mm
for the middle area, and only 92 mm for the lower area.
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Fig. 4 Seasonal streamflow probability distribution for Citarum watershed at Nanjung station,
associated with SOI phase of the previous month
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The middle and lower areas receive water primarily from the local rivers, as well
as dams (see Fig. 1). The middle area receives outflow from Saguling Dam (Inflow
Saguling-Is), and the lower area from Cirata Dam (Inflow Cirata-Ic). The outflow
from Saguling Dam is approximately 710 mm per year (equivalent to 56 m3 s-1)
during normal years and 434 mm (34 m3 s-1) during dry years. The outflow from
Cirata Dam is approximately 1,532 mm (122 m3 s-1) during normal years and
888 mm (71 m3 s-1) during dry years; outflow from Jatiluhur Dam is about
2,505 mm (200 m3 s-1) during normal years and 1447 mm (116 m3 s-1) during dry
years.

Water Balance

The water balance analysis consists of 30 scenarios: five rainfall scenarios, two
water supply scenarios and three water demand scenarios (5*2*3 = 30). A diagram
tree of the scenarios is shown in Fig. 6.

No Change in Rainfall Scenario

Under present climate (no change in rainfall) scenario, if increases in the volume
of water extracted from the streamflow were limited to 10%, all sub-districts in the
region would continue to have a water deficit problem, particularly in the lower
areas of sub-districts in Kerawang, Bekasi and Purwakarta (Fig. 7). The water
deficit in these sub-districts would total more than 60 m3 per year.

Under projections of demand changes, more areas in the sub-districts of
Kerawang, Bekasi and Purwakarta would experience severe water deficits by 2020.
In 2080, the water supply for most of the sub-districts in this lower area would be
insufficient. Increasing the volume of water extraction by 20% would not change
the water status of these sub-districts (Fig. 8). Therefore, these sub-districts are
considered vulnerable areas. However, Fig. 8 also shows that by increasing the
level of water extraction from 10 to 20%, the status of water balance in a number
of sub-districts in Sukabumi and Purwakarta the middle areas would be in surplus
most years except 2080. By 2080, all districts in the region would face serious
problems with water scarcity.

Fig. 6 Water balance
scenarios
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Fig. 7 Projection of water status with no change in rainfall and water extraction of 10% using
baseline demand scenario by sub-district in the Citarum watershed

Fig. 8 Projected water status with no change in rainfall and water extraction of 20% using
baseline demand scenario by sub-district in the Citarum watershed
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Change in Rainfall Scenario

As indicated by some of the GCM models, rainfall in West Java may change in
magnitude by +5 to -50%. The ECHAM model projects mainly decreases in
regional rainfall. The magnitude of the decrease will increase over time from 2020
to 2080 due to global warming (Table 6). Furthermore, rainfall decreases during
the dry season are projected to be more pronounced than those during the rainy
season. This projection is consistent with historical trends (Pawitan 2002).

By decreasing rainfall by 10 or 20%, and increasing the level of water
extraction by 20%, the sub-district in Sukabumi would remain in surplus irre-
spective of water demand scenarios until the year 2010. If the increase in water
extraction is minimized to 10%, all sub-districts would experience deficits similar
to those shown in Fig. 7. However, if water demand scenarios followed SRESA2
and SRESB2, the number of sub-districts with a deficit of more than 60 million
cubic metres (MCM) would be less. Further analysis showed that if water
extraction increased by 10%, an increase in rainfall by 10 or 20% would not
change the status of water deficits in the Citarum watershed significantly, irre-
spective of water demand scenarios. The condition would be similar to those with
no change in rainfall (Fig. 7). However, if the level of water extraction were
increased to 20%, the water status of most of the sub-districts within Citarum
watershed would improve to a surplus (Fig. 9). Sub-districts in Sukabumi might
experience a surplus until the year 2080. The CSIRO model suggests that rainfall
in West Java will potentially increase up to 20% of the current rainfall under
global warming.

Discussion

The results of the analysis suggest that the Citarum watershed is extremely vul-
nerable to current climatic conditions and, moreover, to future climate change.
This finding is consistent with previous analysis conducted by The Directorate of
Plant Protection (2000). The aforementioned study reported that West Java is the
most vulnerable province to drought and flood events. During El Niño years,

Table 6 Percent change in
rainfall under SRESA2 and
SRESB2 using ECHAM
model in West Java,
Indonesia

Scenarios Year DJF JJA

SRESA2 2020 0 to 5 -10 to -20
2050 -5 to -10 -25 to -35
2080 -5 to -20 -40 to -50

SRESB2 2020 +5 to -5 -10 to -20
2050 0 to -5 -10 to -15
2080 -5 to -10 -20 to -30
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the area suffering from drought increased dramatically, while during La Niña
years, areas susceptible to flood also increased significantly. D’Arrigo et al. (2009)
found that there was a tendency for greater drought in Java during ENSO warm
events (negative SOI).

Our study found that the occurrence of water deficit in the region under current
climatic conditions ranges from one to three times over a 10-year period. The
frequency of occurrence will potentially increase in the future, as suggested by a
number of GCM models such as ECHAM and CGCM (CRU 1999) and based on
historical trend data (Pawitan 2002; Kaimuddin 2000). Analysis of annual rainfall
data for Citarum watershed over the period 1896–1994 indicated that the annual
rainfall in this watershed has decreased at a rate of 10 mm/year. The mean annual
rainfall was approximately 2,800 mm per year in the early 1900s, and decreased to
about 2,350 mm by the 1990s (Pawitan 2002).

Furthermore, analysis of the long-term land use strategy of Bandung district
indicated that the total area of rice paddy field is planned to increase from about
40,000 ha to 100,000 ha (Bapeda, 2002). When this plan is implemented, agri-
cultural demand for water would increase significantly, while the available water
supply from Citarum would not change. Under this condition, conflicts between
water users might increase. In addition, if programmes for reforesting critical land
are not achieved as planned, the area under forest cover might decrease. Conse-
quently, the flood and drought risk in the districts within the Citarum watershed are
likely to increase in the future.

Fig. 9 Projected water status with 20% rainfall increase and water extraction of 20% using
baseline demand scenario by sub-district in the Citarum watershed. Note: Water status for
SRESA2 and SRESB2 was the same as the baseline
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Conclusion

Citarum watershed is an important watershed in West Java, Indonesia. Water
supply from this watershed is used for many purposes, including electricity
generation, domestic consumption, irrigation water and flushing the canal.

The results of the analysis suggest that the Citarum watershed is very vulner-
able to current climatic conditions and, moreover, to future climate change. Under
the current climate, the chances of experiencing a severe deficit problem are
between one and three times over a 10-year period. This frequency is expected to
increase in the future.

Under the scenario of no changing climate and if the level of water extraction
from the stream flow were limited to 10% of the mean annual flow, it was found
that all sub-districts within the Citarum watershed region, particularly in the lower
areas in a number of sub-districts in Kerawang, Bekasi and Purwakarta, already
have water deficit problems and do not meet their demands. By 2080, the water
deficit problem would become even more serious. Increasing water extraction to
20% of the mean annual streamflow would not change the water status of these
sub-districts.

Potential water deficit problems may trigger conflicts among water users in
these regions in the future. Therefore, the long-term land use strategy for the
Citarum watershed and its catchment areas, such as reforesting critical land, should
be devised carefully in order to overcome or at least minimize the potential
problems of water deficit in the region.
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Chapter 4
Towards a Database for an Information
Management System on Climate Change:
An Online Resource

V. Ramani Bai, S. Mohan and Reza Kabiri

Abstract The aim of the research study is to develop a resourceful database
information and management system (DIMS) for climate change and coastal
degradation. An important element of the DIMS is to have a coastal resource. This
usually requires a great deal of data, and an information system can provide
tremendous assistance in organizing, managing, understanding and reporting this
information. Together, relational databases and geographical information systems
(GIS) provide powerful tools for organizing and analysing environmental data. The
climate change coastal resource information system has been designed to be simple,
yet flexible. The database structure allows for variation in the level of detail provided
for each variable and country. In addition to the ability to view, query and report
monitoring data, the DMIS also allows users to display the data spatially using a GIS.

Keywords Database � Climate change � Coastal climate � Geographical
information system � Metadata � Geodata � Meteorology

Introduction

Climate change data encompasses a very large array of data objects, with
many available in a variety of data formats. It is important to make a database
management system (DBMS) such that one can project and model the climate
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change parameters (Liu et al. 2009). This paper emphasizes the essential need for a
total approach to climate change data management, particularly through the
development and application of scenarios at the scale of regions to assess the
response of natural (land and water) systems at the local level. The climate change
data management initiative is the result of a link between ESRI (2002) and the
climate change sciences community regarding climate change data representation
and analysis challenges. Collaboration towards a development, using the common
data model, helps to address the needs of the climate change community,
and provides direction for ESRI software and tool development (Barnolas and
Llasat 2007).

The ultimate goal of an ArcGIS climate change data management and model is
to represent each of these data objects in a uniform manner, allowing their inte-
grated analysis in the ArcGIS desktop environment. Some of the data considered
in the climate change study includes:

1. Map backgrounds, geopolitical boundaries
2. Climatology and meteorology (rainfall, temperature, humidity, solar radiation,

wind speed, wind direction, etc.)
3. Oceanographic observations and products (surface and deep)
4. Geological observations and products
5. Sociological (land use, population, etc.)
6. Surface properties (soils, soil moisture, etc.)
7. Biological observations and products (vegetation cover, agricultural produc-

tion, etc.)
8. Space environment (STP, solar activity, magnetic fields, etc.)
9. Hydrology

10. Sub-surface water

• Emission inventories (EPA, etc.)

11. Emergency management criteria, constraints

Problem Definition

This paper emphasizes the essential need for a total approach to climate change
data management, particularly through the development and application of sce-
narios at the scale of regions to assess the response of land and water systems at
the local level and their policy issues. Physical changes are implicated in the
functioning of our regional climate. In addition, the biophysical and ecological
functions of our environments also experience the impacts of climate change.
Scientific evidence is increasingly indicating that environmental changes are
occurring at all scales, as a result of climate change and climate variability.
The research focuses on database management systems such as geographic dis-
tribution, the impact of climate change, etc.
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Goals and Objectives

The concept is aimed for use by environmental sectors and for reporting to
environmental authorities. The focus is on environmental data relevant to the state
of climate change in the world. The objectives of this paper include:

a. Development of an integrated database management,
b. Share determination of the different ecosystems in environmental categories

(global warming, Ozone depletion, etc.) in climate change study,
c. Environmental promotion of sensitive ecosystem and sustainable develop-

ment, human health and improvement by database management,
d. Improvement of inventory and climate model.

Materials and Methods

This trend has been further developed with the progressive evolution and wide-
spread use of the Internet and World Wide Web (WWW): with the expansion of
Geographical Information Systems (GIS) onto the Internet, access to geographic
data, and the manipulation of it, will become even easier for the environmental
manager who may not necessarily be a computer applications specialist or sci-
entist. The importance of being able to share scientific data has received increasing
attention in the last few years from many researchers. S�ahin and Kurum (2002)
analysed by GIS the areas with higher landscape value in the impact assessment of
dam constructions in the Seyhan-Köprû Hydroelectric Dam project proposal. The
studies assessed the GIS tools and found them to be crucial for impact assessment
and predicted that usage will dramatically increase in the near future.

A considerable amount of time and effort has already been directed towards the
development of data models, data formats and spatial data infrastructures (SDI) to
help overcome the problems associated with data sharing. Efficient implementa-
tion and monitoring of environmental measures related to climate change requires
interoperable spatial information across national borders.

To effectively implement a GIS using the geodatabase, a solid database design
and development must be put in place. In the GIS, the geodatabase provides a
framework for geographic information and supports topologically integrated fea-
ture classes (Barnolas and Llasat 2007). Figures 1 and 2 refer to the methodology
of development of the database system through this research.

The conceptual design illustrates the database organization and structure in
tables and Unified Modelling Language (UML) diagrams that define the features
and geographic representation of the required ArcInfo datasets and relationships.
It also shows the user’s view of the data within a database environment. This step
basically involves the actual creation of the geodatabase tables from the abstract
features defined in the study that is a skeleton of the final geodatabase. NIWA
(2009) web information is also captured for database related to lakes, aquaculture
and many other recent information on environment.
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Fig. 1 Methodology of new database information management system

Fig. 2 Task flow in database system
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Metadata is a standard part of any GIS and is not an extension of functionality.
The tools for creating and managing metadata are key technologies for sharing
geographic information and building communities. This tool is in the core of ArcGIS
software. Metadata makes spatial information more useful to all types of users by
making it easier to document and locate data sets (Wilhelmi et al. 2005). It is a
summary document providing content, quality, type, creation, and spatial information
about a data set. It can be stored in any format such as a text file, Extensible Markup
Language (XML), or database record. Because of its small size compared to the data it
describes, metadata is more easily shareable. By creating metadata and sharing it with
others, information about existing data becomes readily available to anyone seeking
it. Metadata makes data discovery easier and reduces data duplication.

Next, design and implementation of a data-driven website and relational
database consisting of climatic, geologic, ecologic, biologic (both quality and
quantity) information, and spatial data will be done with GIS tools, as well as
greenhouse gas (GHG) emissions and global warming to predictions of local
impacts and system feedbacks (Liu 2009; Baker 2009). For proper development
and use of the geodatabase, an accompanying data management plan will be
developed. It will review important issues the environment must address such as
the server configuration, user access, security, workflow and data location. The
flow of work in creation of database information and management system (DIMS)
is shown in Fig. 3.

Fig. 3 GIS workflow diagram in DIMS
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Once the conceptual and logical geodatabase are developed, any of three
methods below can be used to create the physical geodatabase:

• Migrating existing coverage/shapefile data into the geodatabase
• Creating a new geodatabase from scratch using ArcCatalog
• UML and computer-aided software

ArcGIS software uses the XML standard for metadata processing. Every feature
dataset, feature class and attributes will be defined and created in this template,
so the actual data layers can be placed into the geodatabase. In the GIS, the
geodatabase provides a framework for geographic information and supports
topologically integrated feature classes.

These data sets are stored, analysed and queried as layers similar to the coverage and
shapefile models (Zeiler 1999). The system is based on web-based client–server archi-
tecture. The content management system will be handled by Joomla and application
customization will be carried out using PHP to implement searchable interfaces.
The web mapping server handles the linkage between spatial objects and non-spatial
attribute data stored in a relational database. The web-based system will allow the users
to interactively query, visualize data and analyse spatially through decision support tools.

Conclusion

From the layers used in climate change study, we derive a more comprehensive list
of elements that are used to help analysis. It is here that we add attributes to
features. This helps to determine which objects will be represented as points, lines
and polygons, and also in the form of raster and tables. The approach provides a
constant flow for the exchange of ideas, data and methods that works towards an
end result that works in a GIS. In recent years, we have acquired more sources of
information, including newspapers, showing some ordinary climate change that in
the past could have gone unnoticed. This geodatabase will be created. Besides its
wide geographic coverage, the climate change geodatabase also offers the
advantage of containing updated information up to years included in scenarios.
It is very important to have the information updated to the model.

In order to store, manage and analyse all the information available, a relational
structure should be chosen. This geodatabase will be implemented on a GIS. It is a
more efficient way to store information and to analyse it. In this way, it can be a
helpful tool aimed at improving climate change assessment in addition to
vulnerability information and others.

Supporting Information Available

Detailed set of database, products, events, key partners and other useful infor-
mation are available on the Internet for public use. The materials are currently
available on request at www.globalclimate-engine.org and will be provided free of
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charge once proper legal and policy matters are settled by end of the project
period, which is June 2011.
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Chapter 5
Assessing the Impact of Climate
Change on Evapotranspiration
and Soil Salinization

Mohammad Hassan Rahimian and Samaneh Poormohammadi

Abstract In this study a hypothesis was tested and evaluated: evapotranspiration
of vegetation cover in dry saline waterlogged areas has a negative impact on
salinization of soil resources due to pumping of saline underground water to the
surface. For this purpose, reference, potential and actual evapotranspiration (ET)
were simulated over the 2010–2039 time period via integration of Surface Energy
Balance Algorithm for Land (SEBAL), MODIS remotely sensed satellite images
and General Circulation Model (GCM)-derived data. Results of the study dis-
proved the mentioned hypothesis; ET comparisons between green vegetated sur-
faces and bare abandoned lands represented the positive role of surface vegetation
in alleviation of soil salinity in the studied conditions. This means that acceleration
of the salinization rate is probable in a lack of vegetation cover condition, espe-
cially when the groundwater is saline-shallow.

Keywords Climate change � Evapotranspiration � SEBAL � HadCM3 �
Salinization � Iran

Introduction

Iran, with about 25.5 Mha of slightly to moderately salt-affected soils and with
8.5 Mha of severe saline soils, is a country that is now faced with salinity problems
in more than 20% of its area (Moameni et al. 1999). Due to different geologic,
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climatic and hydrologic conditions in the country, different factors take part in soil
salinization. These can be classified in two groups of natural and anthropogenic
factors (Siadat et al. 1997). Environmental factors play the most important role on
rate and spatial distribution of natural soil salinization. This type of salinization
has affected the main portion of soil and water resources in the country and also
agricultural yields, especially in arid, semi-arid and shallow saline groundwater
environments. In such conditions, evapotranspiration (ET) is known as a main
accelerative factor for salinization of soil resources.

This phenomenon (ET) is a combined process of transpiration from surfaces of
plant leaves and evaporation from the soil in which the plants are growing.
It counts the total volume of water lost through transpiration and evaporation
processes and is expressed in cubic metres, or mm in a specified time period (Allen
et al. 1998). Terminologically, three main types of ET can be defined: actual,
potential and reference ET. Actual evapotranspiration (ETa) is a process in which
crop demand for water mainly controls, through crop leaves and stomata status,
climatic conditions, environmental stresses, soil features and management prac-
tices. In contrast, potential ET (ETp) is an indicator of crop-required water for
healthy growth and productivity in non-stressed, disease-free and water-abundant
conditions. Reference ET (ETo) also demonstrates evaporative demands of the
atmosphere and fully depends on climatic conditions. In fact, ETo is known as a
crop-independent term of ET. Among these different ET terminologies, ETa seems
to be paramount in illustration of wasted water through plant evapotranspiration,
especially when the area is being under stress. It is also a good indicator for the
illustration of CO2 impact on stomatal conductance and photosynthesis and,
therefore, crop productivity and water use efficiency (Le Houerou 1996). In areas
with a shallow saline water table, actual ET, caused primarily by deep-rooted
phreatophytes, is a significant factor for capillary rise and consequently salinity
build-up hazard in the region. In contrast, when the soil is bare and also avail-
ability of water is limited to shallow groundwater, reference ET can demonstrate
the power of ET for acceleration of capillary rise and movement of salts to the
surface. Therefore, to investigate the effect of ET on salinization hazard in areas
with a shallow saline water table, two conditions of bare soil and vegetated sur-
faces should be considered together with the help of ETo and ETa, respectively.
Since ET is controlled by different climatic factors (e.g. temperature, sunshine,
wind and humidity) it would be possible to simply monitor the impact of climate
change on this phenomenon as well as the impact on soil salinization in areas with
shallow saline groundwater.

At present, there are different approaches for determining actual ET. Examples
of techniques used to estimate ET include water balance, lysimeters, micro-
meteorological techniques such as Bowen Ratio and Eddy Covariance, and water
table fluctuations (Scanlon et al. 2005). Information on ET in Iran is generally
limited to meteorological station data used to estimate potential ET in different
parts of the country. But none of these measurements provide estimates of actual
ET. New procedures such as remotely sensed (RS) energy balance algorithms are
other beneficial techniques for estimation of ET. The advantage of these
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techniques is that they provide a good illustration of actual ET in the region both
spatially and temporally (Allen et al. 2003). These techniques are now available in
Iran in addition to the availability of high, moderate or low resolution satellite
images (Poormohammadi et al. 2010).

In this study, Surface Energy Balance Algorithm for Land (SEBAL) was used
to determine actual ET in the satellite overpass times. Since data derived from the
General Circulation Model (GCM) is also available, a link between RS techniques
and GCM data would help towards a proper assessment of climate change impacts
on actual ET in future decades. The main objective of this study is to assess the
impact of climate change on potential and actual evapotranspiration of bare lands
and vegetated surfaces and, consequently, their impacts on changes of soil salinity
status in Azadegan plain, west of Iran, a region with severe salinity and water-
logging problems, which are the main hazards to its resources.

Materials and Methods

Study Area

The study area is Azadegan plain or Dasht-e-Azadegan (DA), one of the plains
located in the lower part of the Karkheh river basin (KRB) in Khuzestan province,
west of Iran. It lies between latitude 31�050 to 31�510 N and longitude 47�430 to
48�390 E (Fig. 1). The total area of DA is 334,000 ha, of which about 250,000 ha
have been cultivated and used for agricultural purposes. Based on the statistics, the
annual long-term precipitation in DA varies between 150 and 250 mm in different
parts of the region. Meanwhile, annual evaporation is between 3,500 and 3,700 mm.

Methodology

Figure 2 shows the methodology used to estimate actual, potential and reference
ET in the future period of time and, consequently, the impacts on soil salinization
in two soil surface conditions of bare and green vegetated surfaces. As shown, in
this study two main sources of data were used: historical and simulated data.
Historical data includes Tmin, Tmax, sunshine, humidity and wind speed of the
Bostan meteorological station from 1960 to 1989. In addition, a time series of
satellite images was acquired and used as historical RS data. GCM data includes
monthly data of the HadCM3 model for the projected period of 2010–2039 that
resulted from GCM-runs for the Third Assessment Report (TAR) based on the
IPCC1-SRES scenario of A2 and B2, respectively. HadCM3 is a well-known GCM

1 Intergovernmental Panel on Climate Change.
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model that is used worldwide (Bates et al. 2008). Key assumptions in A2 scenario
are a very heterogeneous world, strengthening regional cultural identities, with an
emphasis on family values and local traditions, high population growth, and less
concern for rapid economic development. B2 emission scenario represents a het-
erogeneous world with less rapid and more diverse technological change but a
strong emphasis on community initiative and social innovation to find local, rather
than global solutions (IPCC 2010). In fact A2 and B2 are the most frequently used
emission scenarios in the world.

Fig. 1 Satellite image of Azadegan plain in the Karkheh river basin, Iran, and its geographical
setting on the country map

Historical Data

Meteorological dataRS data

HadCM3 data

A2 scenario B2 scenario

Projected ETp Projected ETp

Simulated ETa Simulated ETa

Impact Assessment

Downscaling Downscaling

Crop Kc

Historical ETpHistorical ETa

ETa= f (ETp)

Projected ETo Projected ETo

Historical ETo

Fig. 2 Flow chart of the methodology used for impact assessment of climate change on
evapotranspiration and soil salinization in Azadegan plain, west of Iran
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To determine actual ET, a time series of remotely sensed images and also
ancillary climatic data was prepared. RS data included 18 cloud-free images that
were acquired from the Terra (MODIS) satellite during the wheat cropping season.
Surface Energy Balance Algorithm for Land (SEBAL) was used to determine ETa.
This algorithm is a relatively new procedure for estimating actual ET at different
scales, e.g. farm, catchments and basin levels, and is now used widely around the
world and also in Iran for computing crop water requirements under standard and
non-standard conditions. Generally, SEBAL uses digital images acquired by sat-
ellites that record thermal infrared radiation in addition to visible and near-infrared
radiation and computes ET on a pixel-by-pixel basis for the instantaneous time of
the satellite overpass. This algorithm predicts ET from the residual amount of
energy in the form of latent heat flux (LE) and is equal to Rn-G-H, of which Rn is
above-ground surface net radiation, H is sensible heat flux and G is the ground heat
flux. Details about the SEBAL procedure and steps for running the algorithm are
presented in Bastiaanssen et al. (1998a, b), Tasumi et al. (2000). In addition,
reference ET was calculated through the Hargreaves–Samani procedure (Alizadeh
2004). Thereafter, potential ET of winter wheat, as dominant vegetation cover, was
calculated by considering its coefficient (Kc), which was varied during the growth
season (0.3–1.15). Afterwards, relationships between ETp and ETa were investi-
gated to develop the best-fit model for determining actual ET via potential ET.
This model was then used to project actual wheat ET in the future period of time.
For this reason, General Circulation Model (GCM)-derived data was linked to the
Hargreaves equation, first to project reference and potential ET and then to insert
into the developed model for simulation of actual wheat ET over the next three
decades. This procedure was accomplished for the 2010–2039 projection period
using HadCM3-A2 and HadCM3-B2 data, respectively. Since HadCM3 data was
available in a low spatial resolution of 2.5� 9 3.75� (latitude by longitude), a
stochastic approach was used for downscaling HadCM3 data (both A2 and B2) in
the projected period of 2010–2039 (Massah Bavani 2006).

Results and Discussion

Figure 3 shows the best-fit quadratic model between historical data of ETa

versus ETp. As was mentioned before, potential ET has been estimated through
the Hargreaves equation by considering the winter wheat coefficient (Kc). Fair
correlations could be found in the model (R2 = 0.72). This model was then
employed to simulate wheat actual ET during the 2010–2039 time period. As
shown in the Figure, for ETp of less than 6 mm/day, a higher value for ETa

would result in higher ETps through this model. After this point, the ETa values
would have a descending trend. It is noticeable that ETp of more than 6 mm/
day explains the shifting climate to some drier conditions, lack of water for
evapotranspiration and consequently decrease of ETa, as shown in the model
outputs. Therefore, it is anticipated that the lower ETa would be projected in
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the future compared with the historical period of time, when the climate shifts
to higher ETp values.

Figure 4 shows averages of observed and simulated reference ET (ETo),
potential ET (ETp) and actual ET (ETa) in historical and projected periods of time,
based on A2 and B2 scenario data, respectively. As was mentioned before, ETa

terminologically belongs to green vegetated surfaces and reflects the crop response
to water availability, while ETo illustrates the evaporative demands of the atmo-
sphere and depends fully on climatic conditions of the region. ETo can therefore
represent the evaporation rate in bare soil and consequently explains the
movement of salts to the surface.

As shown in this figure, both simulated ETo and ETp tend to higher values
compared with observed values. In contrast, differences between observed and
simulated values of ETa for 2010–2039 seem to be negligible, both for A2 and B2
scenarios. This means that evaporative demand of the atmosphere would increase
in the upcoming three decades, but green vegetated surfaces would prevent the
wasting of water to the atmosphere. On the other hand, salinity of soil in vegetated
surfaces tends to be constant, but salinity build-up hazard is expected for bare
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surfaces. In fact, the role of vegetation cover seems to be significant in preventing
the salinization hazard in the upcoming three decades in the region under
investigation.

Conclusion

Key deterministic factors in salinization of soil resources in the studied condition
included climate, vegetation cover, salt stores, and geological and topographical
features of the region. In addition, the roles of these factors in contributing to
salinization were interrelated. Among these factors, fluctuations of climate and
surface vegetation cover were found more probable as results of climate and land
use changes, respectively. Among these, the role of vegetative surface seems to be
paramount in alleviating salinity in a long-term period and in a global changing
climate. This means that acceleration of the salinization rate is probable in a lack
of vegetation cover condition. In this way, tactics and strategies to mitigate climate
change impacts via a proper land use and sustainable environment programme
must be implemented and supported by decision-makers and social, political and
other related sectors.
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Chapter 6
The South African Water Sector:
On its Way Towards Adaptive
Water Governance?

Elke Herrfahrdt-Pähle

Abstract The African continent is likely to be highly affected by the conse-
quences of climate change. The ensuing projected changes in the ecological sys-
tem such as decreasing water availability and higher amplitudes of droughts and
floods require responses from the social system, i.e. adaptation measures. Even
though climate modelling is still plagued by high uncertainty, models suggest a
reduction of precipitation and runoff for South Africa. This poses a major threat for
South Africa, which depends heavily on surface water and whose water resources
are already under stress. Adaptive governance has been proposed as an approach
that provides a way to cope with rising uncertainty and environmental change.
Against the background of decreasing water availability and in addition to tech-
nical solutions, adaptive water governance structures can serve as an important
element for increasing water use efficiency, adaptive capacity and resilience of the
water sector. The first part of the paper takes a conceptual approach towards
adaptive water governance. It suggests characterizing adaptive water governance
by referring to and merging elements of good governance, water governance and
adaptive governance. In the second part of the paper, some of the elements of
adaptive water governance are examined with regard to their relevance for South
Africa’s water governance reforms. The paper concludes that, on the one hand,
progress can be attested with regard to (1) a high level of flexibility built in the
national water legislation, especially the National Water Act, (2) the provision of
buffer capacities regarding institutions for solving water conflicts (redundancy),
(3) the high level of participation of stakeholders at many levels and (4) the
provision of equitable access to water. On the other hand, some (unintended)
negative implications of these developments are documented. Among them are (1)
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the time-consuming processes of elaborating procedures and guidelines in the
process of implementation, (2) the potentially negative effects of functional
overlaps of CMA and regional offices of DWA, (3) effectively involving relevant
stakeholders and (4) the lacking long-term sustainability of water infrastructure
due to lack of capacity and capital.

Keywords Adaptation � Adaptive governance � Water governance � Good
governance � Resilience � South Africa

Introduction

On the African continent, climate change impacts are expected to be especially
severe. The Intergovernmental Panel on Climate Change (IPCC) states that
‘‘warming [in Africa] is very likely to be larger than the global, annual mean
warming throughout the continent and in all seasons, with drier subtropical
regions warming more than the moister tropics’’ (Christensen et al. 2007, p. 850).
For South Africa, climate change models suggest that the eastern part of the
country is likely to receive more rain, while the western parts become even drier
(Lumsden et al. 2009). Due to its close interconnectedness with the climate
system, the hydrological system is very sensitive to changes in the climate. A 20%
decrease in precipitation might lead to a decrease of up to 70% of the drainage in
some parts of the Orange-Senqu river basin, which serves as a major water source
for irrigation agriculture (De Wit and Stankiewicz 2006). However, modelling the
consequences of climate change is still afflicted with considerable uncertainties,
especially concerning local projections of climate change impacts. Furthermore,
uncertainties arise since past experience may often no longer provide reliable
guidance for the future, and governance of natural resources is confronted by
unprecedented situations (Pahl-Wostl et al. 2007).

These developments of the ecological system and increased uncertainties put
the social system under pressure to change and adapt.1 Climate change threatens
recent achievements in development, thus underlining the urgency of action, i.e.
adaptation, especially in developing countries. Economic and social development
has so far assumed environmental stability and relied upon relatively stable
environmental conditions. In the past, the focus of natural resource use has been on
managing and governing for stability and efficiency. This produced good results in
the short term while in the long term it led to resource degradation and decreasing
ecological resilience (Olsson et al. 2006). Faced with uncertainty, the results

1 A social system is defined as all man-made structures, relations and objects and encompassing
social and economic aspects, while an ecological system is a system of interrelated and dependent
organisms or biological units (Anderies et al. 2004). Interlinked and interdependent social and
ecological systems constitute a social-ecological system (SES; Berkes et al. 2003).

80 E. Herrfahrdt-Pähle



of these approaches have been surprise and ecological and economic losses
(Holling and Gunderson 2002).

At the same time, in the context of climate change, natural resource governance
needs to reflect and be able to deal with uncertainties as well as gradual and abrupt
change, i.e. it needs to become adaptive. It needs to be in accordance with the
requirements of sustainable development, ensuring a balance of social, economic
and environmental needs, not only today but also in the future. Sustainable use of
natural resources in a changing environment is more likely if resilience and
adaptive change become integral parts of natural resource and especially water
governance. In this sense, building resilience can be termed a sustainable response
to climate change (Tompkins and Adger 2003). With a view to natural resource
governance and especially institutions, the problems of fit and interplay have been
highlighted as important realms on the way towards sustainable resource gover-
nance regimes (Young 2002). The requirement of fit between an institutional
setting and the natural resource it is addressing becomes even more important in a
changing environment, highlighting the need to adapt. The problem of interplay,
i.e. the interaction and coherence of the various institutions at different levels or
sectors of natural resource governance regimes is also gaining importance, since
climate change is a cross-cutting issue, which needs to be addressed coherently
across sectors and administrative levels.

The need for adaptation is especially high in the water sector, which will be
especially affected by climate change through changes in precipitation patterns and
river runoff, increased evaporation from water bodies and evapotranspiration of
plants. Technical measures for adaptation only constitute part of the solution.
Firstly, climate change is likely to produce an impact on livelihoods high above
any extent of technical progress. Secondly, already available technical solutions
are unlikely to be affordable by the people hit hardest by climate change. The
social system and especially the water sector need to develop strategies and
structures enabling it to cope with the challenges of climate change, i.e. it needs to
increase its adaptive capacity and resilience. With decreasing water availability
and increasing demand, the need for effective governance, enabling conflict
management and water allocation with the consent of the majority of the popu-
lation, increases. Adaptive governance has been proposed as an approach that
provides the means to cope with rising uncertainty and environmental change
(Dietz et al. 2003; Folke et al. 2005).

This paper aims at developing a concept of adaptive water governance and
applying it to the water sector. In the following section, such a concept is derived
by combining the concepts of good governance, water governance and adaptive
governance. The elements of adaptive water governance reflect the dimensions of
sustainable development, as well as addressing the problems of fit and interplay.
The third section provides an application of this concept to the South African
context of water governance reform. Finally, conclusions are drawn with respect to
the adaptability of the South African water governance regime.

The paper builds upon findings from research on the transition towards adaptive
water governance regimes in the context of climate change in South Africa
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undertaken as part of the NeWater Project. It draws upon a literature review and
several weeks of field research. The research was informed by a qualitative
research paradigm. Empirical data on water governance reforms, governance
structures and processes (especially regarding the elements of adaptive water
governance described above) was mainly derived from 34 semi-structured inter-
views with policy-makers, water managers, stakeholders and scientists. Subse-
quently, data was updated and validated via contacts and discussions with
colleagues from South Africa.

Towards a Concept for Adaptive Water Governance

A water governance regime that is able to cope with the challenges of climate
change needs to, firstly, have a high level of resilience (Folke 2006). This includes
flexibility to confront uncertainty and to react to surprise and changing climatic,
hydrological and social conditions. It thus needs to be adaptive. Secondly,
it should have the support and trust of the people and build upon a broad base of
knowledge and experience. These issues are covered by the concept of good
governance (Doornbos 2003). Finally, it should take the specific necessities of the
water sector and the water cycle into account. This requirement is met by the
concept of water governance (GWP 2003). A combination of adaptive governance,
good governance and water governance is suggested as a way to capture the
elements of adaptive water governance. In the following, the concepts are briefly
outlined before they are merged to form a sustainable concept of adaptive water
governance.

Adaptive Governance

‘‘Adaptive governance is a process of creating adaptability and transformability in
[social-ecological systems]’’ (Walker et al. 2004, p. 7).

Adaptive governance acknowledges that modern governance regimes increas-
ingly face complexity, that governance resources change, and that surprise and
new uncertainties are inevitable. However, the term remains ambiguous in the
resilience literature (Jordan 2008). In this paper adaptive governance is defined as
‘‘the evolution of rules and norms that better promote the satisfaction of underlying
human needs and preferences given changes in understanding, objectives, and the
social, economic and environmental context’’ (Hatfield-Dodds et al. 2007, p. 4).
Elements of adaptive governance most frequently mentioned in the literature are
flexible and redundant institutions as well as multi-level, horizontal and poly-
centric governance structures (Folke et al. 2002; Folke et al. 2005; Olsson et al.
2006; Pahl-Wostl 2009).
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At this point, the mutually reinforcing relationship between adaptive
governance and adaptive management needs to be addressed. Adaptive manage-
ment is an attempt to address uncertainties in everyday water resources manage-
ment through the integration of feedback loops to accelerate learning, increased
flexibility and perceiving policy as a set of controlled experiments (Mclain and
Lee 1996; Folke et al. 2002). Adaptive management thus provides the basis for
being able to take informed decisions on water allocation and distribution. Being a
management tool for addressing uncertainties that remain in planning, it com-
plements adaptive governance at the management level. Adaptive management
relies on functioning institutions and institutional capacity and thus on adaptive
governance (Medema and Jeffrey 2005). Water management takes place within
and is influenced by the water governance system. It needs to be supplemented and
facilitated by fitting (and possibly adaptive) governance structures that enable
adaptive management of water resources.

Good Governance

‘‘Good governance must underpin effective adaptation strategies’’ (AfDB et al.
2003, p. 24).

In the 1990s, international development agencies coined the term ‘‘good
governance’’ as they found that shortcomings in development were linked to
deficient governance structures and processes (Dolzer 2004). Good governance
was identified as central to strong and equitable development and thus as a pre-
condition for economic prosperity and political stability (World Bank 1992). Bad
governance, on the contrary, often serves as a barrier to development, increases
vulnerability and decreases the ability to react to change and adapt (GWP 2003).
Good governance has a strong influence on social-ecological systems and their
ability to react to disturbances (Walker et al. 2006, p. 7). In other words, good
governance positively affects a system’s ability to adapt to changing
circumstances.

The aim of good governance is to improve the effectiveness and quality of
governance processes, structures and outcomes, which is assumed to benefit the
well-being of the citizens. ‘‘Governance can be seen as the exercise of economic,
political and administrative authority to manage a country’s affairs at all levels.
It comprises the mechanisms, processes and institutions through which citizens
and groups articulate their interests, exercise their legal rights, meet their obli-
gations and mediate their differences’’ (UNDP 1997). Frequently mentioned ele-
ments of good governance include participation, transparency, accountability,
effectiveness and equity. It promotes the rule of law and ‘‘ensures that political,
social and economic priorities are based on broad consensus in society and that the
voices of the poorest and the most vulnerable are heard in decision-making over
the allocation of development resources’’ (UNDP 1997).

6 The South African Water Sector 83



Sustainable development and building resilience are often connected to trade-
offs, e.g. ecological resilience versus social resilience, economic versus ecological
sustainability (Lebel et al. 2006). Each society needs to decide what kind of
resilience it seeks to establish and towards which threats it wants to build resil-
ience. Good governance facilitates these kinds of processes. A good governance
approach ensures an equitable and broadly based discourse. It thus helps finding a
broadly based consensus on how to deal with trade-offs, define priorities and how
to position a society within areas of conflict.

The concept of good governance mainly focuses on providing political stability
and economic prosperity, while not explicitly referring to the third dimension of
sustainable development, namely ecological sustainability. Among other things,
the ecological dimension is supplemented in the concept of water governance.

Water Governance

‘‘Water governance refers to the range of political, social, economic and admin-
istrative systems that are in place to develop and manage water resources, and the
delivery of water services, at different levels of society’’ (GWP 2003, p. 16).

Governance issues arise in almost all spheres of development and social life and
thus also play an increasingly important role in formerly technically dominated
spheres such as water management. In coherence with the principles of Integrated
Water Resources Management (IWRM), water governance is defined as being
(GWP 2003, pp. 27–29):

• Open and transparent: accessible and transparent policy formulation and
implementation to increase confidence and trust in organizations and institutions
of water allocation and distribution.

• Inclusive and communicative: enabling broad stakeholder participation to
increase the quality and effectiveness of water policies, organizations and
institutions.

• Coherent and integrative: inclusion of all users and uses and the coordination of
related policies to adequately address problems of complex systems with a
consistent, holistic and cross-cutting approach.

• Equitable and ethical: enforcement of justice, property rights and rule of law
regarding access to and ownership of water to provide all citizens with equal
opportunities to sustain their well-being.

• Accountable: ensure clear responsibilities and obligations as well as sanctions
for the violation of rules.

• Efficient: apart from economic efficiency support social, political and environ-
mental efficiency in water issues (e.g. minimize economic and environmental
inefficiencies of water management such as over- or under-allocation or provide
a socially accepted and affordable level of access to water resources and
sanitation).
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• Responsive and sustainable: orient policies and institutions on demand, the
policies’ impact and past experience. Implement these policies at the relevant
level (principle of subsidiarity), keeping in mind present and future interests of
water users.2

Water governance functions as a transmitter of impact from the social system to
the ecological system and vice versa. Thus institutions as a basic component of
water governance ‘‘link the society to nature, and have the potential to coordinate
the human and natural systems in a complementary way for both ecological and
human long-term objectives. They also have the potential to inhibit adaptive
responses to ecosystem changes’’ (IHDP 1998). For example, water governance
sets the incentives for the sustainable or unsustainable use of the water resources
through the institutions of property rights. This function of water governance as
interface implies that water governance and especially the institutional arrange-
ment in the water sector is one of the spheres firstly coming under pressure of
adaptation when changes of the ecological system occur. If water governance
proves resistant to such adaptation pressure, the resulting (increased) mismatch
between social and ecological systems is likely to exacerbate degradation and
overuse of water resources.

Adaptive Water Governance

Based on the concepts of adaptive governance, good governance and water gov-
ernance elements of adaptive water governance can be derived. These elements are
grouped according to address the need for sustainable water governance and the
problems of fit and interplay (cf. Fig. 1). The concept of adaptive water gover-
nance provides a point of reference for examining and assessing institutional
change in water governance regimes.

The Problem of Interplay: Multi-Level and Horizontal
Governance

The importance of vertical and horizontal interplay between institutions and
organizations for sustainable and adaptive governance of natural resources has
been frequently underlined (Young 2002; Folke 2006; Young 2006; Pahl-Wostl
2009). Horizontal interplay or governance refers to institutions that facilitate the
cooperation and linkages (e.g. exchange of knowledge and information) among

2 Water governance is, on the one hand, based on and significantly overlaps with good
governance. On the other hand, it differs from good governance by not addressing issues of
democratization, electoral systems and sovereignty (GWP 2003).
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governance entities at the same level of administration (e.g. ministries, local water
management organizations), as well as cross-sectoral and cross-disciplinary
thinking (Hill 2005). It foresees that e.g. ministries concerned with water man-
agement tasks or local water management organizations, such as WUA, exchange
information, thus allowing for new practices to spread quickly. This is increasingly
important with regard to the transfer of responsibilities in decentralized gover-
nance systems. The newly empowered organizations need to cooperate to identify
and share best practices.

The demand for multi-level or vertical governance structures within adaptive
water governance (Folke et al. 2002; Pahl-Wostl 2009) originates from the
observation that ecological systems rarely follow administrative boundaries and
that ecosystems dispose of multiple levels. An effective resource management
should thus mirror these multiple levels (Low et al. 2003) and possess governance
mechanisms working across levels including state and non-state actors and inte-
grating the local, provincial, national and international levels of governance and
administration. Multi-level governance is based on the assumption that complex
issues such as water governance can only be achieved through the integration,
interaction and cooperation of the different levels of a governance system. How-
ever, multi-level governance does not necessarily imply the linear organization of
administrative levels, which is more crisis-prone or susceptible to risk, since the
failure of one element can break the system (Low et al. 2003).

Sustainable
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Accountable

Participatory

Transparent

ResponsiveIntegrative

Coherent

GOOD 
GOVERNANCE

WATER 
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Fig. 1 Adaptive water governance. Source: own compilation
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The Problem of Fit: Polycentric, Flexible and Redundant
Governance Structures

Adaptive water governance regimes should aim at improving the fit between
the ecological and the social system (Young 2002). Evolving complex social-
ecological systems (SES), which may be characterized by state changes and flips,
require polycentric, flexible and redundant governance structures, management
institutions and organizations in order to prevent mismatch and mismanagement.

Polycentric organizations and institutions ‘‘improve the fit between knowledge,
action, and social-ecological contexts in ways that allow societies to respond more
adaptively at appropriate levels’’ (Lebel et al. 2006, pp. 8–9). It is assumed that
nonlinear polycentric governance structures are better geared to react to nonlinear
ecological crisis if compared to linear governance structures (Low et al. 2003). For
example, the impacts of climate change on water resources are likely to vary
across a country, thus calling for individual adaptation measures in different
regions. These are more likely to develop in the local context than within a
hierarchical governance setting. Unlike strictly hierarchical systems polycentric
governance structures dispose of multiple centres of power. ‘‘Polycentric gover-
nance systems can be characterized as complex, modular systems where differently
sized governance units with different purpose, organization, spatial location
interact to form together a largely self-organized governance regime. Polycentric
governance systems are characterized by many degrees of freedom at different
levels’’ (Pahl-Wostl 2009, p. 7). These degrees of freedom allow the development
of locally appropriate institutions (Lebel et al. 2006).

Adaptive water governance requires flexible institutions, which offer mecha-
nisms that provide for the adjustment of management procedures and management
structures to new (environmental) conditions and new (scientific) knowledge
(Folke et al. 2002). Flexible institutions permit and request feedback and monitor
its implementation, i.e. they allow for learning from past experience, are able to
quickly identify inefficient practices and rules and the need for changing them.
However, too much flexibility may also turn out negatively. ‘‘Systems where
change is not allowed will almost certainly generate surprise and crisis. Systems
that allow too much change and novelty will suffer loss of memory’’ (Berkes et al.
2003, p. 376). On the one hand, the increasingly uncertain environment forces
social systems and institutions to become more adaptive—that is, flexible and open
to change. On the other hand, strong and reliable institutions are needed to
establish and sustain a functioning water governance system. The task is therefore
to find the appropriate balance between innovation and conservation.

The redundancy of institutions similarly requires finding such a balance.
Redundancy influences system performance—under some conditions positively,
under others negatively (Low et al. 2003). Contrary to mainstream economic
thinking it is increasingly acknowledged that redundant structures do not neces-
sarily lead to inefficiency but may even improve system performance—especially
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if system performance is not measured in terms of short-term output but rather in
terms of long-term capacity to deal with risk and uncertainty and adapt to change.

In ecosystems, redundancy of species guarantees ecosystem resilience and
stability and prevents ecosystem failure (Naeem 1998). Redundant species are not
primarily needed to provide ecosystem functioning and services because they
provide similar functions to the ecosystem as other species. But they are able to
replace other species once these fail or become extinct. Thus, redundancy
resembles one of the core principles of evolution and can potentially ensure the
survival of the system in times of crisis.

Applied to social systems, the overlap and redundancy of institutions may
increase the capacity of a system to diverse responses to a problem (Walker and
Salt 2006). This implies that one institution can provide the same (or similar)
function as a second one and replace it once the second one became ineffective
through crisis and change. Redundancy may refer to the overlap of institutions or
functions of organizations or the prevalence of similar subsystems (Holling et al.
2002; Low et al. 2003). The doubling of institutions and a modest overlap of
functions support the spreading of risks and help to absorb disturbance (Folke et al.
2005). Moreover, governance structures that mirror and thus fit ecosystem struc-
tures are more likely to identify system failure and adequately respond to it (Low
et al. 2003). Redundant functions and organizations may thus not contribute to
system functioning under normal conditions but may provide relevant functions
and information during unpredictable events, i.e. when the system reorganizes.

Redundant subsystems need to operate independently to have positive effects.
The administrative unit compensating for another unit’s failure should not be
affected by that failure (Low et al. 2003). However, since the doubling of functions
and subsystems is costly, there is a need to identify the optimal level of redun-
dancy (Low et al. 2003). Since it is often difficult to identify the kind of redun-
dancy in advance that will generate positive effects in a crisis, redundancy should
be limited to those cases where it can be achieved with low costs.

Social Sustainability: Equity, Integration and Participation

Broad stakeholder participation on the basis of equity is an essential element of
making water governance regimes adaptive (Pahl-Wostl et al. 2005; Biermann
et al. 2009). This refers both to the involvement of relevant stakeholders in
decision-making processes at different levels of administration (e.g. in the
development of a water use strategy) and the equitable access to and use of water
resources. The integration of all users ensures that different interests within society
and interactions of a topic with other issues come to light and are discussed.
Participation gives underrepresented groups the chance to raise their issues and
claim their rights. Through this process, trust and a shared understanding can be
built and social learning be fostered (Lebel et al. 2006). Through participation,
different kinds of knowledge on ecosystem functioning and management practices
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(including local and traditional knowledge) can be integrated in management
decisions.

Economic Sustainability: Efficiency and Coherence

The efficient use of natural, human and financial resources is a prerequisite of
adaptive water resource governance, especially in the context of developing
countries, which more often than not are not well endowed with any of them. One
prerequisite for effective and efficient governance of resources is coherent deci-
sion-making (Sadoff and Muller 2009). This is especially important since water is
a cross-cutting issue. Decisions at all levels and in many different spheres of
governance affect the water resource. It is important, however, to keep in mind the
inherent trade-offs between efficient governance, redundancy and an increased
long-term vulnerability to uncertainty and surprise (Davidson-Hunt and Berkes
2003). This trade-off, which is related to what Walker has termed the difference
between general and specific resilience (Walker et al. 2006), will be addressed in
the section on synergies and trade-offs.

Political Sustainability: Rule of Law, Accountability
and Transparency

Water governance organizations underlie the rules which have been formulated by
legislature for the governance and management of water resources. Their actions
should be authorized by law (García-Salmones 2009). Laws define their room of
manoeuvre for managing water resources and the necessary cooperation with other
state organs. The rule of law aims at preventing discretionary, ad hoc water
resources governance. This is closely connected to upwards (towards superior
bodies) and downwards (towards the public) accountability. Authorities that can
be made responsible for their actions (and inaction) tend to pursue a more equi-
table distribution of benefits and thus enhance the adaptive capacity of a social
system (Lebel et al. 2006).

Accountability is supported by transparency, i.e. the disclosure of organiza-
tional structures, water management procedures and strategies, as well as moni-
toring data (Young and Lipton 2006). Transparency, accountability and rule of law
increase the predictability of system behaviour and create trust in the system and
its functioning.
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Ecological Sustainability and Responsiveness

Water governance should be organized with a view to the long-term sustainability
of water use. This includes governing (surface water and groundwater) resources
such that they are neither overused nor polluted and that enough water is provided
to support ecosystems (so-called environmental flows). In a changing environment,
responsiveness, i.e. the ability to recognize changes in the water system (e.g.
decreasing water availability, overuse of groundwater resources or increasing
water pollution), and taking timely and adequate measures to react to these
changes gain importance. This includes measures of demand management rather
than supply management.

Sustainable water governance should not only serve present water users but also
take demands of future water users into account (GWP 2003). The emphasis on
sustainability and responsiveness introduces the timescale to adaptive water
governance. Past experience and current changes in the ecological system need to
be monitored and taken into account. Long-term effects of present interventions
need to be anticipated and (especially when this is not or not sufficiently possible)
effects need to be monitored during implementation to be able to adjust measures,
should they entail unintended negative effects.

Synergies and Trade-Offs Between the Elements
of Adaptive Water Governance

Many of the elements of adaptive water governance described above are closely
interlinked and difficult to examine in isolation. Some of the elements produce
synergies, while trade-offs and tensions exist between others. For example poly-
centric governance may facilitate redundancy and experimenting because of a
large number of independent units thus fostering resilience of the system (Warner
et al. 2008; Huitema et al. 2009). Polycentric governance and redundancy in
institutional set-up and structures, however, may come to the detriment of effi-
ciency and coherence. Public participation on the one hand adds transparency for
stakeholders, fosters social learning and improves water governance through
knowledge exchange. On the other hand, it is often costly (in terms of human and
financial resources), thus negatively affecting efficiency. Likewise, it might be
difficult to arrange for participatory governance structures that allow for
accountability (who is responsible for decisions taken with large involvement of
stakeholders?) or to establish flexible institutions that remain sufficiently
transparent.

From a short-term perspective, most of these tensions seem inevitable. With a
longer-term perspective, which does not only take the functioning of the social but
also of the ecological system into account, the elements of adaptive water gov-
ernance are not necessarily mutually exclusive. The trade-off of participation and
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efficiency may at least partly dissolve when taking a longer-term perspective.
Participation helps to produce resilient solutions that take local context and
knowledge into account, are supported by stakeholders and tend to be easier to
implement and sustain than decisions taken in a top–down manner. Likewise,
redundant institutions or structures may prove useful in times of crisis. The aim of
adaptive water governance should therefore be to find ways how to achieve one
goal while not negatively affecting the others. In those cases where this cannot be
achieved, good governance should provide for a societal negotiation process on
finding an acceptable level of negative effects. An example is the trade-off between
participation and accountability or the increasing costs of cooperation and coor-
dination with increasingly redundant structures.

Adaptive water governance should not be understood as a ‘‘one-size-fits-all’’
approach, but rather as one leaving room for composing the elements and adjusting
them to local needs. The optimal amount of one or the other element will differ in
different cultural, social, political and economic contexts. The respective contexts
also determine the relevance of a certain set of elements, which might not be the
same in two countries. In addition, different stages of development may require the
emphasis of different sets of elements, i.e. the composition and accentuation of
elements in a particular case may change over time. For example the creation of
trust through rule of law, transparency and accountability may be a precondition
for meaningful participation. However, it is assumed that—regardless of the
socioeconomic situation—a certain level of each of these elements is required for
constituting an adaptive regime and the building of resilience. For example, the
provision of a certain level of flexibility of institutions should be provided in order
to assure the ability to react to disturbance. The ‘‘optimal’’ level of this flexibility
can differ in different contexts though and should be determined through good
governance.

Adaptive Water Governance Applied to South African
Water Governance Reforms

South Africa is a country undergoing comprehensive transformation since the end
of the apartheid regime in 1994. After decades of economic sanctions, domestic
markets and foreign trade were liberalized and a parliament was democratically
elected. In addition to this transformation, the country is prospected to be highly
affected by environmental change. The South African water system in particular is
highly vulnerable to climate change (De Wit and Stankiewicz 2006). The country
is characterized by a relatively low mean annual precipitation [495 mm in 2007
(FAO 2009)] and a low conversion rate of rainfall to runoff while being highly
dependent on surface water. As a consequence, water resources are highly stressed
in some parts of the country. In the past, increasing demand was met through
increasing the water storage capacity by building a highly sophisticated system of
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water transfer schemes and dams. Today, there are few adequate places left to
build new dams (Muller 2002) and the variability of runoff is further increased
through the impact of climate change, thus possibly rendering large, inflexible
infrastructure less efficient. Apart from these economic limitations, several eco-
logical objections exist against dams and water transfers. For example, the Greater
Fish transfer scheme turned a previously seasonal river into a permanent one,
providing excellent breeding conditions for the biting black fly. This insect turned
from a seasonal occurrence into a pest, causing significant stock losses among
cattle (Bohensky 2008). Thus, besides technical solutions, improvements of water
governance regimes need to be explored. The prevailing structural engineering and
supply management approach needs to be replaced by an approach which com-
bines demand management and economic incentives for water saving (e.g. through
pricing) with equitable access and ecological sustainability.

In the following, the elements of adaptive water governance are applied to the
South African water sector. Even though adaptive water governance is no explicit
goal of water governance reforms in South Africa, the current and future exposure
of the country to climate change justifies the assessment of reforms using this
concept. Examples are given that illustrate some elements of the concept without
claiming to be exhaustive. The focus is on the problem of fit (especially flexible
institutions and redundancy) and social sustainability (especially participation and
equity), since most progress can be attested in these spheres.

Flexible Institutions: the National Water Act

Following the end of the apartheid regime, the South African social system has
undergone paramount institutional change, beginning with a new constitution
(Republic of South Africa 1996). In the water sector, the Water Services Act
(Republic of South Africa 1997) and the National Water Act (Republic of South
Africa 1998) that has been internationally praised for representing state-of-the-art
water law (De Coning and Sherwill 2004) followed. The National Water Act
foresees the transformation towards a holistic, decentralized and participatory
approach to water management with the aim of increasing water use efficiency,
securing equal access to water and sustainably using water resources.

Being conceptualized as a developing institution, the National Water Act
provides several entry points for flexibility. Firstly, different parts of the legislation
can be promulgated at different times. As a consequence, the National Water Act
itself only provides a framework. Its concrete elaboration takes place during
implementation and is authorized to the state administration in charge (in this case
the Department of Water Affairs, DWA). Expressions such as ‘‘in a phased and
progressive manner’’ allow for a phased implementation of the Act over time and
space (Rowlston et al. 2000, p. 6). Thus, the largest part of the Act was promul-
gated in August 1998, but sensitive sections, such as the ones on licensing, the
establishment of the Reserves and water use registration, were only promulgated in
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October 1999 after they had been thoroughly designed, instruments had been
developed and processes had been defined (De Lange 2004). With this approach it
was acknowledged that the resources to implement comprehensive change in
administrative and operational procedures were limited.

Secondly, several provisions of the Act include mechanisms allowing later
adjustments. The Act itself and the National Water Resources Strategy are subject
to reviews every five years. Likewise, water licences are reviewed every five years
and may not be granted for a period longer than 40 years (Republic of South
Africa 1998, Sect. 28). In the context of scarce water resources, the reallocation of
water from relatively low productivity uses such as agriculture to uses with a
higher productivity per unit of water such as industry are discussed in South Africa
(Otieno and Ochieng 2004). Should there be political consensus on the issue, the
flexibility of the water licensing procedure and the short term of water licences
would allow for the implementation of such a change.

In the implementation process, however, the flexibility of the Act can also have
negative repercussions. For example, the establishment of Catchment Management
Agencies (Burt et al. 2008) was significantly delayed since the Act did not provide
the necessary procedures, such as criteria for evaluating CMA proposals, which
then had to be developed in the process. As a consequence, the assessment of the
proposal for the Inkomati CMA was delayed for 18 months, thus alienating the
involved stakeholders from the process (Brown and Woodhouse 2004; see also
Herrfahrdt-Pähle 2010).

Redundancy: Functional Overlap of Institutions

In the South African context, institutions for solving water conflicts may serve as
an example for potentially beneficial overlaps or redundancy. The National Water
Act establishes a Water Tribunal as an ‘‘independent body with a mandate to hear
and adjudicate appeals on a wide range of water-related issues, mainly against
administrative decisions made by responsible authorities and water management
institutions’’ (DWAF 2004b, p. 100). Appeals to the tribunal may relate to various
aspects of water conflicts such as decisions on water allocation, licence applica-
tions, declarations of existing lawful water use or compensation for refused water
rights.

Parallel to the Water Tribunal, another institution of conflict resolution has been
acknowledged with the Traditional Courts Act (Republic of South Africa 2008).
Traditional courts are foreseen to enhance ‘‘access to justice by providing a
speedier, less formal and less expensive resolution of disputes’’ (Republic of South
Africa 2008, p. 9). Thus traditional courts might serve as an alternative option to
the Water Tribunal for solving water conflicts. In case of crisis, for example during
a severe drought, traditional courts could serve as buffer capacity to unburden the
Water Tribunal. It seems that the costs of the associated functional overlaps are
relatively low since they are relatively inexpensive. The requirement of
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independence of the two institutions is also given since they operate at different
levels and within different sets of norms and structures.

Another example of a functional overlap of institutions is linked to the tran-
sition from administrative to hydrological water management. Until recently,
water was managed by province offices of the Department of Water Affairs
(DWA). The National Water Act inter alia calls for the transition from a water
management system based on riparian rights and administrative boundaries
towards licensing of water use and the management along hydrological boundaries
(Seetal 2005). This includes the restructuring of the water management bodies of
the DWA and the introduction of Catchment Management Agencies. Even though
they will not be completely replaced by CMA, the role of the province offices of
DWA is not adequately referred to in most water governance documents. Often
reference is made to the changing role of the DWA from a regulating and
implementing agency towards a provider of policies and strategies (DWAF
2004b). It remains unclear what this means for the province offices, which were
mainly involved in policy implementation and operation and maintenance in the
past. The parallel existence of both CMA and province offices of DWA may easily
result in functional overlaps. In this case, however, overlaps rather seem to be
connected to a number of disadvantages, since both organizations act simulta-
neously, at the same level and in the same sphere of governance. While it is not
clear so far how exactly responsibilities and tasks will be delineated between the
two bodies, it seems likely that their coexistence will be associated with higher
costs than benefits. In any case, this form of redundancy will require good coor-
dination to avoid excessive inefficiency and ineffectiveness.

Participation of Stakeholders: Top–Down
Versus Bottom–Up

Since the end of the apartheid era, participation and participatory democracy range
high in all spheres of government. Accordingly, the National Water Act foresees
mechanisms for participation at all levels. For example, the formulation of a new
strategy for the water sector needs to be informed by a comprehensive partici-
pation process. Stakeholder workshops are conducted at province and municipality
level. Due to lacking capacities and skills at all levels of water administration,
these consultation processes often take several years.

However, it seems that participatory mechanisms have so far mostly been
implemented in a top–down approach by government agencies and that the ini-
tiative and major input generally comes from the central government. For
example, the implementation process of the CMA seems to be initiated and
organized either by DWA’s province offices or the DWA headquarters, thus
leaving little room for stakeholder participation in the sense of impact on the
design of these new organizations or their procedures. There seems to be a bias
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regarding participation. In strategically more important issues (such as the
establishment of CMA, which touch upon the core of DWA competencies),
participation seems to be less intensive than in others.

On the other hand, the dominant role of the government can be justified by the
large imbalances that still exist between different stakeholder groups and which
may cement inequality in water issues. Within Water User Associations (WUA),
for example, the participation of previously disadvantaged persons is a topic of
concern. They are often sidelined by white farmers and efforts need to be made to
empower them to effectively take part in WUA decision-making (Karodia and
Weston 2001). In this regard, it is the role of DWA to ‘‘level the playing field by
stimulating information provision, social facilitation, dispute resolution, capacity
building, etc’’. (Van Koppen et al. 2002, p. 15). The Minister has used her power
several times and rejected proposals for CMA implementation processes because
of the deficient representation of historically disadvantaged communities, small-
holders and water users. ‘‘Only DWAF’s [i.e. DWA’s] strong, effective steering
role in crafting CMAs that build upon local law can lead to inclusive, bottom–up
river basin’’ (Van Koppen et al. 2002, p. 16). It will be difficult for DWA to
determine the point in time when to withdraw from the process and to establish the
necessary capacities with the underrepresented parts of the population. There is the
risk that the domination of participatory processes through special interest groups
(e.g. large-scale farmers) undermines the credibility of participatory mechanisms.
De Villiers (2008) observes this trend and a resulting decline in participation with
regard to ward committees.

Equity: Providing Equal Access to Water and Sanitation
Services

Among the major concerns of the new political administration is the provision of
the population with access to safe drinking water. Human and environmental water
demand come first in the water law and there is a strong commitment to provide all
citizens with access to drinking water under the slogan ‘‘some for all forever’’,
which culminates in the constitutional right to water (Republic of South Africa
1996). To address the backlog in provision with access to water and sanitation
from apartheid times, comprehensive programmes were put in place. Between
1994 and 2004, 13.4 million people received access to safe drinking water and 6.9
million people received access to basic sanitation (DWAF 2004a). Even though
considerable progress was made by connecting large parts of the population to
piped water in the 1990s, it has been stated that many of these infrastructure
developments are inoperable today due to a lack of operational and maintenance
capacity, inefficient cost recovery, the absence of institutional arrangements and
vandalism (Mukheibir 2007).
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The National Water Act foresees the implementation of the Reserve (consisting
of a social and an ecological reserve) to prioritize human needs and environmental
integrity of the system in relation to other water uses, e.g. by agriculture or
industry. The ‘‘basic human needs reserve’’ guarantees a minimum of 25 l of water
per person per day and the ‘‘ecological reserve’’ was established to assure suffi-
cient provision of ecological flows (Hamann and O’Riordan 2000). Since 2001, the
free basic water policy ensures that the basic human needs reserve is provided free
of charge (to poor households). By 2007, more than 75% of the population
received free basic water, which has contributed to achieving social equity (Muller
2008).

Conclusion

Governing water resources adaptively is becoming a crucial element of sustainable
development because existing economic and social problems are increasingly
exacerbated by the impact of climate change on water availability, especially in
Africa. This paper sought to provide a way to characterize adaptive water gov-
ernance in the context of sustainable development by referring to and merging
elements of good governance, water governance and adaptive governance. Good
governance is widely acknowledged as the basis for democratic and fair gover-
nance processes, both of which should also be guiding decision-making in the
water sector. However, the concept of good governance appears not to be able to
provide governance structures and processes with the resilience which is necessary
regarding the challenges of a changing environment and especially climate change.
Adaptive governance can complement good governance since it is geared towards
increasing resilience, e.g. through flexible institutions. Both good governance and
adaptive governance fall short of including the specific needs of the water sector.
This element is provided by adding water governance, which among other things
highlights the need for (ecological) sustainability in governing and managing
water resources. Since the elements of adaptive water governance hold both
synergies and trade-offs, the main challenge for future research will be finding
ways of how to use synergies and minimize trade-offs.

In the second part of the paper, some elements of adaptive water governance
were applied to the South African context of water governance reforms. The new
water legislation and policy is largely in line with adaptive water governance.
Elements such as ecological sustainability, institutional flexibility, participation
and redundancy are addressed by the new water legislation through the provision
for a social and ecological Reserve, CMA and the involvement of stakeholders.
However, implementation of these ambitious legal frameworks is still weak. Little
progress has been made with implementing ecological sustainability, e.g. by
determining the demand for environmental flows. Similarly, the political will to
curb water use and ensure sufficient environmental flows seems to be rather low.
The examples on the flexibility of institutions, redundancy of institutional
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structures, participation of stakeholders and equitable access to water likewise
provided a mixed picture concerning implementation. On the one hand, progress
can be attested with regard to (1) a high level of flexibility built in the national
water legislation, especially the National Water Act, (2) the provision of buffer
capacities regarding institutions for solving water conflicts (redundancy), (3) the
high level of participation of stakeholders at many levels and (4) the provision of
equitable access to water. On the other hand, some (unintended) negative impli-
cations of these developments are documented. Among them are (1) the time-
consuming processes of elaborating procedures and guidelines in the process of
implementation, (2) the potentially negative effects of functional overlaps of CMA
and regional offices of DWA, (3) effectively involving relevant stakeholders and
(4) the lacking long-term sustainability of water infrastructure due to lack of
capacity and capital. This shows the close integration of the elements of adaptive
water governance and their trade-offs as well as the difficulty to find an appropriate
level of each of these elements. Thus, depending on the context, more participation
does not necessarily increase adaptiveness and resilience (e.g. if it takes too much
time to generate meaningful results due to lack of capacities).

Despite these caveats, progress has been made towards a more adaptive way of
governing water resources in South Africa. The National Water Act and its flex-
ibility provide an important place of departure for adaptive water governance.
However, despite this good starting point, most drawbacks have to be attested
regarding implementation. This shows the long way from conventional water
governance approaches towards more adaptive approaches. Current limitations
such as lack of political will, capacities and skills have to be overcome to facilitate
timely and comprehensive implementation and thus increase the resilience of the
water governance regime. With current water governance reforms in South Africa,
significant first steps have been made but many more have to follow to establish
adaptive water governance in practice and find sustainable solutions for increasing
water scarcity and uncertainty.
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Chapter 7
Increase in Port Downtime and Damage
in Vietnam Due To a Potential Increase
in Tropical Cyclone Intensity

Miguel Esteban, Nguyen Danh Thao, Hiroshi Takagi
and Tomoya Shibayama

Abstract It is currently feared that the increase in surface sea temperature
resulting from increasing levels of greenhouse gases in the atmosphere could result
in an increase in tropical cyclone intensity in the future. Although the economic
consequences have been studied for a number of developed countries, very little
work has been done on developing countries. The present paper attempts to
indicate what are the likely economic effects of this, by using a Monte Carlo
simulation that magnifies the intensity of historical tropical cyclones between the
years 1978 and 2008. This tropical cyclone model is then coupled with a socio-
economic model that attempts to provide a projection of the likely development
course of the Vietnamese economy and society. The simulation shows how annual
downtime from tropical cyclones could increase from 0.23 to 0.37% by 2085
which could cause the loss of between 0.015 and 0.035% of GDP growth per year
(between 600 bn and 1,400 m USD after factoring in the likely growth in the
Vietnamese economy by this time). The effect that this could have on port oper-
ations and a preliminary assessment on the potential for increases in direct damage
due to high winds are also made, showing a typical 33 to 65% increase for the
centre and north of the country.
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Introduction

The balance of scientific evidence now suggests that anthropogenic emissions of
greenhouse gases are having an effect on climate, as highlighted in the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change, or 4th
IPCC report (IPCC 2007). It is feared that as a consequence of global warming, the
frequency and intensity of tropical cyclones will increase due to the warming of
the sea, which is confirmed by an analysis of the last 30 years of satellite records
of tropical cyclones (Webster et al. 2005). Elsner et al. (2008) also examined the
trends in the upper quantiles of cyclone maximum wind speeds and found a
significant upward trend for wind speed quantiles above the 70th percentile.
However, the accuracy of satellite-based pattern recognition remains a matter of
intense debate (Landsea et al. 2006). What is clear is that tropical cyclones can
have devastating effects, especially in poor countries, such as the 1970 Bangladesh
cyclone, where between 300,000 and 500,000 people perished (Landsea et al.
2006). In the US, the 2005 hurricane Katrina caused major damage and left more
than 1,800 people dead, triggering a debate about whether such tragic events will
occur more frequently in the future. More recently, Cyclone Sidr was one of the
strongest cyclones ever recorded in the Bay of Bengal, making landfall in
Bangladesh on 15 November 2007. Sidr slammed the highly vulnerable low-lying
densely populated coastal areas of Bangladesh with heavy rain, winds of up to
215 km/h, and a significant storm surge (Shibayama et al. 2009).

However, the area most frequently affected by tropical cyclones is that of the
western North Pacific Ocean, accounting for approximately one-third of these
phenomena (Imamura and Van To 1997). In this area, even for developed coun-
tries like Japan, the economic damage due to these events is considerable and
appears to be increasing with time. Although this could be due to an increase in
people taking out insurance, between 1980 and 2008, eight of the ten costliest
natural disasters in Asia were due to typhoons in Japan after 1998, according to
data from the Munich Re website (2009). In the case of Vietnam, more than 70%
of all natural disasters are due to typhoons, and yearly frequency and damage totals
have been generally increasing (Imamura and Van To 1997).

There is a growing fear that the pace of increase in damage can reach a point
where the costs of natural hazards may potentially outpace economic growth
(Webersik 2010). However, attempting to analyse the economic damage due to
tropical cyclones is not an easy task. The damage caused by these events can be
divided into two components, the damage caused by the destruction of houses,
infrastructure and other material objects (direct damage) and the loss in produc-
tivity due to temporary shutdown in production and because of prevention activ-
ities (indirect damage). Some research has been done on the possible effects of
direct damage, such as that by Howard et al. (1972), Pielke (2007), Hallegatte
(2007), all of whom agree that damage in the United States is exponentially related
to the maximum storm wind speed. However, different authors propose different
exponential powers.
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Much of the existing research focuses on the physical damage of natural haz-
ards without calculating the indirect effects of tropical cyclones. Hallegatte (2008)
explains how the indirect costs include ‘‘business interruption in the event after-
math, production losses during the reconstruction period, and service losses in the
housing sector’’. Other such losses could include increases in energy prices, loss of
workers’ income or increases in insurance premiums following the passage of
major events, and Hallegatte (2008) explains how the total socioeconomic damage
can be much larger than direct economic impacts. Very little research has so far
gone into estimating the indirect economic damage of tropical cyclones and
Hallegatte (2007) points out how additional research is necessary to understand
these indirect impacts. This effect includes, for example, the loss in economic
productivity due to downtime in the public transport system, important industries
and commerce. Particularly, urban areas can be greatly affected by the passage of a
tropical cyclone, with their inhabitants leaving work early and shuttering houses
and shops before its arrival and taking shelter until it has passed. Hallegate (2008)
found that the total losses due to a disaster affecting the area of Louisiana in the
USA increase nonlinearly with respect to direct losses when the latter exceed $50
billion (for instance, when direct losses exceed $200bn, total losses are twice as
large as direct losses). The model given by this author attempts to reproduce the
disruption in production that takes place after the event, and is useful to model the
effects of high intensity events. However, in many countries in the Asia-Pacific
region, the majority of the tropical cyclone-related downtime is due to low-
intensity but high-frequency events, where the downtime is directly related to the
duration of the event. As the tropical cyclones grow larger, the number of hours
that a given area of a country will be affected by them will increase in the future.
Esteban et al. (2009a, b) thus analysed the effect of downtime on the economy due
to an increase in the size of future tropical cyclones. They concluded that these
events could deduct 0.7% of the annual GDP of the Taiwanese economy by 2085,
and that additional investments would be required in Japanese Port infrastructure
to remove potential bottlenecks in the export of goods.

To attempt to understand how tropical cyclones are likely to be affected by an
increase in global temperatures, global climate models using powerful
supercomputers have been carried out, as highlighted in the 4th IPCC report (IPCC
2007). This report highlights that although there is a general agreement that
tropical cyclones are likely to increase in intensity, there is as yet no broad
consensus on the future frequency of these events.

However, most of the studies of the economic effects of an as yet hypothetical
increase in tropical cyclone intensity have focused on developed countries,
ignoring the potentially far more devastating effects on developing countries. The
present paper will try to apply some of the techniques used by previous authors to
the more complex case of Vietnam. This country has suffered numerous tropical
cyclones, which have caused considerable damage to the country due to flooding,
storm surges and wind damage. Examinations of yearly frequency and damages
caused by tropical cyclones indicate a relatively increase in the value of losses
(Imamura and Van To 1997).
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The model used is not without its problems, as will be shown in the course of
the paper, but the results can highlight the tremendous challenge that Vietnam
could be facing, and hence highlight the clear need for adaptation measures to be
put in place. The model proposed is in fact composed of two parts, a tropical
cyclone intensity model and a simple socioeconomic model. From the combination
of these two models, an assessment can be made of the economic cost of an
increase tropical cyclone related downtime to the productivity of urban areas and
Vietnamese ports.

Methodology

The majority of comparative studies undertaken in the field of natural hazard
studies use the country/year dyad as the unit of analysis. However, the study of
human-environment systems should include geophysical variables, and hence the
use of gridded sub-national-level data that can account for spatial variation is
highly desirable. The economic impact of tropical cyclones in Vietnam depends on
several factors such as the location of economic activity, number of storms,
intensity of storms, and the topography of the affected region and other geo-
graphical attributes, such as land-use patterns. As all these factors vary geo-
graphically the authors propose a disaggregated computational approach to
measure the potential economic damage caused by tropical cyclones under a
climate change scenario for the year 2085. In Vietnam, as in most countries, the
value of economic output varies geographically, and much of it is concentrated
mostly around the city of Ho Chi Minh in the south and Ha Noi in the north. The
present study expects that the current economic distribution in Vietnam will not
change, and that future population growth will retain the current population dis-
tribution pattern. Such a simplistic study is perhaps less realistic than studies that
account for socioeconomic future changes, but is easier to interpret.

The objective of this study is to attempt to quantify the indirect economic
damage that an increase in tropical cyclone size will have in urban and port
productivity in Vietnam. Also, a simple indicative assessment will be made on
which parts of the country are likely to see increase in damage potential in the
future. Although the indirect damage also consists of the effects after the passage
of a tropical cyclone, these effects require a more significant study of each area
concerned (see Hallegatte 2008). Although surveys are carried out following major
typhoon events (see for example Takagi et al. 2009) statistics for direct economic
damage for the country as a whole are quite difficult to obtain for the case of
Vietnam, and hence it is difficult to place a direct monetary term on these. The
methodology to calculate the geographical influence of the tropical cyclones is
based on the work of Esteban et al. (2009a), and based on this methodology a tool
to estimate the potential increase in damage will be developed. Though the method
proposed in this paper is rather simple compared to other procedures [see
(Hallegatte 2007), for example] it appears to be the only one available without
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generating large amounts of tropical cyclone tracks using a computer. Essentially
procedures such as that of Hallegate (2007) calculate the damage based on the
maximum central wind speed, which requires a much larger sample of tropical
cyclone tracks to provide accurate results than the historical number of tropical
cyclone tracks available. The simulation used in the current paper does not ran-
domly generate the tropical cyclones; instead, they are each picked at random from
a set of 831 historical tracks. The strength and size of each tropical cyclone are
then randomly altered according to the expected future distribution of maximum
wind speeds proposed by Knutson and Tuleya (2004). This allows the number of
hours that an area can be expected to be affected by wind of certain strengths to be
determined. The results calculated are for the year 2085, as the work of Knutson
and Tuleya (2004) provides the expected distribution of maximum surface wind
speeds for this year only. Furthermore, randomly generating tropical cyclones
[(Hallegatte 2007), for example] and then applying a Monte Carlo simulation
would result in a prohibitively long computational time. As a large number of
historical tracks are available for the target region, and tropical cyclones generally
follow the same general trajectories, by keeping the original historical tracks it is
possible to obtain a solution relatively quickly.

The next sections will briefly explain some of the main aspects of the meth-
odology used. First, many of the assumptions on which the model is based will be
explained in detail. Then, the databases regarding tropical cyclones, GDP and
demographics of Vietnam will be introduced, together with a projection of how
these are expected to change in the future. After that will follow a discussion on
the expected increase in tropical cyclone intensity by the year 2085. Finally, the
procedure to compute the expected number of hours that a certain area is affected
by winds of a certain strength will be presented based on the methodology of
Esteban et al. (2009a).

Assumptions

The model of Esteban et al. (2009a) builds on a number of assumptions, which are
crucial to understand its limitations:

1. Typhoon tracks, frequency and seasonal distribution of tropical cyclones will not
change in the future. It is possible that future increases in sea temperature could
make the tropical cyclone season longer and/or increase the frequencies of these
events. A number of studies on tropical cyclone frequency in warmer climate
have been made, but the results of these are contradictory, and are still regarded
as inconclusive as indicated by the 4th IPCC report (IPCC 2007). A consensus
statement from the 6th International Workshop on Tropical Cyclones of the
World Meteorological Organization (2006) states how ‘‘although recent climate
model simulations project a decrease or no change in global tropical cyclone
numbers in a warmer climate there is low confidence in this projection’’. Thus, in
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the absence of any clear guidance from other authors on this point, the
assumption of keeping the routes and frequencies the same can be seen as the
default starting point of any simulation to determine economic risks.

2. There is a general relationship between the maximum sustained wind speed and
the size of the tropical cyclone. This point is not clearly established for the case
of large typhoons (Knutson and Tuleya 2001), although Esteban et al. (2009a)
provide some statistical analysis to back this assumption.

3. The topography and population distribution in Vietnam will not change dra-
matically in the future. The socioeconomic model assumes that there will be
migration from the countryside to the cities, but the relative size of each city
compared to each other will stay the same. It is assumed from the population
projection data available for Vietnam that the population will remain stable
between 2050 and 2085. For most developed countries, population has now
been relatively stagnant for a fairly long time, and to assume that the same
would happen for the case of Vietnam if it were to become a developed country
is fair. No country has so far experimented significant population decrease due
to population aging and falling fertility despite the relative stagnation in the
population of most industrialized countries for a relative long time now.
Although immigration has played a relatively large part in maintaining popu-
lations fairly constant, there is no reason to think that the population of poorer
countries would migrate to Vietnam in the same way as has happened during
the industrialization of other countries.

4. Any wind higher than 30 knots will result in the temporary shutdown of all
human economic activities.

5. The likely onset of damage for tropical cyclones in Vietnam is a wind of 50
knots or greater. Below this value damage will not be significant.

By making these assumptions the model can be thought to be conservative, as it
will provide a lower estimate of the possible consequences of climate change.
If the tropical cyclone season were to become longer or the frequency of the
storms increased, then this would exacerbate the results provided in the present
paper.

Tropical Cyclone Data

The tropical cyclone data was obtained from the website of the Japan Meteoro-
logical Agency (2008), which provides best track data for tropical cyclones in the
Western North Pacific and South China Sea between 1951 and 2008. Prior to 1977
there is no satellite data available and hence it was only possible to use the
historical tracks after this date. Nevertheless, the 30 years of useful data still
provides a total of 831 tracks of tropical cyclones, which cover the area well. The
data shows, for each storm, snapshots at various intervals the storm geometry and
wind speed. Figure 1 shows the best track paths of all typhoons in Vietnam
between 1990 and 2007.
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The influence of tropical cyclones, however, is not uniform throughout
Vietnam. The country consists of three distinct topographical regions:

• The north region, characterized by mountainous or hilly terrain. Here the major
rivers flow through the hills into flood plains and coastal plains;

• The central region, where the average distance from the coast to the mountain
has a range of only 70 km;

• The southern region, comprising the Mekong river delta, characterized by a low-
lying flat topography.

The principal spawning ground for the tropical cyclones that affect Vietnam is
the western North Pacific Ocean, from where they usually travel though the
Philippines to finally hit Vietnam or southern China. Thus, tropical cyclones are
frequent in the northern and central regions but rarely affect the southern region
(Imamura and Van To 1997). These authors state that the typhoon season in
Vietnam starts in March and increases in intensity to reach a peak in October and
then weakens progressively till the end of the year. The peak occurrences of
typhoons typically shift from the north to the south as the season progresses, a
pattern related to the seasonal change of water and air temperatures. Typically the
country is affected by an average of 5.9 typhoons/year (Imamura and Van To
1997). The extensive coastline and low topography in the areas adjacent to the sea
expose Vietnam to potentially devastating storm surges (recognized in the
Vietnamese ‘‘National Strategy for Natural Disaster Prevention’’, 2007).

Population Projections

In order to assess the potential economic losses to each urban area, the population
of each major city was estimated between 2009 and 2085. Most available future
population projections for Vietnam involve a single national figure. However,
since the purpose of this paper is to assess the potential effect of tropical cyclones

Fig. 1 Typhoon tracks in
Vietnam (1990–2007)

7 Increase in Port Downtime and Damage in Vietnam 107



on each area of Vietnam, it was necessary to make an estimate for each city.
Population estimates for present and future population (for the year 2050) were
obtained from the medium variant for Vietnam from the United Nations
Department of Economic and Social Affairs (2008), forecasting a population of
89 million for 2010 and 111 million by 2050. This data also estimates age dis-
tribution and fertility levels, and from it an assumption was made that the popu-
lation would stabilize after 2050 and remain constant till at least 2085.

However, in a similar way to other countries in Asia, Vietnam is experiencing
rapid urbanization. In 2004, the level of urbanization was 25.8%, but this is
increasing at around 2% a year (To Lang 2005). The present simulation also
included this increase in urbanization levels, although it is assumed to peak at
around 80%, a similar level to what is seen in industrialized Asia nations such as
Korea or Japan. This increase in urban population was redistributed throughout the
cities keeping the proportion of population in each one similar to what it is today.
The projections show how the population will stabilize by 2050, resulting in an
increase of around 411% in the urban population. Figure 2 shows the current
population of each major urban centre in Vietnam in the year 2005, Fig. 3 the

Fig. 2 Major urban
population centres in
Vietnam (2005)
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population projections for each city in the year 2085, with Fig. 4 showing the
aggregated population projections for the whole country.

GDP Projections

To obtain an estimate for the GDP per capita of Vietnam, a study by Goldman
Sachs (2007) was used as the starting point. This study gives an increase in GDP
per capita from US$655 in 2006 to US$33,472 by 2050 using a gradually reducing
rate of economic growth, (7.8% per year for up to 2015 and then reducing to 4%
by 2050). This Goldman Sachs study (2007) only calculates population up to the
year 2050, but as the climate change scenario model of Knutson and Tuleya is for
certain CO2 concentrations in the year 2085, it was necessary to extend this model
to 2085. For the period 2050–2085, the authors thus choose a more conservative
level of economic growth of 3% per annum, which would result in a GDP per
capita of US$94,185 by 2085.

Fig. 3 Projection of
population of major cities for
the year 2085
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Simulation Methodology

The Monte Carlo-based methodology described by Esteban et al. (2009a) was used

as the basis to obtain the expected affected time #̂ðcÞ that an area is under the
influence of wind of a certain strength in one future year. In this method, the
results are computed for two different conditions, one being the ‘‘present day’’
conditions (using the unaltered tropical cyclone records) and the other being the
‘‘climate change’’ conditions (where the tropical cyclone records are altered using
the methodology described in the next sections). By doing so, it is possible to
compare the future and present results and gain an insight into possible future
economic consequences of an increase in tropical cyclone intensity.

The expected affected time can be defined as the sum of each of the values of
time affected by storms for one year #ðcÞ for all the simulation runs divided by the
number of simulated runs N, or,

#̂ðcÞ ¼

PN
1
#ðcÞ

N
ð1Þ

The reason to use a Monte Carlo simulation is that each simulation run pro-
duces completely different results and hence it is necessary to obtain an average of
the expected result.

For each of the two conditions (‘‘present day’’ or ‘‘climate change’’), the
simulation starts by generating a random number of tropical cyclones for each
month of the year from the probability distribution parameters given in Table 1.
These values were obtained by analysing the number of storms in the Western
North Pacific and China Sea between 1971 and 2006, as published by the Japan
Meteorological Agency. After the number of tropical cyclones in each month has
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been generated, the simulation then selects for each cyclone in the month one
random historical cyclone track from the record of all the tropical cyclones
between 1978 and 2008. For the case of the ‘‘climate change’’ condition, the
intensity of each tropical cyclone must be altered, as outlined in the following
section.

Increase in Tropical Cyclone Intensity in the Year 2085

The assumptions regarding the increase in storm intensity in the year 2085 are
derived from the work of Knutson and Tuleya (2004). These authors carried out
1,300 five-day idealized simulations using a high-resolution version of the
Geophysical Fluid Dynamics Laboratory (GFDL) R30 hurricane prediction
system. These simulations were carried out for a Surface Sea Temperature change
of between +0.8 and +2.4 �C, which assume a linear +1% compounded yearly
increase in CO2 over a period of 80 years (up to the year 2085) in order to
calculate the surface sea temperature. This +1% yearly increase means that CO2

levels would reach 2.2 times the control value (that of 2004) by the year 2085.
These authors acknowledge that other radiative forcing agents besides greenhouse
gases may have important effects on the global climate, but quantification of their
past and possible future forcing remains even more unclear than for greenhouse
gases. Although these authors continuously refer to CO2 and greenhouse gases,
it appears that they only actually considered CO2 emissions in their model.

These authors also note that surface sea temperature is not the only factor that
affects the intensity of tropical cyclones. For example, other factors such as ver-
tical wind shear can also play a crucial role, although how to correctly apply this is
at present still under discussion. For this reason, Knutson and Tuleya (2004)
choose not to include this effect, as they take the view from Emanuel (2000) that it
is possible to obtain useful information on the relative distribution of intensities

Table 1 Probability
distribution functions of
number of tropical cyclones
per month

Month Normal Standard deviation

January 0.47 0.55
February 0.14 0.35
March 0.33 0.67
April 0.72 0.77
May 1.08 1.09
June 1.78 1.25
July 4.00 1.63
August 5.58 1.69
September 4.86 1.34
October 3.75 1.48
November 2.39 1.25
December 1.28 0.90
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from knowledge of the potential intensity alone. Further discussion on this can be
found in Chan (2006), Emanuel et al. (2008) or Vecchi et al. (2008).

Knutson and Tuleya (2004) computed histograms of the maximum surface wind
speed for four different types of hurricane simulation, all of which result in an
increase in both storm intensity and near-storm precipitation rates related to the
increase in surface sea temperature. The method of Esteban et al. (2009a) sim-
plifies the 2085 histogram into a probability distribution curve, and uses this to
modify the intensity of historical storms as shown in Fig. 5.

For the case of the ‘‘climate change’’ condition, the computer simulation ran-
domly generates an ‘‘intensity multiplier’’ from this probability distribution curve
and multiplies it by the maximum wind speeds throughout the life of the historical
storm. This intensity multiplier is normally greater than 1, resulting in a tropical
cyclone of greater intensity than that of the historical record on which it is based,
but it can also be less than one and result in a weaker storm. In this way, although
the tracks of the tropical cyclones do not deviate from that of the historical norm,
their intensities and shapes can be made to change slightly. The increased wind
speed is then used to alter the radius of the tropical cyclone, as described in the
next section. Note that for the case of the ‘‘present day’’ condition the computer
uses a intensity multiplier of 1, meaning that the historical records of the tropical
cyclone are unaltered.

Effect of Maximum Sustained Wind Speed on Radius
of Tropical Cyclone

The data of the Japan Meteorological Agency provides radii for the sustained 30
and 50 knot winds at various time intervals. This data can be used to model the
tropical cyclone as a circle representing the area which is affected by 30 or 50 knot
winds or higher.

Fig. 5 Resolved inner-grid convection hurricane intensity simulation, after the work of Knutson
and Tuleya (2004)
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Esteban et al. (2009a) carried out an historical analysis of all tropical cyclone
data between 1978 and 2008 to show how there is a positive relationship between
the maximum wind speed and the radius of a storm of the shape:

R ¼ b0 þ b1Wmax þ e ð2Þ

where b0 and b1 are two parameters relating to the slope of the curve, R is the
radius of the 30 or 50 knot winds, Wmax is the maximum sustained wind speed and
e is the error. For the case of 30 and 50 knot winds the following values for b0 and
b1 were used:

R30 ¼ 46:744þ 2:168Wmax þ e ð3Þ

R50 ¼ �81:345þ 2:099Wmax þ e ð4Þ

Nevertheless, Esteban et al. (2009a) propose that investigate the sensitivity of a
simulation of increased tropical cyclone size two different climate change sce-
narios should be investigated, a Scenario A with b1 = 1 and a Scenario B with b1

as shown on Eqs. 3 and 4.
Any scenarios with a b1 higher that that shown in Eq. 3 and 4 would result in

even greater time losses and thus goes against the conservative principle of the
present paper.

For the data points where the maximum sustained wind speed is greater than
100 knots (1.78% of data), the relationship between maximum wind speed and size
is not so clear. However, the effect of these points on the simulation is minor. For
the case of downtime most of the time loss is not caused by the most intense
tropical cyclones but by the more normal ones occurring with high frequency.
However, for the damage computation this effect could be more important, though
most of the damage events analysed in the present work were caused by the
average strength tropical cyclones.

Both the 30 and 50 knot radius of wind speeds are significant to determine the
downtime and damage that an area will suffer as a consequence of tropical
cyclones, as will be shown in the following sections.

Computation of Wind Downtime and Minimum Damage
Threshold

The assumption of the model used is that once wind speeds of more than 30 knots
(55.56 km/h) are reached, it will disrupt many human activities. According to the
Beaufort wind force scale, a moderate gale (over 27 knots) would make it difficult
to walk against the wind. Anything over 34 knots (‘‘fresh gale’’) would cause twigs
to be broken and cars to veer on the road, and would result in a gale warning in
places such as the UK and USA. From this point on, normal economic activity and
transport are usually disrupted, and usually results in the shutdown of factories and
commerce, and workers returning home early to take shelter. Winds of over 48
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knots are classified as a ‘‘whole gale’’ or ‘‘storm’’, with trees broken off or
uprooted, saplings bent and deformed and considerable tumbling of waves with
heavy impact. At this point, it is clearly hazardous for any economic activity to
take place and could be considered the point from which serious damage starts to
take place. The present simulation hence assumes that any wind higher than 30
knots will result in the complete shutdown of the whole economy in the city. There
are a number of problems with this assumption, of course, as human activities do
not normally follow such pattern, and such a dramatic cut-off does not exist,
though economic activity will clearly be disrupted starting from winds of 30 knots
and leading to a complete shutdown much before 50 knots are reached. In a similar
way, the threshold for events that start causing damage to infrastructure due to
high winds will be placed at 50 knots, although damage is exponential in nature as
highlighted by numerous authors (Howard et al. 1972; Pielke 2007; Hallegatte
2007, for example).

Estimation of Indirect Damage

The expected number of hours that each urban centre is affected by 30 knot winds
was found using the above described model, as shown in Fig. 6. A comparison was
then made between the two climate change scenarios and a control scenario where
the strength of the tropical cyclones was kept identical to the historical average.
This figure shows how the areas most affected by tropical cyclones are the centre
areas around the city of Da Nang, with around 41 h lost each year in the control
scenario, which would rise to 62 in Scenario B. For the case of Hanoi in the north,
it would be 13 and 24 h respectively, while for the south of the country around
Ho Chi Minh it would be around 4 and 7 h. Multiplying these by the population of
each city Figs. 7, 8 and 9 are obtained. Here it can be seen how although
Ho Chi Minh is not frequently affected, the large number of people living in it
means that even infrequent disruption can lead to significant economic losses. The
total extra cost to the economy due to an increase in tropical cyclone intensity
could be between around US$900 m and US$1 400 m by 2085, although under the
projections, Vietnam would be significantly richer by then. However, the eco-
nomic damage caused by this effect could cut Vietnamese growth by between
0.015 and 0.035% of GDP by that time (for Scenarios A and B respectively)

Loss of Productivity of Ports

Ports are a crucial part of the infrastructure of heavily trade-oriented countries.
Kawakami and Doi (2004) show how there is a direct correlation between the
natural logarithm of the Real Port Capital Stock (RPCS) and the growth in
Japanese GDP. The RPCS could be defined as the total value of all port
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infrastructure and stock in Japan ports. These authors analysed the causal rela-
tionships between GDP, private capital, user transport cost and port capital and the
magnitude of effects of port capital formation on private capital formation on GDP
in a multivariate time-series framework. From their research it is clear that for the
Japanese economy to grow there must be a continuous expansion of RPCS.
Vietnam, although at a very early stage in its development, is currently attempting
to build an export-oriented economy, and hence the development of port infra-
structure is crucial (Thao 2009).

Effect of Climate Change on Port Operations

Thao et al. (2006) report that port operations in Vietnam are inefficient. There
appears to be a number of reasons for this, such as shallow water depth and limited
navigable time, poor navigation service, lack of well-maintained cargo-handling
equipment, lack of trained port labour, inadequate supervision and management,
and lack of incentives and unclear port charges. Thao et al. (2006) explain how for
example in 1998 one state-owned operator reported it suffered a demurrage of
1,122 days from operating 21 general cargo vessels mainly because of waiting for
high tides and poor cargo handling.

Fig. 6 Average number of
hours lost in each urban
centre
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An increase in the number of hours when a port cannot operate could thus
further exacerbate these problems by making port operators lose more frequently
the precious windows of time when port operations are possible. Fortunately for
Vietnam, most of the economic activity and major ports are located in the south,
where high winds due to tropical cyclones are rarely an issue (Fig. 6). The ports in
the centre of the country, around Da Nang, have relatively large capacities and
deep berths, and are thus not as constrained, even if the amount of downtime could
increase by around 50% by 2085. The north of the country, however, has a rela-
tively large economy and currently few deep berths, and although potential
increases in downtime are not as severe as in the centre of the country, they could
create potential bottlenecks in the future. The present results thus highlight the
need to improve the capacity of port infrastructure to take care of a potential
increase in future downtime, and to improve the resilience of the port infra-
structure and operations in general.

Estimation of Direct Damage

Analysing the direct losses due to typhoons is quite a complicated task as the
impact of maximum wind speeds on damage is nonlinear, and physical damage

Fig. 7 Man hours lost in
each major urban centre
(control scenario)
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increases sharply with maximum winds. However, storms also vary in duration,
and the period over which the wind is exerted also contributes to this failure. The
analysis is further complicated by the fact that damage is likely to happen only
after a certain threshold (nonlinear failure mode), which is reached by few storms.
For the case of Vietnam, the amount of precipitation also plays a key part in the
damage due to typhoons, as much of the damage is due to flooding (CCFCC 2009,
as shown in Table 2). The statistics about the damage caused by natural disasters
in Vietnam in the last ten years show that the number of people killed and the
estimated economic losses were caused mostly by either independent flooding or
those created by typhoons (CCFCC 2009).

Generally speaking, there is a strong relationship between the maximum wind
speed and the damage that takes place (Howard et al. 1972; Pielke 2007;
Hallegatte 2007). The model used, however, is not apt for estimating the damage
in this way, as it relies on a limited number of historical typhoon tracks. As the
maximum wind speed only occurs on a limited radius around the eye of the storm,
to obtain a statistically significant result for the maximum wind speed, thousands
of tracks would be needed. The only way to do this would be following a pro-
cedure similar to that shown by Hallegate (2007). However, there is a relationship
between the maximum wind speeds and the size of the storm (Esteban et al. 2009a)
and hence a storm of high wind speed will mean that a certain area would be
affected by 50 knot winds for a longer period of time and hence this value can be

Fig. 8 Man hours lost in
each major urban centre
(Scenario A)
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used as a proxy of the damage caused by a storm. The significance of 50 knot
winds is that they can be described as the threshold of damage, and hence the
calculation of the expected increase in these events can provide an indication of
where damage is likely to increase in the future. Figure 10 shows the number of
hours that each urban centre can be expected to be affected by winds of 50 knots
for each scenario. According to the results and the likelihood of different natural
hazards, several areas can be identified, although only the coastal areas are dis-
cussed below.

• The area around Ho Chi Minh City and the Mekong. This area at present is
hardly ever affected by strong winds from typhoons, and the simulation shows
this will not change in the future. This is not to say that damage will not
necessarily increase, as the area is still vulnerable to storm surges, and there is
the possibility that typhoon tracks might change in the future.

• East of southern Vietnam. This area is rather infrequently hit by strong
typhoons, and wind speeds around this area are seldom a problem.

• Coastal areas of central Vietnam. The southern part of this area experiences
around 0.3 h on average of 50 knot winds/year, and this is expected to increase
by around 30–50% in the future (Fig. 10). The area around Da Nang is currently
the hardest hit by tropical cyclones, which is currently affected on average 1.7 h/
year by winds of 50 knots or greater, the highest rate in the whole country. This
is expected to increase by between 24 and 47%, depending on the scenario.

Fig. 9 Man hours lost in
each major urban centre
(Scenario B)
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Hence, future damage potential is likely to increase in this area and it is crucial
that adaptation measures are prioritized in this region. Moving north towards
Dong Hoi, the rates of increase in 50 knot winds decrease slightly as compared
to Da Nang.

• Coastal areas of Northern Vietnam. The north part of Vietnam is currently not as
frequently affected by tropical cyclones, however some of the highest rates of
growth can be seen in this region. In particular, around Thanh Hoa, just south of
Hanoi, rates of increase of around 500% were computed (from 0.1 to 0.5 h for
Scenario B).

The reason for this dramatic increase in the potential damage around Thanh
Hoa probably lies in the fact that many typhoons turn north after exiting the
Philippines and entering the China sea, eventually moving to the region around
Hanoi and south China. However, if these typhoons become bigger and continue to

Fig. 10 Number of hours
that urban centres will be
affected by 50 knot winds per
year

Table 2 Estimation of the loss caused by natural disasters from 1998 to 2008 (US$m)

Year Typhoon Flood Whirlwind Tropical low
depression

Flash flood and
landslide

Others

2008 126 661.212 11.697 0.485 5.818
2007 347.564 344.381 4.098 1.769
2006 1,105.29 7.05 22.682 25.332
2005 270.527 31,613 4.549 23.144 21.566
2003 3.551 50.757 1.394 42.644 1.013
2002 833.114 2.701 22.956
2001 51.312 160.947 1.764 4.5 6.248
2000 34.602 283.972 0.864 16.975 3.466
1999 5.485 321.154 14.815 20.355
1998 103.117 15.835 7.752 1.67
Total 2,047.448 34,291.4 72.316 83.248 108.445 6.248
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follow the same path, although they might still not make landfall in Vietnam, they
will start to have increasing effect in some of the Vietnamese regions due to their
increased size.

Although the simulation gives an idea of where damage due to high winds is
likely to increase, it does not really explain the economic effect on the population
of the country. To understand this it is necessary to not only know the local
geography and location of the population but also how developed and resilient
each of these regions is against tropical cyclones. Hallegatte (2007) carried out a
vulnerability assessment against hurricanes for the east coast of the United States,
which supported the view of a wind-speed-to-loss relationship. However, this
author does point out that large variability in recorded economic losses arises from
hurricane characteristics other than wind speed (such as the amount of precipita-
tion) and the precise landfall position and time. Also, he does mention how the
vulnerability coefficients he proposed have the same problem as the normalized
economic losses proposed by Pielke and Landsea (1998) and Pielke et al. (2006),
namely that they do not take into account adaptation actions and hence probably
overestimate current vulnerability. Hallegatte (2007) also tries to analyse the
evolution of vulnerability, and states that ‘‘it seems that vulnerability evolves with
time, probably toward a reduction of vulnerability in most but not all cases’’. Other
authors, such as Yusuf and Herminia (2009) carried out a study of various
countries in the Asia-Pacific and defined adaptive capacity (Ac) as the degree to
which adjustments in practices, processes or structures can moderate or offset
potential damage or take advantage of opportunities (from climate change).
In equation form it can be written as

Ac ¼ f socioeconomic factors; technology; infrastructureð Þ ð5Þ

Although this concept is very useful, for it to be used correctly it is necessary to
correlate it to the economic damage after the passage of individual tropical
cyclones. For the case of Vietnam this data is not easily accessed, and hence
further analysis is not possible at this time. However, and despite the fact that
damage increases exponentially with wind speed, what can be concluded at this
point is that the damage potential is likely to increase at least as much as the
increase in 50 knot winds, and hence for the hardest hit areas around Da Nang this
damage potential could increase by 47% by 2085. In this case the damage potential
could be seen as the damage level that would occur in a society where the Ac = 0.
This clearly highlights the importance of adaptation measures to be put into place
to reduce the levels of damage and increase the Ac of the country.

Implications and Discussion

There is now broad scientific evidence that climate change is a serious issue and
that it could dramatically affect human economic systems. Its effects are likely to
be felt more severely in developing than in developed countries. The Stern Report
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claims that ‘‘the overall costs and risks of climate change will be equivalent to
losing at least 5% of global GDP each year, now and forever. If a wider range of
risks and impacts is taken into account, the estimates of damage could rise to 20%
of GDP or more’’ (Stern 2006). In the present simulation, the authors are essen-
tially trying to move from the general approach used in the Stern Report into a
more detailed assessment of the impacts for the case of Vietnam.

Climate models form an important tool to investigate the potential change in
tropical cyclones. They contain hypotheses relating to how the climate system
works, and yield fairly different results depending on these assumptions. The
present model uses the results provided by Knutson and Tuleya (2004) to develop
a methodology to evaluate the future economic consequences of an increase in
tropical cyclone intensity. This method has a number of problems associated with
it, such as not being able to take into account changes in typhoon paths. Although
it could be possible to alter these routes using the work by other authors, much of
this research is still inconclusive. Hence, the assumption of keeping the routes and
frequencies the same can be seen as the default starting point of any simulation to
determine the productivity and economic consequences of tropical cyclones.

The population and economic growth model should also be viewed with
caution. Though it is based on reputable projections, attempting to predict the
future development of a country is a complicated task. Also, the figures are only
available for the entire country, and it is not clear that the assumption of keeping
the distribution of population the same as the present one is valid, as countries
rarely develop in such a simplistic manner. The projections assume that population
and GDP growth with gradually ease in the future, which although typical in the
historical development of other countries, should be nevertheless taken as an
estimate.

The GDP per capita estimate for 2050 from Goldman Sachs (2007) is based
upon current GDP per capita figures in US dollars, which are not adjusted for
purchasing power parity (PPP). Thus, if the GDP estimates were adjusted for
purchasing power parity, they would be much higher. Goldman Sachs (2007)
predicts that Vietnam will be one of the ‘‘N-11’’ or Next Eleven nations to have a
large economic and developmental boom—something which would likely alter the
Purchasing Power of currency in the country.

The results overall suggest that damage will increase in the centre and north of
the country and to a lesser extent in the south, and hence that further development
in the south should be encouraged, as this area is not hit by tropical cyclones.
However, this is clearly a simplistic prescription, as the present simulation does
not take into account sea level rise or storm surges, which could leave large areas
of the Mekong delta frequently inundated (Wassmann et al. 2004; MONRE 2009).
The present work should thus be seen as a first step to quantify the likely changes
in damage distribution in the country, and further future work should be done to
expand the model by computing also the storm surge height.

Although the possibility of having stronger future tropical cyclones has been
used by many to make the case for action on energy policies (climate change
mitigation), Pielke (2007) argues that policy action should focus on reducing
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vulnerabilities, at least in the short term. In this respect, it is important that
protection works such as those described by Imamura and Van To (1997) are
continued to further improve the resilience of Vietnam against tropical cyclones.
The present paper’s approach to calculating direct damage is fairly simplistic due
to the lack of accurate data. Nevertheless, and not withstanding that damage
increases exponentially and not linearly with wind speed, it can provide a con-
servative estimation of the likely increase in the potential damage (assuming a
society with no adaptation measures) that would occur if the damage progression
was linear.

It can thus be seen that vulnerability is crucial to the direct damage that occurs
in countries affected by tropical cyclones and the indirect damage that occurs after
the tropical cyclone has passed [as shown by Hallegatte (2008) for the case of
Katrina]. However, it is not a significant factor related to the indirect economic
losses that occur during the passage of the tropical cyclone. If anything,
an increase in adaptation capacity would increase this part of the indirect economic
loss, as noted by Pielke (2007). Indeed, although wind speed is only one of the
factors that influences damage and other indirect losses, it would be the major
component in determining when people would choose to stop working and begin
to take remedial action, as tropical cyclone alerts are based to a large extent on
wind speeds. It should be noted thus that the current simulation still gives a
conservative estimate of the effect of the tropical cyclones. Although it assumes
that complete shutdown occurs when 30 knot winds occur, it does not take into
account the ‘‘precautionary’’ cessation of activities that would occur before the
storm arrives. Workers would leave work much earlier in order to return home to
take shelter. If these losses were also to be included, the computed downtime could
increase substantially. However, the estimation of this ‘‘precautionary’’ downtime
is difficult to calculate and highly variable depending on the circumstances and
personality of each individual. Thus, this effect is better ignored in the absence of
better information and in order to keep the results of the paper conservative.

Conclusions

The objective of this research was to calculate the effect that a future potential
increase in tropical cyclone intensity would have on economic damage to Vietnam.
The paper uses as its basis the methodology of Esteban et al. (2009a), which in
turn uses the results of Knutson and Tuleya (2004) for the estimation of the
increase in tropical cyclone intensity in 2085. Essentially, the downtime and
damage expected from tropical cyclones are computed for two different cases,
namely the ‘‘present day’’ and ‘‘climate change’’ conditions.

The results show that economic downtime could increase from a national
0.23–0.37% by 2085, which could cause the loss of between 0.015 and 0.035% of
GDP growth per year (between US$600 bn and 1,400 m considering the potential
size of the economy in 2085). This downtime could also have a big effect on port
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operations, and the paper highlights how it is thus imperative to increase the
capacity in ports (especially those situated in the north of the country, which have
less deep berths) and the resilience in those in the centre (where damage is likely to
increase) in order to prevent future bottlenecks. The downtime shown would
probably not be significant for a developed country with enough capability to adapt
to these effects, but could cause severe disruption in a developing country like
Vietnam.

Regarding direct damage, an accurate economic figure could not be obtained
due to the lack of accurate economic damage data and limitations in the model
used. However, the authors could conclude that the potential increase in wind
damage would increase throughout most of the country (with the exception of the
south). However, the authors do highlight how this area faces increased flooding
risks (MONRE 2009; Socialist Republic of Vietnam 2005), which, although not
assessed in the current paper, are crucial to the development of the country. The
potentially devastating effects that an increase in sea level and storm surge (due to
tropical cyclones) could cause has been mentioned elsewhere in the literature, but
not computed in detail. This effect should be further analysed in the future as this
area produces a large part of the rice of Vietnam, and increasing flooding could
ruin the lands and significantly reduce rice yields.

It is very difficult to estimate the direct damage to infrastructure and housing,
though the paper showed how it is possible to compute a relative increase in
potential direct damage. This level would vary through the country but was shown
to be in the 33–65% range, although a dramatic 400% plus increase was computed
for some coastal areas south of Hanoi. This highlights the important problems
facing the country and the need to increase the resilience of communities in the
future.
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Chapter 8
Hydro-Economic Analysis for Water
Resources Management
in a Changing Climate

David Corderi Novoa

Abstract Water is potentially one of the most affected resources as climate
changes. The impact of climate change in hydrologic regimes will affect water
quantity, water quality and the occurrence of extreme events such as floods and
droughts. Future water availability will also depend on the evolution of water use
and water demands which are influenced by socioeconomic factors such as
population growth, technological progress, infrastructure development, land use
changes, and institutions. Climate change analysis for water resources manage-
ment has traditionally focused on the physical impacts of different climate regimes
on water availability with a limited representation of the socioeconomic dynamics
within water systems. At the same time, economic analysis of climate change
impacts on water resources has lacked a careful treatment of the physical aspects
of water resource systems. Hydro-economic models have the potential to bridge
the gap between these two types of analysis by integrating economic analysis into
detailed water resource system analysis. A hydro-economic framework of analysis
can be instrumental in studying how climate-related changes in water availability
affect social welfare and how different policy interventions and investments can
help reduce risks and take advantage of possible opportunities in the water
sector resulting from climate change. This framework can be a useful tool for
planners and decision-makers in the water management sector. Hydro-economic
assessments integrate models describing the physical effects of climate change
(e.g. hydrologic changes) with models describing engineering, economic and
institutional responses at appropriate scales, providing a robust framework to study
whether the broad range of water uses might remain compatible under future
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climate scenarios. We review case studies of different river basins around the
world where applications of hydro-economic models were used to assess climate
change impacts and adaptation strategies in water resources management. The
cases under review address climate change adaptation strategies such as water
allocation for agriculture and other uses in a river basin, water storage infra-
structure expansion, flood control investments, and institutional barriers to
adaptation.

Keywords Climate change � Adaptation � Water � Hydro-economic models �
Integrated water resources management (IWRM)

Introduction

Water is potentially one of the most affected resources as climate changes.
Knowledge and understanding continue to evolve about the nature, extent and
distribution of the physical effects of possible climate change on water resources.
According to the IPCC FAR (Bates et al. 2008) increases in global temperatures as
well as changes in precipitation patterns (frequency and intensity) can be associ-
ated with changes in the hydrologic cycle and the subsequent impact on water
availability from rivers, lakes and underground resources. The impact of global
warming on water systems fed from snowmelt will also have an effect on water
resources, since snow fields and glaciers act as natural reservoirs that balance
water availability between winter and summer. Reduced glacier runoff could
dramatically decrease river flows in the dry season, which will disrupt not only
irrigated agriculture, but also human consumption and hydropower generation.
Changes in the timing of runoff can also increase the risk of flooding in the wet
season. In addition to the possibility of changes in water quantity and occurrence
of extreme events, changing runoff patterns and temperatures may result in water
quality effects such as increases in salinity or water pollution.

Future water availability will not only depend on the climate change effects on
water supply but also on the evolution of water use and water demands which are
influenced by socioeconomic factors such as population growth, technological
progress, infrastructure development, land use changes, and institutions. For this
reason, measures designed to ensure future water availability require integrated
supply-side as well as demand-side strategies. Supply-side strategies generally
involve infrastructure development such as additional storage capacity and
improvements in conveyance infrastructure, or changes in the operations of a
given hydraulic infrastructure system. Demand-side strategies focus on the dis-
tribution and efficiency of water uses. The development of water markets, the
adoption of efficient irrigation technologies, and changes in land use are good
examples of demand-side adaptation measures.

Climate change analysis for water resources management has traditionally
focused on the physical impacts of different climate regimes on water availability

128 D. C. Novoa



(a supply-side approach) with a limited representation of the socioeconomic
dynamics within water systems. At the same time, economic analysis of climate
change impacts on water resources has lacked a careful treatment of the physical
aspects of water resource systems. Hydro-economic models have the potential to
bridge the gap between these two types of analysis by integrating economic
analysis into detailed water resource system analysis. A hydro-economic frame-
work of analysis can be instrumental in studying how climate-related changes in
water availability affect social welfare and how different policy interventions and
investments can help reduce risks and take advantage of possible opportunities in
the water sector resulting from climate change.

Hydro-economic assessments of climate change integrate models describing the
physical effects of climate change (e.g. hydrologic changes) with models
describing engineering, economic and institutional responses at appropriate scales,
providing a robust framework to study whether the broad range of water uses
might remain compatible under future climate scenarios. This integrated hydro-
logic-economic-engineering approach allows for a comprehensive appraisal of
adaptation strategies in a context of potential large-scale trade-offs between supply
and demand across multiple water-dependent sectors with varied socioeconomic,
environmental and institutional characteristics.

This paper is organized as follows: section one gives an overview of the
underlying features of hydro-economic models; section two discusses examples of
hydro-economic models that either incorporate climate change analysis explicitly
or have the potential to be used for this purpose; section three concludes on the
potential of using hydro-economic models to model adaptation to climate change
in the water sector.

Hydro-Economic Models: Concept and Design

A Description of the Approach

Hydro-economic models represent regional scale hydrologic, engineering, environ-
mental and economic aspects of water resources systems with a coherent framework.
The main underlying philosophy of the models is that water systems perform eco-
nomic functions, which needs to be accounted for when making decisions (Harou
et al. 2009). These models have emerged as a useful tool for conducting economic
analysis for integrated water resources management (IWRM). Hydro-economic
models possess several distinguishing features that make them more adequate for
climate change analysis than purely economic or hydrologic-engineering models.

Hydro-economic models can improve traditional hydrologic/engineering
models by providing a better socioeconomic representation of the different
water users in a water system. On one hand, this modelling framework intro-
duces the economic concept of water demands from water users that respond to
different water supply allocations as opposed to the traditional engineering
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approach of static water demands that can lead to the overestimation of climate
change impacts. On another hand, these models allow for quantitative valuation
of economic impacts of climate change for different water users. In other
words, the models can evaluate the socioeconomic consequences of climate
related changes in water supply using a bottom-up framework.

Traditional economic models for climate change analysis were also not useful
for water sector planners due to the oversimplification of the water systems; these
models provided top-down analysis that did not take into account the specificities
of water resources management units. Hydro-economic models improve this
traditional approach in economic analysis by considering hydrologic and engi-
neering components such as water balance and relevant water supply
infrastructure.

The typical structure of a hydro-economic model takes into account hydrologic
and engineering features and represents them in a node-link mathematical
network, where economic demands are represented as nodes and costs (or benefits)
can be incurred on links. Schematic diagrams are a convenient way to illustrate the
spatial features of a hydro-economic model and to indicate the relative locations of
upstream and downstream water supplies and users. The hydro-engineer model
structure depicts key physical characteristics of the natural and man-made water
supply system, including tributaries, inflows, and return flows, diversion points,
reservoirs, and basin imports and exports. The spatial structure characterizes where
water enters the system, how it travels and is distributed, where it is used, and how
it leaves the system.

Hydro-economic models link the investment decisions of water resource
planning authorities, the water allocation decisions of water managers, and the
water consumption decisions of water users together in a spatially and temporally
differentiated framework that is consistent with the geophysical features of a water
resources management unit. These models constitute a useful tool to inform
decision-makers with respect to the economic aspects of climate change in the
water sector in an integrated manner.

Examples of Model Design

There are many choices for designing hydro-economic models to study the effects
of and responses to climate change in the water sector. Choosing the appropriate
scale for modelling is instrumental to the analysis of climate change and depends
on the water management question of concern. Most hydro-economic models use
monthly or yearly time steps. Seasonality is normally captured in models that
include agriculture, for example in the hydro-economic model of Howitt et al.
(2006) or in Williams and Ray (1999). When questions such as long-term infra-
structure investments need to be addressed, the temporal scale is divided in year
time steps for a sufficiently long time horizon; see for example Callaway et al.
(2007). The representation of space can vary considerably; most models reviewed
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in this paper are semi-distributed with different levels of spatial disaggregation.
Hurd et al. (2004) study water management at the basin level taking into account
different irrigation districts and urban areas located around the basin. Williams and
Ray (1999) examine an irrigation canal where the locations of up to forty farms are
considered.

Another important choice for hydro-economic model design is the type of
model solver framework. Hydro-economic simulation models are used to examine
and evaluate specific ‘‘what if’’ scenarios consisting of particular management
decisions under a particular climate change scenario. Several models of this type
are reviewed in this paper, for example Callaway et al. (2007) use a hydro-
economic model to simulate the welfare effects of expanding the existing
hydraulic infrastructure.

While simulation models can estimate the effects of specific adaptation options,
optimization models can identify the most appropriate adaptation option. Opti-
mization models typically employ simpler formulation of the system to identify
‘‘what is best’’. Lund et al. (2006) use the CALVIN model to find the optimal mix
of adaptation options for California’s water system. Both simulation and optimi-
zation models are complimentary to each other, since simulation models can test
and refine optimization model results.

Analysing Adaptation in Water Resources Management
with a Hydro-Economic Approach

Water and Agriculture

Agriculture accounts for 70% of freshwater withdrawals from rivers, lakes and
aquifers—up to more than 90% in some developing countries. While rain-fed
agriculture covers 80% of the world’s cultivated land, and is responsible for about
60% of crop production, irrigated agriculture is responsible for 20% of crop
production. Climate change impacts in the water cycle will have an important
effect on the agriculture sector through higher temperatures and reduced precipi-
tation, ultimately affecting water availability and crop yields.

Hydrologic-engineering analysis of climate change impacts and adaptation for
agriculture water use, see for example Rosenzweig et al. (2004), combines a
hydrologic model with a water engineering model and a crop model. This
approach does not take into account that agriculture water demands may shift due
to the economic response of farmers to altered water availability and yield changes
on crops.

Economic models to study agriculture, water and climate change such as the
Ricardian model (Mendelsohn et al. 1994) uses a cross-sectional econometric
model to explore how farm values and net revenues vary across climatic zones and
different conditions of water availability. These studies estimate response func-
tions that are assumed to incorporate optimal adaptation. However, the studies
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were criticized for failing to properly take into account the effects of irrigation and
other water supplies when analysing farm revenue impacts of climate change
(Cline 1996; Darwin 1999). Kurukulasuriya and Mendelsohn (2007) and
Mendelsohn and Dinar (2003), explored the importance of water availability
within the Ricardian model by estimating the role of irrigation as an adaptation
measure to both drier and hotter climate conditions in Africa. Structural Ricardian
models have been used to estimate other demand side adaptation options using
household data in developing countries; Mendelsohn and Seo (2007) analysed crop
choice and livestock choice as adaptation options in agriculture in Latin America
and Africa. These studies, however, do not approach climate change impacts and
adaptation responses with a coherent representation of the water systems; cross-
country data is used without controlling for hydrologic units such as a river basin.

Hydro-economic models such as the one by Howitt and Pienaar (2006) over-
come the limitations of previous economic and hydrologic studies mentioned
before. A Statewide Water and Agricultural Production (SWAP) model is
constructed to study the economic aspects of adaptation to climate change in
California agriculture taking into account water resource impacts. The SWAP
model is integrated with a hydrologic and hydraulic infrastructure model
(CALVIN) for California’s water system to incorporate physical constraints on
water availability in the most realistic manner. An agronomic component is further
incorporated into the analysis; changes in crop yields and crop water demands are
estimated and included as inputs to the agriculture sector model for a more
accurate analysis.

The SWAP model is an economic optimization model that maximizes net
returns to agricultural production for 21 regions in California subject to specific
resource and production constraints. The production possibilities of a region are
modelled through multi-input production functions which relate crop specific
production with aggregate inputs such as land, water and capital. Estimated
regional crop yield factors are used to scale the production functions and reflect
agronomic potential given climate change. The model also allows state crop prices
to be endogenously determined by introducing a demand function for each of the
crops produced in California.

The SWAP model uses the region-specific production opportunities to derive an
implicit water demand per region and combines it with each region’s water allo-
cation determined by a water distribution model (CALVIN), which would be the
equivalent of the water supply per region. By using this supply–demand approach,
it is possible to estimate the implicit value per unit of water taking into account the
temporal and spatial dimensions of water scarcity. The shadow value of water
represents the willingness to pay for an additional unit of water and depends on the
type of crop grown and its region-specific price. This approach is useful not only
for optimizing inter-regional water allocations in the agriculture sector but also for
optimizing inter-sector water allocations in a water system with multiple users.

This hydro-economic model incorporates implicit agriculture water demands
that respond to changes in crop yields and water allocations. This is used to study
different adaptation possibilities for agricultural water demands. The economic
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implications of different water demand adaptation strategies at the farm level for
two climate regimes are studied using this modelling framework. Three types of
adaptation responses are estimated endogenously in the model. Farmers can adjust
the total area irrigated, the combination of crops to be grown and the input mix in
response to the supply of water. For example, farmers may choose to plant crops
that have a higher return per unit of water, or substitute capital for water by
investing in more efficient field-level water delivery systems, which reduces the
amount of applied water without reducing crop yields.

The model is used to assess adaptation for two climate change scenarios that
capture possible hydrologic extremes. Under the dry scenario, regions shift from
water-intensive crops that have low economic value (pasture and rice) to high-
value crops (vegetables) in order to maintain income. The demand for water for
each crop increases to compensate for the higher temperature raising the agri-
culture sector water demand. Furthermore, the high-value crops have the largest
increase in irrigation water since they constitute the highest value per unit of water.
Under the wet scenario, the increase in water leads to an increase in low-value
agriculture.

This hydro-economic analysis is useful for planning purposes since it can shed
light on the potential welfare implications of different future climate scenarios for
water availability. One of the main conclusions from the analysis is that it is more
efficient to allocate water to high value agriculture in situations of low water
availability. The model can also evaluate the optimal response to agriculture water
shortages at the farm level. The assumptions made in the construction of the model
tend to overestimate the level of adaptation and hence the sizes of the residual
impact of climate change. In particular, the assumption of no transaction costs or
institutional barriers for reallocating water from low value to high value uses and
the assumption of perfect foresight with respect to future water conditions can
significantly overestimate the mitigation of negative climate impacts.

Water and its Multiple Users

Besides being a critical input in food production activities, water is a vital resource
for domestic uses, power generation, transportation, manufacturing processes, and
recreation among others. This multisectoral nature of water resources development
has also been analysed using a hydro-economic framework. Hydro-economic models
have integrated and studied competing uses of water in a consistent framework,
examining the economic welfare implications of alternative climate scenarios. Hurd
et al. (1999, 2004) use a hydro-economic model to study the climate change impacts
and adaptation for several water use sectors in four large river basins in the US.
The model incorporates three types of consumptive uses—agriculture, municipal and
industrial, and thermoelectric power—and five non-consumptive uses—hydropower,
navigation, flood control, thermal waste heating, and water quality (divided into
secondary and advanced wastewater treatment).
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The study considers water reallocations among the water users in the basin as
the main adaptation strategy. The focus is on surface water supplies and uses
which are linked to climate variables through rainfall runoff models. Water allo-
cation options for adaptation follow an economic optimization model which is
subject to constraints that define the physical characteristics of the natural and
man-made water supply system. This partial equilibrium framework optimizes
water allocation to maximize the value of economic uses and services of available
water supply in the river basin over both space and time.

Benefit functions for the different users are developed using valuation functions
based on the concept of economic surplus (producer and consumer surplus), an
indicator of willingness to pay for a given quantity of water. The authors construct
linear economic demand curves for water consumers and use available data and
methods to build non-consumptive demand functions. Net economic returns per
use is calculated as total economic surplus from each activity that uses water as an
input minus the costs of providing water, flood damages and diminished water
quality. Using a river basin schematic the authors are able to identify water uses,
net economic returns, water use levels and instream flows at each node of the
watershed so that a spatially explicit optimization can be carried out. The model
also studies the dynamic nature of water allocation by capturing the intertemporal
trade-offs between the value of current and future water use as reflected in the
reservoir storage decisions.

Using the above-mentioned components, the model estimates the marginal
value or implicit price of water for every period and location based on the valu-
ation functions for each benefit and cost in the system. The optimization frame-
work then allocates water under the different climate change scenarios so that the
marginal values of water are equalized. Projected seasonal runoff enters into each
basin, and the model solves simultaneously for water allocations and implicit
water prices for both consumptive and non-consumptive uses, reservoir storage
and releases, and instream flows over a multiseason (three annual seasons), multi-
year planning period.

Given the model set-up, adaptation to climate change is identified through a
supply and demand framework as if there was a competitive market for water with
no transaction costs and perfect information. Water relocations follow from the
signals of changes in the marginal value of water which takes into account changes
in water supply costs and in economic surplus for different water delivery quan-
tities. Demand elasticities and marginal supply costs will determine water
redistributions.

This hydro-economic model allows for an economic interpretation of the
climate change simulation results in these four US river basins. Water allocations
in the agriculture sector are significantly affected, which follows from the low
marginal value of agriculture, its relatively low marginal supply costs and rela-
tively high price elasticity of demand. Allocations to the municipal and industrial
sector do not change much because of the sector’s relatively inelastic demand
schedule and the high marginal cost of supplying water to the sector. Furthermore,
welfare impacts by sector and basin are calculated using this framework.
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When it comes to non-consumptive uses, their dependence on streamflow
makes them also particularly vulnerable to climate change; losses in these sectors
cannot be allocated to those with the lowest marginal benefits in the same manner
as agriculture bears the burden in the consumptive sector. Therefore, the magni-
tude of the welfare losses to non-consumptive sector tends to be greater than
consumptive uses.

In addition to this, results suggest that there are significant differences in
adaptation across river basins for a given climate scenario. This fact highlights the
importance of the spatial scale, and the possibility of neglecting these differences if
the model had a greater spatial resolution.

One of the disadvantages of modelling adaptation with such a wide spectrum of
water use sectors is that their characterization tends to be more simplistic. For
example, the agriculture sector demand included in Hurd et al. (1999) is not modelled
with as much detail as in the SWAP model (Howit et al. 2006), where the derived
demand for water is obtained taking explicitly into account endogenous changes in
crop prices, changes in irrigation efficiency and shifts in cropping patterns.

Lund et al. (2006) use a hydro-economic model for evaluating climate change
impacts and adaptation in California’s inter-tied water system; this economic-
engineering optimization model is also known as the CALVIN model. Compared
to Hurd et al. (1999), CALVIN has fewer water use sectors (agriculture and water)
but includes a more detailed representation of the agriculture sector as well as the
water system; for example, groundwater is included in the model in addition to
surface water. The model optimizes both water allocations and the operation of
water facilities to study different adaptation options given a set of infrastructure
and physical constraints. CALVIN finds the best water operations and allocations
for maximizing regional statewide agricultural and urban economic value from
water use and minimizing operating costs. The model considers broad mix of
adaptation options such as system re-operation, conjunctive use, water reuse and
desalination, water markets and water conservation.

Marginal values of water drive the allocations in the study of water allocations
in the assessment of California’s water system adaptation. The definition of
marginal water value is reformulated into a scarcity cost indicator which measures
users’ willingness to pay for additional water when users’ target demand is not
fulfilled. By using this definition, the model’s optimization target is to minimize
the scarcity costs and operating costs of the water system. Operating costs include
pumping, treatment, urban water quality, recharge, reuse, desalination and other
variable operating costs for the system. Scarcity costs represent how much users
would be willing to pay for desired levels of water delivery.

Agriculture water demands and marginal values are estimated using the SWAP
model (Howitt et al. 2001); urban water demands are estimated using empirical
household economic water demand curves adjusted for a number of factors.
The model also takes into account environmental flows which are included as
minimum instream flows by area. The CALVIN model calculates also the implicit
costs of changing environmental flow requirements using the economic values of
the system (urban, agricultural, hydropower and operations).
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Using CALVIN, Lund et al. (2006) study the implications of a wet and a dry
climate change scenario for California’s water system. Results from the modelling
exercise shed light on the economic desirability of different adaptation options as
well as the magnitude and distribution of the climate change impacts and residual
damages. A warmer and dry climate increases scarcity costs for water users and
operating costs of infrastructure significantly (Medellin 2008). Water scarcity is
shared across the different users, agricultural regions see larger increases in
scarcity costs and water is transferred to urban regions due to the price-inelastic
nature of their demand. Besides increased water market transfers, increased
conjunctive use of groundwater and surface water, increased urban water
conservation, and use of additional water reuse treatment arise as economically
viable adaptation options for California’s water system. In general, study results
suggest that there will be a need for better water management given the increasing
scarcity of water and infrastructure capacity.

Additional Applications of Hydro-Economic Models

New Infrastructure and Water Markets

Climate change adaptation in the water sector may require building additional
infrastructure to store more water in cases where the seasonal distribution of runoff
is altered significantly, or natural storage of water, such as glaciers, disappears due
to temperature increases. Callaway et al. (2007) use a hydro-economic model to
examine the economic desirability of the expansion of the water infrastructure
system by assessing the economic benefits and costs of building a dam in the water
system in the Berg river system in South Africa.

The analysis uses a simplified version of the Berg river basin and its water uses.
A hydrologic model is coupled with an economic optimization model that
considers urban and agricultural water uses in a spatially and dynamically explicit
manner. The objective function includes the benefits such as the willingness to pay
of the urban sector and the farm income of the agriculture sector as well as costs
such as the short-run water delivery and operating costs, different farm costs, and
the capital costs of building a dam.

The adaptation strategies considered in the study are structural measures such
as building a dam (which is considered a long-run adaptation measure) and
non-structural measures such as changes in operations and introducing efficient
water market allocations (a short-run adaptation measure). The model is expanded
to be able to calculate endogenously the optimal capacity of a reservoir and other
structural works (water pumps). In other words, the model calculates the optimal
size of the projected dam, which in turn determines the capital cost of the project
to be included in the overall optimization framework. This model is a good
example of how hydro-economic models can inform decisions between trade-offs
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such as long-term supply-side infrastructure investments and new institutional
approaches such as introducing water markets.

The Berg river basin study develops a framework for economic analysis that is
able to disentangle the effects from climate change such as decreased runoff from
those of development such as the effect of population growth on urban water
demand. By building alternative climate change and development scenarios, an
exhaustive welfare analysis of adaptation strategies is carried out. This approach
captures the uncertainty aspects of policy planning for climate change in a stylized
manner by considering ex ante decisions and ex post outcomes. It also allows the
authors to perform an economic analysis of no regret measures by comparing
structural and non-structural adaptation measures. The concept of no regret is
particularly important in the context of long-run investments that are irreversible
or costly to change, or whose performance is climate sensitive such as a reservoir.

Results from the assessment suggest that both implementing efficient water
markets and constructing a dam can mitigate some of the negative effects that
climate change and population growth will have in the river basin’s welfare. The
implementation of efficient water markets has positive effects over the entire range
of scenarios. When compared to other adjustment strategies, it is less risky and
constitutes a no regret measure. Building a reservoir is relatively less effective than
the water market adjustment, especially in very dry scenarios. The size of the
reservoir (storage capacity) varies with the magnitude and the source of water
scarcity (population growth or climate change). Higher urban demand growth
makes markets more desirable than additional storage capacity because reducing
consumption through high prices has a lower marginal cost than adding storage
capacity for high levels of storage. Efficient water markets can also make a higher
storage capacity more desirable by increasing the marginal present value of
storage in some situations. Finally, the optimal size of the reservoir tends to follow
a nonlinear pattern with respect to the severity of climate change.

Flood Infrastructure Investments

Another important problem arising from climate change effects in water resources
is the intensification of extreme events such as floods. Zhu et al. (2007) study flood
protection and adaptation of floodplains to climate change and urbanization in a
basin in California. The hydro-economic approach tries to capture the inter-
temporal, spatial and uncertainty aspects of investments in flood protection. The
focus is on levee design in the Sacramento river basin as a long term adaptation
option. This study goes beyond standard climate change analysis of floods where
changes in the frequency and extent of floods are analysed without an explicit
treatment of the economic decisions regarding flood protection investments.

The authors study the economic implications of different levee setbacks and
levee heights using an economic-engineering approach. The model integrates a
probabilistic assessment and a hydraulic model of the river to analyse changes in
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flood frequency due to climate change and subsequent changes in the probability
of levee failure. By studying levee failure and the possibility of overtopping flows,
the hydraulic model is able to construct stage damage curves that allow for a
spatially explicit analysis of floods. Cost and benefit functions were constructed
based on available data such as levee construction costs and the economic value of
land use in the floodplain. The authors study the economic trade-off of increasing
levee setback for additional protection and decreasing the annual land value
benefits due to land reclamation.

The dynamic programming model maximizes the value of the floodplain by
choosing levee setback and height, taking into account the costs and the benefits
associated with those decisions as well as the probability of flooding. The analysis
uses a base case scenario with stationary climate and then constructs climate
change and urbanization scenarios. Results suggest that there might be economic
value to expand levee heights and setbacks over long periods of time. Sensitivity
analysis is also performed and shows that greater damageable property and urban
values encourages additional investments in levees. In addition to this, lower
discount rates and high growth rates in levee construction costs tend to accelerate
investments in levees towards the beginning of the planning period.

Institutional Aspects: Barriers to Climate
Resilient Water Management

Hydro-economic models can also be used to study different institutional
arrangements in the water sector, such as imperfect markets or the existence of
transaction costs and their implications for water resource development strategies
in a changing climate. Markets and institutions that are less than competitive tend
to restrict and retard adjustments to water scarcity changes and hence lower the
capability of adjusting to changes in water supply by precluding flexible responses
to offset increased competition over fixed water supplies. Ray and Williams (1999)
use a hydro-economic model to study the welfare implications of agriculture
pricing policy and the efficiency and equity considerations arising from water theft
along a watercourse used for irrigated agriculture in a drought-prone area in India.

The study area is known to have price supports for crops that are water-
intensive and have high-value (sugarcane) in addition to heavily subsidized canal
water for irrigation. Besides this, institutional arrangements for water allocations
from the irrigation authorities make it possible for farmers to steal water from the
canal. Given the hydro-geologic structure of the canal, farmer’s location asym-
metry can constitute an advantage or disadvantage that is exacerbated by institu-
tionalized water theft and the pricing policies. Farmers located upstream make
downstream farmers worse off due to water theft, which is further induced by the
price incentives. This hydro-economic model improves upon standard economic
analysis by taking into consideration the hydrologic structure of the canal and its
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implications for the economic welfare of the different water users located in dif-
ferent places around the canal.

The authors use a hydro-economic model to study the welfare implications of
different pricing policies and different water allocation regimes for the households
along the water course. The model of the watercourse has representative farms that
only differ in their location along the irrigation canal. A relatively detailed
representation of the hydrologic and water operating features of the canal is also
embedded in the model constraints. The authors then establish three water allo-
cation regimes and study their implications using economic welfare analysis.

Results suggest that water theft produces higher social costs compared to the
other regimes. However, there is no clear advantage between efficient and equi-
table water allocations; the welfare outcome depends heavily on the pricing system
in place. Furthermore, changes in agriculture pricing policies can improve situa-
tions of socially inefficient allocations of water.

Several lessons from this study can be applied to the analysis of climate change
adaptation in water resources. Firstly, the pricing structure in the different sectors
of the economy will have an important influence in future adaptation pathways.
Changes in the pricing policy can be a mechanism to encourage adaptation to
climate change. Secondly, equity considerations should be included in the study of
adaptation to climate change; in this study, downstream farmers are significantly
worse off due to their inability to access water resources. Finally, adaptation to
climate change has important aspects of cooperation at the user level; hydro-
economic models have the potential to study this aspect.

Conclusion

The analysis of water resources management under future climate change condi-
tions has traditionally focused on the physical impacts of different climate regimes
on water availability (a supply-side approach) with a limited representation of the
socioeconomic dynamics within water systems. On the other hand, economic
analysis of climate change impacts on water resources has lacked a careful
treatment of the physical aspects of water resource systems. Hydro-economic
models have the potential to bridge the gap between these two types of analysis by
integrating economic analysis into detailed water resource system analysis.

Hydro-economic models link the investment decisions of water resource
planning authorities, the water allocation decisions of water managers, and the
water consumption decisions of water users together in a spatially and temporally
differentiated framework that is consistent with the geophysical features of a water
resources management unit. These models constitute a useful tool to inform
decision-makers with respect to the economic aspects of climate change in the
water sector in an integrated manner.

This paper has provided an overview of the hydro-economic model design and
its applications to study climate change adaptation in the water sector. The studies
reviewed touch upon some of the most important issues in water resources
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management and climate change such as water and agriculture, the competing
demands for water in a river basin context, evaluating long-term water infra-
structure investments, market and institutional issues in water allocation, and
infrastructure investments to protect from changes in extreme hydrologic events
such as floods. The examples reviewed suggest that hydro-economic models are a
promising approach to water sector planning and decision-making in the context of
climate change, improving upon purely hydrologic-engineering or economic
models alone.
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Chapter 9
Climate Change and Water Resource
Availability: What to Do?

Eugenia Aloj, Mariagrazia De Castro, Michela Totàro
and Anna Zollo

Abstract There is a widespread recognition that the world is facing a growing
water crisis affecting the well-being of the poorest people. Rapidly growing
populations, urbanization, agricultural intensification and climate change (such as
global warming) all contribute to greater competition and scarcity of water
resources. Despite massively increased provision of water facilities over the past
few decades and the development of low-cost sustainable technical solutions to
many aspects of water provision, millions still suffer from water-related diseases
and the physical, social and economic burdens associated with scarcity. One of the
keystones is represented by saving water that is being pursued through an ethic of
consumption, as a challenge for environmental education of young generations.
Teaching the younger generation water-saving means to embody the principles of
sustainable development. In this paper, we also show the results of a general
survey on the schools, carried out through monitoring and surveys that demon-
strate how educating young people to a conscious use of water may represent a
good model of sustainable development to face the global water crisis.

Keywords Climate change �Water resource �Water lack �Ethics of consumption �
Environmental education � Education to consumption

Water Resource and Climate Change: A Background

There is a widespread recognition that the world is facing a growing water crisis
affecting the well-being of the poorest people (European Environment Agency
2003; Kenney 2005). Rapidly growing populations, urbanization, agricultural
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intensification and climate change all contribute to greater competition and scar-
city of water resources (IPCC 2007).

Water is change: drought, floods, hurricanes, increase of sea level, breaking of
banks. The alteration of precipitations causes floods in some regions and drought in
others: the effects are evident on the coasts, devastated by storms that are provoked
by air superheating with a very high intensity. In dry areas, the same situation
increases evaporation and drought. Climate change can affect the quantitative and
qualitative status of water resources by altering hydrological cycles and systems
(IPCC 2007). Changes in these variables lead to impacts on all the socioeconomic
and environmental goods and services that depend on these variables directly or
indirectly. Water is the main public gift. Once upon a time we thought of a water
course as unlimited and the idea to protect water seemed a strange idea.

The importance of water to our life support system is widely recognized, as can
be seen clearly in the international context (e.g. Agenda 21, World Water Fora, the
Millennium Ecosystem Assessment and the World Water Development Report).
Freshwater is indispensable for all forms of life and is needed, in large quantities,
in almost all human activities.

Climate, freshwater, biophysical and socioeconomic systems are interconnected
in complex ways, so a change in any one of these induces a change in another.
Anthropogenic climate change adds a major pressure to nations that are already
confronting the issue of sustainable water use. The challenges related to freshwater
are: having too much water, having too little water, and having too much pollution.
Each of these problems may be exacerbated by climate change. Water-related
issues play a pivotal role among the key regional and local vulnerabilities.
Therefore, the relationship between climate change and water resources is of
primary concern and interest. In addition, the Intergovernmental Panel on Climate
Change (IPCC) in the Contribution of Working Group II to the Fourth Assessment
Report (2007) recognized that there is a strong connection between hydrologic
cycle, climate change and use of water (IPCC 2007).

Another Global Problem Connected with Water
Resource: The Price of Water

Another global problem with ethical and sustainability implications is the problem
of water price, even though it is recognized as a public gift (OECD 1998).

‘‘If you live in a slum in Manila, you pay more for your water than people living
in London.’’ That is the conclusion of a report from the United Nations Human
Development Programme (Fig. 1) (UNHDR 2006).

The World Bank argues that the problem is not privatization itself, but that
privatization is not being practised properly. Yet the market-based paradigm for
such a vital resource has come under question. The aforementioned World
Development Movement report noted that the goals of a responsible government
(universal access), and the goals of a private company (profit, typically by
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providing access to those who can pay) imply that private sector efficiency for
profit may not mean that the same efficiency will lead to universal access.

Certainly, there are cases where markets have provided innovative ideas and
efficiency in management. This typically requires a market where people that can
pay for the service. For universal access, however (which includes people who
may not be able to pay, for a variety of reasons, and may require subsidies or
assistance), a solely market-based privatization may be inappropriate.

Adaptation to Climate Change as Sustainable
Water Management

Water managers have typically assumed that natural resource base is reasonably
constant over the medium term and, therefore, that past hydrological experience
provides a good guide to future conditions. Climate change challenges these
conventional assumptions and may alter the reliability of water management
systems. Management responses to climate change include the development of
new approaches to system assessment and design, and non-structural methods
through such mechanisms as the European Union Water Framework Directive.

In Table 1 we describe some adaptation options for water supply and demand.
Adaptation to climate change in terms of sustainable use of water requires an

equilibrium between demand and availability. It means that demand could be
reduced from suppliers using some measures such as the measure of consumption
and the education and sensitization of users in terms of conservation of water.

Water availability could be increased by developing hydro-basins and trans-
ferring water from areas in which it is abundant to areas in which there is scarcity.
Other measures to increase availability include the utilization of wastewater (such
as depurated slurries to use when these is no need for high quality, e.g. watering
golf courses) or the desalination of seawater. Finally, the reduction of losses in the
distribution systems could increase availability.

Fig. 1 The price of water
(Source: Water Rights and
Wrongs, UNHDR Youth
Booklet, November 2006,
p. 16)
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In consideration of the implications with climate change and with price, we
understand that it is a problem of global management. Furthermore, Indian sci-
entist and activist Vandana Shiva noted in a documentary that the water crisis is a
human-created crisis only in the last two or so decades. In other words, it is not so
much a water shortage crisis as a water management crisis.

So if we should respond to the question: ‘‘What does climate change have to
do with wasting water?’’, we can say that wasting water could aggravate the
availability of freshwater that is already a significant effect of climate change.

A Way for Sustainable Water Management: Environmental
Education as Ethics of Consumption for Young Generations

One of the keystones is represented by saving water that is being pursued through
an ethic of consumption, as a challenge for environmental education of young
generations (Aloj et al. 2007a). Teaching the younger generation water-saving
means to embody the principles of sustainable development. For this reason, in this
paper we also show the results of a general survey on schools, carried out through
monitoring and surveys that demonstrate how education of young people may
represent a good model of sustainable development to face the global water crisis.

A need for a survey was born out of this consideration: in Italy, we have a lack
of international, interdisciplinary water education programmes for formal and
informal educators (Aloj et al. 2006, 2007b). For some years now, they have been
assisted by the elaboration of different communication plans by public adminis-
tration (such as the Department of the Environment) or public water services, but
these plans are not integrated and hence isolated. Sometimes they are not for
specific targets (such as citizenship or children, for example) but aimed at generic
goals. But we know that environmental education holds the priority position in a
formal education programme.

Table 1 Some adaptation options (WGII)

Supply-side Demand-side

Prospecting and extraction of
groundwater

Improvement of water use efficiency by recycling water

Increasing storage capacity by
building reservoirs and dams

Reduction in water demand for irrigation by changing the
cropping calendar, crop mix, irrigation method and
area planted

Desalination of seawater Reduction in water demand for irrigation by importing
agricultural products, i.e. virtual water

Expansion of rainwater storage Promotion of indigenous practices for sustainable water
use

Removal of invasive non-native
vegetation from riparian areas

Expanded use of water markets to reallocate water to
highly valued uses

Water transfer Expanded use of economic incentives including metering
and pricing to encourage water conservation
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The relationship between water and climate change is not yet considered as a core
area of environmental education, even if this relationship must be developed in the
conception of environmental complexity because it establishes a link between the
natural and the socioeconomic world (Palmer and Neal 1994). Environmental edu-
cation should consider and emphasize the social implications of the water crisis. The
effects of climate change will impact poorer parts of the globe disproportionately. In
this case, environmental perception could support environmental education: envi-
ronmental perception and then a set of perceptual processes, cognitive and affective,
through which individuals acquire knowledge of the socio-physical environment and
the information necessary for the development of cognitive schemes, whose maps are
a particular mode (Bell et al. 2001; Mira Garcia and Real Deas Eulogio 2005).

This is the platform of our survey: monitoring the environmental perception of
young generations, which is important to have a general outline supporting the
initiation of an environmental education process and to pursue an increasing
understanding of environmental conditions.

In March and April 2010, we carried out a survey in the schools of Benevento,
Italy, interviewing 280 pupils between 9 and 17 years of age, asking pupils to
express their opinions on the environmental perception of the problem of water
connected with climate change, even connected with their own local community,
as a main indicator of local sustainability.

Discussion of Results

We interviewed 43% of pupils aged between 15 and 17 years, 25% between 13
and 15 years, 21% between 9 and 11 years and 11% between 11 and 13 years
(Fig. 2). In terms of gender, 57% were male, and 43% female (Fig. 3).

Fig. 2 Age of respondents

43%

Gender

57%
Male

Female

Fig. 3 Gender of
respondents
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Referring to ‘‘climate change’’, 64% know the meaning of the term (Fig. 4) and
54% know that climate change is the reason for the melting of glaciers (Fig. 5) and
consequently the change in equal distribution of water.

In order to deepen the line of questioning, we asked whether they knew the
effect of the melting of glaciers and 68% know that it causes flooding in some
regions and drought in others, leading to inequality in water availability (Fig. 6).
Starting from this awareness we asked if they knew that, nowadays, although the
global problem of water availability is known, we waste this precious resource and
50% of those interviewed are aware of this, even if 29% that think water is an
unlimited resource for us and for future generations (Fig. 7).

Referring to the waste of water, 61% think that the problem is the lack of
controls on industries and only 25% are aware that our own consumption is very
wasteful (Fig. 8), and 61% are aware that we must do something to protect the

36%

64%

0%

Do you know the meaning of "Climate Change"?

No

Yes

I have only heard about but I do 
not know the meaning 

Fig. 4 Meaning of climate change

54%32%

14%

If so,  do you know they cause a rise in temperature, and then 
the melting of glaciers? 

Yes

No

I don't know

Fig. 5 Rise in temperature and melting of glaciers

32%

68%

In your opinion what is the effect of melting glaciers?

I don't know

Flooding in some regions and 
drought in others leading to 
inequality in water availability 

Fig. 6 Melting of glaciers
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water supply (Fig. 9) as a right for future generations but, as shown in Fig. 10,
53% are not able to indicate how to do this.

In discussion of the overall results, we can say that there is awareness of climate
change and of water availability as not interconnected global problems (Fig. 11).
There is no awareness that climate change will impact on water availability
(changes in temperature, precipitation patterns and snowmelt) and on water quality
(changes in the timing, intensity and duration of precipitation). This is the con-
firmation of our starting point: environmental education needs environmental
perception.

Fig. 7 Waste of water

61%
25%

14%

According to you why do we waste a lot of water?   

Because there are no
controls on industries 

Because there is no 
education to consumption 

Because we do not you 
realize that water is a public good 

Fig. 8 Reasons of waste of water supply

61%

28%

11%

In your opinion, who will come after you, 
has the right to find a good supply of water? 

We must be doing 
something to protect it 

No, I do not care 

I have no idea, I see one 
thing away from me 

Fig. 9 Need for water for future

9 Climate Change and Water Resource Availability 149



Conclusions

In order to have the clearest picture of the situation deriving from our survey, we
will briefly repeat the findings of the survey, concluding what can be interpreted
from them.

The people interviewed are aware of the potential damage that climate change
can do and are also aware of wasting the precious resource of water, but the two
problems are not seen to be interconnected. We can conclude this because when
we asked: ‘‘What can be done in practice?’’ they did not have a concrete solution.

There is no awareness that climate change will impact on water availability
(changes in temperature, precipitation patterns and snowmelt) and in water quality
(changes in the timing, intensity and duration of precipitation). We deduct from
this that there is a need for environmental education to bring about environmental
perception.

Environmental perception plays a strategic role within the framework of
environmental education. Research and theories in environmental perception have
primarily focused on the development and processing of mental representations by
subjects to better interpret and understand their surroundings. In this specific topic,
environmental perception should investigate the mental representations of the link
between climate change and water as a cognitive map.

11%

53%

36%

What can be done in practice to reduce the consumption of water?

Nothing must surrender 
I do not know 
Other

Fig. 10 Practical ideas for reduction of water consumption

39%

43%

18%

In your opinion should act only on the consumption of water? 

Yes 

No, we should also consider 
climate change 

I Do not know 

Fig. 11 Actions between reduction of water and climate change
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On the other hand, perception of environmental factors of local community
should also guide the strategic water management behaviour in organizations.
Management perception of the importance and impact of environmental factors
should remove the gap in terms of environmental education and should focus not
only on the physical characteristics of the environment but also on the capabilities
of the subjects to orientate in it.

In this way, we can find rational solutions to cohabit with ecologic limits and
we have to be prudent in setting new goals to bring attention to the reality, to the
science and to the sensibility to protect common goods such as water.
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Chapter 10
Adaptations to Climate Change and
Variability Among Smallholder Farmers
in Tanzania

Stephen Justice Nindi and David Gongwe Mhando

Abstract Tanzania is not an exception to the situation where climate change and
variability (CC&V) are emerging threats to development, with adverse impacts on
environment, human health, natural resources and physical infrastructure. CC&V
has been one of the major limiting factors in agriculture production, resulting in
food insecurity and low household incomes possibly due to over-dependence on
rain-fed agriculture by the majority of people living in rural areas of Tanzania.
Thus, understanding adaptation to CC&V impacts among rural communities is of
paramount importance for effective interventions on adaptation strategies.
Checklist questions were used to collect information on various adaptation strat-
egies to CC&V impacts carried out by farmer groups in two villages of the
Matengo. Spectacular adaptation strategies found in both villages were working in
farmer groups for activities such as agroforestry, dairy cattle keeping, running of
hydro-mills, beekeeping, and fish farming. Most of these activities ensured both
livelihood diversification and landscape conservation under a changing environ-
ment. Unique to these farmer groups were their spontaneous expansions, largely
owing to farmers’ own inventiveness. This study, however, was only preliminary,
hence calls for in-depth and longitudinal studies that could allow panel data
collection and enable strategic intervention to the problems of CC&V.
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Introduction

The impacts of climate change and variability (CC&V) have been the highest
priority on the agenda in modern times. The impact of climate change especially to
millions of poor households mostly residing in Africa is horrifying. To be precise,
Africa, especially south of the Sahara, is one of the most vulnerable regions in the
world to the impacts of climate change. Previous assessments (IPCC 2007)
concluded that the region is particularly vulnerable to the impacts of climate
change because of factors such as widespread poverty, recurrent droughts, ineq-
uitable land distribution and over-dependence on rain-fed agriculture. Nindi and
Itani (2008) assert that the problems of CC&V are expected to escalate among
many subsistence farmers in rural Africa where information flow systems are
pathetic and technological changes are slow.

According to IFPRI (2009), agriculture and climate change are inextricably
linked. Agriculture is part of the climate change problem, contributing about
13.5% of annual greenhouse gas (GHG) emissions (with forestry contributing an
additional 19%), compared to 13.1% from transportation. Agriculture is, however,
also part of the solution, offering promising opportunities for mitigating GHG
emissions through carbon sequestration, soil and land use management, and
biomass production. Climate change threatens agricultural production through
higher and more variable temperatures, changes in precipitation patterns, and
increased occurrences of extreme events such as droughts and floods. Thus, if
agriculture is not included, or not well included, in the international climate
change negotiations, resulting climate change policies could threaten poor farming
communities and smallholders in many developing countries. The policies could
also impede the ability of smallholders to partake in new economic opportunities
that might arise from the negotiations.

Devereux and Maxwell (2001) reported that countries in East Africa, for
instance, are already among the most food insecure in the world and CC&V will
aggravate failing harvests. Having realized the gravity of CC&V, various
conventions, protocols, policies, acts, frameworks, guidelines and programmes
have been established and ratified and numerous studies conducted from global to
local levels trying to understand the devastating impacts of climate change and
take on board specific and transboundary initiatives to adapt and mitigate these
impacts (EPMS and CEEST 2006).

Tanzania is not exceptional to this situation where CC&V is rapidly emerging
as one of the most serious problems affecting many sectors and is considered to be
one of the leading threats to sustainable development with adverse impacts on
environment, human health, food security, economic activities, natural resources
and physical infrastructure (IPCC 2007). Indeed, given the over-dependence on
rain-fed agriculture by the majority of people living in rural areas of Tanzania,
CC&V has been one of the major limiting factors in agriculture production thus
resulting in natural resource vulnerability, food insecurity and low household
incomes. The impacts of CC&V are manifested by floods, droughts, erratic rains
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and natural events. United Republic of Tanzania (URT 2005) revealed that famine
resulting from either floods or drought has become increasingly common since the
mid-1990s and is undermining food security. CC&V is likely to intensify drought
and increase the potential vulnerability of the communities to future climate
change (Hillel and Rosenzweg 1989), where crop production and livestock
keeping are critically important to food security and rural livelihoods.

Certainly, the impacts of and adaptations to CC&V vary with geographical
zones and households due to the varying distribution of opportunities in Tanzania,
and households throughout the country are engaged in different and often multiple
adaptation strategies (Liwenga 2003). Thus, understanding adaptations to CC&V
impacts is of paramount importance so as to devise effective interventions that
ensure both livelihood improvements and landscape conservation, which is also
important to carbon sequestration under climate change. Thus, this study assessed
climate change adaptations in two villages that have distinct climatic character-
istics of Tanzania based on farmer groups’ activities.

Materials and Methods

The study was conducted in the Matengo highlands, located in Mbinga district,
Ruvuma region which is located in the southwestern part of the URT. The district
lies between longitudes 34� 240E and 350� 280E and latitudes 100� 150S and
110� 340S. Two villages, namely Kindimba and Kitanda, located 22 km apart from
each other were purposely selected for this study. Kindimba village was
selected because it is one of the oldest villages in the Matengo highlands and is
located in the Mountain Area sub-ecological zone (about 2,000 m above sea level
(masl)), while Kitanda was relatively a new village in the Rolling Hills North
sub-ecological zone of the Matengo highlands (located between 900 and
1,500 masl) and inhabited by immigrants mainly from Mountain Area. Both
villages have been severely affected by land degradation partly associated with
CC&V and have interacted with other development partners in conducting
activities that aim at landscape conservation and livelihood transformation.

Subsistence rain-fed agriculture is the mainstay of the Matengo farmers’
economy in both villages. Farmers in the study villages largely cultivate coffee,
tobacco and wheat as cash crops, whereas maize, beans and recently cassava serve
as food-cum-cash crops. Except for coffee, which is planted on flat or bench
terraces, other crops are planted on Matengo pits (ngolo). They keep a limited
number of livestock, mainly cattle, goat, pigs and chicken. Their main system of
livestock-keeping is either through tethering or free range and seldom have they
conducted zero or indoor grazing.

This study used a cross-sectional design in which two sample villages were
studied. Combinations of methods were used in order to elicit relevant informa-
tion. Since adaptations at village level in these two villages largely followed
activities by farmer groups, five farmer groups from each village were selected for
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interviews using simple random sampling approach. First, all farmer groups
available in the village were listed (20 and 12 farmer groups in Kitanda and
Kindimba, respectively), and then a simple random sampling was carried out to
select five groups from each village. Two interviews, one in each village, were
held with farmer group representatives. Each farmer group was represented by five
members: the Chairperson, Secretary, Treasurer and two ordinary members
making a total of 25 members per each interview in each village. Besides this, two
focused group discussions (FGDs), one in each village, were conducted with the
secretariat of farmer groups’ umbrellas. Ten members of farmer groups’ umbrellas
from each village were involved in FGDs. Two sets of checklist questions were
respectively used to collect information from farmer group representatives as well
as for FGDs. Satellite image analysis for the periods of 1984, 1989, 1991, 1994
and 2000 were analysed for vegetation cover change detection for both villages
and their results presented in tables to see if all adaptations are in line with
sustainable resource management. Field observation and informal discussions
were also part of the research process at all times. Information gathered from
farmer groups’ interviews, FGD, observations and informal interviews were
subjected to content analysis.

Results and Discussions

Five farmer groups from each village (Kindimba and Kitanda) were involved in
this study, as indicated in Table 1. During discussions with members of farmer
groups, they noted various indicators of CC&V in their respective localities. These
include severe drought of the early 1970s, recurrent droughts, El Niño rains of
1997–1998, change of rainfall season (onset and offset, durations, increasing dry
spells), crop failures, increasing temperatures, outbreak of unusual pests and
diseases such as maize leaf rust in the 1990s, increasing incidences of malaria, and
declining soil fertility that forced replacement of maize with cassava. However,
they mentioned failure of crops as another indicator of CC&V but they also linked
it to other changing socioeconomic factors such as globalization of the market
systems, which has taken place since the mid-1980s.

Their adaptation strategies to these CC&V include working in farmer groups,
rural–rural migration and adoption of improved cooking stoves, intensive valley
bottom cultivation and changes in eating habits. Other adaptations included
intensifying agroforestry activities, beekeeping, fish farming, and adoption of new
coffee clones, cultivating drought resistant crops such as cassava and engagement
in non-farm activities. Most of these activities ensured both livelihood diversifi-
cation and landscape conservation, which is also important in carbon sequestra-
tion. Indeed, farmers in these villages do adapt to climate change at household
level but the most striking feature was their organization and working in farmer
groups in the wake of adapting to CC&V. Unique to these two villages was that
both farmer groups and farmer activities have registered spontaneous vertical and
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horizontal expansions, largely owing to farmers’ own inventiveness. In subsequent
sections, we will discuss the evolution of farmer groups and their activities aiming
at adapting to CC&V.

Evolution and Dynamics of Farmer Groups
in the Study Areas

With respect to interviews with farmer groups’ representatives and FGD with the
Group Union, effective farmer group formation in the study villages can be traced
back to 2002 when one farmer group (Ujamaa) was formed in Kitanda village with
the founding objectives of landscape conservation and livelihood diversification
through fish farming, after observing a devastating decline in rural productivity
due to changing environment. Development of farmer groups in the study villages
received an impetus from the presence of the SCSRD Project (Centre for
Sustainable Rural Development of Sokoine University of Agriculture), whose
activities involved chanting out with farmers on possible methodology that can
enable realization of sustainable rural development. The Project was implemented
from 1999 to 2004 under collaboration of Sokoine University of Agriculture
(SUA), Japan Cooperation Agency (JICA), Mbinga District Council and farmers in
the Kindimba and Kitanda villages. Farmer groups involved in this study, their
memberships, year of establishment and their subsequent activities are presented
in Table 1.

Table 1 Farmer groups involved in interviews during survey

Villages Farmer groups Membership Year
established

Main
activities

M F Total

Kitanda Ujamaa 8 7 15 2002 1, 2, 3, 4, 5
Familia 8 7 15 2003 1, 2, 3, 4
Vumilia 7 5 12 2003 1, 2, 3, 4
Ushindi 0 20 20 2004 5a

Mundeki 6 2 8 2004 1, 2, 3, 5

Kindimba Jiokoe 6 9 15 2003 1, 2, 3, 4
Ondoa Umaskini 15 4 19 2003 1, 2, 3
Women SACCOS 0 5 5 2005 5a

Amani 9 12 21 2004 1, 2, 3, 4, 5
Jikwamue 11 13 24 2004 3,4,5

Total 70
(45.5)

84
(54.5)

154
(100)

Numbers in parentheses are percentages
a Women Farmer Group whose activity was diary cattle keeping only
1 Fish farming, 2 tree planting, 3 beekeeping, 4 crop farming, 5 others (Chicken and pig
husbandry, pasture production, manure and local brewing)

10 Adaptations to Climate Change and Variability 157



The subsequent parts present how farmers from these two villages continuously
implemented activities spontaneously by themselves even after the end of the
SCSRD Project. Inside these two villages, we can observe not only quantitative
progress (increasing of the number of farmer groups), but also qualitative progress
(diversifying and diffusing their activities within their communities and outside
their villages) that is in line with adaptations to the changing environment.

Adapting to changing climate, farmer groups have enacted activities that have
shown both qualitative and quantitative progress. Table 2 shows that in terms of
qualitative and quantitative progress, farmer groups had increased in number and
diversified their activities. For instance, farmer groups in Kitanda village have
increased from one group in 2002 to 12 groups by SCSRD project termination in
2004 and to 20 groups in 2005 one year after the SCSRD project ended. A similar
trend was also observed in Kindimba village. Their activities have diversified from
original fish farming to pig farming, dairy cattle and beekeeping, tree planting and
local brewing. While implementing these activities, farmer groups have always
been involved in tree and fodder planting and refraining from setting bush fires
and, on other occasions, villagers were restricted to cultivating near river courses
so as to ensure natural vegetation restoration and hence landscape conservation,
which is also important in adapting to changing environment.

It was further learnt during interviews that farmer group activities in the study
area seem to have been diffusing throughout and even outside their communities.
Group activities have been permeating from a few leading villagers, e.g. ‘‘rela-
tively educated and/or the governing class/status’’, to ‘‘ordinary villagers’’.
Certainly, this progress of spontaneous diversifying and diffusing of activities are
essential for sustainable resource management because these activities of diver-
sification and diffusion reflect villagers’ ingenuity. Tamura (2006) described such
quantitative and qualitative processes as ‘‘vertical expansion’’, implying that the
expansion takes a hierarchical family or clan model wherein the founding group is
viewed as a fore parent and subsequent groups are viewed as its descendants.
However, on the basis of out-scaling of the group formation that went along with

Table 2 Number of farmer groups in Kindimba and Kitanda villages during and after SCSRD
Project period

Villages 2002–
2004

2004–2005 Total
number
of groups

Main activities
Additional farmer
groups after the
Project period

During
Project
period

Kitanda 12 8 20 Fish farminga, beekeeping, tree planting,
pasture, crop cultivation, poultry
keeping, pig and dairy cattle
keeping, hydro-mill machine,
vegetables farming

Kindimba 8 4 12 Fish farminga, beekeeping, tree planting,
hydro-mill machine, local brewing

a Main founding activity
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the expansion of farmer group activities in a ripple-like pattern to both
the neighbouring and distant villages, the process is also worthy of the phrase
‘‘horizontal expansion’’. Some group leaders from Kindimba and Kitanda have
been advising and assisting new groups from other villages at their own initiatives.
The vertical and horizontal expansion processes are currently working
closely together in the Matengo highlands, owing to originality from Kindimba
and Kitanda villages. It is through these processes that farmers from distant
villages are working together to improve their natural environment and livelihoods
in the effort to adapt to climate change and variability.

Vertical Progress of Farmer Groups

Various vertical progresses were registered by farmer groups in the study villages.
It was observed during the discussions with farmer groups’ representatives and
FGDs that robust vertical expansion of farmer groups occurred after a three-day
farmers’ exchange visit that took place in January 2004. About 150 farmers from
both Kindimba and Kitanda villages were involved in this exchange visit (SCSRD
2004). On the first day of the exchange visit, Kindimba farmers visited Kitanda
village, while on the second day, Kitanda farmers visited Kindimba village, and
the third day involved discussions by participants from both villages. Group
formation, group activities and management were the central matters under
discussion. Demonstrations of farmer group activities depicting relationships
between fish farming, tree planting and beekeeping as an integrated practical
model for landscape conservation and livelihood improvement by already estab-
lished groups attracted many participants.

Interviews with farmer group representatives revealed that after the exchange
visits in 2004, many villagers requested the senior group leaders to include them in
their groups. However, the group leaders declined the request because they were
afraid the groups would become too big to manage. Instead, the consulted group
leaders advised these villagers to form their own groups and promised to offer
them managerial assistance and fish fingerlings for free. Such ‘‘free’’ assistance is
not uncommon among the Matengo who have been practising reciprocal labour,
‘‘ngokela’’, for many years. There were some cases where some members from the
old groups shifted to the new groups. Ten and seven farmer groups with diversified
activities were respectively formed in Kitanda and Kindimba villages after the
exchange visits of 2004, which is typical of what Tamura (2006) classified as
vertical progress.

FGDs and interviews with farmer group leaders and representatives revealed
another vertical development, in that all farmer groups in each village have
established a closer connection to each other and formed a farmer groups’
umbrella, which in Kitanda village is referred to as Groups Union and in Kindimba
is known as Sengu Committee. Sengu is a traditional place where men used to
assemble in the evening and discussed various issues to their lives including
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marriage and work plans for the purpose of improving lives in the family. The
farmer groups’ umbrella conducts monthly meetings, which involve the
participation of all farmer group leaders, village government authorities,
the agricultural extension officer and religious leaders, forming the so-called
tripartite relationship (local people, religious leaders and government agents) in
local resource management. They exchange their experiences and discuss
challenges and ways forward. When necessary, the leaders of the umbrella visit
a group in need of attention to discuss and advise on their challenges. The
umbrella also managed the farmers’ exchange visits inside the village. In
Kindimba village, the umbrella (Sengu Committee) also manages the day-to-
day running of the village hydro-mill project, including bookkeeping and
accounts of the hydro-mill project.

A characteristic feature for all farmer groups both in Kindimba and Kitanda
villages was the fish farming. Thus, fish farming has become a symbol of group
activities for nearly all groups. Certainly, the impact of fish farming as a catalyst of
formation of farmer groups and mushrooming of group activities came as a
serendipitous event rather than a planned one. Some reasons can be attributed to this
phenomenon. The growth of the fish is very rapid and thus the group output is seen
within a short time. The making offishponds also goes hand in hand with tree planting
or keeping the micro-catchment vegetation intact to enable sustainable water flow to
the ponds. The conserved micro-catchment can be used for other human-environ-
mentally friendly purposes such as beekeeping and sustainable harvesting of
mushrooms, medicinal plants and construction materials. Additionally, digging of
fish ponds is perceived as not being so difficult by the Matengo people, who are used
to labour-intensive traditional cultivation methods known as ngolo (a kind of
ploughing to make four-tiered ridge farms by digging steep slopes). Matengo people
have been using this type of cultivation method for more than 100 years (MWARP
1998) and they are applying similar hard-working spirit and energy to digging
fishponds. The hard-working virtue of the Matengo is referred to by SCSRD (2004)
as the ‘‘potential of indigenousness’’ to sustainable resource management.

Fingerling distribution to new groups also played a significant role in farmer
groups’ vertical expansion. It must be noted that the first fingerling installation in
Kitanda village was done in November 2002 by one farmer group (Ujamaa) in one
fishpond. Ujamaa group distributed 360 fingerlings to its seven group members by
2005. After two years, six members of this group managed to distribute about
4,300 fingerlings to emerging groups and individuals within and outside the village
in Kindimba, Lipumba, Mtama and Kikolo villages. It was encouraging noting
during discussion that one member of Ujamaa group, Mr Kevin Ndimbo, for
instance, who initially received only 19 fingerlings, managed to distribute about
1,500 to other groups and individuals. As a result of active fingerling distribution,
there were 210 ponds in Kitanda village and 75 fishponds in Kindimba village by
the end of 2005. However, in Kindimba village, the first fingerling installation took
place in July 2003.

Next to fish farming, social forestry activities were another fundamental activity
that overlapped in many farmer groups from older to new groups. While several
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farmer groups received tree seeds and seedlings from the District Office and
SCSRD, some groups collected indigenous tree seeds and/or seedlings from
Miombo woodland forests and sowed or transplanted them to rehabilitate the
degraded landscape. The total number of trees planted by farmer groups in
Kindimba and Kitanda villages by 2005 was 10,500 and 3,500, respectively.
Farmers regard the increase or diversification of farmer groups and activities
(vertical and horizontal expansion) as a strategy of strengthening the vigour of
their groups. The tendency of farmer group activities to directly integrate tree
planting activities and micro-catchment vegetation preservation is vital not only
for landscape conservation but also adaptive mechanisms to changing environ-
ment. Table 3 shows some of the tree species planted in Kindimba and Kitanda
villages by farmer groups.

Indigenous knowledge is an important tool employed in the process of restoring
the degraded landscape cover in the study area. Various micro-climates have
different kinds of appropriate vegetations that revitalize their ecological potentials.
Since local people have existed for a long time with the natural environment
around them, they possess an indigenous knowledge resource on trees, which used
to grow around catchments before land cover was degraded. This knowledge was
very useful during the identification of the right tree species for conservation of
water sources and degraded landscapes. Tree seedlings were distributed not only
for planting within village water sources, mountain tops and open spaces, but also
within and around river sources.

Table 3 Some of the indigenous tree species planted in Kindimba and Kitanda villages by 2005

Local names Botanical names Major uses

Mdhambarau
pori

Syzygium guineense Conservation of water sources

Muwawa Khaya anthotheca Conservation of water sources
Msindano Pinus patula Timber, landscape conservation
Mwanga Pericopsis angolensis Timber, fuelwood supply, agroforestry
Mtela wa

mbamba
Rauvolfia caffra Medicinal, timber

Mzombo Brachystegia
spiciformis

Fuelwood, building poles

Mtumbati Pterocarpus
angolensis

Medicinal, agroforestry, timber

Mdonga Strichnos cocculoides Fruits, fuelwood, building poles
Mnyenda Bridellia micrantha Conservation of water sources
Mkaranga mti Macadamia spp Alternative cash crop to coffee
Mtanga Albizia schimperiana Soil fertility conservation and shade in coffee

plantation
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Step Towards an Economic Stage

Farmer activities not only realized landscape conservation but they were also
involved in income generation activities and accessed financial institutions, which
is referred to as an economic stage to improve livelihoods. In Kindimba village,
the farmer group umbrella (Sengu Committee) pointed out the success achieved by
the village hydro-mill project, which is run collaboratively by all groups under the
leadership of the umbrella group. Figure 1 shows revenues accrued from hydro-
mill project in respective yeas and Fig. 2 presents the number of hydro-mill users,
including those from neighbouring villages. It was learnt during informal
discussion with district leaders that the Kindimba village hydro-mill project was
the biggest sole project (in terms of number of users and revenues) manned by
villagers themselves in the district.

The Sengu Committee elaborated an efficient system of record keeping of
hydro-mill revenues against customers’ attendance registry. The Committee has
also opened a bank account for the project as an important step towards an
economic stage. Revenues from this project were being used to articulate other
development activities in the village such as providing financial support to the
ongoing electrification project in the village and purchase of tree seeds and/or
seedlings for landscape conservation. Expenses for the servicing of the hydro-mill
machine are also borne by part of the revenues from the same machine. The
milling charges are far cheaper compared to a diesel-propelled milling machine
and the served income is used by households to cover other domestic needs, as
reported by SCSRD (2004) and Tamura (2006), which is important to livelihood
improvement.

Besides collaborative (whole village) economic transformation, some farmer
groups such as Ushindi and Ujamaa in Kitanda village had also opened bank
accounts, with the aim of acquiring bank loans for both the group and individual
members as an important step towards an economic stage. Normally, after opening
the group’s bank account, the group members make weekly deposits which later
can act as collateral. When each group member’s deposits reach 5,000 Tanzanian
shillings (Tsh.) (*US$4), each member can get a maximum loan of Tsh. 50,000
(*US$40) from the bank. This is a new type of the rural micro-finance

Fig. 1 Revenues (Tanzanian
shillings) accrued from
hydro-mill project at
Kindimba village
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arrangement and the villagers can access loans without any other collateral
because their deposits in the group account guarantee them. For many years,
financial institutions have been reluctant to give loans to poor people especially
when collateral is missing (Barger 1989; Albee 1994). However, this new
invention can permit many poor rural dwellers access to financial services and
hence improve their livelihoods. For instance, Ushindi group in Kitanda has
capitalized on the available loan system at the Savings and Credit Cooperative
Society (SACCOs) and have used the loan to acquire a dairy cow. Farmer group
savings from the selling of fingerlings, fish, vegetables and honey were other
examples of economic diversification managed by farmer groups.

Horizontal Expansion of Farmer Group Activities

Discussion with farmer groups and FGDs noted that vertical expansion of farmer
groups (in number and activities) in Kindimba and Kitanda villages also influenced
the spontaneous formation of farmer groups even outside these two villages. By the
same token, tree seeds and/or seedlings and fish fingerling distribution were
extended up to the neighbouring and distant villages. Some of the outside villages
were rather further than ‘‘neighbouring’’. For example, it took about a 7 h walk for
Lipumba villagers to bring fingerlings from Kitanda to their village. Through such
a process, horizontal expansion of farmer groups was realized, as discussed in
subsequent sections.

Notably, villagers have been implementing these expansions mainly sponta-
neously. Neighbouring villagers and groups who wanted to get fingerlings, tree
seedlings and advice received support from older groups mainly for free. On some
isolated occasions, new groups had to buy fingerlings and seedlings from estab-
lished groups. In October 2004, Vumilia group from neighbouring Lipumba
village purchased 200 fingerlings from Ujamaa group. Vumilia group had other
activities such as farming, beekeeping, tree planting and pig farming, but they
wanted to diversify to fish farming as well. In this way, Ujamaa group increased
group income and expanded fish farming activities to others. This was one of the

Fig. 2 Number of hydro-mill
users at Kindimba village
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ways to realize horizontal expansion of farmer groups’ activities, which was a way
of adapting to the changing environment.

The second type of horizontal expansion was observed through expansion of
new groups and their activities to both neighbouring and distant villages under the
assistance of older groups in Kindimba and Kitanda villages. For instance, Furaha
group in the neighbouring Masimeli village (20–25 km away from Kitanda) was
established in April 2005 with assistance from Ujamaa group of Kitanda village.
It was in 2003 when one villager from Masimeli village (the present group leader),
heard about fish farming in Kitanda. He visited the Ujamaa group leader in March
2005 and received some advice on how to form and manage a farmer group and
how to start activities including fish farming. On returning to his village, he
convinced his relatives, friends and neighbours to form a group, which is now
known as Furaha. Their first activity was to establish a fishpond and purchase 250
fingerlings from Ujamaa group. Since Furaha group had no skills to start their
activities they received ‘‘brotherly’’ advice from Ujamaa and other groups from
Kitanda village. By the time of this survey, Furaha group was also conducting
other activities such as crop, poultry and pig farming, and beekeeping and had
established a tree nursery. All these activities were supported by the advice from
Ujamaa group in terms of both skills and philosophy. The intention of Ujamaa
group to help Furaha group was that the latter would be a keystone in Masimeli
village and extend its activities within and outside the villages as well, hence
ensuring livelihood improvement and conservation of degraded landscape due to
changing climate.

The third horizontal expansion was to individuals who wanted to start fish
farming or to add new or good fish pedigree to their existing ponds. Commonly, in
Kindimba and Kitanda villages, individual farmers and households were
also involved in making their own fishponds and some travelled long distances
(40–50 km) near Lake Nyasa (or Malawi) to purchase ‘‘good’’ fish breeds or
pedigree. Ujamaa group and other old groups always extended their advice and
support to such individual household activities. Focus group and key informants’
discussions contended that fish farming ensured food security, income to the
households and conservation of village landscape.

So far, various farmer group adaptive activities to CC&V have been discussed.
It is very important for farmers to initiate their own activities to adapt to a new
environment and for outsiders to respect farmers’ ways of doing things. Outsiders
can act as ‘‘messengers’’ of farmers, carrying their opinion to upper radars where
farmers cannot easily access. Most of these activities reflect the great potential to
forest catchment conservation and livelihood transformation. Conservation of
catchment environment serves to reduce the fluctuation in water levels and prevent
soil erosion, and provides daily livelihood materials such as timber and medicine,
and food materials such as honey, fruits and mushrooms (Nsenga et al. 2004).
In addition, the hydro-mill machine project, fish cultivation, planting of useful tree
species and promoting beekeeping are intended to serve as management approa-
ches to these catchment forests. Intriguing to note is that these adaptive activities,
even the advanced ones such as the hydro-mill project, have been initiated and
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managed by the villagers themselves, although support from other development
partners cannot be ruled out. In addition, the expansion processes have been
supervised by the villagers themselves. This is a very important aspect in
sustainable resource management and rural development in general, especially
under the changing environment influenced by CC&V.

Impacts of Climate Change Adaptations
on Land Cover Degradation

Sometimes adaptations or coping strategies can lead to severe repercussions on the
landscape. The extent and trends of vegetation cover degradation were extracted
from satellite imagery from the 1984, 1989, 1991, 1994 and 2000 periods and are
presented in Tables 4 and 5, and Figs. 3 and 4, respectively. Values from Table 4
extracted from Fig. 1 show that land area covered by trees dropped from over 80%
in 1984 to less than 20% in 2000 in Kitanda village. In contrast, in the same
village, the grass-covered areas increased from less than 12% in 1984 to more than
70% in 2000, indicating unprecedented convention of tree cover to grassland,
largely due to expansion of cultivation activities in these Rolling Hills due to
decline in soil fertility in the Mountain Area.

Analysis of satellite images of Kindimba village (Mountain Area) presented in
Table 5 show that tree cover seems to have stabilized for a long time, though at
low level. Equilibrium had been reached through long-time habitation largely due
to agroforestry practice in coffee farms and the establishment of eucalyptus
woodland. Table 5 and Fig. 4 indicate that from 1994 tree cover showed slight
downscale changes and the decline was associated to conversion of a few
remaining fallows and woodland to crop fields and valley bottom cultivation after

Table 4 Land cover changes
(%) in Kitanda village
extracted from satellite image
analysis

Periods Tree cover Burnt area Grass cover

1984 C80 B5 B15
1989 B70 C5 C25
1991 B50 – C55
1994 B40 B5 C55
2000 B20 C10 C70

Table 5 Land cover changes
(%) in Kindimba village
extracted from satellite image
analysis

Periods Tree cover Burnt area Grass cover

1984 B30 – C75
1989 B40 – C60
1991 B40 – C60
1994 B45 B5 C55
2000 B35 – C60
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Fig. 3 Satellite images showing trends of land cover change in Kitanda village

Fig. 4 Satellite images showing trends of land cover change in Kindimba village
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changing climate and economic crisis in Matengo highlands since the 1990s. Lack
of ample agricultural land for expansion within the Mountain Area could have
contributed to low vegetation change within the sub-agroecological zone.

Reading from Table 4 and Fig. 3, one can conclude that land use in the Rolling
Hills of the Matengo highlands has changed significantly, especially since the
1980s. Apart from changing climate, Nindi (2004, 2007) and Mhando (2005) also
relates this situation to the economic destabilization faced by the Matengo farmers
since the mid-1980s, especially after the introduction of trade liberalization of the
coffee market, which led to the collapse of the Mbinga Cooperative Union
(MBICU). They further reported that the collapse of the MBICU negatively
impacted the ability of the Matengo farmers to access chemical fertilizers, which
supported crop production in their discrete mountain farm plots. Interviews with
farmer group representatives, FGDs and informal interviews confirmed that coffee
economy (the major cash economy) has supported the Matengo and their agri-
cultural systems for many years. At most of the times, MBICU ensured them with
markets and a reliable input supply chain to farm level, hence stable farm pro-
duction not only for coffee but also other food crops. Inputs bought from coffee
money at several times supported production of food crops in their small highlands
farm plots. With the biting of CC&V coupled with economic destabilization,
farmers from Mountain Area had to invade adjacent frontiers in the Rolling Hills,
and Kitanda village was not spared this invasion. Mhando (2005) contends that
tumbling of the coffee production and its marketing systems from the 1980s led to
the vast and abrupt creation of new farms on virgin land in adjacent frontiers in the
Rolling Hills, where the use of agro-chemicals was not necessary.

FGD and informal discussions during the survey also confirmed that recent
unprecedented deforestation of the Rolling Hills was largely due to the influx of
Matengo immigrants from the Mountain Area after the collapse of the coffee
economy, declined land productivity and invasion of new maize leaf rust disease in
1990s. Nindi (2004) revealed that in the new land, farmers from Mountain Area
largely conduct extensive agricultural practices of slash-and-burn. He further
pointed out that the practice of a slash-and-burn cultivation system on such steep
and rugged slopes coupled with intense and erratic rains certainly provoked not
only vegetation cleansing but also intensive soil erosion and sediment runoff to
river valleys. Revelations from Kjekshus (1977), Pratt and Gwynne (1978),
Pomeroy and Service (1986), and Itani (1998) show that soil erosion from unco-
ordinated agricultural practices is a serious problem in mountainous areas that
experience frequent heavy rains. In such environments, the removal of vegetation

Table 6 Percentage factors
affecting tree cover in
Kitanda village

Factors Percentage

Opening of new farms 58.0
Fuelwood demand 21.0
Lumbering 12.5
Others 8.5
Total 100
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can easily erode surface soil if the land is cultivated, erosion becomes more serious
and the land may become barren within several years.

Indeed, prior to the mid-1980s, the Matengo had adaptive mechanisms to the
changing environment of migration into frontiers, especially when the population
was against the carrying capacity in the Mountain Area. Normally, after 3–4
generations, a Matengo extended family would allow some of the family members
to migrate to ‘‘new land’’ and open up farms, and live their permanently, initially
practising slash-and-burn agriculture and later resorting to their permanent
intensive indigenous ngolo cultivation system (MWARP 1998; Nindi 2004). In the
new land, they also followed their traditional land holding practice known as
‘‘ntambo’’ [a mountain ridge sandwiched between two river valleys owned and
utilized in sustainable manner by extended family (Itani 1998)]. When the coffee
economy was good, ntambo was normally bought from money saved from cash
sales (MWARP 1998; Nindi 2004, 2007). Thus, the Matengo managed their
natural landscape largely through the cash saved from coffee sales. The recent
abrupt migration of the Matengo farmers from the Mountain Area to the frontiers
did not follow this normal ntambo land holding system. The land tenure shifted
from permanent ntambo land holding to the hiring of farm plots to be utilized for a
few seasons only, and hence lacked the indigenous sense of resource ownership.
Thus, both the abrupt invasion of Rolling Hills’ frontiers and the changing land-
holding system posed severe repercussions to vegetation cover and the livelihood
of the people in the Matengo highlands.

It was learnt during FGDs that cutting down trees to open up new farms in the
Rolling Hills contributed to forest degradation by 58%, as shown in Table 6. It was
further noted that new farms in the Rolling Hills were opened up not only by the
inhabitants of the Rolling Hills and immigrants from Mountain Area alone but also
the urban-based farmer inhabitants from Mbinga Township. District officials
lamented that fast population growth at Mbinga Township coupled with low food
supply chain from adjacent rural areas also contributed to debilitating vegetation
cover in the Rolling Hills. For instance, by 1978, the population of Mbinga
Township was only 7,308 but reached 25,416 in 2002 (Mbinga District Council
1997; National Bureau of Statistics, 2003) and most of them (86%) were immi-
grants (Mbinga District Council 1997). Unfortunately, most of these immigrants
and original inhabitants demanded land for cultivation as well as forest goods and
services mostly from the adjacent Rolling Hills. This abrupt population increase in
Mbinga town was partly due to an increased number of petty traders and artisan-
mining activities that had concentrated in the district since the late 1980s.
Economic liberalization also allowed free trading, a circumstance that brought a
number of petty traders of second-hand clothing (‘‘mitumba’’), shops, kiosk, and
restaurants in Mbinga Township, all demanding goods and services from the
adjacent rural landscape.

According to Mbinga District Council (1997), about 64% of Mbinga town
dwellers were farmer-based inhabitants and utilized farms and obtained their fuel
wood and timber demand from the same Rolling Hills, consequently affecting tree
cover in the area. Cool climate and lack of power supply complicated the situation
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further, as more fuel wood was needed for heating as well. Such an abrupt influx of
immigrants in the non-electrified town of Mbinga possibly influenced deforesta-
tion in the woodland further. It could therefore be surmised from above that
environmental degradation in the Matengo highlands is also a result of interplay of
urban–rural relationships rather than an exclusive rural–rural based problem.

It was also revealed during FDs that most tree species ruined for lumbering
were Muwawa (Khaya anthotheca), Mchai (Harungana madagascariensis),
Mpuga (Erythrophleum africanum) Mgwina, (Breanardia africana) and Muwanga
(Pericopsis angolensis). Tree species most affected by fuelwood demand include
Mbuni (Parinari curatellifolia), Mnyonyo (Syzygium cordatum), Muwanga
(Pericopsis angolensis), Mzombo (Brachystegia spiciformis) and Mteteleka
(Faurea speciosa). One elder also commented that due to intense deforestation in
the Rolling Hills, people now even make charcoal out of mango trees (Mangifera
indica), previously not meant for that purpose.

It can be summarized that tree cover degradation under the influence of CC&V
and trade liberalization has recently been very severe in the Rolling Hills area of
Kitanda village than in the mountain area village Kindimba. The most influential
factor in the fast deterioration of tree cover in the Rolling Hills could therefore be
agreed as the tendency of opening up new food crop farms especially by mountain
immigrants as well as Mbinga town dwellers who attend such farms on a temporal
basis. This could be ascertained by the increased percentage of grass cover, which
also represents food crop farms. However, the tendency of agroforestry cover in
coffee farms would in future conserve the environment in the Matengo highlands,
as was seen in the case of Kindimba village.

Conclusions

Undeniably, climate change and its impacts are very obvious and very serious,
especially among poor farm families mostly residing in rural areas of Tanzania and
the vulnerability to a rural production system cannot be tied to a single causality,
but rather an interplay of factors and sometimes CC&V has only intensified the
vulnerability of the changing rural landscape. In response to changing climate, the
villagers have been developing and deepening their adaptation activities related to
landscape conservation and livelihood diversification, both quantitatively and
qualitatively, as a means of adapting to their changing environment. And in most
cases, they have been doing these activities by themselves. Certainly, all areas and
communities have their own peculiarities and identities, with sustainable adapta-
tion strategies depending on their sense of value and behaviour or culture. Thus,
we must find the possibility for sustainable adaptations within their sense of value/
behaviour or culture, which reflect their potential of indigenousness.

The impact of integrated farmer group activities is an eye-opener to new
adaptation to landscape degradation influenced by CC&V and other socioeco-
nomic factors. Thus, the effect of farmer group activities to adapt to changing

10 Adaptations to Climate Change and Variability 169



environmental issues has revealed the new perspective of integrated resource
management in the area. Through vertical and horizontal progress, many people
and villages will be integrated into the natural resource management, which is the
basis of their adaptation to changing climate. With such micro-catchment
conservation strategies, larger areas can be conserved through integrating more
farmer groups in a wider area. Integrated resource management also provides
added value to the resource, hence ensuring its sustainability; e.g. tree planting and
beekeeping can lead to careful management of tree and forest resources. With such
committed spirits, time and financial resources, the Matengo highlands will
without doubt be rehabilitated, improving livelihoods under changing climate
conditions and other socioeconomic factors.
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Chapter 11
‘‘Greening’’ Integrated Water Resources
Management Policies for Tackling
Climate Change Impacts: A Call
for Sustainable Development

Nazmul Huq and Jean Hugé

Abstract This paper is a conceptual analysis of how ‘‘green’’ Integrated Water
Resources Management (IWRM) can be the key to sustainable social and
economic development under the regime of climate change. The prevailing IWRM
principles developed by the Dublin and Rio statements (1992), the Millennium
Assembly (2000) and the WSSD (2002) attach a narrow, technical and single
purposive orientation to IWRM, which are inadequate in fighting against the
impact of climate change. Standing on the brink of irreversible impacts of climate
change, it is now most urgent to secure the water sector from the devastating
impacts of climate change by appropriate responses through policies and acting
accordingly. Integrating a climate-proofing approach to IWRM policies is termed
as ‘‘green’’ IWRM. Analysis emphasizes that only ‘‘green’’ IWRM can promote
water security under the changing climate. The paper outlines the strategies that
should be taken to make the IWRM ‘‘green’’, which will further ensure sustainable
use of freshwater, participation, gender balancing and equitable and efficient
management fostering sustainable development.
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Introduction

The word ‘‘crisis’’ is sometimes overused in development. But when it comes to
water, there is a growing recognition that the world faces a crisis that, left
unchecked, will derail progress towards the Millennium Development Goals
(MDGs) and hold back human development (UN-DESA 2008). Throughout
human history, progress has depended on access to clean water and on the ability
for societies to harness the potential of water as a productive resource. Water for
life in the household and water for livelihoods through production are two of the
foundations for human development identified by the United Nations Development
Programme Human Development Report of 2006 (UNDP 2006).

Climate change is arguably the most severe long-term threat to development
facing this and future generations (Adger et al. 2003; Klein et al. 2008).
By altering the hydrological cycle, climate change will exacerbate the water man-
agement problems that countries already face. Climate change will have significant,
often dramatic, consequences: higher sea levels, more variable rainfall, more
frequent and intense floods and droughts, and rapid desertification (GWP 2009).
The consequences of water sector vulnerabilities for climate change are posing
fundamental challenges to achieving the development aspirations. Water is already a
scarce resource for reasons not directly associated to climate change: burgeoning
population, excessive groundwater extraction, and industrial pollution, among
others. Projections of the impact of climate change suggest that it would further
exacerbate the water stress felt in many places around the world. As the causes of
water quality and quantity deterioration become increasingly climate-challenged, it
will be a daunting challenge for policy-makers to attribute responsibility to specific
stakeholders for taking corrective action (David and Pandya 2009).

Better water management is thus essential for us to adapt to climate-induced
changes in water resources. The future resilience (or vulnerability) of human
communities to climate change-related impacts will depend on their success
(Slootweg 2009; Bates et al. 2008). Since the early 1990s, the Integrated Water
Resources Management (IWRM) concept has been emerging in the sustainable
development and water resources management context. IWRM is perceived as the
best approach to manage water resources in an efficient, equitable and sustainable
manner.

Climate change and its devastating impacts are approaching at such a rapid pace
that policy reconfiguration is urgently needed. The existing policies, for example
the National Development Plan (NDP), land use, water use, transportation, for-
estry, agriculture, biodiversity and demography, etc., are all being readjusted to
fight against climate change. Those readjustments are the necessary responses
against the impacts of climate change (Eriksen et al. 2007; Klein 2008; Parry
2009). IWRM is regarded as the most effective approach for managing valuable
water resources, but it also needs to be reorganized and readjusted to develop an
equal interface against impending climate change impacts. This approach is
identified as ‘‘greening’’ IWRM. The paper argues that the existing IWRM
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principle should be modified according to the response against climate change
impacts in such a way that it would be responsive and provide an effective solution
to global warming impacts.

Concept of IWRM

IWRM is an approach as well as a philosophy to support decision-making for
managing complexity in the water sector. Water is the most scarce and valuable
resource in the world; it is predicted that by 2025 around 3 billion people will be
living under a water-stressed situation (GWP 2009). Global environmental changes
add an additional burden on the water sectors. Since early 1990, environmental
conventions adopted an integrated approach to manage scarce water resources in a
coordinated manner for better use, which includes the allocation among competing
human activities (Slootweg 2009). The Rio Earth Summit in 1992 is the major blow
to push the IWRM concept embedded into policy and practice. In the twentyfirst
century, IWRM has been widely accepted for the water management regime (Jonker
2007). The approach has been defined and conceptualized from academic, research
and field experiences. The true meaning of IWRM is very much oriented to
sustainable livelihood promotion through efficient uses of water resources.

Jonker (2007) and Merrey et al. (2005) describe IWRM from a livelihood point
of view. They view the whole approach as a paradigm shift of traditional sectoral
water resources management to an integrated manner where efficient management,
allocation of water resources, sustainability of the water resources and support to
human activities on the basis of equity are key. IWRM is a framework within
which to manage people’s activities in such a manner that it improves their
livelihoods without disrupting the water cycle (Merrey et al. 2005; Jonker 2007).

The Global Water Partnership (GWP) defines the IWRM concept from the same
point of view with some additional complements and components to make it
functional into working for the practitioners (GWP 2009; Slootweg 2009). They
take the essence of defining its guiding principles from the Dublin and Rio
statements (1992), from the Millennium Assembly (2000), which gave rise to the
Millennium Development Goals, and from the World Summit on Sustainable
Development (2002) Plan of Action, which set a target for the preparation of
IWRM and Water Efficiency plans. The guiding principles are:

• Freshwater is a finite and vulnerable resource, essential to sustain life, devel-
opment and the environment.

• Water development and management should be based on a participatory
approach involving users, planners and policy-makers at all levels.

• Women play a central part in the provision, management and safeguarding of
water.

• Water is a public good and has a social and economic value in all its competing
uses.
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It also describes IWRM as: ‘‘Integrated water resources management is based
on the equitable and efficient management and sustainable use of water and
recognises that water is an integral part of the ecosystem, a natural resource, and a
social and economic good, whose quantity and quality determine the nature of its
utilisation’’ (GWP 2009).

Different views allow us to understand what an IWRM approach can offer for
sustainable and efficient use of scarce water resources and for the betterment of
humans and the planet. It can be summarized that IWRM is not just about man-
aging physical resources; it is also about reforming human systems to enable all
people to benefit from those resources.

IWRM and Climate Change

The impacts of climate change on the water sector are not linear; rather they are most
complicated with multilevel interconnected impacts on society, community and
ecosystems. Sea level rising, floods, lowering groundwater table, shortage of irri-
gation water, etc. will invoke settlement loss, crop damage, diseases, food insecurity,
malnutrition, income loss and more poverty. The most threatening aspect is that the
whole development track will lag behind the target. According to the recent MDG
progress report, development targets cannot meet the expected targets, especially for
low income countries (Eriksen et al. 2007; Klein et al. 2008; Parry 2009). Numerous
reports, studies and researches establish the fact that impacts of climate change are
playing the major role for this development apartheid. MDG target No. 3 of goal No.
7 clearly states that ‘‘Halve, by 2015, the proportion of the population without
sustainable access to safe drinking water and basic sanitation’’. The crude reality of
MDG goal No. 7 was shown to be that in 2009 already about 1.6 billion of the world’s
poor people were denied access to water and, by 2025, more than 2 billion will be
added to this number (UN 2008). The majority of the water-stressed people will be
the silent victims of climate change.

In this context, the challenges of water management will become increasingly
important because there is general agreement that the supply of and demand for water
resources will be substantially affected by climate change. The first key message is
that, if the global energy habits are the focus for mitigation, the way of using and
managing the water must become the focus for adaptation. One reason for this is that
it is widely predicted that relatively small temperature changes of a few degrees will
see average river flows and water availability increase by 10–40% in some regions
while, in others, they will decrease by 10–30% (GWP 2005; Slootweg 2009).
A further message is thus that changes in climate will be amplified in the water
environment. The best approach to manage the impact of climate change on water is
that guided by the philosophy and methodology of IWRM. The principles proposed
by the IWRM methodology are based on equity-based efficient and effective man-
agement of the water resources and those principles are very much synergetic with
the very core notion of sustainable development.
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If the challenges of climate change for the world’s water are not understood and
addressed, the risk exists that the water supplies provided to the communities of a
growing, urbanizing world, the infrastructures built to serve them and the indus-
tries and agriculture that supply and feed them will prove to be unsustainable
(IFPRI 2009; Pahl-Wostl 2007). There are also broader dangers. If we fail to
understand the interaction between climate change and water, other climate change
strategies may actually aggravate the problems and increase the vulnerability of
communities to both natural and man-made calamities (GWP 2005).

IWRM can be instrumental for both mitigation and adaptation strategies to
climate change impacts if properly materialized. IWRM can play a vital role in
mitigating the water-stressed climatic hazards, e.g. floods, lowering groundwater
table, irrigation crisis and water-based livelihood vulnerabilities such as fishing.
Effective planning to use IWRM for mitigating water-stressed hazards can eventually
contribute to the holistic adaptation process and environmental sustainability that will
boost the overall development trajectory especially to meet the MDG targets.

Greening IWRM: A Demand of the Time

Why ‘‘Greening IWRM’’?

Policy greening is now one of the most oft-repeated pieces of jargon in policy
domain. The unprecedented rate of climate change puts a strong impetus on greening
the policies for all sectors. ‘‘Greening’’ refers to cross-cutting integration of prin-
ciples in policies, plans and programmes. By nature, ‘‘greening’’ itself suggests a
classical ecological focus and environmental sustainability (Hugé and Hens 2009).
Encouraged by the essence of environmental sustainability, the paradigm has been
shifted from ‘‘environmental policy greening’’ to ‘‘climate policy greening’’. As long
as climate change impacts are concerned, the term ‘‘greening’’ also bears the
synonymous explanation of the concepts ‘‘climate integration’’, ‘‘climate
mainstreaming’’ and ‘‘climate proofing’’ (Klein 2008; Ahmad 2009). For climate
change, it refers to the integration of climate-related vulnerabilities and mitigation
and adaptation techniques into policies so that policy itself can be climate-resilient
and when policies are put into action, those actions will also be climate-proof.
It entails the whole spectrum of the penetration of climate resilient policies.

What is Green IWRM?

As a subset of climate policy, water policies also deserve to be ‘‘green’’ for better
climate resilience. IWRM is an already established idea, concept and philosophy
for managing water sustainably with special attention to environmental sustain-
ability. However, to tackle the adverse impacts on the water sector and related
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cross-cutting sectors, it is time make another paradigm shift with ‘‘green IWRM’’.
‘‘Green IWRM’’ refers to the concept of cross-cutting integration of climate
policies into major policies, programmes and actions related to IWRM. It also
refers to the fact that the fundamental principles of IWRM would be embedded
with policies and actions related to the fight against climate change.

The Global Water Partnership (2009) acknowledges that the prevailing mindset
on water by promoting and applying the Integrated Water Resources Management
(IWRM) approach is not enough for adaptation and mitigation for climate action.
So far, IWRM is characterized by some overwhelming features such as narrow
scope of implementation, more technical orientation, lack of capabilities of dealing
with versatile issues, and being purpose-specific. So far, 68% of developed
countries and 38% of developing countries have implemented IWRM but none of
them use ‘‘outside the box’’ thinking to deal with the multi-dimensional com-
plexities that are imposed by climate change (Jonker 2007; Mazvimavi et al. 2008;
GWP 2009), although, in principle it is supposed to be efficient, effective, sus-
tainable and equitable in nature. This fundamental lacking of existing IWRM
raised the need to embrace IWRM with the principle of ‘‘green’’ that can effec-
tively work for the sustainability of the water sector under a changing climate,
keeping the human development as the most instrumental guiding principle
(Merrey et al. 2005) .

‘‘Green IWRM’’ promotes a holistic approach to water management and rec-
ognizes that there are multiple pathways to building resilience against climate
change. The methodology seeks to identify, and then to achieve trade-offs
between, different water management objectives, including environmental sus-
tainability, economic efficiency and social equity. It encourages the structured
engagement of communities and sectors impacted upon by water into its man-
agement both to seek and promote ‘‘win–win’’ solutions but also to ensure that a
better understanding of water constraints and challenges is developed and diffused
into the society (GWP 2005).

Greening IWRM: A Process Approach

The strength of IWRM lies in its strong roots in the water sector and its subsequent
extensive theoretical and practical knowledge of water-related issues. At the same
time, this sectoral basis can be a point of weakness when issues beyond the
sectoral boundaries have to be addressed. This has resulted in a call to think
‘‘outside the box’’, to see beyond what is common practice within the sector.
In everyday practice, however, IWRM is not always effective in addressing the
climate change adaptation challenge. In order to develop IWRM more effectively
and responsively, various sources have suggested the linking of IWRM with
Strategic Environmental Assessment (SEA) (Slootweg 2009).

The literatures suggest that in making IWRM climate-responsive, different
steps can be followed. One of the processes is taking such an approach that will
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make convergence of different far-ended approaches into a single policy. The
ingredients of this approach are as follows (UNESCO 2009; GWP 2009; Parry
2009; Slootweg 2009):

• A systems approach: assesses the linkages between, for example, humans and
nature, water and the land, and the local and national perspective.

• An integrated approach: provides for a more coordinated and managed approach
looking at the catchment and coastal level and surface and groundwater.

• A managed approach: strives to maximize water resources, minimize negative
impacts and balance supply and demand.

• The stakeholder approach: examines the need for participatory decision-making
at all levels, e.g. from government to individual. This will lead to a partnership
approach and a sharing of common objectives.

Finally, the sustainable approach will focus on the necessity for equitable
access to water resources. There are often compromises to be made between
protection and use. This last thought appears to be a key one. To ensure water
sector sustainability, there must be a balance between protection and rational use
of the water. Different tools can be applied to bring the balance, such as devel-
oping policies and strict enforcement which, for instance, different countries have
developed without significant tangible improvement (World Bank 2009a).
However, practitioners suggest that improved basin management, community
dialogue, trans-boundary cooperation, user sensitivity and attitudinal changes
towards the precious water resource can bring prosperous development for
bringing balance in protection and use. Moreover, more government attention,
research and consensus among the stakeholders are deemed necessary (Cap-Net
2005; UNDP 2006; Cap-Net 2009).

Cap-Net (2005) also suggests a different approach for preparing IWRM which
follows a sequential and cyclical approach. In this approach, there is plenty of
space available to insert climate-proofing policies to make the IWRM green.
The process approach suggested by the Cap-Net are as follows, showing the
possible spaces to incorporate climate resilience policies.

Figure 1 shows a simple diagram of IWRM planning cycle. This is a very
orthodox approach used for developing IWRM planning. To make it climate-proof
and ‘‘green’’, some components can be added in each section of this cycle
(Cap-Net 2005; Cap-Net 2009).

In the ‘‘Initiation’’ step, climate change impacts need to be integrated in the
planning process. In advocacy towards policy-makers, the argument can be
brought up that this will be instrumental for decision-makers to advance demand
management strategies, which otherwise might be politically difficult to
implement.

During the ‘‘Vision/Policy’’ phase, climate change adaptation is an additional
element, not a replacement of IWRM goals. The overall aims of IWRM will
remain the same.

In the ‘‘Situation Analysis’’ step, the use of climate information and impact
analysis needs to be incorporated. Further, the adaptation/mitigation theme can be

11 ‘‘Greening’’ IWRM Policies 179



brought out to suggest that the IWRM process should reduce the risk of adaptation
options negatively impacting on the mitigation targets, and vice versa.

In the ‘‘Strategy Choice’’ phase, the anticipatory or ‘‘precautionary’’ approach
can be introduced as the basis for strategies for IWRM.

Consider the roles of local authorities in adaptation strategies when drafting an
IWRM plan. Legal frameworks, economics and health, and other variable condi-
tional elements that have been analysed from the cornerstone for implementation
of IWRM are decisive in how it contributes to climate change adaptation.

During evaluation, results must be measured against indicators, taking into
consideration the adaptation measures proposed in the plan.

Throughout the process, stakeholder involvement is essential so that the results
of the impacts assessment and strategic choice are owned by the implementing
agencies.

The ‘‘greening’’ process of IWRM is not an easy one to implement. As stated
earlier, so far only 68% of developed countries and 38% of developing countries
have their IWRM plan. Studies conducted by Kramer (2007), Hugé and Hens
(2007) on PRSP show that national development plans of developing countries are
not green in principle to tackle environmental disasters, let alone IWRM. Klein
(2008) conducted another portfolio study of ODA-funded projects and finds most
donor-funded projects are not climate-proofed. In these circumstances, it is not
easy to incorporate the greening policies into IWRM. Moreover, the developing
countries who will be the first victims of climate change have a very low level of
awareness in their policy level. The institutional strength is not enough to develop
such realistic policies that will comply with the needs to tackle the climate
stresses.

Initiation

Evaluation

Implement-
ation

IWRM
Plan

Strategy 
Choice

Situation 
Analysis

Vision/
Policy

Work 
Plan

Fig. 1 The IWRM planning cycle. Source: Adapted from Cap-Net (2005)
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Greening IWRM: The Case of Bangladesh

Bangladesh, considered one of the most vulnerable countries to climate change
impacts, is suffering tremendous water-related problems initiated by climate
change (Ahmed 2006). Bangladesh recently prepared three documents related to
water use, the National Water Policy 1999, National Water Management Plan
2005 and Poverty Reduction Strategy Paper 2008. All three documents, especially
the first two, exclusively deal with the rational use of water resources and are
based on the idea of traditional IWRM. It is a matter of great concern that despite
inclusion of all of the aspirations of IWRM, those policies cannot make a proper
response to the climate change problem. The detailed analysis reveals the truth that
even though IWRM philosophy was the cornerstone of these policies, they are not
enough to tackle the adverse impacts of climate change (GED 2008). As a result,
countries’ aspiration towards sustainable development and the positive achieve-
ments towards development are seriously at stake. Agricultural production is going
down, livelihoods are becoming vulnerable and acute shortage of drinking water
has gradually surfaced (MoEF 2008). This evidence suggests that IWRM policies
need to be shifted towards a green policy, where climate-proofing development
would be ensured. The ministry should take the lead to save the countries’ most
vulnerable resources and coordinate the efforts that are being taken to reduce the
vulnerabilities from climate change impacts. For better response to the impacts of
climate change there is no alternative than to go for ‘‘climate-proofing’’ devel-
opment, which can be started from preparing climate-proofing action plans and
policies and acting accordingly. It is thus necessary to incorporate the basic
principles of developing climate-proof policies into action. If not, all the devel-
opment efforts might go in vain. From this aspiration, it is time, albeit rather late,
to start making the development and management of the water sector ‘‘climate
proof’’, developing ‘‘green’’ IWRM and inserting the policy as a cross-cutting
issue in all development intervention.

Conclusion

The whole discussion is aimed at developing the consensus that the present
common interpretation of IWRM is not sufficiently compatible to fight against
climate catastrophe. Much more comprehensive policies have to be developed
which will be green in nature and sufficiently capable to face climate change
effectively. At the same time, it is equally necessary to recognize that to make this
paradigm shift, the core values of IWRM cannot be erased. IWRM is the best
possible solution that works for sustainable use of scarce vital water resources.
Thus, it is an urgent call to make ‘‘green’’ IWRM policy that will hold its core
components at its centre and save the water resources for the people and ecosystem
of the planet. However, most importantly political reluctance, lack of awareness
and economic hindrance are working against stimuli for a green IWRM. As long as
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sustainable development is the dream, making efficient and equitable use of water
based on the philosophy is of the utmost importance. IWRM policies thus should
be directed towards accommodation of green policies so that climate-proofing
notions can be ensured and water efficiency can be reached.

The paper attempted to provide a conceptual approach of how green IWRM can
be possible, acknowledging the different shortcomings that exist. Besides this,
scholarly literature on this issue is not yet developed, although this issue deserves
much more attention than it has at present. However, it is always better to act fast,
especially standing on the brink of climate catastrophe, otherwise the whole notion
of sustainable development will never be achieved.
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Chapter 12
Urbanization and Flood Vulnerability
in a Peri-Urban Neighbourhood of Dakar,
Senegal: How can Participatory GIS
Contribute to Flood Management?

Audrey Maheu

Abstract Land and water are intricately connected and the inability to manage
one component will necessarily impact the other. As urban sprawl grows out of
control of authorities in developing countries, poor populations are forced to settle
in hazard zones. Thus, comprehending the urbanization process is key in under-
standing flood vulnerability. This research uses the urbanization process as a
starting point to understand the social and environmental dynamics behind floods
in a peri-urban neighbourhood of Dakar, Senegal. Participatory GIS (PGIS), land
use change analysis, interviews, transect walks and ethnographic observations
were used to understand settlement in flood-prone areas. Limited access to risk
knowledge was identified as a contributor to flood vulnerability. We argue that
although risk awareness existed among peri-urban communities, an uneven access
to knowledge led to settlement in risk-prone lowlands. We demonstrate risk
awareness among the community by looking at the influence of three variables on
the urbanization process: landforms, land availability and land price. This paper
concludes with a critical analysis of PGIS regarding analytical and empowering
outcomes of this methodological approach.

Keywords Participatory GIS � Participation � Flood � Vulnerability � Peri-urban �
Urbanization

We argue that although risk awareness existed among peri-urban communities,
an uneven access to knowledge led to settlement in risk-prone lowlands. We dem-
onstrate risk awareness among the community by looking at the influence of three
variables on the urbanization process: landforms, land availability and land price.
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More than half of the world’s population is currently living in urban areas, and
by 2050, the world urban population will have almost doubled that from now,
reaching 6.4 billion (United Nations 2007). Urban areas in Africa and Asia are
expected to absorb most of the anticipated population growth, with ‘‘full urbani-
zation’’ already completed in Europe, North America, and most of Latin America.
This widely recognized and expected increase in urban population hides another
reality: the growth and transformation of peri-urban areas. Studies in Latin
America and Asia show that peri-urban areas absorb nearly all ‘‘urban’’ population
growth, a trend likely to continue in Africa (da Gama Torres 2008). This poses a
particular challenge as peri-urban environments ‘‘suffer some of the worst con-
sequences of urban growth, including pollution, rapid social change, poverty, land
use changes and degradation of natural resources’’ (United Nations 2007).

More than a de-densifying periphery around the city, the peri-urban interface is
characterized by a heterogeneous mosaic of natural, agricultural and urban eco-
systems affected by the flows (material, energy, people) between the urban and
rural systems (Allen 2003). Institutional fragmentation, rooted in the urban–rural
dichotomy between space and inner-city, as well as rural migration movements,
often lead to the uncontrolled sprawl of peri-urban areas. Peri-urban areas are
typically characterized by the existence of informal economies, often based on
illegal activities such as clandestine slaughterhouses, or the intensive use of
agrochemicals in agriculture and mining (Allen 2003). In such environments,
urbanization is devoted from conscious planning and settlement precedes the
extension of basic services implying large public health concerns. In fact, the
problems of peri-urban areas are similar to those of low-income urban settlements:
limited access to water and sanitation, waste accumulation, concentration of
poverty, etc. Land speculation and the private appropriation of land in peri-urban
areas further exacerbate the marginalization of the poor within the city’s suburbs.

Slums often form at cities’ edges, where they have been shown to increase the
risk of natural disasters for the entire city (ISDR 2009). More often than not, these
informal settlements develop in hazardous areas, where land is inexpensive,
leaving the slum inhabitants particularly vulnerable to natural disasters. Illustrating
this are the chronic problems of fires, landslides and floods in informal settlements
at the edge of cities (Aragón-Durand 2007; Murray 2009; O’Hare 2005).

The problem of Floods at the Peri-Urban Interface

Hydro-meteorological hazards pose the biggest challenge for both developed and
developing countries in the face of climate change (Thomalla 2006). In developing
countries, flooding has become a recurrent problem in numerous peri-urban areas
as populations settle in flood-prone areas. Already in the 1970s, flooding was a
persistent problem in squatter settlements in the suburbs of Kuala Lumpur (Aiken
1975). The Chalco Valley at the outskirts of Mexico City has been suffering from
‘‘chronic flooding’’ since the late 1980 s (Aragón-Durand 2007). In Bamenda,
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Cameroon, 20% of the population in informal settlements live in flood plains and
urban expansion on hill slopes has triggered devastating flash floods (Acho-Chi
1998).

Flooding is not only the result of the occupation of hazard zones, it is also
amplified by concurrent environmental degradation in peri-urban areas. For
example, the loss of vegetation due to an increase in impervious surfaces was
identified as an aggravating factor in the flood pattern in Dhaka, Bangladesh
(Dewan 2008). Floods in Mumbai in 2005 led to a ban on plastic bags with
garbage-clogged drains blamed for the magnitude of the disaster (Chatterjee
2005). Current flooding problems are likely to be exacerbated by both climate
change and the booming urban growth in developing countries, making flooding an
urgent issue to address in peri-urban areas, especially given the acute vulnerability
of the poor populations concentrated in these areas.

GIS as a Diagnostic Tool

In the wake of the multiplication of flood events, urban planners and geographers
have tapped the potential of Geographical Information Systems (GIS) to study flood
events and to design solutions. GIS is thus a widely used diagnostic tool for
understanding the causes behind the observed rise in flood events. A large number of
studies have been produced on the dynamics of land use change and their rela-
tionships to floods. (Hara 2005) showed that land use changes following rural to
urban transitions have reduced the volume of floodwater retention in peri-urban
Bangkok, leaving both formal and informal settlements more vulnerable to flooding
in this new landscape. The increase in impervious areas in suburban areas has been
put forward as an explanation for flash floods (Romero 2004; Zhang 2008). In the
Pearl river delta, China, for example, the filling of water bodies and the clearing of
vegetation associated with urban sprawl impaired the buffering capacity of the
ecosystem, thus triggering floods (Zhang 2008). These various GIS studies typically
conclude that uncontrolled urban growth is the root cause behind the detrimental
land use changes. Many have warned against the destruction of crucial ecological
services when urban growth is not carefully planned (Romero 2004; Yu 2009).

While GIS has provided valuable insight in understanding the physical causes
of flood events, it cannot explain the anthropogenic factors involved (Pelling
1999). Here, social sciences and political ecology can complement GIS analyses
by investigating the social changes that triggered a modification of the physical
landscape. Aragón-Durand (2007), for example, researched the socio-historical
context behind flood risk generation at the outskirts of Mexico City. Texier (2008)
showed that the marginalization of the poor by the municipal government was at
the core of the 2007 flood disaster in Jakarta. These studies demonstrate that an
understanding of the social construct of flood hazards is necessary in order to
have a complete picture of the dynamics behind flood events. Unfortunately,
GIS practitioners typically focus solely on the physical phenomena behind
flooding, thereby providing only an incomplete picture of the problem.
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GIS as a Prescriptive Tool

GIS in flood management has also been used to provide a ‘‘scientific input to planning’’
(Webster 1994). As such, hydrodynamic models have been integrated in GIS to map
the behaviour of floods (Pradhan 2009; Vojinovic 2009). Along the same lines, multi-
criteria analyses based on physical attributes of the landscape (elevation, slope, land
cover, distance from channel, depth to groundwater table, etc.) were designed to
determine hazard zones (Fernandez 2010; Yalcin 2004) These different applications do
not focus explicitly on peri-urban areas and usually look at the city as a whole, although
more comprehensive approaches coupling flood hazard maps and urban growth
models are being developed (Correia 1999). GIS is also put to use to map social
vulnerability by investigating the spatial distribution of socioeconomic conditions of
populations (Morrow 1999). Of course, these social analyses are often combined with a
physical vulnerability assessment in order to obtain a complete picture of the spatial
distribution of vulnerability (Bizimana 2010; Chakraborty 2005). In a positivist
approach, GIS is seen as a prescriptivist and prioritization tool, the main purpose of
which is to answer the ‘‘where’’ question, e.g. ‘‘Where are floods likely to occur?’’ and
‘‘Where are flood prevention measures required?’’ This approach is fundamentally
different from the first use of GIS in flood management described above, which applies
GIS to understanding the root causes leading to flood events. This difference in GIS
usage is not peculiar to flood management and the tendency to prioritize isolated
problem-solving measures as opposed to investigating the root of a problem has been a
cause of tension in GIS research for some time (Ramsey 2009).

The main problem behind the prescriptive approach lies possibly in the pre-
scriptions themselves, which are often difficult to put in place logistically and
which meet strong public opposition. The positivist approach to land use planning
has in fact been criticized in the planning community (Hodge 1991). Cities in
developed countries are learning the hard way that expert-led land use planning
has its limits. GIS-based studies looking at new landfills’ location are perhaps the
best example: although a location appears optimal according to a set of physical
and social criteria, the failure of the siting process due to public opposition has
become ubiquitous in North America (Lober 1995). GIS is a powerful tool for
understanding the territory: however, it provides little help in the design of solu-
tions and, most importantly, their acceptance by stakeholders.

Alternative GISs: PPGIS, PGIS, and CiGIS

Some may argue that GIS as a tool for flood management is inherently confined to
the above-mentioned limits. However, the development of new fields in GIScience
may be exactly what the doctor ordered. As GIS technologies rapidly spread to a
variety of fields in the 1990s, a debate arose over the theoretical and societal
aspects of GIS. In that context, GIS in relation to society became a field of
research of its own—commonly referred to as the ‘‘GIS and Society’’ movement.
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Of particular interest here is the criticism of GIS as an elitist system that reinforces
top-down management. These critics condemned the technocratic avenue taken by
GIS and argued for the recognition of spatially differentiated knowledge and the
re-engagement of GIS with communities. As a result, new fields in GIScience
emerged: Public Participation GIS (PPGIS), PGIS, and Community-integrated GIS
(CiGIS).

Whereas the GIS and Society movement is generally concerned with theo-
retical and epistemological aspects of GIS (the whether and why questions), the
just mentioned new fields are concerned with the ‘‘how’’ questions, e.g. ‘‘How
can we put these new theories into practice?’’ (Sieber 2006). Thus, while
alternative GISs all embrace the GIS and Society discourse, each has taken
a slightly different avenue. Public participation GIS (PPGIS) aims at making
GIS ‘‘available and accessible to all those with a stake in official decisions’’
(Schroeder 1996) and focuses on access to GIS technologies by grassroots
organizations. PGIS has typically been critical of the overrepresentation of the
privileged sectors of society and reaches out to marginalized populations. PGIS
is strongly connected to the participatory movement in development, and the
majority of applications labelled as PGIS take place in developing countries.
Finally, in reaction to PPGIS, the goal of which is to develop applications
controlled by the communities themselves, Community-integrated GIS (CiGIS)
takes an alternative path: while fostering community participation in the GIS
process, it also encourages expert-driven implementation in reaction to funda-
mental barriers in local capacity (Weiner 1999). Although these alternative GISs
hold different values, they all share the common goal of working towards
broader participation in GIS applications. To facilitate communication, this paper
will adopt PGIS as an umbrella term for the different ways of implementing an
interface between community and GIS.

PGIS: a Definition

The use of the PGIS label has been broad and inconsistent across applications
(Schlossberg 2005), making it hard to produce a formal definition of this new field.
By and large, PGIS has been understood as differing from traditional GIS in two
aspects: (1) the type of information fed into the system and (2) the source of that
information (Dunn 2007). With regard to the first aspect, the scope of the infor-
mation feeding analysis in PGIS is much broader including narratives, fuzzy
information, experiential knowledge and socially-differentiated information. The
integration of qualitative information within a GIS framework has brought ques-
tions on two levels: GIS with qualitative methods and GIS as qualitative method.
Discussions on GIS with qualitative methods look into the technical challenge of
interpreting and representing different forms of spatial knowledge while research
on PGIS as a qualitative method investigates the epistemologies of PGIS as a
knowledge production strategy (Elwood 2006). As for the second aspect defining
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PGIS, contrary to traditional GIS, PGIS necessarily involves citizen participation,
with a special consideration of marginalized communities.

Participation in PGIS

A definition of PGIS cannot dodge the question of participation which has been
at the core of discussions around PGIS. The notion of participation has been
debated within the development community for a number of years and the
requirements entailed by the participatory label have grown significantly over
the years. In reaction to the utter failure of top-down projects, the main-
streaming of participatory approaches in the 1980s left a bitter taste for many
in the development community. In particular, the wave of participatory rural
appraisals (PRA) transformed participation into a technical fix to complex
development problems (Hickey 2004). A radical change ensued that promoted
commitment to the output of participation rather than to innovative ways of
implementing it. Lengthy debates over the past decades have left many pro-
posals on the table regarding the definition of participation. The definition
gaining the most currency sees participation as a transformative process that
strives for the achievement of full citizenship by disempowered populations
(Hickey 2004). According to this vision, participation needs to be embedded in
the broader political process rather than focusing on local initiatives (Williams
2004). However, setting such high standards for participation from the outset
leaves little recognition of participatory approaches on the lower end of the
spectrum and their potential as stepping stones towards a full transformation.
The debate around participation remains wide open and although participation
has been regarded as an imperative in development, ‘‘the ‘trendiest’ activity
(at least among academics) is [still] the withering critique of participation’’
(Kesby 2007).

It is argued here that while mere tokenism is not an acceptable path for PGIS,
the contribution of different levels of participation should be appreciated. Com-
munity-based GISs emerged in recognition of the limits of ‘‘overparticipation’’
(Weiner 1999). Kyem’s (2001) work in Ghana showed that granting overwhelming
responsibilities to communities who are not ready for them can actually have a
negative impact on social capacity. In fact, climbing on top of the participation
ladder should not be the objective of PGIS. Instead, it should be recognized that
some forms of participation are more suitable for certain environments than others.
Hence, the definition of participation adopted here is not based on any ‘‘level’’ of
participation but is understood as a process inclusive of all stakeholders and in
which the stakeholders represent all individuals ‘‘who are affected by, bring
knowledge or information to, and possess the power to influence a decision or
program’’ (Schlossberg 2005). While inclusion of the public at large is not con-
sidered here, the potential for doing so should not be dismissed (see Schlossberg
2005 for a discussion on the topic).
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The Benefits of Participation

Access to Differentiated Information

The benefits of participation in PGIS can be understood by looking at the two
different (and some would argue conflicting) understandings of participation.
On the one hand, participation has been understood as a means of obtaining
differentiated information. With this approach, participation has been used for
ground-truthing or as a source of new information (Koti 2006; Harris 2002;
Sliuzas 2003). The core objective of these projects is the production of
knowledge and the literature abounds with cases of PGIS applied to produce risk
and vulnerability assessments (Kienberger 2007; Nethengwe 2007). One of the
benefits of participation is thus a better understanding of a given issue by cap-
turing new sources (e.g. experiential knowledge) and forms (e.g. qualitative) of
information.

The Potential for Empowerment

On the other hand, participation can be viewed as an end in itself in PGIS. While
some projects aim at increasing citizen involvement (Al-Kodmany 2000), edu-
cation, and communication (Mills 2008), others implement PGIS in order to
promote empowerment (Bauer 2009; Stonich 2002). The common denominator
here is that the GIS output is seen merely as an accessory to social change at large.
In disaster management, PGIS has been used to impart a better perception and
management of risk (Barclay 2008). Instead of using a top-down education
approach where stakeholders are ‘‘taught’’ the elements of risks within a com-
munity, PGIS allows stakeholders to structure their relationship to the territory and
gain a better understanding of the level of risk they are subject to. This process has
empowering qualities as stakeholders reflect on their current standing and on how
they can improve their conditions (D’Aquino 2004). PGIS can also help com-
munities consolidate their message to be heard by authorities, building on the
power of GIS as a communication tool. A number of cases exist in which PGIS has
been used as an advocacy tool (Maantay 2002; Stonich 2002).

The PGIS process of producing spatial information has been acknowledged as
empowering itself (D’Aquino 2004; Jordan 2002; Dunn 2007). Borrowing from
Freire’s concept of conscientization (Freire 1970), PGIS encourages social and
political action on a collective level by inducing reflection on living conditions and
the development of a critical worldview. However, others have argued that
‘‘participation in the creation of knowledge does not necessarily give power to
those involved in, and affected by decision-making’’ (Aitken 1995). This argument
was made in reaction to sweeping claims on the potential of achieving empow-
erment through PGIS, claims which lacked empirical support (Corbett 2005).
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Objectives

The above discussion on participation and PGIS provides an overview of this
emerging field in addition to showing the potential of PGIS to complement GIS
with regard to flood management. This research project investigated flood
dynamics in Dakar’s suburbs using a PGIS approach. The aim of this paper is to
(1) discuss social and environmental dynamics behind floods in Dakar’s suburbs,
with a focus on understanding the settlement process in flood-prone areas and (2)
explore new ways of doing GIS and critically analyse the contribution of partic-
ipation to research and to participants.

Study Area

The suburbs of Dakar have suffered severe flooding over the last ten years, with
the department of Pikine being the most severely hit. While the floods seemed to
be exceptional events at first, they have since established themselves as a recurrent
phenomenon with worsening consequences every year. The flood problem in
Dakar’s suburbs has its origins in the exponential population growth since the
1970s, when an enduring drought throughout the country triggered massive rural
migration towards urban centres (Goldsmith 2004). This large influx of people
resulted in an erratic occupation of land, especially in the suburbs of Dakar.

The geomorphology of Dakar’s suburbs features highlands, composed of coastal
dunes and Ogolian dunes, a set of inland dunes running parallel along the southwest–
northeast axis and lowlands composed of interdunal depressions in between Ogolian
dunes known as the Niayes region. The lowlands are humid environments where the
water table comes to the surface. These areas were traditionally used for agriculture
given their easy access to water. During the ongoing dry years, the lowlands dried up,
thus freeing some urgently needed space that then was quickly occupied. Although
these lowlands had dried out, the water table remained near the surface.

Recently, the Sahel region has seen a rise in precipitation (Ali 2009). Although
portrayed as exceptional, this recent increase in rainfall is most likely a return to
normal conditions after 40 years of drought (Sene 2002). Unlike many flood events
across the world that are triggered by catastrophic amounts of water unleashed onto a
city (through rain or storm surges), the flood problem in Dakar is the aftermath of a
prolonged period of climate perturbation. Recent wetter years raised the water table
closer to previous levels (\2 m below surface) and now little precipitation is required
for lowlands to become saturated, leaving its occupants flooded (Mbow 2008).

Our research on these flood events was conducted in Diamalaye, an informal
neighbourhood in the districts of Malika and Keur Massar located at the edge of
the department of Pikine (Fig. 1). While districts are the smallest government
units, neighbourhoods and their neighbourhood representatives are credible local
authorities and, in fact serve as an interface between formal authorities and the
population (Tall 1998). Thus, the neighbourhood provides an appropriate scale to
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understand social dynamics. A larger area was also considered to frame the flood
problem within a wider context. Spatial analyses were conducted at both neigh-
bourhood and district levels (Fig. 1).

This study area was selected for its landscape and for its peri-urban nature and
the intense urbanization process currently underway there. Diamalaye displays the
various physical features that are typical of Dakar’s suburbs. Approximately half
of the neighbourhood spreads across highlands and the other half across lowlands,
providing subsets representative of the suburbs. Moreover, floods were late to
come to the neighbourhood of Diamalaye. While the rest of the district began
experiencing floods in 2005, floods only came to the neighbourhood of Diamalaye
in 2009. Still, as the lowlands were being flooded in the surrounding neighbour-
hoods, people continued to settle in the lowlands in Diamalaye. Overall, the
neighbourhood of Diamalaye provides the perfect setting for understanding the
settlement process in lowlands (flood-prone areas) versus highlands.

The neighbourhood of Diamalaye is undergoing intense urbanization. Diamalaye
is a young neighbourhood that emerged in the late 1970s and that truly exploded in
the late 1990s. A 2007 survey shows that only 27% of the 2,000 inhabitants are native
to the neighbourhood (Gaye 2008). The anticipated shutting down of the M’beubeuss
landfill, which borders Diamalaye, also contributes to land speculation and inten-
sifies urbanization pressure. On that account, Diamalaye presents the perfect con-
ditions for studying how environmental and social dynamics offlood events unfold in
the urbanization process. It will also offer useful information for managing urbani-
zation in the context of city perimeter that is prone to flood problems.

Methodology

Similar to CiGIS studies (Koti 2006, 2010; Weiner 1999), this project used a
variety of analytical methods to study the social and environmental dynamics
underlying flood events in Diamalaye. The methodology comprised expert and
participatory analyses that together formed the PGIS.

Fig. 1 Location of the study
area at district and
neighbourhood levels. The
district level study area
overlaps the districts of
Malika and Keur Massar. The
neighbourhood level study
area corresponds to the
neighbourhood of Diamalaye
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The participatory analysis took various forms. Four mapping workshops with
an average of five participants were held in the summer of 2010. A local
facilitator helped organize and conduct the workshops and served as an inter-
preter (French–Wolof). Each workshop targeted specific groups: young men,
young women, farmers and neighbourhood representatives. Young people were
targeted as they demonstrate an ease of communication with the researcher,
which facilitated insight into social dynamics. The group of farmers was chosen
due to the peculiar impact of floods on their livelihoods. During the three
workshops with the above-mentioned groups, participants were asked to map
flooded areas and flood risk within their neighbourhood and to describe flood
impacts on their lives and adaptation strategies. Workshops were open-ended
and included discussions on various aspects of neighbourhood life. The fourth
workshop was held with neighbourhood representatives, including the chief
neighbourhood representative and elders. During this workshop, the urbaniza-
tion process was discussed along with the land acquisition process and land
tenure issues. Interviews (n = 6) with key informants and local authorities were
also conducted along key themes identified during the mapping workshops.
Information gathered through workshops and interviews was then fed into the
PGIS.

This research is also based on an ethnographic approach. For a period of
four months, the researcher lived in an adjacent neighbourhood, undertook
numerous walks across the neighbourhood and made observations. This data
was also entered in the PGIS. While not participatory per se, this was part of a
strategy to access differentiated information in keeping with basic PGIS
principles.

The research project also included expert analyses going along traditional GIS
methods. Land use changes were mapped at both neighbourhood and district
levels through the manual classification and comparison of aerial photographs
from 1954 (1:50,000), 1979 (1:60,000), 1997 (1:20,000), 2003 (1:10,000) as well
as a 2009 SPOT image. Using this time series, conditions previous to (1954),
during (1979), and after (2003 and 2009) the drought could be compared and
analysed. A DEM of the region was also produced for the region using both
surveying data from an ongoing project of Université Laval as well as contour
maps (1:10,000) from the Direction des travaux géographiques et cartographi-
ques du Sénégal.

Using the 1954 aerial photograph, a map of geomorphological features was
also produced to delineate lowlands and highlands. The DEM was used to
corroborate this map. Through manual classification, four features were map-
ped: coastal dunes, Ogolian dunes, the Niayes areas and water/lakebed. This
latter category represents waterbodies from 1954 but given that water levels
fluctuated during the drought, the category was named ‘‘water/lakebed’’. Spatial
analysis was conducted to compare urban development against geomorphology
features (Fig. 2). This was a step towards understanding the settlement process
in lowlands.
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Results

The Urbanization Process

The flood hazard in Dakar’s suburbs has its roots in the urbanization of lowlands.
Land use changes between 1979 and 2003 show the steady invasion of lowlands
during drought years (Fig. 3). During the same period, water levels and humid
vegetation in lowlands receded, freeing up space for occupation. This goes along
research by (Mbow 2008) on the adjacent district of Yeumbeul, where the land
cover change induced by drought brought about urban development in lowlands.

Land cover change is only part of the reason behind occupation of lowlands.
While physical processes allowed for the occupation of lowlands, land use and
land cover changes are essentially driven by people’s responses to opportunities
(Lambin 2001). We argue that although risk awareness existed among peri-urban
communities, an uneven access to knowledge led to settlement in risk-prone
lowlands. We demonstrate risk awareness among the community by looking at the
influence of three variables on the urbanization process: landforms, land avail-
ability and land price.

The Influence of Landforms

It is generally assumed that the drought modified the landscape significantly
enough to blur the flood risk associated with lowlands, thus prompting the occu-
pation of lowlands (Lo 2000; Mbow 2008). We hypothesized that if this

Fig. 2 Intersection between geomorphological features and urban development at the district
level. Ogolian dunes correspond to highlands and Niayes correspond to lowlands

12 Urbanization and Flood Vulnerability 195



assumption holds true, urban development will then occur regardless of landforms
during periods of drought, as water levels and vegetation then receded from
lowlands, leaving little apparent differences between lowlands and highlands.

To verify this hypothesis, we identified which landforms were the sites of new
urban development (Fig. 4). The drought period was set between 1960 and 2000,
mainly for lack of more precise parameters. Most climatologists consider the Sahel
drought as beginning between 1960 and 1970 and while the drought is still not
over, climatic research has observed an increase in precipitation beginning in the
early 2000 s which points toward the end of the drought (Aguiar 2009; L’Hôte
2002; Sene 2002).

Fig. 3 Land use changes at the neighbourhood level
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Fig. 4 Where urban development occurs: the geomorphological distribution of urban develop-
ment for a given time period. Analysis at the district level
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Figure 4 shows that between 1954 and 1997, urban areas preferentially
developed on highlands at the district level. Even during the drought, highlands
were favoured over lowlands for urban development. The same trend is observed
at the neighbourhood level. The neighbourhood of Diamalaye first developed on
top of an Ogolian sand dune and only later did settlement spread over to lowlands.
The preference of highlands for settlements, a phenomenon occurring worldwide,
can be explained by various factors such as climate, diseases, defence mechanisms
and agricultural diversity. While the preference for highlands is not necessarily a
demonstration of more flood awareness per se, it does reflect how this landform is
considered more suitable for settlement than lowlands. Interestingly, between 1997
and 2009, as precipitations slowly returned, highlands and lowlands hardly differed
with regard to urban development. Then, as urban pressure built up during this
period, land scarcity could have played a role in the gradual urbanization of
lowlands. However, as it will be discussed below, land availability was not a
strong determinant of the urbanization of lowlands.

The Influence of Land Availability

Dakar’s flood problem is usually framed within the rapid population growth of
the city and it was suggested that the occupation of lowlands is the result of land
scarcity (Mbow 2008). We tested these hypothesis by distinguishing the urban
development per total land available for a given landform (Fig. 5). The
hypothesis is that urban development in lowlands did not begin until highlands
available for development became scarce. An important assumption here is that
unoccupied land is available for acquisition, which usually holds true as land-
owners tend to validate ownership by laying down at least crude foundations.
Figure 5 shows that the occupation of lowlands started even as only 53% of
highlands (Ogolian dunes) were occupied. Spatial evidence shows that the
occupation of lowlands is not merely the result of land scarcity as the peri-urban
district develops.

0 10 20 30 40 50 60 70 80 90
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Ogolian dunes
(highlands)

Water/Lakebed

Niayes (lowlands)

Proportion occupied by urban development (%)
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Fig. 5 Urban development as a proportion of total land available for a given geomorphology
category. Analysis at the district level. Urban development corresponds to new urban land use
that originated during the time period indicated. Ogolian dunes correspond to highlands and
Niayes correspond to lowlands
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The Influence of Land Price

As land availability did not show to be a strong determinant of the occupation of
lowlands, the influence of a third variable, land price, was investigated. Through
interviews and workshops, cheaper land price was identified as the main moti-
vation for settlement in the lowlands of Diamalaye. Similarly, participants in
mapping workshops repeatedly associated lowlands with lower land value
throughout the district. Land price impacts the urbanization process at two levels:
it acts as a migration attractor and as a situational determinant.

The cheaper cost of living in the suburbs through subsidized services, an
attractive fiscal system, and a lack of speculation bringing down land and property
value have been identified as important drivers of urban sprawl in developed
countries (Ewing 2008). Urban sprawl remains poorly researched in developing
countries, even though urbanization has become a prominent force in the recon-
figuration and economic development of these regions. While the literature on
West African urbanization has focused mainly on rural-to-urban migration, the
contribution of migrants as a driver of urban expansion is being revisited
(Beauchemin 2004). In Ouagadougou, peri-urban neighbourhoods are teeming
with young inner-city migrants who are attracted to these districts by government
employment plans aiming to relieve the congested downtown area (Boyer 2010).
Inner-city migration plays an important role in the demographics of the urban
expansion of Dakar, with second or third generation rural migrants attracted
towards the periphery in order to gain access to home ownership (Vernières 1973;
Legros 2003). As land prices go up in the city and in the proximate suburbs, peri-
urban locations are the only remaining option, as emphasized in workshops and
interviews. Cheaper land prices drive urban sprawl to the periphery by attracting
new migrants.

Cheaper land prices attract new migrants towards the periphery and this same
driver influences the choice of location for a parcel of land within the peri-urban
environment. At both neighbourhood and district levels, lowlands were associated
with land prices that are lower, often less than half the price of parcels located on
highlands. Land value reflects a large set of environmental variables, road
development, proximity to amenities, provision of services, human as well as
environmental risks. Even in informal land markets, prices are not set arbitrarily
and typically follow economic principles (Adams 2004). The price difference not
only explains the specific motivation for settlement in lowlands during drought
years, but also shows that landowners recognized differences in environmental
conditions significant enough to impact land value. Still, in the midst of the
drought period, lowlands and highlands showed little distinct physical differences
(water and vegetation had receded from lowlands) and both areas reached very
similar development levels (e.g. proximity and availability of services). Just as
urban development was privileged on highland landforms, the differential price
treatment between lowlands and highlands suggests risk awareness among the
community.
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Risk Awareness and Marginalization

Spatial patterns of urban development point toward risk awareness among the local
population. Interviews with key informants and local authorities corroborate this
finding by acknowledging that most landowners knew about the land’s unsuitability
for residential development. However, this finding goes against repeated claims of
flood victims stating that they were completely unaware of flood possibilities. In the
neighbourhood of Diamalaye, many pointed to the pond that had turned into a
soccer field during dry years as evidence that the flood risk was impossible to
recognize. How can such different perspectives on flood risk arise? We argue that
the problem did not lie within the presence of risk knowledge as demonstrated
above but with the unequal access to that knowledge among the population.

Risk mapping exercises with the population showed that now that the hydro-
meteorological conditions are turning back to normal, the relationship between
flood risk and lowlands is well understood. Thus, at present, settlement in lowlands
is not the result of a misconception of risk. The uneven distribution of knowledge
is part and parcel of other disparities occurring in the Diamalaye. A distinct gap
persists between the lowland and highland portions of the neighbourhood
regarding access to services and political representation. Figure 6 shows the
uneven electricity delivery within the neighbourhood leaving lowlands’ dwellers
to deploy cable extensions (up to 500 m) to hook up to power sources outside of
the neighbourhood. Along the same trend, Fig. 6 also shows the uneven spatial
distribution of neighbourhood representatives. Despite their informal status, the
neighbourhood chief and his representatives play an important role in the daily
activities of the neighbourhood. The current composition of local representatives
meant little attention was given to issues arising in the lowlands’ portion of the
neighbourhood, including the issue of floods.

These disparities demonstrate the differential treatment of lowlands and high-
lands within a same neighbourhood, corroborating (Agrawal 1999) conceptuali-
zation of a community as a non-homogeneous entity. Limited access to knowledge
is a key contributor to vulnerability among poor urban dwellers regarding natural
hazards (Blaikie 1994). Environmental knowledge is thus a form of power, while
conversely, the lack of access to knowledge exacerbates marginalization.
Similarly, the uneven distribution of services and political power are also indic-
ative of exclusionary practices and can be considered spatial manifestations of
marginalization. Lowlands dwellers were typically found to lack relational qual-
ities prior to their arrival in the neighbourhood. Most of them were introduced to
the neighbourhood through outsiders of the community: friends from a neigh-
bourhood adjacent to Diamalaye or word of mouth about available land. More
importantly, lowlands dwellers lacked any kinship relationship with the main
original landholding families. Nevertheless, although chaotic in appearance, the
urbanization process in the informal neighbourhood of Diamalaye is controlled by
social relationships and informal institutions thus transposing marginalization and
exclusion throughout the spatial development of the neighbourhood.
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The disconnection between a heterogeneous community and its homogeneous
leaders often results in the exclusion of the most vulnerable regarding development
goals of a community. For example, flood mitigation or adaptation was not iden-
tified as a priority by the population in a participatory development project cur-
rently underway in the neighbourhood. As Pelling (1998) observed in Guyana,
vulnerability differentials and the perceived non-inclusiveness of the political space
‘‘encourage individuals to withdraw from the participatory system and concentrate
on the lower efficiency but greater control to be found in investing in household or
family-based coping mechanisms.’’ When investigating adaptation strategies,
individual structural measures such as sand filling in houses, localized road raising
and informal diversion works were the most common coping mechanisms, along
with family relocation during flood periods. The perceived non-inclusiveness of
political space has downstream repercussions on the neighbourhood’s development
and is translated into neighbourhood-dwellers investing in individual strategies
rather than relying on community-based action. This then prevents the building of
social capital between lowlands and highlands groups, a shortcoming that is at the
heart of flood vulnerability as it impedes the flow of information on risk.

PGIS: The Intersection between Intervention and Research

The use of participation within this research required the negotiation of partici-
pation as an intervention (linked to empowerment) and as an analytical
method (as a source of information in a perspective of fundamental research).

Fig. 6 Uneven distribution of political representation and service distribution at the neighbour-
hood level
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The following section discusses how PGIS shapes and contributes to research on
flood management as these two levels within the urbanization context.

Participation and Empowerment

The perceived lack of openness of the political space in the neighbourhood pre-
vents the building of social capital between the two social groups in the lowlands
and highlands. Building social capital would facilitate the flow of risk knowledge,
which would promote the empowerment of marginalized groups at the same time.
Social capital has been identified as a key element of adaptive capacity in the face
of natural hazards and climate change (Adger 2003). While its importance has
been recognized in the field of natural resources management, developing path-
ways to supplement social capital has proven difficult (Pelling 2008). As discussed
above, PGIS can help develop collective ownership of an environmental problem,
thus suggesting its potential for social capital building.

The success in building social capital varies depending on the way in which a
PGIS is implemented. In this project, we set up the mapping workshops according
to already established association regarding age, gender and occupation. We also
sought to facilitate communication by creating a comfortable setting conducive for
discussion. Furthermore, the workshops mainly targeted flood victims given the
topic of this research. Overall, we concluded that the implementation of the PGIS
reinforced social bonds within existing groups, as participants shared common
experiences and a common fate. However, results demonstrated that the lack of
social bridges between the lowlands and highlands impeded the flow of risk
knowledge. We suspect that the PGIS could have contributed more to empower-
ment had it been implemented to develop social bridges between the lowlands and
highlands, as opposed to only reinforcing social bonds between flood victims, as
was the case in this project. Therefore, experience from this research shows that
the design of PGIS implementation can have a significant influence on the building
of social capital, and by extension on empowerment outcomes.

Participation and an Improved Access to Knowledge

One of the alleged benefits of a PGIS is to allow access to local knowledge, which
is difficult to achieve through a conventional GIS approach given the source and
form of local knowledge. This claim is based on numerous assumptions.

First, local knowledge in PGIS is often framed as a collective resource and
assumed to be evenly distributed within the community. Such an assumption is the
remnant of the conceptualization of the community as a homogeneous unit.
Research by Agrawal and Gibson (1999) in natural resources management criti-
cized the concept of community as ‘‘small, integrated groups using locally evolved
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norms to manage resources sustainably and equitably.’’ Instead, they proposed a
new framework where the community is understood through local politics and
institutions. Their research triggered a series of articles framing communities
within a political space, mainly focused on the distribution of power (Agarwal
2001; Klooster 2000; Nygren 2000). At the same time, concepts of local
knowledge and indigenous technical knowledge (ITK) were being implemented
in natural resources management (Agrawal 1995; Gadgil 1993). Despite the
enthusiasm for these new concepts and the political focus following research by
Agrawal and Gibson, certain aspects, such as the question of knowledge and its
distribution remained unscrutinized. In this research, we showed that knowledge
deserves to be meticulously investigated when trying to understand hazard
vulnerability. Access to knowledge, in this case risk knowledge, is at the roots of
flood vulnerability in the neighbourhood of Diamalaye. A PGIS can be an
efficient tool to access local knowledge; however, the distribution and modalities
of access to this knowledge must be carefully considered within the PGIS
framework. As this research demonstrates, knowledge is not always evenly
distributed and while a PGIS enables the mapping of knowledge distribution, it
still requires a conscientious and targeted approach in order to obtain a com-
prehensive picture.

Second, many people assume that relevant authorities or institutions will
make use of local knowledge, given the beneficial aspects. The knowledge flow
(or lack thereof) is considered to be at the heart of the problem. In this sense, a
PGIS is often interpreted as a way to instil or restore communication between
the local population and authorities. However, in a context of development
where weak institutions often prevail, no assumptions can be made regarding
the outcomes this information will actually bring. In this project, the production
of spatial information was beneficial as it helped bring attention to the flood
problem and power asymmetries in this specific neighbourhood. Therefore, the
translation of this knowledge into action by local authorities remains uncertain
as a PGIS is subject to the same struggle of bringing research to policy-
making.

Third, the central assumption of a PGIS in accessing local knowledge is
that sustainability had been impeded by a lack of information. This project shows
that it is not the lack of information that prevented sustainable urban planning but
rather its uneven distribution among the population coupled with inefficient
planning authorities. Access and distribution of information played a central role
in creating the flood hazard in the study area. A PGIS can be used to target this
specific problem and be used as a means to distribute this information by estab-
lishing channels to share geographical and environmental knowledge. However,
more information is not a panacea for reaching sustainability; it only informs
policy-makers during the actual policy-making process. Instead of concentrating
on establishing vertical communication (between local population and authorities),
a PGIS could be used to stimulate horizontal communication (between community
members). In the context of weak institutions, such an investment in the knowl-
edge flow within civil society is of utmost importance.
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Conclusion

Spatial patterns unveiled by traditional GIS were used as an entry point to understand
urban expansion. A PGIS implemented through mapping workshops as well as
interviews and ethnographic observations revealed a geography of exclusion that
exacerbates flood vulnerability. Therefore, any initiative tackling the flood hazard
will need to acknowledge the heterogeneity of the community and exclusionary
processes at play. Assistance and mitigation plans will need to expand actions
beyond current institutional structures, even traditional informal ones, to success-
fully engage with marginalized and vulnerable flood victims. For example, surveys
of flood victims and compensation distribution carried out by the state should try
establishing direct communication channels with flood victims rather than going
through indirect channels (e.g. informal institutions) as is currently the case.

At the methodological level, a PGIS constitutes an excellent tool for gaining
access to local knowledge. However, assumptions regarding knowledge distribu-
tion and the practical benefits this additional information brings should be care-
fully considered. A PGIS helped to unveil the geography of exclusion within the
neighbourhood of Diamalaye. (Schmitt 1996) already raised the question of
‘‘systems for prospective exploration’’ rather than ‘‘systems for control’’ for GISs.
In that spirit, participation contributes an added value by allowing a broader
framing of land and water management problems and by supporting a freer
investigation of spatial and non-spatial processes.

The use of a PGIS showed that the tool could contribute to empowerment
through building social capital. However, the way in which a PGIS is implemented
plays a significant role in its efficacy. PGISs should target specific social bonds
and/or bridges to ensure empowerment outcomes rather than building social
capital in general.
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Chapter 13
Vulnerability of Andean Communities
to Climate Variability
and Climate Change
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Abstract There is mounting evidence that climate change will increasingly
impact large areas of Latin America, affecting people’s livelihoods and important
natural resources such as water. These impacts will make rural people dispro-
portionately more vulnerable, given their dependency on natural resources and
their exposure to other stressors, such as globalization and restricted fiscal policies.
Climate change, however, could also bring new opportunities, such as the
expansion of cultivated areas. The paper presents the results of a 3-year study
focused on rural vulnerabilities to climate variability in three Andean watershed
basins: the Mendoza Basin in Argentina, the Choquecota Basin in Bolivia and the
Elqui Basin in Chile. Following the vulnerability approach, the presentation
discusses and compares (a) the present exposures, sensitivities and adaptive
capacities of different rural producers in the three basins to present and past
climate variations and their impacts on local water resources; and (b) the insti-
tuional challenges faced by these rural producers in the context of the present
climate variability and expected future changes in climate conditions.
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Introduction

There is mounting evidence that the impacts of global warming will increase,
producing variations in local weather patterns and water supplies, disturbing
ecosystems and soil landscapes and impacting on economic production and social
conditions. The last report of the Intergovernmental Panel on Climate Change
(IPCC 2007) indicates that climate change will impact large areas of Latin
America. Important changes in rainfall patterns, and increases in temperatures and
the intensity and severity of extreme climate events have already been observed,
with negative impacts for people’s livelihoods (WGCCD 2006).

Based on various climate scenarios, the IPCC estimates that by the year 2,100,
mean regional temperatures will rise between 2 and 6�C. Projected impacts of
these increases in temperature involve the displacement of forests, reduction of the
extent and volume of glaciers, loss of agricultural soil, biological imbalances and
increasing pest intensity, sea-level rise, further changes in precipitation, saliniza-
tion and desertification, and water scarcities. The IPCC expects that by 2020,
several million people in Latin America will experience water stress due to climate
change, facing critical problems with drinking water supply and sanitation (Magrin
et al. 2007; see also, WGCCD 2006). Thus, anticipated climate changes will
seriously impact regional development, affecting everyone. However, it will
disproportionately affect the livelihoods of rural people, given their dependency on
natural resources and the extent to which they are already exposed to other
stressors, such as globalization and restricted fiscal policies.

In this context there is an increasing need for an appropriate understanding of
existing climate vulnerabilities and adaptive capacities of local rural populations.
Expanding our knowledge about present and past climate impacts and vulnera-
bilities is essential not only for an effective management of present risks but also
for the development of adaptive capacities able to deal with the future challenges
of climate change in the region. The development of an adaptive capacity—the
capacity of governments and civil society to combine strengths and resources to
manage risk—increases the ability of rural regions and communities to reduce the
present and future adverse impacts of climate change and maximize its benefits.

This paper examines the vulnerabilities of rural actors in three Latin
American watersheds: Mendoza in Argentina, Choquecota in Bolivia, and Elqui
in Chile. The paper is based on a 2-year interdisciplinary project, ‘‘Coming
Down the Mountain: Understanding the Vulnerability of Andean Communities
to Hydroclimatologic Variability and Global Environmental Change’’, which
was carried out with the financial support of the Inter-American Institute for
Global Change Research. The project, completed in December 2009, sought to
identify and characterize the vulnerabilities of rural actors to climate variability
and climate-induced water problems in each one of the basins and to evaluate
the capacities of water governance institutions to reduce these actors’ vulner-
abilities. In addition to the collection and analysis of secondary data, the study
involved approximately 260 in-depth interviews oriented to gain insights from
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agricultural producers and representatives of water governance organizations in
the three countries (further information about the project can be found on the
website www.climaycomunidades.org).

Based on the project results, this paper focuses on the capacities of governance
institutions to reduce the vulnerability of rural producers in the three basins.
It begins with a brief discussion of the concepts of vulnerability and institution,
which framed the methodological and theoretical approach of the project. A brief
description of the three basins follows, with special consideration given to the
climate and productive conditions that characterize each one of the watersheds.
The next section focuses on a comparison of the exposures and adaptive capacities
of rural actors in the three basins and the role played by water governance insti-
tutions in the development of these capacities. Finally, the paper offers some
insights about the role of institutional conditions in determining the adaptive
capacities of local people.

Water Governance, Vulnerability and Adaptation
to Climate Change

The project adopted a vulnerability model (see Fig. 1), which guided the research
approach and analysis in the three basins, facilitating the process of comparison.
Following the IPCC, vulnerability was defined as the degree to which a system,
such as a rural community or a farm, ‘‘is susceptible to, or unable to cope with,
adverse effects of climate change, including climate variability and extremes’’,
IPCC 2001, p. 995).

Vulnerability, in this definition, is a function of the exposure/sensitivity and the
capacity of a community to adapt to climate stress (Liverman 1994; Wisner et al.
2005; Handmer et al. 1999). Exposure-sensitivities refer to the interaction of both
the characteristics of the system and a stimulus. They reflect the manner in which a
system experiences conditions to which it is sensitive (Smit and Wandel 2006).
The actions taken to ameliorate risks and capitalize on opportunities are consid-
ered adaptive strategies. The system’s ability to employ adaptive strategies reflects
its adaptive capacity. In this context, the most vulnerable systems are those most
likely to be exposed to climate change impacts and are more sensitive to pertur-
bation, with a limited capacity for adaptation (Adger and Kelly 1999).

The vulnerability of a system, such as a rural community, is not a function of
climate alone, but rather, it is the result of multiple social conditions including
environmental, social, economic and political factors. These multiple factors are
interlaced in the dynamics of community vulnerability and the consequent
development of adaptive strategies to reduce vulnerability (Smit and Wandel
2006). It is the combination of biophysical and social conditions, usually structural
conditions (such as access to resources or the existence of social capital), which
makes people more or less exposed to climatic variability and events.
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What is the role of institutions in the context of vulnerability? The Third Report
of the IPCC has identified a set of determinants of adaptive capacity that ‘‘influ-
ence the occurrence and nature of adaptation and thereby circumscribe the
vulnerability of systems and their residual impacts’’ (IPCC 2001, p. 893). These
determinants include the existence of economic resources, technology, information
and skills (including human capital), infrastructure, equitable social relations, and
well-developed institutions such as government bodies. The IPCC considers that
established institutional conditions, such as the existence and availability of
insurance mechanisms or water conservation programmes, facilitate the manage-
ment of climate-related risks reinforcing the adaptive capacity of the population
(IPCC 2001, pp. 896–897). Accordingly, countries with well-developed institu-
tions have a greater adaptive capacity than countries with less effective institu-
tional arrangements.

Institution is defined as a persistent, reasonably predictable arrangement, process,
custom or organization structuring aspects of the political, social, cultural or
economic transactions and relationships in a society (Henningham 1995) and it could
range from highly formalized settings to informal arrangements. Rural settings are
places where formal and informal institutions coexist and interact. Regional and
local governments, church organizations, and forms of social capital such as
networks for mutual support, become structured into complex sets of relationships

Fig. 1 The vulnerability
approach model
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that contribute or disrupt the stability, viability, and in our case, the adaptive capacity
of rural people (Adger 2003; Halpern 2005; Dale and Onyx 2005). In addition, rural
settings, like any other human setting, function within larger institutional political
systems that link them with the larger society. These political systems, which are
central to adaptive capacity given their purposeful mandate, permanency, social
acceptance and legal basis, pervade the lives of the community members by imposing
a body of regulations, rules, processes and resources on communities.

An important political institutional cluster is governance, which refers to ‘‘the
patterns by which public power is exercised in a given context’’ (Jenkins 2002,
p. 485). More specific to this paper, water governance is an organizational form of
public power that defines the organization and management of the interrelation-
ships between society and water resources, determines how much water may be
used, by whom, and under which conditions, and assesses the impacts of society
upon water resources in the natural environment. As expected, water governance
assumes a diversity of forms, ranging from a highly centralized system to one that
encompasses a diversity of public and non-public organizations. The dominant
tendency, however, has been to define governance as a more inclusive system than
solely government, defining it as form of political power that encompasses laws,
regulations, public organizations, and includes those sectors of civil society
that participate, interact with, or influence the management of water resources
(Hurlbert et al. 2009a, b). This understanding of governance is the one that informs
the paper’s discussion of the role that formal institutions play in influencing
vulnerability to climate and climate-related water stress of the rural population.

The Study Areas

The three basins selected for the study are mainly agricultural regions, although
the Mendoza and the Elqui Basins have a more complex economic base where
mining, industry and services complement a very dynamic agricultural industry.

The Bolivian watershed selected for the study is the Choquecota river basin (all
the information provided in the paper is found in McDowell and Zeballos 2008).
This basin covers about 100 km2. The Choquecota river originates in the glaciers
of Mururata mountain, descending quickly through the valley until it finally
reaches a low altitude of 3,200 m. Within this basin, researchers selected the
Municipality of Palca, which is located approximately 20 km southeast of the city
of La Paz, as the study area. The municipality sits in a valley at the western base of
the Illimani and Mururata mountains in the Andes Mountain Range. It has a total
area of 743 km2, of which 53.4% are highlands (above 4,000 m), wetlands,
grasslands and rocky hills that are unsuitable for agriculture. Only 27% of the
territory is appropriate for agriculture, especially in the lower parts of the valley.

The local climate is characterized by a humid and a dry season each year. The
sun radiation can be very intense, especially on the northeast-facing slopes, which
can generate strong winds during the day. Local temperature varies greatly
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depending upon altitude. The average annual temperature in the municipality is
12.2�C, with an average highest temperature of 22.4�C and a lowest average of
5�C. The average annual rainfall for the municipality is 557 mm, much of which
falls shortly and intensely from November to March (410.9 mm). The past
20 years indicate fairly stable patterns in precipitation levels. The driest years—
1982, 1983, and 2005—were also the hottest. On the other hand, June and July are
the driest and coolest months.

The population of the municipality of Palca was approximately 14,000 people
in 2001. They live in either of the two small rural towns of the area, Palca and
Cohoni, or in over 60 smaller agricultural communities. Most of the active
population, close to 70%, is occupied in agricultural activities. The rest are either
part of a small cottage industry confined to the town of Palca or seasonally
employed in the cities of La Paz or El Alto. A large segment of the local popu-
lation, approximately 78%, lives in extreme poverty with limited access to water
and sanitation services, low levels of education, and with a severe deficit in access
to basic healthcare. An important characteristic of the local population is the strong
indigenous identity of its inhabitants. Nine out of ten people identified themselves
as Aymara, and 85% of the population indicated that Aymara was their first
language, while only 14.75% indicated the same of Spanish. Furthermore, over
one-third of the local population only speaks Aymara.

Local agriculture could be defined as traditional peasant agriculture. Families
are the central unit of social and political life and organized in community
settlements, each with an organizational structure and a system of governance
framed in the indigenous Aymara culture that has predominated in the region for
centuries. A large amount of local production is for self-subsistence and the rest is
traded mostly in local markets. Most of the units of production are minifundios—
small parcels that are own by a family. These small landholdings—ranging from
100 m2 to half a hectare—are characterized by an intensive use of family labour
and a limited use of modern technology. They generate very low family incomes,
which forces family members to seek alternative sources of income by seasonally
migrating to the large cities or mines. Each family has several of these parcels,
distributed at different altitudes or pisos ecologicos, which allows for a diversified
production of crops—such as potatoes, beans, oats and vegetables—using the
ecological advantages of different altitudes. Communities have established a
complex system of trueque, the bartering of goods, where products produced at
different altitudes are traded among families from the different communities,
facilitating their nutritional diversification.

The Argentinean research site is the Mendoza river basin, in the province of
Mendoza. The river originates in the Andes of central Argentina, where it collects
the snowmelt at an altitude of 6,000 m above sea level, and rapidly descends into
the plains of the western pampas, at 600 m above sea level, where its joins the San
Juan river. It is mostly an agricultural region, but in the western part of the basin,
close to the Andes’s foothills, is the city of Mendoza with a population of
approximately one million, the main administrative and service centre of the
watershed.
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The basin covers approximately 19,000 km2 and its climate is characterized
by the altitude, its large distance from the Atlantic Ocean, and the presence of
the Andes mountains that act as a barrier to the humid winds of the Pacific. In par-
ticular, altitude is the main factor in determining climate conditions. The climate is
mainly arid in the lower areas but becomes increasingly humid in the high altitude of
the Andes, where the Mendoza river is born. As expected, the average temperature
changes with altitude, increasing from the west to the east. The annual aver-
age temperature in the city of Mendoza is 17.1�C but in the month of January the
average reaches 32.2�C in the same area. Precipitation also varies with the altitude,
from an annual average of 272 mm in the highlands to 90 mm in the plains, but high
levels of evapotranspiration create the semi-arid and arid conditions that predomi-
nate in the watershed.

The regional economy is predominantly agricultural. Given the regional
climatic conditions, irrigation is essential for the economy. There is a well-
established irrigation infrastructure in the basin that uses mostly river water, with a
large number of storage dams able to guarantee the irrigation needs. Underground
water is used mostly to complement the use of surface water, especially during
drought periods. Most of the population of the region—approximately 800,000—
lives either in the city of Mendoza or in a group of oases that are the result of
irrigation. These oases occupy no more than 3% of the area of the province of
Mendoza, but over 90% of the economic activities of the area are concentrated in
them. The main crops grown are grapes (almost 50% of the cultivated area),
vegetables, olive and fruit trees, and grass. A more marginal agriculture is found in
the drylands, el desierto, those areas with no access to irrigation and, accordingly,
highly dependent on precipitation.

The Argentinian basin is very different to its Bolivian counterpart. It is char-
acterized by a very dynamic, modern economy, where the agricultural sector plays
a significant role. The region has a strong wine industry—a very dynamic sector
that orients its production towards national and international markets—as well as a
strong horticultural sector. It is, however, a region characterized by contradictions,
tensions and conflicts that emerge around the use of water resources. Water scarcity
is a characteristic of the region, mostly due to an increasing demand for the resource
and a lack of efficiency in its use. There are significant tensions between urban and
rural uses, about allocations among different economic sectors, between upstream
and downstream users, and among agricultural producers. This last tension assumes
a spatial contradiction between the oases, where a modern agriculture
predominates, and the drylands, where subsistence agriculture predominates
(Montaña et al. 2005). In other words, the Mendoza river basin is a dry watershed
with an unequal distribution of power upon the scarce water resources.

The Chilean watershed, the Elqui river basin (ERB), shows similar character-
istics to the Mendoza Basin. The Elqui Basin is the northernmost basin of the
Coquimbo region in northern Chile. It spans 9,675 km2, from the Andes Moun-
tains to the Pacific coast. As in the case of the Mendoza river, the Elqui river
originates in the high Andean mountains, where it feeds from the high snow
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accumulation at an altitude that ranges from 3,000 to 6,000 m, and descends
through a narrow valley to the gentler slopes of the coastal plateaus.

The climate of the ERB is strongly influenced by the presence of the Pacific
Ocean, especially by the high pressure of its anti-cyclonic system that moves north
during the winter, bringing precipitation one or two months of the year to the
valley. Average precipitation is 100 mm per year, although it may double or triple
during the wet El Niño phase of the El Niño Southern Oscillation (ENSO), and be
half the average or less during the dry La Niña phase of ENSO. Eight to ten
months without precipitation is a common feature of the valley, but at higher
altitudes the basin experiences a much higher average precipitation than in the
valley (Fiebig-Wittmaack et al. 2008). There seems to be, however, a decrease in
precipitation over the past century from between 150 and 180 mm per annum in
the early 1900s to the currently experienced 100 mm. In the last 25 years, the
decreasing precipitation trend has levelled off, and even shows a slight recovery,
but it is still among the most pronounced decreases in all of Chile, and it represents
a risk that affects both human and natural systems (Cepeda et al. 2009). In these
terms, the region, as it is the case of the Mendoza Basin, has a dry climate adjacent
to a major mountain system and landscapes at risk of desertification and it is highly
dependent on runoff from the Andes—a primary source of water for irrigation
(Cepeda et al. 2004). The Chilean Basin has a well-developed irrigation system
that provides water to an area of approximately 20,000 ha.

The region is heavily engaged in agriculture and mining, two activities that
impose increasing pressure upon scarce water resources. As in the case of the
Mendoza Basin, a process of agricultural differentiation has characterized the
development of the Elqui Basin since the late 1970s. Agro-industrial companies
and modern landowners have transformed the valley: cereals, pasture land and
orchard production gave way to vineyards, citrus and avocado plantations that
have higher input costs associated with them and a need for sophisticated irrigation
systems. Traditional farmers have either been marginalized into pockets of small
agriculture that contain most of the poor rural households in the area or they have
become seasonal labourers for large agricultural operations (Bodini and Araya
1999). In this context, access to water and improved technologies is unevenly
distributed. Most agro-industrial operations have the financial resources and know-
how to secure the latest technologies to reduce the risks associated with water
stress. Small producers and traditional farmers, on the other hand, have little
access to water resources and tend to mainly use traditional irrigation systems that
are not as efficient, such as flood irrigation (Diaz et al. 2009).

This brief description of the three basins shows a significant difference among
the basins related to the process of differentiation among agricultural producers.
The Bolivian basin is characterized by a high degree of homogeneity among
producers, which seems to be the result of the predominance of an ethnic culture
where community—as an institutional form—is central to the lives of the
producers. The cases of Argentina and Chile, in opposition, represent a process of
modernization characterized by an increasing bipolar process of differentiation of
the agricultural units: on the one hand, modern, large units that orient their
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production to highly profitable crops and, on the other hand, a precarious, marginal
agriculture characterized by small units of production.

There are also significant differences among the institutional systems that exist
in the three countries and their presence in the watersheds. In comparison with the
other two countries, Bolivia is perhaps the weakest in terms of the presence of its
public institutional system in the studied basin. Few central government institu-
tions are active in the region and the municipal government lacks the technical and
institutional capacity to provide substantive assistance to agricultural producers in
the region. There are also some differences between Chile and Argentina. While
Argentina is a federal country where provincial public organizations have some
degree of autonomy from the central government, Chile is characterized by a
centralized government and by regional institutions dependent on a central deci-
sion-making government. Despite this difference, both countries have more
developed and established institutional systems compared to Bolivia, with a strong
presence at the level of the basin. In both cases, water governance institutions have
played a strong role in shaping the existing adaptive capacity in the basins,
although with some limitations.

The Vulnerability of the Basins

As expected, agricultural producers and rural households are exposed and sensitive
to a variety of climate variability-related events. A variety of climate events, such
as hail, frost, changes to the precipitation and temperature patterns, and droughts,
are the most relevant exposures identified by the respondents in the three basins.
Different producers have different sensitivities to each of these exposures, either
because of the nature of their productive systems (sensitivity of crops to high
temperatures) and/or limited access to resources that could contribute to reduce
their sensitivities (lack of access to irrigation), or location within the basin
(upstream/downstream).

Droughts are hydroclimatic hazards that affect the three basins. Droughts are
less relevant on the Choquecota Basin, but many local producers noted in
the interviews an increase in abnormal precipitation rainfalls. According to them,
the rain season has shortened during the last 20 years. In previous years, precip-
itation extended from September to April but in recent years, rains do not start
until the last days of October and end by March. No less concerning for the
Bolivian producers is the lack of accumulation of snow in the mountains, which
provides the necessary water for irrigation during the dry season (normally from
May to August). Less water in the dry season creates the potential for conflict
among the producers, especially among the downstream communities. In the case
of Argentina and Chile, droughts are a phenomenon that is a natural and recurrent
characteristic of the regional climate. As an example, the Elqui Basin had, between
1915 and 2003, 11 years of extreme drought (annual precipitation of less than
30 mm) and 16 years of moderate drought (annual precipitation of between 30 and
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60 mm) (Diaz et al. 2009, p. 33). In both basins, droughts affect not only the
supply of water to the local population and agricultural producers—with devas-
tating effects on their production—but they also amplify the negative impacts of
aridity on soil erosion and ecosystems. In addition, historical and political
conditions limit the access to water resources of many agricultural producers,
creating socially related water scarcities.

An excess of rain is also problematic. In the case of Argentina, an abnormally
wet season creates problems for the fruit, especially grapes. Rain could affect the
development of vines and grapes or bring plagues that affect both the quantity and
the quality of the harvest. In the case of Chile and Bolivia, an excess of rain,
particularly in ENSO years, increases the risk of mudslides and floods due to
topographic conditions characterized by steep valley slopes. In the two basin
communities, crops and irrigation channels located in the foothills are particularly
exposed to mudslides.

Frost and hail are also exposures that affect agricultural producers in the three
basins. Argentinean producers noted that the phenomenon of hail has increased in
recent years, while producers in Bolivia state that hail and frost are less predictable
now. Extreme cold spells and hot days are also defined as an exposure, mostly
because they impact on the yield and quality of a variety of crops, reducing the
profitability of the farm.

As expected, sensitivity to all these exposures is unevenly distributed. Sensi-
tivities to climate are uneven in terms of geographical location, such as the case of
downstream Argentina producers who are more vulnerable to water scarcities as a
result of a lack of control of the upstream use of the resource, or by virtue of
differential access to natural, social and economic resources that could reduce
exposure to climate events, as is the case of Bolivia and Chile where the precarious
location of rural housing or agricultural parcels in risk-prone areas highly increases
rural people’s exposure to mudslides and floods. Thus, vulnerabilities to climate
are not isolated from other conditions that inform the livelihoods of agricultural
producers. Moreover, climate variability is not always the determinant factor that
places agricultural producers in an extremely vulnerable situation but rather it is
the interaction of the climate disturbance with the inherent social conditions of the
producers that defines the degree of their vulnerability. Accordingly, a variety of
conditions such as distribution of wealth, social marginalization, differential access
to resources and access to healthcare play a role in affecting social vulnerability
(Adger and Kelly 1999). In the case of Bolivia, a central determinant to the
producers’ sensitivities to climate is the predominance of the minifundio and its
associated conditions, such as limited income and resources. In Chile and
Argentina, where regional agriculture is well integrated into national and inter-
national markets, the main determinant of the sensitivities is related to market
conditions, increasing concentration of regional economic resources and limited
income alternatives.

Vulnerabilities to climate are defined not only by exposure and sensitivity to
climate events, but also by the adaptive capacity of producers. The research
findings show that an adaptive capacity already exists in the three basins, a
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capacity that has been the product of a historical process of adjusting to climate
variability. Its effectiveness—as is the case of sensitivity to climate—is obviously
related to producers’ differential access to social, economic, natural and institu-
tional resources.

In the case of Bolivia, most forms of adaptation have emerged as a product of
the direct local experience of climate and in direct relation to coping mechanisms
to other forms of stress. Some of these adaptive strategies are based on old customs
that have strong cultural roots, such as the use of pisos (farming terraces), access to
local community-based social capital networks, or forms of collective works based
on reciprocity. Others are more religious in nature, such as the ceremonies offered
to Aymara deities. Other strategies are more recent in time and are a response to
the challenges imposed by the limited opportunities offered by the minifundio.
Given the limited opportunities that small land parcels offer to increasing and/or
diversifying production to secure family consumption, the generation of alterna-
tive sources of income, such as obtaining city jobs or seasonal migration to the
mines, has become a new normal.

What is relevant in the Bolivian case is that the existing adaptive capacity is
based on local resources and capacities and more or less uniformly distributed
within the local community. As indicated before, the presence of the public
institutional system in the Choquecota Basin is relatively weak. Few government
institutions are active in the region. The most important entities are non-state
institutions, such as the local agrarian union, which concerns itself not only with
agricultural issues, but also with the general oversight of communal well-being.
Local state institutions are weak, regional institutions have little direct influence in
the region, and relevant national institutions are only recently gaining the capacity
to support communities. The municipal government suffers from accusations of
chronic corruption and it has limited technical and institutional capacities to
provide substantive assistance to agricultural producers in the region. Its support is
sporadic and only takes place in situations of emergency (disaster relief). Impor-
tant institutional actors in the area of climate change research and programme
implementation in Bolivia are the foreign aid agencies. In addition to imple-
menting their own development programmes linked with climate change adapta-
tion and mitigation, foreign aid funds several government programmes and
occupies many arenas where local governments should have jurisdiction. As both
donors and implementers, foreign aid organizations have a great deal of power in
terms of setting the agenda for climate research and response in Bolivia but with a
limited presence at the regional level.

In the cases of Chile and Argentina, there is also an historical process that has
informed the development of a regional adaptive capacity to climate and other
stressors. The fundamental difference with the Bolivian situation is that Chile and
Argentina have more developed and established institutional systems, with a
strong presence at the level of the basin. Thus, the existing adaptive capacity in
these two countries has been considerably shaped by a variety of government
programmes and political decisions oriented to improve the conditions of
productive systems.
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The construction of irrigation infrastructure in the Mendoza and Elqui water-
sheds has been a central element of government policies aimed to regulate river
flows and water storage. Adaptations to secure reliable water resources during
periods of scarcity have been primarily achieved through the construction of dams
and irrigation systems and, more recently, by introducing more efficient forms of
irrigation, such as drip irrigation. This has been accompanied by administrative
decisions regarding the distribution of water resources and the supply of drinking
water; other measures have contributed to the development of an adaptive capacity
that reduces a variety of water scarcities and other climate or climate-related risks.
In addition, in recent years a large number of policies and programmes oriented to
support the production of agricultural products for exportation and access to new
market opportunities associated with free trade have been developed, as in the case
of fresh fruit and avocados in the Elqui valley and wine in the Mendoza
watersheds.

This adaptive capacity, however, is unequally distributed. Argentinian and
Chilean respondents recognized the existence of a variety of supporting govern-
ment programmes (credits, technological dissemination, and others) but many of
them considered those programmes to be biased to the most productive and
organized economic sectors (large producers). Small producers, especially dryland
farmers and ranchers, have limited access to many of the irrigation and productive
programmes, which forces them to adopt other strategies to cope with problems,
such as limiting the amount of cultivated land, reducing the number of animals,
income diversification, seasonal migration and the use of underground water.
These strategies, however, do not always allow for an expansion of the adaptive
capacity to face more drastic crises. Larger agricultural producers, on the other
hand, have access to larger resources that facilitate the implementation of more
reliable forms of adaptation, such as the use of more efficient irrigation techniques,
adoption of varieties more resistant to extreme weather conditions, effective
management of water resources, access to market information, and others. In these
terms adaptive capacity follows power distribution patterns.

The capacity of governance to sustain and increase the adaptive capacity of
agricultural producers is limited not only by its bias in support of specific
producers but also by the weakness of state policies, decision-making processes
and program management in relevant areas. As an example, climate governance is
relatively weak in all three countries. They all have agencies focused on climate
change, but with limited resources and no long-term perspective. Bolivia is
perhaps the weakest country in terms of institutional knowledge and capacities,
with limited climate and water data at the national and regional level. Argentina
has a more established institutional network in the area of climate change, but is
still weak at the level of the province. Chile is, perhaps, the most advanced country
in terms of an institutional response. It has established a National Plan of Adap-
tation and Mitigation and some sector-based plans, but its coordination and
effectiveness are still limited. Although adaptation has been defined as a compo-
nent of the Chilean policy approach to climate change, most of the efforts in recent
years have been focused on understanding the potential impacts of climate change.
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In those terms, in the three countries climate, policy integration, i.e. the main-
streaming of climate into a variety of areas, is non-existent and the formulation of
programmes oriented to support the most vulnerable local agricultural producers is
still a challenge. Significant limitations also exist in terms of the coordination of
the agenda and activities of government agencies, data collection and dissemi-
nation, regional resources, and policy flexibility to adopt a reliable and planned
support for local adaptive capacities.

The existing adaptive capacity in the three countries has been developed in the
context of the present and past range of climate variability. Climate change,
however, brings a new, expanded range of climate variability that the existing
adaptive capacity cannot face.

We do not have a clear sense of what the future climate change scenarios for the
Choquecota Basin could be, other than the very general information available in
the chapter on Latin America in the 2007 IPCC Report (Magrin et al. 2007). Water
availability, as a reduction of the glaciers, seems to be an issue that could
potentially affect agricultural producers. Forecasts for the other two basins are
already available and they provide similar trends: rise in temperature, rising of the
zero-degree isotherm with the consequent reduction of snow accumulation,
reduction of precipitation (although we are less certain of this for the Chilean
case), increasing evapotranspiration, changes in river flows, and increasing
frequency of extreme climate events (Boninsegna and Villalba 2007 as cited in
Montaña 2008, pp. 36–37; Fiebig-Wittmaack et al. 2008; Diaz et al. 2009). These
changes create significant risks for the dominant agricultural activities in the
basins, such as increasing water scarcities and loss in productivity and reduction in
the yield and quality of grapes and fruit. Given the unequal distribution of adaptive
capacity, some households and producers will be affected more severely by future
climate change than others. On the other hand, these scenarios could also create
opportunities, such as new crops and the possibility of having earlier harvests
of vegetable crops and fruit. Maximizing opportunities and reducing risks,
however, will require enhanced adaptation in terms of the awareness of various
agro-climatic trends, for example, and of their implications for current and future
possible agricultural products. This, of course, needs to be complemented with an
increase in the adaptive capacity of governance institutions in the basins in order to
reduce the vulnerability of local producers. This involves not only an effort to
develop a proper climate integration approach to the development and imple-
mentation of policies, but also to develop measures oriented to reducing the
unequal present conditions in terms of the distribution of adaptive capacity.

Conclusion

The case studies discussed above provide an interesting opportunity to discuss the
institutional conditions that influence adaptive capacities to present and future
climate. The distinctions between Bolivia and the other two countries show the
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relevance of having a well-developed formal institutional system able to reach all
corners of the country. There is no doubt that rural people in Choquecota have
learned how to deal with a multitude of stressors that impact their lives. Social
capital, cultural-based networks, use of terraces, different and combined use of
family labour, and other mechanisms are expressions of an existing coping
capacity. These current strategies are, however, largely reactive and they only lead
to a partial alleviation of the communities’ problems. Local adaptive strategies
without the support of a larger institutional system have limitations, especially in
terms of developing a robust adaptive capacity able to deal with the new range of
climate variability presented by future climate change scenarios.

Argentina and Chile have, on the other hand, well-developed, stable institu-
tional systems with the capacity to provide adequate support to agricultural
producers. The existence of a robust irrigation infrastructure in both basins is a
good example of the ability of the formal institutional system to reduce the risks of
water scarcities. However, the existence of a strong institutional system is no
guarantee of an adaptive institutional capacity. The cases of Argentina and Chile
show institutional deficiencies in managerial abilities and a structural weakness to
provide resources in a fair and equitable manner to all producers, making some of
them more vulnerable than others to climate and non-climate stressors.

There is clearly the need to develop a better understanding of what institutional
efficiency is in relation to climate change. Given the multidimensional nature of
rural vulnerability, where climate interacts with many other stressors, an inclusive
institutional approach that emphasizes the links between adaptation and devel-
opment priorities is needed. The interrelations between climatic, economic, and
social vulnerabilities require an approach able to strengthen the general sustain-
ability of the rural population. It is impossible to foster agricultural resiliency with
ad hoc approaches; rather, we need to plan and act across traditional sectors, issues
and political boundaries, and integrate ecosystem-management, disaster reduction,
and social and economic development measures.
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Chapter 14
Water Management Issues in Southern
Tunisia Under a Climate Change Context

Nizar Omrani and Dieter Burger

Abstract In the southern part of Tunisia, oases sustain an extreme arid climate.
Their tributary to the underground water resources definitely weakens their
viability. The continuous decrease in the aquifer level, coupled with the salt
contamination risks coming from drainage water, make water management more
complex in this particular water shortage context. The recurrent creation of newer
private parcels has required more water allocation and the irrigation system
capacity became unable to satisfy the water demand. This situation is exacerbated
by the climate change impacts that are becoming increasingly evident. These
regions experience more consecutive droughts while they have less access to
reliable water resources. In order to face these challenges, water resources man-
agement should be improved; more efficient water management is required.
Moreover, the farmers’ current practices have to include more water saving to
meet the full capacity of the irrigation systems. This paper focuses on the pre-
paredness of the irrigated sector within southern Tunisia to cope with the impacts
of climate change. Our approach emphasizes the technical constraints to the fea-
sibility of such new practices, as well as the socio-economic conditions prevailing
within the southern Tunisia oases.
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Introduction

Located at the southern border of the Mediterranean Sea, Tunisia is typified by a
sweet-tempered climate; the mean rainfall is estimated to be 207 mm/year, with
the minimum equalling a third of this value and the maximum trebling it (Fig. 1).

Beyond the variability in time, important differences occur in the spatial dis-
tribution. The mean annual rainfall varies from 594 mm in the north, 296 mm in
the centre, to 156 mm in the south and less than 100 mm in the extreme south.
Nearly 80% of the precipitation is concentrated between October and March. The
annual evaporation ratio varies from 1.200 mm in the north to 1,800 mm in the
south (Aquastat 2005).

In southern Tunisia, the oases cover an area of 23,000 ha between the provinces
of Gabes, Gafsa, Kebili and Tozeur. These perimeters are intensively cultivated
and particularly known for their important biodiversity. There are three cultiva-
tions layers that characterize agriculture at the oases from the ordinary irrigated
perimeters. De Haas (2002) defined the oasis as ‘‘agricultural sites in arid envi-
ronment where agriculture is normally impossible without irrigation’’.

Under an arid climate (less than 150 mm/year), the southern Tunisia oases still
represent the main pillar of economic development in this region. The main
agricultural production is date palm, which has a high added value and provides
the country with a promising exportation sector.

Nevertheless, the main water resources available are underground and are
hardly renewable water. National forecasts are expecting increasing pressure on
these water resources. As a concrete consequence of climate change impacts, the
drought periods are expected to be longer and prolonged over one or more years.

Cross-border Water Management Issues

In the context of water shortage, expected to be more acute with the impact of
climate change, the main water resources exploited in the southern country remain
the deep aquifers.

The only potential water resources available are those provided by the SASS
(North-Western Sahara Aquifer System). It deals with a sedimentary basin holding
huge underground water volumes and extended over an area of 1 million km2

across three countries: Algeria (700,000 km2), Libya (250,000 km2) and Tunisia
(80,000 km2). During previous decades, water mobilization from this basin has
considerably enhanced from 0.6 in 1970 to the current level of 2.5 million km3.

Nevertheless, regarding climate aridity, the recharge of the aquifers in this basin
remains low, less than 1 million km3 across the entire basin area. These resources
are currently used from about 8,800 drillings. They are distributed respectively as
6,500 in Algeria, 1,200 in Libya and 1,100 in southern Tunisia.
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There are mainly two deep aquifers that are built by the SASS (Fig. 2): the
Complex Terminal (CT) aquifer, with a depth ranging between 100 and 500 m,
and the Continental Intercalary (CI), with a depth that could reach 2,800 m. The CI
aquifer supplies nearly 80% of the irrigation and drinking water for these regions
(Kamel et al. 2006); the mean salinity between the two aquifers varies between 2.5
and 5 g/l (Prinz and Loeper 2008).

Fig. 2 Localization of the North-Western Sahara Aquifer System in northern Africa (adapted
from Schmidt et al. 2006)

Fig. 1 Annual rainfall in
Tunisia (adapted from Ben
Mechlia 2006)

14 Water Management Issues in Southern Tunisia 227



Southern Tunisia Water Policy Milestones

At the national scale, it seemed evident that national policy should focus more on
water demand management as well as efficiency enhancements for both the
drinking water sector and the irrigation sector (improving distribution efficiency in
the irrigation network from 66% to 80%). In the absence of such tendencies, the
objective of 400,000 ha of total irrigated surface could not be met by 2010.

In the case of the southern Tunisia oases, the irrigated area is expected to
increase from 46,000 ha in 1994 to 52,035 ha after 2030. For this purpose, the
main orientation of the long-term national water strategy (EAU XXI) is the
decrease in the irrigation water demand. Indeed, this approach focuses on effi-
ciency improvement and targets to reach the average of 365 million m3 in 2030,
having been more than 506 million m3 in 1996 (SAPI 2005), (Table 1).

The main challenges to meet for irrigated agriculture in general and particularly
the oases ecosystems remain climate change. The impact of such a phenomenon is
expected to be more severe on the water resources.

Indeed, national prospective studies attribute a decrease of nearly 28% in
underground resources until 2030 (Fig. 3). Production in drought periods will
observe a decrease of 50%, which equals 800,000 ha for rain-fed agriculture.
These impacts will be seen in livestock, which will decrease by 80%, in the centre
and southern parts of country (OSS 2009).

Facing these risks, Tunisia has elaborated a national adaptation strategy to
decrease these impacts; the evolution of the mean climate indicators will be taken
into account for the future natural resources management plan. The alert systems
for both floods and drought events are already established, with a network of
climate and hydrological stations across the country.

Water resources protection remains the focal point of such a strategy; the
enhancement of efficiency was supported by the institution by several measures.
In terms of drinking water, the hydraulic network was subject to an integral
assessment that emphasized the commitment of the population to water saving
practices. In the irrigated sector, the improvement of intensification within farmers’
parcels is still to be improved in order to save the water resources. Cultivation of
high-added-value crops should be intensified. Moreover, the contribution of the
irrigated sector to total agricultural production needs to be enhance and attempt
nearly 50% in the long term.

Table 1 Water amount value targets of southern Tunisia (adapted from MAREH/EAU XXI,
MAREH 1998; SAPI 2005)

Year 1996 2010 2020 2030

Irrigated surface (ha) 46,000 49,000 50,490 52,035
Irrigation water consumption (m3/ha/year) 11,000 9,500 8,167 7,022
Irrigation water demand (million m3/year) 506 466 412 365
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For further economical efficiency, the government undertook a progressive
disengagement in the management of water resources and required more
involvement from the farmers’ groups to protect the hydraulic infrastructures as
public facilities. The growing participation of private investors, e.g. in the geo-
thermic sector, helps to promote water value and minimizes the risks of water
wastage.

The national programme of water saving was reinforced by the allocation of
financial grants to introduce water-saving equipment within farmer parcels. About
40, 50 and 60% have been attributed to important, middle and small exploitations
respectively (Hamdane 2004).

It is evident that all these major efforts passed by the government should be
sooner relieved by the farmers’ commitment. The current behaviour still shows
major water consumption inside parcels, with the applied water amount being
more than the effective crop requirement. Traditional irrigation methods are still
widely used within farmers parcels. The absence of any field levelling and the
over-application of water during irrigation, up to treble the amount of the real crop
requirements, causes water losses (Mechergui and Van Vuren 1998).

The first prospective studies conducted by OSS experts expect a considerable
decrease in artesianism in the extreme south of the country (Mamou 2009). In the
Nefzaoua region oases, Zammouri et al. (2007) simulated three scenarios of
pumping strategies from the CT aquifers. The main results emphasized a common
impact being water quality deterioration across the whole Nefzaoua region.

Technical Constraints

There are several constraints prevailing within the oasis systems. There are rele-
vant water losses that still occur along the distribution system, starting from the
pumping station until the parcel entrance. These losses especially affect connec-
tions between surface canal transect connections which don’t present good

Fig. 3 Main expected climate change impacts on agriculture by 2030 (GTZ 2007)
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resistance to high temperature and often break out, inducing huge water losses.
Due to such dysfunctions, the water flow becomes lower and contributes to higher
water temperatures throughout the distribution network. Moreover, having such
water losses through the water distribution causes a relevant and recurrent delay in
the irrigation duration and could create a context of tension between the farmers’
groups that share the resource.

Furthermore, the main water distribution to the parcels remains the surface
canal, the conversion into water-saving techniques such as sprinklers or drip
irrigation require the adaptation of such techniques in terms of water discharge,
and the suitable water flow that could be delivered through such techniques
(Fig. 4).

Regarding the irrigation water quality, which varies between 2 and 5 g/l, the
use of drip irrigation is permanently exposed to warping risks and needs to be
closely monitored before being widely implemented within parcels.

Irrigation with such water quality is still highly risky as soil salinization became
evident (Fig. 5). On the other hand, the sandy soil with low retention capacity that
characterizes these perimeters causes relevant water infiltration through the
drainage network.

The problem is more acute in the oases supplied by artesian wells on the CI.
In the absence of suitable proportions, the water mixture is between CT and CI
water. Indeed, when the geothermic water coolers facilities, called ‘‘air cross
systems’’, stop during electricity cuts, only high-temperature (60–70�C) artesian
CI water runs within the network, which obliges the farmers to let them directly
run off to drainage canals to avoid the crops burning.

In addition to the irrigation feasibility constraints, water management within the
southern Tunisia still has a real lack of cultivation system water requirements data.
The amount of water currently applied does not take into account the accurate
water needs; water wastage is high, so the three cultivations layers that typify the
oases remain absent. Such behaviour doesn’t militate water resource valorization;
the effective cost of the water mobilization is also partially recovered.

Fig. 4 Conversion of irrigation techniques into more efficient systems
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As crucial consequences of the depletion of water resources, the quality
deterioration threatens the availability of drinking water.

The implementation of the desalination stations in the main regions (Gabes,
Djerba, Zarzis) is expected to be generalized throughout the whole of southern
Tunisia. With urbanization and the expansion of the tourism and industrial sector,
more water conflict situations will then be addressed (Kassah 2009).

It seems evident that such a context aggravates more frequent and longer
drought periods, as well as a rise in the mean temperature, threatening the survival
of these ecosystems. The implementation of viable options for adaptation to an
uncertain future is crucial.

The Illegal Oasis Extension

The oasis extension is one of the most important current challenges to face within
the coming decades. The multiplication of private parcels always occurs at oasis
peripheries. Their water consumption is very high, nearly double that of the public
irrigated area. This induces important water wastage and significant drainage water
amounts (Fig. 6). The water surplus provides the shallow water table that rises up
and leads to the phenomenon of waterlogging (Prinz et al. 2005).

As concrete impacts of these extensions, the first prospective studies led by
OSS experts also expect a considerable decrease in the water table charge in the
extreme south of the country (Mamou 2009).

To limit the multiplication of private parcels, the development sector is called
to restore attractive water delivery conditions (in terms of water flow and available

Fig. 5 Soil salinization occurs in absence of adequate farming practices
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discharge). The several subsidies that the development authorities allow for water-
saving equipment within farmers’ parcels seems to be a conclusive approach.

In order to tackle this illegal extension, radical changes in the main stake-
holders’ behaviour dealing with water management in this part of the country
should be reconsidered. This context addresses the need for strengthening the role
of education, knowledge and capacity development in the sustainable water
management of water resources. The importance of awareness raising for all the
farmers, as well the southern country population is crucial.

The farmers’ groups are exhorted to halt the implementation of private wells
(Fig. 7) and their role as a water resource oasis guarantor is expected to be greater.

Furthermore, the legislative regulation should be stricter in order to eradicate
the illegal oasis extension. There is an obvious need for redefinition of the insti-
tutional framework for the creation of penal and financial penalties as a concrete
dissuasion tool.

Fig. 6 Drainage water collected downstream in the southern Tunisia oasis

Fig. 7 Illegal well in private
parcel at downstream oasis in
southern Tunisia
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Conclusion

With regard to its limited water resources (quota of 480 m3/capita/year), Tunisia
has begun to implement a national water resources mobilization strategy. The
prospective plan focused on water saving by essentially managing the demand for
the main sectors and especially agriculture, which consumes more than 83% of the
total water resources. Such a policy aims to gain control of more than 95% of the
available water resources by 2016.

Nevertheless, similarly to the Maghreb countries region, Tunisia is also strongly
affected by the impacts of climate change. Since 2005, within the framework of the
Tunisian–German cooperation, an assessment analysis managed by the GTZ aimed
to identify the impacts of climate change in Tunisia with a focus on agriculture and
water resources development vulnerability.

This two-year process provided the country with comprehensive references and
national forecasts that have led to the development of the national adaptation
strategy to climate change.

Particularly in the arid southern Tunisia region, where agriculture still plays a
key role in development, the main incomes are substantially provided by oasis
production.

These ecosystems had also been identified as strongly vulnerable to the future
impacts of climate change. Their tributary to the underground water resources,
which are sustaining a chronic depletion, is compromising their sustainability for
the coming decades.

Under an acute water shortage context, these perimeters are expected to experi-
ence more difficulties in managing less reliable underground water resources. The
main issue that determines the survival of irrigated agriculture in such conditions will
definitely be the promotion of optimal water management solutions. There is a
crucial need for such measures to be implemented to meet the coming challenges of
climate change impacts on irrigation water reliability.

In those regions of southern Tunisia where irrigated areas are sustaining
permanent desertification risks, a deeper understanding and a better assessment of
the available water resources management is required. The collection of accurate
data regarding this aspect will provide the water policy with future options and
facilitate effective decision-making in order to meet various societal needs and
overcome the risks of water resources degradation.

As the pressure on water demands is expected to become more severe with
climate change, the uncertainty in food security, as well as the water resources
availability, has become the key issue for the national water policy.

The research is already engaged in the study of irrigation sector efficiency
enhancement. The study case of the adaptation of drip irrigation and the sprinkler
method to palm irrigation is being carried out in arid regions. The institution of
reliable references on water consumption is also being undertaken.

Recourse to non-conventional water resources should be strengthened.
Irrigation with drainage water of the fodder crops as well as the forests trees which
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has been implemented around the oases allowed the creation of a green cordon
around them. Such a technique still assumes a significant role in the protection of
the irrigated lands from permanent desertification risks. It also contributes to
decreasing the pressure on water resources for irrigation and drinking purposes.

It would also be an innovative option to valorize the brackish water for fish
farming production, which could be attractive for investors, as the drainage water
is being made available in significant amounts and free of charge.

In the rapidly changing and ever more complex context of water resources
management, these numerous good practices will need to be achieved. Indeed,
resistance to climate change impacts will require pressing attention and more
efficient irrigation practices, the associative mode of the water management and
the introduction of higher-added-value cultivation in the irrigated sector.

Such an approach aims to provide the water policy with adequate options and
facilitate effective decision-making to enhance local capacity and preparedness to
cope with climate change issues.
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Chapter 15
Climate Change and its Impacts
on the Livelihoods of the Vulnerable
People in the Southwestern Coastal
Zone in Bangladesh

Md. Afjal Hossain, Md. Imran Reza, Sania Rahman and Imrul Kayes

Abstract Bangladesh is globally considered one of the most vulnerable and
exposed countries to climate change (Climate change and Bangladesh Department
of Environment, Government of People’ Republic of Bangladesh. Climate Change
Cell, Dhaka, 2007). There is evidence of prominent increases in the intensity or
frequency of many extreme events such as flood, land erosion, heat waves, tropical
cyclones, intense rainfall, tornadoes, drought, storm surges, salinity intrusion, etc.
which cause loss of livestock, damage to pasturelands, increase fodder scarcity,
destroyed shelters, decreased production, increased management costs to incidence
of diseases, etc. in Bangladesh. This paper therefore intends to do three things: (1) it
shall identify the extreme climatic hazards, vulnerabilities and risks; (2) it shall find
out the impacts of climatic hazards on the livelihood of the vulnerable people; and
(3) it shall propose some possible strategies for reducing the vulnerability to the
climatic hazards. The present paper is intended as a concept paper to deal with the
impact level assessment on livelihoods due to climate change. The method has
followed both qualitative and quantitative approaches in the southwestern coastal
zone in Bangladesh and used secondary data and information. The livelihood and
income of a large population depends on the natural resource base and most of the
poor people often live in marginalized lands and areas more prone to natural
disasters. Climate change means that many natural disaster-prone areas will become
more prone due to increased frequency and intensity of disasters. Drought-prone
areas will become hotter and drier, with less predictable rainfall; flood frequency and
intensity along onset and recession will be changed in future; the nature of cyclone
and storm surges will be different from the historical trend. All of these together will
change crop yields and affect many poor people’s livelihoods. Agriculture yields
have been decreased and cropping pattern has been changed in recent years. Adverse
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impacts of climate change are likely to reduce availability and deteriorate quality of
water for domestic use. Moreover, climate change is likely to increase the preva-
lence and infection of vector- and water-borne diseases such as malaria and dengue
fever, cholera and dysentery, etc. Degradation of biodiversity will reduce the
availability of many traditional medicines which may affect poor and rural people
who depend more on natural resources for medicine as well as income and food. Sea
level rise (SLR) will drastically affect the poor people who are in coastal area and
flood plain zone in Bangladesh. However, many actions undertaken to address the
baseline or contextual risks in Bangladesh are also synergistic with the so-called
adaptations that might be required as climate change impacts manifest themselves.

Keywords Climate change � Livelihood � Vulnerability

Introduction

Bangladesh is globally considered one of the most vulnerable and exposed
countries to climate change (Climate Change Cell 2007). Bangladesh is geo-
graphically exposed to a multitude of adverse impacts of climate change, because
of its location in the tropics, in the delta of three of the world’s biggest rivers and
its flat low-lying deltaic topography. The country has low adaptive capacity due to
its extreme poverty (World Bank 2000). The Stern Review and IPCC 4th
Assessment Report both state that climate change will have adverse impacts on
people’s health, safety and livelihoods, with the ‘‘poorest people in the poorest
countries expected to suffer first and foremost’’. Predicted climate change will
create barriers to future poverty reduction and reverse many of the important
socioeconomic gains made by developing countries.

Sea level rise will affect the vast coastal area and low-lying river estuary zones of
Bangladesh. The livelihoods of coastal communities and the natural environment of
the coastal zones will be submerged by the anticipated sea level rise. The Mangrove
forest locally called Sundarbans is the most important ecosystem of the country on
which 10 million people’s subsistence depends. People will be forced to move out
from their homes, will have to take refuge on dry lands and change their way of
earning (Sarwar 2008); this will result in a total change of their way of life.

There is evidence of prominent increases in the intensity or frequency of many
extreme events such as flood, land erosion, heat waves, tropical cyclones, intense
rainfall, tornadoes, drought, storm surges, salinity intrusion, etc. in Bangladesh. Such
impacts pose additional risks for already vulnerable communities striving to combat
poverty and achieve sustainable development. Therefore, climate change poses a
serious and additional threat to the region’s poor farmers and rural communities who
live in remote, marginal areas. Impacts of such disasters range from hunger and
susceptibility to disease, to loss of income and human livelihoods. Climate change is
in fact emerging as the pre-eminent development issue in Bangladesh.
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The present paper is intended as a concept paper to deal with the impact level
assessment on livelihoods due to climate change, with both qualitative and quanti-
tative approaches in the southwestern coastal zone in Bangladesh and the use of
secondary data and information. This paper therefore shall do three things: (1) it shall
identify the extreme climatic hazards, vulnerabilities and risks; (2) it shall find out the
impacts of climatic hazards on the livelihood of the vulnerable people; and (3) it shall
propose some possible strategies for reducing vulnerability to the climatic hazards.

Key Hazards, Vulnerabilities and Risks
Due to Climate Change

Bangladesh is one of the poorest countries in the world and is a member of the
least developed countries group. It has a population of 139.2 million (UNDP
2006), making it one of the most densely populated countries, and the present
population growth rate is 1.7% in 2004. Though growth rate has decreased
significantly, the high base population makes the need for development efforts that
much more challenging. Climate change comes as an additional and huge burden
on an already stressed economy and ecosystem. Bangladesh’s geological and
spatial location makes its highly populous and extended coastal lands and islands
extremely flat, dynamic and vulnerable.

Current Climate

Bangladesh has a humid, warm, tropical climate. Its climate is influenced primarily
by monsoon and partly by pre-monsoon and post-monsoon circulations. The
southwest monsoon originates over the Indian Ocean and carries warm, moist and
unstable air. Besides monsoon, the easterly trade winds are also active, providing
warm and relatively drier circulation.

In Bangladesh there are four prominent seasons, namely, winter (December to
February), Pre-monsoon (March to May), Monsoon (June to early October),
Post-monsoon (late October to November). The general characteristics of the
seasons are as follows:

• Winter is relatively cooler and drier, with the average temperature ranging from
a minimum of 7.2–12.8�C to a maximum of 23.9–31.1�C. The minimum
occasionally falls below 50�C in the north, although frost is extremely rare.

• Pre-monsoon is hot with an average maximum of 36.7�C, predominantly in the
west for up to 10 days, very high rate of evaporation, and erratic but occasional
heavy rainfall from March to June. In some places the temperature occasionally
rises up to 40.6�C or more.

• Monsoon is both hot and humid, brings heavy torrential rainfall throughout the
season. About four-fifths of the mean annual rainfall occurs during monsoon.
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The mean monsoon temperatures are higher in the western districts compared to
those for the eastern districts.

• Post-monsoon is a short-living season characterized by withdrawal of rainfall
and gradual lowering of night-time minimum temperature.

Sea Level Rise

The SAARC Meteorological Research Council (SMRC) carried out a study on the
recent relative sea level rise on the Bangladesh coast. The study used 22 years of
historical tidal data from the three coastal stations. It is predicted that around 10%
of the Bangladesh area will be inundated by 45 cm and over 21% of the country
areas confined in the coast Bangladesh will be inundated by 1 m sea level rise
(IPCC 2001). This will reduce agricultural productivity, alter livelihoods and risk
food security and climate-induced marine migration. Put simply, 30 years of
development investment will be wiped out by a 30 cm sea level rise.

Saltwater Intrusion

Changes in surface water salinity due to a 30 cm and 1 m rise in sea level were
investigated by considering the topography and contours of the area and present
streamflow patterns. Changes in the surface water salinity pattern due to a 30 cm rise
in sea level revealed that the present dry season saline front (2 dS/m) is expected to
move 30 km to 50 km north, affecting most of Khulna, Jessore, Barisal, Patuakhali
and Noakhali (greater) districts and parts of Faridpur and Comilla districts. With a
1 m rise in sea level, the saline water front will move far north on the northeastern
side of Bangladesh. Most of Jessore, Faridpur, Comilla and part of Dhaka (greater)
districts will be affected by saline surface water intrusion. Most of Barisal, Patu-
akhali, Sundarbans, Bhola, Hatia and Sandwip will be directly inundated by saline/
brackish water or will have a serious saline waterlogging problem. The drinking
water supply of major cities such as Dhaka, Chittagong and Khulna will be affected
by salinity. On the western side of Bangladesh, the saline water front will move close
to Kushtia and Pabna districts. With a 1 m rise in sea level, it may be expected that
cyclonic surges will penetrate further north into the country.

Increased Intensity of Extreme Events

The geographical setting of Bangladesh makes the country vulnerable to natural
disasters. Every year, one or more natural calamities upset people’s lives in some
parts of the country. The major natural hazards include flood, cyclone and storm
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surge, flash flood, drought, tornado, earthquake, riverbank erosion and landslide.
Floods and cyclonic storm surges are major killers, as well as being a cause of
most direct and indirect impediment to economic development. Agriculture
probably suffered more than non-agricultural sectors.

Increasing Cyclones and Storm Surges

One of the predictions of climate change is the intensification of extreme weather
events such as cyclones and associated storm surges. The Bangladesh coast is vul-
nerable to recurrent cyclones. The increase in the intensity of wind velocity is
expected to incur greater losses to vulnerable communities and ecosystems. The Bay
of Bengal is an ideal breeding ground for tropical cyclones and depressions. The
funnel-shaped configuration of the coastline of Bangladesh produces the catastrophic
ravages of cyclones and storm surges. During pre-monsoon and post-monsoon
periods, disastrous tropical cyclones form in the Bay of Bengal. In Bangladesh alone,
about 40% of the total number of global storm surges are recorded. Over the last
30 years, different scales of cyclones have been affecting the country with loss of
valuable lives and property. Table 1 shows that cyclones usually struck this country
in the months of April, May and October, November and December (Fig. 1).

In the 1991 ‘‘super cyclone’’ (which was a storm of exceptional intensity with
wind velocities up to 225 km/h), a large number of deaths occurred mainly in three

Table 1 Historical record of cyclones formed in the Bay of Bengal

Year Maximum
wind
(km/h)

Surge
height
(m)

Casualties Year Maximum
wind
(km/h)

Surge
height
(m)

Casualties

Nov 1904 62–88 Nov 1970 224 4.55 500,000
Oct 1905 62–88 Dec 1973 111 5.1 1,000
Sep 1919 120 3,500 Dec 1981 167 4.55 72
May 1923 89–117 6 Nov 1983 135 1.5 300
May 1926 89–117 2,700 May 1985 154 4.55 10,000
May 1941 89–117 3.03–3.64 5,000 Nov 1986 110 0.61 60
Oct 1947 89–117 500 Nov 1988 161 4.4 5,683
Oct 1960 129 6 9,450 Apr 1991 225 7.6 138,882
Oct 1960 193 6.6 5,149 Jun 1991 110 2.5 300
May 1961 161 5 11,468 Nov 1992 50
May 1961 161 6.5 Apr 1994 210 4.85 184
Oct 1962 93 Nov 1995 210 650
May 1963 193 6 22,000 May 1997 230 4.55 155
Oct 1963 81 Sep 1997 150 3.05 67
May 1965 161 3.7 19,279 May 1998 150 2.44
Dec 1965 184 3.6 3,000 Nov 1998 90 2.44
Oct 1966 139 6.67 850 Nov 2007 220 4.5 3,000

Source: SMRC 2003 and Wikipedia
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coastal districts in Bangladesh: Chittagong (79,697 dead and 2,600 injured) Cox’s
Bazar (51,147 dead and 133,000 injured) and Noakhali (8,878 dead and 995
injured). The economic losses alone from the cyclone were estimated at US$2.4
billion. The loss of life was, however, substantially less than the 1.2 million people
killed by the 1970 cyclone. The loss of human life further declined due to large
investment and awareness-raising activities after the 1991 cyclone.

Climate Change Impacts on Coastal Flooding

The low-lying costal zone in Bangladesh is located between the extensive drainage
network of the Ganges–Brahmaputra–Meghna river system on one side, and tidal
and cyclonic activity from the Bay of Bengal on the other. The coastal embank-
ments paradoxically also tend to block efficient drainage of freshwater on the other
(land) side at times of excess rainfall and riparian flooding.

The increased snowmelt from the Himalayan permafrost, due to increases in
temperature, will force more water to flow through the Ganges, Meghna,
Brahmaputra river systems and their river networks. This will create additional

Fig. 1 Cyclone pathways in
Bangladesh
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flooding extending over the central floodplain of Bangladesh. Furthermore,
the additional flow will bring with it sediments which will make the shallow
riverbed even shallower. This will result in a lower capacity of the riverbed to flow
out water rapidly, thus increasing the probability of enhanced flooding and erosion
of riverbanks (Fig. 2).

Flood is a regular natural disaster occurring in Bangladesh, entailing huge damage
to the economy. Four main types of natural floods occur in Bangladesh: (Table 2)

The devastating floods of 1987, 1988 and 1998 inundated more than 60% of the
country. The 1998 flood alone caused 1,100 deaths, inundated nearly 100,000 km2,
rendered 30 million people homeless, damaged 500,000 homes and caused heavy
losses to infrastructure. In 2004, floods inundated 38% of the country (MoEF
(Ministry of Environment, Forest) (2005)).

But over the last ten years, the country has been experiencing early, late or
prolonged floods. NAPA-Bangladesh has also identified the erratic behaviour of
major disasters, including flood. About 1.32 m ha of cropland is highly flood-
prone. Besides this, crops, perennial trees and livestock are damaged by flood
every year. In two severe flood years of 1974 and 1987, the shortfall in production

Fig. 2 Flood prone area in
Bangladesh

15 Climate Change and its Impacts on the Livelihoods of the Vulnerable People 243



from the trend was about 0.8 and 1.0 million Mt of rice, respectively. During 1984,
flood affected both Aus and Aman rice crops and the shortfall was about 0.4
million Mt. The following table shows major floods and its impacts: (Table 3)

Increased Drought

Drought is primarily an agricultural phenomenon that refers to conditions where
plants are responsive to a certain level of moisture stress that affects both the
vegetative growth and yield of crops. The farmers’ concern on drought is when

Table 2 Different types of flood occurring in Bangladesh

Type of
flood

Causes of occurrence Time/duration Tentative affected area

Flash flood Runoff during exceptionally heavy
rainfall occurring in neighbouring
upland areas

Pre-monsoon
months of
April and
May

The foot of the
northern and
eastern hills of
Bangladesh

Rainwater
flood/
Monsoon
flood

Heavy rainfall occurring over
floodplain and terrace areas within
Bangladesh

April–May,
June–August

In the southwestern
part of the country

River flood Snowmelt in high Himalayans, heavy
monsoon rainfalls over the
Himalayans, the Asam Hills,
Ganges floodplains

April–May and
June–
September

Catchments areas of
three major rivers

Coastal
flood

In case of major cyclones the entire
coastal belt is flooded. Coastal
areas are also subjected to flooding

Tidal flood
occurs from
June to
September

Southwestern coastal
areas

Source: Ahmed 2006

Table 3 Broad adverse impacts of major floods during the last 50 years

Year Impact

1954 floods Affected 55% of country
1974 flood Moderately severe, over 2,000 deaths, affected 58% of country, followed by

famine with over 30,000 deaths
1984 flood Inundated 52,520 km2, cost estimated at US$378 million
1987 floods Inundated over 50,000 km2, estimated damage US$1.0 billion, 2,055 deaths
1988 floods Inundated 61% of country, estimated damage US$1.2 billion, more than 45

million homeless, between 2,000 and 6,500 deaths
1998 floods 1,100 deaths, inundated nearly 100,000 km2, rendered 30 million people

homeless, damaged 500,000 homes, heavy loss to infrastructure,
estimated damage US$2.8 billion

2004 floods Inundation 38%, damage US$6.6 billion, deaths 700, affected people nearly
3.8 million

Source: MoEF (Ministry of Environment, Forest) (2005)
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crop production gets hampered due to lack of rain and soil moisture. According
to the local people of the drought-affected areas, the intensity and longevity of
drought are increasing over time. The western part of the country is receiving
less rainfall, averaging some 1400 mm as against the national average of about
2150 mm. As a consequence, susceptibility to and severity of drought in the
western districts are much higher than elsewhere. Drought of different intensities
in Kharif, Rabi and pre-Kharif seasons cause damage to 2.32 million ha of T.
Aman and 1.20 million ha of Rabi crops annually. Yield reductions due to
drought vary from 45 to 60% in T. Aman and 50 to 70% in Rabi crops in very
severe drought situations. (Fig. 3)

Key Impacts and Vulnerabilities

The geographical location and socio-demographic features of Bangladesh make it
one of the most vulnerable countries to climate change, variability and extreme
events. Its long coastline, vast low-lying landmass, high population density and
nature-dependant traditional agricultural practices would be impacted upon due to

Fig. 3 Kharif drought
(T. Aman) in Bangladesh
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climate change. It is likely that vulnerability of the disadvantaged and poor
community would be worse than the non-poor and better-off strata of the society.
The issue of climate change in relation to vulnerability and adaptation for
Bangladesh has been assessed through several studies.

Crop Agriculture and Food Security

Various studies indicate that a temperature rise of 1 to 20�C in combination with
lower solar radiation causes sterility in rice spike lets. High temperature was
found to reduce yields of HYVs of Aus, Aman and Boro rice in all study
locations and in all seasons. The effect was particularly evident at a rise of
temperature by 40�C. Climate changes, especially in temperature, humidity and
radiation, have great effects on the incidence of insect pests, diseases and
microorganisms. A change of 10�C changes the virulence of some races of rust
infecting wheat (DAE 2007).

The production of crops in Bangladesh is constrained by too much water during
the wet season and too little during the dry season. Presently, the total irrigated
area is 4.4 million ha which is more than 50% of the potentially irrigable area of
7.12 million ha cultivated area (DAE 2007). This area is being irrigated through
surface and groundwater resources. As a result, the groundwater table in
Bangladesh is declining at a rapid rate, causing STWs to become non-operational
in many parts of the country during the dry period.

It was noticed that a temperature increase of 40�C would have a severe impact
on food-grain production, especially for wheat production. On the other hand,
carbon dioxide fertilization would facilitate food-grain production. A rise in
temperature would cause a significant decrease in production of 28 and 68% for
rice and wheat respectively (DAE 2007). Moreover, doubling of atmospheric
concentration of CO2 in combination with a similar rise in temperature would
result in an overall 20% rise in rice production and 31% decline in wheat pro-
duction (Karim et al. 1999).

The apparent increase in yield of Boro (dry season rice crop generally grown
under irrigated conditions and including high-yielding varieties) and other crops
might be constrained by moisture stress. It is feared that moisture stress would
be more intense during the dry season, which might force the Bangladeshi
farmers to reduce the area for Boro cultivation. A shortfall in food-grain pro-
duction would severely threaten food security of the poverty-ridden country
(Karim et al. 1999).

Under a severe (40�C temperature rise) climate change scenario, the potential
shortfall in rice production could exceed 30% from the trend, while that for wheat
and potato could be as high as 50 and 70% respectively (Karim 1996). Under a
moderate climate change scenario, the crop loss due to salinity intrusion could be
about 0.2 Mt (Habibullah et al. 1998). The loss of production due to such effects
may be relatively higher compared to that under floods. The effect of low-flow on
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agricultural vulnerability is considered to be much less intense compared to other
effects. The ultimate impacts of loss of food-grain production would increase
import of food which would require spending hard currency.

Livestock

In addition to affecting human beings, natural disasters cause tremendous sufferings
for the livestock population of Bangladesh. Livestock suffer large-scale death in
cyclonic storm surges (Haider et al. 1991). Prolonged flood can also cause death of
livestock through a number of direct and indirect mechanisms (Ahmad et al. 2000).
During droughts, livestock in Bangladesh do not suffer death, but lack of water
increases their vulnerability to diseases. Since climate change would increase
susceptibility to natural disasters, as mentioned in earlier sections, the anticipated
toll on the livestock sector would be quite high (Ahmed 2005; GoB 2005).

The sufferings of livestock in the coastal zone are much higher than in other
parts of the country. Field observations clearly suggest that livestock density is
relatively low in the coastal areas, particularly in the southwestern parts of the
country. The local elderly informed that gradual increase in salinity also increased
competition for freshwater resources, and the livestock suffered the brunt of such a
calamity (RVCC 2003). Animals used to have the least access to freshwater
sources during the dry season. Due to drinking of poor-quality water, these animals
fall victim to diseases, which reduce their economic efficiency (draught power,
milk production, etc.). Lack of grazing land and the proliferation of shrimp areas
are also identified as potential reasons for decreasing population of livestock in
coastal areas. It may therefore be concluded that the livestock sector would also be
vulnerable to the adverse impacts of climate change.

Coastal Zone

Several studies indicate that coastal zone vulnerability would be acute, due to the
combined effects of climate change, sea level rise, subsidence, changes of
upstream river discharge, cyclone and coastal embankments (World Bank 2000).
Four key types of primary physical effects, i.e. saline water intrusion, drainage
congestion, extreme events and changes in coastal morphology, have been iden-
tified as key vulnerabilities in the coastal area of Bangladesh (World Bank 2000).

The effect of saline water intrusion in the estuaries and into the groundwater
would be enhanced by low river flow, sea level rise and subsidence. Pressure of the
growing population and rising demand due to economic development will further
reduce the relative availability of freshwater supply in future. The adverse effects
of saline water intrusion will be significant on coastal agriculture and the avail-
ability of freshwater for public and industrial sectors will fall.
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The combined effect of higher seawater levels, subsidence, siltation of estuary
branches, higher riverbed levels and reduced sedimentation in flood-protected
areas will impede drainage and gradually increase waterlogging problems. This
effect will be particularly strong in the coastal zone. The problem will be aggra-
vated by the continuous development of infrastructure (e.g. roads) further reducing
the limited natural drainage capacity in the delta. Increased periods of inundation
may hamper agricultural productivity, and will also threaten human health by
increasing the potential for waterborne disease.

Impact on Mangrove Ecosystem

Sundarbans in coastal southern Bangladesh will be exposed to several of the above
risks, particularly sea level rise, saline intrusion and intensive extreme weather
events. Given enough time, the mangrove under threat and rapid change is
expected to readjust and recolonize if space and time permit. But the demographic
pressures in areas north of the Sundarbans would not permit the requisite space.
The rate at which climate change-related sea level rise and saline intrusion is likely
to take place is going to be much faster than the rate at which the mangrove
ecosystem will be able to readjust. This will result in the reduction of species and
biodiversity, as well as a decrease in the areas of the mangrove forest with all the
concomitant consequences.

Settlements and Infrastructure

About half the population of Bangladesh falls below poverty line. Under the
prevailing socioeconomic circumstances, it is easily understandable that the poor
do not have good-quality houses. Moreover, natural disasters often take a huge toll
on poorly built houses and sanitation infrastructure (Ahmad et al. 2000). Human
settlements are, therefore, highly vulnerable to climate change-induced floods and
cyclonic storm surges. Floods, especially the high-intensity floods, often devastate
physical infrastructure such as road networks, educational centres, market places,
administrative buildings, etc. (Nizamuddin et al. 2001; Siddiqi 1997; Siddique and
Chowdhury 2000). The telecommunications network was torn off during the
cyclone of 1991 and the entire coastal belt was disconnected for weeks.

Climate change-induced high-intensity events pose huge threats to existing
physical infrastructure. Damage to national motorways due to flood alone is esti-
mated at 1,011 and 3,315 km by 2030 and 2050, respectively. The corresponding
damage to embankments is estimated at 4,271 and 13,996 km by 2030 and 2050,
respectively. The aggregated damage figures for health centres and hospitals due to
floods, cyclones, sea level rise and salinity intrusion is estimated at 1,682 and
5,212 km, respectively, for the above two time horizons (BRTC-BUET 2005).
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Impact on Livelihoods

Whatever happens to the climate, and subsequently to various other sectors,
is important, for the main reason that it affects the lives and livelihoods of the
people. Climate change is expected to have major physical impacts on agriculture,
industry, infrastructure, disaster, health and energy and consequently on people’s
livelihoods in terms of employment, income and consumption (including food
security). Various groups in society will experience the impacts in various degrees
depending upon their initial economic conditions (poor or non-poor), location
(coastal or non-coastal, rural or urban) and gender.

The impacts on livelihood due to climate change depend on the nature and
severity of the physical impacts relating to agriculture, water availability and
quality, disaster-proneness, hospitability of the physical environment due to rising
temperature and changing water regimes to pathogenic activity and coastal inun-
dation. Climate change impacts on livelihood thus become a challenge of devel-
opment under the most adversarial changes in dynamics of nature.

Part of the vulnerability will be due to water shortages for agriculture. But there
are other areas where water-related vulnerability may increase. Some of this would
be related to health and disaster. On the other hand, extensive waterlogging that is
being experienced now may exacerbate, creating major problems for the livelihood
of a poor person, all of whose land may be submerged permanently.

Both flooding and drought may increase in frequency. Particularly floods may
be more devastating, creating major problems of livelihood and macroeconomic
dislocations, slowing growth and pushing people down to the poverty line. Also,
if cyclones and storm surges increase in frequency and intensity, the potential
losses to life and livelihood would be most severe. The following table illustrates
the relationships between different types of disaster and livelihoods (Table 4).

The health problems due to climatic factors, such as temperature rise and
degrading water quality and shortage, will increase the likelihood of cholera,
diarrhoea, dysentery, malaria and typhoid, and also involuntary foetus abortion, in
the coastal areas due to rising salinity leading to hypertension. Increased food
insecurity will exacerbate the problems further by causing more widespread
malnutrition. Unfortunately, these are little calibrated or not enough to be super-
imposed on to socioeconomic trends to refine the livelihood impacts.

Table 4 Relation between disaster and livelihood vulnerability

Type of disaster Livelihood vulnerability

Flood Reduce livelihood options due to loss of agriculture, illness, restriction of
movement

Drought Lack of job opportunity due to lack of agricultural activities, illness due to
extreme heat, etc.

Cyclone and storm
surges

Limited fishing time in the Bay, loss of life, and illness

Source: UNDP Human Development Report, 2007
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Taking a livelihood analysis approach to potential impacts of climate change, it is
clear that the most vulnerable groups within each community are the poorest among
them and even within the poor groups the most vulnerable are the women, children,
elderly and the sick. It is therefore quite likely that the adverse impacts from climate
change will fall disproportionately on these most vulnerable groups within the
country as a whole, as well as within each vulnerable region of the country.

Vulnerability of Small Farmers in the Coastal Zone

A recent study on coastal area vulnerability and livelihood relationship revealed
that physical or natural vulnerabilities are strong in regard to small farmer’s
livelihoods all over the coastal zone. Particularly cyclone/tidal bore, waterlogging/
drainage congestion, various types of flooding, sand deposition and soil salinity
became the major physical hindrances to farming and production. These are also
found as the major causes of sudden crop damage to small farmers. Seasonal attack
by rats and insects was another important vulnerability which led to massive crop
damage in many districts.

Physical vulnerability varies across the coastal region. For example, in Khulna
region, waterlogging, soil salinity, lack of cultivable land are significant; in
Barisal, region tidal flooding, cyclone/tidal bore, salinity, siltation, rats/insects are
found to be the most adverse physical or natural vulnerabilities; and in Chittagong
region, cyclone/tidal bore, different types of flood, deterioration of soil fertility due
to salinity are found to be the major physical vulnerabilities.

Wage Labour in the Coastal Zone

Rural wage labourers are more vulnerable to economic and social factors. Lack of
employment opportunities and low wage rate seem to be the major vulnerability
factors among the rural wage labourers. Physical vulnerabilities such as lack of
cultivable land, climate change stress, etc. that has an effect on agriculture ultimately
converts into lack of employment opportunities for the wage labourers (Fig. 4).

Changing Lives

Changes have already been visible in the fact that saltwater from the Bay of
Bengal has penetrated inland along tributary channels. The impacts of these
observed changes have been significant on agriculture, particularly on food pro-
duction and security. Climate change here is a day-to-day reality, as it would entail
an additional 17 million Bangladeshis being displaced from their homes and farms
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by 2030 (UNEP 1989 in Sarwar 2008). Their lives would be plunged into darkness.
These ‘‘climate refugees’’ would have to leave the region to find work in the cities
in Bangladesh or neighbouring India.

Losing Livelihood: Gradually

The problem has been compounded because the flow of the rivers during the dry
season has fallen, offering less resistance to the increasing power of the sea. With
saltwater penetrating further inland and deeper into the groundwater, climate change
is the root cause of the problems for gradually destroying from traditional cultivation
and all available livelihoods. The mangrove forest is a breeding ground for fish,
shrimp and crab, thus providing livelihoods for hundreds of thousands of people

Household food provision; 
increased agricultural work

Household fuel provision; food-
fuel conflicts

Household water provision; 
exposure to contaminated sources

Economic drawbacks; lack of land 
tenure; resource dependent 

livelihoods; school dropout, early 
marriage

Greater incidence of mortality; 
reduction of life expectancy

Loss of livelihoods and lives; 
sexual violence and trauma 

Loss of livelihoods, lack of 
adequate shelter, conflicts

Lack of access of healthcare; 
increased burden of carrying for 

young, sick and elderly

UNDP, 2006 

CROP FAILURE

FUEL SHORTAGE

SHORTAGE OF SAFE,
CLEAN WATER

DISPLACEMENT

NATURAL DISASTERS

RESOURCE SCARCITY

DISEASE

CIVIL WAR/CONFLICT

Fig. 4 Impacts of climate change on human security
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living in the area. Among the other economic activities, collecting seed shrimps or
fry shrimps is the main livelihood of many landless men and women. Collection of
seed shrimps (Panaeus monodon) is one of the main sources of earning for the small
and landless fishermen and women of this area. These shrimp larva are highly
sensitive to the pH condition of water, which mainly depends on the salinity of water
and temperature. Shrimps are destroyed by invaded saline water and also because
they are losing their natural habitats as mangrove forest is being destroyed. Due to
the reduced abundance of fry over the past several years and a shortening of the fry
season, many fry collectors are moving towards alternative employment. This is the
common story of thousands, as when one man found himself unable to feed his two
children, he moved to Dhaka, the capital of Bangladesh, where he pedals a rickshaw
tricycle through the heavy traffic and takes in a swelling slum.

Lost Livelihood: Sudden

A category four storm SIDR hit the Sunderbans and southwestern coast of the
country on 15 November 2007. According to the Disaster Management Centre in
Bangladesh, the cyclone resulted in severe damage and 3,363 deaths, 8.9 million
affected people, 2,472,944 acres of crop damage and an estimated US$3.1 billion
economical loss (GoB 2008). Spiral winds of 220 km/h with 5-m water surges
devastated much of the country’s coastal belt, leaving almost 1.5 million homes
damaged or destroyed. The total value of damage to housing is BDT 57.9 billion
(US$839 million), representing more than half of the total damage and losses of all
sectors (GoB 2008: 17). Dwelling houses blew away, trees were uprooted, standing
crops demolished, roads and livestock washed away. Almost one-third of the Sun-
derbans has been totally demolished. A large number of people who earn their
livelihood by engaging in fishing or fish-related business have literally been made
paupers. The landless men and women and fishermen have lost their boats and nets,
the shrimp cultivators their stock of shrimp, and the fish traders their business. As
many of the households had complex livelihoods before the cyclone, combining
several overlapping activities, some were simultaneously affected by losses in crops,
livestock, fisheries, commerce, industry or wage employment. The most vulnerable
groups were landless labourers, and marginal farmers with very little land and no
other sustainable source of income (GoB 2008).

The concomitant losses to livelihood, trade and industry in these costal
communities have not yet recovered, as the BBC documented 100 days after the
cyclone hit. The BBC interviewed one Union chairman (Union is the lowest admin-
istration in Bangladesh) in the southern community of the Sundarbans, who described
their main problem is the homeless, as they lost homes and were forced to live in the
open. Although the international community promised to build their houses, by that
time they had not yet done it. There were no shops to buy foods, all having been
destroyed. They had no food. They were forced to live on handouts. They had to wait
until the next crop harvesting sessions.
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After one year following the cyclone, the BBC revisited the same area and were
told by development workers in the area that around 80% of people were still living
in tents or temporary dwellings. As the government decreed a ban on entering the
forest, hoping for natural regeneration of the forest, people have not found their
livelihoods. As fishermen lost their boat and nets, people were forced to change
their occupation to one in which they had no competence, resulting in less income
than before. Many have left for nearby cities and the capital to find work.

The point is the Sundarbans’ great value was evident once again as it protected
local communities from huge damage. In this case, the importance of the
Sundarbans as a natural barrier to reduce wind velocities (protecting embankments
and settlements) was evidenced (GoB 2008). The Sundarbans is Bangladesh’s
guardian angel as far as storms and tidal waves are concerned. If there was no
Sundarbans, the cyclone would have caused more havoc in the southern districts.

Table 5 Causes of impacts, vulnerable areas and impacted sectors

Climate and related
elements

Critical vulnerable areas Most impacted sectors

Temperature rise and
drought

Northwest Agriculture (crop, livestock,
fisheries)

Water
Energy
Health

Sea level rise and salinity
intrusion

Coastal area Island Agriculture (crop, livestock,
fisheries)

Water (waterlogging, drinking
water)

Human settlement
Energy
Health

Floods Central region Northeast region
Char land

Agriculture (crop, livestock,
fisheries)

Water (urban, industry)
Infrastructure
Human settlement
Health
Energy

Cyclone and storm surge Coastal and Marine zone Marine fishing
Infrastructure
Human settlement
Life and property

Drainage congestion Coastal area Urban Southwest Water (navigation)
Agriculture (crop)

Source: UNDP Human Development Report, 2007
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Summary of the Key Impacts

From the above findings, the impacts of climate change and variability on
biophysical systems and consequences are evident. It is also found that the coastal
zone, northwestern zone, central region and piedmont plain are most susceptible to
existing climate variability and anticipated future climate change. A summary of
causes of impacts, vulnerable areas and impacted sectors are given (Table 5).
Intensity of impacts on different sectors due to changes of vulnerability context is
given in Table 6.

Adaptation Strategies for Reducing Vulnerabilities
Due to Climate Change

A careful analysis of the above definitions suggests that all these refer to adjust-
ments in a system in response to climatic perturbation, but they also indicate
differences in scope, application and interpretation of the term adaptation. Adap-
tation can refer to climate change, to change and variability, or just to climate.
Adaptation can be in response to adverse effects of climate variability and change,
which refer to past, actual or anticipated conditions, changes or opportunities.

The implications of high-intensity floods cannot be overemphasized in
Bangladesh. Management of floods in future will remain a major challenge,
especially in view of further densification in increasingly flood-vulnerable lands
(Ahmed et al. 1998). Community efforts to cope with floods can benefit tremen-
dously from the issuance of early warnings. Improvement of the current flood

Table 6 Intensity of impacts on different sectors due to climate change

Sectoral
vulnerability
context

Physical vulnerability context

Extreme
temperature

Sea level rise Drought Flood Cyclone and
storm surges

Erosion and
accretion

Coastal
inundation

Salinity
intrusion

River
flood

Flash
flood

Crop
agriculture

+++ ++ +++ +++ + ++ +++ –

Fisheries ++ ++ + ++ ++ + + –

Livestock ++ ++ +++ – – + +++ –

Infrastructure + ++ – – ++ + + +++

Industries ++ +++ ++ – ++ + + –

Biodiversity ++ +++ +++ – ++ – + –

Health +++ + +++ – ++ – ++ –

Human
settlement

– – – – – – +++ +++

Energy ++ + _ – + – + –

Source: MoEF (Ministry of Environment, Forest) (2005)
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warning system and dissemination in a people-friendly manner are thought to be
highly potential adaptation options for the future (Ahmed 2005).

Removal of impediments of drainage (dredging/re-excavation of choked rivers/
khals, drainage canals), construction of drainage structures (culverts, bridges and
regulators), rehabilitation of structures such as roads, embankments, etc. should be
considered as adaptation measures towards facilitating drainage and reduce flood-
related vulnerability (Ahmed et al. 1998). Pumping out water to remove water-
logging, especially in polder areas, has already been practised, and is likely to be
considered an adaptation option for the future. Multi-purpose cyclone shelters and
flood shelters should be built in FVAs (Choudhury et al. 2003; GoB 2005). In
recent years, community-based flood management practices had shown high
potential, which could also be considered as an important modality to adapt to
climate change-induced floods (Ahmed 2004).

For drought management, making water available to offset moisture deficit
appears to be the major adaptation modality (Karim 1996). However, the creation
and recreation of water storage systems (ponds, khals, reservoirs, etc.)—operated
and maintained by vulnerable communities—needs to be given due emphasis
(World Bank 2000). Capacity building for advanced irrigation techniques could
also be considered as an important adaptation option in order to conserve available
water resources. Resuscitation of surface water bodies including silted-up rivers
and rivulets should be given due priority in order to maintain water bodies even
during the dry season for irrigation purposes (Ahmed et al. 1998).

Deaths arising from cyclones and associated tidal bores (both human and
livestock) could be minimized by maintaining the Cyclone Preparedness Pro-
gramme, and further strengthening the programme by means of building new
MCSs, killas and other facilities along the coastal zone (Mahtab 1989; Ali 1999).
The polders which might be at risk of inundation due to rising sea levels and/or by
invigorated tidal waves should be identified and rationalized, in order to enhance
their efficiency towards safeguarding lives, crops and properties (Ahmed 2005).
NAPA for Bangladesh proposed community-focused coastal afforestation as
a priority adaptation measure to reduce climate hazards (GoB 2005).

In addition to adaptation in the water resources sector, one must consider
adaptation in the agricultural sector. The gravity of the issue and its importance on
people’s livelihoods deserve special treatment, which is why the potential adap-
tation options in agriculture are discussed separately in the following section.

According to WB, the risk associated to human health in tropical developing
countries is one of the salient risks of climate change (World Bank 2000).
Bangladesh’s current vulnerability to outbreaks of cholera and other waterborne
and diarrhoea diseases such as dengue or dysentery needs to be given due
importance in view of increasing risk potentials caused by climate change-induced
drainage congestion and standing water. Treating pathogen-laden water with a
mixture of lime, bleaching powder and alum, as provided in Ahmad et al. (2004),
should be given due importance to avoid a large-scale outbreak of waterborne
diseases. Inadequate provisions for drinking water in saline-affected regions add to
people’s vulnerability, which needs to be given high priority towards designing a
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national adaptation programme (Ahmed 2005). Providing saline-free drinking
water should be considered as an immediate adaptation in view of current as well
as future health risks (Ahmed 2004). The pressure on the availability and access to
safe water, in particular during the dry period, and the increasing reliance on
groundwater are an additional threat.

Awareness needs to be increased among illiterate and poor people, especially
along the drier western parts of the country, to combat heat stress-related health
disorders. Improved cyclone and flood shelters, with increasing capacity and
coverage, are likely to reduce overall death tolls in the case of climate change-
induced high-intensity disastrous events. Similarly, building relatively stronger
houses by low-cost retrofitting along the cyclone-affected coastal regions could
save lives as well as assets (RVCC 2003). Safe use of carbolic acid would reduce
susceptibility to snake bites in flooded regions. Use of oral rehydration saline for
treating diarrhoea patients will continue to save lives. Another major adaptation
proposed for human health involves improving the healthcare system, which is
needed anyway to address the current human health situation. These improvements
could significantly reduce the risks to human health from climate change (World
Bank 2000). Thus, the benefits of improving healthcare are likely to be even
greater when avoided health impacts of climate change are accounted for.

Conclusion

The livelihood and income of a large population depends on the natural resource
base and most of the poor people often live in marginalized lands and areas
more prone to natural disasters. Climate change means that many natural
disaster-prone areas will become more prone due to increased frequency and
intensity of disasters. Drought-prone areas will become hotter and drier, with less
predictable rainfall; flood frequency and intensity along onset and recession will
be changed in future; the nature of cyclone and storm surges will be different
from the historical trend. All of these together will change crop yields and affect
many poor people’s livelihoods. For example, the 2007 floods inundated
32,000 km2 in area, destroying over 85,000 houses and destroying or partially
damaging approximately 1.2 million acres of crops. Total estimated loss was
over US$1 billion.

It is likely that natural disasters will damage more houses and will cause
temporary migration. It may also require children to help more with household
tasks, leaving less time for schooling. Malnourishment and diseases also impair
learning. Extreme climate change-related disasters threaten school buildings and
educational materials. For example, cyclone Sidr caused huge damage to school
buildings and wiped out teaching materials.

Adverse impacts of climate change are likely to reduce availability and dete-
riorate quality of water for domestic use. Direct climate change effects include
increases in mortality and illness associated with heat waves, particularly among
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the elderly and the urban poor. Women and children are particularly vulnerable to
extreme weather events. For example, when the 1991 cyclone hit Bangladesh, 90%
of victims were women and children.

Climate change is likely to increase the prevalence and infection of vector- and
waterborne diseases such as malaria and dengue fever, cholera and dysentery, etc.
Children and pregnant women are particularly susceptible to such diseases. Cli-
mate change will probably cause a decline in the quantity and quality of drinking
water, which is a prerequisite for good health. Malnutrition, the main cause of ill
health among children, could also be exacerbated due to declining natural resource
productivity and inadequate supply of food.

Changes in temperature and rainfall distribution, and sea level rise and salinity
intrusion are likely to change ecosystem characteristics and shift ecosystem
boundaries. Climate change also poses a greater survival threat than the destruc-
tion of many natural habitats including coral reefs. Degradation of biodiversity
will reduce the availability of many traditional medicines which may affect poor
and rural people who depend more on natural resources for medicine as well as
income and food.

Sea level rise (SLR) will drastically affect the poor people who are in coastal
areas and floodplain zones in Bangladesh. The disasters of climate change are
somewhat obvious. It is already visible in the costal area in this delta. Climate
change is not some ‘‘distant fury’’; its widespread consequences are already being
felt in costal areas especially among local communities around the Sundarbans
with livelihood losses caused by gradual and sudden climatic changes. It is not a
matter of the distant future. Climate change has effects on living conditions in
ways that violate human rights. The lives of millions have changed due to global
warming. Especially in these local communities, climate change has had multiple
consequences on the mangrove forest. The mangrove forest in the Sundarbans is
linked with millions of people’s livelihoods. Their livelihoods have been destroyed
by climate change-induced natural hazards. Climate change is not only destroying
the mangrove forest, it affects the Sundarbans ‘‘ecological services’’.

Many projected climate change impacts, including sea level rise, higher tem-
peratures and evapotranspiration losses, enhanced monsoon precipitation and
runoff, potentially reduced dry season precipitation, and an increase in cyclone
intensity, would in fact reinforce many of these baseline stresses that already pose
a serious impediment to the economic development of Bangladesh. By the same
token, many actions undertaken to address the baseline or contextual risks in
Bangladesh are also synergistic with the so-called adaptations that might be
required as climate change impacts manifest themselves. With regard to structural
adaptations, such as coastal embankments and salinity reduction, even though it is
true that many of these measures have already been integrated in development
projects and policies in Bangladesh, there remains an ongoing challenge with
regard to their durability and sustainability. Structural adaptations therefore need
to be matched by efforts to facilitate financial and institutional adaptation—sus-
tained interest on the part of the government and donors, and the participation of
local populations to help monitor and maintain infrastructural projects.
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Chapter 16
Conservation and Management of Water
Resources for Livelihood Sustainability
in Mountainous Regions of Uttarakhand,
India

Anil Kumar

Abstract The inhabitants of the middle and upper regions of the Himalayan
regions of Uttarakhand State in India struggle for their survival, food security and
sustainable livelihoods due to various topographical and socioeconomic
constraints. Agriculture, which is largely rain-fed (90%), is the mainstay for their
livelihoods, but various climatic, geographical and socioeconomic constraints have
led to a dismally low agricultural productivity in the region. For generations, the
inhabitants have been depending on the natural water springs and streams for
meeting their day-to-day water needs for drinking and domestic uses, irrigation,
animal consumption, etc. Most of the perennial springs and streams have become
seasonal or have dried up for want of recharge due to climatic variability and other
natural and man-made hazards. Efforts are made to develop, conserve and manage
the available water resources, namely overland flow, runoff through rooftops of
houses, and natural water springs by making suitable low-cost storage structures.
The field studies have revealed that construction of a brick-cemented tank to store
spring water and filtered roof water for drinking and household needs, in combi-
nation with a dug-out farm pond lined with 0.25 mm thick low-density
polyethylene sheet to collect the overflow from the cemented tank and the over-
land flow, is a technically feasible and economically viable option.
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Introduction

Water is undoubtedly the single most important and integral part of all the facets of
the mountain environment. Mountains are the major source of all the natural
resources including forest, land, water, animal, minerals, etc., and they are called
life-givers to the biotic means, not only to the inhabitants residing in this region
but also to the inhabitants downstream. The Himalayas have given birth to many
perennial rivers and streams for the survival of living beings in the downstream
regions of most of the northern states of India, but the inhabitants of the middle
and upper reaches in the Himalayan region struggle for their own survival for want
of adequate water resources at their disposal, food security and sustainable live-
lihoods due to various topographical and socioeconomic constraints. For genera-
tions, the inhabitants of the Himalayan region of Uttarakhand State in India have
been depending on the natural water springs and streams for meeting their
day-to-day water needs for drinking and domestic uses, irrigation, animal con-
sumption, etc. The topographical and human settlement pattern in this region is
such that a large section of the population lives on upper reaches of hill slopes,
where the only available sources of water are rainfall and existing natural water
springs. Today, most of the perennial springs and streams have become seasonal or
have dried up for want of recharge due to various environmental hazards. In the
remote areas, the womenfolk walk several kilometres to fetch a head-load of water
for drinking and domestic uses. Water-conserving trees such as oak (Quercus
leucotrichophora), Utis (Alnus nepalanses), etc. have been reducing in number,
which has subsequently reduced outflow from the natural springs. Valdiya and
Bartrya (1991) investigated that in the past five decades the discharge from natural
springs has reduced from about 25 to 75% and subsequently, the flow in rivers has
also reduced drastically. The potential of the existing natural water springs in the
region has been completely overlooked in the so-called modern era.

At national level, there is wide scope to beneficially utilize the available rainwater
in the zone of 1,000–2,500 mm annual average rainfall. The middle and high hills of
Uttarakhand, in general, fall under this category, where about 90% of the population
in the hilly areas earn their livelihood from agriculture and animal husbandry, and are
still in the subsistence class characterized by extremely limited capital resources and
consistent use of traditional means of crop production. In the hilly areas, drinking
water has the highest priority, followed by cattle feeding and irrigation. Therefore, it
is essential not only to ensure an adequate supply of water, but also to maintain its
quality for the different types of demand of the people for their survival. In small
cities and towns, government agencies have provided the facility of drinking water at
the cost of millions of rupees by pumping water from valley areas, but villages in
remote hilly areas are still out of their reach. The demand for water has been
persistently increasing with the growth of population, agriculture and industry;
meanwhile, the per-capita availability of water has been decreasing every year.

Although most hilly areas receive good annual rainfall, its intensity and dis-
tribution is quite erratic and causes severe drought spells which hamper the growth
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of timely sown crops due to lack of soil moisture at critical times. This situation
forces the farmers to risk their crops at the germination and ripening stages of
growth. Frequent and long dry spells retard the growth, size and yield of important
fruit crops such as apple, plum, peach, apricot, etc. The monsoon runoff, if allowed
to flow freely, causes soil erosion from arable and non-arable lands, but if used
wisely and judiciously can be a boon for improving crop production in the rain-fed
areas. In order to minimize the adverse effects of water stress, particularly at the
productive stages of crop growth, the conservation of rainfall in soil profiles and
providing irrigation through runoff/spring flow harvesting in ponds or tanks at
suitable locations are the only ways out to solve drinking-water problems as well
as to enhance the productivity of rain-fed agriculture on high and medium hills.
Several authors have emphasized runoff harvesting to eliminate the ill effects of
droughts and low productivity in the arid and semi-arid foothill areas in the
country (Chitranjan and Rao 1986; Grewal et al. 1989; Oswal 1994). The studies
conducted by Kumar (1992) suggested the feasibility of cost-effective low-density
polyethylene (LDPE) lined dug-out small ponds for irrigation purposes in the
mid-Himalayan region. If proper irrigation facilities are assured, vegetable crop
production has great potential to raise the economic standard of hill farmers. Off-
seasonal vegetables (pea, potato, cauliflower, cabbage, etc.) can be produced on a
large scale and sold at high prices in plain areas. Assured irrigation can also
promise cultivation of pea and potato crops twice a year.

The need for harnessing the vast potential of Himalayan water resources has
been felt to mitigate the effect of water scarcity not only in mountains but also in
the plain areas of the country. A study was conducted to understand the hydrologic
behaviour of existing perennial natural water springs and compute the water yield
and storage potential of these springs along with harvesting of huge surface runoff,
which otherwise causes severe soil erosion in the middle and high hills, to fulfil the
needs of the people for drinking water, domestic uses, animal consumption and
irrigation, using cost-effective materials and techniques. Realizing the fact that
global warming is a reality and water resources are limited, the obvious solution to
meet the water demands of the present and future lies in harnessing the available
resources in the most efficient and effective way to optimize their use.

Study Area

This study was conducted at the Hill Campus, an off-campus of G. B. Pant
University of Agriculture and Technology, located at Ranichauri (78� 20 E lon-
gitude and 30� 150 N latitude), at an altitude of about 2,000 m above mean sea
level, in Garhwal region of Uttarakhand State in India. Two perennial natural
water springs were selected, namely Hill Campus (HC) spring located at an alti-
tude of about 2,000 m, and Fakua spring located at about 1,800 m above mean sea
level and at a distance of about 500 m from Hill Campus spring. The weekly
measurements of the discharge of these springs have been taken regularly since

16 Conservation and Management of Water Resources 263



January 1995 by a volumetric method using a container of 5-l capacity and a
stopwatch. During the rainy season, the measurements were taken twice a week to
monitor the effect of frequent rains. Each measurement was taken three times and a
mean discharge rate was calculated to avoid any observational error. The rainfall
data was collected from the meteorological observatory located at Hill Campus,
Ranichauri. The mean annual rainfall is about 1,176 mm, ranging between the
minimum of 4 mm in November and the maximum of 246.8 mm in August. The
soil properties indicate a little more fractions of silt and clay in Hill Campus soil as
compared to Fakua soil.

Hydrologic Analysis of Water Resources

In the mountainous areas, water is available in three forms, namely surface runoff,
runoff through rooftops of houses and the discharge from natural water springs.
Since conventional irrigation of all rain-fed lands is not feasible in undulating hilly
terrains, there is tremendous scope for improving the productivity of these areas
through rainwater harvesting. Since water harvesting practices are location spe-
cific, there are different water-harvesting practices that have evolved locally,
broadly classified as:

i. in situ retention of rainfall on the land itself by biologic or agronomic and/or
engineering or mechanical measures;

ii. surface runoff harvesting and its storage;
iii. storage and management of discharge from natural water springs;
iv. diversion of surface/sub-surface water into the storage structure; and
v. rooftop water harvesting.

The surface runoff, which can be estimated using various methods (e.g. curve
number method) on the basis of past rainfall data and land use, is suitable for
irrigation only. Runoff through rooftops can be estimated using a reasonable value of
runoff coefficient for different types of roof, and may be utilized for human con-
sumption and domestic uses after proper filtration. The flow from natural water
springs, which is well suited for drinking purposes, can also be estimated using past
records of discharge. The spring water can be stored in closed cemented tanks for the
purpose of drinking, sanitation and other domestic uses. The optimum size of a
storage structure depends on the amount of runoff expected, water demand for
various purposes and the benefit–cost ratio for the proposed harvesting system.
In this study, the spring flow and surface runoff data are analysed separately for the
purpose of water harvesting and storage. The flow duration curve, which is a plot
between the rate of discharge and the per cent of time the flow was equalled or
exceeded, was useful in water resource planning for evaluating the dependable flow
from a spring. By arranging the mean monthly discharge data in descending order of
magnitude, the plotting position or the probability of exceedance corresponding to a
discharge rate is computed by Weibull’s formula (Subramanya 1995).
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Computation of Minimum Required Storage for Spring Flow

The discharge pattern for the Hill Campus spring and the Fakua spring, shown in
Fig. 1, indicates that the mean monthly rate of spring flow varied from 7.1 m3/day
(June) to 25.76 m3/day (September) with an average of 11.96 m3/day for the Hill
Campus spring; and 4.83 m3/day (January) to 95.45 m3/day (September) with an
average of 22.96 m3/day for the Fakua spring. The variability in monthly average
flow volumes of Hill Campus and Fakua springs was very high, indicating more
variation in the flow of the Fakua spring as compared to that of the Hill Campus
spring. Therefore, these springs were categorized as variable-discharge springs,
having more than 100% variability in their mean monthly discharges. The flow
pattern revealed the fact that both the springs produced the maximum discharge rate
in the month of September (last monsoon month in India), while the minimum was in
June (just before the onset of monsoon). This pattern indicates continuous recharging
of both the springs during monsoon months. The flow duration curves for these
springs revealed that at 50 and 80% probability levels, the Hill Campus and Fakua
springs had 8.5 and 5 m3/day, and 10.80 and 2 m3/day mean flow rates, respectively,
which indicates the availability of 80% dependable flows from the Hill Campus
spring and Fakua spring at the rate of 5 and 2 m3/day, respectively, which is insuf-
ficient to fulfil the drinking water needs of even a few families depending solely on
these springs without proper storage arrangement for continuous water supply.

The computation of minimum storage required to fulfil the variable demands of
the users can be done by using the flow-mass curve or by arithmetical computa-
tions without using the curve. Assuming that the storage reservoir is full at the
beginning of the dry period (when inflow rate is less than the demand rate), the
maximum amount of water drawn from storage is the cumulative difference
between the supply and demand volumes (column 7) from the beginning of the dry
season. The arithmetical computations are given in Tables 1 and 2 for the Hill
Campus spring and Fakua spring, respectively.
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It is evident from the tables that no storage is required for Hill Campus spring,
if the demand rate is 7.1 m3/day or less (minimum flow rate in column 2) of
Table 1; and correspondingly 4.83 m3/day for Fakua spring. The variable monthly
demand rates were arbitrarily assumed for different months based on the daily

Table 1 Computation of minimum required storage corresponding to a variable daily demand
rate for Hill Campus spring

Month Mean flow
rate (m3/
day)

Flow
volume
(m3)

Demand
rate (m3/
day)

Demand
volume
(m3)

Difference between
flow and demand
volumes (m3)

Cumulative
volume

Excess
demand
(m3)

Excess
flow
(m3)

Jan 8.08 250.48 7 217 33.48 1769.79
Feb 7.78 217.84 9 252 -34.16 -34.16
Mar 9.23 286.13 10 310 -23.87 -58.03
Apr 8.36 250.8 10 300 -49.2 -107.23
May 7.39 229.09 10 310 -80.91 -188.14
Jun 7.1 213 10 300 -87 -275.14
Jul 7.69 238.39 8 248 -9.61 -284.75a

Aug 18.6 576.6 5 155 421.6 421.6
Sep 25.76 772.8 5 150 622.8 1044.4
Oct 20.32 629.92 7 217 412.92 1457.32
Nov 13.21 396.3 7 210 186.3 1643.62
Dec 9.99 309.69 7 217 92.69 1736.31

a Minimum required storage = 284.75 m3

Table 2 Computation of minimum required storage corresponding to a variable daily demand
rate for Fakua spring

Month Mean flow
rate (m3/
day)

Flow
volume
(m3)

Demand
rate (m3/
day)

Demand
volume
(m3)

Difference between
flow and demand
volumes (m3)

Cumulative
volume of

Excess
demand
(m3)

Excess
flow
(m3)

Jan 4.83 149.73 7 217 -67.27 -67.27
Feb 9.47 265.16 9 252 13.16 13.16
Mar 14.53 450.43 10 310 140.43 153.59
Apr 7.93 237.9 10 300 -62.1 -62.1
May 8.08 250.48 10 310 -59.52 -121.62
Jun 7.64 229.2 10 300 -70.8 -192.42a

Jul 17.11 530.41 8 248 282.41 282.41
Aug 56.13 1740.03 5 155 1585.03 1867.44
Sep 95.45 2863.5 5 150 2713.5 4580.94
Oct 32.03 992.93 7 217 775.93 5356.87
Nov 14.69 440.7 7 210 230.7 5587.57
Dec 7.57 234.67 7 217 17.67 5605.24

a Minimum required storage = 192.42 m3
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domestic water needs of the inhabitants. The storage required (column 7) of the
Tables shows the cumulative of the consecutive values with the ‘‘-’’ sign (i.e. for
excess demand) in column 6. The maximum of the cumulative value for excess
demand (column 7) indicates the volume of excess demand which is to be met
through storage only. Column 8 indicates the excess flow from the storage.
Because of wide variations in mean monthly discharge, the Fakua spring will be
able to fulfil more water demands of the people with the same storage than the HC
spring. The importance of the stored water was realized during the lean spring
flows in summer months when the tank was continuously filling during nights and
people utilized the water during day time. The required volume of clean drinking
water from the springs can be stored in a single or cluster of cement-concrete tanks
for proper distribution throughout the year. The excess flow from springs during
monsoon months and overflow from the main tank along with the surface flow can
be collected in the nearby dug-out farm ponds.

A regression analysis was done to find the relationship between uniform daily
demand and minimum storage required to ensure uninterrupted water supply
throughout the year (Figs. 2 and 3).

A few arbitrarily chosen values of demand rates were considered (e.g. 8–13 m3/
day for Hill Campus spring, and 5–13 m3/day for Fakua spring). The relationship
between the required volumes of minimum storage and demand rate for Hill Campus
and Fakua springs were developed as the best-fit linear relationships as given below:

Hill Campus spring:

Sh ¼ 210:3 Dh � 1669:0 ðR2 ¼ 0:993Þ

Fakua spring:

Sf ¼ 55:3 Df � 318:5 ðR2 ¼ 0:915Þ

where, Sh and Dh are the minimum required storage (m3) and uniform demand rate
(m3/day), respectively for Hill Campus spring; and Sf and Df are the required

y = 210.3x - 1669.0
R² = 0.993
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storage (m3) and uniform demand rate (m3/day), respectively, for Fakua spring.
Based on these equations, the minimum required volume of storage can be esti-
mated to fulfil a uniform daily demand of water for these springs.

Design of Pond for Runoff Harvesting

The size of water storage structures is decided according to water availability and
topography of the location, where structure is to be constructed. In order to be
cost-effective, the site should be located where maximum storage volume is
obtained through minimum earthwork. The capacity of the storage depends mainly
on the availability of relatively flatter land on which these structures could be
made, and the runoff/spring flow passing through that point. The small and scat-
tered land holdings on different terrains can only permit the construction of small
water storage tanks upstream from a cluster of fields to facilitate irrigation through
gravity flow. Based on the experiments conducted at the research station and
nearby areas to evaluate the feasibility and economic viability of lining materials,
it was found that a low-density polyethylene (LDPE) sheet of 0.25 mm thickness is
sufficiently strong and economical for runoff harvesting for irrigation purposes.

The construction of dug-out pond includes digging of a truncated reverse-
pyramid-shaped pit with 1:1 side slopes (Fig. 4). The depth of the pond is
restricted to 1–1.5 m. The inner surfaces of the pond are plastered with 5 cm thick
mud plaster so that the sheet is properly stuck to the surfaces. A single piece of
LDPE sheeting of 0.25 mm thickness at the required size is placed with its corners
properly folded and ends buried on all sides at the top of the pond. Another
10–15 cm layer of mud mixture of excavated soil and wheat straw or chopped dry
pine needles in a 4:1 ratio is plastered on the sides and bottom. While harvesting
only the surface runoff, a small silt retention trench of 1 9 0.5 9 0.5 m size is dug
at the entry point to the main pond so that debris and suspended particles along
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with overland runoff are settled down and relatively cleaner runoff water may enter
the main pond. After plastering, the pond is left to dry for 1–2 days. The cracks
developed during drying, if any, are filled with mud mortar. The runoff is allowed
to enter the pond with low velocity so that the mud-plaster remains intact.
Evaporation losses from the pond can be minimized by spreading on the water
surface a small quantity of burnt engine oil. The construction cost of the
LDPE-lined tank comes out to be 150 rupees (US$3)/m3 of water stored, which is
much less than the cemented tanks of the same capacity costing more than 1,000
rupees (US$20)/m3 of water stored. Another advantage of the LDPE-lined pond is
that this system can be constructed, repaired and maintained by the farmers
themselves at a reasonably low cost, as the only material to be purchased from the
market is the LDPE sheet. As a precaution, the LDPE sheet should not be exposed
to sunlight for long durations as the sun’s ultraviolet rays can damage the sheet.
The useful life of such ponds is normally 20–25 years, which can be further
extended if special care and maintenance is ensured. Water from these tanks is
taken by siphoning through rubber pipes to irrigate the crops at lower elevations
through gravity flow. As an integrated approach in hilly areas, all the available
water resources can be combined in such a way that a cemented tank is used to
store spring water and runoff from rooftops through a filter arrangement for
drinking and domestic uses, while the overflow from this tank and overland surface
runoff may be stored in the cost-effective and easily maintainable LDPE-lined dug-
out ponds at lower elevations (Fig. 5). In this way, the water resources are utilized
to the maximum extent and all the needs of the farming communities are also met
simultaneously.

runoffSurface

Siltation tank

LDPE sheet (0.25 mm 
thick)Mud-plasters

Water

Fig. 4 Detailed sketch of LDPE-lined tank suitable for hilly areas
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Rejuvenation of Natural Water Springs

The survival and livelihoods of the people living in the middle and high hills is
directly connected with the existence and development of natural water springs in
mountainous regions. Studies have revealed that the spring discharge is mainly
controlled by geological structures, land use pattern, and the nature and extent of
vegetal cover in the recharge zone of the springs. Infiltration of rainwater can be
enhanced by using biological and engineering measures and subsequently the
spring discharge will be increased. A study was undertaken to rejuvenate and
enhance the discharge of the existing natural water springs with the specific
objective to increase the recharge potential of natural water springs using vege-
tative and engineering measures in the recharge zone of the springs. The vege-
tative measures included planting of water-conserving forest species such as
oak (Quercus leucotrichophora), utis (Nepalese alder, Alnus nepalensis), willow

Fig. 5 Appropriate water harvesting model for hilly areas
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(Salix alba and Salix babylonica), etc. as per the recommended practices, along
with the existing vegetation. Concurrently, the engineering measures in the form of
staggered contour trenches of 1.0 9 0.5 9 0.5 m (depth) size with a side slope of
1:4 at a spacing of 1 m along the approximate contours, and 12.5 m horizontal
interval/cm of expected runoff were adopted in the recharge zone of the springs.
The results revealed that the discharge from the springs increased significantly
after adopting the biological and engineering measures. The contour trenches
showed an immediate effect on spring discharge due to enhanced recharging of the
spring catchments, whereas the trees had a delayed but long-term effect on spring
recharge. Using these measures, the disappearing and dead springs were
rejuvenated.

Conclusions

• In order to develop and conserve water resources in the Himalayan region on a
sustainable basis, appropriate water-harvesting tanks and ponds must be con-
structed at suitable sites to meet the crucial needs of drinking, domestic uses,
animal consumption and irrigation. This will ensure an adequate and better
water supply for the villagers and reduce drudgery on farm women.

• An integrated approach must be adopted in hilly areas to capture all the
available water resources such as spring water, runoff from rooftops for drinking
and overland runoff for various uses for the household and irrigation.

• This study clearly indicated that even the small flows of perennial water springs
can generate a huge volume of storage for beneficial uses in the middle and high
hilly areas. Development of such facilities at suitable locations will save a huge
amount of money being spent on water supply to hilltops from deep valleys
using multi-stage water lifting devices.

• Large-scale adoption of biological and engineering measures for rejuvenating
the existing natural water springs will greatly enhance their discharge and help
towards the emergence of new springs at suitable locations with active partic-
ipation and cooperation from governmental and non-governmental
organizations.
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Chapter 17
Ports and Climate Change: Building Skills
in Climate Change Adaptation, Australia

Melissa Nursey-Bray and Tony Miller

Abstract The debate on climate change in relation to the ports and shipping
sector has largely focused on their impacts rather than the question of adaptation
and vulnerability. Limits to current levels of adaptation to existing climatic vari-
ation are demonstrated by the impacts and costs to society associated with extreme
events such as floods, ice storms, droughts and hurricanes. Assessing vulnerability,
and therefore the resilience of social-ecological systems, such as ports, needs to
take account of three dimensions: (i) real or potential impacts on the system,
(ii) the systems’ ability to cope and adapt to these impacts and (iii) the extent to
which coping capacity may be constrained by environmental or societal condi-
tions. In this context, this paper reflects on the results of a training needs analysis
conducted within the ports and shipping industry in Australia, in order to explore
what might be most relevant issues for the sector and its implications for future
adaptation strategies. The paper reflects on the issues raised and argues that the key
to building adaptive capacity is implementation of training packages focused on
vulnerability assessments.
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Introduction

Climate change, its impacts and solutions are at the forefront of a collective global
consciousness. Instituting adaptation frameworks that can assist professionals to
respond to climate change, yet be tailored to specific sectoral needs, is crucial.
Professionals working at the ‘‘coalface’’ of the climate change challenge need to
build new skills and create innovative solutions in social and political contexts.
However, there are a number of challenges to creating management frameworks
that address climate change while meeting the needs of different sectors.

Using the ports and shipping sector as a case study, this paper reports on the
experience of implementing a training needs analysis of the ports industry in
Australia in relation to climate change.

This needs analysis was part of a project designed to develop climate change
adaptation curricula for ports professionals, and part of the process we adopted was
to try and determine what core training needs were. However, this process also
revealed interesting trends in relation to the adaptive capacity and perception of
the industry, which form the basis of this paper. The project is funded by the
Department of Climate Change and Energy, Australia, and was conducted while
the authors were working at the National Centre for Marine Conservation and
Resource Sustainability, Australian Maritime College, UTAS, Tasmania, Austra-
lia. The results are now incorporated within a draft online certificate in climate
change adaptation training.

While obvious to some, it is nonetheless worth noting that the ports and shipping
sector is very diverse. While our summary of the industry is done by using the term
‘‘ports and shipping’’, we acknowledge that this is a fairly rudimentary term that
does not capture the nuances of the industry. We do, however, use it for conve-
nience, especially as we ensured that we undertook to gain an understanding within
our review of the experiences and needs of the sector across the board.

Methodology

The training needs analysis was undertaken to: (i) develop an understanding of what
the industry training needs were and (ii) what content and style of delivery to adopt for
the ports sector. Table 1 shows the methodology we adopted to undertake this process.
We conducted a desktop survey of ports across the world, but in particular focused on
the ports of Tasmania, Queensland and Victoria, Australia as our case studies.

Why Ports?

Current climate change science has arrived at four important conclusions: (i) that
warming of the climate system is ‘‘unequivocal’’, (ii) the study of palaeo-climatic
data supports the view that this warming is unusual and comparatively accelerated
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and shows that where warming did occur, so did sea level rise, (iii) that the
increase in temperatures that have been documented since the mid-20th century
are ‘‘very likely’’ to have been human induced, and (iv) that continued emissions
outputs will cause further warming (Steffen 2009; IPCC 2007).

Climate change is anticipated to have a major impact on ports. An international
study by the OECD of 136 cities with over 1 million people (in 2005) into the
vulnerability of ports across the world highlights the importance of this issue
(Nicholls et al. 2007). Key findings from this report indicate that already large
populations are exposed to coastal flooding in port cities, and that across all cities
approximately 40 million people (0.6% of the global population, or roughly 1 in 10
of the total port city population in the cities (within the project study) are exposed
to a 1 in 100-year coastal flood event. The study also found that the top ten cities
(in 2005) that have the most exposed populations include: Mumbai, Guangzhou,
Shanghai, Miami, Ho Chi Minh City, Kolkata, Greater New York, Osaka-Kobe,
Alexandria and New Orleans (Nicholls et al. 2007). The sheer number of ports,
combined with Australia’s geographical size, means that any climate change
impact on ports in Australia will have flow-on effects for maritime transport, food
security and environmental protection.

Extreme weather events will include chaotic, heavy precipitation, high wind
loads, increased wave action and storm surges. These events will lead to a variety
of impacts for ports including: increased coastal runoff and siltation (requiring
ports to generate increased GHG emissions from more frequent dredging);
increasing bioavailability of entrained heavy metals and other pollutants; increased
high wind and temperature stoppages under OH&S laws, with consequential
delays to berthing and cargo-handling operations; and coastal flooding requiring
increased coastal hardening. Extreme wind speeds are likely to require engineering
upgrades to piers, berths, wharf moorings, container gantries and other cargo-
handling equipment.

Most ports are already operating at their limits as far as channel utilization
capacity goes, and margins for error have been reduced to a bare minimum.
Adverse weather conditions will require shipping to go outside the boundaries of
Permanent International Association of Navigation Congresses (PIANC)

Table 1 Methodological framework for conducting a needs analysis

Typology of
needs

Definition Methods used

Expressed needs Those stated by industry
representatives themselves

Desktop survey Workshops

Indicative needs Those indicated by community/
sector characteristics

Data sources such as the ABS

Normative needs Those drawn from applying
benchmarks

Performance indicators for industry

Comparative
needs

Those suggested by comparison to
others such as other sectors, i.e.
local government, fisheries

Expert workshops Individual interviews
Focus groups
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guidelines for channels. Present resources may not be adequate to facilitate safe
movements, resulting in down time. Pilots and tug operators will probably call for
the safety margin in channels and swinging basins to be significantly improved by
(i) reducing length and beam restrictions or widening channels; (ii) restricting
transits of vessels with high wind loads.

Extreme weather and changing climatic conditions may also force the creation
of new ports and marinas as commercial fish stocks migrate further southward and
trading patterns change in keeping with greater focus on greenhouse gas emissions.
Development of new ports are likely to occur in response to proximity of bulk
export resources as well as the conflicts with urban development restricting
existing port expansion requirements.

Rising ocean and air temperatures coupled with increasing ocean acidity are
likely to increase corrosion, biodeterioration and biofouling and also create new
opportunities for biological invasions associated with shipping. New environ-
mental conditions coupled with ships spending increased time in port waters due to
more frequent storms will result in greater potential for the establishment of
species in ports.

It is highly likely that these weather changes will drive changes to the regu-
latory framework, including: tightened planning regulations for coastal develop-
ments and spoil dumping, and changes to the weather components of OH&S
legislation. Other changes will probably include upgraded requirements for har-
bour tug capacity, changes to draft and air-draft restrictions, and possible moves
towards cold-ironing. Regulatory restrictions on port emissions will probably lead
to significantly slower transit speeds in port waters and the need for greater fuel
efficiency in cargo-handling systems and operations. The use of alternative fuels,
such as LNG, in ships to reduce greenhouse gas emissions will, in turn, require
new infrastructure for bunkering operations.

Moreover, the ports industry will not only be subject to climate impacts but is
also seen as an important point source for ongoing emissions. CO2 is the major
greenhouse gas emitted by ships. SOx emissions have a potential cooling effect
and/or create local climate disturbance. The sulphur content of marine fuels will
decrease due to measures being adopted by IMO. NOx, HC, CO, PM, CH4, N2O,
HFCs, fugitive VOCs, POPs and others have a minor role in global warming and
will need to be accounted for. SOx, NOx, HC, CO, PM, fugitive VOCs, POPs and
others have significant local air quality impacts. Although most air quality emis-
sions only play a minor role in global warming, the increased community
awareness of emissions due to the prominence of the global warming issue, and the
potential for climate change to affect the dispersion of air quality emissions, will
emphasize the need to accurately quantify air quality emissions. There is also the
potential for greenhouse gas mitigation measures to affect levels of air quality
emissions. Emissions sources at ports include ocean going vessels, harbour ves-
sels, cargo handling equipment, locomotives and vehicles (EPA 2009).

Climate change also introduces another level of complexity to the operating
environment in which port authorities and government plan Australia’s port infra-
structure capacity. With approximately 30,000 commercial vessel calls a year (Ports
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Australia 2009), ports are a critical element of Australia’s trade infrastructure.
Although there is great diversity in the delivery of current capacity in our ports,
ranging from small, regional ports such as Flinders Island to major ports such as
Melbourne and Sydney, all contribute to Australia’s position as a global trader, with
nearly 800 million mass tonnes of throughput in 2007–08 alone (Ports Australia
2009). Over 99% of Australia’s exports and imports, by mass, are carried by sea, and
expectations are that Australia’s trade will continue to grow: international container
trade alone is predicted to nearly treble by 2020 to almost 12 million TEU. It is
therefore critical that Australian ports remain effective for the industries they serve.

Results of the Training Needs Analysis: Ports and Shipping

How does this review of the issues for ports compare with industry understanding
and perception of what the issues are? The following section sums up the range
and breadth of these issues (Table 2).

This summary shows that in relation to the physical impacts of climate change in
ports there is a diversity of opinion, both within the industry and the literature about
it, about what the needs are in responding to the problem. To clearly identify
appropriate adaptation and mitigation strategies, this diversity needs to be incorpo-
rated. For example, different components of the industry will have different needs. A
climate change response strategy within a single port, may in fact, then, be a com-
posite of many different types of adaptation and mitigation mechanisms, appropriate
to the different needs of the sub-components of the whole. Within Australia, different
ports are in fact looking at different strategies. The Port of Melbourne, for example, is
developing a climate change policy, and the Port of Sydney is developing a climate
change risk assessment and has instituted the practice of considering climate change
mitigation factors in development applications.

This summary also shows that there is a diversity of issues confronting pro-
fessionals working in the ports area. Interestingly, while there was variability in
emphasis about these issues across different ports, (i.e. for one port, infrastructure
might be of greater importance than navigation), there was little conflict within the
sector about the issues per se. While our review did not cover the relationship
between port personnel and other stakeholders, future research might reflect on
whether the resolution of some of these issues and needs may not only affect others
outside the industry but provide an opportunity to engage with others in a prof-
itable manner, hence avoiding potential conflict. It would also be worth reflecting
on the question of at what level training or skills development might occur. It is
important to distinguish between different levels of interest in training, and who
might undertake it.

Reflection on the results of stakeholder workshops from a related project exam-
ining vulnerability and ports is, however, instructive (Nursey-Bray et al. in review).
In this case, potential for conflict between ports in Australia, originating from the
differing perceptions of port personnel over the nature of the climate change threat,
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Table 2 Summary of issues raised in needs analysis of ports and shipping in relation to climate
change

Impact Need

Sea level rise • Conduct specific risk/hazard and vulnerability assessments to
determine how these climate change hazards will affect the
shipping industry

• Durability of port coastal infrastructure needs examination,
monitoring to determine its resilience to sea level rise and
associated impacts

• Development of the appropriate adaptation strategies (retreat,
protection) to reduce infrastructure impacts

Managing extremes • Risk assessment/hazard training needed
• Raising structures and services above expected inundation

levels
• Building a dyke or levee to keep the rising sea back

Warmer seas • Increase quarantine measures against the risk of introducing
invasive marine species

• Develop and adapt strategies for the monitoring and
management of both ballast water and anti-fouling/hull fouling
systems

Change in wind conditions • Potentially increase birthing time at docks causing economic
impacts for shipping companies and time delays for ports

• Invest in boat designs that handle increases in wave height as
result of warming

• New locations for terminals
• New emergency responses to enable stability when departing

and entering marinas and terminals
Changes in sea chemistry • Monitoring strategies for increased salinity levels

• Adapt coastal structures that may be affected by corrosion or
degradation

Navigation • Need to understand the varied affects and impacts climate
change will have on the sectors related to navigation

• Need to consult the stakeholder groups (port, coastal, offshore
and vessels) that operate within the industry

Infrastructure • Increased understanding of methods for reducing impacts to
existing and future marine and coastal infrastructure

• Risk assessment
• Ongoing research capability
• Retrofitting
• Need new and efficient climate-sensitive building designs and

methods for old and new buildings
• Relocation of marinas and wharfs

Vessel impacts • Alternate routes for entering ports and adjusting docking
procedures

• Research to develop methods for reducing turbulent seas
reducing port closure allowing vessels to dock or depart safely

(continued)
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and therefore need to respond to it. It was clear in this instance that some port
managers evinced a higher order of scepticism than others. Moreover, those who
were concerned about the impacts of climate change expressed a high conviction in
the ability of ports to respond to change because they ‘‘always had’’. Thus, for them,
the need for training, delivered by external parties, was not necessarily prioritized.

Taking the Next Step: Managing for Change…

This training needs analysis has implications for port personnel, not least in estab-
lishing what level of adaptation and mitigation needs to be implemented at what
level. For example, an appropriate training programme for a port worker will not be
the same as that for a port manager. There are clear lines of management, delegation

Table 2 (continued)

Impact Need

Port closures • Examine gaps in knowledge and improve methods and designs
for the implementation of adaptation measures to reduce these
disruptive impacts

Reduction in emissions
(from vessels, handling of
bulk products,
and transport operations
undertaken
by port customers)

• Fuel efficiency measures or alternate fuel and energy source
• Ship/port operational changes for improved efficiency and fuel

savings
• Market-based instruments to encourage behavioural change

Stakeholder consultation • Training professionals in how to consult with community,
stakeholders and partners

Industry recommendations based on needs analysis
• Appropriate adaptation training needs to be provided to maritime professionals so they can

develop clear objectives, strategies and actions
• Train professionals in adaptation responses, policy requirements and implementing, risk

assessment and response training and managing and conserving coastal regions and their
infrastructure

• Management plans regarding infrastructure and operations should be adapted to allow for
protection at all levels from climate impacts

• The use of adaptation tools such as Geographical Information Systems (GIS) to monitor any
changes in sea level rise or topography of coastal areas in order to monitor vulnerable areas and
adapt any plans accordingly

• Buildings that are in danger of being impacted by climatic events should be retrofitted to the
highest standards

• Establish communication channels between scientists, stakeholders and maritime professionals.
This will include creating partnerships with key research agencies, including CSIRO

• Coastal development needs much stronger regulation and monitoring
• Identify priority areas for action on adaptation and mitigation. Development of a climate change

strategy to assist ports in developing actions, goals, strategies and targets for mitigating against
and adapting to the impacts of climate change

• Identify any future information requirements and fund research studies to reduce any gaps in
knowledge
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and responsibility that need working out, as well as the funding investment required
to build adaptation and mitigation options at all levels. Port authorities and the heads
of shipping industries often prepare management plans for specific areas such as
infrastructure, vessels and port operations. These plans are intended to guide
decisions about how these areas should be managed in a balanced way and may
include detailed recommendations for setbacks for development, as well as desig-
nating specific areas for particular uses. In the case of climate change, the analysis
highlighted that management options will now need to incorporate adaptation and
mitigation strategies to reduce the impacts of climate change to the region.

While our review highlights a number of issues that will affect the industry and
merit inclusion into a climate change adaptation training course, we argue that
there are two areas where priority attention is vital. The first is the need to invest in
research, development and implementation of adaptation strategies for the
following:

1. the vulnerability of ports to extreme weather events;
2. increased monitoring of coastal zone and infrastructure;
3. implications of coastal erosion, sea level rise and increased storminess;
4. looking at potential dredging requirements; increasing the height of dykes;
5. relocation of ports and industries;
6. examining impacts of increased storminess on vulnerable shipping routes;
7. adapting existing building codes to ensure that long-term infrastructure will be

buffered against future climate risks;
8. updating of disaster management strategies;
9. implications of coastal erosion, sea level rise and increased storminess.

The second need is to train ports and shipping professionals in risk and vul-
nerability assessment techniques. It is important that maritime industry planners
and professionals are able to rate the probability of climate change impacts in
order to assess the social, ecological, political, economic and legal consequences
of that particular impact. The use of risk and vulnerability assessments allows
professionals to identify areas in their industry most susceptible to climate impacts
in order to establish priorities and incorporate these into the strategic planning
process (Nursey-Bray and Ferrier 2009). The ability of planners, managers and
professionals to be competent in the use of information collected during a vul-
nerability/risk assessment to estimate the consequence, probability and resulting
risk of specific climate change impacts to systems in a planning area will become
vital in coming years.

There is much experience in this area to draw upon, as the term vulnerability
has multiple definitions. Adger (2006), and Cutter et al. (2003) provide good
overviews of its history and intellectual precedents. Füssel (2007), for example,
outlines a suite of approaches within vulnerability research including (i) classical
approaches, (ii) risk-hazard approaches (Downing and Patwardhan 2004),
(iii) political economy approaches (Adger and Kelly 1999), (iv) pressure and
release model which defines risk as a product of hazard and vulnerability
(Blaikie et al. 1994), (v) integrated approaches which combine the above such as
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Cutter’s model, which combines exposure to hazards with the interaction with the
social profile of communities (Cutter et al. 2003), and (vi) the resilience approach,
based on the idea of exploring vulnerability in the context of social-ecological
resilience (Folke 2006).

Füssel (2007) notes that the United Nations outlines four groups of vulnerability
factors that are relevant in the context of disaster reduction (and of relevance to the
ports sector): physical factors (i.e. external stressors to which people/property are
exposed), which describe the exposure of vulnerable elements within a region;
economic factors, which describe the economic resources of individuals, popula-
tions groups and communities; social factors, which describe non-economic fac-
tors that determine the well-being of individuals, population groups and
communities, such as the level of education, security, access to basic human rights
and good governance; and environmental factors, which describe the state of the
environment within a region.

All of these factors describe properties of the vulnerable system or community
rather than of the external stressors. However, they cannot be simply adopted;
professionals need additional training and expertise to undertake such assessments.
This is best summed up by a comment from the submission presented by the Port
of Enfield in Adelaide, South Australia, to a Federal government inquiry on cli-
mate change and coastal communities arguing that ‘‘regional coastal vulnerability
assessments (incorporating economic, social, and environmental impact assess-
ment) be undertaken in accordance with a nationally consistent framework, with
the flexibility to include particular issues of local interest or concern’’ (Port of
Enfield 2008, p. 3).

Summary: Responding to Change

This paper reported on a training needs analysis conducted on the ports industry in
Australia. The analysis highlighted that (i) the industry needs to make some key
investments in research so as to ensure the knowledge about how to address
climate change issues are addressed, and (b) that the industry would benefit from
training in vulnerability assessments so as to identify key issues, and build ongoing
adaptive capacity. In this way ongoing resilience will buffer the ports and shipping
sector against the potentially sudden perturbations of climate, and the ongoing
stresses caused by climate change.

The ports and shipping industry is not a stranger to change, nor responding to it
over time. However, there is less time now to adapt, and a greater imperative to build
resources from within to cope with external stressors. Both mitigation and adap-
tation strategies are required in order to effectively respond to the idea of climate
change, and investments in the research and training needed to build understanding
of vulnerability over time. Then the industry will build the skills essential to
ensuring it has ongoing capacity to address climate-induced risks in the future.
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Chapter 18
Preliminary Report on the Socioecology
of Rural Groundwater Markets
in the Gingee Watershed

Susan Varughese and K. V. Devi Prasad

Abstract According to the latest World Bank report, India is the largest ground-
water user in the world and accounts for approximately 60% of the irrigated agri-
culture in the country. In the hard rock and semi-arid areas of peninsular India,
uncontrolled overexploitation of groundwater is leading to a continuous decline in
the water table, driving farmers to participate in and increase their dependence on
informal markets for irrigation water. This paper examines the existence, structure
and role of groundwater markets in the Gingee river watershed in the Tamil Nadu and
Puducherry region of India. The state government’s policy of providing free elec-
tricity, subsidized bore installation schemes and promoting water-intensive crops has
led to a drop in the water level in successive years. The large landholders have the
resources to dig bores at greater depths; small landholding farmers depend greatly on
surface water and rainfall, leading to exacerbation of inequalities. With changes in
climate and rainfall variability during the last few years, and also the ineffectual sur-
face water irrigation system, the whole agriculture structure has received a setback.

Keywords Groundwater � Water markets � Agriculture � Canal � WEMs �
Tamil Nadu

Introduction

Today, groundwater accounts for more than half of the total irrigation in India. The
agriculture sector is the largest consumer of water, with 90% of the total available
water being used for irrigation. Agriculture in India accounts for as much as 85%
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of the total annual withdrawals. The scarcity of water resources along with the
rapid increase in the demand for water has resulted in overexploitation of aquifers.
It is often stated that the availability of cheap water to the agricultural sector has
tended to encourage its pre-emption for a low-value, high-volume use and has
encouraged its waste and profligate consumption (Narain 1997).

Indian villages on the whole have traditionally relied on local rainfall for
meeting their water requirements. When crop production was practised mostly
under rain-fed conditions, the development of irrigation was mainly through
exploitation of surface water and irrigation and was primarily protective and
extensive. The increasing use of well and bore well irrigation has resulted in a rise
in net irrigated area, but at the same time has also led to overexploitation of
groundwater (Janakarajan 1993).

Water is one of the main inputs in modern agriculture and determines, to a large
extent, the level of agricultural production and income. Use of groundwater in
irrigation provides a higher degree of control to the farmer than canal irrigation
does, in most areas. The practice of selling groundwater appears to have been
prevalent in many parts of the Indian subcontinent even under traditional water
extraction technology. The earliest formal reference to water-selling can be traced
to the mid-1960s (Patel and Patel 1969). In many other parts of the Indian
subcontinent, especially Pakistan, the Indian states of Punjab, Haryana, western
and central Uttar Pradesh, West Bengal, Assam and in Bangladesh, and in some
southern pockets, water transactions in some form or other have existed since
the 1940s.

A water market in the Indian context is an informal arrangement in which
individuals having access to water extraction mechanisms trade their water rights
with each other or to outside parties. There is ‘‘renting’’ of water between neigh-
bouring farmers and the seller sells some portion of his water, for a brief period of
time, without any legal conditions. Although the volume of water sold is not
metered, the buyer and seller have good information on the amount exchanged
(Dinar et al. 1997). The key feature that distinguishes water markets from other
forms of irrigation institutions such as a commonly owned tank is that water pumped
is assumed to be the property of the pumper (Shah 1993). Informal water markets
emerged in order to bridge the gap between the demand and supply of water, and
these markets continue to exist in many parts of the country (Venkatachalam 2008).

Over the years, groundwater markets have come to play a significant role in
India’s groundwater economy (Bhatia et al. 1995). The rising share of groundwater
in irrigation is attributed largely to its higher productivity compared with canal or
tank irrigation (Shah 1993). In the hard-rock water-scarce areas of Tamil Nadu, the
evidence in relation to the development of water markets is mixed. Guhan and
Mencher (1983) found active and developed water markets operating in Iruvelp-
attu village in Ramanathapuram district of Tamil Nadu (Shah 1993). Swaminathan
and Kandaswamy (1989) in their study in the Avinashi and Perianaickenpalyam
taluk of Coimbatore district found the absence of water-selling; while Copestake
(1986) found active water markets in the Shivaganga block near Madurai. He
found evidence of water sales from wells as well as tanks.
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Researchers and academics are divided on the equity and efficiency impacts of
groundwater markets. In economically efficient resource allocation, the marginal
benefit from the use of the resource should be equal across sectors. Equity of water
allocation is particularly concerned with the ‘‘fairness’’ of distribution across
economically disparate groups in a society or across time and may not be
compatible with efficiency objectives (Dinar et al. 1997). Some favour water
markets on the grounds of equity in resource distribution, in terms of access to
water to farmers irrespective of their social and economic status (Rosegrant and
Binswanger 1994; Meinzen-Dick and Sullins 1994). Groundwater markets make
the resource accessible to those who cannot afford it. Water markets increase the
use of installed pumping capacity, thereby improving the economic efficiency of
private bore irrigation (Meinzen-Dick and Sullins 1994). Those who oppose water
markets argue that it amounts to favouring the rich over the poor by monopoly
rents, leading to worsening of income distribution (Janakarajan 1993; Singh 2002).
Narain (1997) noted that in the absence of well-defined rights and an institutional
structure in water, the development of groundwater markets could stimulate
aquifer depletion while at the same time creating a powerful monopoly of water
lords. Both arguments hold good under different situations. The former may be
true in water-abundant regions and the latter in water-scarce regions.

Dwindling water tables often catalyse the process of ‘‘competitive deepening’’
of modern water extraction mechanisms (WEMs) as each user chases a declining
water table. Over the years, the area irrigated by tanks in Tamil Nadu is decreasing
while the area irrigated by wells is increasing (Palanisami and Meinzen-Dick
2001). Both underpricing of water and lack of cost recovery mechanisms in
government-managed irrigation systems have resulted in poor operations and
maintenance (Bandara 2005). Economic imperatives force farmers to choose
‘‘cash’’ crops that are generally water intensive over ‘‘food’’ crops which are less
water-demanding, as the former provide greater economic return per unit of land.
Tail-end farmers do not get canal supplies and groundwater is not recharged,
which leads them to spend additional money on pumping groundwater from lower
depths (Shah 2004).

Kajisa and Sakurai (2005) studied the nature of groundwater markets by
examining the impacts of bargaining relationships and of output-sharing contracts
on efficiency and equity, using household data from Madhya Pradesh, India. In a
study conducted by Dubash (2000), in two villages in Gujarat, he concluded ‘‘that
the markets are ‘informal’ should not be equated with an assumption that they are
unregulated’’. He also reasoned that while spatial characteristics, land patterns and
water depth exert a powerful shaping influence on groundwater markets, the actual
form of outcome depends on socioeconomic factors such as the distribution of land
ownership, access to credit and caste. He pointed out the fact that analysis of specific
village characteristics is required to understand these path-dependent outcomes.

Agriculture in Tamil Nadu and Puducherry largely depends on southwest and
northeast monsoons. Taking advantage of the southwest monsoon, large-scale
coverage of oilseeds, pulses and cotton crops are taken up under rain-fed culti-
vation. The northeast monsoon rains are also very crucial for recharge of sub-soil
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water. In a climate change scenario, the decreasing groundwater level and the
erratic rainfall pattern will present new challenges and uncertainties to the whole
irrigation system.

The purpose of this paper is to examine the presence of groundwater markets in
the Gingee watershed. The paper deals with the preliminary analysis of the extent
of water market development, the nature of the transactions and who participates
in such transactions, with special reference to the Veedur command area in the
Villupuram district of Tamil Nadu and Mannadipet commune of Puducherry. The
paper attempts to document the dependence of farmers on informal water
transactions for irrigation in the canal command areas.

Study Area

The area under study forms a part of the Gingee watershed. This watershed
comprises of parts of Tamil Nadu and Puducherry,1 extending from north latitude
11� 550 00} to 12� 330 00}and east longitude 79� 180 00} to 79� 520 00}. The total
geographical area of the basin is 2250 km2. The watershed lies on the drainage
basin of the Gingee river, also known as ‘‘Varahanadi’’, which crosses Puducherry
diagonally from northwest to southeast. The river is basically ephemeral, flowing
only during rains and floods. Even during rains, due to interdiction of the flow for
irrigating the upper reaches, the river flows only intermittently.

The Veedur Main Canal takes off from the saddle dam beyond the left flank of
Veedur through two sluices. The channel feeds a total irrigated area of 1,280 ha, of
which 400 ha are in Puducherry region. Under the Veedur dam command area,
sixteen villages are officially the beneficiaries of the dam. Of these sixteen, eleven
fall under Tamil Nadu and five under Puducherry.

Methodology

Six of the sixteen villages were chosen for the study, two from each head, middle
and tail end, located in the Villupuram district of Tamil Nadu state and Manna-
dipet commune of Puducherry Union Territory, respectively. The grounds for
choosing these villages were that all of them are beneficiaries of the Veedur dam
canal command area, and would have been expected to use the canal system as the
main source of irrigation. The existence and extent of water transaction under such
a scenario would be an indication of the dependence and importance of ground-
water in irrigation. It also provides an insight on how these transactions differ
along the head, middle and tail reaches within the command area.

1 Formerly known as Pondicherry, the name of Union territory was changed to Puducherry by an
Act of Parliament in 2006.
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A distinctive feature of many of the canal irrigation systems of India is that the
farmers in command areas of the canal depend on pumping groundwater for
irrigation (Shah 2009). Choudhury (2007) studied eight irrigation systems and
found that tail-end farmers usually receive much less water than they need for
growing crops. He found that even in the canal command area, less than 58% of
farmers rely on canal water for irrigation.

The present study was conducted at two levels. A focus group discussion was
first conducted in all the villages to get a general idea about the villages, their main
source of irrigation, changes in the cropping pattern, nature of water transactions,
sources of irrigation and the causes of the changes in the cropping patterns and
irrigation sources. A detailed individual questionnaire survey was later conducted
at households chosen randomly in all the villages. A total of 138 interviews were
carried out from the six villages, taking 10% of the population subject to a
maximum of 50. The survey was conducted from August 2009 till January 2010.

Structure and Role of Groundwater Markets

Selling and buying of groundwater is a common practice in most of the villages,
though the manner in which water markets function varies across different regions.
A study conducted in four villages of the Banaskantha district of Gujarat con-
cluded that groundwater irrigation is a major source of livelihood not only for well
owners, but also for water buyers and farm labourers (Kumar et al. 2004).

In the present study, the existence of groundwater markets was found in all the
villages except one. In all cases where water transactions occurred, it was found
that the selling and buying of water has been a common practice for generations
and is based on the ownership of wells. The villages surveyed under the present
study had similar climates but different geologies. The main monsoon season and
the major rainfall in this part of the country occur during the northeast monsoon.
The geomorphology of the Puducherry region comprises mainly alluvial and flood
plains, whereas the Tamil Nadu part consists of hard bedrock in the middle reaches
and clay and sandstones in other parts. The farmers in the area practise irrigation,
either through canal, tank or personal water extraction mechanisms (WEMs),
depending on the availability of canal/tank water. Farmers without any WEMs
either depend on rainfall or buy water from other farmers at an hourly basis or on
an output-sharing contract basis.

Table 1 gives a comprehensive outline of the market structure of the six vil-
lages. The head and middle reaches are in the Tamil Nadu state, whereas the tail
end comes under Puducherry. As can be seen from the table, the water transactions
perform an important role in the irrigation of crops at the tail end and at the head
end. There are few water transactions in the mid-reaches of the canal, mainly due
to the geology of the area. These middle-reach villages have hard bedrock at a
depth of around 40–60 m. There are no bores and existing wells do not go beyond
a depth of 30–60 m in the majority of cases. Most of the existing wells do not have
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water during the dry season and those with water in their wells have just enough to
irrigate their own fields. There is no surplus left for any water transactions to
occur.

Among the six villages, Thollamur did not have any instances of a respondent
selling or buying water over many years, which was also confirmed during focus
group discussions. In Thollamur, the villagers depend mainly on canal and rain
water and raise only one crop a year. The situation worsens during years when
rains fail or rainfall is below normal. During normal monsoons the water from the
canal and tank is enough for three months. For the rest of the year, villagers work
as labourers in the granite mining industry in and around the area or they go to
neighbouring villages or states as agricultural labourers. It was also observed that
most of the respondents sold some part of their land to the granite industry, as it
was more profitable than cultivating it.

The number of well owners in Veedur was higher compared to other villages.
Being the first village from the dam, it also enjoys assured water availability for
longer periods. The availability of free electricity to all farmers in Tamil Nadu
could be one of the reasons for the proliferation of bore wells. During the survey,
only five farmers were found to be using diesel pumps. Also, Table 1 shows that
among the two head-end villages, there were more water transactions in Pombur
than in Veedur. This is because Pombur is the first beneficiary village in line, and
canal water is available for five to six months.

However, Pombur has to wait for the water to come through the canal, which
passes two villages, and then fill up the Pombur tank from where it is diverted to
different fields. Therefore, to reduce their dependence on canal water, people
engage in informal water transactions. Also, as Varahanadi has irregular water
flows, water is not available at all times. This, together with the unpredictable
rainfall patterns, has generated water trading.

The tail-end villages were more active in water selling and buying, as indicated
by the number of water sellers and buyers among the respondents. The lack of
canal water over many years and the subsidies provided by the government to
install new bore wells have played a significant role in the existing state of affairs
in these villages.

Table 1 Market structure in the study area

Number of
agricultural
households

Number
of well
owners
(non-
sellers)

Number
of well
owners
(water
sellers)

Number
of water
buyers

Number of
well owners
who are also
water buyers

% of
respondents
involved in
water
transactions

Head Veedur 33 14 3 0 2 6.06
Pombur 30 13 5 7 1 26.67

Mid Nemili 20 7 2 0 0 0
Thollamur 20 5 0 0 0 0

Tail Lingareddy-
palayam

20 7 5 7 0 36.84

Suthukeny 15 5 1 9 0 60
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There have been cases where a water seller also became a water buyer for some
parcels of land. Only three such cases were observed in the area where the WEM
owner was also a buyer of groundwater from other sellers. It was observed in all
these three cases that the owner’s land was away from the command area of their
own wells.

The ownership of water is closely associated with land ownership in India. The
chances of being a well owner increases with an increase in the land owned.
Table 2 provides data on well ownership by land ownership. The respondents in
the area were classified under four different categories of land ownership, namely
marginal (less than 2.5 acres), small (between 2.5 and 5 acres), medium (between 5
and 10 acres) and large (more than 10 acres). The majority of respondents were
marginal landowners and owned the lowest number of wells. Most marginal
farmers were totally dependent on the canal system and rainfall for cultivation and
were also partly dependent on large well owners to provide water when there was
no water from the canal. Nearly all the medium and large farmers have their own
wells.

In terms of cropping patterns, although paddy still continues to be the major
crop in the area, casuarina has become an important competitor in terms of
acreage. As a result of the problems associated with labour availability, difficulties
in getting access to water at the right time, erratic rainfall and low profit, most
respondents shifted to casuarina as it required low amounts of water and labour
and yielded higher income per acre. It also gives farmers a chance to earn money
from other sources.

Table 3 gives a picture of the major crops in the study area and the acreage
under each crop in all the six villages. Most of the farmers grow paddy just after
the northeast monsoon (December to March). Where water is available through
canals or private wells, paddy is grown two to three times a year. The land under
paddy cultivation is higher in Veedur and Pombur compared to the other villages.
According to the respondents, the main reason for this difference is the availability

Table 2 Well ownership by land ownership

Land owned(acres) 0 to C 2.5 \ 2.5 to C 5 \ 5 to C 10 [ 10

Veedur well owner 4 4 4 7
no well 9 5 0 0

Pombur well owner 2 7 6 4
no well 8 3 0 0

Nemili well owner 1 5 3 1
no well 4 4 2 0

Thollamur well owner 0 2 3 0
no well 13 2 0 0

Lingareddypalayam well owner 4 2 3 3
no well 5 2 0 0

Suthukeny well owner 0 1 1 4
no well 9 0 0 0
TOTAL 59 37 22 19
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of water for a longer period in the head end and the production of paddy per acre is
higher from dam water than groundwater. Respondents also stated that paddy
under canal irrigation produces around 25–30 quintals per acre as compared to 18–
25 quintals per acre under groundwater irrigation. Though the production per acre
was not as much as in the head end, it was observed that paddy was cultivated two
to three times in Puducherry villages, mainly due to good-quality soil and assured
water supply from bores.

Sugarcane was the third most important crop after paddy and casuarina. Sug-
arcane is a highly water-intensive crop and, as Table 3 shows, none of the
respondents from the hard bedrock middle-reaches grew sugarcane. Focus group
discussion revealed that Pombur especially leads in terms of acreage of land under
sugarcane as a result of state government subsidies and encouragement of drip
irrigation scheme in this village. It is generally believed that the production of
sugarcane is higher per acre under drip irrigation as compared to normal irrigation.
In Puducherry, the presence of a sugar mill in Lingareddypalayam since the 1980s
has gradually led to a shift from paddy to sugarcane cultivation. The government
schemes favouring sugarcane cropping and subsidized bore installation schemes
have encouraged sugarcane production and today most farmers prefer growing
sugarcane as per-acre return is higher. Both sugarcane and casuarina were found to
be more profitable and less labour intensive than paddy.

Among the legumes and pulses, groundnut accounted for around 7% of the total
cultivated area in the study villages, followed by black gram, sometimes used as an
intercrop with casuarina or groundnuts. Many dryland crops, such as Ragi and
Bajra, grown previously, were either not grown any longer or confined to a few
farmers with small acreages. Cotton was grown mostly as a rain-fed crop in the
head-end villages. Other crops grown included the eucalyptus tree, bananas, fodder
grass and vegetables such as lady’s finger, brinjal and chillies.

Wells are the principal source of irrigation in Tamil Nadu and during
2007–2008, the net area irrigated by open wells and tube wells/bore wells
accounted for about 55.6% of the total net area irrigated. The net area irrigated by
wells during 2007–2008 was highest in Villupuram district, which accounted for
10.8% of the total net area irrigated by wells in the state (Season and Crop Report
2007–2008, Department of Economics and Statistics, Tamil Nadu). In Puducherry,
during 2008–2009, the net area irrigated by tube wells was 64%, with canals
accounting for only about 35% of the total net irrigated area (Season and Crop

Table 3 Village-wise acreage under major crops

Village name Paddy Sugarcane Casuarina Black
gram

Cotton Groundnut Other
crops

Veedur 73.9 33 75 18 10 36 11.1
Pombur 67.1 65.3 22 15 4 14 16
Nemili 22.5 37 17 8 8
Thollamur 39 22.5 2 2
Lingareddypalayam 17.9 42.5 72.5 3
Suthukeny 30.9 46.3 25.7
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Report 2008–2009, Government of Puducherry). Table 4 gives an overview of the
dependence of each study village on surface and groundwater.

The main irrigation sources in the study area were private bores and wells. The
farmers in the head and middle reach of the canal irrigated with dam and tank
water for three to four months after the northeast monsoons. Table 4 provides a
general overview of the dependence of respondents on surface and groundwater. It
shows that groundwater played a major role as a source of irrigation with surface
water irrigation absent in Lingareddypalayam and Suthukeny as a result of their
location at the tail end of the main canal.

The socioeconomic conditions of these villages played a major role in their well
ownership and dependence on various irrigation sources. Approximately 32% of
the total respondents depended entirely on surface water for irrigation and 16%
used both surface and groundwater, with the major users located at the head end of
the canal. Illegal withdrawal of water through pipes attached to engines in main
canals and smaller channels was also observed during the field visit to the head-
end villages. Such withdrawals further reduced the chances of water reaching the
tail end of the canal system. Groundwater accounted for around 35% of the total
water used, with 16% of the respondents depending only on rented water from well
owners. Since rented water is also groundwater, approximately 50% of respon-
dents depended on groundwater sources for their irrigation needs. Groundwater is
not used if canal water is available and if rainfall is normal. However, as this was
not the case most of the time, pressure on the aquifers has increased rapidly,
resulting in a lowering of water tables.

In 2005, an initiative was taken up by the Tamil Nadu government to develop the
basin command area and increase the efficiency of irrigation systems with the help
of the World Bank. The main objective of this venture, known as the ‘‘Irrigated
Agricultural Modernisation and Water Resources Management’’ (IAMWARM)
Project, was rehabilitation and modernization of anicuts,2 flood banks, supply
channels and tanks in the Varahanadi sub-basin. Under this project, the existing
irrigation facilities such as the system tanks, non-system tanks and dams of the
basin are being modernized to harness the full benefit of the available water

Table 4 Comparative village dependence on surface and groundwater (number of farmers)

Village name Surface water GW ? surface water GW wells Rented GW onlya

Veedur 13 12 7 2
Pombur 7 4 15 7
Nemili 10 6 4 0
Thollamur 15 1 4 0
Lingareddypalayam 0 0 12 7
Suthukeny 0 0 6 7

a These farmers depend only on water bought from well owners for irrigation. They are also
included in total groundwater users

2 Anicut is a Tamil word meaning ‘‘dam’’.
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potential. This project is expected to increase agricultural productivity and provide
benefits to the farmers. Work is still taking place to line the main canal with cement
and stones for efficient transfer of water and reduction of seepage losses. Once the
whole project is completed, we will know if there is any improvement in the
efficiency of the canal system and if the benefit is passed to the tail-enders.

Water Transactions

Three types of market contracts for water transactions were observed in the study
area, namely, fixed charge per season, flat charge per application of water, and
output sharing contracts. Among these, output sharing contracts were the most
common. This contract type is mainly used for paddy where the water seller takes
a third of the crop produce. In the case of sugarcane and casuarina, the water seller
receives a quarter of the cash value of total production.

Flat charge contracts were found mainly in the hard rock areas in the middle
reaches of the canal, where farmers cultivated once yearly after the north-east
monsoons. Water was bought only for the last phase of the crop season and for a
short period. Tables 5a and b provide data on water buyers and sellers in the six
villages. In Table 5a, the first row gives the average number of sellers per buyer,
which is around two. Buyers of water generally buy from the same sellers.

In the case of the tank irrigation systems of South India, the water market works
in the later part of the crop season. The water is supplied on an hourly basis with
rates varying from 20 to 50 rupees an hour depending on the crop period and the
demand. Normally, about two to three buyers are covered under single well-
owners (Palanisami and Suresh Kumar 2004). Evidence from the state of Bihar and
the Ganga–Brahmaputra basin in India shows that cash transactions (Mukherji
2004; Shah 1991; Shah and Ballabh 1997; Fujita and Hossain 1995) are very
common in water markets. Palanisami (2009), found the practice of non-cash

Table 5a Details of water buyers in the study site

Veedur Pombur Nemili Thollamur Lingareddypalayam Suthukeny

Max. no. of
sellers/buyers

1 3 – – 2 1

Output sharea (1/3) (1/3) – – (1/3,1/4) (1/3,1/4)
Hourly rateb – (20–50) – – – –
Seasonal

contractc
– (1,000–7,000) – – – –

a The value in brackets denotes the fraction of share of the total produce given to sellers, either in
cash or crops
b The number in brackets denotes the hourly rate of buying water in rupees. The rate varies from
20–50 rupees
c The number in brackets denotes the amount in rupees paid for the whole season for a crop. The
amount varies according to the type of crop from a minimum of 1,000 rupees to a maximum of
7,000 rupees
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contracts in the form of share-cropping in Tamil Nadu, particularly in tank and
canal command areas. Janakarajan (1993), in his study of water markets in Tamil
Nadu, found cases where water buyers offered labour services such as operating
pumps and irrigating well owners’ fields.

Seasonal contracts were found only in Pombur, where a fixed proportion of
crops was agreed upon for the whole season, the proportion varying by crop, the
highest being sugarcane and the lowest pulses and legumes. Two to three cases
were observed where water sellers sold water ‘‘free of cost’’ but with the exception
that the buyer would offer in return some other kind of service in the future. The
hourly rate for water buying was used mostly for groundnuts, black gram and other
legumes, as water was needed only for a short time during the last phase of
cultivation. As Puducherry villages cultivated only paddy, sugarcane and casua-
rina, water transactions were only in the form of output-sharing contracts.

In Table 5b, water transactions are viewed from the water seller’s standpoint in
the study villages. The maximum number of water buyers per seller was higher than
water sellers per buyer. This indirectly points to the dependence of small farmers on
water transactions for irrigation purposes. Many water sellers were found to
transact under all the three types of contract with their different water buyers.

The water sellers interviewed in Pombur and some sellers in Lingareddypala-
yam took a quarter of the total produce in terms of crops, including paddy.
However, this was not common for all sellers. During personal interviews, it was
found that the shares in output were increased because of competition with nearby
sellers. The sellers and buyers of water had a maximum distance of 500 to 800 m
between their fields. Most of the time, water was transported through PVC pipes
and sometimes through small channels.

The prevalent social and ecological conditions of groundwater markets points
to the fact that even though the groundwater market is not a formal institution, it
plays a major role in providing access to water to marginal and small farmers, who
cannot afford to have their own wells. It also points to the need to accept the
existence and role of such an informal institution and to make relevant policies for

Table 5b Details of water sellers in the study site

Veedur Pombur Nemili Thollamur Lingareddy-
palayam

Suthukeny

No. of sellers 3 5 2 – 5 1
Max. no. of

buyers/sellers
4 6 5 – 10 5

Output sharea (1/3) (1/4) – – (1/3 and 1/4) (1/3 and 1/4)
Hourly rateb (50–60) (30–50) (25–30) – (50) –
Seasonal

contractc
– (2,000–10,000) – – – –

a The value in the bracket denotes the output share of the total produce with the seller
b The numbers in the bracket denote the minimum and maximum amount in rupees paid to the
seller under the hourly rate system
c The numbers in the bracket denote the minimum and maximum amount paid in cash for a
season. It varies according to different crops
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both surface and groundwater use in these areas. Climate change will affect the
water availability of the country. Aquifers would respond more slowly to climate
change as compared to surface water systems. With a change in the climate,
groundwater will become a crucial and threatened natural resource.

Conclusions

Water scarcity is becoming one of the major areas of concern in India. With
increasing demand for water, its availability is decreasing. The highly unpredict-
able rainfall, added to increased population expansion, has led to an increase in
competition between different uses and users for the limited supplies of water in
many areas. Many farmers are moving out of agriculture to find more rewarding
and secure jobs in nearby towns and cities while others work as agricultural
labourers in nearby villages.

Groundwater irrigation is central to India’s small farmers and rural poor. In the
present study, groundwater ranks as the most important source of irrigation, with
both head- and tail-end farmers depending on it. Around 50% of farmers depend on
groundwater for irrigation. Water-intensive crops such as paddy and sugarcane
take the lead in terms of acreage. With labour shortages and decreasing water
availability, there is a gradual shift towards casuarina. Many are moving out of
agriculture altogether.

The majority of farmers in the study area fall into the marginal category with
meagre funds to invest in their own water extraction measures. They depend on
groundwater for irrigation which they rent from large farmers. Even those in the
canal command area depend upon groundwater as their main source of irrigation.

The increasing scarcity and competition for water across different sectors call
for a more efficient, equitable and sustainable water allocation policy. The pres-
ence of informal institutions such as groundwater markets should be officially
recognized and regulated in such a way as to check the overexploitation of aquifers
and to provide opportunities for small and marginal farmers to access to water.
Government policies which promote water-intensive crops and provide subsidies
for installing bore wells need to be changed and will require strong political will to
achieve this change.

Re-formalizing India’s water strategy and a change in the administrative
approach towards water management issues are needed to meet the challenge of
climatic change. A more holistic and long-term approach is needed to protect the
region’s aquifers from irreversible damage.
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Chapter 19
Impact of Climate Change on Water
Supply and Food Security in Seraro
District, Southern Ethiopia

Fikadu Reta Alemayehu

Abstract While the issue of climate change and its potentially devastating impact
is generally agreed among researchers and policy-makers worldwide, the level of
exposure to the problem varies regionally. Sub-Saharan Africa is considered one
region likely to be most affected by the impacts of climate change. However, there
is limited evidence indicating the specific magnitude of the impact within and
between countries in the region. This study used a quantitative and qualitative
research design to collect data on agricultural production, food security, child
nutrition and water supply in Seraro district of Oromia region, southern Ethiopia.
A total of 418 households participated in the study and detailed discussions were
done with the farmers. The result of the study showed that nutritional status of the
children is far from the WHO standard and that shortage of drinking water both for
household and livestock is one of the most important constraints in the study area.

Keywords Climate change � Water supply � Food security � Child nutrition �
Southern Ethiopia

Introduction

While the issue of climate change and its devastating impacts is generally agreed
among researchers and policy-makers worldwide, the level of exposure of different
regions of the world varies (Chhibber and Laajaj 2008). At the same time, the
available evidence about the degree of impact and necessary adaptation measures
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is limited and inconclusive. For example, sub-Saharan Africa is considered to be a
region most affected by the impacts of climate change. However, there is limited
evidence indicating the specific magnitude of the impact within and between
countries as well as the necessary actions to be taken to deal with the impact.
Kung’u (2007) state that world hunger and poverty are among the leading chal-
lenges of the twenty first century. In recent years, climate change and rising food
prices have added another level of complexity to existing problems of hunger and
malnutrition in developing countries (Cline 2007; Burroughs 2007). On the other
hand, in most developing countries, economic progress has been uneven and
associated with limited improvement in the well-being of mothers and children in
rural areas. For example, in India, which is one of the world’s fastest-growing
economies, 47% of children are malnourished, with child malnourishment in the
poorest states increasing from 54% in 1991 to 60% in 2001 (IIPS 2007). Despite
increased economic growth in the past few years, Ethiopia is one country expe-
riencing periodic problems of drought, food shortage and child malnutrition (IMF
2008; FAO 2009). Globally, population growth, a growing economy, together with
the problem of climate change, are putting increasing pressures on water avail-
ability and affecting the lives of the 900 million people without access to adequate
water. Of these, 340 million are found in sub-Saharan Africa (Baron 2009).
Agriculture is the backbone of people’s livelihoods in sub-Saharan Africa,
including Ethiopia, and issues related to the availability of water, food security and
child nutrition are crucially important in planning adaptation measures (FAO
2009). Thus, this study uses a quantitative and qualitative research design to
examine agricultural production, food security, child nutrition and water supply in
Seraro district of Oromia region, Southern Ethiopia.

Method

The study area was one of Southern Ethiopia’s remote districts, where the
problems of crop failure and child malnutrition are widespread. From
15 December 2009 to the end of January 2010, data was collected from 418
farming households, which included detailed discussions with farmers. A strat-
ified cluster sampling technique was used to select sample respondents for the
study. Data was collected using a household survey questionnaire, focus group
discussion and interviews, anthropometric measurements of mothers and chil-
dren less than 5 years old and secondary data sources. The quantitative data
was analysed using STATA 10 software and WHO Anthro software was used
to analyse children’s anthropometric data. Nutritional status of children was
presented in Z scores (number of standard deviations that an observed
anthropometric value of a child is below or above the population mean of the
WHO reference population).

298 F. R. Alemayehu



Results

Socioeconomic Characteristics of the Respondents

All respondents in the household survey were mothers aged from 17 to 45 years
with a mean age of 29 years. Almost all (95.7%) were married while 3.1% were
widowed. Family size ranged from 3 to 21 members with a median of six.
A significant number (25.8%) of the respondents’ husbands had more than one
wife. About 82% of mothers and 72% of husbands were illiterate. Most respon-
dents (82.5%) came from the Oromo ethnic group and 97% were Muslim.
Agriculture was the major economic activity for the majority of respondents (88%)
with 12% of respondents engaged in other economic activities such as labouring,
selling firewood and small-scale trading. Only 21% of respondents owned a radio
while 71% of households had one or more kinds of livestock, of which cattle and
chicken are the most common. Almost all (98.6%) mothers did not use any family-
planning methods.

Agricultural Production and Food Security

94.5% of respondents had some agricultural land, of whom 85% owned their own
land. The reported mean size of agricultural land was � hectare with a minimum
size of � hectare and a maximum of six hectares. Maize, teff, sorghum and potato
were the most common crops grown in the area. The mean amount of maize
produce, which is the major cereal in the area, during the harvest season at the time
of data collection was 480 kilograms per household with production ranging from
100 to 5,000 kilograms. Concerning sufficiency of produced food, 93% of
respondents reported that annual food production was insufficient to meet their
needs. As a result, 91% reported they had to buy food either by selling domestic
animals or by looking for other income-generating opportunities. About 86%
reported they depended on purchased food for an average of 6 months per year.
Due to the crop failure problems since the 2007–2008 harvest season, 76% of
respondents reported they had received periodic food aid for the last two years for
about seven successive distributions during the most stressful months (June, July
and August).

Water Availability Drought

All respondents reported they had faced shortages of water/rainfall during the
previous harvest season. When asked the reasons for the drought, 89% said they
did not know while only 7% reported it might be due to high population and land
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degradation. 90% of respondents considered prayer to be the main solution to
drought, with 4% stating they did not know what the solution was and only 5%
mentioning planting trees as a solution. 22% reported flood problems during the
previous harvest season, while 97% reported that water availability had decreased
during the last 10 years. 87% considered drought and shortage of rainfall as the
causes of reduced water availability and 92% said they did not know of any
options to increase water supply other than prayer since rainfall was provided by
the supernatural. 96.7% of respondents reported that malaria had decreased over
the past 10 years as a result of the drying of ponds and decrease in waterlogging.

Nutritional Status and Health of Children

Anthropometric measurement of children from two to five years of age in the study
area indicates that about 70% were stunted (they were short compared to their
ages) with a height-for-age Z-score measure less than -2, and about 8%
were wasted (having lower weights compared to their heights) with weight-for-
height Z-score less than -2. In addition, 21% of the children had a mid-upper arm
circumference (MUAC) for age Z-score of less than -2. (Figs. 1, 2)

In a multivariate regression analysis, MUAC-for-age Z-score of children from
fathers having an additional wife was independently lower by 0.22 (p \ 0.05) than
those children whose fathers did not have an additional wife. In addition, children
from relatively food-insufficient households had lower MUAC-for-age values by
0.05 (p \ 0.05).

About 34% of children had signs of sickness at the time of data collection.
About 43% of mothers had experienced deaths of one to five children with an
average of 1.75 child deaths per mother. Among those who experienced child
deaths, more than half had death of one child and 30% of them experienced deaths
of two children. Diarrhoea is the major reported reason for child deaths. Increase in
the number of child births by one is independently associated with increase in the
number of child deaths by 0.34 (p \ 0.0001). In addition, increase in the maternal
level of education by one year and increase in the size of agricultural land by
� hectares is independently associated with a decrease in number of child deaths
by 0.5 (p \ 0.005 and p \ 0.0001), respectively.

Focus Group Discussion

The focus group discussion was conducted in three groups: a group of men, a
group of women and a group with both sexes. After a detailed discussion about the
most important development needs of the villages, the women agreed that drinking
water was the most important, since each day they had to travel on foot at least five
kilometres to get water from the Bilate river. The men gave priority to food aid
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over that of drinking water. They said that since last season’s crop production was
poor, they were afraid that they would experience hunger again. They argued that
if they received food aid, children and mothers would be able to bring water as
usual. Both groups agreed that children in general were not in a good health
condition. The villagers also agreed that it was the Government’s responsibility to
provide solutions, including providing food aid.

Discussion

The study shows that there is high problem of food insufficiency in the study area
and almost all respondents had faced crop failure during the previous harvest
season. Some of the demographic characteristics of the villagers such as number of
child births and additional wife contributed to household food insufficiency
and child mortality. The number of months of food purchase from market

Fig. 2 MUAC-for-age
Z-score of the children
compared to WHO standard

Fig. 1 Weight-for-age
Z-score of the children
compared to WHO standard
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following exhaustion of food store from own produce was negatively associated
with mid-upper arm circumference measure of the children. As the number of
purchases of food from market increased by one month, children’s MUAC-for-age
Z-score measure decreased by 0.12 (p \ 0.01). This indicates the importance of
food prices and local agricultural production in improving food insecurity and
child mortality. The villagers explained that food shortage forces them to buy food
from the local market by selling their livestock and even renting their agricultural
lands which in turn leaves their family in a more difficult situation. They also
stated that some of the young generation migrate to urban areas to look for jobs
because the agricultural production faces shortage of rain and also there is limited
agricultural land. The other biggest challenge faced by the villagers was that they
were using river water for drinking. The impact of shortage of safe drinking water
can be seen indirectly from the high rate of child malnutrition, child deaths and the
fact that diarrhoea was the major reason for child deaths. The association between
unsafe drinking water and child mortality and morbidity has been widely docu-
mented in the literature.

The findings of this study give support to the United Nations development
programme (UNDP 2008) report concerning fighting climate change and to a study
by Ludi (2009) on climate change, water and food security. Both studies indicate
that the 2008 food prices crisis resulted in increased numbers of malnourished
children and left the poor in a state of high food deficit. The UNDP report warned
that the achievements in fighting poverty and malnutrition can slow down or even
be reversed due to climate change impacts on food production, availability of
water, nutrition and community health. It is projected that by 2080, the impact of
climate change could result in an additional 600 million people being exposed to
malnutrition and 1.8 billion people facing shortages of water (UNDP 2008).

This finding can be a good example of the complex interaction between
problems in local-level perception of climatic issues such as causes of drought,
demographic problems such as large family size and population pressure, together
with poor agricultural production and productivity, food prices, poor environ-
mental health and sanitation, and drought. Thus, strategies aimed at tackling the
impact of climate change and improving rural livelihoods in countries like
Ethiopia need to pay attention to the above-mentioned points. In addition, local-
level beliefs and the role of religion should be considered, since the farmers
mentioned supernatural power as the major solution to their problems.

Conclusion

The southern Ethiopian study population is facing severe problems of food inse-
curity and shortage of water as a result of crop failure due to repeated drought.
In addition, demographic factors also contributed to food insecurity and a high
prevalence of child malnutrition. Safe drinking water is also a priority to help the
community and save the lives of children suffering from malnutrition and death.
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Chapter 20
Climate Change and Rural Water Supply
Planning in Nigeria

Salisu Lawal Halliru and Da’u Abba Umar

Abstract This paper is aimed at providtsaveing a synthesis of what we currently
know about climate change, especially its potential impacts on rural water avail-
ability in Nigeria. This is because climate change is known to have impacts on the
quantity of water available as well as the geographical and seasonal distribution of
this water through its significant impact on precipitation amount, its distribution
and duration, as well as the rates of water loss by evaporation. This paper also
joins others before it to call for more research on climate change and water
resource availability for the sake of our rural population, who are the most
vulnerable to climate change phenomena when it comes to water shortages.
Finally, this paper gives recommendations on how this trend should be averted
locally through educating the rural people that they are partly the construct of their
misfortunes, mainly through bush burning and deforestation.

Keywords Climate change � Rural � Water supply � Planning

Introduction

Throughout much of the developing world (including Nigeria), freshwater usually
comes in the form of seasonal rains. Although there is variability and unreliability
in its occurrence with time (temporal) and with space (spatial), it is still the only
source of annual recharge for both surface and sub-surface water storages.
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This happens through the processes of runoff, streamflow and infiltration, since the
falling precipitation ultimately sinks into the ground (as soil moisture and
groundwater recharge) or runs off (as surface sub-surface flow) into the oceans,
seas or some inland lakes, or is intercepted and temporarily stored (as interception
and surface storage) before being eventually evaporated and transpired (as
evapotranspiration), as is clearly demonstrated in the process of the water cycle
(Ayoade 1988).

Because of this increased variability in precipitation, resulting in floods in humid
areas, and decrease in precipitation resulting in drought in the savannah and semi-
arid areas, the characteristics of the component of the hydroclimatological systems in
the different ecological zones is altered, with their consequences on the availability of
water resources. In its recent annual rainfall prediction, the Nigerian Meteorological
Agency (NIMET) said that rainfall is expected to fall slightly below its normal level
over a large portion of the country in 2009. This is likely to create water shortage in
lakes, dams and rivers. The annual rainfall is expected to vary from 400 to 1200 mm
in the northern half of the country to an increase from 1200 to 2800 mm in the
southern half, implying high surface runoff (NIMET 2009) (Fig. 1). These condi-
tions would eventually lead to changes in management strategies in order to balance
water supply and demand through conservation efforts (Briscoe et al. 1990). This
statement is especially true among the rural Nigerian population who were living
under the tyranny of water resource scarcity.

Fig. 1 Climate conditions in Kano, Nigeria (2009, NIMET)
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Population

Nigeria is the most populous country in Africa with an estimated population of 120
million and average density of about 130 persons per km2. The population has
been growing at an estimated average of 2.9% per annum (Table 1). The best
estimate of the population’s distribution is given in Table 1.

Climate Change

It is important to point out that the global climate, or climate of any part of the
Earth for that matter, has never been static. Variability is an inherent attribute of
climate. What is crucial is the degree of variability that climate is subjected to,
as well as the duration of such variability. Minor fluctuations or variations con-
stitute not more than a noise in climatic series and humans can easily adapt to such
minor variations. However, when fluctuations in climate constitute significant
departures from the normal climate or become prolonged to constitute a new
climate state, then there are problems of adjustment and the environment, and
humans and their socioeconomic activities become very vulnerable.

Climatic variations occur on various temporal scales, varying from a few
decades to millions of years. Different nomenclatures are used to describe climatic
variations depending on the timescales within which such variations occur. Thus,
we have such terms as climatic trends, climatic cycles and climatic change.
There are also general terms such as climatic fluctuations and climatic variability,
which emphasizes the inherently dynamic nature of climate.

Climate change is therefore a situation when climatic variations or fluctua-
tion over a long period of time occur to produce a shift or a change in the type
of climate prevailing over an area. In other words, climate change represents a
significant difference between two mean climatic states or climatic normals
with a significant impact on the ecosystem (Ayoade 2003; Smith 1996).

Changes in weather and climate have been known to profoundly affect water
resources, and thus increase human vulnerability to infection. Climate change
will bring overall less rainfall and also heavier individual rainfall events in a
single day. We depend on water for drinking, washing and cleaning, for
agricultural needs (such as irrigation), for industrial needs (such as food
processing), and for transportation, fishing and recreation. Pre-existing problems
will only get worse with climate change.

Table 1 Population
distribution type

Population
distribution type

Community size Population
(million)

% of total

Urban [ 20,000 45.0 38
Small towns 5,000 to 20,000 40.0 33
Rural \ 5,000 35.0 29

Source. Field study, 2010
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Nigeria’s low-lying coastline makes the country prone to sea-level water
intrusion into coastal freshwater resources as climate change brings with it a
rise in sea level that will seriously affect our coastline. Coastal erosion and
flooding is not uncommon, and contributes to the ‘‘polluting’’ of freshwater
systems. Nigerians do not enjoy an adequate water supply. This problem is
more prominent and devastating in the northern areas of the country with their
limited sources of water and harsh weather conditions (Fig. 2).

Water Availability and Sources

About 70% of the Earth’s surface is water, but most of that is ocean. By
volume, only 3% of all water on Earth is freshwater, and most of this is largely
unavailable because about three-quarters of all freshwater is locked away in the
form of icecaps and glaciers located in polar regions far removed from human
habitation. The water found in lakes, rivers and those at shallow underground
level are the easily accessible freshwater and are only 1% of the total water on
Earth. Only this amount is regularly renewed by precipitation and its sustain-
ability is threatened by the alarming climate change phenomena. Therefore, in
all, only one-hundredth of one per cent of the world’s total water supply is
considered accessible for human use (Barabas 1986).

Globally, between 12.5 and 14 billion m3 of water are deemed available for
human use on an annual basis. This amounts to about 9000 m3 per person per year,
as estimated in 1989 (Alaba 2001).

By the year 2025, global per-capita availability of freshwater is projected to
drop to 5100 m3 per person, as another 2 billion people join the world’s
population. Even then, this amount would be enough to meet human needs if it

Fig. 2 Point of rural water
sources
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were to be distributed equally among the world population. But the availability
of freshwater supply is not distributed evenly around the globe throughout the
season or from year to year, usually because of the inherent variability of
climate coupled with the topical climate change issue that aggravates these
disparities. In some cases, water is not where we want it, nor in sufficient
quantities. In other cases, we have too much water, in the wrong place, and at
the wrong time (Malin 1989, 1991).

For instance, about 20% of the global average rainfall each year is accounted in
the Amazon basin (a vast region with fewer than 10 million people: a tiny fraction
of the world’s population). Similarly, the Congo river and its tributaries account
for about 30% of the entire African continent’s annual runoff, but the watershed
contains only 10% of Africa’s population. However, the disparities are starker
when it comes to access to water (Postel 1997).

Freshwater Resources and Their Management

By the middle of the century, annual average river runoff and water availability are
projected to increase by 10–40% at high latitudes and in some wet tropical areas,
and decrease by 10–30% over some dry regions at mid-latitudes in the dry tropics,
some of which are presently water-stressed areas. By 2020, around 75 million
people are projected to be exposed to increased water stress due to climate change.
If coupled with increased demand, this will adversely affect livelihoods and
exacerbate water-related problems (Working Group 11 Fourth Assessment Report,
IPCC 2007).

Rural Water Supply Planning

Water supply is the provision of water for drinking, domestic uses and irrigation;
its availability is controlled by global water distribution (Oteze and Foyose 1998).

Water supply planning, therefore, is the collection, analysis and interpretation of
hydrologic and geohydrologic data, followed by field reconnaissance surveys,
geophysical investigation supported by test drilling and physical examination of
cores samples (Oteze and Foyose 1998). These were done to isolate the water-
bearing horizons (or aquifers), estimate their water resources potentials and
establish the quality of the groundwater: water for rural people in the developing
world should have easily applicable, minimum possible treatment. The types of
treatment for water purification depend on the physical, biological and chemical
characteristics of the water to be used. In rural areas where a population of 5,000 or
more is spread over relatively short distances, and in villages with over 500
households, a small-scale safe water supply should be provided. To ensure con-
vergence between water scarcity, demand availability and supply of water to the
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rural population, drinking water directly from its source should be treated before
supplying and or distributing it to various locations according to population demand
criteria, since untreated water may contain many bacteria, causing diseases such as
typhoid fever, dysentery, gastroenteritis, hepatitis and amoebic dysentery.

The whole idea of water supply planning depends on the availability or amount
and sources of water, which is directly controlled by hydrological cycle—by
extension the climatic system and processes that dictate where and when rain will
fall. Thus, water resource planning is aimed at achieving an orderly development
of water resources to meet present and future demands.

Rural Water Supply and the MDGs

There are still at least 1.1 billion people across the world who do not have access
to safe drinking water. Many of these people live in rural areas and are among the
poorest and most vulnerable to be found anywhere in the world. In sub-Saharan
Africa, 300 million people have no access to safe water supplies—approximately
80% live in rural areas (Fig. 2). Therefore, significantly increasing the coverage of
rural water supply in Africa is fundamental to achieving many of the interna-
tionally agreed Millennium Development Goals (MDGs). Without safe water near
to dwellings, the health and livelihoods of families can be severely affected;
children’s education suffers as the daily tasks of survival take precedence over all
other concerns (MacDonald et al. 2010).

Facing Up to the Water Crisis

Water is the defining link between climate and agriculture. But even without
climate change, we are in serious trouble. Competing demands combined with
mismanagement of this critical resource means that water availability has become
an urgent issue facing rural people (and other users) the world over. And typically,
the most extreme shortages are experienced by those least able to cope with
them—the most impoverished inhabitants of developing countries. Climate change
will exacerbate an already critical situation. Water is already a critical limitation
for many poor people (Moorhead 2009).

Impacts of Climate Change on Rural Water Supply

The hydrological cycle, driven by solar energy, involves water changing in form
and moving from one storage to another. Consequently, climate change will lead
to the intensification of the global hydrological cycle with consequences for the
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major world’s water storages. The changes in the volume (magnitude), timing and
distribution of water resources would necessitate changes in management strate-
gies in order to balance water supplies and demand, since the hydrological cycle
comes with no guarantees for humankind (Postel 1998).

Various methods have been employed to assess the impact of climate change on
hydrology and water resources at various geographical scales varying from the
globe to the river catchments. They include the following, among others:

• Statistical analysis of long-term concurrent variation in runoff and meteoro-
logical elements, especially air temperature and precipitation over past periods.

• Studies of the hydrological consequences of past periods of very warm or cold,
wet or dry conditions.

• The use of methods of water balance over a long period of time to assess the
impact of increased temperature and decreased precipitation on run off and soil
moisture storage.

• The use of General Circulation Models (GCMs) of the atmosphere to obtain
changes in the climatic and hydrological characteristics of a large area using
different greenhouse gas emission scenarios.

• The use of deterministic hydrological conditions using input of climatic data
including outputs from GCMs.

The methods above have their strengths and weaknesses when used to assess
the impact of climate change on hydrology and water resources (see IPCC 1990b).

From the result of several studies conducted using the above approaches, here
are the extracts that correspond to Nigeria’s situation:

River catchments will be very sensitive to even small changes in climatic
conditions, especially those in arid and semi-arid regions where the annual runoff
is highly variable, as is the case in our river catchments in the Sudano-Sahelian
region of Nigeria, which, according to Olofin (1987) stretches from 12 N to the
international boundary of the Niger Republic (Fig. 3a, b).

Global warming is likely to lead to changes in runoff extremes both high and
low. In other words, there are likely to be very high flows and very low flows
within the year (Fig. 4).

There will be increases in the rates of evaporation/evapotranspiration, which
will lead to reduced soil moisture storage and reduction in the total annual volume
of runoff, particularly in areas where precipitation remains unchanged or decreases
in amount or fails to increase in amount large enough to offset the increases in the
rates of evaporation (IPCC 1990a).

There may be a decrease in infiltration rates where raindrop size increases or
rainfall intensities increase, with consequent adverse effects on soil moisture,
groundwater recharge and groundwater levels.

There will be changes in demand for water resources both domestic and agri-
cultural; water consumption will increase with increasing dryness and/or heat, all
things being equal. The radiational index of dryness RW/LP (where RW is the net
radiation of a wet surface, P is precipitation and L is the latent heat of
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condensation) provides an indirect measure of water consumption. The greater the
value of the index the higher the water consumption rate (IPCC 1990b).

Regions that depend on unregulated river systems (as the case with most of
rural Nigeria) will be more vulnerable to hydrological changes induced by climate
change (IPCC 1990c; Umolu 1995).

With these impacts of climate change on water availability and distribution, the
need for water supply planning especially in rural areas has arisen if the water
supply crisis is to be averted. The current population growth has also exacerbated
the problem of water scarcity. Over the years, access to clean water has been a key
indicator of measuring the quality of life in nations across the world. Access to
clean water has been proven to have a strong relationship with longevity, since
clean water does not only reduce incidence of waterborne diseases, but is also a
vital requirement in attaining high standards of sanitation.

Fig. 3 a Political map of
Nigeria b Map of Nigeria
showing the drainage pattern
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Conclusion

Water resource planning essentially resolves into three issues: the extent of
available water resource, the future requirements of water for various purposes,
and how these can be met. The most fundamental thing is water’s availability: how
can the diminishing resources be conserved or improved? This calls for action on
what causes climatic change, especially the contribution wade by rural dwellers,
whether deliberate or accidental. One such activity is deforestation, which reduces
the most essential tropospheric sinks of carbon (the vegetation), which is the
highest contributor of greenhouse gas concentration (50–60%). Today, carbon
concentration in the troposphere is approaching 400 ppm and it is predicted to
reach 450 ppm by the year 2050 if we do not cut down emissions at local, national,
regional and international levels (Umar 2000).

At the rural (village) level, what is significant to note is that most rural dwellers
were unaware of the danger of their actions and inactions. For instance, locally, the
rural farmers were of the habit of setting fire to the bush thereby contributing to
atmospheric carbon concentration and at the same time aggravating species
attrition.

Besides bush fire, the activities of the rural dwellers to cut down trees recklessly
(deforestation) may be poverty driven, but even then they should have been
replaced or reforested, for the fact that vegetation ameliorates the microclimate,
stabilizes soils, plays a role in interception and, above all, absorbs excess carbon
that contributes immensely to global warming. This warming intensifies heat and
encourages evaporation and at the same time contradicts rainfall reliability as a
result of this change in climate. The Intergovernmental Panel on climate change
indicates that in the 1980s, deforestation alone accounted for about 1.6 billion
tonnes of carbon emissions (Umar 2000). It has been stated elsewhere that ‘‘man is

Fig. 4 Impact of climate
change on rural rivers
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the architect of his environmental misfortune’’, as this climate change is partly the
result of human activities at various geographic locations.

Recommendations

Nigeria in general and rural areas in particular need a ‘‘blue revolution’’ in the first
instance to conserve and manage the little available water resource in the face of
growing demand. In another outlook, factors affecting climate, especially nega-
tively, should henceforth be stopped (e.g. bush fire and deforestation as commonly
practised by the rural populace). Besides this broad recommendation, the local,
state and federal authorities should:

• Educate rural households to use water wisely and about the dangers involved
during water shortages.

• Provide a legal framework to guide the activities of industries sited in rural areas
so as to ensure no toxic waste contaminates water bodies.

• Punish non-law abiders through taxes.
• Involve qualified companies while awarding contracts on rural water supply, i.e.

those capable of assessing, harnessing and distributing the available water
accordingly.

• Educate the rural people about the significance of climate change on water
resource availability, temporally and spatially.

• Improve upon the available water supply system, such as dams, reservoirs, inter-
basin transfer for both single and dual purposes.

• Educate the rural people about the danger of their local actions such as bush
burning and deforestation, which contribute immensely to changes in climate as
we know it.

• Involve the supply of water through desalinization of ocean water and saltwater
for public consumption, especially in the rural coastal population.

• Improve water re-use systems, especially where industries are located in
rural areas. This involves sequential water use (e.g. household ?
industrial ? agriculture).
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Chapter 21
Impact of Climate Change in Bangladesh:
Water Logging at South-West Coast

Md. Moniruzzaman

Abstract Bangladesh is a densely populated, agriculture-based country and is
recognized as one of the areas most vulnerable to the impacts of global warming
and climate change. This is due to its unique geographic location, dominance of
floodplains, low elevation, high population density, high levels of poverty, and
overwhelming dependence on nature for its resources and services. The country
experiences severe flood and cyclone events and, in recent years, water logging has
become a catastrophic problem along the coast. These coastal areas play important
economic and environmental roles in the country. The present paper attempts to
show the extent of water logged areas, caused by sea level rise and the sectoral
impacts of settlement, agriculture, health and education in the south-western
coastal areas of Bangladesh. A multi-temporal analysis method has been used with
remote sensing (LandSat 1975 and LandSat 2010) data. SRTM data has been used
to visualize the water logged areas attractively. To the Government of Bangladesh,
NGOs, policymakers, planners and other interested parties it is important to
measure and monitor present issues and to predict the future impacts of climate
change. This will help to facilitate effective management and is particularly
important where a large number of people are threatened. In this regard the present
study is expected to be useful and will have strong implications in coastal planning
and other climate change adaptation measures.
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Introduction

Global climate is a continuous changing phenomenon. The earth has long been
subjected to sequential glacials, interglacials and warm periods, and some parts of it
have been warmer and cooler at various times in the past (Bhatti et al. 2005).
In glacial periods global temperature was 4–5�C less and interglacial periods 1–2�C
more than the temperature we are facing in the present time (Harris 2004 ). The
average temperature near the earth surface was increased by about 0.74�C over the
past century and eleven of the last twelve years rank among twelfth hottest years on
record since 1850. And the second half of the twentieth century was the warmest fifty
abbreviate in the last 1,300 years (IPCC 2007). Like temperature, precipitation, the
other important factor of climate, has changed significantly its trend to upward with
most of the increase occurring in the first half of twentieth century. In high latitudes
of both hemispheres the trend of precipitation has increased and across the tropical
regions the trend has decreased (National Climatic Data Center 2008). The past
feature was totally natural in origin when population size on the surface of the planet,
earth, was minimal, but now humans are also responsible significantly to make
variation in global climate along with the nature (Harris 2004).

Most of the observed increasing globally average temperatures are very likely
due to the observed increasing human produced greenhouse gas concentration. The
climate model project summarized by Intergovernmental Panel on Climate Change
(IPCC 2007) indicates that the average global surface temperature will likely rise
from 1.1 to 6.4�C during the twenty-first century.

Scientists now believe that the green house effect has been intensified by extra
greenhouse gases that are released by humans. Human activities since the indus-
trial revolution have increased the concentration of various greenhouse gases like
carbon dioxide (CO2), methane, ozone, chlorofluorocarbon (CFC) and nitrous
oxide (Mastrandrea and Schneider 2005). The biggest factor of present concern is
the increase in the CO2 levels (Fig. 1). The 2005 level was highest over the last
650,000 years and the same rise in the CO2 concentration at the end of ice ages
took over 5,000 years while even a bigger rise has happened only at industrial age.
Fossil fuel burning has produced approximately three-quarters of the increase of
CO2 from human activities over the past 20 years. Land use changes such as
deforestation in the tropics, paddy rice farming, wetland changes and land fill
emission among other factors are leading to the higher methane atmospheric
concentration. Agricultural activities including the use of fertilizers lead to higher
nitrous oxide concentration (Southwest Climate Change Network 2009).

Impact of Climate Change In Bangladesh

Ganges delta, the largest river delta of the world, was formed by the confluence of
the major three rivers of Bangladesh, Ganges, Jamuna and Meghna and hundreds
of their tributaries (Rashid 1991). The country’s population density is the highest
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in the world and almost half of the total people live below the poverty line.
Bangladesh can be the example of several kinds of natural calamities such as flood,
cyclone, draught, earthquake, landslides and water logging in the present time
(Climate Change Cell 2007). Every year hundreds of villages and many cities are
inundated by floods damaging agricultural fields. Many people, in some years even
millions, die along the coastal areas due to devastating cyclones (Table 1) which
are considered as negative impact of global climatic change (Banglapedia 2006).
Space Research and Remote Sensing Organization (SPARSO) of
Bangladesh produced a map showing the cyclone affected areas of Bangladesh
(Fig. 2).

Almost every five years Bangladesh is affected by droughts which shake crop
life cycles and north western regions are particularly vulnerable to this affect.
Although in monsoon period a substantial amount of rain occurs but some years in
some parts the amount is not sufficient for agriculture. Moreover, land degradation,
livestock population, employment and health sectors are also affected considerably
by this hazard. During the last 50 years, droughts happened in Bangladesh 19
times. Among all, droughts of 1951, 1961, 1975, 1979, 1981, 1982, 1984, 1989,
1994, 1995 and 2000 year were severe (FAO 2007).

Fig. 1 CO2 and global
temperature. (Source:
zFacts.com (2007)

Table 1 Major cyclones
affecting Bangladesh since
1960

Year Death Year Death

1960 3,000 1970 300,000
1960 5,149 1985 11,069
1961 11,466 1988 2,000
1963 11,520 1981 138,000
1965 19,279 2001 3,064

Source: European Community (1998)
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The Coastal Zone of Bangladesh

Bangladesh is basically a riverine country and a few of the world’s major rivers
passing through the country helped to form as a deltaic land (IUCN 1994). The
destination of all rivers is to meet to the Bay of Bengal which locates to the south
of Bangladesh. The country’s big coastal area is 710 km long, which covers 19
districts out of 64 and 147 thanas [subdistrict which is also known as upazila
(Fig. 3, Islam 2006)]. This coastal zone reserves 32% of the total area and 28% of
total population of Bangladesh and covers an area from the shore of 37 to 195 km
(Islam 2006).

According to the closer to the sea the zone is divided into exposed and interior
coast. The thanas which are facing the southern sea coast or river estuaries are
known as exposed coastal zone and the total number of such exposed zones is 48,
whereas interior coast which are located behind the exposed coast do not face sea
coast or riverine estuaries and they are 99 in numbers (Fig. 3). The exposed coast
zones are more vulnerable to climate change such as cyclone, sea level rise,
tsunamis and water logging.

Fig. 2 Cyclone affected area
of Bangladesh. (Source:
Dhakadailyphoto 2007,
adopted from SPARSO,
Bangladesh)
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Remote Sensing and Water Logging

Remote Sensing is an extremely useful tool to detect natural or human induced
disasters among others such as floods, cyclone, water logging. This tool has been
widely using for mapping and monitoring waterlog both in urban areas and coastal
zones. Different images of satellites are different and complement each other with
respect to spatial, temporal and spectral resolution (Lelkes et al. 2002). Choubey
(1997) used IRS-IA LISS data of 1989 to delineate water logged areas in the Tawa
command areas of India during pre and post-monsoon period and he obtained both
water logging areas and areas are sensitive to water logging. This study also
suggest that periodic assessment of water logging using remotely sensed data
should be carried out at regular intervals. Landsat Multi-spectral Scanner data of
different years have been used to detect water logging and salinization areas of
India’s arable land (Dwivedi 2006). The study shows a significant decrease of soil
fertility due to salinity over 15 years.

Objectives

Keeping the aforementioned problems in mind the research has accomplished with
a view to find out the impact of climate changes. The main objectives are as
follows:

(a) to determine the actual extent of water logging at south-west coastal areas of
Bangladesh using landsat images of 1975 and 2010;

(b) to delineate different sectoral impacts of water logging such as agriculture,
health, settlement and education.

Fig. 3 Coastal zones of Bangladesh (Source: Islam 2006)
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Study Area

The present study was conducted in the south-west coastal area of Bangladesh,
Satkhira, Khulna, Bagerhat and Jessore Districts (Fig. 4), where a large number
people are living. Total number of population is 2,520,961; 1,950,557; 2,586,771
and 1,620,216 in Khulna, Satkhira, Jessore and Bagerhat districts respectively
(BBS 2007). Annual average temperature is maximum 35.5�C, minimum 12.5�C;
annual rainfall 1,710 mm. The soil of this region is mainly alluvial floodplain.
Main rivers are Kobadak, Sonai, Kholpatua, Morischap, Raimangal,
Hariabhanga, Ichamati, Betrabati and Kalindi-Jamuna (Rashid 1991). The largest
mangrove forest ‘‘Sundarbans’’ is also in this area. Sundori, Goran, Geoa etc. are
the main trees of this forest.

Methodology

Data Collection and Software

In this study data were collected from different secondary sources. For identifying
water logging areas two satellite images were used. One of them was Multi-
spectral Scanner (MSS) in the year of 1975 and the other one was Thematic
Mapper (TM) of 2010 which were taken from the USGS Global Visualization
Viewer (GloVis). Band 1 and band 2 are visible bands and bands 3 and 4 are near
infra-red (IR) of MSS scanner. For TM visible range is from band 1 to band 3,
band 4 is near IR and band 5–7 are short wave IR (inforterra 2010). All infor-
mation is summarized in Table 2.

Fig. 4 Study area
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The acquisition month generally has to be taken into account when comparing
multi-temporal data, especially in areas of strong seasonal change of water bodies.
In this study Landsat imagery of dry season in Bangladesh (from November to
March) were considered to identify the actual water logged areas as additional
water from rain can be found in the rest months of the year to ensure that those
water logged areas were not flood. Moreover, seasonal effects on vegetation are
not so strong in the study area which can be mostly neglected.

SRTM data of 90 meter resolution were downloaded from the website of
http://srtm.csi.cgiar.org/ and used for accurate visualization of water logging areas
and to make a map of vulnerable places of the study area. Sectoral effect data have
been used which were collected from government organizations, NGOs and dif-
ferent offices. ERDAS Imagine, ArcGIS and Global Mapper software were used to
analysis and find out the results.

Methods of Water Logging Analysis

To find out water logged areas in the south-west coast of Bangladesh both images
were subset first according to the study area where band 1, band 2, band 3 and
band 4 were considered. Band 5 and band 7 of TM were not considered for spectral
comparability of bands 1–4 of MSS and TM. And then carried out a supervised
classification using parallelepiped non-parametric rule (Schanze et al. 2004). The
image classification is a process of categorizing all pixels or regions of the image
into classes intended to represent different physical objects or types. The output of
such process is considered as a thematic map rather than image (Richards and Jia
2006). Unsupervised and supervised are the main two methods of image classi-
fication. In the unsupervised classification method training samples or user’s
previous knowledge on land cover of the study area is not necessary (CCRS 2005),
whereas supervised classification method refers users training classes and a priori
knowledge of the area. It rests upon using suitable algorithms to label the pixels in
an image as representing particular ground cover types, or classes (Richards and
Jia 2006).

The parallelepiped classifier is known as box decision rules. This classification
is based on the ranges of values within the training data to define the regions
within a multidimensional data space (Campbell 2002). Principally this classifier
uses the class limits and stored in each class signature to determine if the class will

Table 2 Image information

Sensor Path/Row Acquisition date Spectral range
(lm)

Bands Pixel
resolution (m)

MSS 148/44, 148/45 15 Dec., 1975 0.5–1.1 1, 2, 3, 4 60
TM 138/44, 138/45 10 Jan., 2010 0.450–2.35 1, 2, 3, 4, 5, 6,7 30
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receive the given pixel or not. The limits of class indicate the dimensions (in
standard deviation units) of each part of a parallelepiped surrounding the mean of
the class in feature space. The given pixel may fall or may not fall to the specified
class and even some pixels are owned by more than one class (Richards and Jia
2006). The main advantage of the parallelepiped classification is that it is easy to
leave areas unclassified. It might also be possible to set certain limits for classi-
fying using nearest neighbour or maximum likelihood, but in the parallelepiped
classification a box is defined based on statistical parameters, and only pixels
within the box are assigned to the desired class.

However, the classification was accomplished to separate water bodies from the
rest land cover areas, such as agricultural fields, forest and vegetation, roads and
bare soils, urban areas, etc. Signatures, main hub of supervised classification, were
collected from feature spectral images. Feature space layers help to explore
spectral properties of image. ERDAS Imagine software allows user to create a
scatterplot where the data file values of one band have been plotted against the data
file values of another band. This can only be done in a two dimensional histogram,
but theoretically data has multi-dimensions of spectral space (Spatial Analyst
Laboratory 2009).

Three samples of 3 9 3 pixel size in both images were defined representing
water bodies (Appendix, Tables A.1 and A.2) and then scattergrams were checked
to examine if these three samples were located in spectral space. A polygon was
defined in the scattergram that include all the three samples. This polygon
therefore defines the spectral range of desired class ‘‘water bodies’’. The selected
polygons were checked in the images with image alarm. Image alarm shows the
pre-classification of the image data. Signature file with the defined colour can be
checked on the image to be classified with this operation. This process can be done
repeatedly to get a better classification result (LLU––ESSE21 2010).

These two classified images are then subtracted, classified image of 1975 were
subtracted with union operation from classified image of 2010 with an aim to find
out the changes in water logging situation in the study area. Image Subtraction is
the extraction of information of differences between two images of a particular
location.

This difference can be increased or decreased in the average intensity level
(CCRS 2005). The resultant image was then rescaled where water bodies were
layered as 1 and rest is 0. Rescaling of image converts one data type to another
such as from 16 bit to 8 bit or so on. It decreases the file size changing the image
contrast (Campbell 2002). This rescaling, however, is very much useful for
detecting particular object and to overlay on other phenomena. To create the final
water logging map opacity were used for non water bodies to make transparent so
that water bodies can be overlaid. However, it was then overlaid on SRTM image
which was made as 45� solar azimuth for proper visualization. ERDAS Imagine
9.1 was used for the above all operations. But for taking layout or final map
ArcGIS 9.3 was used. The following flow chart (Fig. 5) shows the overall method
mentioned above.
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Results and Discussion

Water Logging Areas

Considering the methods mentioned above, the two images were classified with
particular view to see the actual changes in water bodies of the coastal area.
However, after supervised classification of MSS and ETM+ images it can be seen
that in 1975 total area of water bodies was about 310,341 ha including rivers, lakes
and parts of Bay of Bengal. This had increased to 492,759 ha in 2010. Here
additional 182,418 ha area of water bodies existed in 2010 (Fig. 6). This can be
identified as water logged areas influenced by sea level rise. In 1975, there was no
impact of sea level rise and no stagnant water was found in the study area. Only
some regular water bodies such as rivers, canals, ponds, lakes and
wetlands existed.

45°solar azimuth of 
SRTM

Subset SRTM 
Data

Image-1975 Image-2010

Subset Subset

Supervised
Classification

Subtract   
(2000 - 1975)

Rescaling

Overlaying on 
SRTM

Final map of 
waterlogging

Supervised
Classification

Fig. 5 Flow chart of the methodology
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Bangladesh is characterized by a tropical monsoon climate with wide seasonal
variations in rainfall. In the monsoon period, when every year lot of rain occurs,
water levels become higher and rivers play a very important role to flow this rain
water out to sea. Over the last 40 years normal flow of rivers in Bangladesh,
especially in the south-west area, has become hindered by the high water level in
the lower reaches caused by sea level rise. Water now stagnates in the area of
35 km north of the Bay of Bengal. As sea level is continuously rising, sea water is
also adding to the rain water and the logging process is becoming faster and
wider spread.

Sectoral Impact

Salinity Intrusion

The south-west coastal area, formed with fertile land by deltaic actions, is an
important part of the country where a large number of people are living. Due to sea
level rises the rate of saline water intrusion into this area has increased. Saline line
has entered up to 20 to 35 km into the mainland since 1967 (Fig. 7). It is estimated
that every year, on average, about 1 km area is coved with saline water (SRDI
1998a, b, c). Monirampur, Keshabpur, Jhikorgacha of Jessore District and Tala,
Kalaroa and Ashashuna thanas of Satkhira districts are mostly affected by this sea
salt water.

With the moving of salinity line northward soil in that area is becoming salty.
From the map (Fig. 8) we can see that the area covered by salty soil in 1997 is

Fig. 6 Water logging in 2010
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considerably bigger than that in 1967 in the south-west part of Bangladesh. Both
dimension and intensity have increased substantially (SRDI 1998a, b, c).

Impact on Agriculture

Agriculture is the main hub of Bangladesh economy where more than 60% of
the total population depends on agriculture and the south-west agricultural
zones are about one-sixth of the total area of the country. The total agricultural
production in the study area is decreasing due to either water logging or
salinity intrusion. In Keshabpur thana of Jessore district, the area most affected
by water logging, agricultural lands decreased by 30% in the 20 years until
2008, in Monirampur thana the rate of decrease is 16%, Tala and Kalaroa
thanas are comparatively less affected but currently, the degree of water log-
ging is increasing with the potential to cause serious agricultural damage
(Table 3, Fig. 9).

Fig. 7 Salinity line at south-
west coast
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Fig. 8 Soil salinity at south-west coast

Table 3 Agricultural impact of different years

1988 1998 2008
Total arable
land (ha)

Total arable
land (ha)

Total arable
land (ha)

Jhikorgacha 28,230 26,909 23,370
Monirampur 41,343 38,465 34,478
Keshabpur 29,509 26,512 20,543
Tala 25,807 25,021 24,608
Kalaroa 21,258 20,387 17,710

Source: Agricultural Extension Office (2009a, b)

Fig. 9 Agricultural impact of different years
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Impact on Population and Settlement

Bangladesh is one of the most densely populated countries in the world. Inhab-
itants are distributed throughout the country’s rural and urban areas. There are no
big cities in the south-west coastal areas of the country except Khulna
Metropolitan Area. People generally live in the villages beside their agricultural
fields. During the last four decades some settlement areas have disappeared due to
severe water logging. From the following two tables (Table 4) we can see that
12,855 families were affected in 2008. Some of them have totally lost their houses
while some are only partially affected. People are forced to live inhumanly with
their remaining domestic animals, such as cows and goats, on the streets, high
lands, in schools or shelters (Figs. 10, 11).

Education and Health

The education system in this area has totally collapsed due to factors related
directly to water logging. First, as schools are being used as a shelter, teachers
cannot take classes for teaching. Although it has been seen that some immediate
make-shift schools are made on the street formed by polythene and paper which
are vulnerable to the medium to strong wind. Secondly, transportation systems
have broken down. Children and teachers from outer parts can no longer go to their
schools or colleges. In some cases students use local small boats, but those are few
in number and they have to spend much time and energy to arrive there. Thirdly,
some children are busy collecting diets for themselves and even for their family
members. Parents like to send their children to receive breads, rice, biscuits, and
water from different shelters or aid centers. In 2006, total 121 primary and
secondary schools were fully inundated and 80 schools were partially inundated
(Fig. 12, Table 5).

Along with education, overall health condition is also concerned. People are
living in unhygienic environments where there is no drinking water or sanitary
latrine. In some areas all tube wells, the only source of drinking water, have
gone under water, some partially inundated tube wells are even supplying salty
water (Table 5). Some ponds where people used to collect their water for
drinking purpose and other domestic uses have also become salty. People from
those areas are suffering from water borne diseases like diarrhoea and cholera.
Some NGOs opened mother and child care centers in few places, but most of
them are either being used as shelter or are inundated wholly by the water
logging. At the moment one severe problem has arisen, salty stagnant waters are
getting more and more dirty day by day and people are suffering several skin
diseases (Figs. 13, 14).
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Fig. 11 Families affected by water logging in Satkhira District. Source: ClimateWire (2009)

Table 4 Affected families in Jessore and Satkhira District

Jessore and Satkhira District

Upazila Affected families No. of shelter No. of families
took shelter

Jhikorghacha 988 5 261
Monirampur 1,428 6 323
Keshabpur 3,176 9 571
Tala 3,842 15 511
Kalaroa 3,421 7 742

Source: Disaster Forum (2008)

Fig. 10 Population and water logging
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Fig. 12 An affected primary school in Keshabpur Upazilla. Source: Khan (2008)

Fig. 13 An affected secondary school in Keshabpur Upazilla. Source: (Khan 2008)

Table 5 Affected schools, tube wells and health care centers

Fully
inundated

Partially
inundated

At the risk of
inundation

Primary schools 81 55 28
Secondary schools 33 25 14
Tube wells and other sources of drinking

water
13,838 9,443 4,665

Mother and child health care facilities 13 11 –

Source: LCG Bangladesh (2006)
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Conclusions

The current study has shown water logging areas due to climate changes with
remote sensing analysis which could be useful for the proper management in the
affected areas. Land use pattern and land use modeling of the study area could be
shown by remote sensing analysis (Skidmore 2002) but further research is nec-
essary in this regard. Although salinity impact on soil and water what is considered
a big sectoral impact for both environment and economy, has shown here using
GIS application rather than Remote Sensing monitoring.

Mitigation and adaptation are two major steps which are necessary to face this
problem in Bangladesh. Since, the country is so poor, it does not have enough
money, technology and resources to take actions for mitigation. A big barrage
across the coastal belt can be effective to protect excessive water coming from the
sea level rise and salinity water intrusion as well into the land but since the deltaic
land is connected to the southern sea by a number of rivers, it is totally impossible
to manage all the big rivers mouths. Moreover, it is also necessary to drainage out
huge rainwater occurred in the monsoon period into the sea. So, coastal barrage
can make another prolonged problem.

People are thinking to leave their ancestors’ home and migrate into another
places, very few of them have already found their new destinations. But the whole
Bangladesh is full of people; it is difficult to find out places where they can be
accommodated. International migration policy, particularly to the developed
countries, is also a big hindrance for them unless a new international agreement for

Fig. 14 Women are busy for collecting drinking water in Kalaroa upazila. Source: The Daily
Star (2008)
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climate refugee is going to make. Economic powerful countries with huge land
resources like USA, Germany, Australia, and Canada can consider taking refugee
people made by climate change for rehabilitation.

Climate change is not only environmental problem but also social and eco-
nomical crisis. The question is why the people who have very less contribution to
create such a big problem but they supper the most. It is well established that the
industrialized countries of the world are emerging huge amount of CO2 into the
atmosphere and making the globe warmer. So, to resolve this worldwide problem
they should cut down their fuel consumption, decrease the uses of natural
resources and other high ambitious life style.

Last and but not least way for the people who are affected to the stagnant
water is adaptation. They need a large amount of money to cope with the climate
change impact. A poor country like Bangladesh has a few capacities to build
fund for this hazardous people. International community should enlarge their
helping hand with big budget and also technology and resources. In 2009, the
climate conference held in Copenhagen, Denmark, Bangladesh claimed as the
most vulnerable countries of the world due to climate change and demanded
15% of the total fund built by the developed nations as 15% of the total affected
population of the world live in the country.

Appendix

See Tables A.1 and A.2

Table A.1 Digital number of water bodies in TM image

Sample- 1
Blue green 21 21 21 20 21 21 20 20 20
Green 24 23 20 21 20 20 22 21 21
Red 18 14 14 15 13 12 15 13 14
Near-IR 4 4 4 4 4 3 3 3 4
Sample- 2
Blue green 13 13 14 12 12 13 13 13 12
Green 14 14 15 14 13 15 13 12 14
Red 8 9 10 9 10 10 8 8 9
Near-IR 1 1 2 1 1 1 1 1 1
Sample- 3
Blue green 12 12 11 13 13 12 12 12 13
Green 14 13 12 13 14 12 12 14 11
Red 10 10 7 9 9 9 10 10 11
Near-IR 2 3 4 3 3 3 2 2 5
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Chapter 22
Characterizing Adaptive Capacity
in Water Governance Arrangements
in the Context of Extreme Events

Margot Hill

Abstract Climate change impacts on precipitation patterns, glacial retreat and
associated changes in runoff regimes are observed from the Alps to the Andes.
In order to manage future uncertainty as climate impacts on water resources
further unfold, it is vital to better understand adaptive capacity and how it may be
developed. Governance is an issue at the heart of the water discourse, with
effective water governance seen as essential to building adaptive capacity in
communities to manage future climatic uncertainty and stress. Governance and
institutional components are more generally seen as key determinants of adaptive
capacity, yet there has been relatively little empirical verification of indicators at
the local and regional levels, as well as in the water sector. This study aims to
contribute to the literature on adaptive capacity in the water sector, through the
empirical and analytical development of more robust indicators of adaptive
capacity relating to governance and institutions. The paper discusses how extremes
can be an effective illustration of one type of climate uncertainty, in which to
explore and assess the plasticity and adaptive capacity of the water governance
system. Research is based on literature review, stakeholder interviews and
statistical analysis of climatic extremes.
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Introduction

For most people around the world, climate change will be experienced through
changes in local hydrological patterns (Parry et al. 2007). Moreover, mountainous
areas, commonly considered ‘‘water towers’’ of the world, are at the forefront
of warming patterns. Climate impacts on glacier retreat, precipitation patterns
(seasonality and snow line) and associated changes in runoff regimes are already
observed from the Alps to the Andes, and model projections suggest a continuation
if not heightening of current trends (IPCC 2007b). Climate change is projected to
affect the function and operation of existing water infrastructure and institutions,
but it is recognized that current frameworks may not be robust enough to cope
(Bates 2008). Effective adaptation and building adaptive capacity, therefore, is
seen as crucial to managing water resources under the future uncertainty of
changing climatic conditions.

Water, Climate Change and Adaptation

In his seminal book On the Origin of Species, Darwin famously noted: ‘‘It is not
the strongest of the species that survives, nor the most intelligent that survives. It is
the one that is the most adaptable to change’’. This observation perfectly elucidates
how humans have always had to adapt to change, including climatic and meteo-
rological variation. So what is different now? Why do we worry so much about
society’s ability to adapt to future variation in the 21st century? The answer to this
can be found by looking at the speed of current climatic change, and the complex
geopolitical-environmental context within which it is and will take place. As the
different planetary systems move towards threshold or boundary conditions, which
lie outside society’s range of experience, resilience and the ability to adapt decline
(Rockström et al. 2009). Current rates and type of change have meant that a more
concerted effort must be placed on creating an enabling environment for adaptive
capacity to accelerating rates of change in today’s more complex and intercon-
nected world.

The retreat of mountain glaciers is one of the clear indications that certain
sub-systems of the earth are moving out of their relatively stable holocene
state, and into an age becoming known as the anthropocene (Rockström et al.
2009). The movement towards such boundary or threshold situations have led
some within the water sector to suggest that the concept of ‘‘stationarity’’ is
dead, and that the lessons of the past can no longer guide how we manage our
future (Milly et al. 2008). This implies that a shift in how we plan and manage
water resources is needed, which respects non-stationary conditions and
increased levels of uncertainty. To meet these challenges, the water resources
and research community have in recent years focused more heavily on better
understanding adaptive processes.
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Some of the key concepts in this growing body of literature are vulnerability,
adaptive capacity and resilience. Vulnerability is the degree to which a system is
susceptible to, and unable to cope with, adverse effects of climate change,
including climate variability and extremes (Parry et al. 2007). Vulnerability is
comprised of a number of components including exposure to impacts, sensitivity
and the capacity to adapt (Adger and Vincent 2005). Adaptive capacity is the
capacity of actors, individuals and groups to respond to, create and shape vari-
ability and change in the state of the system (Chapan et al. 2009). It can be
characterized by preconditions necessary to enable adaptation, including social
and physical elements, and the ability to mobilize these elements (Nelson et al.
2007). For the purpose of this article, resilience is the ability of a socioecological
system to absorb disturbances while retaining the same fundamental structure,
function and identity, including the capacity to adapt to stress and change, through
either recovery or reorganization in a new context (Parry et al. 2007; Chapan et al.
2009).

There is also wide recognition of the importance of institutions and governance
mechanisms for building adaptive capacity and resilience (Nelson et al. 2007;
Brooks et al. 2005; UNECE 2009), the role that public policy plays in fostering
adaptive capacity at local and regional levels (IISD 2006), as well as the need for
flexible approaches (UNECE 2009). In the preceding decade, adaptive capacity
has become a more mainstream concept. As the IPCC (2007a) stated, climate
change implies a speed and magnitude of change, which poses risks that are
beyond the human experience and potentially the boundaries of coping ranges.
Yohe and Tol (2002) suggest that determinants of adaptive capacity have a key
role in defining the potential the boundaries of coping ranges. Determinants of
adaptive capacity have been defined as including a variety of system-, sector-, and
location-specific characteristics (IPCC 2001):

• the range of available technological options for adaptation,
• the availability of resources and their distribution across the population,
• the structure of critical institutions, the derivative allocation of decision-making

authority, and the decision criteria that would be employed,
• the stock of human capital including education and personal security,
• the stock of social capital including the definition of property rights,
• the system’s access to risk spreading processes,
• the ability of decision-makers to manage information, the processes by which

these decision-makers determine which information is credible, and the credi-
bility of the decision-makers themselves, and

• the public’s perceived attribution of the source of stress and the significance of
exposure to its local manifestations.
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Adaptive Capacity

Building adaptive capacity, by cultivating or contributing to the presence of the
above factors in communities, improves the ability of systems to be become
resilient to surprises and longer-term changes (IISD 2006). The determinants of
adaptive capacity lay the foundations for a number of different features and
principles, which are seen as useful indications of a system’s adaptive capacity,
which will be discussed later in this paper. A number of theoretical discourses
have developed, such as adaptive management, adaptive co-management and
adaptive governance, in the quest for resilience in the face of uncertainty and
climate change. Many of these theories focus heavily on the idea of ‘‘learning by
judicious doing’’ (Holling 1978), which represents a departure from the more
traditional approach of rigid and irreversible planning and anticipatory manage-
ment to a concept of policy experimentation.

Adaptive governance is seen to meet the call for dealing with increased
uncertainty and change, arising from the ‘‘growing number of failures among
current approaches and increasing vulnerability of social-ecological systems’’
(Olssen et al. 2006, p. 1). Within the specific context of river basins, Pahl-Wostl
et al. (2007) noted that more attention needs to be devoted to understanding and
managing the transition from current management regimes to more adaptive
regimes that ‘‘take into account environmental, technological, economic, institu-
tional and cultural characteristics of the basin’’ (p. 49). Similarly to the adaptive
management field, the concepts of learning by doing, social learning and scenario
planning have become popular as a means of operationalizing the need for flexi-
bility and better integration of social and ecological factors. These approaches are
seen as a response to the challenge of ‘‘creating governance structures that are
flexible and robust in the face of uncertainties and inevitable surprises’’ (TwinGo
2010, p. 3).

This paper presents the theoretical and empirical development of research
presented at Climate 2009 on vulnerabilities in the water governance arrangement
of the Rhone Basin in the canton of Valais, Switzerland. It builds on this previous
research, discussing the challenges in developing indicators to better characterize
and assess adaptive capacity. It presents a synthesis of the current state of indi-
cators on adaptive capacity, and discusses the challenges arising from the mostly
normative characterization of adaptive capacity. It uses results from earlier
research combined with literature review to identify and theoretically develop
characteristics of adaptive capacity. It then sets out a means to further test and
develop these using the empirical setting of past extreme events and presents some
initial results from preliminary stakeholder interviews. It suggests that the use of
both qualitative and quantitative research techniques could lead to a more inte-
grated understanding of physical and institutional attributes of the system.
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Assessing Adaptive Capacity

The assessment of adaptive capacity is inextricably linked with that of adaptation.
While the assessment of adaptation actions tend to be addressed within a frame-
work of whether the outcome of such actions are equitable, effective and legiti-
mate, there are also significant questions about not how we adapt, but rather
whether we can adapt. The concept of adaptive capacity is used as a point of
departure to determine measurable indicators that ‘‘could sustain comparable
analyses of the relative vulnerabilities of different systems located across the globe
and subject to a diverse set of stresses that lie beyond their control’’ (Yohe and Tol
2002, p. 25).

Such indices can be either qualitatively or quantitatively based, generated
through formulaic or discursive data, but are critical for the management of risk in
relation to climate change impacts. Engle and Lemos (2010, p. 3) note that
‘‘decision makers are interested in identifying and nurturing specific system
characteristics that will increase adaptive capacity and resilience’’. The identifi-
cation of determinants and indicators of adaptive capacity provide a broad suite of
characteristics, among which governance and institutional processes are deemed
particularly important for the development of adaptive capacity, reduction of
vulnerability and prevention of overt and lasting damage from climate change
(Nelson et al. 2007; Brooks et al. 2005).

A number of studies have highlighted that there are significant challenges in
assessing adaptive capacity (Engle and Lemos 2010; Smit et al. 2000) since
‘‘adaptive capacity is latent in nature (…) it can only be actually measured after it
has been realized or mobilized’’ (Engle and Lemos 2010, p. 5). However, the study
of adaptation to climatic events can to a certain degree overcome the pre-impact
intangibility of adaptive capacity. Smit et al. (2000) show that by studying system
responses to past climate variability (which tends to be experienced through the
nature and frequencies of extremes), it is possible to identify attributes of the
system which were key to either successful or failed responses. Such studies of
adaptation to extreme events have highlighted the importance of institutions and
governance mechanisms for the capacity or inability to deal with change (Brooks
et al. 2005; Engle and Lemos 2010).

Background

Case Areas

The two case studies chosen from the ACQWA case regions are the Rhone Basin
in the canton of Valais, Switzerland and the Aconcagua Basin in Valparaiso, Chile.
This paper will focus on the Swiss case area, in which the water governance
framework is characterized by the ‘‘principle of subsidiarity’’, which defines the
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decentralized implementation of public policy and law at the cantonal and
municipal levels. The upper Rhone flows through the valley floor of the Valais.
The area is characterized by an inner alpine arid climate, with large discrepancies
in precipitation between higher and lower elevations. While water conflicts have
been rare, periods of increased competition have been experienced more recently.
The region has traditionally needed to cope with a range of events from flooding to
low precipitation. Climate change impacts in the Swiss alpine areas will lead to
enhanced glacial retreat, melting of permafrost, as well as the changes in vege-
tation and precipitation (Figs. 1, 2).

Higher winter temperatures and a more marked increase in summer tempera-
tures will be noted. Precipitation will also be higher and more intense in winter,
but much reduced in summer months (Häberli and Beniston 1998; Fig. 1). The
largest source of vulnerability from climate change is likely to come from changes
in the intensity or frequency of extreme events, such as heat waves (winter and
summer), heavy precipitation events and drought (Beniston et al. 2007). Increased
glacial melt also is leading to an increase in flood risks and other natural hazard
events (OcCC 2008) (Fig. 3).

Increased flooding and extreme precipitation events are compounded by an
increase in risk exposure due to infrastructure/housing development in vulnerable
areas which are currently seen as ‘‘safe’’ due to technical interventions. Temper-
ature increases at alpine elevations raise demand for water uses such as artificial
snow making and summer cooling/drinking water leading to complex management
shifts, compounded by changes in seasonality. There have already been examples
where a lack of planning for drinking-water supply has led to sectoral issues
between hydropower use, tourism use and drinking-water supply (Reynard 2000),
as well as tensions between the hydropower and agricultural sector which arose in
the 2003 summer heat wave.

The impacts of climate change may also compound the reduction in ecological
status of many surface waters in Switzerland. Of 65,300 km of surface waters in
Switzerland, 10,600 km have been considerably altered through technical pro-
jects, thereby impairing their ecological functions (FOEN 2009). Hydropeaking

Fig. 1 View of Valais,
depicting the high peaks and
low, highly cultivated valley
floor. Available at
http://valais.ialpes.com/
gastronomie/gastronomie-
valais.htm
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Fig. 2 Districts of Canton Valais. Artist: Tschubby, 16 August 2004

Fig. 3 Adapted from Beniston et al. (2007, p. 228). It represents the difference in seasonal
distribution of runoff for the river Rhone between baseline values (1961–1990) and projected
values for A2 SRES scenario (800 ppm) by 2,100. The bars aligned the left represent baseline
runoff, showing typical seasonal flows (high runoff in summer, low in winter) for an alpine
regime. The bars aligned to the right show the 2,100 projection, with increased runoff during
early spring (increasing flood risk) and decreased runoff in mid- to late summer (increasing
drought risk)
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(artificial high and low flow phases) also impacts rivers, in that they regularly dry
up from over extraction of water, with damaging impacts on aquatic ecosystems.

Methods

An initial governance assessment, based on the Striver/Brahmatwin methodology
(Allan 2008) was undertaken in order to understand the current vulnerabilities in
the water governance system (Hill 2010). The Striver assessment drew on a
number of good governance criteria, including transparency, accountability and
participation, combining it with a set of IWRM-related sections. However, given
the future uncertainty due to global change, deeper analysis of the system’s
adaptive capacity sought to contribute to the development of the governance
assessment. To this end, extensive literature analysis identified key components of
adaptive capacity to develop a further set of indicator questions for measuring
adaptive capacity. Stakeholder interviews at the federal level and cantonal level in
the Valais were used to critically appraise some of the normative assumptions
within the governance and institutional determinants of adaptive capacity (Fig. 4).

Additionally, in order to ground the development of these indicators in
empirical evidence, past examples of extreme climatic events will be used to
explore particular problems experienced under climate extremes. The case studies
of extreme events allow for deeper investigation into the potential performance of
the governance system under climate change impacts. These case events in each

Analysis of evolution and return 
rates of extreme events:  
Observed data 
Climate model data   

Indicators of adaptive capacity:   
Identify, test, develop, operationalize  

Governance 
Water governance 
Good governance 

Adaptation 
Adaptive capacity 

Resilience 
Adaptive 

Governance 

Climate change  
Physical context 

Literature review 
Legal/policy review 
Stakeholder interviews   

Fig. 4 Conceptual framework with associated methodological steps
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case area will serve as reference points of climate variability and as useful indi-
cations for the impact of extremes in a future climate. Return period analysis was
used to understand the current development of such events (trend analysis) and to
project the likelihood of such events happening under climate change scenarios
(return period analysis). Further stakeholder interviews in each case area, at the
local and cantonal level, are then used to develop and refine the indicators, as well
as provide important insights into the adaptive capacity of the water governance
systems.

Review of Indicators of Adaptive Capacity

Within the water sector, there is a general call for all new water management mea-
sures to be climate-resilient. Adaptation strategies therefore aim at reducing vul-
nerability, including the possibility of increasing adaptive capacity (UNECE 2009).
Water managers and scientists are progressively looking to integrated water
resources management (IWRM) and adaptive management to help mitigate not only
governance failures of the past, but also uncertainty in the future (Ingram 2011).
IWRM places more emphasis on collaborative governance and the recognition of the
multiple values of water, and is seen as one means to increasing capacity of water
management in the face of climate change. Institutional capacity is also seen as a
critical requirement in effective adaptation, particularly in the clarity of roles and
responsibility of individual authorities, especially in extreme event situations
(UNECE 2009).

In the literature on good governance, and therefore in the governance assessment
itself, adaptive capacity to climate change tends to be assumed if indicators of good
governance are adequately met. Results from the governance assessment in the Swiss
case area showed that despite the water governance system performing well under the
three initial indicators (accountability, transparency, participation), serious concerns
were raised about its ability to cope and adjust to a changing climate and rising
competition on water use, mainly through the lack of integration across different
geographies and users (Hill 2010). Issues also arose in interviews which suggested
that a correlation between ‘‘participation and decentralization’’ and greater adaptive
capacity should not be taken as a normative assumption. The following section
discusses why these presumptions should not be assumed and suggests how other
indicators could be further developed and tested to determine adaptive capacity.

Tools and concepts used to measure the validity of outcomes of adaptive
actions can also be employed to assess underlying states beneficial to the devel-
opment of adaptive capacity. A number of determinants of adaptive capacity have
been identified within the climate change impacts, adaptation and vulnerability
literature (CCIAV). To recap, common factors considered determinants can be
categorized into the following groups: economic resources, technology, informa-
tion and skills, infrastructure, institutions, equity, social capital, and collective
action (Engle and Lemos 2010; Eakin and Lemos 2006; Yohe and Tol 2002;
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IPCC 2001). However, empirical verification of the merit of these norms for
building adaptive capacity is sparse, particularly within the water sector (Engle
and Lemos 2010; Wilbanks and Kates 1999).

Accountability, Participation, Transparency

The four indicators of the STRIVER assessment—accountability, participation,
transparency and IWRM—were not specifically designed to measure adaptive
capacity, but were rather shaped in the context of good governance for IWRM.
However, these indicators also play different roles in other adaptive capacity
assessments (Hurlbert 2008; Engle and Lemos 2010; Iza and Stein 2009).
Accountability, participation and transparency are often considered key principles
in adaptive capacity. A recent IUCN report (Iza and Stein 2009) refers to different
process principles in the discussion on reforming water governance, which are
requisite to provide an enabling environment, including transparency, account-
ability and participation. Their definition of participation broadens out from
more than just consultation in decision-making to involvement in multi-stake-
holder platforms and decision-making at the lowest appropriate level. It is
considered these elements of participation could effectively raise levels of
awareness, co-management and citizen initiatives, all components deemed
necessary for fostering effective water governance capacity as well as sources of
resilience in social-ecological systems.

IWRM and Integration

IWRM is currently held up as the ideal framework for managing water in an
integrated and sustainable way that would enhance the system’s resilience to cope
with the impacts of climate change on water resources. However, despite the
concept’s use in addressing the need for water governance processes to effectively
and equitably manage the fair distribution and protection of the resource, it
has weaknesses in terms of complexity, uncertainty and adaptive capacity
(Timmerman et al. 2008). Timmerman et al. suggest that in addition to recognizing
multiple uses of water, multiple sources of knowledge and information should also
be integrated into management systems.

Olsson et al. (2006) explore the different features that contribute to the resil-
ience of social-ecological systems in the face of change (in the context of adaptive
co-management). Their criteria do not follow the neat normative categories of
many of the other studies into adaptive capacity, but provide some useful insights
into governance-related criteria which can provide an enabling environment for
enhanced resilience to environmental shocks and stresses. They suggest that an
‘‘enabling legislation that creates social space for ecosystem management’’ is
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requisite for the building of resilience. As vague as this may be, it deems that in
order for resilience to be fostered, the institution of law should ensure that
ecosystems and the environment are factored in as a relevant stakeholder. Not only
should sectoral actors be integrated into legislation relating to resources (water in
this case) but institutions also need to take account of ecosystem needs.
This concept finds resonance with the element of integration and recognition for
the non-economic uses of water within an IWRM context.

Leadership, Trust, Commitment

Olsson et al. (2006) use the criteria of ‘‘vision, leadership, and trust’’, which share
some normative properties with accountability, in terms that an unaccountable
system will not generate trust amongst its citizens. However, there is no reason to
equate vision or leadership with the same norm, but both could be seen as
requirements for the necessary political will requisite to foster proactive responses
to climate change and develop relations across different networks and levels of
decision making. Folke et al. (2005) also suggest that vision, trust and innovative
leadership can provide key functions for adaptive governance, e.g., ‘‘building trust,
making sense, managing conflict, linking actors, initiating partnerships, compiling
and generating knowledge, mobilizing broad support for change’’.

The importance of these elements of leadership in building collaboration and
resolving conflicts is underlined by its role as a key component in bridging
interests and stakeholders and to a certain extent driving realization of other
principles of adaptive governance. Leadership can be seen as an abstract concept,
which can be highly subjective to personal opinion. Additionally, strong leadership
may not always have a positive correlation with principles of adaptive governance,
but it may be inferred that meeting the other principles of adaptive governance
may not be as possible without the presence of leadership. Linkages may also exist
with accountability, resources, networks, transparency and participation. Engle
and Lemos (2010) also discuss the indicator ‘‘commitment’’, which refers to the
belief held by the different stakeholders that the institutional and governance
structures in place are adequate for managing the resource as effectively and
efficiently as possible.

Experience

Engle and Lemos (2010) note that more experience would correlate with a greater
ability to deal with everyday events, as well as extremes, in an effective and
efficient way. While experience can broadly be deemed as relevant, just as with the
concept of leadership, precise measurement of this principle is very abstract.
However, although an actor may have many years of experience, preconditioned
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ideals or values may subject his/her decisions to preconceived notions, which may
or may not still be relevant for changing conditions. UNECE (2009) highlight the
importance not just of career experience, but also fostering experience through
training and simulation exercises on a regular basis.

Resources

Olsson et al. (2006) propose ‘‘funds for responding to environmental change
and for remedial action; capacity for monitoring and responding to environ-
mental feedback’’ as indicators which both relate to the importance of human
and financial resources for ensuring effective capacity for monitoring systems,
enforcing laws and responding to extremes or feedbacks. The importance of
information- and knowledge-sharing, not just in itself, but across different
levels of stakeholders and decision-makers is touched upon through criteria 5
and 6 (‘‘information flow through social networks; combination of various
sources of information and knowledge’’). These criteria are also relevant for the
creation of the appropriate level of public perception (Yohe and Tol 2002) for
adaptation through sense-making and collaborative learning (Olsson et al.
2006). Engle and Lemos (2010) also comment that levels of financial and
human capital are critical for overall success of an organization or governance
structure. Yet, while more resources (financial and human) may increase the
capacity of the system, it is how these resources are applied and organized that
may be more important. Less could mean more. There may also be linkages
with experience, networks, accountability, transparency and decentralization.

Networks and Connectivity

Folke et al. (2005) explore the social elements of adaptive governance, which can
enable adaptive ecosystem based management in the context of abrupt change.
‘‘Connectivity across Networks’’ refers to connectivity across individuals, orga-
nizations, agencies and institutions through bridging organizations. Networks
capture the various institutional levels and relationships involved with river basin
management. Folke et al. (2005) also suggest that adaptive co-management
requires more flexible social networks, which may be more innovative and
responsive than bureaucracies in times of rapid change. It is assumed that the
greater the networking and connectivity between groups and stakeholders involved
in the management processes, the greater the adaptive capacity (Engle and
Lemos 2010). Just as in the critique of participation, connectivity alone may not
imply a willingness to cooperate, which is requisite for systems to be adaptive
(UNECE 2009).
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Predictability—Flexibility

Flexibility is to be taken as the antithesis of irreversibility. This indicator is
repeated across a number of the studies on adaptive capacity. The UNECE
comments that ‘‘the capacity to adapt requires flexibility. As a result, measures
that are highly inflexible or where reversibility is difficult should be avoided’’
(UNECE 2009, p. 78). In institutional terms, it refers to an ability to bend, but
not break, and to learn iteratively, incorporating lessons learnt through
experience efficiently and effectively (Engle and Lemos 2010). This concept of
iterative adaptive governance/learning by doing is a key element of adaptive
management and governance (Olsson et al. 2004; Pahl-Wostl et al. 2007). The
assumption is that the greater the flexibility of rules (legislation, institutions),
the greater the adaptive capacity (Engle and Lemos 2010). However, there is a
struggle here between flexibility for adaptive management, and the need for
certainty (Iza and Stein 2009; Tarlock 2009) or predictability (Hurlbert 2008)
within the law. Predictability suggests that all laws and regulations should be
applied fairly and consistently. The assumption is that consistency in applica-
tion of the law will enhance adaptive capacity. The IUCN (Iza and Stein 2009)
use a similar concept in the process principle of ‘‘certainty’’, which rests upon
the rule of law in terms of both predictability and enforceability. This would of
course be dependent upon laws also reflecting principles of ecological integrity,
equitable access for all and linkages between land and water resources.
Otherwise, rigidity in the application of ‘‘bad’’ laws and policies would
diminish adaptive capacity.

Knowledge and Information

The UNECE (2009) cite the importance of supporting training and response
systems with climate and hydrological information systems, which are ‘‘capable
of delivering early warnings in a timely and efficient manner’’ (UNECE 2009,
p. 42). Folke et al. (2005) relate the idea of knowledge with the creation of an
iterative learning environment. There are therefore important links with flexi-
bility through the process of learning by doing. The goal here relates to an
improved understanding of the dynamics of the whole system so that an
understanding is established for how to manage periods of rapid change. The
interpretation of knowledge is also highly linked with how to effectively deploy
scientific information across different networks or levels of decision-making for
the management of resource issues in the context of change. Engle and Lemos
(2010) also refer to the linkage of using scientific knowledge and information
with the building of adaptive capacity, but add to the concept the importance of
equality of decision-making and knowledge use (in terms of power distribution
among stakeholders and access to technical knowledge). Nelson et al. (2007)
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also suggests that the ability to maintain a response capacity is predicated in
part on the capacity for learning.

Decentralisation

Decentralization and subsidiarity (Hurlbert 2008) refers to the delegation of
responsibility and authority of water management to the lowest feasible level.
Devolved decision-making means that a system would be ‘‘presumably, better able
to recognize and respond to unforeseen circumstances’’ (IISD 2006, p. 119). There
a theoretical link here to the IWRM component ‘‘Basin/Watershed Approach’’, as
well as to Olssen et al. (2004) concept of enabling legislation that creates social
space for ecosystem management. Yet, while a system may be highly devolved,
this does not imply that there are ecological based units of decision-making.

Discussion

This list of indictors captures the development in the analytical field of adaptation
and vulnerability in the preceding decade. However, it is equally recognized that
there has been fairly minimal empirical verification of the correlation between
different principles and indicators of adaptive capacity, particularly at local and
regional scales, and more so within the water sector (Engle and Lemos 2010;
Wilbanks and Kates 1999). There are a number of analytical challenges relating to
the different principles and indicators of adaptive capacity listed above. The next
section discusses these and proposes how further theoretical and empirical
research could contribute to improving our understanding of which elements in
which circumstances may create an enabling environment for adaptive capacity.

Normative Principles Versus Open Indicators

Much of the discussion around governance issues in adaptation and adaptive
capacity has a strong normative edge. Normative principles such as accountability
and participation tend to denote a stronger bias towards the researcher’s analytical
framework. More open indicators such as knowledge and levels of decision-
making are less prescriptive and therefore predisposed to be more iteratively
developed through the research process, both the theoretical and empirical
exploration. While this distinction should be recognized, and normative bias to the
analytical framework should be avoided where possible, it should not be seen as a
major impediment to the development of more robust indicators. However, for the
sake of the iterative development of indicators within this research, more
prescriptive and normative indicators employed within the STRIVER assessment
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have been replaced by more open indicators. Additionally, it is difficult to make
a priori judgements on issues to do with levels of financial and human resources,
leadership or even experience. Instead, these indicators should be explored in an
a posteriori framework, to investigate correlations with adaptive capacity across
different scales (sectors, geographies, political levels).

Process Versus Outcome

There is a difference between the process indicators as described in many of the
studies, and the more outcome associated determinants in others. Requirements
such as ‘‘enabling legislation that creates social space for ecosystem management’’
(Olsson et al. 2004) and ‘‘institutional capacity’’ (UNECE 2009) can be seen as
requisite for an enabling environment for adaptive capacity, but also as an outcome
of sufficient adaptive capacity. A key issue is therefore how questions relating to
enabling legislation and institutional capacity could be integrated into more open
indicators. Or, are such concepts in fact outcomes of indicators such as ‘‘levels of
decision-making and networks’’, and therefore should not be separately tackled
within the adaptive capacity assessment per se? More specifically regarding
‘‘institutional capacity’’, one could perhaps infer that if indicators such as trans-
parency, knowledge, networks, resources, decentralization/subsidiarity and expe-
rience are met, then institutional capacity should be strengthened, therefore it
could be taken as an output.

Similarly, the issue of ‘‘process versus outcome’’ is pertinent to IWRM. While
IWRM is not considered an indicator, its component parts could be seen as useful
determinants of adaptive capacity. An indicator for ‘‘integration’’ could encap-
sulate a key element of IWRM. The initial Swiss assessment showed that its prime
weakness in the face of future change was the lack of integration across different
sectors, levels and geographies, indicating that a lack of these components may
decrease adaptive capacity of the system, thereby increasing its vulnerability to
external shocks and environmental change. Normative prescriptions could be
avoided by not suggesting that an ideal level or type of integration pre-exists, but
that different levels and types may enable adaptive capacity in varying sectors or
geographies. Additionally, considering that numerous studies (including the Swiss
governance assessment) have shown that ‘‘a substantial gap exists between
promise and practice’’ (Ingram 2011, p. 2) in IWRM, it would be make more sense
to focus on how different types of integration rather than IWRM per se contribute
adaptive capacity, than testing normative assumptions based on the criteria of
IWRM.

Finally, the concept of environmental integrity or ecological system resilience
(Nelson et al. 2007) appears regularly as a key determinant for adaptive capacity in
the adaptive management discourse. Since the capacity of aquatic ecosystems to
produce many of the goods and services on which societies depend is rapidly
declining, the provision of water for nature/nature as a buffer can be seen as a key
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determinant of adaptive capacity in a system under stress. If the biological
component of the system is already under stress, then adapting to more extreme
conditions may be limited. Principles purported within the adaptive governance
literature are linked with achieving these outputs, but again the question arises of
how to define the relationship between ecological integrity and resilience with
adaptive capacity.

Decentralization, Participation and Governance Modes

Preferences concerning the right mix of modes of governance (hierarchy/state,
market/private and decentralization/civil society) are rife within the literature on
adaptation and vulnerability, despite the recognition by many that what matters is
that prescriptions fit contexts (Ingram 2011). The focus on full participation and
decentralization in water management as desirable norms is reflected across a
broad swath of the literature (Hurlbert 2008; UNECE 2009; World Bank 2002;
UNDP 1997; Nelson et al. 2007). However, other studies note the fact that
decentralization and participation per se are not a priori requirements for better
management and enhanced resilience. Berkes in Nelson et al. (2007, p. 409)
suggests that ‘‘the balance of evidence shows that neither purely local level
management nor purely higher level management works well by itself’’ (p. 239),
and Lemos and Agrawal (2006) highlight the development of emerging hybrid,
multilevel and cross-sectoral forms of environmental governance. Hill (2010)
suggests that there may be a limit to the level of devolvement, and that it can only
be effective when combined with requisite levels of experience and resources as
well as a propensity for stakeholders to work across the other levels of decision-
making.

Ingram (2011, p. 8) adds that ‘‘participation is no panacea for water con-
flicts’’. Other studies such as Iza and Stein (2009, p. 8) elaborate that other
factors such as coordination across levels, rather than pure participation and
decentralization hold significant importance. Results from earlier work (Hill
2010) also support these findings, which suggests the need to look beyond
prescriptive norms such as participation and decentralization and subsidiarity, to
more exploratory indicators which allow examination of causal relationships
between different indicators and adaptive capacity within different sectors as well
as governance regimes.

Knowledge and Information

In a number of studies the indicator of transparency is pinpointed as fundamental
to good governance and adaptive capacity. However, drawing on studies and
publications in the resilience framework and the wider climate dialogue, it might
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be worth broadening out from the normative prescription of transparency to a more
thorough exploration of the contribution that different forms of knowledge and/or
information play in enhancing resilience. By looking at knowledge as well, we
therefore refer not just to scientific information and data (hydrological models,
climate models, economic statistics, etc.), but can also recognize the potential
importance of local and indigenous knowledge. A recent report from Switzerland
comments on the need to take account of and integrate traditional knowledge in
climate data systems (Lugon 2010).

An awareness of the need for climate services also recently arose out of the 3rd
World Climate Change Conference in Geneva (WCC-3 2009), which refers to the
provision of climate information (both current climate variability and recent and
future climate change) (Lugon 2010). It also calls for better management, com-
munication and understanding of this information so that resource managers and
the public alike can actually generate knowledge out of the wealth of data and
information available. The HEID report comments that while today, people are
likely to be inundated with information, often ‘‘the hurdles are not the hard science
but the communication’’ (Lugon 2010, p. 64). It also notes that climate information
per se is not enough; to be truly valuable it needs to be integrated with socio-
economic and other environmental data. It is therefore important to investigate not
just what kind of information decision-makers are getting, but also how they use it,
with whom they share it and how relevant it is to the problem they need to resolve.

Empirical Application

Using Extreme Events to Explore Tentative Indicators

Following on from the discussion above, a more refined list of tentative indicators
has been proposed, which will be empirically explored through stakeholder
interviews in each case region. They are: knowledge; networks; levels of decision-
making; integration; predictability/flexibility; experience; resources; leadership
(Table 1). The indicators and sub-criteria draw on current understanding and the
different indicators in the discipline of adaptive capacity, adaptive governance and
adaptive management, as well as the discourse on integrated water resources
management. They have been supplemented with understanding based on
theoretical exploration and results from the initial governance assessment within
the Valais case area.

Previous studies assessing the adaptive capacity of water law to climate change
have utilized case studies of water stress events to provide insights into important
modifications in the institution of water law which will increase adaptive capacity
(Hurlbert 2009). The IPCC (2007a) also recognizes that ‘‘empirical knowledge
from past experience in dealing with climate-related natural disasters such as
droughts and floods (…) as well as longer term trends in mean conditions, can be
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particularly helpful in understanding the coping strategies and adaptive capacity’’
(p. 138). This study therefore is utilizing case studies of past extreme events
relevant to the two basins, which can serve as reference points of climate vari-
ability and as useful indications for the impact of extremes in a future, warmer
climate.

In order to move beyond the characterization of adaptive capacity to be able to
assess which specific approaches are associated with higher adaptive capacity, it is
necessary to establish some qualification and quantification of the extreme event
impacts. Therefore, to contribute to the characterization of adaptive capacity, the
impacts and evolution of extremes were analysed at six climate stations in the
Valais (Ulrichen, Sion, Visp, Zermatt, Gd. St. Bernhard and Fey). Summer heat
waves were characterized by analysing temperature and precipitation data from
June–July–August (JJA). Extreme precipitation events were characterized through
August–September–October (ASO) precipitation records. Table 2 depicts a
general overview of the types of case events used for the assessment of adaptive
capacity, and the associated impacts for each event.

Climate model data from the ACQWA project to calculate return periods as per
A1B and B2 emissions scenarios. Initial results from the stations at Visp and
Zermatt are detailed below (Fig. 5).

Additionally, impacts data will be gathered at the regional and local level on
alterations in water allocations as well as in water reserves. This will be done
through both interview and physical data. Figure 3 represents projections of the
development of enhanced drought and flooding risk in the Rhone basin. The graph
suggests that summer months could experience enhanced drought situations
through reduced glacial mass and precipitation, while in winter months increased

Table 1 Level 1 operationalization of tentative indicators to be further explored and developed
in interview

Tentative indicators Sub-criteria

Knowledge Right to information; communication/public perception; spatial planning;
access to scientific/environmental information; exchange of data and
information; integration of scientific expertise; quality of scientific
information; use of traditional and local knowledge

Networks Access to participation; selection of non-state actors; level of influence;
type of participation; stage in the political process; social networks;
professional networks; willingness to cooperate

Levels of decision-
making

Ecological based units of decision-making; institutional arrangements

Integration Geographical integration; sectoral/uses integration; political integration
Flexibility/

predictability
Consistency in rule of the law; rigidity of legal provisions; iterative

elements of law/institutions
Resources Financial resources; quantity/quality of human resources; organization of

resources; independence/impartiality of experts
Experience Training and development; years of experience
Leadership Political commitment; facilitating role; initiation of partnerships; support

mobilization; linking of actors; trust amongst stakeholders
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intense precipitation periods could not only impact on flood risk, but a wide range
of geomorphological processes such as landslides and rock falls.

Stakeholder interviews were conducted at the local and regional level in the
Valais, in order to better characterize and assess the mobilization of adaptive
capacity in response to the case events. The semi-structured interviews consist of
questions relating to the different indicators, lasting 45–90 min with a range of
individuals with expertise and experience in water and natural hazards policy and
management at the local and cantonal level. Three sub-case areas were identified
in the Valais, consisting of six communes that were representative of the different
sectoral interests as well as the different microclimates in the Valais. The quali-
tative data from these interviews serves to provide greater insight into the indi-
cators and will be used to operationalize the criteria of the indicators, as well as
assess its mobilization in response to the events. A discussion of preliminary
results from interviews in the Swiss case area is found in the following section.

Discussion: Key Issues for Adaptive Capacity

The predominant issue in the Valais canton is flooding. While there has been long-
term experience of floods and related hazards, experts interviewed noted that the
volume of water has significantly increased since the 1990 s, due to an increase in
runoff from glacial melt. This has led to increased damage from floods and
associated geological hazards. Interestingly, during the major heat wave in 2003,
the Valais experienced increased runoff from glacial melt into the waterways.
This served to buffer issues from the lack of precipitation during the event, and
actually led to a situation where water levels in the Rhone, its lateral rivers, as well
as connected groundwater sources reached high water marks. However, this trend
is not projected to last (see Fig. 3). Some experts suggested that they are currently
experiencing the peak of contribution from glacial melt, and in the near-term
future, a decline will be observed.

Interviewees did point out that there have been increasing numbers of
communes which have experience scarcity situations, predominantly in springtime

Fig. 5 Evolution of temperatures at Visp according to A1B scenario for summer temperatures
(left) and winter temperatures (right)
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or during winter months in the ski resorts. This tends to be dependent on a number
of factors, such as amount of precipitation during winter, when the snowmelt
begins, amount of precipitation falling in spring (e.g., April), which all impacts on
how quickly the springs can recharge after winter.

With reference to the indicators, issues were raised with data integration across
the different politico-administrative levels and disciplinary-sectoral foci. While
there is little integration of climate change and ecosystem concerns (beyond a
subconscious awareness) into the cantonal and communal offices so far spoken
with, there are overriding legal and financial incentives for local actors to take
these issues into better account (for more information on the Neuefinanzausgleich,
see Hill 2010). Additionally, the Third Rhone Correction (Hill 2010) could be seen
as one of the first attempts to better integrate different sectors and ecological and
climatic concerns in water management in the Valais.

In some cases, such as Les Bagnes (the municipality which includes the tourist
village Verbier), the municipality has had experience of over-demand in peak
times (rather than scarcity) and issues of a lack of interconnection between
neighbouring villages. Thirty to forty years ago, all the water resources of these
villages were separate, so if they had issues of supply during a certain period, they
had to deal with this alone. This has been managed by connecting the resources, so
that where villages have only one source, they can now be integrated into the
network, accessing resources higher up the mountain, or with other villages that
have plentiful water. Creating a larger and more connected network of supply has
allowed Les Bagnes (and in another case, Crans Montana) to better manage the
peak demand during the winter tourism season, when flows are at their lowest.

With respect to knowledge and information, while there is a considerable
amount of effort in improving monitoring and observation networks, access to
information is seen as complex and uncoordinated. Actors at the cantonal level
asserted that this was recognized and efforts were on going to generate central
databases for hydrological information, but improving connectivity across differ-
ent groups and administrative levels was a challenge.

The relevance of networks in the response to these events is highlighted by
stakeholder comments that when extreme situations do arise, there is intensive
contact with other stakeholders. This comes in different forms at the different
levels. For example at the commune level, as part of their risk planning strategies,
there is an ‘‘alarm group’’, which includes a number of different actors, some of
whom are involved in water issues on a full-time basis, some of whom are
volunteers. While a rich response network was discussed in relation to hazards
(flooding, avalanches), relatively little exists across different stakeholder/sectoral
groups for water use, outside of the different conventions between the munici-
palities and ski-lift owners (who manage the artificial snow production) or the
hydropower companies.

The irrigation groups, known as Geteilschaft/Gemeinschaft; Consortages,
which co-govern the water irrigation canals (Suonen/Bisses) (Reynard 2008), still
exist in the Valais. There are currently about 706 km of canals in the Valais, with
many being reinstated and repaired along with the accompanying organizations,
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not only for tourist value, but also as a means to foster solidarity in maintaining
infrastructure and minimizing costs as the local level.

Collaboration exists across different stakeholders, notably in the domain of
research and monitoring collaborations. For example, hydropower companies
partner with the federal research institutes to develop projections of impacts on
glacial melt from climate change. The cantonal administration relies on private
consultancies to measure, collect and provide data to them on water quality and
quantity. At the local level, communal authorities use private consultancies to
outsource aspects of EIAs and other reports/studies they are required to submit
to the canton. This aspect concerning networks is also tied into the resources
indicator, since at the local level these deliverables are outsourced because
resources are limited. Additionally, cantonal authorities noted that financial
resources at the commune level tended not to be sufficient to cover damage costs
from flooding events such as the 2000 event in Baltschieder, near to Visp. In these
situations, the canton or federal government needs to step in and cover a certain
amount of the costs.

The relationship between the different levels of decision-making in is highly
interesting for a number of indicators. Cantonal authorities consistently clarify that
they can only take a ‘‘hands off’’ approach, using incentives and guidance to
suggest water management methods on the lateral rivers. The Rhone, on the other
hand, remains the responsibility of the canton. Interestingly, while the federal
government has passed a Federal Ordinance on Water Provision during times of
emergency, it has not been brought into effect in the Canton Valais.

Additionally, it is clear that no one person is really responsible for ‘‘water
management’’ as a whole. At the cantonal level, people have their individual
responsibility, with intermittent collaboration across the different offices. At the
local level, the communal authority is generally responsible, with different
competencies for different individuals. Since the communes tend to be so small,
people know who they need to go to.

With regards to flexibility, one key area is the length of hydropower conces-
sions. For example, in the communes of Les Bagnes, these will not to be
renegotiated until 2040. Currently in times of stress, the municipal industrial
service must informally ask the hydropower companies if it would be possible to
do an exchange of water, which is possible at their ‘‘goodwill’’. For an actual
renegotiation of the terms of the concession, they will need to wait until 2040.

Discussions pertaining to the influence of experience of past events were par-
ticularly interesting and rich. The role of prior experience in extremes and impacts
of natural hazards was considered highly important in determining the prepared-
ness for extreme events. The importance of prior events, such as the 1993 and 2000
floods, in the collective consciousness should therefore be potentially considered
as important as professional experience and training. More generally, the
knowledge and experience of historical shifts in the climatic and socioeconomic
situation, and the fact that the Valais is the driest canton in Switzerland, has meant
that the irrigation infrastructure is well developed. This means that the Valais is
perhaps better positioned perhaps than other areas in Switzerland for coping with
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drier, more stressed periods through the adaptations that stakeholders (mainly
agricultural) have had to implement over the past decades (better irrigation
technology and resurgence of the consortages) and centuries (development of the
canals and consortages since the 13th century).

There is perhaps a need to focus on the broader implications of this in the
planning for climate change impacts in the water sector, and in general. Since
climate change impacts are seen to be pushing us beyond our range of experience,
one question is how to build social resilience in the absence of prior experience of
similar issues. This is particularly relevant for the tourist sector, since unlike the
agricultural actors, the experience and knowledge of managing past change and
uncertainty does not stretch back as far.

Leadership did not generate much discussion in interviews, except for the role
of a certain individual in the cantonal administration for natural hazards, who is
responsible mainly for overseeing avalanche preparedness. However, in the case of
Les Bagnes, one can identify the important role the central organization, SIB, has
played in creating a more integrated network for water provision. It may, therefore,
be worth expanding on the understanding of leadership, so that it encompasses the
leading role a centralizing local institution can play, not just individual leadership.

Issues of scale are relevant not only to levels of decision-making, but to other
indicators as well, notably networks and integration. Politico-geographical scale is
highly relevant to where water issues are experienced in the Valais and where they
are not. In some villages, drinking water and irrigation water are taken from the
same sources (mainly groundwater), which means that while one village may have
no issues with conflicting uses (refer to the Le Châble example above), the next-
door village will experience water scarcity during peak times of use, or low
periods of precipitation. Scale plays a relevant role here on two counts. Firstly, the
municipal level micromanagement means that neighbouring villages can experi-
ence highly contrasting management problems. Secondly, in this particular case,
altitudinal and geographic scale directly affected the variety of sources Valaisanne
communes can rely on.

The interviews showed that in practice there is a considerable amount of
crossover between some of the indicators (i.e., networks—knowledge—resources;
resources—experience; integration—networks), which will need to be addressed.
It may also be required to rethink the underlying criteria behind an indicator such
as experience, as to whether collective experience is a more driving factor than
individual training, which could also be a feature of resources. Finally, two of the
indicators, leadership and resources proved the most difficult in terms of eliciting
rich responses as to their relevance in both managing the resource and the events.

Conclusion

This paper set out to discuss some of the issues in developing a deeper
understanding of how to characterize and assess adaptive capacity to climate
change in water governance arrangements. The discussion of the current state of
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indicators on adaptive capacity suggests that there are a number of challenges in
present assumptions, yet identifying and refining characteristics of adaptive
capacity through interviews also proves testing.

The initial results from interviews in the Swiss case area suggest that is
necessary to rethink some of the characteristics of the indicators. While further
work needs to be done to refine and operationalize all the indicators, two of them
need particular attention and possibly reassessment. Partly as expected, leadership
is perhaps conceptually too vague to have significant analytical relevance for
assessing the governance system. It would perhaps be better placed in disciplines
more concerned with anthropology or broader social sciences. With regards to the
resources indicator, it is particularly difficult to be able to meaningfully define
whether the level of financing or human resources, training or general education is
sufficient. It is also unclear how this could be more universally operationalized to
be comparatively meaningful across the different case areas and beyond. Other
studies do not seem to provide many answers here, since a great deal of data and
indicators on resources tends to lie at the national scale (Brooks et al. 2005; Engle
and Lemos 2010).

Future work will apply the methodology in the Chilean case area (which was
delayed due to the earthquake) in order to generate a comparative analysis into the
relevance of these indicators in a different socioeconomic and climatic context.
This research does not aim to provide a broad panacea of adaptive capacity
insights and recommendations for building adaptive governance, but instead to use
comparative local experiences to better operationalize adaptive capacity, from
which we can build our understanding of how to reduce vulnerability to future
uncertainty and climate change. It is vital to provide not only local guidance, but to
use comparative cases to see where a more holistic understanding of adaptive
capacity itself can be built, and how relevant universal indicators can be to local
issues such as water governance.

Additionally, future work must focus on better understanding the outcome of
the reaction to and management of these events. This could allow us to infer
whether change (in this case extreme events) is being managed in a way that
enhances adaptive capacity or leads to a more negative outcome (Chapin et al.
2009). Future work will also encompass deeper analysis of the qualitative data,
with the tool Atlas-TI, as well as using richer climatological and hydrological
model data from the ACQWA project to build a better picture of climate impacts
on which to map the vulnerabilities and adaptive capacity of the governance
system.

The issue of scale is still problematic in the adaptive capacity literature.
Empirical application in the contrasting case regions will address not only issues of
verification, but equally of scale. While there is a growing literature on adaptive
governance and adaptive management with respect to water resources, there is still
a tendency for the respective disciplines of social science and climatology to
remain within their respective niches. This is to the detriment of a more holistic
understanding of challenges from climate change and the exploration of potential
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responses to these threats or possibly opportunities. In this study, it has been
attempted to explore ways of bridging this gap.

While this attempt may be a crude initial effort, it is hoped that it is a
contribution to the understanding of how researchers need to start not only
understanding the different languages of a multitude of different disciplines, but
also should employ the tools associated with them within their own research to
gain a more comprehensive understanding of the issues which are being resear-
ched. Finally, adding this extra layer of detail to the indicators will add clarity and
a deeper understanding to their performance and the reporting of the results. While
normative indicators can be useful, more analytical empirical studies need to
assess how different determinants may contribute to building resilience across
scales and sectors, in different forms of climatic extremes.
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Chapter 23
The Contribution of Rural Development
Programmes in Mitigating Greenhouse
Gas Emissions in Italy

Rocío Dánica Cóndor, Marina Vitullo, Domenico Gaudioso and
Marina Colaiezzi

Abstract The Health Check reform, reinforcing the Common Agricultural Policy,
emphasizes the role of agriculture in climate change, facing issues related to
climate change, renewable energies, protection of biodiversity, water management,
innovation, and dairy production. The CAP Health Check targets were included in
the Rural Development Programmes (RDPs); a preliminary qualitative assessment
identified that 14 RDPs include climate change targets and eight RDPs include the
six Health Check targets (MIPAAF (2009): Analisi dei PSR sulle nuove sfide del
Health Check—17/09/2009. Rete Rurale Nazionale 2007–2013). This paper aims
to make an initial quantitative assessment of the impact of agriculture greenhouse
gas (GHG) emission reduction measures in Italy, taking into account the 21 Italian
RDPs. The conceptual framework of this work was based on a multiple criteria
approach, which considers the analysis of diverse GHG emission reduction mea-
sures for the agriculture sector, and multiple rural development axis–measures–
actions from RPDs. Main activities were found under measure 121 (farm mod-
ernization) and 214 (agri-environment). A more rational use of nitrogen fertilizers
can result in an effective mitigation action (reduction of N2O emissions). Con-
cerning emissions of CH4 from manure management, the adoption of biogas
recovery could be relevant; while other specific incentives for electric power
production are also supporting methane emission reduction (\1 MW special fee
and [1 MW green certificates).
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Keywords Climate change � Mitigation � Rural development programmes �
Common agricultural policy

Introduction

In the last years, climate change issues have been addressed in different fields, such
as the agriculture sector. In particular, the Common Agricultural Policy (CAP) and
the Health Check reform has directly tackled specific issues related to climate
change, renewable energies and water management, among others. In March 2010,
the European Commissioner for the Environment called for a Common Agricul-
tural and Environmental Policy, saying that the CAP should improve sustain-
ability, soil quality, water quality and efficiency.

Right now, the CAP is based on two main pillars, the so-called Pillar 1 sup-
porting farmers’ income through market interventions and direct payments, and
Pillar 2 supporting the development of rural areas, which take the form of Rural
Development Programmes (RDPs). A first balance and analysis of the Italian
situation related to rural development and the mechanism that transfers funds from
direct payments to rural development measures is available for Italy (Sotte 2009).
Currently, the 2007–2013 programming period contains a basket of policies with
different objectives, management and intervention methods, beneficiaries and
stakeholders. These policies range from structural, historical heritage, environ-
mental conservation and biodiversity, to policies for training, information and
assistance; also forest policies are included as well as those enhancing food
quality; then there are policies for diversification to those for the quality of life in
rural areas.

In Italy, the agriculture greenhouse gas (GHG) emission inventory (ISPRA
2010) and projections (Ministry for the Environment, Land and Sea 2009) has been
improved thanks to research studies. Researches were concentrated on improving
inventories from the methodological point of view, and efforts were oriented to
develop country-specific emission factors, among other activities. Furthermore,
there was a need to better understand the role of the CAP in the GHG emission
trend and projections. For this purpose, ISPRA has followed a step-by-step
research approach. Initially, the impact of Pillar 1 of the CAP was studied; sec-
ondly, the assessment of Pillar 2—Rural Development Programmes (RDPs)—was
performed; and thirdly, we expect to follow up and update information from RDPs
after the incorporation of the Health Check targets. Results of the last two
activities will be described in this paper.

The objective of the article is to present the results obtained from the assess-
ment of GHG mitigation measures described in RDPs from Italy. Two stages are
evidenced: the first one assessed 21 RDPs based on information available by the
end of 2008. RDPs in the period 2007–2013 were assessed only for climate change
mitigation targets. The second stage considered RDPs recently approved under the
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Health Check reform; thus, climate change and water management targets were
considered. For this last phase selected RDPs were revised.

The outline of the article will provide information on recent GHG emissions
from the agriculture sector in Italy; GHG policies and measures from this sector
will be also presented. A brief overview of the state of the art of RDPs and climate
change issues is provided, and the methodological approach is described. Results
and discussions are provided, and finally main conclusions are presented.

Greenhouse Gas Emissions

The United Nations Framework Convention on Climate Change (UNFCCC) was
ratified by Italy in 1994 through Law No. 65 of 15 January 1994. In the framework
of the EU Burden Sharing Agreement and under the Kyoto Protocol, Italy has
committed to reduce its GHG emissions by 6.5% below base-year levels (1990)
over the first commitment period (2008–2012). On 1 June 2002, Italy ratified the
Kyoto Protocol through Law No. 120 of 1 June 2002.

In order to comply with national and international commitments, the national
GHG emission inventory is compiled and communicated annually by the ISPRA
(ex-APAT) to the competent institutions, after endorsement by the Ministry for the
Environment, Land and Sea. As a party to the UNFCCC and the Kyoto Protocol,
Italy is committed to develop, publish and regularly update national GHG emis-
sion inventories as well as formulate and implement programmes to reduce these
emissions. Therefore, Italy annually submits to the UNFCCC secretariat and the
European Union’s Greenhouse Gas Monitoring Mechanism the national GHG
emission inventory through the compilation of the Common Reporting Format
(CRF)1 and the National Inventory Report (NIR) (ISPRA 2010). According to the
guidelines provided by the UNFCCC, Parties should use for estimations the
methodologies reported by the Intergovernmental Panel on Climate Change
(IPCC).2 The 2006 IPCC Guidelines for national greenhouse gas inventories has
merged the agriculture and LULUCF (Land Use, Land Use Change and Forestry)
sectors into the Agriculture, Forestry and Land Uses (AFOLU) sector. Up to now,
Parties are not obliged to report according to the 2006 IPCC Guidelines since
guidelines have not been formally approved by the UNFCCC. However, Italy has
already included most methodological improvements from the 2006 IPCC
Guidelines.

As required by IPCC guidelines, methane (CH4) and nitrous oxide (N2O)
emissions are estimated for the agriculture sector. For Italy, the following emission

1 Available at http://unfccc.int.
2 IPCC Guidelines are: ‘‘Revised 1996 IPCC guidelines for national greenhouse gas invento-
ries’’, ‘‘2000 Good Practice Guidance and Uncertainty Management in National Greenhouse Gas
Inventories’’, ‘‘2003 Good practice guidance for land use, land use change and forestry for
LULUCF’’ (GPG for LULUCF).
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categories are included in the agriculture sector: enteric fermentation (4A), manure
management (4B), rice cultivation (4C), agricultural soils (4D) and agricultural
residues burning (4F). For the LULUCF sector, removals (CO2) and emissions
(CO2, CH4, N2O) occur as a result of changes in land uses and forestry.

Total GHG emissions, in CO2 equivalent, excluding emissions and removals
from LULUCF, have increased by 4.7% between 1990 and 2008, varying from 517
to 541 CO2 equivalent million tons (Mt), whereas the national Kyoto target is a
reduction of 6.5%, as compared to the base-year levels, within the period
2008–2012. The most important greenhouse gas, CO2, which accounts for 86.4%
of total emissions in CO2 equivalent, shows an increase of 7.4% between 1990 and
2008. In 2008, 6.6% of the Italian GHG emissions, excluding emissions and
removals from LULUCF, originated from the agriculture sector, which is the
second source of emissions after the energy sector, which accounts for 84%. For
the agriculture sector, GHG trends from 1990 to 2008 show a decrease of 11.6%
due to a reduction in the number of animals and cultivated surface. The LULUCF
sector is responsible for 87.3 Mt of CO2 removals from the atmosphere in 2008
(ISPRA 2010).

GHG Policies and Measures

The law that ratifies the Kyoto Protocol in Italy prescribed the preparation of a
National Action Plan on GHG emissions. This action plan was adopted by the
Interministerial Committee for Economic Planning (CIPE) on 19 December 2002
(No. 123).

GHG emission projections, which include mitigation policies and measures, are
also part of international commitments and reporting. Information on how coun-
tries are implementing policies and measures is periodically presented through the
National Communication reports to the UNFCCC. Italy recently presented the
Fifth National Communication (5NC) to the UNFCCC (Ministry for the Envi-
ronment, Land and Sea 2009). This report provides indications of future trends in
GHG emissions and removals, given the current national circumstances.3 In this
context, energy and non-energy projections are prepared. Non-energy projections
include the estimation of GHG trends for the agriculture, waste, industrial process
and LULUCF sectors. Projections are provided for 2010, 2015 and 2020. In Italy,
agricultural emission projections are estimated using the same methodologies
utilized for the preparation of the GHG emission inventory, ensuring consistency
between estimates. In Table 1, projections for the agriculture sector are shown.

3 Parties shall report projections: ‘‘with measures’’ (currently implemented and adopted policies
and measures); ‘‘without measures’’ (excludes all policies and measures implemented, adopted or
planned after the year chosen as the starting point for the projection); and ‘‘with additional
measures’’ (encompasses planned policies and measures) projections.
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With respect to 1990, the years 2010, 2015 and 2020 are expected to see a further
reduction of 2, 3 and 5%, respectively.

In the previous Italian National Communication, policies and measures for
agriculture related to the rationalization of the use of nitrogen fertilizers (reduction
of N2O emissions), and the recovery of biogas from animal waste (reduction of
CH4 emissions) were considered (‘‘with additional measures’’). However, for the
5NC, these measures were included in the trend scenario due to their adoption.

In general, most Parties cited other objectives in addition to climate change
behind the implementation of agricultural measures and policies, and despite the
lack of specific climate policies for the agricultural sector, most Parties reported
decreases in emissions (UNFCCC 2003). In 2008, EU-15 emissions from the
agriculture sector decreased by 12% with respect to 1990 (EEA 2010, p. 369).
In the last four years, the Italian agriculture sector has verified an important annual
GHG emission reduction with respect to 1990, from 8% (2005) to 12% (2008).

Mitigation measures and policies adopted in Italy for the agriculture sector, as
described above, are in line with most Annex-I countries from the UNFCCC. The
last available report from the UNFCCC describes that policies and measures
directed at agriculture seek to: reduce N2O emissions through manure manage-
ment; reduce N2O emissions from agricultural soils through optimized nitrogen
fertilizer use; and reduce CH4 emissions through changes in livestock manage-
ment. This report also highlights as the most important policies, in terms of fre-
quency of use and mitigation effects: fiscal incentives (either direct or within the
context of agricultural market reform); and regulations (e.g. the EU Nitrates
Directive) to a lesser extent (UNFCCC 2007, p. 37). In fact, a recent report from
the European Environment Agency described that in the agriculture sector, very
little emission reductions are projected from existing and additional measures for
2010 and 2020. The agriculture sector is also the sector where the least absolute
and relative reductions are expected (EEA 2009, p. 13). Member States report
almost no quantified GHG reductions expected from the CAP and other policies to
reduce N2O emissions from soils, in contrast with Commission estimates (EEA
2009, p. 52).

Table 1 Greenhouse gas emission projections from the agriculture sector (Mt CO2 eq.)

GHG MtCO2 1990 1995 2000 2005 2006 2007 2010 2015 2020

Enteric fermentation 12.18 12.27 12.17 10.84 10.63 11.03 10.75 10.70 10.52
Manure management 7.38 7.07 7.14 6.86 6.65 6.85 6.75 6.71 6.62
Rice cultivation 1.56 1.66 1.38 1.47 1.48 1.52 1.47 1.49 1.52
Agricultural soils 19.44 19.34 19.24 18.03 17.86 17.79 17.68 17.32 16.84
Field burning of agricultural

residues
0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

TOTAL 40.58 40.35 39.94 37.24 36.63 37.21 36.66 36.24 35.52

Source: Ministry for the Environment, Land and Sea 2009
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Climate Change and Rural Development Programmes

In the last years, the agriculture sector has contributed to the reduction of GHG
emissions, but this sector is still called to intensify its efforts to reduce GHG
emissions in the framework of global EU strategy related to climate change.

Agriculture in Europe is determined by the CAP. Therefore, drivers on the
reduction of GHG emissions are linked to a wide range of policy objectives, such
as market reforms (CAP Pillar 1); rural development (CAP Pillar 2); environ-
mental pollution directives (e.g. the European Community Nitrates Directive and
IPCC Directive); and other sustainable agronomic practices (organic farming,
integrated agriculture, etc.) (UNFCCC 2003: 44). In Europe, Pillar 1 of the CAP
had a strong impact on GHG emissions from agriculture. Specifically, the milk
quota system leads to a strong reduction of animal numbers in the dairy sector
(EEA 2010, p. 367). In Italy, between 1990 and 2008, the number of dairy cattle
and non-dairy cattle decreased by 31 and 15%, respectively. For instance, this
reduction led to a decrease in CH4 cattle emissions (4A source) by 15%; cattle
source represents 78% of 4A and 24% of total agricultural emissions. The animal
number reduction (dairy cattle) has also led to an increase in productivity,
reduction of CH4 emissions per unit of milk produced, and reduction in cows’
fertility (Coderoni and Cóndor 2010). A recent study analysed the impact of the
CAP (from 1990 to 2007 reforms) for the Italian GHG agricultural emission trend
by source category (4A, 4B, 4C, 4D and 4F). Results show that in Italy is in line
with the rest of Europe; the CAP reform has driven GHG trends in the reduction in
the number of animals, and for the increase in productivity (Coderoni and Cóndor
2010).

Rural development policy has adopted 4 axes and 41 measures (pillar 2 of the
PAC). Axis 1 is about increasing competitiveness in the rural economy, especially
in farming and forestry. Axis 2 focuses on conserving the landscape and envi-
ronment, while axis 3 is related to the improvement of the quality of life in rural
areas and helping the diversification of the rural economy. Axis 4 is aimed at
helping local people to develop their own communities. RDPs need to express
their choice for adopting each of the measures, how they will be financed, the way
of access and management, and their priorities. In Italy, 21 RDPs are available
(one for each region and autonomous province), representing 24% of the total
RDPs in the European Union. This means that while the regionalization policy
implements the principle of subsidiarity, on the other hand, it certainly implies a
considerable additional administrative burden at regional, national and EU level,
taking into account the articulated procedures for programming, approval, and
monitoring and evaluation of the programmes (Camaioni and Sotte 2010: 45).

Regarding climate change challenges, in the European Union, in Pillar 2 of the
PAC, the main GHG emission reduction activities are predominantly or exclu-
sively supported by two rural development measures: farm modernization (mea-
sure 121) and agri-environment (measure 214). Some other activities support the
modernization of farms through energy-efficient equipment and buildings, and
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promoting biogas production (European Commission 2009: 20). In Italy, in a
recent report from the Ministry of Agriculture—National Rural Network, the
following climate change activities from the Health Check reform are given:
reduction of the input of fertilizers, storage and use of animal waste for the pro-
duction of biogas, biomass for the use of energy and all the interventions to
increase energy efficiency. These are GHG emission reduction measures consid-
ered useful under the Kyoto Protocol (MIPAAF 2010). In Table 2, a qualitative
assessment of climate change targets are presented. We have complete information
for the 21 RDPs (information is based on the initial assessment presented by the
Rural Network). Further analysis will be provided in the discussion section.

Table 2 Assessment of Health Check targets in Rural Development Programmes from Italy
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Methodology

The conceptual framework of this work was based on a multiple criteria approach,
which considers the analysis of diverse GHG emission reduction measures for the
agriculture sector, and multiple rural development axis–measures–actions from
RDPs. The aim is to assess from a qualitative and quantitative (if possible) point of
view the contribution of RDPs to climate change mitigation targets in Italy.
Figure 1 gives a graphical representation of the conceptual framework. Two
phases are evidenced: (i) ex-ante assessment performed at the end 2008, and (ii)
ex-post assessment, which was executed in 2010 after RDPs included Health
Check reforms.

A detailed analysis of RDPs was performed in order to get information related
to climate change and water management activities. RDPs were downloaded from
the Italian National Rural Network 2007–2013 site (www.reterurale.it).

For the ex-ante assessment, data and information contained in the 21 Italian
RDPs 2007–2013 by the end of 2008 were considered. On the basis of the qual-
itative and quantitative figures reported for different measures (in the various
pillars), an assessment of the impact of the scheduled policies and measures on
climate change issues was carried out. Main findings were summarized in a matrix
reporting the main challenges (i.e. reduction of CH4 emissions from manure
management, reduction of N2O emissions from agricultural soils, increase of soil
organic matter in agricultural soils, increase of carbon removals in forest lands,
etc.) of the RDPs and an impact evaluation, for each activated measure.

The analysis of the effect on the atmosphere of the measures envisaged under
the RDP was carried out through a detailed analysis of the relationships which may
exist between the individual actions (different types of intervention) and the
qualitative and quantitative aspects characterizing that environmental component.

The analysis refers to the specific objectives identified by the National Rural
Development Plan for axis 2 measures relating to reducing emissions of GHG: (1)
expansion of biomass and biofuels production; (2) carbon sequestration from
forests and agricultural land; (3) reduction of GHG emissions; and (4) reduction of
ammonia (NH3) emissions. Under objective 3, two main types of actions, resulting

Common Agricultural 
Policy (CAP)

CAP Health Check  
reform

Rural Development 
Programmess (RDPs)

Mitigation GHG 
emissions/water management  

Fig. 1 Conceptual framework of this research
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in an emission reduction, are distinguished: the promotion of energy saving and
renewable energy sources, and consequently a reduction in fossil fuel consumption
and in carbon dioxide emissions, and the rationalization of agricultural and animal
husbandry practices, leading to a reduction in emissions of CH4 and/or N2O.

Based on this approach, the analysis of the impact on the atmosphere has
considered the following topics:

(a) climate change

(a1) expansion of biomass production and biofuels
(a2) carbon removal by forests and farmland
(a3) promotion of energy saving and renewable energy sources
(a4) rationalization of agricultural and animal husbandry practices

(b) air quality

(b1) reduction of ammonia emissions,

without neglecting the overlaps between them and the frequent synergies with
regard to the effects of measures.

In assessing the relationships between measures (analysed systematically and
with specific reference to the individual actions included in each measure) and the
atmosphere in its various aspects, the analysis evaluated:

• the relationship (positive or negative impact or neutrality) between actions
under the plan and environmental issues according to the sustainability criteria
set out above;

• the type of relationship (direct or indirect);
• the extent of the relationship (high, medium, low magnitude);
• the transience or permanence of the effects;
• the timescale (short, medium and long term);
• the scale of action (area of influence).

The relationship between specific measures and the environmental component
also considered: likely development in the absence and presence of the measure,
reference indicators, comparison with environmental protection objectives, miti-
gation or compensation measures, evaluation of alternative options, and the
structure and adequacy of monitoring networks and actions to be taken to monitor
the implementation of the measure.

In the case of significant effects (positive or negative), the possible synergy of
various interventions has also been separately evaluated.

For the ex-post assessment, a text analysis revised RDPs, after the adoption of
the Health Check and the European Recovery Package. The main objective was to
identify new and possible quantitative information from selected RDPs. Six
regions were chosen, considering their representativeness on animal and agricul-
tural production and their contribution to national GHG emissions. Main contri-
bution to GHG emissions for the agriculture sector is given by: Emilia Romagna,
Piedmont, Veneto and Lombardy regions. However, Puglia and Campania were
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also considered in the detailed assessment. Climate change and water management
targets information was collected from RDPs. In 1990, 54% of GHG agricultural
emissions was represented by four regions in Italy: Lombardy (20.8%), Emilia
Romagna (12.1%), Piedmont (11.0%) and Veneto (10.5%). In 2005, the regional
contribution increased to 57%, as follows: Lombardy (23.4%), Emilia Romagna
(11.5%), Veneto (11.2%) and Piedmont (10.7%) (Cóndor et al 2008).

Results and Discussions

Ex-ante Assessment

In this paper, only the results of two GHG mitigation activities are shown (CH4

from manure management and N2O from agricultural soils). The analysis was
performed for the 41 measures; in this paper focus is given to axis 1 and axis 2.
In Table 3, the ex-ante evaluation matrix for the 21 Italian RDPs is shown. The
impact of activated measures on the reduction of CH4 emissions from manure
management are evidenced. Results show that most RDPs have activated measures
mainly in axis 1. Major impact was given by the Campania, Calabria and Umbria
through measure 131 (support farmers to face EU regulations). Emilia Romagna
region addressed measure 215 for animal welfare.

In Table 4, the ex-ante evaluation matrix for the 21 Italian RDPs is shown, with
a focus on the first two axes, concerning the impact of different activated measures
on the reduction of N2O emissions from agricultural soils. A relevant impact is
mainly addressed in axis 2 under measure 214 (agro-environmental payments).
In many cases, RDPs disaggregate measure 214 in several actions which target
GHG emission reduction. Further description of these actions is given in the ex-
post section of this paper. In general, the most common target, highlighted in
RDPs, is the reduction of the nitrogen surplus.

Ex-post Assessment

A first analysis is obtained from Table 2, where main climate change challenges
were identified for selected rural development measures (13 RDPs were consid-
ered by the Rural Network). In order to have a complete panorama of the Health
Check reforms regarding climate change challenges, we have incorporated
information from the remaining RDPs (Liguria, Marche, Molise, Puglia, Sicilia,
Umbria, Valle D’Aosta, Veneto). Two main results can be evidenced: 38 and 76%
of RPDs include, under measure 121 and measure 214, actions such as the rational
use of fertilizers and the storage of animal waste. However, other activities are also
described such as the improvement of energy efficiency, measures to prevent and
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manage floods, afforestation, land use change, the establishment of agroforestry
systems, and the consultancy services related to climate change.

The ex-post assessment has found that RDPs gave information on NH3 and
GHG emissions. Some of them identified the main source of GHG emissions, due
to the use of fertilizers in agriculture and livestock production. The new revision of
RDPs identified actions, and, in some cases, also specific indications of compli-
ance under rural development measures. This is commonly found for the action on
integrated production. The most relevant GHG mitigation activity for the agri-
culture sector defined in RPDs will be implemented through the reduction in the
nitrogen surplus, which confirms the ex-ante assessment. In some RDPs, there is a
clear reduction target on surplus reduction with respect to the current situation.
Another important finding is the correlation evidenced by RDPs, between climate
change and water management actions. Other mitigation targets are highlighted,
such as the increase of carbon sequestration and the production of renewable

Table 3 Ex-ante evaluation matrix on the reduction of CH4 emissions from manure management
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Table 4 Ex-ante evaluation matrix on reduction of N2O emissions from agricultural soils
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energy actions. Relevant information from selected RDPs is given in later sections
of this paper. Attention is given to measures which target climate change and water
management. The description of selected RDPs also includes a context presenta-
tion of each region in order to evidence the different territorial situations.

The financial balance between axes has been modified differently in the six
regions under examination, as a consequence of Health Check reform. In Fig. 2,
changes in regional balances between axes are reported; in Puglia and Campania
reallocation of funds have resulted in an increase of the axis 1 share, at the expense
of axis 2. Minor changes were performed by Piedmont or Emilia Romagna.
Remaining regions have not changed their cost attributions to each rural devel-
opment measure.

We performed estimations of GHG agricultural emissions considering findings
from RDPs, based on the disaggregation, at regional level, of the national
inventory for the last year available (2008, submission to UNFCCC, 2010). For the
estimations, it was considered, on the basis of RDPs assessments, that Emilia
Romagna, Piedmont and Puglia regions contribute an annual GHG emission
reduction of 1% from 2009 to 2013. It was also assumed that Veneto and
Lombardy regions have at least 0.5% reduction for the same period. Results show
that national GHG emissions for the agriculture sector could be 35.54 Mt CO2 eq.
for 2010 and 34.83 Mt CO2 eq. for 2015. Taking into account the above-men-
tioned findings and assessing the contribution to RDPs to the national GHG
inventory, a further reduction of 3 and 5% with respect to the trend values from the
5NC (see Table 1) can be estimated.

Campania

Agriculture absorbs a large amount of underground and surface waters being used
for irrigation purposes. The irrigation network covers 14.69% of the utilized
agricultural area (UAA) and is currently serving 69% of agricultural land that can
be irrigated. Overall the availability of water for irrigation is not a problem since
the needs are satisfied by the availability of the resource. Rationalization in the use
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of water and technological improvements on water-saving methods and irrigation
systems are foreseen. The approach in saving water is also crucial insofar as the
food sector is concerned and investment for the use of wastewater for processing is
considered a strategic need. Therefore, additional allocations will be provided to
measures 121, 123 and 124 to meet this challenge. Regarding the climate change
challenge, RDPs intend mainly to contribute to a reduction of CO2 emissions by
operations that will be financed under modernizations of the farms. It has been
noted for measure 121 that a significant reduction of CO2 emissions is expected
(almost 25%) by the reduction of the fuel used in heating systems for greenhouses,
dryers and stem production in on-farm milk processing plants.

It is stressed that the absorption of CO2 provided by forests and the potential of
carbon sinks in the soils can be exploited. In particular, the analysis underlines the
contribution of carbon sequestration given by agricultural practices such as min-
imum work of land, precision agriculture, green cover, set-aside, organic farming,
etc.; priority additional allocations will be given to measures 121 and 123.

Regional strategies are oriented towards the significant development of
renewable energies from biomass of agroforestry origin in the light of sustain-
ability. Therefore, the contribution that agriculture and forestry could give to the
energy production from agroforestry biomass is important and the support planned
in the approved RDP is deemed adequate to face these priorities. The emissions of
greenhouse gases will be reduced by substituting fossils fuels with renewable
sources of energy, which will improve the quality of air and contribute to com-
bating climate changes, too.

Emilia Romagna

This region is based on intensive cultivation, which is translated into a high and
increasing demand for water resources. In 2007, agricultural production showed a
reduction in the production linked to yields. More demand on water resources for
agricultural production led to competition for the use of water for agricultural and
civil purposes. Farmers should pay more to get more irrigation, with the conse-
quence of a higher water abstraction that leads to negative results. For this reason,
measures oriented to save and use water resources efficiently are highlighted for
this region (RER 2009a). Priority activities are focused on the reduction of the
high pressure of agriculture, which leads to high NH3 and GHG emissions. Thus,
the reduction of loads of nitrogen fertilizers, and rationalization in the use of
animal waste are prioritized. Importance is given to short rotation of poplars and
biogas production from animal waste (RER 2009b).

For climate change challenges, three axes are involved. For axis 1, two main
actions are encouraged, farm modernization in dairy production, and the protection
of regional water resources due to climate change. Axis 1 includes measure 121 to
incentive investment for the production of renewable energies, and measure 123

380 R. D. Cóndor et al.



incentives on the recovery and waste disposal of sub-products from agro-industries
also with energetic aims.

For axis 2, more financial resources are given to agro-environmental measures,
biodiversity, and environmental quality in order to overcome climate change and
for the protection of water resources (quantity and quality) (RER 2009b). Under
measure 214, specific actions, related to climate change challenges, such as
integrated production, organic farming and increase of organic carbon content are
prescribed.

Integrated production action aims to reduce in average the use of macro-ele-
ments by 30–45% (N, P and K). Other advantages are obtained because of the
method and the application period (time and split of fertilizer application), which
determines a low relay to the groundwater by 40% of N and 60% of P (RER
2009c). Integrated production also contributes to water management through: (i)
soil management practices (tillage method, catch crops, diversified crop rotation),
and (ii) technologies for water saving (e.g. efficient irrigation systems). Specific
indications for the use of fertilizers are given (integrated production): (i) define the
quantitative maximum distribution of macro-nutrients by culture; (ii) define the
timing and procedure for fertilizer distribution based on the climatic characteris-
tics; and (iii) the rational use of liquid animal waste according to the best time for
distribution for an efficient absorption of nutrients. For irrigation purposes (inte-
grated production), indications encourage the adoption of a simplified water
balance to define the time and the maximum amount of distribution (based on farm
pedology and meteorological conditions) (RER 2009c, p. 319). Organic farming is
an action aimed at the reduction of agricultural inputs, the conservation of soil
fertility and the conservation of water resources. This action also contributes to
water management through similar practices described for the integrated produc-
tion (RER 2009c, p. 326). Organic soil content action (measure 214) considers the
conservation of the soil resource through increasing the surface with organic
fertilization. This action has a specific indication for the limitation in the use of
mineral fertilizers corresponding to 40% of nitrogen needed for the culture (RER
2009c, p. 334).

Axis 3 considers the construction of plants for the production and distribution of
bioenergy (measure 311). A specific action considers the production of renewable
energies, use and sale of energy and heat (maximum 1 MW). Micro-plant for the
production of biogas, which can obtain energy and electricity (includes cogene-
ration, but they only acceptable if it is demonstrated the CO2 balance is positive).
The result indicator shows that energy produced from this action could be equal to
5,955,524 KWh (RER 2009c, p. 399).

For the 2007–2013 period, the region estimates an annual reduction of GHG
emissions of 48,000 t CO2 eq. through the reduction in the use of nitrogen fer-
tilizers, afforestation activities and the production of renewable energies. This is
approximately 1% of total agricultural GHG emissions reduction per year (RER
2009b, p. 205).
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Lombardy

The most important agricultural sector of the region is cow’s milk, which accounts
for nearly 33% of the total agricultural output. The composition of UAA is the
following: 74.1% arable, 22.3% permanent pastures, 3.9% permanent crops. GHG
emissions are concentrated in the lowlands, where intensive agriculture and
livestock production is located.

Axis 1 considers the adjustment of irrigation infrastructures for water saving
and rationalization is described. Measure 121 will support investments on irriga-
tion equipment for water saving and for renewable energy production. Support will
be given to investments for biogas production, using organic waste (maximum
power = 1 MW, energy to be used on farm and energy plant dimension propor-
tional to the farm energy consumption). For axis 2, activities will support ‘‘green
territorial systems’’ for water purification, creation of ecological corridors, and
countryside valorization, and promote low-impact agricultural and biomass pro-
duction (measures 216, 221, 223). Specific actions with measure 214 will support
integrated production and organic farming. Measure 221 will encourage the pro-
duction of forest biomass to favour the conversion of agricultural production to
sustainable woody production (GHG reduction). For axis 3, the promotion of
renewable energy production (and linked services) will be promoted. Support will
be received through measure 311 (diversification into non-agricultural activity),
and measure 312 (support for business creation and development).

For climate change, this region specifically invests: in farms (i.e. renewable
energy, manure storage), afforestation and actions to prevent forest fires, training
and farm advisory services focusing on climate change issues. Some of the addi-
tional operation could have positive effects in terms of climate change mitigation
(i.e. biogas in dairy farms). Currently, only 33% of farms in animal production have
covered storage, as a consequence, there is the necessity to favour interventions to
cover storage system for biogas production (Regione Lombardia 2009).

Piedmont

The forest sector is the most representative economic sector in this region. The
prioritized agro-food sector is mainly composed of arable land and rice. Most of
the Italian rice production comes from this region. Other relevant sectors are wine,
fruit, milk and beef production. After approving the RPD with the Health Check
reform, additional resources for climate change issues have been allocated to
measures 111, 121, 123 and 124 for the improvement of energy efficiency and thus
for reducing CO2 emissions. Regarding the water management issue, the priority
of the region is to safeguard water quality, and to improve water management by
rationalizing livestock manure and wastewater treatment. Additional Health Check
resources have been allocated to measures 111, 121 and 123, aiming to finance
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structural investments necessary for improving the efficiency of nitrogen fertilizer
use, installations for wastewater treatments on farms, and for water-saving
technologies.

Regarding climate change, for axis 1 the region focused on the improvement of
efficiency in rural infrastructures. Interventions are expected to improve the
multifunctionality and efficiency of the irrigation network, mainly through the
reduction of losses in order to decrease agricultural water consumption (measure
125) (Regione Piemonte 2009, p. 206). Through measure 111, the region supports
training courses in order to reduce GHGs and to adapt to climate change, measure
121 will encourage energy saving, and measure 123 and measure 124 the
improvement of energy efficiency. Water management challenges are tackled
under measure 111 through training courses on the improvement of water man-
agement; measure 121 for the improvement of the capacity to use water more
efficiently and to improve the capacity to store water; and measure 123 for the
improvement of the capacity to use water more efficiently.

The objective to reduce GHG emissions and acidificant pollutants is supported
by the following measures in axis 2: agro-environmental payments (214), animal
welfare payments (215), non-productive investments (216 and 227), afforestation
of agricultural land (221), the first agroforestry system in agricultural land (222),
afforestation in non-agricultural land (223), environmental forestry payments (225)
and restoring forestry potential (226); and through a bioenergy programme. The
most significant action to face climate change mitigation challenges is focused on
the increase of carbon sequestration in biomass and soils and the production of
energy from agricultural and forest biomass and other renewable energies.
Activities are oriented to support agronomic practices, animal production, and
animal waste management. These actions operate in synergy with those finalized
to conserve water resources, in particular, through animal waste treatment
(Regione Piemonte 2009, pp. 211–218).

For the water resources challenge, in axis 2, actions are related with improving
the efficiency of irrigation resources, reducing the pollution of water because of
agricultural chemical inputs, reducing the level of nutrient surplus, and reducing
the negative effect of animal waste and wastewater.

This region has a specific target for GHG emissions that is estimated to be an
annual reduction of 1% with respect to 1990 until 2020. Two impact indicators that
are described by this region are indirectly tackling climate change: water quality
improvement through the reduction by 13% of the baseline value of the gross
nitrogen balance (71 kg N ha-1), and the increase in the production of energy from
renewable energies (+9.2 ktoe).

Puglia

Agricultural lands cover more than 73% of the territory. In the last years, the UAA
has notably decreased, while the number of small farms (with UAA smaller than
5 ha) has increased. Almost 20% of the regional UAA is irrigated; nevertheless,
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water availability in rural areas of Puglia does not satisfy the needs of the farmers;
in addition, the use of abusive wells is increasing. To address the new challenge of
water management, additional funding will be used to reinforce measure 125, to
support the improvement/modernization of the distribution network of treated
wastewater for irrigation, in order to save water. The regional irrigated area will
not be increased.

In the framework of diversification of farms and environment protection
investing in the production of energy from renewable sources (mainly biomass)
has been proposed; the increase in production is expect to be 20%.

The region is affected by processes of desertification, soil erosion and loss of
organic matter. The priority of intervention will be addressed by the new measures
214/5, green cover of arboriculture land that will increase carbon sequestration and
promote the sustainable use of soil, avoiding desertification and erosion, as well as
measure 214/6, stubble leaving and/or ploughing, which will also increase the
content of organic matter as a means of climate change mitigation (reducing
desertification processes).

Puglia region assessed a reduction of emissions from the agricultural sector of
about 7% for the 2007–2013 period, while an increase of 5% in removals is
expected. Concerning ammonia emissions from the agricultural sector, a reduction
of 15% is foreseen.

Veneto

Agriculture and forestry cover 75% of the territory. During the last few years, there
has been a tendency towards reduction of the UAA and forest areas. Air quality is
affected by ammonia emissions that cause acid rains with a negative effect on
forests, biodiversity and soil quality. This problem is derived from livestock
manure and agricultural activities (fertilizers).

For axis 1, it is described that agriculture and forestry could contribute with
energy production from agroforestry biomass (reducing GHG emissions). There-
fore, additional allocations are provided to improve the processing of forestry
biomass (measure 122), and to transform forestry biomass into energy for the
forestry sector’s needs (measure 123).

Main climate change challenges are presented in axis 2. Under measure 214,
specific actions are as follows: action b for the improvement of the quality of soil
in order to improve the content of organic matter and nutrients in the soil, reduce
nutrients such as nitrogen and phosphorus and decrease the usage of inorganic
fertilizers; action c for supporting organic farming to reduce inputs and under-
taking commitments foreseen in Reg. 2092/91 that would benefit biodiversity and
water quality; and action g for water resources protection (ground and surface
water) in the perspective of implementation of Directive 2000/60, in order to
reduce GHG emissions due to conversion of arable land to grassland. For the
forestation of agricultural land grant and premium scheme (measure 221), the aim
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is to increase area (except in mountains) under forestry and contribute to climate
change mitigation; to provide a sustainable source of timber for energy, to improve
water quality in NVZs, to increase biodiversity and create/improve the natural
environment, and to protect soil against erosion. Measure 222 and measure 223
will operate for afforestation and the establishment of agroforestry systems, which
have the potential for reducing N2O emissions and increasing carbon sequestra-
tion. Measure 223 considers the conversion of agricultural land into forest/agro-
forestry system for the protection and improvement of water quality. Measure 227
addresses climate change challenges with interventions planned to improve the
original conditions of natural forests.

This region describes that activities to tackle climate change challenges are
focused on increasing carbon sinks. The analysis presents the impact on carbon
sequestration also deriving from agricultural practices such as minimum work of
land, precision agriculture, green cover, etc. With the Health Check reform, a new
action that considers climate change and water management issue has been
inserted (measure 214i: conservative agriculture) (Regione Veneto 2009, p. 628).

Conclusion

This paper summarizes an initial attempt to quantify the contribution of RDPs
from Italy to the climate change mitigation challenge, and to highlight the rela-
tionship with the water management challenge. A quantification of the impact of
41 axis–measures–actions from the 21 RDPs was performed. The matrix analysis
of regions, rural development measures and GHG mitigation targets shows a
moderate impact of activated measures on reduction of CH4 emissions from
manure management under axis 1 (measure 121). Regarding axis 2, mainly under
measure 214 (environmental payments), a high impact is expected for the
reduction of N2O emissions from actions oriented to reducing the nitrogen surplus.

For the ex-post assessment, carried out on six selected RDPs, a more specific
analysis was performed for collecting information regarding climate change and
water management targets, aiming to highlight the regional peculiarities adopted
by regions in facing both targets. Regions tend to provide descriptive information,
while other regions supply additional quantitative information. Each region has
considered a different set of actions under each type of rural development measure.

Most actions oriented to climate change/water management challenges are
addressed in axis 1 and axis 2 from the RDPs. A direct correlation between actions
which can have an effect on both challenges is evidenced (e.g. Emilia Romagna
region), finding positive synergies. In many cases, measures from axis 1 and
measures from axis 2 converge and incentivize both challenges through diverse
actions. For example, integrated agricultural production contributes with water
management objectives through soil management and water-saving technologies.

Specific rural development measures were focused on: measure 121 commonly
used to incentivise production of renewable energies (Emilia Romagna),
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energy-saving and efficient use of water (Piedmont, Campania) and biogas pro-
duction (Lombardy, Campania), and measure 214 with integrated production and
organic farming actions. Local peculiarity has used RDPs to prioritize actions,
such as for the integrated production to rationalize the use of fertilizers (Emilia
Romagna), increase organic soil content, organic farming and water resource
protection (Veneto region), and avoid desertification and erosion processes (Puglia
region). On the other hand, there has also been the case of actions targeting
biodiversity conservation and conservation of high natural value (HNV), which are
indirectly facing climate change challenges because they are encouraging organic
production methods, the extensification of production and sustainable management
of forests (Piedmont region).

Three regions out of the six selected RDPs have estimated a possible GHG
reduction target achievable with the implementation of RDPs (Emilia Romagna,
Piedmont and Puglia). Emilia Romagna and Piedmont regions assumed that the
contribution of regional GHG mitigation is an annual reduction of 1% per year.
The detailed analysis of RDPs allows us to estimate the contribution of the acti-
vated measures on GHG emission reduction for the agricultural trends. A further
3% (2010) and 4% (2015) of reduction could be achieved with the implementation
of RDPs measures. In this context, the monitoring and evaluation of the different
actions, which will be implemented under the RDPs, is fundamental to assess the
impact of the measures for the mitigation of GHG emissions.
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Chapter 24
‘‘Climate Proofing’’ Water Resources
Development Policy: The Evidence
from Bangladesh

Nazmul Huq, Zakir Hossain, Rashedul Hasan and Al Mamun Azad

Abstract The water sector of Bangladesh is instrumental in supporting the live-
lihoods of millions of people. Over the last few decades, water resources in
Bangladesh have come under the severe threat of climate change impacts and the
first effects of climate change are already being felt. The Intergovernmental Panel
on Climate Change (IPCC) univocally confirms the future water sector vulnera-
bilities for Bangladesh in its Fourth Assessment Report. However, the water
resource development policies of Bangladesh have insufficiently acknowledged
the issue of climate change impacts on its economy and livelihood. The paper aims
to examine the level of climate policy integration in newly developed water-
related policies, i.e. National Water Policy (NWP), National Water Management
Plan (NWMP), Poverty Reduction Strategy Paper (PRSP). The approach is con-
ceptualized as ‘‘climate proofing’’ policy (integration of climate change as a cross-
cutting issue). A descriptive analysis of ‘‘climate proofing’’ policy is presented
based on a literature review. The paper finds that Bangladesh still cannot make its
water policies ‘‘climate-proof’’ considering the high level of climate vulnerabili-
ties. Furthermore, the lack of a wider contextual understanding of the issue has
appeared as one of the major impediments. Subsequently, the paper outlines
strategies for developing pro-adaptive, responsive and ‘‘climate-proof’’ water
policies in order to sustain this valuable resource from climate change impacts.
Improved coordination among the stakeholders and convergence of key policy
documents has been deemed instrumental to make the policies ‘‘climate-proof’’
and sustainable. In addition, potential bottlenecks of developing such climate-
responsive water policies occupy significant discussion in the paper.
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Introduction

Climate change is one of the most formidable long-term challenges faced by the
global community. The word ‘‘crisis’’ is sometimes overused in the social
dimension of development. But when it comes to water, there is a growing rec-
ognition that the world faces a crisis that, left unchecked, will derail progress
towards the Millennium Development Goals (UN-DESA 2008) and hold back
human development. Throughout history, human progress has depended on access
to clean water and on the ability of societies to harness the potential of water as a
productive resource. Water for life in the household and water for livelihoods
through production are two of the foundations for human development (UNDP
2006). Water is probably the world’s most intensely contested natural resource.
Water is not only a necessity for life but also a critical input in nearly every type of
economic activity, from farming to energy production (CCCD 2009). United
Nations Human Development Report 2006 states that by 2025 up to 3 billion
people will be living in a water-stress situation (UNDP 2006). Climate change, the
gravest threat for sustainable development, often exacerbates the water problems
with possible multiplier negative impacts on lives and livelihoods. Climate change
is arguably the most severe long-term threat to development facing this and future
generations. By altering the hydrological cycle, climate change will exacerbate the
water management problems that countries already face (Bates et al. 2008). The
paper argues that a ‘‘climate proofing’’ water policy is an urgent call for managing
sustainably the scarce water resources under the threat of climate change. The
issue of mainstreaming or adaptations of climate change policies are becoming
more and more crucial for all development stakeholders for ‘‘climate-proof’’
development. That underpins the shift of assessment paradigm to ‘‘environmental
sustainability’’ to ‘‘climate integration’’.

The paper is an assessment of the major policy documents of Bangladesh
related to water management and development to examine the level of ‘‘climate
proofing’’. Bangladesh is one the most vulnerable countries to climate change
impacts and its water resource sector is considered one of the most affected sec-
tors, which triggers other vulnerabilities. The paper uses three major policy doc-
uments for the assessment, i.e. National Water Policy (NWP), National Water
Management Plan (NWMP) and Poverty Reduction Strategy Paper (PRSP), to
examine the level of ‘‘climate proofing’’.

The aspiration of the paper is interdisciplinary and multidimensional, as both
water-related vulnerabilities and policy documents are intertwined with an innu-
merable number of issues. On the one hand, climate change-related water
vulnerabilities are considered to be the gravest threat not only to humankind but
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also to the existence of a living planet and, on the other hand, the documents are
the guiding principles for nations on the road to sustainable development. As the
apex guiding documents, those documents must have guiding indications as to how
the water–related climate vulnerabilities can be tackled sustainably. Therefore, the
paper promises to seek a level of interaction between PRSP and adaptation to
climate change.

Climate Change Impacts on Water Resources and Impacts
on Development in Bangladesh

As stated earlier, the water sector is one of the most vulnerable sectors to the
impacts of climate change. An enormous number of assessments, reports, findings
and scientific findings endorse the statement with a very high level of confidence.
It is estimated that by 2050, if present trends continue, Bangladesh’s annual
incremental food production would be decrease significantly, in monetary terms
the equivalent of 1% of total national GDP (MoEF 2008).

The IPCC forecasts that global warming will result in sea level rises of between
0.18 and 0.79 m, which could increase coastal flooding and saline intrusion into
aquifers and rivers across a wide belt in the south of the country, although most of the
area is protected by polders. Rainfall is predicted to become both higher and more
erratic, and the frequency and intensity of droughts are likely to increase, especially
in the drier northern and western parts of the country (Pender 2008; IPCC 2007b).

Considered one of the most vulnerable countries to climate change impacts,
Bangladesh is facing tremendous negative impacts on its development aspirations.
Floods, tropical cyclones, storm surges and droughts are likely to become more
frequent and severe in the coming years. The water sector is projected as one of the
vulnerable sectors, putting poor people’s livelihoods at stake through the various
erratic patterns of behaviour, described below:

• Increased temperatures in the water bodies of Bangladesh may also impact on
fisheries.

• In terms of impact on livelihoods and the economy, the most affected by a rise in
surface water temperatures would be Bangladesh’s coastal shrimp-farming
industry, for if the temperature goes above 32�C, the small shrimp fries would
have high death rates (Pender 2008).

• Higher rainfall in the Ganges basin is projected (Stern 2006) in the monsoon
period, which is likely to lead to more frequent and severe floods from swollen
rivers, while less rain in the winter will mean less water in rivers in the dry
season affecting river-fed irrigation, industry, fisheries, travel by launch/ferries
and increasing salinity around the coast (Tanner et al. 2007).

• Agricultural production decrease significantly due to saline water, abrupt rain-
fall and unusual flooding and by 2050, food security will be a serious concern
for the marginalized people (Ahmed 2006).
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• Water sector impacts on livelihood become a challenge of development under
the most adversarial changes in the dynamics of nature. Water-related impacts
will threaten the significant achievements Bangladesh has made over the last
20 years in increasing incomes and reducing poverty, and will make it more
difficult to achieve the MDGs (DoE 2007; MoEF 2008; GED 2008).

• Serious and recurring floods have taken place in 2002, 2003 and 2004. Cyclones
originating in the Bay of Bengal have been noted to have decreased since 1970
but the intensity has increased (Mirza 2002).

• The frequency of monsoon depressions and cyclones formation in Bay of
Bengal has increased (Pender 2008).

• Water shortages have been attributed to rapid urbanization and industrialization,
population growth and inefficient water-use, which are aggravated by changing
climate and its adverse impacts on demand, supply and water quality (Bates
et al. 2008).

• Saltwater from the Bay of Bengal is reported to have penetrated 100 km or more
inland along tributary channels during the dry season (Ahmed 2006).

• The precipitation decline and droughts have resulted in the drying up of wet-
lands and severe degradation of ecosystems (Pender 2008).

• The food security of the whole country would be severely at risk due to shortage
of available water for irrigation, resulting in a decline in agricultural production
(MoEF 2005).

• The very high of likelihood of spreading waterborne diseases that will increase
the death toll if left unchecked (GED 2008).

‘‘Climate Proofing’’ Policies

The term ‘‘climate proofing’’ is somewhat synonymous with the term ‘‘main-
streaming’’ of climate policies into development policies and action. Main-
streaming of climate policies into sectoral development plans helps to develop
‘‘climate proofing’’ policies and actions. Klein et al. (2007) state that ‘‘climate
proofing’’ is the integration of policies and measures that address climate change
into development planning and ongoing sectoral decision-making so as to ensure
the long-term sustainability of investments as well as to reduce the sensitivity of
development activities to both today’s and tomorrow’s climate. The term ‘‘climate
proofing’’ also indicates that climate policies are integrated in the policy docu-
ments (Sperling 2003). As part of the whole development discourse, sometimes
‘‘climate proofing’’ development refers to ‘‘adaptation-friendly’’ development,
especially for the countries which are suffering from adaptation deficit.

Climate change is real and its adverse impacts are already being felt. At the
same time, the increasing impetuses on sustainable development push for making
the policies and actions climate-proof so that they can reduce the vulnerabilities of
climate change in different sectors and work towards the overall goal of sustain-
able development.
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National Policies and Responses to Climate Change

Water is central to the way of life in Bangladesh and the single most important
resource for the well-being of its people. It sustains an extremely fragile natural
environment and provides a livelihood for millions of people (MoWR 1999). This
vital resource sector has experienced poor management in the past and Bangladesh
is experiencing the result of bad management in different forms including sedi-
mentation, waterlogging, regular flooding, groundwater lowering and disruption of
production, among others. The climate change phenomenon, especially seen in the
rapid melting of the Himalayan glaciers (IPCC 2007a), puts additional severe
negative impacts on the whole development aspirations of the country. Recently,
the government of Bangladesh prepared a sector-based development approach.
Among them, the NWP, 1999 and NWMP, 2001 were developed to regulate and
manage the water resources efficiently and the 2nd PRSP, 2008 was the apex
guideline for implementing the development policies over the next few
years (2008–2011). This paper will carry out a thorough assessment of those
documents from a ‘‘climate lens’’. It will address to what extent these documents
are ‘‘climate proofing’’ and responsive to the climate change reality. In the age of
rapid climate change and as a most vulnerable country, it might be expected that
the climate change issue will be necessarily reflected by those documents for
‘‘climate proofing’’ development.

Methods

The assessment provides an overview of the integration of adaptation to climate
change and climate risks management within a subjective qualitative framework.
One of the limitations that the study finds is an inadequate amount of literature on
Climate Policy Integration (CPI) (Ahmad 2009) and proxy indicators were used to
evaluate the ‘‘climate proofing’’ performances of the three selected documents.
In addition, through review of some pertinent studies done by Bojö et al. (2004);
Huge and Hens (2009); Kramer (2007); Prowse et al. (2009); and Klein et al.
(2007) suggested a subjective qualitative framework of analysis.

Coinciding in a subjective approach of assessment, this research has used eight
indicators to examine the ‘‘climate-proof’’ approach of the documents. Those
indicators are adapted from the researches mentioned above. The indicators are as
follows (Table 1):

Identification of water-related challenges due to climate change. How the
documents identify the upcoming water sector-related challenges posed by climate
change.

Identification of water-related vulnerable sectors and communities and solu-
tions. Issues related to a clear identification of sectors and communities due to
climate change impacts. The vulnerabilities of the water sector and water sector-
dependent communities are given preference.
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Range of adaptation options considered. Identification of a set of adaptation
projects, priorities and a coherent institutional capacity for the implementation
phase.

Enabling proactive strategies. To what degree the documents are responsive to
enable making proactive strategies and decisions as far as water sector vulnera-
bilities are concerned.

Attention to process of mainstreaming adaptation. This is a very important
issue to consider when examining a ‘‘climate proofing’’ document. How much
attention is paid to mainstreaming the adaptation process into development
activities needs to be considered.

The analysis method is a combination of the works conducted by Bojö et al.
(2004) and Kramer (2007). The assessment works are very much qualitative in
nature and where those two are combative, they provide a basis of comparison
among the case studies. The assessment of the documents across the selected
indicators is based on a qualitative judgement. All variables received a score with
respect to each document’s merit, comprehensiveness, sensitivity to water sector
vulnerabilities to climate change, time of preparation and necessity of inclusion:

0 = Not mentioned
1 = Identified but not elaborated
2 = Identification or elaboration of the concept

Though the assessment does not intend to be scientifically precise, it is a good
indication of the level of developing ‘‘climate proofing’’ policies and actions. The
interpretation of the scores is as follows:

0–4 = Little or no progress in the integration of developing ‘‘climate proofing’’
water policies for climate change and climate risk management
5–8 = The document has a growing level of awareness and understanding of the
value and requirements of ‘‘climate proofing’’ water policies, mainstreaming, and
recognizes the need for action. It may also have decided to take action
8–12 = It refers to an intermediate stage, where the document is developing plans
and tools to address the requirements of ‘‘climate proofing’’ water action to climate
change.

Table 1 The performance of NWP in regard to the indicators set for justifying a ‘‘climate
proofing’’ document

Name of
the
document

Indicators

Identification
of water
challenges
due
to climate
change

Identification
of sectors and
vulnerable
communities

Identification of
solutions for
water related
vulnerable
sectors and
communities

Range of
adaptation
options
considered

Enabling
proactive
strategies

Attention to
process of
mainstreaming
adaptation

Total

NWP 0 1 1 1 0 0 3
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Results and Discussion

National Water Policy

NWP of Bangladesh was prepared in 1999 with the aim address the objectives of
improved water resources management and protection of the environment. The
policy envisaged that it would help to guide both public and private actions in the
future to ensure optimal development and management of water, which benefits
both individuals and the society at large (MoWR 1999). In its declaration,
it remarked that the policies were designed to ensure continued progress towards
fulfilling the national goals of economic development, poverty alleviation, food
security, public health and safety, decent standard of living for the people and
protection of the natural environment (ibid.).

To examine the document from a ‘‘climate proofing’’ perspective, it has
undergone the indicators described in the methodology section. It is very sur-
prising that the whole NWP does not even mention the term ‘‘climate change’’.
The document identified six objectives for better water resources development and
management and also acknowledges that the water resources of Bangladesh are
facing severe environmental stress but climate change is not regarded as the threat
to the water sector. The document also allocated a full section, namely ‘‘Water for
the environment’’ and at the beginning of the report there is another section,
‘‘River basin management’’. It might be expected that the issue of climate change
would attract considerable attention at least in those two special sections.
Unfortunately neither of the sections has any clue of climate change vulnerabilities
to the water sector.

As a result, the document does not meet any of the objectives by which this
research paper identifies whether a document is ‘‘climate proofing’’. However, this
document identifies some of the vulnerable communities and sectors which may
suffer from water-related problems. As stated in objective two, ‘‘to ensure the
availability of water to all elements of the society including the poor and the
underprivileged and to take into account the particular needs of women and chil-
dren’’ this document points out the poor, underprivileged, women and children as
vulnerable groups and communities. Besides, in the sections ‘‘River basin man-
agement’’, ‘‘Water for agriculture’’ and ‘‘Water for the environment’’, it reports
some potential natural vulnerabilities and disasters such as floods, lowering
groundwater table, biodiversity loss, wetland destruction, shortage of irrigation
water but the linkage of climate change with those identified disasters is not at all
apparent. As potential remedial action, this document proposes some policies, but
again the threat of climate change was not taken into consideration. It proposes to
develop a NWMP for preparing detailed action against those vulnerabilities Table 1.

The score of the assessment is 3, which indicates that in terms of climate policy
integration, this document is really very poor and cannot guide the water resource
sector under a changing climate.
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National Water Management Plan

Parallel to the NWP, Bangladesh embarked upon the preparation of the NWMP
(2005). In the course of this, a development strategy for NWMP was adopted by
Bangladesh in 2001. NWMP was prepared to provide guidelines for implementing
water sectoral projects and actions at national and regional level in accordance
with the changing global and national demands. This plan is divided into three
phases; short phase (2001–2005), medium phase (2006–2011) and long phase
(2011–2025) and will be revised after each five years (MoWR 2001).

The NWMP stands on eight building blocks for rational, optimal and sustain-
able use and development of water resources of Bangladesh. It is a comprehensive
action plan consisting of detailed hydrological zone action plans, project portfo-
lios, budget and future guidelines. The major building blocks for developing
responsive efficient water management identified by NWMP are (MoWR 2001):

• Institutional development
• Enabling environment
• Main rivers
• Towns and rural areas
• Major cities
• Disaster management
• Agriculture and water management
• Environment and aquatic management

As mentioned earlier, this is a much more comprehensive action plan, which
tries to give the necessary attention according to the geophysical and institutional
needs of each individual hydrological zone. For the first time, this plan mentions
the threat of climate change for water sector development. Ironically, this is the
only additional development that this plan has made compared to the NWP, with
regard to the climate change issue. Like the NWP, there is no extended discussion
on climate change, its impacts on the water sector of Bangladesh and how it can be
adapted to. The document provides sufficient directions for developing water
resources through institutional developments, enabling environment, disaster
management, agricultural management and environment management.

However, the necessary components that can make a ‘‘climate proofing’’ action
plan are significantly missing. By analysing the investment portfolios, programme
implementation phase and budgeting, it has been found that only under the block
‘‘disaster management’’ are there some projects which can meet the indicators of a
‘‘climate proofing’’ plan. But the total budget allocation for implementing the
disaster-related water management projects is only 5% of the total investment cost.

Among other things, the NWMP puts special emphasis on institutional devel-
opment and water sector development in urban and rural areas. Though there is no
straight connection with the climate change reality, the last three building blocks
make significant strides toward adapting too the changing environmental realm. That
characteristic makes this plan somewhat ‘‘climate proofing’’, as some adaptation
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measures are being considered for natural disasters, institutional strengthening and
mainstreaming the water-sectoral problems as national development issues. But this
can be considered a very minor level of mainstreaming considering the geo-spatial
and economic vulnerabilities of climate change to Bangladesh Table 2.

The overall score 6 indicates that the document is considering that climate change
can be a potential threat for development aspirations that this action plan wishes to
implement. For this document, it is somewhat difficult to draw a straight-line con-
clusion as despite the lack of a direct link with climate change impacts, there are
some projects, actions and plans which may be effective in the fight against climate
change and help to adapt the water sector from further vulnerabilities.

Poverty Reduction Strategy Paper

Bangladesh is implementing its third PRSP, lasting 2008–2011, after finishing the
first PRSP during the 2005–2008 period. Since 2003, Bangladesh has followed the
PRSP approach of development replacing the previous national five-year devel-
opment plan. The present PRSP provides a comprehensive overview and guidance
for economic growth and development. In essence, PRSP (2008–2011) is the
localized context of the MDGs; however, environmental concerns are heavily
dominant throughout the document.

The document attaches special care to the water resources of Bangladesh.
It dedicates a separate chapter to water resources management, considering water
as the single most vital resource for Bangladesh. Moreover, water resources
management comes across the five strategic blocks and five supporting blocks as a
cross-cutting issue. The chapter related to water resources management can be
summarized as follows:

The vision for the water resources sector is acquisition of water resources, optimizing
various uses, and managing water resources for poverty reduction and sustainable
development for securing the lives and properties of the people, especially the poor from
water-related disasters. Participatory planning and implementation of water sector pro-
grammes/projects will be a continuing process.

Table 2 The performance of NWMP in regard to the indicators set for justifying a ‘‘climate
proofing’’ document

Name of

the

document

Indicators

Identification

of water

challenges due

to climate

change

Identification

of sectors and

vulnerable

communities

Identification of

solutions for water

related vulnerable

sectors and

communities

Range of

adaptation

options

considered

Enabling

proactive

strategies

Attention to

process of

mainstreaming

adaptation

Total

NWMP 1 1 1 1 1 1 6
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The strategies of water resources development and management will be grouped under
six major heads: (i) the main rivers of Bangladesh will be developed for the expansion of
the multipurpose use of water resources, management for navigation, erosion control, and
development of hydropower; (ii) flood protection and storm-water drainage measures will
be undertaken with the rehabilitation and maintenance of existing FCD and FCD/I systems
in a participatory manner and protection of rural and urban areas from floods; (iii) disaster
management programmes will include provisions of cyclone protection, early warning and
forecasting systems with adequate lead time, flood proofing shelters, control of riverbank
erosion, drought management and rationalization of groundwater resources and climate
change adaptation; (iv) adequate provisions will be made for water management for
agriculture through public sector irrigation development and flood management and
drainage; (v) protection of the natural environment and aquatic resources will be ensured
with water pollution monitoring and control, water management for fisheries and eco-
logically sensitive areas and raising awareness of all stakeholders to support environ-
mental measures; and (vi) development of institutions in the water sector will be ensured.
(GED 2008).

The brief summary above gives a positive impression about the climate sen-
sitivity of the PRSP document in regard to water resources management. The
document provides a correlation between water resources and climate change. It
shows how poverty can be more vulnerable due to mismanagement of valuable
water resources. It also exhibits how impacts of climate change can worse the
prevailing vulnerabilities of climate change and lead livelihoods to an endangered
condition. In its environmental section, a range of adaptation options are consid-
ered for climate change and adapting water resources to changing climate is one of
the pioneering adaptation sectors.

At the same time, the PRSP calls for the immediate implementation of the
projects identified by NWMP. The policy matrix of the PRSP clearly defines the
task of different authorities related to water resources management and climate
change in a coordinated manner. It is important to note that both structural and
non-structural policies for water sector management from the impacts of climate
change are included.

The overall score that PRSP evaluation matrix achieves is 10 which means the
PRSP documents can be regarded as a ‘‘climate proofing’’ document (Table 3).
Still some lacking appears in terms of solution identification of vulnerabilities and

Table 3 The performance of PRSP in terms of its ‘‘climate proofing’’ commitment

Name of

the

document

Indicators

Identification

of water

challenges

due to climate

change

Identification

of sectors and

vulnerable

communities

Identification of

solutions for

water related

vulnerable

sectors and

communities

Range of

adaptation

options

considered

Enabling

proactive

strategies

Attention to

process of

mainstreaming

adaptation

Total

PRSP 2 2 1 2 1 2 10
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enabling proactive adaptation strategies but as an apex guiding document for
moving forward this is indeed a satisfactory performance.

Conclusion

The general essence that the above three documents reveal is not quite satisfactory.
Bangladesh is a country which is considered one of the most vulnerable countries
of the world to climate change impacts (Huq and Ayers 2007). The water sector of
Bangladesh also holds huge potentiality to fight against climate change impacts.
It can be a tool for community coping mechanisms which can further amplify the
community-based adaptation system. From this aspiration, it is now the time—
albeit late—to start action for making the development and management of the
water sector ‘‘climate-proof’’. Considering the nature of the impacts of climate
change on the water sector, developing a climate-sensitive development plan is
now imperative. Without mainstreaming climate change into water development
policy and planning, Bangladesh cannot achieve sustainable development. As the
key referral strategies of national development as well as water development,
PRSP, NWP, NWMP should be ‘‘green’’ in both planning and action. A mains-
treamed climate change strategy should include measures that address the
underlying factors of vulnerability to climate change, particularly greater under-
standing of the relationship between climate change and poverty. There are several
entry points for the mainstreaming of climate change into the processes, e.g. higher
level of coordination among the stakeholders, convergence and cohesion of
development policies. A high degree of awareness on mainstreaming climate
change can be a major starting point for integration of climate change policies into
the policy guidance.
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Chapter 25
Developing an Environmental
Sustainability Toolkit to Integrate
Climate Change Issues
in Development Cooperation

Tom Waas and Jean Hugé

Abstract The KLIMOS research platform on climate change and development
cooperation is an inter-disciplinary and inter-university research platform working
on climate change adaptation and mitigation in development cooperation. Within
KLIMOS, our team is working on the integration of environmental sustainability
issues in development interventions in Belgium’s southern partner countries,
through the development of an environmental sustainability toolkit. The toolkit
consists of a screening instrument and a database that need to be used together
when preparing, monitoring and/or evaluating development interventions. This
allows development practitioners in North and South to mainstream key envi-
ronmental sustainability aspects such as climate change, but also biodiversity,
desertification and deforestation, into the different aid modalities (projects, budget
support, programmes, national strategies, etc.). A number of case studies will be
conducted to test the toolkit in different contexts and to familiarize future users
with the approach. In the context of this paper, we will describe the genesis of the
toolkit, as well as the contents and the process of the proposed first version (toolkit
1.0). Finally, we will analyse the potential of the toolkit in the Sahel partner
countries of the Belgian fund for food security through a brief case study in Benin.
The paper concludes with some thoughts on how to fine-tune the toolkit meth-
odology with the integrated water resources management (IWRM) approach,
which is used successfully by non-governmental organizations in the region. The
case study will allow us to bridge the gap between ‘‘abstract’’ climate change
mainstreaming goals and the local realities in the South, by enriching the toolkit
approach with IWRM insights.
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Introduction

Humanity faces far-reaching anthropogenic environmental problems, putting
increased pressure on socioeconomic and institutional systems. Climate change,
biodiversity loss, deforestation, desertification, poverty, no or limited access to
safe drinking water, lack of basic sanitation and healthcare, food insecurity are
expected to become ever more prevalent, despite international commitments to
tackle these problems (such as the millennium development goals). The dramatic
state of the environment and its vast and threatening impact on human well-being
is firmly stated by the United nations environment programme (UNEP 2007):

Imagine a world in which environmental change threatens people’s health, physical
security, material needs and social cohesion (…) Some people experience extensive
flooding, while others endure intense droughts. Species extinction occurs at rates never
before witnessed. Safe water is increasingly limited, hindering economic activity. Land
degradation endangers the lives of millions of people. This is the world today.

‘‘Global change’’ thus forces us to think innovatively and to develop practical
responses as soon as possible. Worldwide, ‘‘sustainable development’’ is consid-
ered to be the overarching concept that will provide the best way to address the
complex interrelated environmental and human development challenges of the
twenty first century. Even if sustainable development became widely used in
international politics, the concept is often (mis)used, without real understanding.

Moreover, while many interpretations circulate, the concept has clear inter-
pretational limits and one can distinguish between useful and trivial or meaning-
less interpretations (for example, unlimited and continued ‘‘sustainable’’ economic
growth) (Lélé 1991). In order to clarify the meaning of the concept, we turn
towards the first key documents defining the concept. Pursuant to the global
political endorsement of sustainable development at the United nations conference
on environment and development (UNCED), in 1992 in Rio de Janeiro, we adopt
the report ‘‘our common future’’ (Brundtland report) (WCED 1987) as a reference.
We distinguish between the report’s sustainability ‘‘mission statement and its
operational definition’’.

According to the former, sustainable development is ‘‘development that meets
the needs of the present without compromising the ability of future generations to
meet their own needs.’’ It contains within it two key concepts:

• the concept of ‘‘needs’’, in particular the essential needs of the world’s poor, to
which overriding priority should be given; and

• the idea of limitations imposed by the state of technology and social organi-
zation on the environment’s ability to meet present and future needs.
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The latter defines sustainable development as follows: ‘‘In essence, sustainable
development is a process of change in which the exploitation of resources, the
direction of investments, the orientation of technological development, and insti-
tutional change are all in harmony and enhance both current and future potential to
meet human needs and aspirations.’’

Similarly, the Intergovernmental panel on climate change (IPCC) fourth
assessment report—climate change a major focus of greening tools—adopts the
operational definition of ‘‘our common future’’ (Verbruggen 2007).

Within the context of this paper and this toolkit, we emphasize the most
marginalized aspect of sustainable development in the cooperation sector, being
the ecological/environmental pillar, hence the use of the term ‘‘environmental
sustainability’’. Environmental sustainability represents only one essential part of
sustainable development. Hugé and Hens (2007) define it as ‘‘the ability to
maintain the qualities that are valued in the physical environment’’. These include
the ecosystem services underpinning human life and the various linkages between
these services and the socioeconomic bases of society. The ecological dimension is
thus emphasized, even if firmly embedded in the broader definition of
sustainability.

Development cooperation is an important pillar of international development
politics to combat poverty in developing countries. While environmental protec-
tion and human development are inherently linked, the field of development
cooperation only recently explicitly started to introduce sustainability consider-
ations in its activities, as such contributing to the environmental sustainability goal
(goal seven) of the millennium development goals (MDGs). The rise of climate
change issues on the international political agenda (IPCC 2007), the visible and
projected consequences and costs of climate change in the South (Stern 2006), as
well as the acknowledgement of the interrelationships between food security,
vulnerability, aid efficiency and poverty reduction have all contributed to create a
sense of urgency for environmental integration.

This evolution triggered the interest of the development community to design
and apply well-adapted environmental integration/sustainability tools. With regard
to climate change, this led to the mushrooming of so-called ‘‘climate proofing
tools’’, while different other types of impact assessment (environmental impact
assessment, strategic environmental assessment and sustainability assessment) are
being improved and applied in the field of development cooperation (OECD
2006). Countries such as Sweden and Germany and Belgium (this paper) are
actively developing climate integration tools to improve the quality of their
development interventions in the South.

This paper focuses on the development of policy-supporting tools, aimed at
improving the way development interventions (policies, plans, programmes,
projects…) are designed, implemented and evaluated.

While actions in favour of sustainability may range from shifting individual
consumption patterns and implementing new business models to a re-organization
of the economic system, innovative governance instruments for sustainable
development are widely regarded as key factors of success in fostering
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sustainability. Governance, defined by Petschow (2005) as ‘‘the sum of many ways
in which individuals and institutions manage their common affairs’’ can be
interpreted in various ways, but it always involves a variable degree of cooperation
between official government institutions and external partners such as the general
public, businesses and/or non-governmental institutions. The term ‘‘sustainability
assessment’’ can be seen as an overarching concept, and can be a powerful
instrument fostering sustainable development. It is defined as ‘‘an ex ante evalu-
ation of a proposal, aiming at the integration of sustainability principles at all
levels of decision-making by adapting the initial proposal in order to make it
coherent with aspirational sustainability principles agreed upon by a range of
stakeholders’’. The theoretical advantages of sustainability assessment are mani-
fold. Assessing the sustainability of a policy proposal before its implementation
provides decision-makers with an overview of the impacts of that particular pro-
posal on the economy, on society and on the environment. This kind of exercise
highlights the strengths and weaknesses of a proposal by taking into account
various spatial and temporal scales. Through a thorough multidisciplinary analysis
of the proposal, potential risks and conflicts are detected in an early stage,
allowing to manage and to adapt the proposal adequately. The involvement of
stakeholders fosters consensus and facilitates the solution of potential conflicts.
Ultimately, sustainability assessment allows decision-makers to make fully
informed decisions, without jeopardizing the freedom of political decision-making
(Gibson 2005).

Influenced by the international development discourse on climate change, by
the scientific advances in sustainability science, and by national pressure groups,
the main actors of the Belgian official development cooperation (DGDC and BTC)
have repeatedly expressed their commitment to a better environmental sustain-
ability mainstreaming in their interventions (among others, at the March 2007
International conference on climate change and development cooperation in
Brussels and in the Minister of development cooperation’s policy note). In order to
turn this commitment into reality, the KLIMOS Research platform for climate
change and development cooperation is developing an environmental sustain-
ability toolkit (from here on, we will refer to it as ‘‘the toolkit’’). This paper
discusses the methodology followed to develop the toolkit, the toolkit’s first
version and a pilot application.

The Environmental Sustainability Toolkit: Methodology

The ‘‘Environmental sustainability toolkit or toolkit’’ aims to be a user-friendly
and intervention-oriented tool that will be incrementally developed to support the
integration of environmental sustainability considerations, including climate
change (adaptation and mitigation), in the development intervention of Belgium
and developing countries.
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Therefore, an ‘‘action research’’ approach was adopted, continuously integrating
implementation and evaluation in a participatory way, involving various stake-
holders. This process will be backed by different capacity-building initiatives and
knowledge sharing through active involvement in relevant (inter)national networks.
Action research entails that a team of professional researchers works together with
stakeholders to define problems to be examined, to co-generate relevant knowledge
about these problems, to learn and execute social research techniques, to take actions
and to interpret the results of actions based on what they have learned (Greenwood
and Levin 1998).

When developing an action-oriented toolkit, one needs to concentrate on two
key issues: the contents of the toolkit as such (e.g., which criteria will be used to
assess the environmental sustainability of the planned interventions); and the
process aspects of actually implementing the toolkit and embedding it in existing
and/or future institutional arrangements and daily practice. Taking this into
account, the following steps were followed to develop the toolkit:

1. overview of existing ‘‘greening’’ tools aimed at environmental and/or climate
change integration in development interventions;

2. interactive meetings with future users to guarantee a needs-based approach;
3. development of a first version of the toolkit (Toolkit 1.0);
4. planning of a pilot application of the toolkit’s first version on a well-defined

development intervention focused on ‘‘integrated water resources
management’’.

This paper will discuss the results of these three main project sections that have
been realized so far (spring 2010).

Overview of Existing ‘‘Greening’’ Tools in Development
Cooperation

In order to build on existing experiences, the KLIMOS research team first com-
piled an overview of existing tools for environmental integration in development
cooperation. This overview was published as a KLIMOS working paper; we here
provide a summary, without introducing every analysed tool, instead focusing on
the categories of tools. While the developed tools have a different focus and target
different groups, they all aim to ‘‘green’’ development. Greening refers to the
cross-cutting integration of environmental sustainability principles in policies,
plans, programmes and projects. Some tools focus on adaptation to climate
change, others on biodiversity and yet others on environmental sustainability
aspects as a whole.

The overview aims to introduce to the reader a range of tools with varying
scope, origin, objective and methodology. This paper draws upon an analysis of
publicly available documents, as well as upon scientific literature and NGO
materials.
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Instead of focusing on each separate tool, we propose a series of possible
categorizations which will allow potential users to define what they expect from
(a combination of) tools. Indeed, ‘‘greening’’ development aid will be facilitated
by using (parts of) operational instruments developed by other agencies (cross-
fertilization) and through collaboration with other agencies and institutions.
Cross-fertilization and collaboration can considerably reduce time and efforts
invested in the development of operational measures and contribute to greater
donor harmonization, as is called for by the Paris declaration on aid effectiveness
(Gigli and Agrawala 2007).

All of the following categorizations are merely indicative. The categorization of
tools cannot be absolute. Although many of the presented tools have target
audiences and stated objectives, their use and application is context-dependent.
As most of the tools are openly accessed, they can all be used in a wide variety of
ways.

Categorization According to the Tool’s Objectives

We propose three categories:
1. Information tools
These tools, databases and platforms provide a wide variety of audiences with

environmental, climate and/or vulnerability related information. Most of these
tools are open source. They are not decision-making tools, but provide develop-
ment practitioners with inputs that can be utilized for risk management and
adaptation management processes, as well as in the design process of any devel-
opment intervention. A number of international organizations provide country
environmental profiles. These are reports that include the analysis of the country’s
environmental situation, current policies, institutional capacities and environ-
mental cooperation experience with clear recommendations for the integration of
the environment during preparations of country strategies.

2. Tools targeting intervention design
These so-called integration tools have been developed to screen projects, pro-

grammes and policies and to develop priorities. They are tailored toward specific
decision-making processes and aim at integrating environmental sustainability
issues throughout a stepwise process approach. These tools often entail the use of
both quantitative models and stakeholder consultation. Most of these tools focus
on a set of entry points (annual negotiation sessions, international conferences,
participation in PRSP preparation, preparation of country strategies, sector
planning reviews, etc.) in various aid modalities (country programmes, sector
programmes, projects).

3. Frameworks and guidelines
These tools provide a general approach to environmental sustainability

integration and are centred around principles and best practices. They are not
specifically tailored to specific interventions such as the tools under (2).
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Categorization According to the Decision-making Level
and to the Aid Modalities

As the majority of the presented tools are to be used by development agencies’ staff in
a variety of situations, it is useful to categorize the tools according to their use in the
existing aid modalities architecture. To that end, we follow the OECD’s (2009)
concept of entry points: stages in the intervention cycle where environmental sus-
tainability issues can be integrated. This categorization is combined with a focus on
the decision-making level: the national, the sectoral or the local level.

Categorization According to Main Target Audience

Various tools target different audiences, ranging from development agencies’ staff
in the North, field officers, non-governmental organizations, officials in the partner
countries, grassroots communities, etc. Some tools are more general and hence do
not have a specific target audience.

Conclusion on ‘‘Greening’’ Tools

This overview of existing greening tools in the field of development cooperation
provides a source of inspiration for the development of an environmental sustain-
ability toolkit targeting the actors of the Belgian development cooperation. It is clear
that the development and the use of greening tools, and in particular climate-related
tools, is a very dynamic field. Keeping the existing tools in mind will contribute to the
development of a state-of-the art toolkit, tailored to the needs of its future users.

The method that was followed to design the environmental sustainability toolkit’s
first version was inspired by the combination of scientific expertise and participation
(see next section). It is in line with the general ‘‘philosophy’’ underpinning the future
application of the toolkit: involving the future toolkit users in its development is
necessary as successful implementation of environmental sustainability measures
will require the consent of all actors of decision-making in order to be successful.
The method of development is rooted in the idea of the key importance of partici-
pation in sustainability thinking and acting. We refer to Kasemir et al. (2003) for a
detailed description of the theory and practice of participation in sustainability sci-
ence, as these scholars’ research provided a source of inspiration for our research.

Interactive Meetings with Future Users

In order to develop a toolkit tailored to the needs of its future users, a series of
interactive meetings was arranged. The future users of the toolkit are broadly
composed of three categories: officials from the Belgian development cooperation
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(Directorate-general for development cooperation and Belgian technical cooper-
ation); non-governmental organizations (in North and South); and officials from
the partner countries’ ministries. In the project’s first phase (2009–2010), meetings
were set up with the users in Belgium:

• Meetings with the various sections of the DGDC (D0: Management;
D1: Governmental programmes; D2: Humanitarian and food security pro-
grammes; D3: Non-governmental programmes; D4: Multilateral and European
programmes; D5: Awareness-raising programmes).

• Meetings with the ‘‘attachés’’ (officers working in the Belgian partner countries
in the south).

• Meeting with the Belgian technical cooperation (the Belgian development
agency).

• Meeting with a number of Belgian NGOs at a seminar.

Although an exhaustive overview of the results of these meetings lies outside
the scope of this paper, we hereby list some key questions raised:

• Will the toolkit be integrated within the existing project management cycle?
• Will the toolkit be user-friendly and not use too many indicators?
• How much time and effort will it cost to comply with the toolkit?
• Will the toolkit be user-friendly for non-environmental experts?
• Are there guarantees for harmonization with other donors?
• Will the toolkit slow down or even block decision-making?
• Will the toolkit be updated regularly?
• Will country—and region—specific information be available?
• Which dimensions of sustainable development will be included?
• …

It is clear that the future users had many question on the concrete design and
application of the toolkit. The meetings were always very lively and the attitude of
all stakeholders was constructive, even though some healthy scepticism was reg-
ularly encountered. The KLIMOS research team tried to take all questions into
account, and this resulted in the design of a first version of the toolkit, Toolkit 1.0
(see next section).

Toolkit 1.0

The toolkit’s first version, ‘‘Toolkit 1.0’’ consists of two main elements, which
should be used together. The user starts on a the homepage of the toolkit (access to
the site will be made public in 2011), where, next to a brief introduction, two
sections are visible:

• the environmental screening tool
• the database (under the heading ‘‘search for information’’)

408 T. Waas and J. Hugé



The environmental screening tool provides a stepwise guide that should be used
in all circumstances when applying the toolkit. This is shown in Box 1 below.

This list of steps is then followed by a questionnaire, which is different for each
priority sector of the Belgian development cooperation. These sectors are:

• agriculture and food security;
• education;
• health;
• infrastructure.

Box 1: Key steps of the environmental screening tool (part of the environmental
sustainability toolkit)

Aim
The aim of the ‘‘Environmental screening tool’’ is to include and consider environmental
considerations in development cooperation.
Such an analysis is indispensable because environmental sustainability and human
development are interdependent. Environmental sustainability is an essential condition to
meet the needs of present generations without compromising the ability of future generations
to meet their own needs, in particular the needs of the world’s poor. Meeting basic human
needs and poverty alleviation on the other hand is an essential condition to realize
environmental sustainability and to keep within the environmental limits of the planet.
Therefore, during the different stages of the policy cycle environmental considerations
should be addressed to reduce environmental risks and vulnerabilities of a project, and to
counteract or minimize a projects impact on the environment.

Method
To accomplish an environmental analysis, an ‘‘Environmental screening tool’’ was
developed. The tool is part of the ‘‘Environmental sustainability toolkit’’ (
www.kuleuven.ac.be/klimos) which next to it, consists of a database with relevant and
accessible environmental information for consultation to complete the ‘‘Environmental
screening tool’’.
The ‘‘Environmental screening tool’’ consists of a set of guiding questions to assess a
project’s environmental risks and vulnerabilities, and impacts.
To use the tool the following steps should be followed:

Step 1: Complete the questionnaire
Step 2: Summarize the answers by listing the key issues for each completed question
Step 3: Draw one of the following three overall conclusions:

) Accept

) Minor changes are required

) Major changes are required

Step 4: Paste the summary and overall conclusion to the evaluation dossier of the project and
add the completed ‘‘Environmental screening tool’’ in appendix.
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For each sector, the questionnaire consists of eight sections. In Toolkit 1.0, only
climate change is dealt with. In the future versions of the toolkit, biodiversity and land
use will also be covered, in order to ensure a multidimensional interpretation of
environmental sustainability. For now, however, the toolkit is limited to climate change
issues. Sections 1 and 2 focus on the impact of climate change on the intervention and
on the possible adaptation measures (which are listed). Sections 3 and 4 focus on the
impact of the intervention on climate change, and on the possible mitigation measures
(which are listed). Sections 5, 6, 7 and 8 focus on management and legislation:

In order to correctly complete the environmental screening tool’s questionnaire
and in order to complete the stepwise approach in a satisfactory way, a vast
amount of information is presented in the database. The information can be
accessed through four entry points. These are:

• Country (each of the 18 Belgian partner countries’ NAPA, PRSP, etc.—if
available …).

• Sector (education, health, agriculture, …).
• Intervention (project, programme, budget support …).
• Theme (for now: only climate; in the future: also land use and desertification).

By following the stepwise approach of the environmental screening tool and
thanks to the questionnaire, the users are guided towards a policy-supporting
approach aimed at enhancing the quality of the design of their interventions. Any
background information needed to apply the environmental screening tool can be
accessed at any time through the regularly updated database.

Planned Pilot Application: Integrating IWRM in the Toolkit

The overview of existing tools and the interactive meetings with the future users
resulted in a first version of the toolkit, presented above. In order to test if the developed
tool is applicable on real-life development interventions, we applied it on a case study.

Box 2: Key sections of the questionnaire of the environmental screening tool

1. Are there any climate change risks that might affect the intervention, such as …
2. If the intervention might be affected by climate change risks, are appropriate adaptation

measures taken, such as …
3. Does the intervention have any expected impact on climate change, through …
4. If it is expected that the intervention will have an impact on climate change, are

appropriate mitigation measures taken, such as …
5. Does the development partner has the capacity to deal with climate change (skills,

financial resources …)?
6. Are climate change issues addressed in implementation, monitoring, follow-up and

evaluation?
7. Does the intervention require any assessment according to the national legislation of the

partner country, in which climate change issues could be addressed?
8. Is there any climate change legislation that might influence the intervention?
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Officials from the Belgian development cooperation’s fund for food security
proposed to test the developed Toolkit 1.0 on a development project in Benin,
called the Projet d’Appui à la Croissance Economique Rurale (PACER—project
to support rural economic development). The project focuses on the development
of the production chain of rice, tubers and grapefruit in various carefully selected
regions of Benin. As the pilot application of the toolkit needs to be conducted in
close collaboration with the officials involved in its design and implementation, the
timing had to be adapted to the agendas of both researchers and officials. This
means that until now (autumn 2010), the assessment has no field-testing part; this
pilot assessment has been a desk study so far. For now, we will delve deeper into
one of the components of the project, namely the focus on ‘‘integrated water
resources management’’ (IWRM). Toolkit 1.0 currently focuses on climate change,
without taking other dimensions of environmental sustainability into account. This
pilot testing not only allows us to test how well the toolkit functions in a practical
action-research context, but it also allows the KLIMOS research team to fine-tune
the toolkit’s contents by gaining insight on IWRM in a development cooperation
context. IWRM fosters a sustainable and holistic perspective on water use and
acknowledges the wide range of functions and services provided by water basins.
In practice, this means that organizations fostering IWRM work together with
local stakeholders to identify risks of degradation of the water resources (both in
terms of quality and quantity) so as to implement protective measures such as
protecting the drinking water sources, reforestation and protection of river banks,
etc. This needs to be done while taking into account the different functions and
services of the local water resources, ranging from consumption to cleaning,
biodiversity protection, fishing, microclimatic regulation, etc.

Thus, IWRM is a key aspect of environmental sustainability, and should hence
be an integral part of the toolkit. The linkages between IWRM and climate
adaptation are evident, and just like climate change adaptation, water resources
management has experienced an important paradigm shift. From an engineering
approach based on controlling environmental problems with technical solutions,
water management has shifted to a more holistic approach considering human
attitudes and collective behaviours as an integral part of the management response
(Pahl-Wostl et al. 2008). Many climate change adaptation responses proposed in
Toolkit 1.0 are a combination of technical solutions (which are of course needed
and particularly useful) and management/behavioural solutions, which emphasize
social learning aspects. The design and application of the toolkit itself is also a
learning process, and it might be very useful for the Belgian development actors to
build on the IWRM experience of specialist actors such as the NGO Protos, to
multiply the capacity-building and learning effects of early toolkit uses. Next to the
paradigmatic and learning similarities between climate change adaptation and
integrated water resources management, the geographic concentration of
Belgium’s partner countries in severely water-stressed countries in the Sahel belt
further points to the need for a pooling of knowledge and experience.

Ultimately, although the toolkit is not meant to be the overarching response to
any development problem—that would admittedly be overly ambitious and
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unnecessary—in the future it is to provide a thorough answer to any development
practitioner aiming at improving the design of his interventions. It thus needs to
consider as many aspects of environmental sustainability as possible. The fruitful
experiences with IWRM can be very helpful to inform the further development of
the toolkit. One could, for instance, think of a ‘‘good practice’’ section, as well as a
stronger uptake of linkages between climate change issues and water issues in the
Sahel region.

Conclusions

Climate change and other environmental problems are threatening the achieve-
ment of development commitments, and more importantly, are directly threatening
vulnerable populations in the South. The development community has embraced
the concept of sustainable development for some time now, but implementing
sustainable development and realizing its objectives is still a challenge.

Developing integrated instruments to mainstream environmental sustainability
concerns (and climate change issues in particular) in development cooperation
interventions is now a priority for many development actors, as shown by the
plethora of existing tools. Embarked on the process of developing an environ-
mental sustainability toolkit for the actors of the Belgian development cooperation,
the KLIMOS research team used an action research methodology to ensure ade-
quate participation of all concerned stakeholders. The delivery of a first version of
the environmental sustainability toolkit is the result of the first research phase. The
toolkit is intended to be used in the different phases of the development inter-
vention. We therefore follow the widely known ‘‘Plan–Do–Check–Act’’ approach
to ensure that the toolkit method will be used iteratively and will gradually lead to
an improvement of the quality of decision-making in the field of development
cooperation.

In order to enhance the quality of the toolkit’s contents and applications, a
pilot-testing phase is planned. However, even before the testing phase, it is
clear that successful development approaches can be an important source of
inspiration to further develop the toolkit. Integrated water resources manage-
ment has already been used for years, in particular by NGOs, and a lot can be
learned from these experiences. The social learning fostered by IWRM, the
multidimensional approach to management, the combination of scientific and
participatory knowledge and the focus on adaptation to changing environments
are important parallels with the climate change adaptation challenges faced in
vulnerable regions such as the Sahel. The KLIMOS research team advocates
the uptake of these experiences in the toolkit and will work towards a better
integration of successful examples of more environmentally sustainable devel-
opment cooperation in the next few years. This will hopefully lead to a more
sustainable development in the future.
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Chapter 26
Spatio-Temporal Variation of Drought
Severity in the Sudano-Sahelian Region
of Nigeria: Implications for Policies
on Water Management

Maruf Sanni, Theophilus Odeyemi Odekunle
and Francis Adeyinka Adesina

Abstract The African Ministerial Council on Science and Technology agreed that
drought is one of the major environmental problems that is afflicting the African
continent, with its consequent negative impacts on the socioeconomic develop-
ment of the affected areas. It is within this context that this study assessed the
spatio-temporal variation of drought severity in the Sudano-Sahelian region (SSR)
of Nigeria, which is highly vulnerable to drought. The study analysed spatio-
temporal variation of drought severity in the region between 1961 and 2006 using
the Standardized Precipitation Index (SPI) and Principal Component Analysis
(PCA). It was established that most of the extreme droughts of the highest mag-
nitude were recorded around the 1970s and 1990s and that there were indications
that this would continue in the future. Results also identified sub-regions charac-
terized by a different level of drought risks in the region. The study concluded by
making appropriate policy recommendations for effective water management for
the region.

Keywords Sudano-Sahelian region � Drought severity � Nigeria � Water �
Policies � SPI � PCA

M. Sanni (&)
National Centre for Technology Management, Obafemi Awolowo University,
Ile-Ife, PMB 012, Osun State, Nigeria
e-mail: marufsanni@yahoo.com

T. O. Odekunle � F. A. Adesina
Department of Geography, Obafemi Awolowo University, Ile-Ife, Osun State, Nigeria

W. Leal Filho (ed.), Climate Change and the Sustainable Use of Water Resources,
Climate Change Management, DOI: 10.1007/978-3-642-22266-5_26,
� Springer-Verlag Berlin Heidelberg 2012

415



Background

Over the years, people living in the arid and semi-arid lands have been in a
continuous struggle with extreme events such as droughts and a wide range of
other natural hazards. Many of these events could be of short duration, high
intensity and with great impacts. It is against this backdrop that the African
Ministerial Council on Science and Technology concluded that drought is one of
the major environmental problems that is afflicting the African continent, with its
consequent negative impacts on the socioeconomic development of the affected
areas. Major scientific research activities have even linked global warming with
extreme weather patterns such as droughts. It is usually difficult to define drought
because the meaningful threshold of significant moisture deficiency is a function of
the water use being impacted (National Academy of Sciences (NAP) 1986). As a
matter of fact, there is no universal definition of drought. Wilhite and Glantz
(1985) reviewed more than 150 definitions of drought. A critical assessment of
these definitions showed that drought is unique to a region. For the purpose of this
study, however, drought is considered as an interval of time, generally months or
years in duration, during which the actual moisture supply at a given place is
consistently less than the climatically expected or climatically appropriate mois-
ture supply (Palmer 1965). Meanwhile, drought severity as it relates to public
water systems is necessarily a function of human actions and/or inactions as well
as the magnitude and duration of the individual hydrologic event (National
Academy of Sciences (NAP) 1986). In view of this, it has been advocated that
more effective research activities and abatement measures be directed toward the
challenges of water management during drought events.

Droughts represent a problem of long-term common concerns in the Sudano-
Sahelian region (SSR) of Nigeria. Drought severity during the 1960s and 1970s
(popularly called Sahelian desiccation) has caused a wide range of impacts across
the SSR of Nigeria (Nicholson et al. 2000). These impacts generated widespread
scarcity of potable water as well as depleted supplies for irrigation, industry and
domestic uses. One of the sectors of the economy that was severely affected was
the agricultural sector, where there was significant reduction in livestock popu-
lation. For instance, the drought impact during that period resulted in the loss of
millions of metric tonnes of millet and sorghum worth millions of US dollars
(Oladipo 1995). The aftermath of the effects of these droughts is also seen in
biological productivity, as well as the regenerative capacity of the ecological
systems, migration of active labour force and consequent reinforcement of rural
poverty (Watts 1983; Anyadike 1987). In relation to rural poverty, the rural poor in
the SSR, constituting the majority of the population, are the most vulnerable
because they have few assets to call upon in order to cope with extreme events
such as prolonged droughts (Thomas 2008). Meanwhile, vulnerability has been
defined as the degree to which production and livelihood systems are susceptible
to, or unable to cope with, adverse effects of climate change, including climate
variability and extremes (IPCC 2001). To buttress the level of exposure of this
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region to the risk of extreme events, (UN-HABITAT 2006) has estimated that
there are 199 million slum-dwellers in sub-Saharan Africa (SSR inclusive) with
little or nothing to cope with the impacts of extreme events. In addition to the
problem of poverty, the rural poor in this region also depend on the quality and
functioning of the agro-ecosystems that they live in through the provision of goods
and services such as food, water, fodder, fuelwood, and other materials. Therefore,
any disruption in these ecosystems ultimately affects their survival. Another source
of concern in this region is the high increase in population. Dynamic increase in
population at the rate of 3.5% in sub-Saharan Africa, as compared to the global
rate of 1.7%, has led to a lot of pressure on land and other natural resources
(Naginder and Kundzewicz 1997). Consequently, it becomes imperative to provide
for this ever increasing number of people. Meanwhile, this increase also poses
danger to already over-stressed water infrastructures in the region. Moreover, the
ability of governments and international relief agencies to deal with droughts in
the region is also constrained by the absence of reliable data, information
networks, professional and institutional capacities. In addition to this, (Naginder
and Kundzewicz 1997) have reported that hydrological networks and observing
stations in this region are in decline and the databases to assess drought and
desertification risks and reduce their impacts in Africa are not adequate. Mean-
while, it is interesting to note that even though drought also hits the developed
countries, it does not kill them. This has been made possible because of their
ability to cope and implement efficient strategies such as sharp water-price rises,
bans on watering lawns or car washes, etc. during drought episodes. Unfortunately,
such strategies are difficult to implement in the SSR because of inadequate
structures, institutions, legislation, markets, awareness and education (Naginder
and Kundzewicz 1997). Glantz (1976) also corroborated this fact on the situation
of Sahelian desiccation where he stated that even a six-month forecast of weather
would not have been sufficient to avert the drought impacts in the region, due to
the lack of institutional and human capabilities to manage the problems.

Today, the world’s drylands are facing a greater water crisis, and droughts of
lesser magnitude are now resulting in greater impacts. Even regions with normal
precipitation are not left out of the challenges of water shortages, which are now
widespread in both developing and developed nations (Wilhite 2005). Studies have
shown that most of the strategies related to development (in most drylands), such as
irrigation, improved land use, urban and rural water supply, range and livestock
management, agricultural extension, energy (fuelwood), and community develop-
ment, are inherently and intrinsically related to water (Naginder and
Kundzewicz 1997). Drought management usually poses a serious challenge to
water resources and usage. Although droughts predominate in arid and semi-arid
regions of the world, their frequency and severity in the SSR regions have been on
the increase. Scientists have shown that many of the world’s arid and semi-arid
lands would face increasing temperatures with climate change (Hulme 2001) and,
more importantly, disruptions in their hydrological cycles, resulting in less and
more erratic rainfall that could exacerbate the already critical state of water scarcity
and conflicts over water allocation and usage (Thomas 2008). For instance, studies
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have shown that an increase in temperature in this region could mean that recharge
would be much reduced and that groundwater exploited would not be replaced at
the same rate. Issues such as public health and economic development have brought
improved water access to the global scene and attracted the attentions of policy-
makers, water professionals, international bodies and non-governmental organi-
zations. In view of these, the United Nation’s Millennium Development Goals
(MDGs) related to water and sanitation access are now on the agendas of many
governments and NGOs (World Water Assessment Program (WWAP) 2006). It is
apparent, therefore, that any strategy that resolves the water problem has the
capability of solving many other challenges in the region and subsequently, action
plans for other issues can easily be determined and effective policy successfully
implemented. It is therefore important to assess spatio-temporal variation of
droughts in the region in order to evaluate and anticipate drought risk and imple-
ment effective water management policies. The ability to determine the onset of
droughts and map their severity will be a significant development in mitigating the
negative effects of drought, combating desertification and ultimately promoting
economic development in the advent of global warming. It is within this context
that this study intends to assess the spatio-temporal variation in the SSR of Nigeria
which is highly vulnerable to drought and climate change impacts, and suggests
appropriate policies for effective and efficient water management strategies.

Study Area

Location and Size

The area chosen for this study is the SSR of Nigeria which lies roughly between
Longitude 4� and 15� E and latitudes 11� and 13� N and comprises most of Borno,

Fig. 1 Map of Nigeria,
showing the Sudano-Sahelian
ecological zone of Nigeria
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Yobe, Kano, Zamfara, Katsina, Kaduna, Jigawa, Kebbi, and Sokoto states (Fig. 1).
It occupies approximately 26,159 km2.

Climate

In the SSR of Nigeria, rains fall mostly from June to September with the rest of the
year virtually dry. The mean annual rainfall is between 1,016 mm in the wettest
part (southernmost part of Sokoto state), less than 508 mm or less in the driest part
(northern part of Borno state) (Ojanuga 1987) of the region with coefficients of
variation ranging from 15 to 30% (Sivakumar 1989). Low annual rainfall is not
necessarily as critical a constraint in crop production; rather it is the irregular
occurrence of rainfall (Sivakumar and Wallace 1991). There is a 10% probability
of receiving rainfall of 50 mm and 400 mm annually at the northern and southern
border, respectively (Breman and De Wit 1983). The mean annual temperature is
between 26�C and 28�C (Ojanuga 1987).

Variability in rainfall has been identified as a normal part of the climate of the
SSR of Nigeria. An average departure of 20–40% from the annual mean rainfall
has been estimated (Janowiak 1988). Mortimore (2000) identified the key source
of this variation (and of drought) to be the seasonal rainfall. D’Amato and Lebel
(1998) and Chappell and Agnew (2008) have recognized the importance of the
number of storm events, rather than the amount of rain, to be more responsible for
much of the rainfall variation in the region. This led to the conclusion that the
migrations of the Intertropical Discontinuity (ITD)—the mechanism that brings
rain to the SSR of Nigeria (Omotosho 1990)—are not the primary causes of the
droughts. In other words, they were of the opinion that drought is the result of
dynamic conditions in the weather system. Another study by Nicholson (1985) and
Ba et al. (1995) also concluded that drought in the Sahel is apparently more clearly
linked to reduced convective activity. The Nigerian climate is classified on a world
scale as Af, Aw, and BS (Trewartha 1968). Af, Aw, and BS are Tropical wet,
Tropical wet-and-dry, and Semi-arid climates, respectively (Trewartha 1968; Ojo
1987). The SSR could be classified under BS. The most obvious climatic feature of
this category is that potential evaporation and transpiration exceed precipitation.
The tropical desert climate is influenced by upper air stability and subsidence,
which is the result of the presence of the subtropical high pressure zone. Relative
humidity is normally low, averaging 10–30% in interior locations. Although the
northward migration of the ITD and its associated winds appears to be the most
popularly accepted of the factors known to promote rainfall in the SSR of Nigeria,
precipitation is very low in quantity and very infrequent in distribution, both
temporally and spatially (Adedokun 1978; Lamb 1982). However, there are
opposing views that believe that rainfall deficit could be experienced even when
there is sufficient incursion by the mT air mass. For instance, Nicholson and
Chervin (1983) and Odekunle (2010) established that major rainfall fluctuations in
the SSR appear to be primarily linked to factors modifying the intensity and
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frequency of disturbances. However, the other opinions (Winstanley 1973; Kraus
1977) ascertained that the inter-annual variability observed is significantly gen-
erated by the shift in the mean positions of the ITD. In the same light, Adedokun
(1978) has explained the effect of strong cold-water upwelling in the Gulf of
Guinea, which could bring about a strong walker circulation, which in turn
strengthens the mT air mass, and push the ITD significantly further north of the
equator, resulting in heavy precipitation in the SSR of Nigeria. The opposite trend
has also been noted when there is weak cold-water upwelling, which brings about
a weak Walker circulation. This phenomenon is usually associated with a weak
mT air mass and limited ITD incursion into the SSR region, consequently bringing
about limited precipitation in the SSR of Nigeria (Adedokun 1978). There are
some opinions that SSR precipitation in general, and Nigeria in particular, is also
modulated, to some extent, by the complex feedback mechanisms mainly due to
deforestation/land-cover change (Brovkin 2002; Zeng 2003; Brooks 2004).

Methodology

Data Collection

The climate data required for this study includes monthly and annual rainfall
totals. Data on these parameters was collected over a uniform period of time for all
the rainfall stations in the SSR of Nigeria. These locations include Sokoto, Kano,
Katsina, Nguru, Maiduguri, Bauchi, Gusau, and Potiskum (Fig. 1). The data was
sourced from the archives of the Nigerian Meteorological Services, Oshodi, Lagos.
The length of the data spanned a period of 45 years (1961–2006).

Data Analysis

A consistent framework for the description of drought is essential for any study of
this magnitude. This study adopted the climatology definition of drought and used
the six-month Standard Precipitation Index (SPI) to determine the drought severity
index. A number of other different indices of drought have been developed to
quantify drought, each with its own strengths and weaknesses. Some of them are
Palmer Drought Severity Index (PDSI—Palmer 1965), Deciles (Gibbs and Maher
1967), Crop Moisture Index (CMI—Palmer 1968), Food and Agriculture Orga-
nization (FAO) Water Satisfaction Index (WSI—Frere and Popov 1979), Surface
Water Supply Index (SWSI—Shafer and Dezman 1982), Agro-Hydro Potential
(AHP—Petrasovits 1990), Vegetation Condition Index (Kogan 1990), Index of
Moisture Adequacy (IMA—Sastri 1993), Vegetation Condition Index (Kogan
1990), and Soil Moisture Deficit Index (Narasimhan and Srinivasan 2005). Two of
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the most commonly used are PDSI and SPI. There are several other methods which
can be used in drought analysis. SPI is a drought monitoring index developed by
McKee et al. (1993) to quantify precipitation deficit for multiple timescales. The
index uses long-term precipitation record for a desired period of time which will
be fitted to a probability distribution. If a particular rainfall event gives a low
probability on the cumulative probability function, then this is indicative of a
likely drought event. The classification system shown below in Table 1 is used to
define drought intensities resulting from SPI values.

Determination of Spatial Variation of Drought Severity

Another technique which can be used to identify spatially homogeneous drought
regions is Principal Components Analysis (PCA) (Peter 1990). Studies such as
those of Dyer (1975), Barring (1987) and Ehrendorfer (1987) have already
established that PCA can be used to identify clusters of stations or spatial units that
behave similarly with respect to a particular climatic variable. This study
employed PCA to analyse spatial variation of drought severity in the region. The
variable used is the drought severity magnitude in the period of 1961–2006. The
values of drought magnitude are better than that of the raw SPI values because SPI
values only give the probability of occurrence of a determined SPI value, which
will be the same for the different areas represented by the PCA (Dracup et al.
1980). As a result of this, the index cannot be used for estimating the spatial
differences in drought risk. However, the temporal patterns of drought can differ
due to the temporal succession of SPI values. The loadings generated by the PCA
can be mapped to show the spatial pattern of the characteristic under investigation
(Peter 1990). The study used the rotated component matrix because the un-rotated
one does not give physically interpretable patterns when dealing with meteoro-
logical or climatological data (Richman 1981, 1986). Thus, the principal
components clusters of climatic divisions that behave similarly with respect to the
various drought types or magnitude were identified and mapped (Peter 1990).

Table 1 Classification of drought intensity using SPI

SPI Values Drought intensity

2 and more Extreme wet
1.5–1.99 Very wet
1–1.49 Moderately wet
-0.99–0.99 Near normal
-1–-1.49 Moderate drought
-1.5–-1.99 Severe drought
-2 and less Extreme drought

Source McKee et al. (1993)
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Discussion of Results

Assessment of Drought Severity in the SSR
of Nigeria Between 1961 and 2006

The evaluation of drought severity in the SSR of Nigeria showed that most of the
drought severity with the highest magnitude occurred between the 1970s and
1990s. It was also observed that the individual rainfall stations under examination
experienced severe drought of highest magnitude at different periods during the
years under study. For instance, Sokoto station experienced its highest magnitude
of severe drought during 1987; severe drought of high magnitude was experienced
in Katsina in 1996; that of Kano was in 1973; Nguru was in 1991; Maiduguri was
in 1983; severe drought of high magnitude was experienced in Bauchi in 1985;
Gusau was in 1984; while that of Potiskum was in 1982 (see Figs. 2, 3, 4, 5, 6, 7, 8,
and 9). Observation of the duration of the drought severity showed that there is an
increase in the occurrence of drought severity in 1973, the 1980s and 2000s. In
Sokoto, 1987 recorded the longest duration of drought severity (Fig. 2a). Further
insight into the analysis showed that there was a persistent drought severity for six
months during this year. This is followed by 1973 and 1985, which experienced
drought severity for a period of five months each, respectively. These periods
coincided with the periods when West African Sahel experienced most of the
extreme droughts. It was observed that this region experienced decline in rainfall
of more than 20% (Hulme et al. 2001). These same periods also saw the death of
hundreds of thousands of people and millions of animals (Glantz 1976, 1996). This
particular change in climate in the region has since been referred to as Sahelian
desiccation (Hulme 2001; Chappell and Agnew 2008). Some explanation could be
adduced to explain this phenomenon. Recent studies have established that the
Sahelian desiccation was a product of long-term climate variability driven by
changes in patterns of global sea surface temperature (Giannini et al. 2003).
Giannini et al. (2003), argued that dry conditions in the Sahel occur during periods
in which the southern hemisphere oceans and northern Indian Ocean are warmer
than the remaining northern hemisphere oceans, and that it is a shift to such a
pattern of global temperature distributions that is responsible for the turn towards
aridity in the Sahel from the late 1960s. Giannini et al. (2003) identify SSTs as the
principal driver of Sahelian rainfall variability, which they model successfully for
the period between 1930 and 2000 using only SST forcing. The model also rep-
resents land–atmosphere interaction via moisture feedbacks. They identify
warming in the Indian Ocean as ‘‘the proximate cause for the negative rainfall
trend observed in the Sahel from the late 1960s to the 1980s’’, which, they suggest,
in combination with a more intermittently warmer than average eastern equatorial
Atlantic, reduced the land–ocean temperature contrast that is crucial in monsoon
dynamics, causing the deep convection associated with monsoon rainfall to
migrate southwards (Brooks 2004).
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Fig. 2 a duration of drought severity in Sokoto between 1961 and 2006 b Magnitude of drought
severity in Sokoto between 1961 and 2006

Fig. 3 a Duration of drought severity in Katsina between 1961 and 2006 b Magnitude of drought
severity in Katsina between 1961 and 2006

Fig. 4 a Duration of drought severity in Kano between 1961 and 2006 b Magnitude of drought
severity in Kano between 1961 and 2006

Fig. 5 a Duration of drought severity in Nguru between 1961 and 2006 b Magnitude of drought
severity in Nguru between 1961 and 2006
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Fig. 6 a Duration of drought severity in Maiduguri between 1961 and 2006 b Magnitude of
drought severity in Maiduguri between 1961 and 2006

Fig. 7 a Duration of drought severity in Bauchi between 1961 and 2006 b Magnitude of drought
severity in Bauchi between 1961 and 2006

Fig. 8 a Duration of drought severity in Gusau between 1961 and 2006 b Magnitude of drought
severity in Gusau between 1961 and 2006

Fig. 9 a Duration of drought severity in Potiskum between 1961 and 2006 b Magnitude of
drought severity in Potiskum between 1961 and 2006
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Spatial Variation of Drought Severity in the Sudano-Sahelian
Region of Nigeria

The analysis of PCA generated three main components. These components
explained 73.63% of the total variance. The first component explained 34.43% of
total variance, and represented mainly the drought evolution of the eastern region
of the study area (Fig. 10). The second component (22.93% of total variance)
mainly represented the western region of the study area (Fig. 11). The third
component (16.27% of total variance) could be attributed to both the western and
eastern parts of the study area (Fig. 12). The first two aforementioned patterns
showed distinct spatial distribution, while the last one overlapped between the first
two components. The implication of these results is that the areas with higher
magnitude on the maps are those regions with higher drought risk.

The analysis of the spatial variation of drought severity indicated that rainfall-
producing mechanisms in the different rainfall stations analysed could be as a
result of local factors. For instance, analysis of the components one (which
explained 34.43% of the variation in the drought magnitude) established that the
area towards the eastern part of the SSR was homogeneous. This is because the
map clearly showed that this section of SSR was highly coherent. Another
important feature of this map was that this area was also susceptible to high
drought risk. The same pattern could also be seen in the western part of the region.
In all, the analysis of the spatial variation revealed that three zones could be

Fig. 10 Spatial distribution of rotated correlation matrix of PCA (component one)
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Fig. 11 Spatial distribution of rotated correlation matrix of PCA(component two)

Fig. 12 Spatial distribution of rotated correlation matrix of PCA(component three)
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delineated in the SSR in terms of drought risk and that areas to the extreme west
and eastern section of the region were the areas which were most vulnerable. The
factor which could explain the spatial variation of drought severity is the feedback
mechanism associated with interactions between the atmosphere and the land
surface in the mobilization and transport of dust (MacLeod 1976). The region
under study is the largest source of atmospheric dust in the country. Atmospheric
dust can affect the vertical temperature profile of the local atmosphere, affecting its
stability and ability to support the convection necessary for rainfall generation. For
instance, where dust is present as an elevated layer, cooling near the Earth’s
surface due to reduced incoming solar radiation can combine with heating in the
dust layer due to absorption on outgoing longwave radiation, reducing the vertical
temperature gradient, thus increasing atmospheric stability and inhibiting con-
vection (Brooks 2004).

Conclusion and Policy Recommendations

Conclusion

This study examined drought severity in the SSR of Nigeria between 1961 and
2006. Drought severity was assessed in terms of temporal and spatial variations. It
was observed that there is the tendency for drought severity for Katsina, Nguru,
Bauchi, and Gusau to increase, while that of Sokoto, Kano, Maiduguri and Pot-
iskum indicated a decrease in the nearest future. As a result of this, policy-makers
both at the federal and state levels should be aware of this and put appropriate
policies in place to cope with droughts in such areas. Within this context, people
living around Katsina, Nguru, Bauchi, and Gusau are particularly vulnerable to the
impact of drought, especially the local farmers. This is based on the fact that
drought severity showed a tendency to increase in the future.

This study also established that even though the SSR is categorized as an
ecological zone, the region is different in terms of exposure to drought risk. This is
coming on the heel of findings from the spatial analysis of the drought magnitude.
The spatial analysis revealed that the region could be divided into three
sub-regions, where the extreme western and eastern sections of SSR have the
highest level of exposure to drought risk. The implication of this revelation is that
the policy-makers should be wary of sharing interventions equally to the region
whenever there is drought occurrence. They should be aware that the region is not
homogeneous in terms of drought risk.

Policy Recommendations

Drought severity analysis is an important study in semi-arid West Africa because
of the risk of droughts and the constraint it imposes on the local populace. In a
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rain-fed agricultural region of SSR in Nigeria, an efficient water management
system is very important. Looking at the fact that drought risks vary greatly in this
region, it is imperative that research activities and policies are focused on building
and strengthening capacity around local initiatives. These policies should be in line
with those promulgated by the African Conference on Water Resources, as well as
the results of the focused research activities at the local levels. Pertaining to water
resources, communities should carry out water resources assessment both at the
state and local levels for effective policy implementation. These assessments
should be supported by both the international bodies and non-governmental
associations. Any policy that would be implemented must involve all the stake-
holders in the community: local and private sectors, and governments. More
importantly, all legislations regarding water resources management should be
enforced at all levels.
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Chapter 27
Climate Change and Sustainable
Management of Water Resources

Golda A. Edwin and G. Poyyamoli

Abstract In recent times, several studies have shown that climate change is likely
to have a significant impact on the availability of freshwater resources. Freshwater-
rich regions across the globe are projected to face water scarcity if current reserves
are not managed effectively. Traditionally, the Puducherry region has been well
endowed with large freshwater reserves, but demand for water has already
increased manifold over the years due to an increase in agriculture, industriali-
zation, urbanization, population and economic development. This has resulted in
water scarcity and water quality problems in some regions. At present, the
hydrological cycle is being modified at a rapid pace due to the overexploitation of
water resources, changes in cropping pattern, land use, groundwater depletion,
seawater intrusion, pollution and water pricing models. Apart from these, there
have also been observed changes in the increase of average temperature, humidity
and coastal erosion. It is recognized that sustainable water resources development
and management is an important and urgent issue to be taken up seriously.
Therefore, an objective assessment of the availability of water resources in the
context of the future water requirements, impacts of climate change and its vari-
ability is very crucial for sustainable development. This paper examines in detail
the potential for sustainable management of freshwater resources within the
constraints of climate change.
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Introduction

Puducherry is a Union Territory in south India covering an area of 492 sq km2

with 45 km of coastline stretching along the Bay of Bengal and to some extent
along the Arabian Sea. The territory also has 675 km2 of inshore waters. Figure 1
shows the four geographically unconnected regions of the Union Territory:
Puducherry, Karaikal, and Yanam on the Bay of Bengal and Mahe on the
Arabian Sea.

Puducherry, like many regions, is prone to natural hazards such as floods,
cyclones and earthquakes. In the past, the northeast monsoon has wreaked havoc in
many parts of the region by inundating a vast area of land along the coastal
stretches. The heavy rains and cyclones due to the monsoon sometimes cause
severe damage to life and property. Unchecked growth in the population during the
past decade and a blooming economic activity have put severe stress on the
available water resources.

With an estimated population of over 1 million, the region generates waste-
water of about 50 million litres per day (MLD), with the entire amount discharged
untreated into the sea through backwaters and creeks. Puducherry hosts a lot of
water-intensive industries such as paper, alcoholic beverages, chemicals and
pharmaceuticals. The total treated wastewater discharged from industries is over
7 MLD. Sewage wastewater contains mostly biochemical oxygen demand (BOD)
compounds, nutrients and bacteria. Industrial wastewater mainly contains mostly
suspended matter, BOD compounds and traces of oil and gas.

Water management is a critical issue here as the water-intensive industries and
agriculture are mainly dependent on the groundwater for their needs. Because of
this, the water tables have started falling throughout the region due to excessive
exploitation of groundwater resources. Recent research has also revealed that the
stress on the water table is resulting in the intrusion of seawater, especially in some
coastal areas in the Puducherry region. Existing surface irrigation systems suffer
from some inherent weaknesses that need rectification. Several of the tanks and
ponds, formerly used for storing rain and surplus river water and irrigating a major
proportion of the cultivated area, are already into a state of disrepair. The efforts to
revive these systems will have to be speeded up considerably. Figure 2 shows the
municipalities and communes of the Puducherry region.

In recent years, the government and the local NGOs have implemented var-
ious traditional, disconnected projects to promote sustainable development and
improve the conditions of water resources. The predicted climate change over
the coming years is likely to add greater stress to the already affected water
resources in the region, including some areas that are currently well endowed.
The stresses are likely to involve changes in the frequency of extreme events as
well as gradual changes in mean annual net resources. Thus cooperation, proper
planning and sustainable water resources management are required to address the
impacts of climate change and meet the current and future demands in a sus-
tainable way.
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Challenges of Climate Change on Water Management

Water is the primary medium through which climate change will impact the
environment, ecosystems, economies and people. It is widely accepted that inte-
grated water resources management (IWRM) should therefore be an early focus
for adaptation to climate change.

The response to the challenges posed by the new climate change conditions
should be through adaptation and mitigation. Complexity, vulnerability and
uncertainty are key issues to be addressed. It is in this setting that policy-makers

Fig. 2 A close-up view
showing the major
municipalities and communes
in the Puducherry region

Fig. 1 Location map
showing the four
unconnected regions of
Puducherry
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and water managers need to tackle an increasingly scarce resource that varies
greatly in space and time (Jones 1999).

Proper planning and management of water resources, comprehensive measures
for the reduction of carbon and water footprint, prediction of unavoidable impacts
of climate change, cooperation and coordination of actions should be among the
priorities. The flexibility supported by the IWRM processes will therefore need to
effectively respond to change and be capable of adapting to new ecological,
economical, social and environmental conditions.

In Puducherry, the economic sectors that are mostly affected are agriculture,
tourism, energy, fisheries and infrastructure, which depend heavily on climate,
weather and environmental conditions. Successful adaptation to the impacts of
climate change will depend not only on effective national action plans and regu-
lations, but also on the ability of current water management strategies practised in
the municipalities and communes to be integrated into affected sectoral policies
such as agriculture, energy, tourism, fisheries, and infrastructure.

In the past century, in India, there has been an increase in mean annual
temperature, increase in maximum temperature, increasingly trendless monsoon
rainfall, decadal departures in summer monsoon rainfall are found above and
below the long-time average alternatively for three consecutive decades. This has
profoundly affected the environment, economy and society. Therefore, cooperation
is required among the different stakeholders to concentrate on diverse measures to
address the change.

On the one hand, infrastructural measures such as the construction of dams,
levees, drainage canals, sewer networks, dykes, and desalination plants should be
built considering the impacts of climate change. On the other hand, solutions such
as crop choice (salt–and drought-resistant crops), crop efficiency, biofertilizers,
decentralized demand management, water pricing, water markets, watershed
management, artificial recharge, rainwater harvesting, flood proofing, and reten-
tion measures, knowledge management, decision support system and insurance
should be worked upon to comprehensively address the challenges.

The challenges that face us can be better comprehended by analysing them
under the areas of physical, social and economic dimensions.

Physical Dimension

Changing Rainfall Patterns

The average annual rainfall at Puducherry is 1254.4 mm. The region receives
rainfall from both the northeast and southwest monsoons, with annual rainfall
spread over a period of 8 months. The southwest monsoon brings 29% of the
annual rainfall from June to September and the northeast Monsoon brings 63% of
the annual rainfall during October to December (Puducherry City Development
Plan 2007).
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Table 1 shows the percentage deviation of the actual rainfall received from the
normal rainfall for different seasons in the Union Territory for the year 2009 and
Fig. 3 shows the month-wise actual and normal rainfall for the year 2009 in all the
four districts of the Union Territory. The rainfall pattern is changing at random and
deviation from the norm is too much and unpredictable. Although it is difficult to
make good predictions about the rainfall and storms, what needs to be understood
is that it is even more difficult to predict the impact of changing temperature and
rainfall on water availability from rivers, aquifers and lakes.

As the majority of the water-users in this region are farmers, it is critically
important to predict the amount and timing of rainfall. Excessive exploitation of
groundwater in combination with climate change makes the situation difficult. In
many places, groundwater wells are already contaminated, unprotected or close to
becoming dysfunctional due to a lowering of the groundwater table and due to low
and poor maintenance. Those wells, which serve as the basic water supply, will not
be able to supply water in times of disasters and emergencies. They will either be
contaminated or dried up.

The increased variability in rainfall results in change of pattern in recharging
the aquifers which is the major water source for the economy. Since mostly it is a
humid area, there will be a decrease in groundwater recharge because more
frequent heavy rain will result in the infiltration capacity of the soil being
exceeded, thereby increasing surface runoff. With such scenarios the relationship
between the amount of rainfall received and the amount of water available in
rivers, lakes and aquifers becomes a complex one (Stakhiv and Pietrowsky 2009).
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Fig. 3 Actual and normal rainfall month-wise in the four regions of the Union Territory for the
year 2009
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A change in rainfall pattern could lead to intense and short-lived precipitation in
coastal urban watersheds, which would lead to calamitous flooding. When
accompanied by sea level rise, which itself is a consequence of climate change,
excessive flooding of urban settlements and industrial zones is a certainty,
endangering the lives of the citizens and threatening infrastructure. In Puducherry,
the development is not uniform across all municipalities and communes and some
areas have poor drainage infrastructure, which is a major bottleneck in addressing
the impacts.

Projected sea level rise and excessive groundwater extraction in areas close to
the coast also increase the salinity problems in water supplies. The quantity and the
quality of groundwater depends always on recharge conditions, which are
controlled by factors such as annual precipitation, soil properties, land surface
characteristics and vegetation cover.

Annual Runoff and Drainage System

As a result of drier ground and increased evaporation, water percolations into the
aquifers or runoff to the rivers have been drastically reduced. A reduction in runoff
will be perhaps the most serious impact of global warming on the water envi-
ronment. This is why climate change is ‘‘amplified’’ in the water cycle. But the
other things, which include the types of vegetation as well as the timing and
intensity of rainfall, are unlikely to remain equal. Vegetation will change as a
result of changes in temperature, rainfall and CO2 concentrations. The intensity
and timing of rainfall will change as a consequence of the changing circulation
patterns inherent in generalized atmospheric warming (Sadoff and Muller 2009a).

Only 10% of the sewage is treated before being discharged into the sea. Silting
and uncontrolled solid waste dumping cause blockages and stagnate water chan-
nels/wastewater runoff. Consequently, drains choke and overflow into neigh-
bouring areas. Water bodies around the city, which acted as flood moderators, have
also witnessed silting. Sometimes the stormwater and domestic sewage overloads

Fig. 4 Humidity (%) in
Puducherry from 1984 to
1996. Source: hydrology
project
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the open drainage system and inundates the low-lying areas of the town in some
parts of Oulgaret municipality.

The case of the Kaveri (otherwise called Cauvery) river in South India has been
the focus of intense controversy since the early 1990s. The river’s drainage basin
provides most of the water for the states of Karnataka, Tamil Nadu, Kerala, and the
Union Territory of Puducherry. Unsurprisingly, the sum of each of the water
claims of the different states is far greater than the actual availability of water.

Temperature, Evaporation and Aridity

Changes in temperature and precipitation will have a direct impact on the demand
and supply of energy, and the quantity and quality of water available for irrigation,
hydropower, and domestic and industrial use (Mall et al. 2006). Figure 4 shows the
humidity percentage in Puducherry from 1984 to 1996.

Even slight changes in temperature and precipitation will affect the quantity and
quality of water available for irrigation, hydropower, domestic and industrial uses.
Evaporation rates increase as a result of an increase in temperature. As a result,
aridity, which is the ratio of rainfall to potential evaporation, also increases, since
the rising temperatures are not matched by rising rainfalls. Changes in aridity will
have a substantial impact on both surface water runoff and groundwater recharge
(Mujumdar 2008).

In the present condition, the potential evaporation exceeds the amount of
rainfall and actual evaporation depends on the amount of water available to be
evaporated. Thus only in periods in which there is sufficient rainfall to ‘‘swamp’’
the evaporation does runoff infiltrate the groundwater aquifers.

Changing Groundwater Recharge Patterns

Puducherry region is situated on the Coramandal coast, covering an area of
293 km2. The main source of water supply for all purposes such as agriculture,
drinking and domestic use is groundwater, which is extracted from three major
aquifers: Alluvium, Tertiary, and Cretaceous. The irrigation is supplemented by 84
system and non-system tanks. Owing to population growth, intensive agriculture
and rapid phase of industrial development, the demand for water has increased

Table 2 Groundwater utilization (in MCM/year). Source: central groundwater board

Total
replenishable
groundwater
resources

Provision for
domestic, industrial
& other uses

Available
for
irrigation

Projected
net draft

Balance
for future
use

Level of
groundwater
development (%)

174.6 26.2 148.4 115.5 32.9 77.85
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considerably, which has resulted in the overexploitation of groundwater, which
ultimately leads to drastic depletion in groundwater levels and deterioration of
water quality due to seawater intrusion and also upward movement of chemical
constituents present in deep-seated aquifer.

In the Puducherry region, the farmers started constructing shallow tube wells
tapping alluvial aquifers up to a depth of 30–40 metres. Initially, the shallow tube
wells were found free-flowing. But as the number of shallow tube wells started
increasing, the water level started declining due to overload. This has been greatly
felt in parts of the Mannadipet and Nettapakkam communes.

Due to the decline in the water level, the farmers had to dig out pits to lower
centrifugal motors. At one stage, the centrifugal pumps were also not working as
the water level declined below the lifting capacity of these pumps. The wealthy
farmers switched over to submersible pumps, whereas the small and marginal
farmers could not construct deep tube wells tapping older formations. They were
forced to keep their land fallow or cultivate their land by getting water on a hire
basis from the nearby sources at the rate of eight bags of paddy per acre per season.
Whatever the farmers earned went towards hire charges for water. So the farmers
could not sustain themselves and many were even pushed below the poverty line.

Table 2 provides the details of the utilization of groundwater in the Union
Territory of Puducherry.

Figure 5 indicates the percentage area irrigated from various sources. 64.5% of
the irrigation is through the tube wells which directly contribute to the lowering of
the water table, leading to saltwater intrusion. Currently around 70 MLD is drawn
through bore wells maintained by the Public Works Department for public water
supply. As a result, the ground is over-pumped in many places in order to satisfy
the increasing demand driven by the economy and population growth.

The impact on the environment is severe, including soil degradation, erosion and
increase in sedimentation, poorer infiltration of water, reduction of aquifer recharge,
loss of wetland communities, and increased concentration of pollutants and salt in
groundwater. The government has already proposed a desalination plant to meet the
rising demand. Though this is an option, desalination is in no way a sustainable
alternative to water security, as this greatly increases the carbon footprint.

One of the most difficult water resources management challenges is monitoring
and managing underground water, which many rely on for their water supply
(Geocenter Denmark 2008). Furthermore, the Union Territory is already facing a
growing urban demand which has to be balanced against the declining agricultural
use for irrigation. These trade-offs can be managed only if there is a proper
regulation of groundwater extraction.

Fig. 5 Percentage area
irrigated from various sources
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Water Quality

The quality of the groundwater is greatly affected by the nitrates from agricultural
fertilizers and chloride from saltwater intrusion in coastal aquifers. The seawater is
affected by the disposal of untreated sewage. At present, only 10% of the sewage is
treated and the rest is disposed as it is into the sea. Marine discharge from industry
and heavy metal pollution also contributes to the pollution. Changing runoff pat-
terns and increasing temperatures result in water quality effects that either render
water unusable or make it require additional treatment. Figure 6 shows the factors
contributing to the decline of water quality in the Puducherry region.

The poorly planned water usage patterns adopted by man, through urbanization,
growth of population, growth of industries and employment of auxiliary means in
agriculture, have disturbed the natural quality of water bodies in many regions, along
with the water availability aspect. As a result, the water bodies have become
unsuitable for potable uses at many locations. Another possible impact could be the
intrusion of seawater into coastal freshwater systems. This might occur in the areas
affected by sea level rise and where river flows are insufficient to prevent seawater

Factors
affecting

water
quality

Increasein
Urbanization

Increasie in
Irrigation

Inadequate
Sanitation

Industrializ
ation

Increase in
application of

pesticides/
fertilizers

Land use
pattern

Population
growth

Brackish water
Aquaculture

Fig. 6 Factors contributing to decline in water quality in Puducherry
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from flowing upstream. The inland fishery which contributes to over 30% of fish/
prawn production also contributes to the increase in salinity of the groundwater.

Land Use

Table 3 shows the changes in the land use pattern in the Union Territory over five
years. In recent years, owing to economic growth and population increase, there has
been a drastic change in land use. Puducherry is slowly moving closer to an indus-
trialized economy. In some places, the farmers are forced to keep their land fallow
owing to non-availability of groundwater for irrigation purposes (Nobi et al. 2009).

Floods, Droughts and Storms

The 2008 UN Human Development Report stated that from 2000 to 2004, some
262 million people were affected by climate related disasters annually. Over 98%
of them lived in the developing world. Rising temperatures increase the evapo-
ration from the water bodies and other sources, which in turn leads to more severe
rainfall. This will lead to more floods and droughts and in a random pattern,
affecting the urban and rural poor mostly. Recently the Karaikal region experi-
enced severe drought coupled with water scarcity resulting in the reduced yield or
failure of crops. Such scenarios might increase in frequency if adequate measures
are not taken proactively to combat the impacts of climate change.

Social Dimension

The major impact of climate change in many areas may be to increase the cost of
water services. As a result, the water required to sustain the ecosystem will be put
under tremendous pressure. This will not only be the case for drinking water, but also

Table 3 Land use pattern in
Puducherry region

Classification 2004–05 (%) 2008–09 (%)

Forest 0.00 0.00
Non-agricultural uses 35.22 37.58
Barren and uncultivable lands 0.14 0.15
Permanent pastures and other

grazing lands
0.02 0.00

Land under miscellaneous tree
crops not included in net
area sown

2.38 2.49

Cultivable waste 8.44 9.02
Other fallow land 5.32 5.04
Current fallow land 5.25 6.24
Net area sown 43.23 39.48
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for agriculture and power production, as well as for industry. The increased incidence
of floods and droughts will impact lives, livelihoods, land values and investment
incentives in vulnerable areas. Undoubtedly, it is the poor who are most vulnerable to
floods, sea level rise, groundwater intrusion and loss of arable land.

The prevailing scenarios in the region that affect society are as follows:

• Over 40 villages are still to get access to potable water and over 80 villages have
only partial access to it.

• The water price does not reflect the true costs of the production of potable water
because of the huge and unsustainable subsidies.

• About 100% of the population are connected to the supply of potable water, but
only 10% of households are connected to the wastewater system.

• The development of tourism has an impact on the water demand, so that in
summer months where the demand is particularly increasing, there are problems
of supply, affecting industry and tourism.

• The quality of water in rural areas is more affected because of the agricultural
activities and the increasing use of fertilizers.

• The population must adapt the use of water to its availability.

Economic Dimension

The increased variability and changes in the availability and reliability of rainfall
will directly impact the water-using sectors and indirectly impact the growth
potential of the economy. These impacts, in turn, will affect the environmental and
social needs (Report by the United Nations 2009). Recently, as a result of seawater
intrusion, the water-intensive industries near the coastal zone were shut down or
transferred to a different location. Climate change’s impact on water resources has
implications far beyond the Millennium Development Goals. The changes in
distribution and timing of rainfall will change patterns of access to water, creating
new surpluses in some areas and increased competition in others. Managing this
evolving hydrology will impose significant demands on water management at
regional, national and international level (Kolokytha 1994).

Water Security Through Integrated
Water Resources Management

IWRM is a process which promotes the coordinated development and management
of water, land and related resources, in order to maximize the resultant economic
and social welfare in an equitable manner without compromising the sustainability
of vital ecosystems. IWRM has been the accepted management paradigm for
efficient, equitable and sustainable management of water resource since the early
1990s (Sadoff and Muller 2009b).
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An IWRM perspective ensures that social, economic, environmental, and
technical dimensions are taken into account in the management and development
of water resources. It is not an answer to climate change, but an approach that
reflects the integrated nature of the water cycle by addressing different users, uses,
threats, and threatened resources. As such, IWRM has to deal with all natural
resources, not only water, but also soils, ecosystem, surface water, groundwater,
water quantity, quality, as well as other ecological aspects.

The multi-sectoral nature of IWRM should be recognized in the context of
socioeconomic development (InfoResources Focus 2003). Serious water man-
agement problems are likely to occur in the Puducherry region if adequate
remedial measures and policies are not taken up proactively by the Union Terri-
tory. In recent years, the Union Territory has been spending more on water
resources management by implementing various projects. The objective is mostly
to meet the demand with the supply. But such a traditional and fragmented
approach will not lead to sustainable growth and therefore all the current and
future water planning and strategies should be aligned and integrated with social,
economic, and environmental goals (Slootweg 2009).

Policy Framework to Respond to Climate
Change Through IWRM

Natural and Human System Interaction

Integration can be considered under two basic categories: the natural system,
which focuses on the resource availability and quality, and the human system,
which determines the resource use, waste production and pollution of the resource,
and which must also set the development priorities (Agarwal et al. 2000).

The natural system integration focuses on the integration of land and water
management, integration of freshwater and coastal water management, integration
of soil water and runoff water management, integration of quantity and quality of
water management, integration of surface and ground water management and
integration of the upstream and downstream water related interests.

The human system integration deals with the mainstreaming of water resources,
cross-sectoral integration in national policy development, macroeconomic effects
of water developments, integrated policy-making, influencing economic sector
decisions, integration of all stakeholders in the planning and decision process, and
integrating of water supply and wastewater management.

The different stakeholders should ensure that integration has to happen both
within and between these categories, taking into account variability in time and
space.

27 Climate Change and Sustainable Management of Water Resources 443



Groundwater Regulation

Bahour commune in the Puducherry region accounts for one-third of the rice
cultivation in the region. Recently, salinity in the groundwater has increased in the
Bahour and southern part of Villianur communes, which has affected the soil and
crop yield. The increase in salinity is mainly attributed to the over-extraction of
groundwater using high-energy pump sets. If this trend continues, the Bahour
commune will become unsuitable for cultivation in future (National Action Plan
on Climate Change—Puducherry 2009).

It is encouraging that the government of the Union Territory has passed a
Groundwater Regulation Act and set up the administrative machinery for moni-
toring the extraction and use of groundwater. It also promotes rainwater harvesting
and maintains a hydrological data centre which aids in decision-making. Ground-
water levels of many aquifers in the region show a decreasing trend. This is generally
due to groundwater pumping exceeding groundwater recharge rate. Groundwater
will be less directly and more slowly impacted by climate change, as compared to
surface waters. As many groundwater systems both discharge into and are recharged
from surface water, impacts on surface water flow regimes are expected to affect
groundwater. Thus, neglecting the consideration of groundwater in the process of
IWRM can result in the mismanagement of surface water, with severe effects on the
population and the environment (Steenbergen and Tuinhof 2009).

Water Pricing

A major cause for the over-extraction of groundwater is the subsidies provided for
water. IWRM should ensure that industrial users should be required to bear the full
cost while some subsidy could be given to domestic users. The pricing model
should be changed in such a way that everybody gets their fair share of water for a
subsidized cost, and beyond which the user should be charged heavily. This will
not only ensure that the basic need is taken care of but also discourage the water-
users from wasting this precious resource. But for this to happen, first precise and
uniform metering should be implemented in all places (Rakesh et al. 2005).

Water Quality Monitoring

The policy framework should ensure the safe discharge of industrial effluents,
biomedical waste, electronic waste and domestic waste. Waste segregation, reuse
and safe disposal of hazardous wastes should be done as close to the waste
generation source as possible. A water quality monitoring network has to be
established involving the NGOs, elite educational and research institutions to
supplement the efforts of the government.
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Tank Rehabilitation

The government is undertaking several tank rehabilitation projects with aid from
the European Union. The tanks and ponds of the Puducherry region have to be
rehabilitated not only for irrigation but also to recharge the groundwater and
restore the ecosystems.

Conservation Measures

Apart from pricing and regulation, the government should also focus on creating
awareness among the schools, colleges and households. Local communities who
are most affected by the impacts of climate change should be educated about
climate change and its impacts and ways to mitigate the risks.

Quality Drinking Water

At least 40 villages do not have any municipal water supply system and over 80
villages are only partially covered despite the abundance of water in rural areas
compared to urban parts. The women in these villages are most affected as they are
forced to travel a long way to collect water and thus lead a poor quality of life. The
socioeconomic conditions should be given due importance as per the IWRM
principles and thus should meet the basic need for the citizens. The government
must also focus on tapping the excess water from the Ousteri and Bahour tanks to
augment the urban water supply.

Better Drainage System

The water is supplied at the rate of 135 litres per capita per day. Of this, 80%
of the water shall be wastewater. Hence, it is estimated that by the year 2026,
about 94.5 MLD of sewage will be generated in the Puducherry urban area. The
existing capacity of the STP can treat only 15.3 MLD of sewage. Hence, there
is shortfall of 79.2 MLD. Presently, the sewage is treated through oxidation
ponds, which require a large area but lower operation and maintenance costs.
Due to land constraints in Puducherry, Up-flow Anaerobic Sludge Blanket
(UASB) process of STP is designed for the uncovered areas. The UASB
treatment will consume a smaller area of land and have higher operation and
maintenance costs.
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Monitoring and Change

Water resource managers need the ability to track changes and to devise and
support the implementation of appropriate responses. This requires extensive data
and the ability to analyse and interpret it in order to guide planning and inform the
stakeholders of its implications. Data should be cleansed and integrated from
various source systems, so that intelligent reporting can be implemented to enable
to policy-makers to make decisions based on the facts alone.

Conclusion

Water is the primary medium through which climate change influences the Earth’s
ecosystems and therefore people’s livelihoods and well-being. Adaptation to
climate change is mainly about better water resources management. A traditional,
fragmented approach to water management is not going to yield sustainable
benefits in the long run. Water resources and how they are managed impact almost
all aspects of society and the economy, in particular health, food production and
security, domestic water supply and sanitation, energy, industry, and the func-
tioning of ecosystems. Thus, adapting to the new challenge of climate change
requires an integrated approach to water management. Integrated solutions
coupled with innovative technologies are needed at the appropriate levels, for
adaptation as well as mitigation. Appropriate adaptation measures should be built
upon the existing water management practices to foster resilience to climate
change, thereby enhancing water security.
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Chapter 28
Problems of Water Resources
Management in the Drainage
Basin of Lake Balkhash with Respect
to Political Development

Pavel Propastin

Abstract Lake Balkhash is Kazakhstan’s second most important natural inland
water reservoir, whose catchment basin is shared between the Republic of
Kazakhstan (60% of the catchment’s area) and the People’s Republic of China
(40% of the catchment). The lake is a source of fishery production and it serves as
a means of transport, while the water of the catchment basin is extensively used for
hydropower production, and irrigated agriculture and industry located in the
Balkhash Lake basin. These socio-economic activities together with climate var-
iability have strongly affected the lake’s hydrological regime during the last
100 years. The centralized, master plan-oriented management system and use of
water regulation during the late Soviet era have been a major drawback to sus-
tainable management of the lake, leading to a significant decrease in its water level
and degradation of the surrounding wetlands. After the collapse of the Soviet
Union, the economic activity in Kazakhstan’s part of the Balkhash Lake basin
rapidly diminished, causing the current broad rehabilitation of the whole ecosys-
tem. Unfortunately, despite the benefit for the Balkhash Lake basin’s ecosystem
accrued from the diminished anthropogenic impact in Kazakhstan, the basin’s
existing management strategy of post-Soviet Kazakhstan faces several challenges
that limit their effectiveness in the realization of sustainable development for the
region. Moreover, a new challenge for sustainable development in the Lake
Balkhash basin appears in the form of rising water consumption in the upper parts
of the basin in China. This paper gives an overview of the change in the Lake
Balkhash basin along with the political change in the area. The paper also
illustrates problems regarding water resources management in the drainage basin
of Lake Balkhash.

P. Propastin (&)
Department of Geography, Georg-August University Göttingen,
Goldschmidtstr. 5, 37077 Göttingen, Germany
e-mail: ppropas@uni-goettingen.de

W. Leal Filho (ed.), Climate Change and the Sustainable Use of Water Resources,
Climate Change Management, DOI: 10.1007/978-3-642-22266-5_28,
� Springer-Verlag Berlin Heidelberg 2012

449



Keywords Central Asia � Lake Balkhash � River Ili � Water table � Climate
change � Political change � Water resources conflicts

Introduction

Lake Balkhash, Kazakhstan, is the world’s fifth largest isolated water reservoir,
with a volume of about 90 km3 and a catchment area of more than 0.5 million km.
Long-term periodical fluctuations in Lake Balkhash’s water levels are suggested to
be conditioned primarily climatically, and demonstrate their intimate connection
with components of its water regime, especially runoff from its main contributor,
the Ili river that flows in the Republic of China. The construction of the Kapchagay
dam in the middle part of the Ili river in 1970 took place during the last downward
fluctuation and led to the deepest drop in the lake’s water level since the beginning
of the measurements. This strongly affected the fragile ecosystems of Lake
Balkhash and its surroundings, leading to strong diminishing of fish stocks and
degradation of reed grass ecosystems in coastal areas and in the Ili river delta.
After the collapse of the Soviet Union in 1991, the filling of the Kapchagay water
reservoir was stopped and huge areas of irrigated cropland in the Ili river delta
were abandoned. This led to a strong reduction in the anthropogenic impact on the
ecosystem of Lake Balkhash. The reduction in the anthropogenic impact over-
lapped with a reduction of irrigated farming areas in Kazakhstan, and favourable
climate conditions led to a significant rise in the water level in Lake Balkhash and
rehabilitation of its ecosystems. However, new support for sustainable use of water
resources of Lake Balkhash appeared during the last decade through the devel-
opment of large irrigated areas in the upper part of the Ili river in the Republic of
China.

This paper illustrates the problems of Lake Balkhash basin with respect to
management of its resources under the impact of water losses for hydropower
production, irrigated agriculture, and political change.

Summary of Basin Characteristics

Lake Balkhash lies in one of the most arid discharge-less watersheds of the world.
The lake length is 605 km, and the lake width varies from 4 to 74 km. Lake
Balkhash is situated within the Balkhash-Alakol depression which is enclosed by
the Tien-Shan Mountain in the south, the Djungarsky Alatau in the east, the Chu-
Ili Alatau in the west, and the Kazakh Low Hill Lands in the north (Fig. 1). The
mean surface area of Lake Balkhash is about 17,000 km2. Lake Balkhash has a
catchment of 500,000 km2 with about 85% of the drainage area located in the
Republic of Kazakhstan and 15% in the People’s Republic of China (Fig. 1).
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All inflow to Lake Balkhash is received from the Tien-Shan and the Djungarsky
Alatau and the runoff from their ridges. The two largest rivers flowing into Lake
Balkhash are the Ili (about 78% from the total inflow) and the Karatal (about 15%
of the total inflow). Other contributors are the Karatal river from the western
slopes of the Dzhungarskiy Alatau (15.1%); the Aksu river, also from the
Dzhungarskiy Alatau (0.13%); and the Lepsy river from the same origin (5.4%).
The Balkhash Lake basin is internally drained, the major loss of the inflow water is
caused by evaporation from the lake surface, and a small part is infiltrated into the
loosely detrital deposition of the drainage basin bottom (Shnitnikov 1973).

Variations of Water Level in Lake Balkhash

The level of Lake Balkhash is one of the major indicators for the whole basin
ecosystem condition. Corresponding to analyses of sediments from Lake Balkhash,
the water level has fluctuated during historical times by 10 m. The maximum water
level of 346 m above sea level was reached during the first half of the eighteenth
century, while the minimum, 338 m in 1840 (Petr 1992; Tursunov 2002). Gauge
observations on water level have been made since the mid-1800s (Fig. 2). During
the gauge observation period, with no runoff regulation, the lake level used to
change, following the intersecular cycle, from 340.7 m (1987) to 344.4 m (1911),
measured against the Baltic Sea level. The dynamics of water levels in Lake
Balkhash during the gauge observation period reveal three phases of regression
(1878–1890, 1910–1950 and 1970–1989), and three phases of transgression.

Fig. 1 Map of the Lake Balkhash basin in Central Asia
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The strongest transgression was observed during 1890–1911, with the maximum of
344.1 m in 1911. The second transgression phase was in the mid-1990s. Between
1946 and 1961, water level rose by 2.3 m, but in 1970 it started to decline again.
The last regression of Lake Balkhash in the twentieth century was strengthened
due to the regulation of the Ili river runoff. In 1987, the lake level reached
the lowest values recorded during the period of gauge observations, i.e. 340.7 m
(Petr 1992). The last transgression phase started at the end of 1980s and continued
till the mid-2000s.

Biodiversity Values

The Balkhash Lake basin is rich with plentiful wetland landscapes in the deltas and
valleys of its inflow rivers and has high biological diversity. The Balkhash Lake
wetlands, particularly the largest of the Ili river delta, provide habitat for some 250
species of bird, including 22 internationally protected species. In the Ili river delta
alone, some 1.5 million otters were harvested annually, i.e. 80% of all otters
harvested in Kazakhstan. The deltas of the inflows provide rich pasture for live-
stock and wetlands function as natural filtering beds and represent the source of
nutrients essential for high fish stocks in Lake Balkhash. The Balkhash Lake and
adjacent wetlands are home to 22 species of fish, 50 species of mammals, more
than 30 species of amphibians and around 20 species of reptiles.

Thickets of reed grass cover the floodplains of the wetlands and are dominated
by reed grass species such as Calamagrostis pseudophragmites and Phragmites
communis. The wetlands in the deltas include several hydrographic systems, which
are interconnected during high water levels, but are otherwise separated by alluvial
deposits. There are a number of lakes within the wetlands and these retain different
volumes of water according to flood levels. Delta arms and channels are fringed by
the tugay (a gallery forest association, mixed with shrubs and tall grasses).

Fig. 2 Long-term variations of the water level of Lake Balkhash measured by gauges
(1880–2001). The line is the year-to-year values from regular measurements while the black
circles represent observed values obtained by sporadic measurements (data compiled from Petr
1992 and Tursunov 2002). Values are given in m above the Baltic Sea water level
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Swamps and thickets of reed grass cover the floodplains. Plentiful plains between
the tributaries and swamps are covered by grassland landscapes which serve as
pastures (Nikolayev 1959).

Priority Issues for Management of the Balkhash
Lake Basin

Kapchagay Reservoir and Its Ecological Impact
on Lake Balkhash

Since 1970, the Kapchagay reservoir has been one of the most significant threats to
the Balkhash Lake basin, distorting the natural hydrological regime of the lake
(Kudrin and Rabinovich 1976). Before 1970, despite the development of irrigation
and some other types of water use in the basin during this period, the fluctuations
of the hydrological budget and level of Lake Balkhash were mainly determined by
climatic factors (i.e. precipitation and temperature), as well as by losses of water in
the river Ili delta associated with the development of its channel network. The
retention of the Ili river water for the filling of the Kapchagay reservoir produced a
drastic change in the natural hydrological regime of the Ili river and Balkhash
Lake leading to a fall in the water level in Lake Balkhash (Petr 1992; Kudrin and
Rabinovich 1976). This strongly affected fragile ecosystems of Lake Balkhash and
its environments (Tlenbekov and Piven 1993; Petr and Mitrofanov 1998). The
impacts included: (i) degradation of wetlands in the Lake Balkhash basin,
(ii) rising salinity in the lake, (iii) a decline in the fish stocks and (iv) an alteration
of natural hydrological patterns.

In the mid-1980s, through an awareness-raising campaign in the republican and
federal media, society was alarmed by the approaching ecological disaster in the
Balkhash Lake basin. The government of the Kazakh Soviet Republic undertook
some efforts to change the ecological situation and reduce the consequences of the
Balkhash disturbance. After stopping the filling of the Kapchagay reservoir in
1989, the situation began to improve. The collapse of the Soviet Union and
proclamation of independence of Kazakhstan in 1991 caused an economic crisis in
Kazakhstan. Most of the irrigated areas in the Balkhash Lake basin were aban-
doned during the period 1992–2000. This resulted in a colossal decrease in the
total anthropogenic impact in the region. As a consequence, the Lake Balkhash
water level rose by 100 cm in 10 years. Stopping the filling of the Kapchagay
reservoir in the early 1990s, at the same time as the beginning of a new trans-
gression phase, enforced a very rapid rise of the water level, and in 2001 Lake
Balkhash reached a local maximum of 341.87 m.

This period was also characterized by a general increase in precipitation in the
Balkhash catchment basin (Matsuyama and Kezer 2009). Balkhash Lake and its
surrounding area have rapidly rehabilitated during the last decade of the twentieth
century and the first decade of the twenty-first century.
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Development of Irrigated Lands

The use of water resources for irrigation in the Balkhash Lake basin has taken
place for several hundreds of years. Under the existing climatic conditions and
soil quality in the region, irrigation can significantly increase yields of rice,
tobacco, cotton and other agricultural products. During the period of the
Russian Empire (before 1917), extensive irrigation took up considerable areas
in the Balkhash Lake basin (Fig. 3). In the Soviet era after World War II, a
doctrine about intensification of irrigation in the Balkhash Lake basin was
developed. This doctrine planned taking into irrigation an area of 1 million ha
till the year 2000. Corresponding to this doctrine, an intensive extension of the
irrigated land in the region began in the 1960s. The area of irrigated land
increased gradually during the following three decades (Fig. 3). By 1991 (the
year of Soviet Union collapse), the total area of irrigated land comprised
0.633 million ha. The extension of irrigated area and intensification of its
production led to an increase in soil salinization, a decrease in vegetation area
and desertification of the irrigated area and neighbouring lands (Petr 1992).

However, the collapse of the Soviet Union distorted the realization of this
doctrine. The area of irrigated land decreased during the 1990s. The reduction
of irrigated areas occurred very rapidly. By the year 2000, there were only
0.346 million ha under irrigation. Most of the remained irrigation areas are
located in the Ili river valley in the Akdala region, comprising the Bakbakhty
and Bakanas irrigation farms. Figure 4 shows development of the irrigated land
in the Bakbakhty farm during the last decade of the twentieth century. The
maps were produced by classification of two Landsat images acquired in May
1990 and May 2000. The maps indicate a large reduction in the rice area and a
significant decrease in other agricultural land. However, traces of the former
irrigation practice remain in the form of soil salinization, which take up con-
siderable areas within the abandoned land.

Fig. 3 Development of
irrigation area in the
Balkhash Lake basin during
the twentieth century (after
Tursunov 2002)
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Social Development

The reduction in agricultural production during 1990–2000 resulted in a reduction
in jobs and a high unemployment rate in the region. According to official statistics,
up to 15% of the population do not have a job. Unofficial estimates talk of an
unemployment rate of up to 50%. The high unemployment rate is the major reason
for the enormous migration of the rural population, especially the youth, to towns
during the period after the collapse of the Soviet Union. During the last decade of
the twentieth century, the population of most rural settlements in the Balkhash
Lake basin decreased by 30–50%. Many villages are abandoned and now convey a
discouraging impression (Fig. 5). As a whole, the rural population of the
Ili-Balkhash region dropped by 97,000 people.

Fig. 4 Development of irrigated land in the Bakbakhty irrigation farm

Fig. 5 An abandoned rural settlement in the valley of the Ili river. In the centre of the photo is
the ruin of the former middle school (photo taken by the author in 2008)
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Increasing Consumption of Water Resources in China

The political and economic development in China over the last two decades
created a new challenge for water resources use in the Lake Balkhash basin.
More than 75% of the total inflow into Lake Balkhash originates from the
territory of China. While the irrigation area in Kazakhstan has rapidly reduced,
water consumption in the Chinese part of the Balkhash Lake basin has
progressively increased. Moreover, the People’s Republic of China plans to
increase its water intake from the Ili river in the nearest future. The Chinese
government has plans to extend irrigation areas in the Ili river catchment by
450,000 ha. Such an extension of the irrigation production in this region would
require additional water consumption of more than 5 km3/year. In this case, the
annual Ili river runoff to Lake Balkhash would be only 7.5 km3/year. There is
also a plan to build a channel connecting the Kashe river (the largest
contributor to the Ili river in the Chinese territory) with the industrial centre
Karamay. Another intended channel should bring the water of the Tekes (the
second largest contributor to the Ili river in the China) to the Tarim depression,
in order to increase agricultural production in that region (Tursunov 2002). The
Chinese government also intends to build 15 water reservoirs in the upper flows
of all three of the major Ili’s contributories Tekes, Kashe und Kunes. If all
these Chinese plans are realized, the future of the Balkhash Lake could be
gloomy. A new massive disruption of the Balkhash hydrological regime would
be accompanied by several environmental, economic and social consequences
in the whole region. According to the specialists, the realization of these plans
would cause a natural disaster similar to that of the Aral Lake. The Aral Lake
disaster is known worldwide as a symbol for human mismanagement of water
resources leading to the drying up of natural lakes and devastating environ-
ments of large regions.

Tursunov (2002) modelled consequences for the Balkhash Lake water balance
with respect to different degrees of anthropogenic impact. The author modelled
different scenarios. The best scenario implies that the Ili runoff would reduce from
15 to 10 km3. In this case, the area of the Balkhash water surface would shrink to
11,720 km2 and the water level would fall to 340 masl. According to the worst
scenario, the runoff of the Ili river would be reduced from 15 to 6 km3/year. In this
case, the water level would fall below 338 m and the lake surface area would
decrease to about 6,800 km2. In this drastic scenario, the environmental disaster in
the Balkhash Lake basin would be of a degree comparable to the Aral Lake.
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Sustainable Development of the Ili-Balkhash Basin

Management Strategy During the Soviet Era

In the former Soviet Union, under the Ministry of Water Management
(Minvodkhoz), distinct water management bodies (Bassejnovoe Vodnoje
Ob’edinenie, BVO) were set up in each of the Central Asia republics. The
BVOs coordinated and supervised the inter-republican utilization of waters, and
administrated the water storage and diversion structures in the perspective river
basins. In practice, these basin water management authorities worked out
annual apportioning plans, which specified water-sharing between different
agricultural and industrial water-users. The plans, in so doing, took into account
the principles suggested in the annual master plans of the Federal State Plan-
ning Committee, the demands and perceptions of the regional administrations in
the basin area, and periodic estimates on the basin water resources by the
Central Asia Hydrometeorological Service. The water apportions indicated in
the master plans of the BVOs would in turn receive the authorization of the
federal Ministry. With a view to allowing readjustments in the apportioning
schemes, which might be required by a variety of factors, the BVOs could
modify the approved shares for different users by up to 10%. The BVOs,
however, did not regulate the water quality in the basins, nor did they have the
authority to impose the household sphere.

With respect to the Balkhash Lake basin, the system of unified water resources
management has some advantages, one of which was good interaction between
water-managing authorities and water-users. The major disadvantages were:
(1) too strong centralization of the water-apportioning processes which often failed
to take into account recommendations and demands of local administrations in the
basin area, and (2) too strong focusing on fulfilment of the five-year master plans
coming down from the Federal State Planning Committee. The Federal State
Planning Committee provided five-year master plans for each of the economic
sectors. This meant that each of the water-users in the Balkhash Lake basin
received its individual five-year plans. Often, these plans did not consider the
conflict of interests between different water-users. For example, hydropower
production holds water over summer, when the irrigation agriculture in the lower
reaches of the Ili river most requires it, releasing it in winter, with the resulting
overflow that soaks the downstream irrigated areas in winter and spring. Hydro-
power appears to be in a greatly antipodean relationship with irrigation, menacing
the agriculture in the lower reaches of the waters with drought in summer time,
followed by floods in winter and spring. Being encouraged by five-year plans, both
the hydropower and irrigated agriculture in the Balkhash Lake basin strived to
increase their production. This often led to an uncontrolled increase in water
consumption and to overexploitation of the Balkhash Lake resources.
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Management Problems in Post-Soviet Kazakhstan

Unfortunately, the administrative system in the post-Soviet Republic of
Kazakhstan remained highly ineffective for management of water resources in
problematic regions such as the Balkhash Lake drainage basin. The system of
administration in the region had a very complex structure with weak interaction
between its elements. Realization of a programme for sustainable development of
this region would require close coordination of efforts from many actors that are
responsible for different compartments of the complex system. However, irrigated
lands, pastures, the Kapchagay reservoir and the Kapchagay hydroelectric power
station are managed by different ministries and responsible institutions. Some-
times, several difficult procedures are required to make any coordination between
these authorities. Thus, the Kapchagay hydroelectric power station is managed by
Almaty Power Consolidated Company (APCC), which does not have any relation
to the management of the irrigation system in the Ili-Balkhash region. APCC is
also not interested in sustainable modes of water release from the Kapchagay
reservoir. Local farmers, being major consumers of the Ili’s water, pay no fees for
water consumption. In this way, farmers are not encouraged to introduce efficient
technologies for water use. Water resources in the region are managed by several
institutions: APCC manages the use of water for production of hydro-energy,
agricultural producer cooperation groups manage irrigated areas in the region, etc.
At least 15 acting institutions, central and local authorities are involved in
administration and use of water resources in the Balkhash Lake basin. Most of the
water resources users are only interested in obtaining short-term profit but not
sustainable development of the Balkhash Lake basin. Corruption among respon-
sible authorities also plays an important role in enabling mismanagement of water
resources and disabling control of their use. Due to a lack of planning and
management of multi-sector human activity, the resources of the Balkhash Lake
basin are not used effectively and the region is characterized by economic
stagnation, high levels of unemployment, poverty and population emigration.

Nonetheless, it is wrong to say that nothing has been done with respect to
establishing strategies for sustainable development of the Balkhash Lake basin.
In 2000, an international forum ‘‘Balkhash 2000’’ took place in Almaty. The forum,
initiated by local authorities and supported by the government, adopted a resolution
that acknowledged an extremely unstable ecological situation in the Balkhash Lake
basin caused by irrational water use, decreased aridity of the region and other
jeopardizing factors. The forum recommended developing a comprehensive pro-
gramme of sustainable development of the Balkhash Lake basin (Ili-Balkhash
Agenda 21) and resolved to create a Coordination Council on Sustainable Devel-
opment (CCSD) for the region under the government of the Republic of Kazakhstan.
The CCSD should involve local authorities, businesses, community, independent
experts and international organizations. Agenda 21 developed a framework for
analysing key problems of the Balkhash Lake basin, identifying the objectives of
sustainable development and outlining the major trends. In the progress report of
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2002, missing aspects in the existing management strategy and recommendations for
improvement have been discussed (CA-REC 2002).

Over the past decade some large international projects and initiatives have been
carried out with the aim of solving the Balkhash Lake basin problem. One of them,
for example, was the project ‘‘Development of Ili-Balkhash basin integrated
management plan’’ funded by the European Union and the government of the
Republic of Kazakhstan. The project goal was ‘‘to develop an ecosystem-based
management model in respect to the Ili-Balkhash basin for the purposes of eco-
system conservation, integrated water management and rational use of natural
resources’’ (Kazakhstan TACIS/European Union Programme 2005). According to
the reported project outcomes, ‘‘a management model and structure have been
developed on the practices to ensure the sustainable regional development and
expand the existing legislative and institutional frameworks of water resources
management’’ (Kazakhstan TACIS/European Union Programme 2005).

In 2003, recognizing the need for administrative, public and water-user par-
ticipation in water resources management decision-making, the government of
Kazakhstan instituted River Basin Councils (RBCs). Prior to RBCs, no institution
existed in Kazakhstan to coordinate stakeholders for water management. Estab-
lishing the RBCs was a totally new concept in Kazakhstan. Indeed, there are very
few sectors of society in which there is significant public or stakeholder partici-
pation. However, the administrative system in post-Soviet Kazakhstan is known to
be highly corrupt and ineffective for the fulfilment of all possible goodwill ini-
tiatives and purposes. Nowadays, moreover, sustainable development of the
Balkhash Lake basin cannot be achieved without involving all related stakehold-
ers. In the post-Soviet era, the major consumers are in the Chinese territory.
Therefore, all strategies of sustainable development will fail if they do not consider
transboundary issues of the Balkhash Lake basin problem.

Transboundary Issues of the Balkhash Lake
Basin Management

Kazakhstan shares the drainage area of the major contributor to the Balkhash Lake,
the Ili river, with China (Fig. 1). The Ili river, about 1,000 km in length, rises in
the Chinese Tien-Shan and flows west, through Yining in Xinjiang, into
Kazakhstan, where it terminates in Lake Balkhash. The Ili river basin includes
several small streams, some shared by the two countries, such as the Tekes, which
is an extension of the Ili. The total area of the Ili river basin is approximately
170,000 km2, of which around 60% is Kazakh territory.

Since early 1999, some dissension has emerged between Kazakhstan and China
over the utilization of transboundary water resources in the Ili basin. Planned
measures by China on increased water intake from this river have caused alarm in
Kazakhstan, which is anxious about consequences for its irrigated agriculture and
environment in the lower riches of the Ili river. Reportedly, China is planning to
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reduce the outflow of the Ili into Kazakhstan by 15%. The diminished flow of the
Ili is likely to upset the ecosystem in the Balkhash Lake basin, not to mention the
undesirable effects on agriculture and energy production in the region.

The problem of shared water resources between the two countries is very
complicated. The use of water resources in the Ili basin was regulated in some
measure by a border protocol between the Russian Empire and China in 1915. This
protocol established joint utilization in equal shares between the two countries.
Unfortunately for Kazakhstan, the issue of the management of transboundary
rivers was never addressed, and remained outstanding in the Sino-Soviet border
relations until the end of the Soviet Union. Kazakhstan and China began talks on
the status of the shared rivers in 1999. The talks lasted for two years and resulted in
a bilateral agreement on transboundary waters. The Kazakh government did not
present this agreement to the public community and did not respond to comments
and recommendations from specialists in water resources management. However,
according to information leaked from some government officials, the agreement is
very unfavourable for Kazakhstan. Consequently, the threat remains to the
Balkhash Lake from the territory of China.

Conclusions

A review of recent literature on the Balkhash Lake problem differentiates three
phases in the development of Lake Balkhash during the last century. Each of these
phases is characterized by a certain degree of anthropogenic impact. The degree of
anthropogenic impact is strongly dependent on political development in the
Balkhash Lake basin.

1. First phase (before 1969) could be characterized as almost natural. During this
phase, the anthropogenic impact on the Balkhash Lake basin comprised mod-
erate development of irrigation in the Kazakh part of the basin and practically
no human activity on the part of the Chinese.

2. Second phase (1970–1991) was characterized by a strong increase in the
anthropogenic impact associated with construction of the Kapchagay reservoir
and the rapid extension of the irrigation area in the Kazakh part of the Balkhash
Lake basin. By the end of the 1980s, the degradation of Lake Balkhash and its
environments reached its highest degree.

3. Third phase (1991–early 2000s) started after the collapse of the Soviet Union
and was associated with a rapid and strong decrease in the anthropogenic
impact caused by the economical crisis in Kazakhstan. The water level of Lake
Balkhash rose gradually during the third phase and reached 342 m. As a result,
a wide rehabilitation of ecosystems in the whole region took place. However,
parallel to positive change in the Balkhash Lake ecosystem, this period was
characterized by a very depressing socio-economic situation in the region.

4. Recent economic and political development of the People’s Republic of China
has witnessed a great demand on the resources of the Balkhash Lake basin.
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The threat of increase in water extraction from the Ili river by China is an
increasing risk factor for the sustainable development of Lake Balkhash and the
region as a whole.

The paper has illustrated that the strategies of water management in Lake
Balkhash used during the Soviet era and after the collapse of the Soviet Union
failed to stabilize the water level of the lake and to improve the ecological con-
ditions in the region. In post-Soviet Kazakhstan, the development of market
relations in all sectors of the economy led to the collapse of the centrally controlled
water management system. The development of a revised version of water man-
agement system has started. This system should reflect the specifics of water use as
that of the most important resource for human activity and existence. A number of
international projects and initiatives that are focused on the development and
testing of new principles of water resources management have been implemented.
In the nearest future, preservation of the ecosystem in the basin and regulation of
the Balkhash Lake hydrological regime will mostly depend on water consumption
in the Chinese part of the Balkhash Lake basin. Taking into account this new
reality, any successful management strategy for the Kazakh part of the Balkhash
Lake basin can be established only in close cooperation with the Republic of
China.
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Chapter 29
Saline Irrigation Management
for Sustainable Use

Medhat Mekhail Tawfik, M. A. Ahmed, Amany A. Bahr,
M. F. El Karamany and M. S. Zeidan

Abstract The effect of climate change upon the distribution of plants and water is
potentially severe, especially in arid and semi-arid regions of the world. Drought,
attributable in significant part to climate change, is already causing acute water
shortages in large parts of the world. Therefore, the utilization of marginal water
and seawater is gaining considerable importance in such regions where freshwater
is insufficient to develop all potential arable land. Currently, foliar-applied nutri-
ents have limited direct use for the enhancement of stress-resistance mechanisms
in plants. To achieve the aforementioned objectives, two pot experiments were
conducted in the halophytic greenhouse of the National Research Centre, Dokki,
Giza to study the effect of foliar application of potassium fertilizer (0, 20, 40,
60 ppm) on productivity, biochemical composition and some physiological aspects
of Sporobolus virginicus (Dixi) plants grown under different levels of seawater
irrigation (tap water, 12.5, 37.5, 25.0 and 50.0%). Increasing the saline irrigation
level generally increased the content of soluble carbohydrates, proline, sodium,
calcium and the value of succulence and osmotic potential (OP) as well as salinity
tolerance index (STI), particularly under 50.0% seawater concentration. On the
other hand, raising the level of seawater used for irrigation adversely affected the
content of potassium as well as the K/Na and Ca/Na ratio. However, moderate
concentration of seawater increased biomass production, crop growth rate (CGR)
and the content of chlorophyll a ? b and crude protein. Foliar application posi-
tively affected all the growth and physiological criteria, as well as the salinity
tolerance of the tested plants. Foliar application with 60 ppm potassium surpasses
the other treatments, especially at high levels of saline irrigation.
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Introduction

Salinity is currently one of the most severe abiotic factors limiting agricultural
production. The high rates of population growth and global warming are expected
to further exacerbate the threat of salinity, especially in areas with a semi-arid
climate as in the Mediterranean region, where there is insufficient freshwater to
develop all potential arable land. Therefore, the use of saline water in agriculture is
a subject of vital importance for arid and semi-arid zones to meet the increasing
food demand. The notion of using seawater to grow halophytic plants seems to be
an ideal management practice when freshwater is not sufficient.

Saline agriculture is an alternative to allow the environment to select the crops,
to match salt-tolerant plants with desirable characteristics to the available saline
resources found in extensive areas of degraded and arid land in many developing
countries.

Salt-tolerant plants (halophytes) are highly evolved and specialized organisms
with well-adapted morphological, phonological and physiological characteristics
allowing them to proliferate in high salinity conditions and offer a low-cost approach
to reclaiming and rehabilitating saline habitats. This approach would lead to the
domestication of wild, salt-tolerant plants for use as forage crops (David et al. 2007).

Sporobolus virginicus is a low-growing vigorous perennial grass. The only
practical way to propagate it is by vegetative rhizomatous slips. It does very well
as a dune stabilizer. It has potential for stream bank stabilization and also roadside
slope stabilization. S. virginicus is well adapted to low rainfall and high salinity
and is fairly widespread throughout the tropical regions and native to the Pacific.

A thorough understanding of the mechanisms conferring salt tolerance is
therefore essential under the expected climatic change, as it will enable the
selection of salt-tolerant genotypes and the adoption of appropriate practices to
alleviate salinity impacts on agricultural production.

Currently, foliar-applied nutrients have limited direct use for the enhancement of
stress-resistance mechanisms in field crops. Nevertheless, the interactions between
plant nutrient levels and stress-repair mechanisms are now being studied (Lavon
et al. 1999). They added that foliar application of potassium during vegetative
growth is one of these precautions. Potassium is essential in the maintenance of
osmotic potential and water uptake and has a positive impact on stomatal closure
which increases tolerance to water stress. Moreover, it is involved in activating a
wide range of enzyme systems which regulate photosynthesis, water use efficiency
and movement, nitrogen uptake and protein building (Nguyen et al. 2002).

Therefore, this investigation was undertaken to evaluate the efficiency of foliar
application of potassium to reduce the harmful effect of salt stress on bio-
mass production, biochemical composition and salt tolerance of S. virginicus
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plants, and develop a management technique for the productive use of halophytes
grown under high levels of seawater irrigation.

Materials and Methods

Two pot experiments were conducted in the halophytic greenhouse of the National
Research Centre, Dokki, Giza during the two successive summer seasons of 2006
and 2007. Rhizomes of S. virginicus were transplanted on 9 and 13 May in the first
and second seasons, respectively, in plastic pots 40 cm in diameter filled with a
mixture of peat moss and sand (1:3). The mechanical analysis of the soil was
98.36% sand, 0.91% silt and 0.73% clay.

The experiment included 20 treatments which were the combination of four
foliar treatments (tap water [control], 20, 40 and 60 ppm of potassium nitrate 9

five levels of seawater irrigation (tap water, 12.5, 25.0, 37.5 and 50.0% seawater
concentration).

Foliar application was carried out 21 days after each cutting. Each pot was
irrigated three times per week with the specified seawater concentration. The
chemical analysis of the irrigation water is given in Table 1.

Three cuttings were taken at 42 days intervals to determine biomass production (g),
total productivity of the three cuttings (g) and crop growth rate CGR = [(W2-W1)/
(T2-T1) g/week], where W1 and W2 refer to dry weight of the whole plant at time T1
and T2 in week, respectively. Salt tolerance index was calculated as STI = [(TDW at
Sx/TDW at S1) x100], where STI = salt tolerance index, TDW = total dry weight,
S1 = control treatment, Sx = x treatment (Seydi et al. 2003).

The following physiochemical measurements were determined in the harvested
shoot of the second cutting: chlorophyll a ? b, proline, osmotic potential,
succulence (ratio of fresh weight/dry weight), crude protein content, soluble
carbohydrates content, sodium content, potassium content and calcium content
according to AOAC (2000). K/Na and Ca/Na ratio were also calculated for each
treatment. The obtained results were subjected to statistical analysis of variance
according to Snedecor and Cochran (1982) and the combined analysis of the two
seasons was calculated according to the method of Steel and Torrie (1980).

Results and Discussion

Effect of Diluted Seawater Irrigation on Dry Weight,
Crop Growth Rate and Total Productivity

Data presented in Table 2 shows that increasing seawater concentration in the
irrigation water to 12.5% increased dry weight, CGR and total productivity
compared to tap water and there are no significant differences between them, while
increasing seawater concentration in the irrigation water up to 25.00%
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significantly increased dry weight and CGR in the three cuttings and consequently
the total productivity. However, higher saline irrigation levels adversely affected
the previous characters. Such stimulatory effect of moderate salinity on the growth
of some halophytic plants may be attributed to improved shoot osmotic status as a
result of increased ion uptake metabolism (Naidoo et al. 1995).

On the other hand, the reduction in growth and yield under high salinity levels
could be due to a reduction in photosynthesis, disturbance in mineral uptake,
protein synthesis or carbohydrate metabolism (Al-Garni 2006). He added that in
most halophytic species, growth decreases gradually with the increase of salt rate
in the culture medium above a critical threshold specific to each species. Similar
results were obtained by Tawfik et al. (2009), who reported that low NaCl con-
centrations stimulate growth of some halophytic species.

Effect of Foliar Potassium Application on Dry Weight,
Crop Growth Rate and Total Productivity

Data presented in Table 3 shows that all potassium foliar-spraying treatments
significantly increased dry weight and CGR in the three cuttings and consequently
the total productivity. Moreover, 60 ppm treatment surpassed the other treatments.
In this concern, Michael et al. (2004) attributed such an enhancement effect of
spraying plants with K on growth might be attributed to the favourable influence of
this nutrient on metabolism and biological activity and its stimulating effect on
photosynthetic pigments and enzyme activity which in turn encourage vegetative
growth of plants. Our results are in agreement with those obtained by Thalooth
et al. (2006).

Effect of Diluted Seawater Irrigation on Biochemical
Composition and Some Physiological Aspects

Diluted seawater irrigation affects the studied parameters in different ways. Data
presented in Table 4 shows that raising irrigation salinity levels up to 50%

Table 1 Chemical analysis of diluted seawater irrigation (combined data of 2006 and 2007
seasons)

Characters Tap water 12.50% 25.00% 37.50% 50.00%

pH 7.56 8.02 8.06 8.26 8.36
EC (ds/m) 0.88 10.36 12.36 18.25 23.58
Na (mg/l) 76.36 1,869.00 3,136.25 5,864.36 6,589.26
K (mg/l) 3.24 65.36 115.25 151.35 181.65
Cl (mg/l) 561.02 3,659.25 6,555.48 7,842.36 8,947.26
Ca (mg/l) 94.36 98.36 111.36 122.36 131.36
Mg (mg/l) 11.03 33.35 66.58 81.56 97.25
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significantly increases the content of soluble carbohydrates, proline, calcium and
sodium content, as well as succulence and osmotic potential values. On the other
hand, the same treatment decreased the content of potassium and the values of STI
as well as the ratio of K/Na and Ca/Na. However, moderate saline irrigation up to
25.0% generally increased chlorophyll a ? b and crude protein content. Regarding
the effect of diluted seawater irrigation on STI of S. virginicus plants, it is evident
that irrigating the plants with high levels of seawater (37.5 and 50.0%) has the
most deleterious effect on (STI). In other words, the deleterious effect of salinity
on its productivity increases with the increase in the level of salinity. In this
respect, Murphy et al. (2003) suggested that both proline and soluble carbohy-
drates act as compatible solutes under high salinity levels. Kusaka et al. (2005)
added that the observed increase in the osmotic potential might be due to the
accumulation of inorganic solutes, several organic components such as sucrose,
glucose, quaternary ammonium compounds, and amino acids including proline.
Furthermore, Flowers and Yeo (1986) stated that the most noticeable features of
halophytes is the correlation between uptake of alkali ions and whole plant suc-
culence with the aim of balancing out ion toxicity created in saline conditions by
increasing the total plant water content. Bilquees et al. (2009) came to the same
conclusion.

Table 2 Effect of diluted seawater irrigation on some growth characters of S. virginicus (Dixi)
(combined data of 2006 and 2007 seasons)

Seawater
concentration

First cutting Second cutting Third cutting Total productivity

Dry weight
(g)

CGR Dry weight
(g)

CGR Dry weight
(g)

CGR Dry weight
(g)

CGR

Tap water 26.73 4.45 27.74 4.62 32.92 5.49 87.38 4.85
12.5% 30.50 5.08 31.05 5.18 37.09 6.18 98.63 5.48
25.00% 39.92 6.65 40.70 6.78 42.04 7.01 122.67 6.81
37.5% 23.60 3.93 24.49 4.08 29.07 4.84 77.16 4.29
50.00% 20.15 3.36 20.91 3.49 24.81 4.14 65.88 3.66
LSD 5% 1.95 0.39 1.71 0.43 1.78 0.44 4.42 0.45

Table 3 Effect of foliar potassium application on some growth characters of S. virginicus (Dixi)
(combined data of 2006 and 2007 seasons)

Potassium
concentration

First cutting Second cutting Third cutting Total
productivity

Dry
weight (g)

CGR Dry
weight (g)

CGR Dry
weight (g)

CGR Dry
weight (g)

CGR

Tap water 26.87 4.48 28.28 4.71 31.78 5.30 86.93 4.83
20 ppm 28.07 4.68 28.50 4.75 33.49 5.58 90.05 5.00
40 ppm 28.44 4.74 28.80 4.80 32.86 5.48 90.10 5.01
60 ppm 29.34 4.89 30.34 5.06 34.61 5.77 94.29 5.24
LSD 5% 2.30 0.46 1.95 0.49 2.11 0.53 5.07 0.49
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The greatest accumulation of sodium by plants at high salt concentration may
be attributed to the damage of the protoplasm of plant cells and as a result of the
selective salt absorption being replaced by passive absorption, which causes
abnormal accumulation of salts in plant organs (Kader and Lindberg 2005). They
added that under saline conditions, sodium influx across the plasmalemma to the
vacuole might play a major role in permitting turgor maintenance. He et al. (2005)
added that the accumulation of sodium ions inside the vacuoles reduces the toxic
levels of sodium in cytosol and increases the vacuolar osmotic potential with the
concomitant generation of a more negative water potential that favours water
uptake by the cell and better tissue water retention under high salinity levels.
Similar results were obtained by Tawfik et al. (2009). On the other hand, the
depressing effect of salinity on potassium could be attributed to the difficulty of its
uptake due to competition with the high concentration of the sodium in the root
medium.

Furthermore, Lacerda et al. (2005) reported that the greatest salinity tolerance
observed in plants under saline conditions was associated a with lower Na/K ratio
and greater capacity for osmotic adjustment. Lycoskoufis (2005) stated that the
inhibition of photosynthesis under high salinity levels was predominantly due to
reduced stomatal conductance.

The stimulating effect of moderate salinity on protein accumulation of some
halophytic plants may be due to the increased synthesis of certain new sorts of
proteins (Dubey and Rani 1989). On the other hand, the reduction in protein
content under a high salinity level may be due to the disturbance in nitrogen
metabolism, inhibition of nitrate absorption or the decrease of the availability of
amino acids and denaturation of the enzymes involved in amino acid and protein
synthesis (Mohamed et al. 1994).

Effect of Foliar Potassium Application on Biochemical
Composition and Some Physiological Aspects

As for the foliar-spraying treatments, Table 5 shows that foliar-spraying with K
generally increased the content of chlorophyll a ? b, crude protein, potassium and
calcium contents, as well as the ratio of K/Na and Ca/Na as compared with control
plants, however 60 ppm treatment surpassed the other ones. In this concern, Rodri-
guez (2000) found that salt tolerance requires not only adaptation to sodium toxicity,
but also the acquisition of potassium (an essential nutrient), whose uptake is affected
by high external sodium concentration, due to the chemical similarity of the two ions.
Therefore, potassium transport systems involving good selectivity of potassium over
sodium can also be considered an important salt tolerance determinant.

On the other hand, the previous treatments decrease the content of soluble
carbohydrates, proline and sodium content, as well as the values of succulence and
osmotic potential. These results coincide with those obtained by Thalooth et al.
(2006) and Youssef (2009). It is clear that all potassium foliar treatments improved
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all the tolerance features of S. virginicus plants and increased plant adaptation to
saline irrigation. On the other hand, it can be noticed that all foliar-spraying
treatments increase plant tolerance to salinity stress by increasing STI values.

Conclusions

Population growth and global warming will substantially impact the availability
and quality of existing freshwater supplies. As a consequence, the risk of land
salinization will further threaten agricultural production, particularly in areas with
a semi-arid or arid climate. However, more detailed studies are needed to quantify
the temporal and spatial effects of climate change on water resources. Such
information is of paramount importance to adopt appropriate management prac-
tices to minimize the salinization of agricultural land and the impacts of salinity on
crops productivity.

A study of salinity tolerance of plants irrigated with seawater in a quick-check
system under greenhouse conditions is the first step for the development of cash
crops. Increased research on the selection of halophytic species which have an
economic utilization may enable the rehabilitation and re-vegetation of salt-
affected lands provided that the appropriate soil and irrigation management is
applied.

Foliar application with potassium positively affected all the growth and
physiological criteria, as well as salt tolerance of the tested plants, especially at
high levels of saline irrigation.

However, future investigations must be concentrated on the mobilization of
halophyte world resources, creation of their gene pool, to multi-sided investigation
of their ecology, biology, physiology, to perfect technologies of cultivation,
harvesting and using halophytes in agriculture.
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Chapter 30
Modelling of Water Cycle Processes

Viktor Batyreu and Siarhei Zenchanka

Abstract World drinking-water stocks are limited and this means that water is a
limiting factor that defines people’s living conditions and ecosystems all over the
world. It is clear that modelling the global water cycle is a complex task and can
give an approximate estimation only. More exact estimations may be done for
separate water cycle processes only when their coefficients and boundary condi-
tions are well defined. The aim of this work is to develop the model of water use as
a water cycle process and to define necessary and sufficient conditions of water-
using regimes’ stability. As a result of modelling, a common criterion of stability
of water-using regimes is proposed. This criterion includes the necessary condition
based on the radioactive balance criterion, and the sufficient condition that is
defined by a pulse migration value. The considered approach permits to define the
boundary of stable areas of water system processes and systems themselves. In the
area of instability, a crash water issue arises that leads to the disturbance of an
assimilated system capacity.
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Introduction

The global water cycle includes water in all physical states (solid state—ice, liquid
state—water, gaseous state—water vapour) and considers its spreading in different
physical media (solid—soil, liquid—water streams with different physical prop-
erties, for example, the Gulf Stream, the El Niño phenomenon in the Pacific
Ocean, gas—the atmosphere). Accordingly, different physical states and physical
properties have different rates of circulations. The water residence time in different
natural objects differs significantly and can change from 1 week for water in
biosphere objects to 10,000 years in soil (Vital Water Graphics 2002).

The estimations show that clean water in its different states constitutes 2.5% of
total water quantity and available drinking water equals 30% of this quantity.

The limit of drinking-water stocks makes water a limiting factor which defines
the living conditions for people and the ecosystems on all the Earth’s continents.
Lately, the constantly increasing human impact on the environment has led to a
significant change in water-use and significant human impact on water systems.
Problems connected with the stability and sustainability of such systems are
arising. It is clear that modelling of the global water cycle is a complicated
problem and can give only approximate estimations. More exact estimations can
be made for a separate process of a water cycle with well-defined coefficients.

Milićević et al. (2010) pointed to the fact that ‘‘the mathematical models
become increasingly important for implementation of Water Framework Directive,
particularly in terms of pollution control and management of water resources
quality in river basin areas’’.

Different types of water modelling have been suggested. Among them are the
hydrological model suggested by Chang et al. (2009) and the object-oriented
model based on the concept of system dynamics suggested by Elshorbagy and
Ormsbee (2005).

Saysel (2007) and Fiksel (2006) underlined the complexity, dynamics and
nonlinear nature of environmental systems and showed that in systems with
multiple feedback loops, it is complicated to predict further system development.

The aim of this paper is to describe the model of water consumption as a
process of a water cycle and to define essential and sufficient conditions of water-
using regimes.

Terms and Definitions

Any process occurring in nature should be considered in terms of its stability and
sustainability.

Consider these terms:

• Stability—quality of being stable (Hornby 1974).
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• Stable—having or showing an ability or tendency to maintain, or resist
change in, position or form (Surjeet 1988).

• Sustain—keep from falling or sinking (Hornby 1974).

These terms are synonymous but they have some differences.
Fiksel (2006) pointed out that the commonly used notion of ‘‘sustainability’’ as

a steady-state equilibrium is not realistic and that ‘‘achieving sustainability will
arguably require the development of resilient, adaptive industrial and societal
systems that mirror the dynamic attributes of ecological systems’’.

Resilience can be defined as the capacity of a system to tolerate disturbances
while retaining its structure and function (Fiksel 2006).

In this work, stability is considered as the ability of the system to function
without change to its intrinsic structure and to be in a state of equilibrium with the
environment.

Sustainability is considered as the ability of the system to return to its initial
state after exposure to external impacts. This definition is close to resilience.

For a more exact description of an ecosystem’s response to external impacts,
it is appropriate to use such characteristics as elasticity and plasticity.

Elasticity is the quality of being elastic, i.e. having the tendency to go back to
the normal or previous size or shape after being pulled or pressed (Hornby 1974).
At the same time, certain impacts that exceed the threshold value of such a system
mean that it is typically destroyed or it transfers to a new quality.

Plasticity is the ability of the system to change its structure under external
loading. When loading cuts off the system, it returns to a state close to the initial
one.

Concepts such as ‘‘elasticity’’ and ‘‘plasticity’’ are closely connected with such
concepts as ‘‘potential capacity of the system’’ (‘‘assimilated system capacity’’)
and ‘‘critical load’’.

Potential capacity of the system is the maximum allowable level of flow into the
system during a certain period of time.

Critical load is a maximum allowable level of outflow during continuous time.
These definitions show the importance of the time of the impact on the system,

hence all processes must be considered from the point of view of the own system
time.

The intrinsic system time is the time that is considered within the period of the
system existing or its processes. The intrinsic system time has a different scale, as
well as a system dimension.

A Common Model of the Water Cycle Process

The model of water consumption is based on the dynamic model presented in
Fig. 1.
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Model components:

1. The law of change of concentration with time:

C tð Þ ¼ C0 exp �ktð Þ; C0 ¼ const; C0 exp ktð Þ: ð1Þ

2. The impact of a pollutant on the system (dose) is defined as an integral of the
change of concentration:

D tð Þ ¼ D0 1� exp �ktð Þð Þ; D0 ktð Þ; D0 exp ktð Þ � 1ð Þ; D0 ¼ C0=k: ð2Þ

3. The probability of system lethal outcome (system destroying) as a function of
the dose:

P Dð Þ ¼ P0 exp �rDð Þ; P0 ¼ const; P0 exp rDð Þ: ð3Þ

4. The risk of lethal outcome (system destroying) that is defined as an integral
from the law of variation of the probability of the system lethal outcome as a
function dose value:

R Dð Þ ¼ R0 1� exp �rDð Þð Þ; R0 rD; R0 exp rDð Þ � 1ð Þ: ð4Þ

D0 initial value of concentration;
C0 initial dose;
P0 initial probability (corresponding initial concentration C0);
R0 initial values of the risk of the lethal outcome;
k process constant (rate);
r rate of dose absorption.

Scheme of Water Consumption

Water consumption is an essential part of a global water circle and affects the
condition of water resources.

The typical scheme of water consumption is shown in Fig. 2.
The ‘‘Diluting’’ block may be both in the direct chain and be used as a feedback

when dumping is realized in a water object near the source.
Consumption regimes can be described as follows:

1. Water economy in the process of production of food products, consumer
goods, etc.:

C1 ¼ C0e�k1t;

Fig. 1 Dynamic model of estimation of environment quality
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2. Water consumption by living organisms:

C1 ¼ C0;

3. Emergency dumping of water from the reservoir, dam breaking, snow ava-
lanche, etc.

C1 ¼ C0ek1t:

Ci, ki—water concentrations and process rates in the appropriate chain links of
water consumption.

The generalized criteria of sustainability of the water consumption regime are
suggested, including:

1. the essential condition that was obtained analogously to the criterion for
radioactive equilibrium and

2. the sufficient condition determined by the value of the migration pulse
D = $C(t)dt.

Migration pulse is a common concept describing a process of transport of
energy, matter, etc. from one object to another during a defined time interval.

Such an approach permits us to define the limits of sustainability of the process
occurring in water systems and systems in general. In the area of unsustainability,
emergency dumping takes place that leads to the disturbance of the potential
capacity of the system.

It is possible to consider the system as consisting of N serial links (a finite
Markov chain) (Howard 1971):

C1 ! C2; C1 ! C2 ! C3; C1 ! C2 ! � � � ! CN:

The value of N for the ecosystems including water systems can be equal to 2–4,
for physical and chemical processes—10 and greater, but N is finite (N—number
of links in a chain, n—a link number in a chain).

Value Cn is easily calculated at any link of the chain and for any value of N
(Kozlov 1991). The obtained formulas for N are very bulky and it is difficult to
analyse them. Besides, it is necessary to know the exact ratio between the process
rates in different links kn.

The essential condition of sustainable equilibrium defined as Cn

Cn�2
¼ const,

when t ? ? actually defines what part of the concentration in the previous link of
the chain passes to the next link and influences its existence.

Fig. 2 Scheme of water consumption
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The sufficient condition (migration pulse) when taking into account the value of
the intrinsic time of the system combines the concepts of maximum loading and
the potential capacity and defines actually the time of the system’s existence in a
sustainable state.

Let us consider several examples within the frame of the model shown in
Fig. 2.

Linear Regime of Water Consumption

As a linear regime of water consumption, consider the regime when pollutant
concentration and water volume are transferred along serial links of the chain and
dumping occurs at large distance from the source.

The Two-Element Chain

Consider the two-element chain C1 ? C2 (Fig. 3):
The source C1 is described by C1 ¼ C0 � e�kt. In this chain, three regimes are

possible: (1) k \ 0, (2) k = 0, (3) k [ 0.
For the first regime:

C2

C1
! k1

k
� ekt; D2 !

k1

k
� C0 � t:

For the second regime:

C2

C1
¼ k1 � t; D2 ¼ k1 C0

t2

2
:

For the third regime:

C2

C1
¼ k1

k
1� e�kt
� �

; D2 ¼ C0 �
k2

k2 � ekt:

The Three-Element Chain

For such a chain (Fig. 4), the expressions for essential and sufficient conditions
are:

When k2 \ k:

C2

C1
ffi k1

k2 � k
1� e�kt
� �

; D2 ffi C0 �
k1

k2 � k
:
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When k2 = k:

C2

C1
ffi kt = k2t; D2 ffi

k1

k2 :

When k2 [ k:

C2

C1
ffi k1

k2 þ k
e k2þkð Þt 1
� �

; D2� ekt:

The Four-Element Chain

The four-element chain is shown in Fig. 5.
The essential condition:

C3

C2
ffi k2

k3 � k
:

The sufficient condition:

D3 ffi C0 �
k2

k3 � k
:

The Analysis of the Results for Linear Chains

The analysis of the obtained expressions shows that the system consisting of two
links (Fig. 3) is unsustainable for any regimes. Adding of the third link (Fig. 4)
increases the sustainability of the system for several regimes. When N � 3 � 3
(Fig. 5), the dynamic regime is sustainable in accordance with the first and second
conditions. For the chain consisting of N links we can obtain:

Fig. 4 Model of the three element chain

Fig. 3 Model of the two-
element chain
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Cn

Cn�1
ffi kn�1

kn � k
: D3 ffi C0 �

kn�1

kn � k
:

These expressions show that the increase in the number of links leads to system
sustainability.

Regime of Water Consumption with Feedback

Consider the influence of feedback on the behaviour of the systems described
above.

The Two-Element Chain with Feedback

Let us introduce feedback (k0) (Fig. 6).
Such a chain is described by a set of equations:

dC1

dt
¼ �k1C1 þ k0C2;

dC2

dt
¼ k1C1 � k0C2:

The essential condition for the system existence is:

C2

C1
� A3

A1

and the sufficient condition is:

D1�A1t; D2�A3t;

where A1, A3 are some numerical coefficients.

The Three-Element Chain with Feedback

Let us add the third element to the system described above and consider stability
and sustainability conditions for the existence of such a system (Fig. 7).

Consider the case with feedback between elements C2 and C1. Such a chain is
described by the set of equations:

Fig. 5 Model of the four element chain
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dC1

dt
¼ �k1C1 þ k01C2 � k2C2;

dC2

dt
¼ k1C1 � k01C2 � k2C2;

d C3

dt
¼ k2C2:

When 0\k1\k2(roots of the system determinant), the solution of this system
gives the following conditions for stability and sustainability:

C2

C1
� A3

A1
; D1�

A1

k1
þ A2

k2
; D2�

A3

k1
þ A2

k2
;

where A1, A2, A3 are some numerical coefficients.
When k1 ¼ k2 ¼ k:

C2

C1
¼ A3 þ A4

A1 þ A2
; D1�

A1 þ A2

k
; D2�

A3 þ A4

k
:

When k1 and k2 are imaginary, the solution is an oscillating process.

The Four-Element Chain with Feedback

For the four-element chain, consider the case with feedback between link C2 and
C3 (Fig. 8).

The system behaviour is completely defined by the source regime, i.e. condi-
tions k \ 0, k = 0 or k [ 0. The results are shown in Table 1. D is a determinant
of the set of equations.

Fig. 7 Model of three-
element chain with feedback

Fig. 6 Model of the two
element chain with feedback
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The Analysis of the Results for Chains with Feedback

The consideration of the results obtained for the systems with feedback and
without it shows that the implementation of feedback significantly influences the
system behaviour. In many cases, stabilization of the system functioning takes
place. At the same time, there are critical areas where the system collapses or its
transition to another state occurs during the time.

Conclusion

An analysis of the functioning of multi-element systems without feedback (linear)
and with feedback was made. It was shown that any system has its intrinsic
lifetime. At the same time, there are regimes of the system functioning, the life-
times of which are defined by the lifetime of the source only.

As the water cycle in nature and in industrial systems of water consumption
includes elements with the direct link and feedback, the considered approach can
be applied to such systems. In many cases, the optimization of the functioning of
industrial systems can be reached by means of process rate optimization. In the
cases where natural process rates cannot be optimized, it is necessary to take
technical and preventive measures to limit them.
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Chapter 31
Bridging the Communication Gap:
An Exploration of the Climate
Science–Water Management Interface

Katinka Lund Waagsaether and Gina Ziervogel

Abstract Exploration of the science–management interface in the Western Cape,
South Africa, in terms of the communication of climate change-related data to
water resource managers (WRMs), has revealed how continuous communication
between WRMs and climate scientists is necessary in order to help narrow the gap
between the two camps. This is firstly to meet the challenge of establishing an
outline of the information that WRMs need, as well as developing a framework for
how the climate change information can be incorporated into planning and pro-
cedure. Secondly, interaction between the two camps is necessary in order to
establish comprehensible data presentations that account for model uncertainty and
the uncertainty related to different future scenarios, while at the same time offering
useful guidance for planning and adaptation strategies. Thirdly, continuous
interaction is necessary in order to establish a new form of management required
to deal with the new uncertainty and element of risk associated with climate
change and increased climate variability: a proactive and resilient form of man-
agement based on ‘‘learning to manage by managing to learn’’. A Climate Change
Forum can provide the required platform for communication, further allowing for
co-production of knowledge, ensuring the production of comprehensible, relevant
and applicable climate data.
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Introduction

In responding to climate change projections, challenges face the water sector in
terms of addressing the gap between science and resource management. The
development of planning tools, management strategies and general capacity must
build on sound science that allows for effective climate change adaptation on the
ground. This means that climate knowledge must be made available and com-
prehensible to non-scientists, and that scientists and managers must collaborate to
ensure that relevant information is communicated to stakeholders.

Based on current water use and population growth, South Africa is projected to
run out of useable water by 2050. The pressure on the water resources manage-
ment sector in South Africa is therefore large, and projections of rapid changes and
increased variability in the global climate are raising further concern for the water
sector. Increased variability in the climate tends to exacerbate and amplify the
oscillations in the hydrological cycle, and is expected to increase vulnerability
(Schulze 2000). An exploration of the interface between scientists and manage-
ment—exemplified by the communication of climate change-related data to
WRMs in the Western Cape province of South Africa—has revealed three chal-
lenges. The first is to establish an outline of the information that WRMs need,
which requires climate scientists, together with WRMs, to build an understanding
of how the field will be affected by climate change, as well as developing a
framework for how the climate change information can be incorporated into
planning and procedure. The second challenge is to improve the interaction
between the two camps—water management and science—to establish easily
comprehensible climate data presentations that account for model uncertainty and
the uncertainty related to different future scenarios, while at the same time offering
useful guidance for planning and adaptation strategies in the water sector. The
third challenge is to ensure continuous interaction between WRMs and climate
scientists in order to establish a new form of management that is required to deal
with the uncertainty and element of risk associated with climate change and
increased climate variability: a proactive and resilient form of management based
on ‘‘learning to manage by managing to learn’’.

The Gaps in the Climate Science–Water
Management interface

The man who has the time, the discrimination, and the sagacity to collect and comprehend
the principal facts and the man who must act upon them must draw near to one another and
feel that they are engaged in a common enterprise (Woodrow Wilson, 1856–1924).

The need for collaboration and information sharing between the knowledge
producers—the scientists—and the practitioners that manage human and
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ecological systems, who are the end-users of the knowledge, is just as urgent as it
was 100 years ago. As argued by Jury and Vaux Jr (2005) in a study on science
and water resources management, relevant and significant scientific information
exists, but due to the lack of effective communication and outreach programmes, it
is not being translated into practice. A range of literature has recognized the need
for improving communication between WRMs and climate scientists in order to
tackle the challenges faced in water management under projected climate change
scenarios (Power et al. 2005; Kashyap 2004; Thomalla et al. 2006; Tompkins and
Adger 2004; Roux et al. 2006; One World Sustainable Investments 2008).

In a study on the divide between science and management, Roux et al. (2006)
explore how to improve the communication between ‘‘experts’’ and ‘‘users’’. They
argue that in order to address the cultural disparities between resource managers,
policy-makers and researchers, there needs to be a co-production of knowledge,
implying that the users, in this context the WRMs, need to be involved in the
knowledge production process. Hence there is a need for continuous interaction
between the WRMs and the climate scientists, to ensure that the WRMs are in the
end faced with a product which is applicable to their needs and of which they can
feel ownership (Roux et al. 2006). This argument is supported by a study in
Western Australia where continuous communication between knowledge pro-
ducers and practitioners was found to bridge some of the cultural disparities
between climate scientists and WRMs, and also to guide researchers to directly
serve the needs of practitioners and the wider society (Power et al. 2005). But, as
was pointed out by Roux et al. (2006), WRMs have to attend to day-to-day issues,
and so taking the time to sit down and discuss issues that may be many years ahead
is not necessarily a priority. This is especially the case in a less developed country
like South Africa. As Schulze (2007: 274–275) points out: while developed
countries can focus ‘‘on quality of life and environment as well as long-term
issues’’, less developed countries have more urgent issues such as ‘‘‘harnessing’
the local environment (versus sustaining it)’’ and ‘‘providing basic potable water
supplies to households (versus providing water of the highest quality).’’

A scoping paper for International Dialog on Water and Climate, an interna-
tional platform that bridges the information gaps between the water and climate
sectors, suggests that one of the greatest barriers to the uptake of climate-related
scientific data by water managers is its complexity (Kabat et al. 2003). Supporting
this, Roux et al. (2006) argues that scientific information can only be useful if it is
not too complex and if it is presented as unambiguous, hence indicating that
presentation methods must be simple and provide a clear, unmistakable message.
Uncertainty is an undeniable element of climate projections, both through the
emission scenarios on which they are based and through inherent climate model
uncertainty. This makes it challenging to communicate a sound and robust mes-
sage that accounts for these uncertainties, while at the same time providing a
simple, clear and usable message.

When investigating the potential impact of future climate change, it is more
difficult to decide upon an adaptation strategy if drawing on several scenarios
(New et al. 2007). Hence, while presenting climate change-related data using
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several future scenarios might give a good reflection of the range of possible
futures, this could make it harder for a WRM to understand and to act upon it. It is
further found to be difficult to make management decisions when the distribution,
as well as the magnitude, of possible impacts is unclear due to the range of model
predictions (Tompkins and Adger 2004). But as one study of the Sacramento–San
Joaquin river basin argues, it is important to focus on quantifying uncertainties in
predictions in order to ensure that these uncertainties are taken into account
in decision-making (Vanrheenen et al. 2004). This reflects the challenge faced in
providing comprehensible data presentations that account for model uncertainty
and the uncertainty related to different future scenarios, while at the same time
offering useful guidance for planning and adaptation strategies.

In order for scientific information to be useful it must not only be compre-
hensible, but also well matched with the planning models in use (Roux et al. 2006).
This implies that practitioners such as WRMs need access to information that is
relevant to their objectives and management paradigm. A water quality manager is
likely to require different information from a groundwater manager, and so
information must somehow be tailored to fit the specific user. While great attention
has been given to the importance of climate science communication, little research
has focused more specifically on issues such as outlining the data presentation
methods best understood by practitioners or on customizing packages of data
relevant to the water management sector.

The purpose of this research has been to address the science–management gap
by exploring the communication of climate change-related data to WRMs in the
Western Cape, South Africa. More explicitly, it has focused on finding compre-
hensible data presentation methods, on recognizing data relevant to WRMs and on
assessing the challenges of communicating climate science to stakeholders in the
water resources management sector.

Climate Science Communication in the Western Cape,
South Africa

The Western Cape, South Africa, is located at the southwestern tip of the African
continent. The province holds approximately 4.2 million inhabitations, out of
which 3.4 million live in the City of Cape Town. Every year, the city alone
consumes about 300 million m3 of water, and if left unconstrained, water demand
is projected to hit 1,000 million m3 of water per annum by 2037 (Amanzi Obom
Consulting cc 2008). Water resources management is hence an important sector in
the province, and the Western Cape’s Climate Change Strategy and Action Plan
(2008: 59) recognizes that in the context of water supply ‘‘an ongoing platform is
required that facilitates dialog between climate scientists and government.’’
In September 2009, a climate change communication workshop was organized by
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the Climate System Analysis Group (CSAG) from the University of Cape Town, in
collaboration with the Department of Water and Forestry (DWAF) in the Western
Cape, bringing together 20 WRMs and a team of climate scientists from CSAG.

The workshop provided a starting point for communication between WRMs and
CSAG scientists, while serving as a setting for the exploration of the climate
science–water management interface. Interactive engagement between the scien-
tists and WRMs was encouraged through facilitated discussion and group work,
providing an insight into how climate change science and communication is
perceived in the water resources management community. The CSAG winter
school, a two-week intensive course on the interpretation and use of climate
information, provided another setting for investigating practitioners’ understand-
ing of climate science. The 17 professionals attending the course were presented
with a survey that assessed their understanding of climate change data displays,
creating an understanding of some of the barriers to communicating climate sci-
ence caused by current data presentation methods.

Contextualizing Challenges in the Communication
of Climate Change Data

The climate change communication workshop brought about some understanding
of how sectors of water resources management might become, and possibly
already are, affected by climate change. There seemed to be a general consensus
on an observed increase in intensity and frequency of heavy rainfall events, and a
corresponding increase in the intensity and frequency of flooding. The Western
Cape’s Climate Change Strategy and Action Plan (2008) reports on projections
with complex regional patterns, with the greatest concern being drying in the
western parts of the province, away from the mountains. The plan also reports
projections of small increases in rainfall in some areas, and further states that cut-
off lows, which tend to cause intense rain and flooding, are likely to become more
frequent. Hence, even if the perceived increase in extreme rainfall events can not
be backed by current station data, it is likely to become a relevant issue. While
several implications of increased intensity and frequency of heavy rainfall events
brought up by the WRMs have been summarized broadly in Fig. 1, it is important
to note that the implications of drying are likely to be greater and might thus
require more extensive responses in the Western Cape. The WRMs’ lack of
attention to decreasing rainfall and droughts reflects the need for communication
of climate change projections to WRMs, as strategies forming as responses to
experiences on the ground may not address issues that are potentially more severe
in the long-term.

Based on their experiences, WRMs emphasized how infrastructure, such as
sewage works, dams and private and public property, tends to be constructed based
on historical flood lines, and as one respondent stated, ‘‘80% of wastewater works
in Western Cape lie below the 1 in 20 year flood line.’’ Experiences among the
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WRMs showed that the 1/20 year flood lines are now being exceeded more often
than every 20 years, with one sewage work experiencing flooding three years in a
row. This led the WRMs to recognize the need to plan better, to analyze the
capacity of infrastructure and to design better responses to extreme events. They
further suggested that sewage works and other infrastructure might need to be
constructed out of the 1 in 100 year flood line to avoid damage. While not aware of
any specific action currently taking place in DWAF in response to changes in flood
patterns, the WRMs highlighted action taken by farmers. In George, on the east
coast of South Africa, the farmers were asking for permission to raise their dam
walls as a response to increased frequency of flash floods, reflecting that an
individual response to change is taking place faster than institutional response.

While farmers can act on experience, institutions may require more and better
information in order to respond. In the case of changing rainfall patterns, climate
change projections can provide a guideline for planning for a future of change,
ensuring that changes that are not yet apparent on the ground are also taken into
account in planning and procedures. Projected changes in rainfall magnitude,
seasonal distribution, as well as frequency and intensity of heavy rainfall events
could aid the long-term management of water resources. In order to assist WRMs
in planning for infrastructure that can deal with changes in the frequency and
intensity of heavy rainfall events, it might be necessary for climate scientists to
look at whether it is possible to present the likelihood of reaching certain
thresholds into the future, such as the current 1 in 100 year flood line. For mag-
nitude and seasonal distribution, there should be a focus on presenting the range of
projections from different models, indicating the direction of change. This can be
related to one of the challenges with communicating climate change projections,
namely model uncertainty. To provide a relatively robust message of change, it is

Fig. 1 Potential implications of changing rainfall patterns
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important to present a number of model predictions that can indicate a direction of
change rather than specific magnitudes of rainfall or exact seasonal shifts.

In order to incorporate rainfall projections into both short- and long-term
planning, the WRMs indicated the need for projections for the next 6–10 years, as
well as for the next 20, 30 and 40 years. While seasonal forecasts are available for
three-month periods, projections of climatic change tend to be for the middle of
this century and onwards. There is thus a gap between the information desired by
the WRMs and that which is currently available from climate scientists.

The Search for Relevant Information

When asked to outline the three types of climate information they would like to see
in an ideal world, WRMs at the climate change communication workshop came up
with a relatively short list of variables that only included temperature, rainfall,
evapotranspiration, evaporation, and combined evapotranspiration and rainfall.
The list was even shorter when it came to the format and the temporal scale of the
information, outlining only spatial coverage format and monthly scale. While
giving an indication of the variables that the WRMs, with their current knowledge
and understanding, recognize as relevant to their field of work, it further highlights
the challenge of establishing a specific outline of climate change-related infor-
mation relevant to WRMs. This can be related to the fact that WRMs are currently
using historical information from instrumental records, and hence do not have
frameworks for assessing future information from climate models. Water man-
agers have been exposed to seasonal climate forecasts over the last decade and
have used this seasonal information to support some decisions such as managing
water restrictions and planning dam releases (Ziervogel et al. 2010). However, in
the City of Cape Town, water managers have not had good access to detailed
climate change scenarios yet, so have not explored ways to use this information.
Furthermore, they are not yet sure of how exactly climate change will impact their
sector and, partly because of this, they are unsure of how climate change-related
data can be incorporated into planning and procedures. Therefore, it is not simply
about the WRMs saying what they need and the climate scientists looking at
whether they can provide it or not. The WRMs have to engage with climate change
information in order to understand how climate change could impact their sector.
To establish a specific outline of the information that WRMs require, one needs to
build an understanding of how their specific field will be affected by climate
change, as well as a framework for how the climate change information can be
incorporated into planning and procedure. As climate scientists tend to be most
concerned with understanding the climate system and providing climate change
projections, they will in general have a limited understanding of how projected
climate changes impact systems on the ground, such sewage works, dams and
property.
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Dialog between climate scientists and WRMs is thus required in order to outline
how the different sectors of water resources management are likely to be affected.
Various literature supports the argument of this research: that continuous com-
munication between WRMs and climate scientists is necessary in order for climate
change information to be incorporated into water resources management (Power
et al. 2005; Kashyap 2004; Thomalla et al. 2006; Tompkins and Adger 2004; Roux
et al. 2006; OneWorld Sustainable Investments 2008). This continuous dialog can
allow for the establishment of a framework for how climate change information
can be incorporated into planning and procedures, as well as the recognition of the
nature of climate change information desired by WRMs. Figure 2 outlines a
process by which WRMs and climate scientists together can establish the climate
data relevant to the water management sector.

The Challenge of Providing Comprehensible
Yet Robust Climate Data

The survey assessing the understanding of climate data displays, presented to the
participants in the CSAG winter school, showed a number of graphs with related
questions. The results of the survey highlighted some of the basic challenges
experienced by non-climate scientists when faced with climate change data pre-
sentation methods. So did an exercise at the climate change communication
workshop, where the WRMs were shown four posters with a number of presen-
tation methods which they were asked to observe, discuss and comment on. From
the poster exercise at the climate change communications workshop it was found
that the WRMs best understand:

• model average over model range
• spatial display over column chart

Fig. 2 Process of recognizing relevant data
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• monthly over annual display
• actual values over difference or percentage change

By analysing the responses from the survey and the poster exercise, it was
found that clearly labeled and well-explained graphs with relatively few lines and
a clear message were best understood. It also became clear that respondents
struggle with interpreting color ranges and working with different units within one
display. What is more, the methods that were best understood by the respondents
are not necessarily the displays that provide the most robust message. For example,
in the poster exercise it was found that the respondents understood the model
average better than the model range. A presentation of the model range reflects the
range of different model outputs and so accounts for the uncertainty inherent in all
climate models. The model average, on the other hand, only shows the mean of the
model outputs, and so does not account for the different model outputs. Hence, this
research supports the predicament that was highlighted in the literature review,
namely the challenge of providing data presentation methods that are well
understood and provide a useful guidance for planning and adaptation strategies,
but at the same time account for uncertainties related to models and different future
scenarios (Tompkins and Adger 2004; New et al. 2007).

Both the poster exercise and the survey also highlighted the importance of
providing sufficient context and information to ensure that the data is well
understood. The respondents kept requesting more information for the data dis-
plays. While usually understanding the initial message of the display, it was found
that the respondents were at times unsure about what more the display could
actually tell them. In some cases this led the respondents to see information in the
graph that was not actually there. This shows how users, without sufficient
information of what a display can provide, might not only miss the actual message,
but furthermore search for information that is not there.

Approaching a New Form of Management

It was highlighted in a paper concerned with the influence of climate science on
water management in Western Australia (Power et al. 2005) that the use of climate
change projections is not necessarily accepted throughout the water management
community, and in the Australian example there had been disputes about whether
the projections were too uncertain to use for planning purposes. At the climate
change communication workshop organized by DWAF and CSAG in the Western
Cape, South Africa, participants were asked how reliable climate models are, and
answers ranged from 30 to 80%. Hence the WRMs’ perception of projection
reliability can be found to vary, potentially influencing the willingness to incor-
porate them into planning and strategies. As pointed out by Hampel in ‘‘Different
concepts of risk—A challenge for risk communication’’ (Hampel 2006), the fun-
damental comprehension of risk differs both among scientists and within societies.
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Media has been found to play a major role in shaping the perception of the public,
portraying climate change as an issue of great uncertainty, with disputing argu-
ments within the scientific community (Moser and Dilling 2004). By giving equal
coverage to unequal sides of the debate, the media creates a confusion and lack of
faith in the scientific community (Moser and Dilling 2004). When communicating
climate change data to practitioners, such as the WRMs, it is therefore important to
overcome this barrier of mistrust. Scientists must create a rigid understanding of
anthropogenic climate change, while at the same time explaining the uncertainties
related to climate modeling and climate change projections. The new uncertainty
related to climate change projections and the correspondingly different perceptions
of risk can be seen as an important element of the paradigm shift that needs to take
place within water resources management. As previously mentioned, WRMs are
only familiar with using historical information, which relates to what Pahl-Wostl
(2007: 49) characterizes as ‘‘prediction and control management’’. The perception
that natural systems are stationary in the sense that they oscillate within a definable
range of variability has long been the understanding of WRMs (O’Brien et al.
2008). But the new uncertainty and element of risk associated with climate
change and increased climate variability should therefore lead to a new form of
management, one characterized by ‘‘learning to manage by managing to learn’’
(Pahl-Wostl 2007: 49). The uncertainty associated with climate change predictions
should not be seen as a reason not to act, but a reason to change some of the
fundamentals found in water resources management. A proactive and resilient
form of management can better deal with what can be defined as a somewhat
ambiguous future of change. Hence, the different perceptions of uncertainty and
the related climate change risk, though a great challenge, should be seen as an
important and integral part of water resources management.

Bridging the Communication Gap: Establishing
a Climate Change Forum

Working together we can do more (Election campaign slogan, African National Congress,
2008)

It is clear that in order to improve communication between WRMs and climate
scientists, further interaction between the two groups is necessary. This is obvious
both in the challenges of providing comprehensible data presentation methods that
at the same time provide a robust message, and in trying to outline the climate
change-related information that WRMs find relevant to their work. Communica-
tion allows for the incorporation of relevant and comprehensible, yet robust, cli-
mate data into water resources management, and will further aid the move towards
a more proactive and resilient management paradigm.

A Climate Change Forum can provide a platform for continuous engagement,
bringing climate scientists and WRMs together with regular intervals. In Australia,
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such a forum was established in 1998 through the Indian Ocean Climate Initiative
(IOCI) (Power et al. 2005), a panel made up of scientists and partner agencies,
including water managers, that set out to aid the communication between climate
scientists and decision-makers. Research has shown that the initiative has provided
important assistance to decision-makers (Power et al. 2005). For the establishment
of a Climate Change Forum in South Africa, a few recommendations can be
suggested, based on experience from the water management sector in the Western
Cape. Firstly, in order to ensure that the gap between experts and users is narrowed
at the Forum, they should be set out as interactive rather than one-way, presen-
tation-based workshops. This will enable both the WRMs and climate scientists to
feel as equal parts of the process, and result in co-produced knowledge that is of
interest to both parties. Secondly, in order to address the different fields that can be
found within water resources management, the Forum should look at providing
group sessions that focus on specific sectors separately. Thirdly, it should be
expected that this engagement will be time-consuming and at times frustrating, as
there is likely to be some friction and disagreement along the way. Furthermore,
with climate science continuously advancing, as technology and skills develop,
and as practitioners on the ground gain experience in a changing climate, it is
important that the Climate Change Forum should not be seen as temporary
structure for the initial introduction of climate change science into water resources
management. It must rather become a permanent and intrinsic part of a new water
resources management paradigm, one based on resilience and continuous learning.

As mentioned earlier, WRMs in developing countries like South Africa
face more immediate issues, such as providing basic water supply for all
(Schulze 2007), and thus tend to lack the necessary human resources to deal with
more long-term issues such as climate change. The country faces the constant
challenge of balancing priorities in the social, economic and environmental
spheres, while also tackling the threats of climate impacts (Ziervogel et al. 2010).
The integration of climate change information into water resources management is
therefore not only about bridging the communication between WRMs and climate
scientists, but also about making climate change adaptation an integral part of
general development objectives.

Conclusion

In trying to outline comprehensible data presentation methods and the data rele-
vant to WRMs, it was found that these are some of the great challenges of com-
municating climate science to stakeholders in the water resources management
sector. When interpreting different presentation methods, only the very simple,
well-explained graphs with relatively few lines and a clear message were well
understood—a predicament considering the fact that climate change projections
are generally not simple and entirely clear. In trying to establish the nature of
climate change data relevant to the water resources management sector it was
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discovered that WRMs do not know what data they need. This is partly because
they do not know how climate change will impact their sector and partly because
they are only used to working with historical data from instrumental records, and
hence do not have frameworks for assessing future information from climate
models. There was also found to be a gap between the time frames along which the
WRMs work and the climate projection time frames that the climate scientists can
provide. A Climate Change Forum can provide the required platform for com-
munication, further allowing for co-production of knowledge, ensuring the pro-
duction of comprehensible, relevant and applicable climate data.

Climate scientists should take note of the need to develop graphical commu-
nication methods that can provide a robust message with maximum information
transfer and minimum confusion. They should further recognize the importance of
engaging with stakeholders to ensure that their research is designed with the end-
users—practitioners and policy-makers—in mind.
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Chapter 32
Influences of Public Ecological Awareness
and Price on Potable Water Consumption
in Geneva

Giuseppe Catenazzo, Jennifer D’Urso, Emmanuel Fragnière
and Jean Tuberosa

Abstract The specific attitudes and behaviour of individuals in a given society
must be properly understood in order to develop adequate and relevant public
policies regarding water consumption. For this reason, we conducted a survey to
measure the perception of the Geneva population regarding the main social aspects
of water consumption. Our sample, collected between November 2006 and
February 2007, numbers 907 valid questionnaires. We observed that most
respondents indicate that they have an ecological awareness regarding their daily
consumption of freshwater. However, we also discovered a lack of information,
e.g. people are neither able to quantify water price, nor their individual con-
sumption (for drinking, cleaning, washing, etc.). Non-parametrical statistical tests
have highlighted a weak correlation between water price increase and consump-
tion. Also, people who directly pay their water bills seem to be more concerned by
water consumption than others. This and other elements of perception regarding
public water consumption have been analysed with the aim to provide recom-
mendations for better demand management policies.
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Introduction

Geneva is the second largest Swiss city, located close to the Swiss and French Alps, at
the bottom of a major European lake, Lake Geneva. Thanks to this position, the city
benefits from several possible water supplies, i.e. Lake Geneva, Rhône and Arve
rivers, and underground water. The city and its surrounding urbanized area, the Canton
of Geneva, take advantage of an efficient functioning network that delivers high
quality freshwater every day to all private and public buildings (D’Urso et al. 2006a).

In the Canton of Geneva, freshwater is supplied by SIG (Services Industriels de
Genève) a state-owned monopoly that provides households and industries with a
top-quality resource and efficient delivery service. This facility is provided at an
affordable price for the locals: the average individual monthly cost for water
consumption is CHF 6.27, while the standardized Canton median individual
monthly salary is estimated at CHF 6,350.

In this context, water is a cheap and abundant commodity, thus individuals risk
overusing it. We learn from Service Science that clients are co-producers of a
service (Dubosson and Fragnière 2009): if most inhabitants behave properly
(e.g. pay the service, do not flush away toxic liquids, consume it wisely), the
service production can easily meet high-quality standards.

To better explore these issues, we conducted a survey among the Geneva popu-
lation regarding their perception, attitudes and behaviours related to individual water
consumption. We collected a sample of 907 valid questionnaires between November
2006 and February 2007. More precisely, we focused on individuals’ awareness of
the service they provided and we attempted to pattern the local demand-price elas-
ticity. To investigate more in depth the latter, we included in our questionnaire
hypothetical scenarios (Hoevenagel 1994) to assess the consumption sensitivity
relative to price. Relationships between variables were analysed and then research
hypotheses were verified on the basis of non-parametrical statistical tests.

Therefore, this empirical research aims to provide policy-makers and water
managers with some elements of perception regarding individuals’ water con-
sumption leading to recommendations for better demand management.

This short paper is organized as follows. In the next section, we present some of
the existing literature connected with our research. Then, we present the main
descriptive statistics obtained from the survey. A few hypotheses related to the
theme retained for this paper follow: the influence of public ecological awareness
and price on potable water consumption in the Geneva area. In conclusion, we
indicate limitations of this study and directions for future research.

Literature Review

The analysis of household water demand is a subject of high concern among
researchers. From the Americas to Europe and Eastern countries, several empirical
researches (Monteiro 2005) have been conducted to identify relevant factors to
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design appropriate freshwater management policies. To tackle these objectives,
i.e. to provide households with high-quality and fair and affordable water prices,
authors (Cavanagh et al. 2002; Monteiro 2005; Pashardes et al. 2002) have
designed and applied econometrical models that take into account both operational
delivery costs and some social aspects related to water consumption (Corral-
Verdugo et al. 2003; Keshavarzi et al. 2006; Kolokytha et al. 2002; Nauges and
Reynaud 2001; Wong and Mui 2006; Zhang and Brown 2005).

Analysis of the advantages and drawbacks of current pricing schemes is the
theme of a careful literature review by Monteiro (2005). The paper reviews in
depth pricing schemes based on seasonal/temporal variations, capacity constraints,
multistage marginal cost pricing and revenue requirements: factors currently used
to appraise retail water price. According to this author, cost pricing is the most
efficient water pricing policy.

Several surveys have been administered both in Canada and in the US to
determine household water demand sensitivity related to different pricing schemes.
Authors such as Cavanagh (2002) and Nieswiadomy (1989) have explored water
demand under increasing block prices. Similarly, other pricing systems have been
tested in Cyprus (Pashardes et al. 2002) and in Iran (Keshavarzi et al. 2006) to
point out the perceived advantages and drawbacks of each of them.

The latter study, a survey on the Iranian Fars province (Keshavarzi et al. 2006),
highlights an inverse relationship between household size and water demand: the
smaller the household, the higher its water consumption. Oppositely, in a different
context (Hong Kong), a survey administered at 60 typical apartments situated in a
crowded urbanized area shows that the annual domestic consumption is positively
correlated with the occupant load of a flat (Wong and Mui 2006). Therefore,
household size is a factor relevant to water demand with an outcome that is likely
to differ between locations.

A survey conducted in France (Nauges and Reynaud 2001) points out that age,
number of household components, educational level of the family head and cli-
mate are relevant. Furthermore, household water demand seems to be partly
inelastic to price. In Sri Lanka, price elasticity for public water delivery is esti-
mated at -0.34 and income elasticity is +0.08 (Gunatilake et al. 2001).

In Sonora, Mexico, further empirical research (Corral-Verdugo et al. 2003)
confirms these findings: water consumption depends on some demographic char-
acteristics such as gender, age and socioeconomic class. They also claim that
information campaigns could positively influence adults and rich people, who
seem to be the main water waste class.

In addition to socioeconomic and climate factors, housing environment and
billing systems are two additional variables that are likely to influence residential
water use (Zhang and Brown 2005). A further factor likely to influence water
demand is individuals’ trust in household freshwater supply. In a context where the
level of the water supply infrastructure is low, people don’t trust the quality of
their tap water, the individual consumption level is not correctly acknowledged
and price has a limited effect on residential water demand. This is the main finding
of a survey conducted in Tessaloniki, Greece (Kolokytha et al. 2002) and
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confirmed by the Mexican survey (Corral-Verdugo et al. 2003). In the Greek
region, authors (Kolokytha et al. 2002) also highlight low willingness to pay
(WTP) for improvements in water supply services and a high level of public
awareness concerning current and future water issues.

In western Europe, a survey conducted in 2000 across EU-15 countries high-
lighted that 94.53% of the population had easy access to a water supply. Quality
standard and water price were considered to be fairly good by 92.8% of the
population. These highly perceived supply levels seem to keep steady in the fol-
lowing years according to Fiorio et al. (2007).

Finally, in western Switzerland, about 90% of the population drink tap water
and 94.9% are aware that drinking it is a more ecological behaviour than buying
bottled water. Also, the author (D’Urso et al. 2006a, b) reviews freshwater
household pricing in western Switzerland.

Far from being exhaustive, this literature review indicates that sociological
aspects of water consumption are relevant but not sufficiently studied. This is a key
issue necessary to device models comprehensive of both pricing and behavioural
issues. Furthermore, attitudes and behaviours towards water consumption in
Switzerland have not been analysed yet. Thus, in this study, we intend to discover
social patterns associated with water consumption in a wealthy and international
city, Geneva, enjoying an efficient public water service.

Methodology

This empirical study attempts to investigate some sociological clues connected
with water consumption in Geneva. To discover the main patterns associated with
this theme, we designed a survey administered to a representative sample of the
population living in Geneva and its surrounding area (Canton). This research
encompassed the following steps: qualitative exploratory phase, survey design,
data collection and analysis.

The first phase of our research attempted to identify the underlying themes to be
developed. In this exploratory phase, we conducted in-depth interviews to explore
the overall perception among Geneva population concerning this topic. Around
40 volunteers agreed to talk freely to our interviewers about water-supply and
consumption issues. Among other subjects explored with our interviewees, we
observed that, in general, people don’t feel concerned about water supply and
consumption. In fact, most people are unaware of their consumption, its price
and possible conservation methods.

On the basis of these indications, we designed a questionnaire administered to a
sample of Geneva and its surrounding area (Canton of Geneva). The questionnaire
is made up of 22 close-ended multiple-choice questions. The first part of the
questionnaire (8 questions) attempted to investigate individuals’ attitudes and
behaviours towards water consumption. More precisely, we attempted to explore
individuals’ consumption as well as their sensitivity towards ecological issues.

502 G. Catenazzo et al.



This was followed by five questions more precisely related to water price. In the
last section of the questionnaire (2 further questions), we presented our sample two
hypothetical markets with the aim to predict possible individuals’ behaviours
within given scenarios. We included this contingent valuation (Bateman and
Turner 1992; Garrods and Willis 1999; Hoevenagel 1994) to collect further ele-
ments of analysis leading to public policy and organizational suggestions. Thanks
to this experimental method borrowed from psychology and the environmental
sciences (Catenazzo and Fragnière 2009, 2010b; Debély et al. 2008; Hansla et al.
2008; Higgins et al. 2002; Nomura and Akai 2004), we attempt to assess indi-
viduals’ typical attitudes and behaviours within hypothetical settings.

The respondents for this survey were selected on a random basis in the streets,
open spaces and other public places in Geneva and surrounding areas. Our
interviewers submitted the questionnaire in different parts of the city, different
hours and days of the week according to a plan to make the collected sample as
representative as possible of Geneva population.

907 from the Canton of Geneva’s 447,584 inhabitants (OCSTAT 2008)
responded to the questionnaire. Data collection was held between November 2006
and February 2007. The sample socio-demographic characteristics are given in
Table 1.

Results

Descriptive Statistics

In this section, we present the analysis of the main descriptive results obtained by
the analysis of the 907 questionnaires collected. The submitted questionnaire was
structured in the following way: first, we asked our respondents about their
attitudes towards water consumption followed by behavioural queries and the
presentation of hypothetical scenarios referring to pricing issues.

First of all, we asked our sample whether they pay attention to not wasting
water. 69% of our sample confirmed that they pay attention while 24.7% don’t,
and 6.3% don’t know. Furthermore, 28.4% confirm that they often pay attention to
potentially toxic liquids flushed away through pipelines. 25.7% confirm they are
sometimes attentive to this issue, 19.9% feel concerned all the time, 15.6% are
rarely concerned and 10.4% are never attentive to the potentially toxic liquids they
pour through their pipelines (Fig. 1).

If we gather together respondents who say ‘‘concerned’’, ‘‘always’’, ‘‘often’’ and
‘‘sometimes’’, we can affirm that 74% feel concerned about this topic. However,
50.9% of the whole sample are not sufficiently informed about their current water
consumption and available conservation methods; 41.7% are and 7.1% don’t know.

The lack of information about water consumption is also confirmed by the answers
provided to a further query of our questionnaire by which we discover that 83.2% are
unable to state their average monthly water consumption, while 16.8% can.
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We therefore informed them that, on average, each Swiss inhabitant consumes
162 litres of freshwater per day. Interviewees judge this consumption level as
‘‘high’’ (43.7%), ‘‘too high’’ (24.3%), ‘‘normal’’ (21.1%); 3.2% found it ‘‘low’’ and
7.9% don’t know. Again, the rate of people showing sensitiveness towards this

Table 1 Sampling

Variable Sample Official data

Sex 54.7% men 48.2% men
45.3% women 51.8% women

Nationality 68.4% Swiss citizens 61.6% Swiss
31.6% foreigners 38.4% foreigners

Age range 18–89 years old N/A
Household size Compulsory education: 7% N/A

Practical post-compulsory
education: 17.5%

High school: 29.9%
College or University: 28.3%
Other: 17.2%

Education 18–89 years old N/A
Household monthly income - CHF 2,500: 10.1% Single household me an

income: CHF 3,899
CHF 2,500–5,000: 22.8% Married household mean

income (with and
without children):
CHF 9,548

CHF 5,000–7,500: 29%
CHF 7,500–10,000: 18.7%
CHF 10,000–12,000: 83%
CHF 12,000–15,000: 5.1%
+ CHF 15,000: 6%
Mean and median fall between

CHF 5,000 and 7,000
Flat—house property 58.9% rent the flat or house where

they live with water charge included
83% are renters

13.5% are renters with water charges
not included

23.6% are owners and directly pay
water bills

17% are owners

3.9% don’t know

Fig. 1 Are you attentive not
to flush away potentially
liquids through pipelines?
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issue (i.e. people feeling this consumption is ‘‘too high’’ and ‘‘very high’’)
represents 68% of the sample.

Afterwards, we asked our sample to rank some of the proposed features that
mostly influence their purchase of a dishwasher or a washing machine. We chose
these questioning devices since in-depth interviews (qualitative phase) highlighted
that both devices are widely known by the population in use and are perceived as
highly water-consuming. 56.7% ranked ‘‘price’’ as the first driver of their purchase
of either or both devices; water and energy consumption is solely quoted only as
the fourth criterion.

We also discover that 80.2% of the sample can’t estimate the water price in
Geneva for domestic use (1,000 litres), while 19.8% can. When this information is
given to the respondents, i.e. CHF 1.60 m3, which corresponds roughly to CHF 8
per month per person, 52.8% indicate that it is a normal or fair price while 21.8%
estimate it is cheap, 12.7% say it is rather expensive, 5.9% say it is expensive,
5.3% don’t know and 1.4% claim it is too expensive. Then, 49.9% say they would
accept a price increase for ecological reasons, 33.2% would not, and 16.9% don’t
know (Fig. 2).

Although most Geneva inhabitants don’t know water price, 74.7% are aware
that water supply tariffs are paid to SIG (Services Industriels de Genève), the
Cantonal public company in charge of water and energy supplies (gas and
electricity) that operates as the local public monopoly, 12.4% don’t know, 9.1%
say to the city (or town) council, and 3.8% to a private company.

Next, we presented our sample two hypothetical scenarios with the aim to
predict possible individuals’ attitudes and behaviours if the water supply pricing
changed in Geneva.

In the first scenario, we enquired as to individuals’ possible reactions, in terms
of water consumption, if water price shifted from CHF 0.5 to 2 per month and per
person: 13.9% of the respondents affirm they would lower their consumption. An
extra 21.6% would reduce their water consumption if the price increased between
CHF 2 and 4. 11.2% would change their habits if water price increased by CHF
4–6. 7.7% would for an increase of CHF 6–8. 9.3% of the sample would be likely
to change habits only for a water price increase higher than CHF 8. On the
contrary, 19.9% of the sample affirm that price does not influence their water
consumption; 16.4% cannot answer.

Fig. 2 Would you accept a
water price increase for
ecological reasons?
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Finally, respondents were faced with an opposite scenario, with no market for
water and free supply to individuals’ consumption. We discover that only 7.7% of
our sample would increase their individual consumption, while 79.1% affirm not to
be willing to change their behaviour. 13.1% don’t know (Fig. 3).

These statistics show that Geneva’s population generally feels a deep lack of
information towards household water consumption. Also, it seems that water
demand is slightly elastic to price; and a portion of the population ranging between
10.4 and 33.2% is not concerned at all by water consumption issues and not willing
to change their behaviour to improve water delivery services.

These attitudes suggest that people do not value the quality of the water supply
service any more. The lack of interest from the concerned parties causes a problem
whenever authorities take into account opportunities of investment in this sector:
the resulting policies would risk being unpopular and inefficient.

In the following part of this paper, we look at the main relationships existing
among variables under study and attempt to identify key levers to improve global
awareness of this topic.

Hypotheses Testing

Descriptive statistics highlighted the main attitudes and behaviours connected with
household water consumption demand. To provide policy-makers and water ser-
vices managers with relevant information for decision-making, we explored in
depth possible relationships between the different variables (questions) submitted
to our sample. Collected questionnaires (907) were coded through SPSS 15 soft-
ware and tests were made according to methods described by Bryman and Cramer
(2006).

In the literature section we have presented some relevant papers identifying
factors to be taken into account in the design and analysis of public policies,
e.g. pricing (Monteiro 2005), socioeconomic characteristics and local climate
(Nauges and Reynaud 2001); household (Keshavarzi et al. 2006) and flat size
(Wong and Mui 2006).

Fig. 3 If household water
delivery were totally free,
how would you change your
consumption?
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In this paper, household water supply service pricing is analysed in terms of
WTP for ecological reasons and individuals’ action of paying water bills. The
latter is an extra factor of interest: in Geneva, 83% of household housing is
occupied by renters (year 2000 data, OCSTAT 2006) who either directly pay their
water bills to SIG (a minority, 13.5% of our sample) or the water bills are included
in their rent (58.9% in our sample). Alternatively, all flat owners (23.6% of our
sample) pay their water charges in full.

As presented in the descriptive statistics section, to determine the relevancy of
household water pricing in individuals’ consumption, we designed two hypo-
thetical scenarios (CVM; Catenazzo et al. 2010; Mourato 1998) to predict possible
behaviours following water price changes.

According to studies conducted in other geographical contexts, water demand
seems to be slightly correlated with price (Gunatilake et al. 2001; Nauges and
Reynaud 2001); therefore, we could expect that households are sensitive to water
price increases and consequently reduce their consumption.

To test this hypothesis, we rely upon the analysis of two queries (variables) of
the survey. In the first question, respondents were informed that their average
freshwater consumption is about CHF 8 per month. Knowing this figure, they were
asked the minimum price increase that would force them to reduce their con-
sumption. Seven possible choices were given: ‘‘between CHF 0.50 and 2’’, ‘‘from
CHF 2 to 4’’, ‘‘between CHF 4 and 6’’, ‘‘from CHF 6 to 8’’, ‘‘more than CHF 8’’,
‘‘price does not influence my consumption’’ and ‘‘I don’t know’’.

The second variable we used to test this hypothesis is a socio-economic
question asked at the end of the questionnaire. We asked the sample to state their
average monthly household income according to a corresponding scale divided
into: ‘‘less than CHF 2,500’’, ‘‘between CHF 2,500 and 5,000’’, ‘‘between CHF
5,000 and 7,500’’, ‘‘between CHF 7,500 and 10,000’’, ‘‘between CHF 10,000 and
12,500’’, ‘‘between CHF 12,500 and 15,000’’ and ‘‘more than CHF 15,000’’.

Starting from these variables, we have designed our hypothesis scheme as
follows:

Ho: There is a correlation between water consumption reduction in case of price
increase and monthly household income.

Ha: There is no correlation between water consumption reduction in case of
price increase and monthly household income.

Both variables under study here are ordinal variables. For this reason, the
statistical test we have employed is a non-parametric test called rank correlation.
More precisely, we are employing two statistics: Spearman’s rho and Kendall’s
tau. We have retained a significance level of 1% in which we would fall in a
Type-I error.

The p-value of the rank correlation test highlights a statistically significant
relationship between variables since both correlation coefficients are positive
(0.077; 0.099). This is confirmed by both tests (Spearman’s rho and Kendall’s tau).
As a consequence, we fail to reject the alternative hypothesis and affirm that there
is a correlation between household water consumption reduction in case of price
increase and the monthly household income. Therefore, we can argue that the
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more the household income, the more the willingness to pay for household water
delivery service.

However, Spearman’s rho (0.099) and Kendall’s tau (0.077) correlations are
extremely weak. Thus, since these correlations are very low, we conclude that the
price, despite being a factor in water consumption, does not represent a sufficient
driver to influence individuals’ behaviours. Indeed, people perceive that their
water consumption would not be significantly affected by a change in its price.

This confirms findings of other researchers, e.g. in France (Nauges and Reynaud
2001) and in Sri Lanka (Gunatilake et al. 2001), who argue that household water
consumption seems to be partly inelastic to price. Because of its low loading in
influencing consumption, we can then conclude that pricing is not a strong enough
lever to be included in an efficient public water policy.

As mentioned earlier in this paper, Geneva Canton freshwater distribution is
managed by SIG (Services Industriels de Genève), the state-owned company in
charge of the main public utilities (water and energy). We learn from the services
management theory that customers are co-producers of a service as they take part
into its production process (Hsu 2009). Among other behaviours, people’s
behaviour can help keep the high quality of the service provided by being attentive
not to flush away toxic liquids, by using water consumption wisely and by paying
the water bills.

The payment action by itself might be an additional factor: studies in other
services have pointed out that individuals who regularly and directly pay for a
service are more likely to have a higher commitment and loyalty towards it than
the others (Della Vigna and Malmendier 2006). In Geneva, not everybody pays
water bills directly. Indeed, renters, who represent a large part of the population,
often see this cost included in their housing fee. Our sample confirms this char-
acteristic, as only one-quarter of the population own the flat or house where they
live. If we add together owners and all those people whose water bills are not
included with their rents, we can argue that only 37% of the population pay their
water bills directly. Therefore, we could expect that individuals who pay their
water bills feel more concerned about their service purchase than the others and
attempt to maintain a high-quality water delivery service.

To better explore the existence of this relationship, i.e. the payment action
being a relevant factor influencing household water demand, we refer to two
variables of our questionnaire. Respondents were asked ‘‘are you attentive not to
waste water?’’ and the possible given answers were ‘‘yes’’ and ‘‘no’’. The second
variable under analysis refers to another question asked of our sample. Intervie-
wees were asked whether they pay themselves their water bills; they could choose
between ‘‘yes’’, ‘‘no’’ and ‘‘I don’t know’’ as possible answers. Here we deal with
two nominal choice variables to make our statistical tests. Therefore, we tested our
hypothesis according to the following scheme:

Ho: There is no relationship between the fact that individuals pay or do not pay
their water bills and their water waste awareness.

Ha: There is a relationship between the fact that individuals pay or do not pay
their water bills and their water waste awareness.
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We have used the Pearson’s chi-square test to study two independent nominal
variables. We have retained a significance level of 5% that is the first-type error
(or the risk to reject the null hypothesis when it is actually correct). The p-value of
0 (Table 2) indicates that we can reject the null hypothesis at the significance level
of 5%. Therefore, we can conclude that there is a relationship between the fact that
individuals pay or do not pay their water bills and their water waste awareness.
More precisely, the cross-table shows that individuals who pay their bills them-
selves feel significantly more concerned with the quality of the service provided
than the others. Thus, we can say that the payment action seems to influence
individual behaviour regarding water consumption (Tables 3 and 4).

Discussion and Conclusions

In this paper, we present the main results of a survey conducted between autumn
and winter 2006–2007 among 907 individuals living in Geneva, Switzerland, both
in the city and surrounding area (Canton).

This work attempts to measure some elements of perception related to indivi-
duals’ sensibility over individual freshwater consumption. As highlighted in the
literature review, water consumption depends on several factors: water pricing
seems to be relevant, ecological sensibility, information availability, socioeco-
nomic characteristics and further elements appear to be worthwhile including in

Table 2 Rank correlation statistical test between average monthly household income and price
increase likely to reduce individuals’ water consumption

D o you pay your water bills? Total

Yes No

Are you attentive not to waste water?
Yes N 407 212 619

Water waste (%) 65.8 34.2 100.0
Pay water bills (%) 75.8 59.6 69.3
Total (%) 45.6 23.7 69.3

No N 102 117 219
Water waste (%) 46.6 53.4 100.0
Pay water bills (%) 19.0 32.9 24.5
Total (%) 11.4 13.1 24.5

I don’t know N 28 27 55
Water waste (%) 50.9 49.1 100.0
Pay water bills (%) 5.2 7.6 6.2
Total (%) 3.1 3.0 6.2

Total N 537 356 893
Water waste (%) 60.1 39.9 100.0
Pay water bills (%) 100.0 100.0 100.0
Total (%) 60.1 39.9 100.0
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the analysis. For this reason, we have endeavoured to identify some elements that
are likely to influence public ecological awareness on water consumption in the
Canton of Geneva.

In the context under study, the Canton of Geneva, people are used to getting
high-quality tap water at a very affordable price. This has made people less and
less aware of the benefits they are provided with. In fact, although most people
affirm to be attentive not to waste water and not to flush away toxic liquid through
the pipelines, they don’t consider water consumption relevant when purchasing
high water consumption home devices such as a dishwasher or washing machine.

Individuals are poorly informed about water consumption. They neither know
its extent nor current tariffs. Indeed, whenever people are properly informed about
consumption, they mostly feel it to be excessive. Public information campaigns
should take this into account in their design.

Table 3 Chi-square test between individuals paying their water bills directly and their water
waste awareness

Value df Asymp. Sig. (2-sides)

Pearson’s Chi-Square 26.894a 2 0.000
Likelihood Ratio 26.593 2 0.000
Line ar-by-Linear 20.813 1 0.000
X of Valid Cases 893
a 0 cells (0.0%) have expected count less than 5. The minimum expected count is 21.93

Table 4 Cross-table between individuals paying their water bills directly and their water waste
awareness

Do you pay your water bills? Total

Yes No

Are you attentive not to waste water?
Yes N 407 212 619

Water waste (%) 65.8 34.2 100.0
Pay water bills (%) 75.8 59.6 69.3
Total (%) 45.6 23.7 69.3

No N 102 117 219
Water waste (%) 46.6 53.4 100.0
Pay water bills (%) 19.0 32.9 24.5
Total (%) 11.4 13.1 24.5

I don’t know N 28 27 55
Water waste (%) 50.9 49.1 100.0
Pay water bills (%) 5.2 7.6 6.2
Total (%) 3.1 3.0 6.2

Total N 537 356 893
Water waste (%) 60.1 39.9 100.0
Pay water bills (%) 100.0 100.0 100.0
Total (%) 60.1 39.9 100.0
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Moreover, it should be noted that water pricing has a limited impact on indi-
vidual behaviour. As evidenced in this paper, water price shifts designed to reduce
consumption risk being unsuccessful.

We also observed that people who directly pay their water bills seem to be more
concerned by water savings than others. Therefore, the payment action seems to
have some influence on individual commitment. We can then argue that this is an
additional factor leading to the improvement of the service provided.

This research encounters several limitations and possible directions for further
studies. First of all, sampling and methodology weaknesses exist: we stressed
raising a representative sample of the local population. However, sampling errors
are possible; slight weaknesses and differences between our sample and official
data are already described in the ‘‘Methodology’’ section of this paper. Also, as in
all surveys based on questionnaires, ours suffers further tool limitations and
heuristic biases (Catenazzo et al. 2010; Tversky and Kahneman 1974; OECD
1995).

Furthermore, we have employed Contingent Valuation Methods in our ques-
tionnaire that might lead to design biases, information availability and other
biases. Strategic biases and differences between stated behaviours in the hypo-
thetical market presented and the real market might affect the content and
predictive validity of our measures (Catenazzo and Fragnière 2008; Garrods and
Willis 1999; OECD 1995). Finally, further biases are associated with this type of
empirical research (Catenazzo and Fragnière 2010a).

Further research should follow two main directions: the first should attempt to
replicate this work in another context, both in Switzerland and in other European
cities with similar features in terms of water supply and pricing. Secondly, the
payment action factor developed in this paper should be explored to better
understand its impact on individual behaviours within Geneva or other contexts.
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Chapter 33
Sustainable Development Through
Pathways of Mitigation and Adaptation
to Offset Adverse Climate Change Impacts

A. N. Sarkar

Abstract Climate change poses a multidimensional international challenge with
no straightforward solution. There is a growing international consensus that the
Earth’s climate is changing by anthropogenic emissions of greenhouse gases pri-
marily resulting from extensive industrial, commercial, transport and domestic use
of fossil fuels. Adverse impacts of global warming that influence climate change
include: melting glaciers, floods, earthquakes, drought, colossal loss of biodiver-
sity, famine and demographic movement across continents. This warrants very
careful planning and execution of mitigation and adaptation actions in a system-
specific and sustainable manner to offset and minimize adverse impacts of
anthropogenic interventions. Sustainable development involves a comprehensive
and integrated approach to economic, social, and environmental processes. Cli mate
change is influenced not only by the climate-specific policies but also by the mix of
development choices and preparing for the resulting development trajectories.
Therefore, mainstreaming the sustainability concept as an integral part/component
of climate change-related policy options requires that non-climate policies, pro-
grammes, and/or individual actions take climate change mitigation and adaptation
into consideration, in both developing and developed countries. The paper attempts
to integrate the principles and modus operandi of mitigation and adaptation with
sustainable development with a focus on low-carbon economy in order to help
formulate suitable strategies to offset adverse impacts of climate change.
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Introduction

Climate change has become the most significant environment and development
challenge to human society in the twenty first century. Responding to climate
change is the core task to achieve global sustainable development. International
negotiations on the prevention of global warming and related actions not only
concern the human living environment, but also directly impact the modernization
process of developing countries set on a planned growth path. Although the pro-
cess of global climate protection depends on the consensus of our scientific
awareness, political wills, economic interests, society’s level of acceptance, as
well as measures adopted, a low-carbon development path should be the critical
choice of future human development. Climate change is not only an environmental
problem; it is also clearly a development problem since its adverse effects will
disproportionately affect poorer countries with economies predominantly based on
natural resources and related economic sectors (e.g. agriculture, forestry and
fisheries). Yet, even countries with more diversified economies are vulnerable to
climate change. It is therefore in the general interest of humanity at large to
promote sustainable trends in mitigating greenhouse gas emissions (GHG)—the
main culprit of climate change. Adaptation actions should run parallel to mitiga-
tion actions to achieve synergy and long-term sustainability.

In 1992, the United Nations Rio de Janeiro Earth Summit focused international
attention on the growing environmental and development problems facing our
planet. This was a landmark event that put the issues of sustainable development
on the international agenda for the first time. Spurred on by a real sense of
urgency, the 178 governments attending the Earth Summit signed up to Agenda
21—an ambitious global action plan for achieving sustainable development. This
document set out a long-term vision for balancing economic and social needs
within the carrying capacity of the Earth’s natural resources. In the World Summit
on Sustainable Development (WSSD) (2002), which took place in Johannesburg at
the end of August 2002, five priorities which are connected to climate change were
identified as water, energy, health, agriculture, and biodiversity. The United
Nations Framework Convention on Climate Change (UNFCCC), which came into
force in 1994, and the Kyoto Protocol in 1997, had established the link between
environment and development. The Monterrey Conference in 2002 stressed the
need to mobilize and increase the effective use of financial resources to eliminate
poverty, improve social conditions, raise living standards and protect the envi-
ronment (Berman 2008). The eleventh Conference of the Parties (COP-11) at
Montreal in 2005, inter alia, highlighted the importance of adaptation measures, in
addition to mitigation, as a positive and constructive response to climate change.

With the increasing pace of globalization, industrialization and rapid change
of lifestyle, the demand and consumption of these hydrocarbon-based fossil fuels
to stimulate economic growth is steadily rising—both in developed and developing
economies. In the process, the emissions level is also rising phenomenally, and
fast becoming alarming in its impact on the global climate. The Kyoto Protocol
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signed in 1997 (COP-3) and the Bali Roadmap designed by COP-14, a decade
later in December 2007, inter alia, made a concerted effort to reduce emissions
substantially in a legally binding manner for the Annex-I developed/industrialized
nations by 2012 and beyond. The Action Plan provides a roadmap to the post-2012
climate regime to be agreed upon by the end of 2009. The key objective of
the Copenhagen Climate Summit in December 2009 was to continue and improve
the existing Kyoto agreement from 1997, which ends in 2012. The new Copen-
hagen Protocol and the amended Kyoto Protocol (i.e. two tracks) would form the
core of the Agreement in December 2010 in Mexico.

At the international level, global climate change therefore has its place on the
agenda for sustainable development. However, it is widely recognized now that the
Sustainable Development Agenda will be grossly incomplete without the ‘‘Human
Development’’ and ‘‘Democratic Option’’ components to choose and decide for any
imperative measures linked to mitigation or adaptation actions to curb adverse
impacts of climate change. The UNDP’s Human Development Index measures
reflect and mirror performance, and the concept of ‘‘human development’’ repre-
sents, together with ‘‘human rights’’, a basis for democracy in the thinking of
O’Donnell (2004). This performance emphasis of the Democracy Ranking earns
additional credibility by a spreading general understanding on how important good
governance is. Societies (politics, the economy) certainly have a responsibility for
the environment. The environment represents a crucial context, and should the
environment collapse, then societies would be severely impacted. Therefore, soci-
eties cannot ignore features of environmental sustainability (UNDP 2007). Camp-
bell (2008) in his paper on ‘‘The Basic Concept for the Democracy Ranking of the
Quality of Democracy’’ gives a broad framework on how the various parameters of
Democracy Ranking can pave the way to the quality of democracy to attribute to
good governance, among others, for evolving sustainable environmental strategy.
Furthermore, both mitigation and adaptation actions should a priori take cognizance
of ‘‘equitable and differentiated responsibilities’’, as per the ‘‘Copenhagen Accord
Principles’’, to ensure greater participation and involvement of the government,
private (including joint partnership) and the local community at large for a holistic
and sustainable development of the vulnerable areas affected by adverse impacts of
climate change (Sarker and Banerjee 2010). The paper attempts to integrate the
principles and modus operandi of mitigation and adaptation with sustainable
development within the framework of people’s participation with democratic
option, with a focus on low-carbon economy, in order to help formulate suitable
development strategies to offset adverse impacts of climate change.

Objective

Sustainable development involves a comprehensive and integrated approach to
economic, social and environmental processes. Climate change is influenced not
only by the climate-specific policies but also by the mix of development choices
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and the formulation of resulting development trajectories. Therefore, main-
streaming the sustainability concept as an integral part/component of climate
change-related policy options requires that non-climate policies, programmes, and/
or individual or community-led democratic actions take climate change mitigation
and adaptation into consideration and logical conclusions, in both developing and
developed countries. The paper reviews the various adverse impacts of climate
change and to what extent various policies, programmes and projects designed to
address mitigation and adaptive actions on a planned and selective basis can
minimize the adverse impacts of climate change. The paper also attempts to
integrate the principles and modus operandi of mitigation and adaptation with
sustainable development giving a sharper focus on the significance of promoting a
low-carbon economy in order to help formulate suitable climate response strate-
gies to offset adverse impacts of climate change with the following specific
objectives in mind:

• To review the extent of environmental, economic and social impacts of climate
change, mainly caused by the process of global warming, triggered by green-
house gases.

• Secondly, how far the mitigation and adaptation policies, programmes and
proactive actions help minimize the adverse impact of climate change.

• Thirdly, the economics and cost implications and funding modalities of miti-
gation as well as adaptation measures.

• Fourthly, to review the operational linkages and broad framework for integra-
tion of climate change with sustainable development.

• Lastly, addressing the energy and environmental security issues in the context of
formulating a global climate change response.

Detailed discussions and critical analysis on each of the above-mentioned
objectives follow in the succeeding sections of the paper.

Environmental Impact of Climate Change

Addressing global climate change is a paramount challenge of the twenty first
century. Since the beginning of the industrial revolution, atmospheric concentra-
tions of carbon dioxide (CO2), the main heat-trapping GHG, have risen by 35%.
This increase is primarily from the burning of fossil fuels and from deforestation.
If current trends in GHG emission growth are not altered, global temperatures are
expected to rise between 1.4 and 5.8�C (2.5–10.4�F) by 2100, according to the
Intergovernmental Panel on Climate Change (IPCC 2007). Scientists predict the
rise in global average surface temperature by another 1.4–5.8�C over the next
100 years. This projected rate of warming is the highest in 10,000 years. It is
predicted to have strong adverse effects of global warming to rising sea levels,
more irregular precipitation and an increase in extreme weather events such as
droughts, floods, famine, earthquakes and storms. Such temperature changes are
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likely to have detrimental impacts on agricultural production, water supply, forests
and overall human development.

The IPCC integrated assessment shows (IPCC 2007) that since 1750, human
activities have been a major cause of global warming, while in the last 50 years,
most of the global warming is the consequence of human activities with a prob-
ability of more than 90%, in particular from the GHG emissions due to the human
use of fossil fuels. According the Third Working Group Report of the IPCC 4th
Assessment (IPCC 2007), human actions to mitigate climate change are feasible,
both economically and technologically. Actions to deploy key mitigation tech-
nologies in various sectors, adopt policy and administrative interference and shift
the development pathway could all contribute greatly to mitigation of climate
change. Thus, the IPCC assessment report has become the most important
scientific foundation for global climate political decisions. The IPCC have pro-
duced a report (SRES) where a number of different future scenarios are described.
The scenarios differ in whether the future will be ‘‘more environmental’’ (scenarios
with the ‘‘B’’ prefix) or ‘‘market-oriented’’ (scenarios with the ‘‘A’’ prefix) and
‘‘more global’’ (scenarios with the ‘‘1’’ suffix) or ‘‘more regional’’ (scenarios with
the ‘‘2’’ suffix) (Stern 2006). Forecasts of changes in global mean temperature for
these scenarios are given in the IPCC report (Godard 2008). A 2009 study by the
MIT Joint Program on the Science and Policy of Global Change looked at future
predictions of climate change (Peston 2006). According to this study, there is a
57% likelihood of exceeding a 5�C increase in global mean temperature by 2100
(relative to the base years of 1981–2000).

The Third Assessment Report of the IPCC (2001) estimated that, globally, the
average land and sea surface temperature has increased by 0.6 ± 0.20�C since the
mid- nineteenth century with much of the change occurring since 1976. Warming
has been observed in all continents, with the greatest temperature changes
occurring at middle and high latitudes in the northern hemisphere. Patterns of
precipitation have also changed: arid and semi-arid regions are apparently
becoming drier, while other areas, especially mid-to-high latitudes, are becoming
wetter. Where precipitation has increased, there has also been a disproportionate
increase in the frequency of the heaviest precipitation events (Karl and Knight
1998; Mason et al. 1999). The small amount of climatic change that has occurred
so far has already had demonstrable effects on a wide variety of natural ecosystems
(Walther et al. 2002). Unsustainable consumption patterns of the rich industrial-
ized nations are responsible for the threat of climate change. Only 25% of the
global population lives in these countries, but they emit more than 70% of the total
global CO2 emissions and consume 75–80% of many of the other resources of the
world (Parikh et al. 1991). By 2050, the global population will reach 9 billion,
barring substantial changes in demographic trends, with 2.5 billion more people in
today’s developing countries. Larger populations put more pressure on ecosystems
and natural resources, intensify the competition for land and water, and increase
the demand for energy. Most of the population increase will be in cities, which
could help limit resource degradation and individual energy consumption.
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But both could increase, along with human vulnerability, if urbanization is poorly
managed.

There is international consensus that climate change is one of the most serious
threats to sustainable development, both currently and in the future. Adverse
impacts of climate change have already been observed on natural resources, food
security, human health, the environment, economic activity and physical infra-
structures (IISD 2007). Projections of future impacts are sobering: for example, by
2020, almost 50 million additional people may be at greater risk of hunger due to
climate change. If a global temperature increase of 3–4�C is reached, changed
runoff patterns and glacial melt could force an additional 1.8 billion people to live
in a water-scarce environment by 2080 (UNDP 2007). Climate change imposes an
added burden on development. Its impacts are already visible, and the most recent
scientific evidence shows the problem is worsening fast, with current trajectories
of GHG emissions and sea level rise outpacing previous projections. Climate
change will affect numerous sectors and productive environments, including
agriculture, forestry, energy, and coastal zones, in developed and developing
countries. Developing economies will be more affected by climate change, in part
because of their greater exposure to climate shocks and in part because of their low
adaptive capacity.

Economic Impact Assessment of Global Warming
and Climate Change

Economic Impact of Climate Change

The IPCC Fourth Assessment Report, published in 2007, looked at the aggregate
economic impacts of climate change as follows: impacts of climate change are
very likely (greater than 90% probability) to impose net annual costs, which will
increase over time as global temperatures increase. Peer-reviewed estimates of the
social cost of carbon (Net economic costs of damages from climate change
aggregated across the globe and discounted to the specified year) in 2005 average
US $12 per tonne of CO2, but the range from 100 estimates is large (-$3–$95/
tCO2). This is due in large part to differences in assumptions regarding climate
sensitivity, response lags, the treatment of risk and equity, economic and non-
economic impacts, the inclusion of potentially catastrophic losses and discount
rates. Aggregate estimates of costs mask significant differences in impacts across
sectors, regions and populations and very likely underestimate damage costs
because they cannot include many non-quantifiable impacts (Godard 2008).

Economic diversification is becoming increasingly important as an adaptation
strategy to increase economic resilience and decrease reliance on climate-vulnerable
economic sectors. At the sectoral level, increased economic resilience is often
achieved by adapting existing practices to reduce exposure to risk (UNFCCC 2007a).
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In the agricultural context, for example, increased resilience may be achieved by
improvedwatermanagementpractices.Oritmayinvolvediversifyingthemixofcrops
planted and adding value to the primary products—which is the focus here. Reducing
reliance on vulnerable sectors involves diversification of livelihood strategies. More
diversified livelihood strategies can lead both to enhanced incomes and to spreading
the risk for poor people, whose livelihoods are largely based on natural resources.
Diversification strategies are thus important in managing current climate risks, par-
ticularly for subsistence agricultural communities, and will be critical for future
adaptation to climate change.

According to a comprehensive IFAD study (2007), diversification strategies for
managing current climate risks are in use in settings as varied as subsistence agri-
cultural communities in northern Nigeria, the Sudan, Mexico, the Lao People’s
Democratic Republic and the Philippines; smallholder commercial farms in
Argentina, Mexico and Thailand; and pastoral systems in Mongolia. Recommen-
dations from these and other studies urge further economic diversification, as
important for future adaptation to climate change. However, there are significant
constraints on diversification that are identified in several Assessments of Impacts
and Adaptations to Climate Change (AIACC) studies. Success will require inte-
gration of development strategies with adaptation planning. In Latin America and the
Caribbean, projects with ecotourism activities (actual or planned) are to be found in
Bolivia, Guatemala, Mexico, Panama and Peru [IFAD (2007) IFAD’s Latin America
and the Caribbean division: desk review of the portfolio related to indigenous peoples
(unpublished)]. There are a number of successful examples from the Andean region,
linked to cultural assets, and in the Amazon, projects have showcased environmental
and cultural assets of indigenous groups. For example, the Mapajo Indigenous
Ecotourist Project (Beni, Bolivia), funded by the IFAD grant PRAIA, constitutes an
indigenous initiative to create and diversify employment, increase income-gener-
ating opportunities for indigenous communities, preserve biodiversity, and promotes
intercultural understanding. More diversified livelihood strategies can lead to
enhanced incomes and can diminish the risk for poor people whose livelihoods are
largely based on natural resources. The IFAD study also revealed that the richer
countries have more resources to cope with climate impacts, and better educated and
healthier populations are inherently more resilient. But the process of growth may
exacerbate vulnerability to climate change, as in the ever-increasing extraction of
water for farming, industry, and consumption in the drought-prone provinces around
Beijing, and as in Indonesia, Madagascar, Thailand, and US Gulf Coast, where
protective mangroves have been cleared for tourism and shrimp farms. Growth is not
likely to be fast enough for low-income countries to afford the kind of protection that
the rich can afford. Bangladesh and the Netherlands are among the countries most
exposed to rising sea levels. Bangladesh is already doing a lot to reduce the vul-
nerability of its population, with a highly effective community-based early warning
system for cyclones and a flood forecasting and response programme drawing on
local and international expertise.

Climate change impacts can be measured as an economic cost (Smith et al.
2001). This is particularly well-suited to market impact, which is an impact that is
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linked to market transactions and directly affects GDP. Monetary measures of
non-market impacts, e.g. impacts on human health and ecosystems, are more
difficult to calculate. Evaluating the economic consequences of the climate change,
as well as assessing the environmental economic policies associated with it,
requires a good understanding of both natural and socioeconomic processes.
Specific models, named Integrated Assessment Models (IAM), are used to this
purpose. The idea behind the IAM models is relatively straightforward (in theory):
climatologic sub-models get information about human-induced GHG emissions
from economic sub-models, simulating levels of economic activity, whereas
information about climate and temperature changes are used as an input in the
determination of economic scenarios. The economic valuation of the various
impacts of the climate change is a difficult task. It requires interdisciplinary
knowledge from many fields, other than economics: agronomy, geology, meteo-
rology, demography, medicine, political science, biology, engineering and physics.

Information on the impacts of global warming is now available for several
regions and countries. The best-studied regions are developed countries, in par-
ticular the United States, where climate change impacts have been analysed in a
series of studies, following up on initial work by Tirpak (2008). In the context of
an Asian Development Bank (ADB 2007) project on climate change in Asia,
global warming impacts have also been analysed for a number of Asian countries.
The economic cost of climate change will be the cost of the adaptation measures
implemented plus the value of the residual damage. The available information is
not sufficient to support estimates of the cost-effective use of various adaptation
measures and hence of the total cost of adaptation and the residual damages. The
opportunities to adapt to climate change and the potential to reduce climate change
damage vary by country. It is clear that adaptation will cost less than the potential
damages for at least some of the impacts of climate change in all countries. Thus,
the economic cost should be substantially lower than the high estimate of the
potential economic impact in the absence of adaptation actions. Insofar as the
analysis of economic impact of climate change is concerned, the most crucial
research topics for the future investigation may include: (a) damage estimates for
less developed countries; (b) improved estimates for non-market losses, particu-
larly human morbidity and unmanaged ecosystems; (c) assessment of the impor-
tance of variability and extreme events; (d) models of the process of adaptation
and the dynamics of vulnerability; and (e) formal uncertainty assessments and
analyses on the outcomes.

Linking climate Change and Disaster Risk
Reduction in Vulnerable Ecosystems

An important area for adaptation understands the impacts of and vulnerability to
current and future climate variability and extreme events—and the implications for
sustainable development. There are many possibilities for synergies between
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disaster risk reduction and climate adaptation, with both approaches aiming to
develop resilient communities with reduced levels of vulnerability. Both
approaches are ways of managing uncertainty. This includes tackling risks as well
as considering how to prepare for events that cannot be predicted (LCA Network

2006). One difference is that, apart from extreme events, adaptation to climate
change also involves adjusting to changes in mean climate variability, which has
not been a customary focus of disaster risk reduction. Hundreds of thousands of
poor people in developing countries live with constant threats to their lives
and livelihoods due to weather-related natural disasters—drought, flooding,
landslides, soil erosion and desertification (Practical Action 2007). These threats
include homelessness, loss of possessions and livelihoods, and risks of injury
and death. Recent years have seen an increasing focus on disaster risk reduction
that highlights many synergies with climate change adaptation. Scientific evidence
points to human-induced climate change as the underlying cause of the rise in
hydrometeorological events over the past decade. Natural disasters are increasing
in number and intensity, with extremely severe costs in human lives and
social and economic infrastructure. In this context, important components of
adaptation strategies are a better understanding of the risks associated with
environmental change and climate change, and development of mechanisms
to manage these, such as early warning systems. In the context of climate-related
risks and extreme weather events, the level of risk depends on exposure to
the hazard, the vulnerability both of people’s livelihoods and of human settle-
ments, and the status of disaster mitigation activities. A further key factor is the
ability of people to protect themselves and to cope with hazards (Uitto and Shaw
2006).

In many places, previously uncommon risks are becoming more widespread.
Consider floods, once rare but now increasingly common, in Africa and the
first hurricane ever recorded in the South Atlantic, which hit Brazil in 2004.
Reducing disaster risk—through community-based early warning systems, climate
monitoring, safer infrastructure, and strengthened and enforced zoning and
building codes, along with other measures—becomes more important in a
changing climate. Financial and institutional innovations can also limit risks to
health and livelihoods. This requires domestic action—but domestic action will
be greatly enhanced if it is supported by international finance and sharing of
best practice. A substantial part of the potential economic impact of climate
change is due to loss of facilities due to sea level rise and hurricanes. Such losses
would occur over decades. Adaptation will occur in response to, or in anticipation
of, such damage. Adaptation incurs costs, but planned adaptation can reduce
the costs. The adverse effects of climate change on agriculture can be mitigated
by switching to drought- and heat-resistant varieties of the existing crops,
switching to different crops, and by irrigating crops where sufficient freshwater
supplies are available. Damage to natural ecosystems can also be reduced
by protecting the ecosystems, helping species migrate in response to climate
change and habitat shifts, and restoring damaged ecosystems.
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Linking Sustainable Development with Climate
Change Responses

The Concept of Sustainable Development

The concept of sustainable development had its roots in the idea of a sustainable
society and in the management of renewable and non-renewable resources. The
concept was introduced in the World Conservation Strategy by the International
Union for the Conservation of Nature (IUCN). The World Commission on
Environment and Development adopted the concept and launched sustainability
into political, public and academic discourses. The concept was defined as
‘‘development that meets the needs of the present without compromising the
ability of future generations to meet their own needs’’ (Bojo et al. 1992). While
this definition is commonly cited, there are divergent views in academic and policy
circles on the concept and how to apply it in practice (Banuri et al. 2001; Cocklin
1995; Pezzoli 1997; Robinson and Herbert 2001).

The concept of sustainable development was adopted by the World Commis-
sion on Environment and Development (WCED), and there is agreement that
sustainable development involves a comprehensive and integrated approach to
economic, social and environmental processes. Discourses on sustainable devel-
opment, however, have focused primarily on the environmental and economic
dimensions. The importance of social, political, and cultural factors is only now
getting more recognition. Integration is essential in order to articulate development
trajectories that are sustainable, including addressing the climate change problem.
There is growing emphasis in the literature on the two-way relationship between
climate change mitigation and sustainable development. The relationship may not
always be mutually beneficial. In most instances, mitigation can have ancillary
benefits or co-benefits that contribute to other sustainable development goals
(climate first). Development that is sustainable in many other respects can create
conditions in which mitigation can be effectively pursued.

There is a growing understanding of the possibilities to choose mitigation
options and their implementation such that there is no conflict with other
dimensions of sustainable development; or, where trade-offs are inevitable, to
allow a rational choice to be made. The sustainable development benefits of
mitigation options vary within a sector and over regions in the following manner:

• Generally, mitigation options that improve productivity of resource use, whether
energy, water or land, yield positive benefits across all three dimensions of
sustainable development. Other categories of mitigation options have a more
uncertain impact and depend on the wider socioeconomic context within which
the option is implemented.

• Climate-related policies, such as energy efficiency, are often economically
beneficial, improve energy security, and reduce local pollutant emissions.
Many energy supply mitigation options can also be designed to achieve other
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sustainable development benefits, such as avoided displacement of local pop-
ulations, job creation, and rationalized human settlement design.

• Reducing deforestation can have significant biodiversity, soil and water con-
servation benefits, but may result in loss of economic welfare for some stake-
holders. Appropriately designed forestation and bioenergy plantations can lead
to reclamation of degraded land, manage water runoff, retain soil carbon and
benefit rural economies, but could compete with land for agriculture and may be
negative for biodiversity.

• There are good possibilities for reinforcing sustainable development though
mitigation actions in most sectors, but particularly in waste management,
transportation, and building sectors, notably through decreased energy use and
reduced pollution.

Mitigation and Adaptation in the Context of Social
Dynamics and Sustainable Development

The UNFCCC highlights two fundamental response strategies: mitigation and
adaptation. While mitigation seeks to limit climate change by reducing the
emissions of GHGs and by enhancing ‘‘sink’’ opportunities, adaptation aims to
alleviate the adverse impacts through a wide range of system-specific actions
(Fussel and Klein 2002). Although both mitigation and adaptation measures
must be pursued to tackle the climate change problem and to create an effective
and inclusive international climate change regime, more attention has been
devoted to mitigation in the past, both in scientific research and policy debate.
Sensitivity to the issue of adaptation has grown over the last couple of years,
particularly after the Intergovernmental Panel on Climate Change (IPCC) Third
Assessment Report (TAR). Adaptation has now emerged as an urgent policy
priority, prompting action both within and outside the climate change negotia-
tions (Parry et al. 2005).

In the larger context of achieving long-term sustainability, understanding of
mitigation and adaptation actions assumes prime importance to cope with cli-
mate change-related vulnerability. Hence, we need to know the implications of
mitigation and adaptation in relation to climate change parameters in more
clear terms. Climate mitigation is any action taken to permanently eliminate or
reduce the long-term risk and hazards of climate change to human life and
property. The IPCC defines mitigation as: ‘‘An anthropogenic intervention to
reduce the sources or enhance the sinks of greenhouse gases.’’ Climate adap-
tation refers to the ability of a system to adjust to climate change (including
climate variability and extremes) to moderate potential damage, to take
advantage of opportunities, or to cope with the consequences. The IPCC defines
adaptation as the ‘‘adjustment in natural or human systems to a new or
changing environment’’. Adaptation depends greatly on the adaptive capacity or
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adaptability of an affected system, region, or community to cope with the
impacts and risks of climate change. The adaptive capacity of communities is
determined by their socioeconomic characteristics. Enhancement of adaptive
capacity represents a practical means of coping with changes and uncertainties
in climate, including variability and extremes. The key features of climate
change for vulnerability and adaptation are those related to variability and
extremes, not simply changed average conditions. Most sectors and regions and
communities are reasonably adaptable to changes in average conditions, par-
ticularly if they are gradual. However, these communities are more vulnerable
and less adaptable to changes in the frequency and/or magnitude of conditions
other than average, especially extremes. Sectors and regions will tend to adapt
autonomously to changes in climate conditions.

The capacity to adapt varies considerably among regions, countries and
socioeconomic groups and will vary over time. The most vulnerable regions and
communities are those that are highly exposed to hazardous climate change effects
and have limited adaptive capacity. Adaptation to climate change presents
dilemmas of justice to the international community, including those around the
responsibility of developed countries to assist developing countries in adapting to
changing climate. Adaptation is comprised of inaction and proactive and reactive
responses at the international, national, local and individual levels. Inaction at
higher levels delegates the responsibility for adaptation to lower levels, and
higher-level responses influence alternatives that are available at lower levels.
Justice is thus always implicit in the choice of adaptive responses (Paavola and
Adger 2002). The framework proposed by Paavola and Adger for analysing justice
issues in the context of adaptation is broadly pluralist and pragmatic. First, we do
not distinguish political from moral choices: all choices are moral and have justice
implications in the sense that they need to be informed by some values that guide
the comparison of alternatives and choice between them. Second, they recognized
that different choices are informed by different values and that often compromises
have to balance between multiple standpoints. Distributive justice in adaptation
probably also needs to acknowledge other concerns in addition to distribution of
utility or welfare (Table 1). For example, security and the absence of dangerous
climate change impacts can be understood as hallmarks of justice that are valuable
independently of their welfare consequences. Alternatively, security and absence
of danger can be framed as rights. The Framework Convention’s Article 2 indeed
treats the integrity of climate system and the absence of dangerous climate change
either as a valuable thing in itself or its preservation as a guiding principle.

Different countries and people and different activities have different mitiga-
tion potentials and costs, different vulnerabilities, and different adaptive capac-
ities. It is unfortunate that the greatest mitigation potentials are normally
associated with rich economies and people with lower vulnerabilities and higher
adaptive capacities, whereas poorer people and economies tend to have lower
emissions (and hence current mitigation potential), higher vulnerabilities and
lower adaptive capacities. This has important implications for development
pathways, for climate negotiations, and for the welfare of poor people.
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The rationale for integrating adaptation into development strategies and prac-
tices is underlined by the fact that interventions required to increase resilience to
climate variability and change generally further development objectives.
Adaptation calls for natural resource management, buttressing food security,
development of social and human capital and strengthening of institutional
systems (Adger et al. 2003). Such processes, besides building the resilience of
communities, regions and countries to all shocks and stresses, including climate
variability and change, are good development practice in themselves. Hence, the
inclusion of climatic risks in the design and implementation of development
initiatives is vital to reduce vulnerability and enhance sustainability.

Since vulnerability and its causes play essential roles in determining impacts,
comprehending the dynamics of vulnerability is as important as understanding
climate itself (Handmer et al. 1999). Definitions of vulnerability vary widely
among different scholars. Researchers in social geography and political ecology
regard vulnerability as an a priori condition of a household or community that is
determined by socioeconomic and political factors (Blaikie et al. 1994; Bohle
et al. 1994). Contiguously, Kelly and Adger (2000) declare that vulnerability is
the ‘‘ability or inability of individuals or social groupings to respond to, in the
sense of cope with, recover from, or adapt to, any external stress placed on their
livelihoods and well-being’’. A common theme in the climate change impacts
and vulnerability literature is the idea that communities, social groups, sectors,
regions and nations differ in the degree of vulnerability to climate change,

Table 1 Justice issues in adaptation to climate change

Justice
issues

Examples of justice rules Questions and problems

Distributive
justice

Utilitarian rules
–Welfare maximisation Commensurability of types of benefit
–Maximax; most able adapt Who defines adaptive capacity and

how?
–Maximin; most vulnerable prioritised Who defines vulnerability and how?
Other consequentialist rules
–Avoidance of climate danger
Deontoiogical rules Who defines danger and how?
–Equality of burden-sharing Equality of impacts, exposure, or

adaptation?
–Existence right of non-human species Who defines rights?

Procedural
justice

Utilitarian rules
–Rules that give effect to preferences and

ability and willingness to pay
Why not willingness to accept

compensation?
Other consequentialist rules
–Self-determination: affected parties only Who is internal and who is external?
Deontoiogical rules
–Equality Why not recognise the intensity of

interests of e.g. most vulnerable?

Source: Paavola and Adger 2002
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i.e. there exist differential vulnerabilities (Bohle et al. 1994). Developing
countries, SIDS (Small Island Developing States), people living in arid and
semi-arid lands, water-limited or flood-prone areas, as well as countries and
sectors heavily dependent on climate sensitive sectors—agriculture, water
resources, forestry, fisheries, etc. are particularly at risk. This is partly due to the
fact that climate-induced changes in temperature and precipitation will occur
unevenly and hence climate change impacts will be unevenly distributed across
the
globe.

Adaptation to climate change can be based on uncoordinated choices and
actions of individuals, firms and organizations or on collective action and choice at
local, national, international, as well as intermediate and multiple levels (Table 2).
The distinction between individual and collective responses can be based on dif-
ferent theoretical approaches to these varieties of choice. It is also important
because collective choices bring up issues such as representation, participation,
procedure and assent that do not characterize individual choices. To date, research
on adaptation to climate change has focused on empirical differences in adaptive
responses. However, for the analysis of justice, it is more important to understand
who decides on adaptive responses and how adaptive responses are timed with
respect to climate change impacts (Paavola and Adger 2002).

The effects of climate change have increasingly come to be seen as a threat
to human security. Human beings are causing environmental degradation. At
the same time, they are among the victims, as their lives and livelihoods are
distorted along with the distortion of whole ecosystems. However, those who
are most vulnerable to the effects of climate change are often not those who
have contributed to global warming the most (Zipprich et al. 2010). The poor
and marginalized, as well as future generations, have to endure the conse-
quences of the actions of the wealthy in the present and the past. The situa-
tional and structural effects of environmental pollution, such as natural hazards,
extreme weather events and climate change are a threat to human security.
Considering the need to curb GHG emissions so as to mitigate the effects of
climate change, energy consumption is best considered a limited resource in the
sense that we cannot dramatically increase the supply of energy for reasons of
achieving human security without regard for the consequences of additional
energy use on human security through the affects of climate change as depicted
in Fig. 1.

The problematic of energy equity and human security can hence be framed
as an issue of distributive justice between populations and between generations:
ensuring that no population or generation threatens the security (welfare) of
other populations or generations through over-consumption. Putting these two
aspects of the distributional question together we can see that energy use is
both a condition of human security as well as a threat to human security and
there does exist an equilibrium between the two (Fig. 2).

Because of the broad nature of the energy equity and human security issue,
there are many stakeholders. Every individual has some kind of involvement with
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energy, be it through making use of various forms of energy directly or being
deprived of the use of energy in decent quality. The extent to which we are able to
access energy is a factor which influences our way and quality of life. At the same
time, the amount of energy used for our own convenience is also having an effect
on others and the environment in the present and in the future. It is not only the
interest in the benefits of sustained energy availability in private and public sur-
roundings, but also the interest in the minimization of externalities that shape the
attitude of individuals towards energy equity and human security.

Table 2 A typology of adaptive responses to climate change impacts with examples of responses
in the context of agricultural productivity and food security

Response Proactive Reactive Inaction

International Guidelines for national
adaptation strategies,
support for
development of new
crop varieties

Food aid measures No responses are taken to
instigate context-
specific behavioural
responses

National Grain storage, investments
and changes in
agricultural policies TO

adapt crop mix and
agricultural practices to
changing climate

Changes in tariffs and
fiscal policy to
augment food
imports; disaster
relief and food aid

No small-scale proactive
investments in
infrastructure that
confer only local
adaptive benefits

Local Small-scale infrastructure
investments for
groundwater recharge,
irrigation and flood
protection, local seed
banks, and coordination
of adaptive responses

Collective action and
reciprocity in
overcoming obstacles
in agricultural
production and
mitigating the effects
of shortages of food
and water

Migration ignored as an
adaptive response

Individual Diversification of
livelihood, investment
in human capital,
physical capital, and
alteration of
agricultural practices

Migration Adjustment of increased
vulnerability and/or
reduced welfare

Source: Paavola and Adger 2002

Fig. 1 Relationship between
climate change, energy
consumption and human
security. Source: Zipprich
et al. (ECCAP Project Report
2010)
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Economic Consideration for Mitigation
and Adaptation Actions

Economic benefits and costs are important criteria but are not sufficient to ade-
quately determine the appropriateness of adaptation measures; there also has been
little research to date on the roles and responsibilities in adaptation of individuals,
communities, corporations, private and public institutions, governments, and
international organizations. Given the scope and variety of specific adaptation
options across sectors, individuals, communities, and locations, as well as the
variety of participants—private and public—involved in most adaptation initia-
tives, it is probably infeasible to systematically evaluate lists of particular adap-
tation measures; improving and applying knowledge on the constraints and
opportunities for enhancing adaptive capacity is necessary to reduce vulnerabilities
associated with climate change. The capacity to adapt to climate change is
determined by factors such as economic resources and other assets, technology and
information, infrastructure and stable and effective institutions. Since many partner
countries are poorly endowed with these attributes and are consequently highly
vulnerable to climate change, the enhancement of their adaptive capacity is
therefore likely both to reduce vulnerability to climate change and promote sus-
tainable development. Adverse effects on ecosystems, natural resources and
related economic sectors will affect poor people hardest. Climate change could
cause many complex alterations: a shift in temperature zones caused by climate
change could lead to the extinction of species in many locations while many areas
where the warm seasons will become drier will be at risk of land degradation,
drought and desertification.

The Stern review (Stern 2007) proposes stabilizing the concentration of GHG
emissions in the atmosphere at a maximum of 550 ppm CO2e by 2050. The
Review estimates that this would mean cutting total GHG emissions to three-
quarters of 2007 levels (Stern 2007). The Review further estimates that the cost of
these cuts would be in the range of -1.0 to +3.5% of GDP, with an average
estimate of approximately 1%. Stern has since revised his estimate to 2% of GDP.

Fig. 2 Equilibrium between
energy consumption and
human security. Source:
Zipprich et al. (ECCAP
Project Report 2010)

530 A. N. Sarkar



The Review emphasizes that these costs are contingent on steady reductions in the
cost of low-carbon technologies. Mitigation costs will also vary according to how
and when emissions are cut: early, well-planned action will minimize the costs.
One way of estimating the cost of reducing emissions is by considering the likely
costs of potential technological and output changes. Policy-makers can compare
the marginal abatement costs of different methods to assess the cost and amount of
possible abatement over time. The marginal abatement costs of the various mea-
sures will differ by country, by sector, and over time.

Mitigation and Adaptation Strategies for Global Change addresses a wide range
of timely environment, economic and energy topics including global climate
change, stratospheric ozone depletion, acid deposition, eutrophication of terrestrial
and aquatic ecosystems, species extinction and loss of biological diversity,
deforestation and forest degradation, desertification, soil resource degradation,
land use change, sea level rise, destruction of coastal zones, depletion of fresh-
water and marine fisheries, loss of wetlands and riparian zones and hazardous
waste management. The world bank has identified critical linkages between cli-
mate impacts and poverty reduction, pointing out that if atmospheric CO2 con-
centrations were to double from pre-industrial levels, ‘‘developing countries would
suffer economic costs of 5–9% of GDP, several times higher than industrialized
countries, and the poor in the Bank’s borrowing countries would be at the greatest
disadvantage’’ (IPCC 2001). Industrialized countries are largely responsible for the
build-up of GHGs in the atmosphere thus far, and must bear the brunt of the
mitigation effort. But developing countries can play an important role in reducing
emissions growth within the context of their continued economic development.
Nearly 80% of the world’s population lives in developing countries, which already
account for over 40% of current world emissions and given present trends, this
share will rise to 56% by 2025 (Shah 2008).

Financing Mitigation and Adaptation for Meeting
the Climate Challenge

Investment and Financial Flows to Address Climate Change

In 2007, the UNFCCC Secretariat prepared a report on ‘‘Investment and Financial
Flows to Address Climate Change’’ (UNFCCC 2007a, b). The report covers
mitigation and adaptation in various sectors over the period to 2030. The report
defines an investment as the initial (capital) cost of a new physical asset with a life
of more than one year, such as the capital cost of a gas-fired generating unit or a
water supply system. A financial flow is an ongoing expenditure related to climate
change mitigation or adaptation that does not involve physical assets, such as
research or healthcare. These investment and financial flows are not the same as
the cost of addressing climate change; changes to the operating costs of
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investments are not considered, nor are damages due to climate change estimated.
The changes to the investment and financial flows in 2030 for climate change
mitigation are shown in Table 3. Global additional investment and financial flows
of US $200–210 billion will be needed in 2030 to return global GHG emissions to
2005 levels with about US $75 billion of this funding needed in developing
countries (Tirpak 2008). The net increase involves reduced investment for fossil
fuel supply and large shifts in investment for electricity generation. Annual
investment in fossil fuel supply and associated infrastructure in 2030 is almost US
$60 billion lower due to increased energy efficiency. However, global fossil fuel
equipment in industry and buildings consumption is still about 30% higher than in
2000. Improved vehicle efficiency, including hybrid vehicles, increases energy
efficiency in the transportation sector. Annual spending on energy research and
development (R&D), US $10 billion, and on demonstration, US $25–35 billion,
was projected to double by 2030. Currently, most research is undertaken in a few
developed countries; what share of the research will be conducted in developing
countries in 2030 is difficult to predict.

The IEA (2008) also undertook a bottom-up assessment of the investment needs
out to 2050 for a wide range of power generation, infrastructure, transport and
energy demand technologies in 2008. Importantly, the IEA study examined the
implications of meeting long-term abatement targets on near- to mid-term
investments. A comparison of current and additional finance from this analysis for
achieving a 500 parts per million scenarios is presented in Table 4. The estimated
additional finance needed increases with each stage of the innovation cycle, from
US $10 to 100 billion per year for R&D to US $1,000 billion annually for dif-
fusion. These estimates are the total annual investment needed at each stage.

Table 3 Change to the annual investment and financial flows in 2030 for climate change
mitigation

Sectors Global (billions of 2005
US dollars)

Share of developing
parties (%)

Fossil fuel supply (-) 59 50–55
Electricity supply (-) 7 50–55
Fossil-fired generation, transmission and

distribution
(-) 156 50–55

‘‘Renewables’’, nuclear and CCS 148 50–55
Industry 36 50–55
Building 51 25–30
Waste 0.9 66–70
Transport 88 40–4
Forestry 21 Almost 100
Agriculture 35 35–40
Energy research, development and

demonstration (RD&D)
35–45 –

Net change 200–210 35–40

Source: UNFCCC 2007a, Tables IX-61, IX-62 and IX-63, pp. 173–174
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The support needed for deployment and diffusion will be only the cost in excess of
the cost of the incumbent technology.

The UNFCCC estimates the incremental investment and financial flows needed
to adapt to climate change in selected sectors total US $49–171 billion globally in
2030 with US $28–67 billion of this total being needed in developing countries.
Other recent estimates of adaptation costs for developing countries include World
Bank (US $9–41 billion), (World Bank 2007, 2009a), Oxford Institute for Energy
Studies (US $2–17 billion) (Müller and Hepburn 2006), Oxfam (greater than US
$50 billion) (Oxfam 2007) and UNDP (US $86 billion) (Watkins 2007). While
these estimates differ in terms of their scope and approach, and hence are not
directly comparable, they all show that tens of billions US dollars annually will be
needed by developing countries to adapt to climate change. The estimated addi-
tional investment and financial flows needed for climate change adaptation in 2030
are shown in Table 5. The agriculture, forestry and fisheries sector is estimated to
need an additional investment of US $11 billion annually in new capital, such as
irrigation systems, equipment for new crops and fishing practices, and relocation
and modification of processing facilities. An additional US $3 billion will be
needed annually for research and extension activities to facilitate adaptation.
About half of the total requirement will be for developing countries.

The capital cost of the water supply infrastructure needed to meet the projected
population and economic growth to 2030 given the projected climate in 2050 is
about US $800 billion with about 28% of this—US $225 billion—estimated to be
due to climate change (UNFCCC 2007b). Spreading the capital cost over the
20-year life of the facilities leads to an annual adaptation cost of US $11 billion.
About 85% of the additional investment would be needed in developing countries
(UNFCCC 2007b). The UNFCCC report (2007b) on investment and financial
flows concluded that meeting the additional investment and financial flows would
require a combination of:

• commitments by developed countries to provide additional financial assistance
to developing countries under the Convention;

• appropriate national policies to encourage private investment and domestic
government investment in mitigation and adaptation measures;

• optimal use of the funds available under the Convention and from other sources
to spread the risk across public and private sources;

Table 5 Change to the
annual investment and
financial flows in 2030 for
climate change adaptation

Global (billions
of 2005 US dollars)

Developing
countries (%)

Agriculture 14 50
Water supply 11 85
Human health 5 100
Coastal protection 11 45
Infrastructure 8–130 25–35
Total 49–171 35–60

Source: UNFCCC 2007a, Table IX-65, p. 177
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• expansion of the carbon market through more stringent commitments by Annex
I Parties to increase demand and possible additional mechanisms to increase
supply; and

• new sources of predictable funds to provide additional external financial flows to
developing countries for adaptation and mitigation.

The funding required for mitigation, adaptation, and technology is massive. In
developing countries, mitigation could cost $140–175 billion a year over the next
20 years (with associated financing needs of $265–565 billion); over the period
2010–2050, adaptation investments could average $30–100 billion a year
(in round numbers). The private sector will have a key role in financing mitigation
through carbon markets and related instruments. But official flows or other
international funding will be an important complement to build capacity, correct
market imperfections, and target areas overlooked by the market. Private finance
will also be important for adaptation, because private agents—households and
firms—will carry much of the adaptation burden. But good adaptation is very
closely linked to good development, and those most in need of adaptation assis-
tance are the poor and disadvantaged in the developing world. This means public
finance will have a key role (The World Development Report 2010).

The International Institute for Sustainable Development (IISD) has prepared
three papers to explore how major developing economies might become effec-
tively engaged in a post-2012 global climate change regime (Sadler 1996). The
goal of this first background paper, ‘‘Financing Mitigation and Adaptation in
Developing Countries: New options and mechanisms’’, is to review financing
issues relating to mitigation and adaptation under the UNFCCC. The changes to
the investment and financial flows in 2030 for climate change mitigation are shown
in Table 6. Global additional investment and financial flows of US $200–210

Table 6 Change to the annual investment and financial flows in 2030 for climate change
mitigation

Sectors Global (billions of 2005
US dollars)

Share of developing
parties (%)

Fossil fuel supply (-) 59 50–55
Electricity supply (-) 7 50–55
Fossil-fired generation, transmission and

distribution
(-) 156 50–55

‘‘Renewables’’, nuclear and CCS 148 50–55
Industry 36 50–55
Building 51 25–30
Waste 0.9 66–70
Transport 88 40–4
Forestry 21 Almost 100
Agriculture 35 35–40
Energy research, development and

demonstration (RD&D)
35–45 –

Net change 200–210 35–40
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billion will be needed in 2030 to return GHG emissions to 2005 levels with about
US $75 billion of this funding needed in developing countries. The net increase
involves reduced investment for fossil fuel supply and large shifts in investment
for electricity generation. Annual investment in fossil fuel supply and associated
infrastructure in 2030 is almost US $60 billion lower due to increased energy
efficiency. However, global fossil fuel consumption is still about 30% higher than
in 2000.

Substantial shifts in investment for electricity supply will be needed. Mitigation
is projected to reduce investment for fossil-fired generation, transmission and
distribution of the power supply by US $156 billion in 2030. Almost all, about US
$148 billion, needs to be shifted to renewables, nuclear, and carbon capture and
storage (CCS). Increased energy efficiency requires additional investment for
electrical and fossil fuel equipment in industry and buildings. The UNFCCC
estimates the incremental investment and financial flows needed to adapt to cli-
mate change in selected sectors total US $49–171 billion globally in 2030 with US
$28–67 billion of this total being needed in developing countries.

Financial Needs for Adaptation

Adaptation to climate change will bring with it additional costs for both the public
and the private sector. However, assessing the costs and, especially, the benefits of
adaptation is considerably more complicated than it is for mitigation. The Inter-
governmental Panel on Climate Change in its Fourth Assessment Report observed
that the current literature on adaptation costs and benefits is quite limited and
fragmented, and that equity considerations (i.e. the distribution of costs and
benefits) are hardly addressed at all. A recent review by the Organization for
Economic Cooperation and Development (OECD) on the same subject (Parry et al.
2008) found that there is very little quantified information on the costs of adap-
tation in developing countries, and most studies are constrained to a few sectors
within countries (mostly coastal zones; to a lesser extent water, agriculture and
health).

The financing needs of climate change mitigation and adaptation are uncertain
and large. In response, an extensive architecture of financing for climate change
mitigation and adaptation has started to develop around the world. Is there a role
for a regional approach in this developing financing architecture? The paper on
Financing Climate Change Mitigation and Adaptation Role of Regional Financing
Arrangements by ADB (Sharan 2008) examines the issue in the context of the Asia
and Pacific region. The paper argues that, while climate change is a global public
good, it has strong regional features, and, consequently, regional institutions and
financing arrangements play an important role. In particular, regional financing
arrangements have a special role in climate change adaptation. Regional financing
arrangements complement and strengthen the global collective action on climate
change. Another important priority is to create specialized regional funds to
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address key region-specific climate change adaptation needs. Finally, opportunities
for private sector financing in a regional setting should be promoted through
appropriate policy and regulatory support.

Adaptive Capacity Building

Potential Link Between Climate Change and Sustainable
Development

Development—that is socially, economically, and environmentally sustainable—is
a challenge, even without global warming. Economic growth is needed, but growth
alone is not enough if it does not reduce poverty and increase the equality of
opportunity. And failing to safeguard the environment eventually threatens eco-
nomic and social achievements. These points are not new. They only echo what
still is, after more than 20 years, perhaps the most widely used definition of
sustainable development: ‘‘development that meets the needs of the present
without compromising the ability of future generations to meet their own needs.’’
By definition, then, unmitigated climate change is incompatible with sustainable
development. Adaptation is adjustment in ecological, social, or economic systems
in response to actual or expected climatic stimuli and their effects or impacts. This
term refers to changes in processes, practices or structures to moderate or offset
potential damages or to take advantage of opportunities associated with changes in
climate. It involves adjustments to reduce the vulnerability of communities,
regions or activities to climatic change and variability. Adaptation is important in
the climate change issue in two ways—one relating to the assessment of impacts
and vulnerabilities, the other to the development and evaluation of response
options. Understanding expected adaptations is essential to impact and vulnera-
bility assessment and hence is fundamental to estimating the costs or risks of
climate change (Fankhauser 1996; Yohe et al. 1996; Tol et al. 1998; UNEP 1998;
Smit et al. 1996; Pittock and Jones 2000). Article 2 of the UNFCCC (2007b) refers
to ‘‘dangerous’’ human influences on climate in terms of whether they would
‘‘allow ecosystems to adapt, ensure food production is not threatened, and enable
economic development to proceed in a sustainable manner.’’ The extent to which
ecosystems, food supplies and sustainable development are vulnerable or ‘‘in
danger’’ depends on their exposure to climate change effects and on the ability of
impacted systems to adapt. Thus, to assess the dangerousness of climate change,
impact and vulnerability assessments must address the likelihood of autonomous
adaptations. Adaptation also is considered an important response option or strat-
egy, along with mitigation (Smith et al. 1996). Even with reductions in GHG
emissions, global temperatures are expected to increase, other changes in cli-
mate—including extremes—are likely, and sea level will continue to rise (Raper
et al. 1996). Hence, development of planned adaptation strategies to deal with
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these risks is regarded as a necessary complement to mitigation actions (Smith
et al. 1996; Smit et al. 1999—Fig. 3). Article 4.1 of the UNFCCC commits parties
to formulating, cooperating on, and implementing ‘‘measures to facilitate adequate
adaptation to climate change.’’

The first empirical studies of climate adaptation (reviewed and assessed in the
IPCC AR4) showed that the success of adaptation in developing countries relies
strongly on broader development progress. When adaptation is limited to
responses specific to climate change, it neglects the fact that vulnerability to
climate change does not emerge in isolation. For example, it may help to provide a
rural household that grows a particular subsistence crop with a more drought-
resistant variety, but a more robust and comprehensive adaptation strategy would
seek to improve food security through a set of coordinated measures that include
agricultural extension, crop diversification, integrated pest management and
rainwater harvesting. In addition, a poor rural household is more likely to use these
options if it has a literate family member, if it has access to investment capital
through local financial institutions, if it enjoys relatively intact social networks,
and if it can hold policy-makers accountable. In other words, it takes more than
narrow, climate-focused measures to build adaptive capacity. A recent study by
McGray et al. (2007) confirmed this view. It reviewed more than 100 initiatives
labelled as adaptation in developing countries and found that in practice there is
little difference between these adaptation initiatives and what can be considered
good development. The difference lies more in the definition of the problem and
the setting of priorities than in the implementation of solutions. The study pre-
sented adaptation as a continuum, ranging from more narrowly defined activities
aimed specifically at addressing impacts of climate change, to building response
capacity and addressing the drivers of vulnerability (Fig. 4).

Many developing countries have already begun to integrate climate risks into
their mainstream sectoral and national development planning. The benefit of this

Fig. 3 Places of adaptation in climate change issues (Smit et al. 1999)
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integration effort is that it often refers to today’s and tomorrow’s climate, thus
ensuring the effectiveness and sustainability of investments. India, for example,
has adopted policies to reduce risks and enhance the adaptive capacity of its most
vulnerable sectors and groups. The policies are primarily driven by the objective of
ensuring sustainable livelihoods and alleviating poverty. For example, adaptation
in the agricultural sector includes the development of drought-resistant crop
varieties, the promotion of crop diversification and the extension of the National
Agricultural Insurance Scheme. Overall, India reports to be spending 2% of its
gross domestic product on adaptation activities in the areas of agriculture, water
resources, health and sanitation, coastal zones, forests and disaster risk reduction
(Ray 2007).

Successful human societies are characterized by their adaptability, evidenced
throughout human existence. However, climate change introduces a new chal-
lenge, not only because of the expected rise in temperature and sea levels, but also
due to the current context of failure to address the causes of poverty adequately. As
a result, policy supporting adaptation has been cast as a necessary strategy for
responding to climate change and supporting development, making adaptation the
focus of much recent scholarly and policy research. Research conducted by
Schipper (2007) at the Tyndall Centre for Climate Change Research School of
Environmental Sciences, University of East Anglia, addresses this new adaptation
discourse, arguing that work on adaptation so far has focused on responding to the
impacts of climate change, rather than sufficiently addressing the underlying
factors that cause vulnerability. What is particular about climate change is that
adaptive processes will have to take into account not entirely understood, but
certainly extensive, impacts on hydrology and water resources, agriculture and
food security, terrestrial and freshwater ecosystems, coastal zones and marine
ecosystems, human health, human settlements, energy and industry, and insurance
and other financial services (Adger et al. 2003). These impacts will have profound
economic, social, demographic, technological and political implications.

Fig. 4 Adaptation as a continuum from addressing the drivers of vulnerability to confronting the
impacts of climate change. Source: adapted from McGray et al. (2007)
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Such impacts will be unprecedented in their scope and range, going beyond
national boundaries and penetrating a broad array of policy and theory discourses
because of the global nature of climate change.

From a policy perspective, the adaptation approach to development is simpler:
it centres on mainstreaming adaptation, which comes down to taking into account
climate change in social, institutional and infrastructural development planning.
Schipper (2007) has identified two tracks toward adaptation: an ‘‘adaptation
approach’’ to development and a ‘‘vulnerability reduction approach’’ to develop-
ment (see Box 1).

Box 1 Different approaches to linking adaptation
and development

Adaptation approach

Adaptation to climate change impacts ? Vulnerability
reduction ? Development

In this view, adaptation is carried out in response to the observed and
experienced impacts of climate change on society (including ecosystems).
These responses ensure that the vulnerability to the impacts is reduced. This
in turn ensures that less is lost each time a climate-related hazard takes place,
which means risk is reduced. With reduced risk, development can be more
sustainable.

Vulnerability reduction approach

Development ? Vulnerability reduction ? Impact reduction ? Adaptation

In this view, development processes help reduce vulnerability to climate
change. By reducing the vulnerability, impacts of climate hazards are also
reduced, as there is less sensitivity and exposure to the hazards. This trans-
lates into a process of adaptation to climate change.

Even the Adaptation Policy Framework, developed by the UN Development
Programme/Global Environmental Facility (Lim et al. 2005) emphasizes the
mainstreaming approach, as do the National Adaptation Programmes of Action
guidelines for least developed countries. But mainstreaming will not be effective if
existing development trajectories are inconsistent with the objectives of adapta-
tion, i.e. if they explicitly contribute to vulnerability. This is also relevant as
adaptation needs to confront the same constraints as those faced by development,
and therefore an adaptation process is only possible if there is successful sus-
tainable development to support it. However, for this to be successful, an
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awareness of climate change impacts and the needs for successful vulnerability
reduction are imperative within the development process.

Cost Implications of Mitigation Measures

Mitigation measures to reduce GHG emissions have a certain cost. However, they
also constitute an economic benefit by reducing the impacts of climate change, and
the costs associated with them. In addition, they can bring economic benefits by
reducing local air pollution and energy resource depletion. If the benefits of
avoided climate change are taken into account and a ‘‘carbon price’’ is established
for each unit of GHG emissions, this could create incentives for producers and
consumers to significantly invest in products, technologies and processes which
emit less GHGs. The resulting mitigation potential is substantial and could offset
the projected growth of global emissions over the coming decades or reduce
emissions below current levels (Garg et al. 2003). Mitigation measures could
contribute to stabilizing the concentration of GHGs in the atmosphere by 2100 or
later. To achieve low stabilization levels, stringent mitigation efforts are needed in
the coming decades. This could reduce global GDP by up to a few per cent.
Changes in lifestyle and behaviour that favour resource conservation can con-
tribute to climate change mitigation. Mitigation measures can also have other
benefits for society, such as health cost savings resulting from reduced air pollu-
tion. However, mitigation in one country or group of countries could lead to higher
emissions elsewhere or effects on the global economy. Mitigation potential for
different sectors is a function of carbon price (Schaffer et al. 2002).

No one sector or technology can address the entire mitigation challenge. All
sectors, including construction, industry, energy production, agriculture, transport,
forestry and waste management could contribute to the overall mitigation efforts,
for instance through greater energy efficiency. Many technologies and processes
which emit less GHGs are already commercially available or will be in the coming
decades. In order to stabilize the concentration of GHGs in the atmosphere,
emissions would have to stop increasing and then decline. The lower the stabil-
ization level aimed for, the more quickly this decline would need to occur.
Worldwide investments in mitigation technologies, as well as research into new
energy sources, will be necessary to achieve stabilization. Delaying emission
reduction measures limits the opportunities to achieve low stabilization levels and
increases the risk of severe climate change impacts (Nair et al. 2003).

Energy Security and Sustainable Development Nexus

There is a trade-off between stability and sustainability within energy equity.
Should more emphasis been placed on the stability and equity of present energy
supply or should intergenerational equity be prioritized? The former option
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includes the demand for equitable geographical distribution of energy supply. The
World Energy Council (2000) stated that ‘‘though we expect no major problem in
providing the energy that will be necessary to sustain the rates of economic growth
that one might realistically expect in the coming decades, the current situation is
characterized by distributional inequalities and detrimental impacts on the global,
regional and local environment and on human health’’. Additionally, the protection
of the commons and avoidance of energy imperialism is a precondition for energy
equity. There are also negative effects of increasing energy access including cycles
of ever higher demand, higher energy production, and higher pollution, threatening
environmental security. For the sustainability criterion to be met the idea of a
‘‘limits-to-growth scenario’’ has to be accepted. While making energy accessible
and affordable to all to fulfil their basic needs, energy use for luxurious purposes
can be reduced without infringing basic human rights. Thus, the ethical demands to
meet concerns of equity also mean restrictions for those who make excessive use
of energy. The challenge of the twenty first century will be for human society to
regain a healthy relationship with our ‘‘living’’ Earth. The signs are clear that right
now we are failing in that task. Unless we change our ways, it is likely that
comfortable civilization as we know it will disappear. Climate change is not just an
environmental problem, it is a societal problem. The simple truth is that humanity
is changing the atmosphere—every day we add around 70 million tonnes of
invisible carbon dioxide, the very gas that we know controls the temperature of the
planet. The pathway to integrate energy security and sustainable development is
through achieving ‘‘carbon neutrality’’. Carbon neutrality offers individuals,
businesses and other institutions the opportunity to take personal responsibility for
the global warming implications of their lifestyle (Carbon Neutral 2008).

Leading energy-generating companies have the ability to break the cycle by
helping raise consumer awareness, challenging government and looking for
business opportunities in a carbon-constrained world. There is clearly a need for
more research to be done in understanding what exactly encourages people to
reduce their emissions, on the extent to which the practice of offsetting has an
effect on such behaviour, and on how much it can play a role in educating people
about climate change (Carbon Literacy 2008).

The biggest spending consumers in the voluntary offset market are businesses.
As with individuals, the motivation for carbon emissions offsetting varies: some
companies argue that they recognize the threat of climate change and try to act
responsibly; but also some of the motivations for offsetting here will be strategic—
they might be to meet Corporate Social Responsibility (CSR) obligations, to
generate goodwill, or to attract the growing number of customers attracted by
environmental action. Future efforts should be directed to bridge the gap between
the carbon-literate vis-à-vis carbon-illiterate society. In this regard, sustained
efforts will also be required to address concerns on developing sustainable energy
portfolios in the context of environment management, as also simultaneously
meeting the growing needs of society for enhancing Developmental Matrices and
improving Human Developmental Indices (Carbon Sense 2006).
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According to a recent World Bank Study reported by Patricia da Camara titled
‘‘Green Growth is Possible in Mexico (2009)’’, Mexico could reduce its CO2

emissions by at least 42% (or 477 million tonnes) per year by 2030 without
sacrificing economic development. The report was presented to 120 legislators
from major economies at the GLOBE Copenhagen Legislators Forum organized
by the Global Legislators Organization (GLOBE) and the COM+ Alliance of
Communicators for Sustainable Development. The Forum took place at a critical
scenario ahead of the formal UNFCCC negotiations in December in this city. Low-
Carbon Development for Mexico identifies a series of 40 actions for reducing CO2

emissions that could be implemented in the short term at low costs. Significant
opportunities for CO2 reduction were identified in the areas of transport, power
generation, oil and gas, agriculture and forestry, and energy efficiency. Imple-
menting these initiatives on a larger scale over the next 20 years, however, will
require changes to the country’s financial, regulatory and institutional frameworks.

The IEA (2007) has estimated that $26 trillion in investment in the energy
sector is needed between 2005 and 2030 under the business as usual scenario, but
another $4.1 trillion would be required to limit temperature increase to 3�C (0.2%
of global GDP), or an additional $9.3 trillion (0.6% of global GDP) to attain the
2�C target. It is widely agreed that international trade will play a crucial role in
making these huge investments possible. At the same time, there are various issues
that potentially will have a negative impact on trade and investments in clean
technologies, such as: (i) lack of clear guidance on future energy policy and lack of
fiscal incentives for clean energy production; (ii) weak environmental regulation
and enforcement; (iii) tariffs on environmental goods and services (EGS); (iv) non-
tariff barriers on trade in EGS, such as standards and labels; (iv) weak and frag-
mented protection of investments; (v) subsidies for conventional energy sources,
and a domestic financial sector that has little experience with new technologies.
The Organization for Economic Cooperation and Development (OECD) and
International Energy Agency (IEA), and recent reports on World Energy Outlook
2004 (IEA 2004) project that over the next 30 years global primary energy demand
will grow by 1.7% per annum from 9.20 to 15.30 billion tonnes of oil equivalent,
and that this demand will be met primarily by conventional fossil energy such as
oil, natural gas and coal in the near term. Energy from renewable resources is also
expected to grow in the mid-century term, but will remain in the small percentages
of the total energy mix in the near term. Based on a number of statistics, it is also
projected that many communities across the globe (1.40 billion people according
to IEA) living at or below the poverty line will remain without access to modern
energy systems such as electricity, which is an essential requirement for social and
economic development.

The overall value of the global carbon market was estimated at over $10 billion
in 2005. In the first quarter of 2006 alone, the value of carbon market transactions
reached $7.5 billion. This growth is driven by high prices in the EU-ETS market
for allowances. EUAs worth $8.2 billion were traded in 2005. The World Bank has
been a pioneer in the carbon market, mainly through the establishment of carbon
procurement funds to secure carbon credits on behalf of investors. These funds
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typically enter into pay-on-delivery contracts and contribute to the positive cash
flow of projects after the start of operations and the delivery of emission reduc-
tions. Recently, some funds have secured limited insurance against non-delivery of
CERs and are able to offer partial upfront payments. The funds in the World Bank
portfolio were not solely intended to procure carbon credits, but also to help create
demand and spur the global carbon market (The World Bank 2009a).

Through increasing carbon sink and using CCS technology, the GHG emissions
from fossil fuels that are hard to reduce can be offset. Meanwhile, through the
establishment of reasonable and fair technology transfer and financial support
mechanisms, developing countries can undertake the costs to shift towards low-
carbon patterns while being at the lowest end of the value chain in the international
trade structure. The perspectives of development value need to be changed in order
to promote the transition of consumption towards a sustainable and low-carbon
future, especially for developing economies (Wang 2009). The United Kingdom is
the first country that put forward the concept of a ‘‘low-carbon economy’’. The UK
had its own historic and realistic reason for doing so. Its major purpose is to
guarantee energy security, mitigate the impact of climate change, utilize the
opportunities from retrofitting its energy facility infrastructure and its advantage in
low-carbon technology, increase its own economic efficiency and vitality, take a
potentially larger piece of the future low-carbon technology and products market,
and obtain its leadership role in international politics, as well as increase its
international influence. Other EU countries, Japan and other major developed
countries have also gained progress around a ‘‘low-carbon economy’’ on the basis
of their own advantages in energy, environment, economy and politics, as well as
their own social and economic contexts and global strategy. They are beginning to
lead the trend of global revolution towards a low-carbon future through various
strategies and models.

Carbon taxes can be an efficient instrument for controlling carbon emissions—
but changes in the tax system to incorporate environmental costs (green taxes)
could be regressive, depending on the country’s economic structure, the quality of
targeting, and the distribution of burden sharing. In the UK, a carbon tax imposed
equally on all households would be very regressive, consistent with findings from
other OECD countries. Green taxes in developing countries could even be pro-
gressive, as suggested by a recent study for China. Most poor households in China
reside in rural areas and consume products that are much less carbon-intensive
than those consumed by generally better-off urban households. If revenues from a
carbon tax were recycled into the economy on an equal per-capita basis, the
progressive effect would be larger still. Developing countries, with less existing
infrastructure than developed countries, have a flexibility advantage and could
potentially leapfrog to cleaner technologies. Developed countries must provide
leadership in bringing new technologies to market and sharing knowledge from
their experiences of deployment. The ability to change emissions trajectories
depends on the availability of appropriate and affordable technology, which will
not be in place at some future date without research and development (R&D)
investment, dissemination, and learning-by-doing starting today.
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Addressing Climate Change and Sustainable
Development Issues

The most commonly accepted understanding of environmentally sustainable
development (ESD) is encapsulated by the Brundtland definition: ‘‘meeting the
needs of present generations without compromising the ability of future genera-
tions to meet their own needs’’ (WSSD 2002). It is recognized that meeting
essential needs requires economic growth and equity facilitated by ‘‘political
systems that secure effective citizen participation in decision-making’’ (ibid.).

The report of the Brundtland Commission (1983) was central to the process
leading to a wide recognition of the ‘‘sustainability’’ concept as the guiding rule
for future planning. IUCN (1980) defines sustainable development as ‘‘the man-
agement of human use of the biospheres so that it may yield the greatest potential
to present generations while maintaining its potential to meet the needs and
aspirations of future generations’’. Two key elements in planning for sustainable
development are the precautionary principle and the internalization of external
effects. The precautionary principle states that any development action should take
into account future risks, hazards and adverse impacts. In the absence of clear
evidence, the principle emphasizes safety considerations (Gilpin 1996).

Sustainable development has become part of all climate change policy dis-
cussions at the global level, particularly due to adoption of Agenda 21 and the
various Conventions resulting from the UNCED (1992). The generally accepted
and used definition as given by the Brundtland Commission is ‘‘development that
meets the needs of the present without compromising the ability of future gener-
ations to meet their own needs’’. Climate change and other sustainable develop-
ment policies are often but not always synergistic. There is growing evidence that
decisions about macroeconomic policy, agricultural policy, multilateral develop-
ment bank lending, insurance practices, electricity market reform, energy security
and forest conservation, for example, which are often treated as being apart from
climate policy, can significantly reduce emissions. On the other hand, decisions
about improving rural access to modern energy sources, for example, may not have
much influence on global GHG emissions. Climate change policies related to
energy efficiency and renewable energy are often economically beneficial,
improve energy security and reduce local pollutant emissions. Other energy supply
mitigation options can be designed to also achieve sustainable development ben-
efits such as avoided displacement of local populations, job creation and health
benefits.

Sustainable development has become an integrating concept embracing eco-
nomic, social and environmental issues (Lélé 1991). Sustainable development does
not preclude the use of exhaustible natural resources but requires that any use be
appropriately offset. This concept is not acceptable to many developing countries
since it seems to disregard their aspirations for growth and development. Further,
sustainable development cannot be achieved without significant economic growth
in the developing countries. Three critical components in promoting sustainable

33 Sustainable Development Through Pathways of Mitigation and Adaptation 545



development are economic growth, social equity and environmental sustainability.
There is a growing understanding of the possibilities to choose and implement
mitigation options in several sectors to create synergies and avoid conflicts with
other aspects of sustainable development. Making development more sustainable
by changing development paths can make a major contribution to climate change
mitigation, but implementation may require resources to overcome multiple
barriers.

The Ministry of Power (BEE 2007), Government of India, brought out a
detailed status position paper on ‘‘Addressing Energy Security and Climate
Change’’ in October 2007, which will bring about integration and various initia-
tives institutionalized through specialized institutions, such as the Ministry of New
and Renewable Energy, the Bureau of Energy Efficiency, and the Technology
Information, Forecasting and Assessment Council, with specific mandates to
promote climate-friendly technologies. The National Environment Policy (2006)
provides the basis for the integration of environmental considerations in the pol-
icies of various sectors. The Policy Statement for Abatement of Pollution (1992)
stressed the prevention of pollution at the source based on the ‘‘polluter pays’’
principle. The Forest Policy (1988) highlights environmental protection through
preservation and restoration of the ecological balance. Sustainable development
has become part of all climate change policy discussions at the global level,
particularly due to the adoption of Agenda 21 and the various Conventions
resulting from the UNCED (1992).

The generally accepted and used definition as given by the Brundtland Com-
mission in 1983 is ‘‘development that meets the needs of the present without
compromising the ability of future generations to meet their own needs’’. In this
regard, the statement of the former Secretary General of the United Nations,
General Ban Ki-moon, is relevant: ‘‘Eradicating extreme poverty continues to be
one of the main challenges of our time, and is a major concern of the international
community. Ending this scourge will require the combined efforts of all, gov-
ernments, civil society organizations and the private sector, in the context of a
stronger and more effective global partnership for development.’’

Developing countries now contribute about half of annual GHG emissions but
have nearly 85% of the world’s population; the energy-related carbon footprint of
the average citizen of a low- or middle-income country is 1.3 or 4.5 metric tonnes
of carbon dioxide equivalent (CO2e), respectively, compared with 15.3 in high-
income countries. Moreover, the bulk of past emissions—and thus the bulk of the
existing stock of GHGs in the atmosphere—is the responsibility of developed
countries. Adaptation and mitigation need to be integrated into a climate-smart
development strategy that increases resilience, reduces the threat of further
warming, and improves development outcomes. Adaptation and mitigation mea-
sures can advance development, and prosperity can raise incomes and foster better
institutions. A healthier population living in better-built houses and with access to
bank loans and social security is better equipped to deal with a changing climate
and its consequences. Advancing robust, resilient development policies that pro-
mote adaptation is needed today because changes in the climate, already begun,
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will increase even in the short term. Development, sustainability and equity (DES)
are key elements of any sustainable development strategy. In many countries,
response to climate change cannot be seen independently from more general
sustainable development strategies.

Emerging insights from adaptive ecosystem management and new institutional
economics suggest that building resilience into both human and ecological systems
is the optimal way to deal with future surprises, or unknowable risks. But do these
emerging insights have implications for policies and strategies for responding to
anthropogenic climate change? Herein, we ought to review our perspectives on
collective action for natural resource management and use insights from this area
to inform our understanding of climate response capacity and to demonstrate the
importance of social acceptance of strategies that build social and ecological
resilience. All societies need to enhance their response capacity to face future
climate impacts that could lie outside their experienced coping range. The chal-
lenge, posed at both the scale of local natural resource management and at the
scale of international agreements and actions, is to promote adaptive capacity in
the context of competing sustainable development objectives.

Conclusions

Given the backdrop of accumulated knowledge on the scientific reasons for global
climate change and research findings emanating therefrom on the various adverse
impacts of these changes on ecology, human and animal life, etc., it necessitates a
proper documentation and analysis of these events to guide the future options,
strategies and long-term climate policies leading to formulating goal-oriented
abatement of the declining climate change trend and their stabilization in order to
save the planet from further ecological devastation. There is international con-
sensus that climate change is one of the most serious threats to sustainable
development, both currently and in the future. Adverse impacts of climate change
have already been observed on natural resources, food security, human health, the
environment, economic activity and physical infrastructures. Climate change,
therefore, should not be seen in isolation merely as an environmental problem; it
should be perceived as a development problem, since its adverse effects will
disproportionately affect poorer countries with economies predominantly based on
natural resources and related economic sectors. The rationale for integrating
adaptation into development strategies and practices is underlined by the fact that
interventions required to increase resilience to climate variability and change
generally further development objectives and the underlying processes. Emerging
insights from adaptive ecosystem management and new institutional economics
would suggest that building resilience into both human and ecological systems is
the optimal way to deal with future surprises, or unknown risks. Herein, we ought
to review our perspectives on collective action for natural resource management
and use our insights from this area to inform our understanding of climate response
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capacity to demonstrate the importance of social acceptance of strategies that build
social and ecological resilience. All societies need to enhance their response
capacity to face future climate impacts that could lie outside their experienced
coping range. The challenge, posed at both the scale of local natural resource
management and at the scale of international agreements and actions, will there be
to promote adaptive capacity in the context of competing sustainable development
objectives.

At the international level, global climate change will have to have its deserved
place on the agenda for sustainable development. Sustainable development
involves a comprehensive and integrated approach to economic, social and envi-
ronmental processes. Climate change is influenced not only by the climate-specific
policies but also by the mix of development choices. Therefore, the future Sus-
tainable Development Agenda will be grossly incomplete without inclusion of the
‘‘Human Development’’ and ‘‘Democratic Option’’ components to decide on any
imperative measures linked to mitigation or adaptation actions to curb adverse
impacts of climate change. By implication, this is also to be linked a priori with the
quality of democracy of the climate response actors to attribute to good gover-
nance, among others, for evolving sustainable environmental strategy. Among
other things, important components of adaptation strategies should be a better
understanding of the risks associated with environmental change and climate
change, and development of mechanisms to manage these, such as early warning
systems. The capacity to adapt varies considerably among regions, countries and
socioeconomic groups, and will vary over time. The most vulnerable regions and
communities will be those that are highly exposed to hazardous climate change
effects and have limited adaptive capacity. Nevertheless, adaptation to climate
change can confront in certain given situations dilemmas of rendering justice to
the international community, including those around the responsibility of devel-
oped countries to assist developing countries in adapting to changing climate.
Justice to community and the stakeholders among the climate response actors (viz.
government, private, joint partnership actors) should thus always have to be
implicit in the choice of adaptive responses.

The effects of climate change have increasingly come to be seen as a threat to
human security. Human beings are causing environmental degradation. At the
same time, they are among the victims, as their lives and livelihoods are distorted
along with the distortion of whole ecosystems. However, those who are most
vulnerable to the effects of climate change are often not those who have con-
tributed to global warming the most. The problematic of energy equity and human
security can hence be framed as an issue of distributive justice between popula-
tions and between generations: ensuring that no population or generation threatens
the security (welfare) of other populations or generations through over con-
sumption. The extent to which we are able to access energy is a factor which
influences our way and quality of life. At the same time, the amount of energy used
for our own convenience is also having an effect on others and the environment in
the present and in the future. The pathway to integrate energy security and sus-
tainable development is through achieving ‘‘carbon neutrality’’. Carbon neutrality
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offers individuals, businesses and other institutions the opportunity to take per-
sonal responsibility for the global warming implications of their lifestyle. There-
fore, for effective mitigation, emissions reduction and corresponding strategic
options would need to be aligned with the expanding energy demands on the one
hand, sustainable economic development with increasing environmental concerns
on the other hand. In an effort to do so, there has to be parallel development of
renewable forms of energy at a competitive cost to gradually replace conventional
non-renewable sources of energy that are predominantly dependent on fossil fuels.
Efficient carbon management by way of energy conservation, recycling of
renewables, carbon sequestration, geo-sequestration, eco-technology, etc. should
be the key drivers for mitigation and adaptation actions to help build a carbon–
neutral global society. Carbon taxes can be an efficient instrument for controlling
carbon emissions—but changes in the tax system to incorporate environmental
costs (green taxes) could be regressive, depending on the country’s economic
structure, the quality of targeting, and the distribution of burden sharing. Devel-
oping countries, with less existing infrastructure than developed countries, have a
flexibility advantage and could potentially develop cleaner technologies. Devel-
oped countries, in turn, must also provide much-needed leadership in bringing new
technologies to market and sharing knowledge from their experiences of
deployment.

Economic diversification will become increasingly important as an adaptation
strategy to increase economic resilience and decrease reliance on climate-vul-
nerable economic sectors. In the larger context of achieving long-term sustain-
ability, clearer understanding of mitigation and adaptation action actions assume
prime importance to cope with climate change-related vulnerability. Hence, we
need to know the implications of mitigation and adaptation in relation to climate
change parameters in more clear terms. At the sectoral level, increased economic
resilience is to be achieved by adapting existing practices to reduce exposure to
risk. Evaluating the economic consequences of the climate change, as well as
assessing the environmental economic policies associated with it, will require a
good understanding of both natural and socioeconomic processes and finding new
business opportunities while addressing climate change impact assessment and its
planned mitigation action thereof. Economic implications of climate change,
according to various studies made in recent times borders around funding for
mitigation and adaptation and reversing the adverse impacts of global warming,
largely caused by greenhouse gases and various anthropogenic factors. Integration
of carbon finance (largely the projects aimed at reduction of carbon intensity and
carbon neutrality/offsetting) with implicit cost-economics along with regulatory
provisions contained in it would go a long way in making carbon financing a cost-
effective and socioeconomically viable proposition. The new Copenhagen Protocol
and the amended Kyoto Protocol would form the core of the Agreement in
December 2010 in Mexico with the main elements agreed and a process decided to
finalize the details through decisions in the year or so following, in order to ensure
ratification by 2011.
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A new Institutional mechanism—namely the Copenhagen Climate Facility as
well as ‘‘Carbon Fund’’—will bring together developing country action plans on
mitigation, deforestation, technology and adaptation with the needed support, with
transparent and equitable governance as a core starting point. It is clear that the
new Protocol must include a mechanism or mechanisms to deliver the new and
additional finance for mitigation and adaptation actions in a predictable fashion
scale. The Mitigation and Adaptation Action Framework must be robust and
include not only new funding but also an insurance mechanism and a compen-
sation and restitution mechanism. Technology cooperation should occur quickly
on both mitigation and adaptation but be aided by a longer-term vision and a set of
action programmes that ensure that the world is delivering technology at an
adequate scale and speed and within a ‘‘protect and share’’ framework of intel-
lectual property rights. The new agreement must also build trust through trans-
parency and rigorous data collection and verification in a manner that reflects the
different capabilities of countries. The new Agreement should also try to minimize
cross-border asymmetry in natural assets sharing such as river/irrigation water, etc.
for meeting development goals and minimize inter-regional imbalance in eco-
nomic growth.
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Chapter 34
Activity-Based Water Resources
and Climate Change Education
Among School Students in Puducherry

R. Alexandar and G. Poyyamoli

Abstract Water resources and climate change education is an urgent need for
encouraging students to understand the water issues related to climate change at
their local level and make the changes in their attitude, behaviour for protection
and conservation, and protection of local precious natural resources and capability
to sustain their life under changing climatic conditions in future. The main
objectives of this study were to bring changes to students’ behaviour and attitudes
to protect and conserve local drinking water resources. In order to address local
water quality issues, students were provided with the scientific skills to monitor
water quality, essential water quality parameters to protect against/prevent water
pollution and were motivated and trained to practise various climatic change
adaptations in order to conserve their local water resources and to create awareness
among the local community about climatic change adaptations and the protection/
conservation of local water resources through service-learning education. In this
study, a pre- and post-test with control group design was used to measure students’
efficiency of knowledge, attitude, and behaviour pre- and post-test. Activity-based
environmental education methods were used to address water quality issues and
climate change at local level, including classroom sessions such as lectures,
PowerPoint presentations, films on various water issues and climate change,
debates, essay/painting competitions, and quizzes and tests. During the outdoor
activities, students were facilitated with hands-on activities, field trips, community
visits, games and group projects. The post-test results revealed that there was an
increase in students’ knowledge, understanding, attitudes and skills to solve local
water resources and climate change problems. This study therefore stresses the
need to extend teaching and learning activities into the immediate environment
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of the pupils beyond the classroom so that they are made aware of and understand
water resources and climate change studies.

Keywords Climate change �Water resources � Environmental education � Active
participation � Local natural resources � Attitude and knowledge

Introduction

Climate change is recognized as a significant man-made global environmental
challenge. It is also treated as a threat. Consequently, there is now growing rec-
ognition of the vulnerability of key sectors of economy and development to
climate change. The various assessment reports brought out since the 1990s by the
Intergovernmental Panel on Climate Change (IPCC) have progressively tracked
the development and build-up of knowledge and understanding of the science, and
the impacts and mitigation of climate change at global and regional levels. The
IPCC concluded that the impact of human activities on climate is unequivocal
(IPCC 2007). The debate at this point is over the extent and magnitude of climate
change.

The quality of water is central to all the roles that water plays in our lives. From
the beauty of natural waterways teeming with wildlife, to the vital livelihoods that
clean rivers and streams support, to the essential role that safe water plays in
drinking water and health—good water quality is fundamental to the network of
life and livelihood that water supports. Water is the source of life on earth, and
human civilizations blossomed where there was reliable and clean freshwater. Use
of water by humans—for drinking, washing and recreation—requires water free
from biological, chemical and physical sources of contamination. Plants, animals
and the habitats that support biological diversity also need clean water. Water of a
certain quality is needed to grow food, to power cities and to run industries. Water
quality is as important as water quantity for satisfying basic human and envi-
ronmental needs, yet it has received far less investment, scientific support, and
public attention in recent decades than water quantity, even though the two issues
are closely linked. As part of the effort to improve water quality, the United
Nations Environment Programme (UNEP) is supporting educational efforts around
the world to call attention to water quality challenges and solutions.

Over one billion people lack safe water; 80% of infectious diseases are
waterborne, killing millions of children each year. Several parts of India are facing
an immense challenge to meet the basic needs of water (Tambekar and Banginwar
2005). There arises an urgent need for understanding the status of drinking water
quality, the related problems and also the reasons for the problems (CLEAN-India
Project 2005). This understanding will help those people most affected by water
quality problems to evaluate and change the situation. Water has no taste, no
colour, no smell, yet it is life itself. Nothing could be more fundamental to life than
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water. Yet a third of our people do not have access to safe drinking water. If the
water we use is not of good quality, it causes a number of health-related problems.
In India, almost 44 million people suffer from water-related problems. The
availability of water of good quality has become a major concern today.

During the past 150 years, the global average surface temperature has increased
by about 0.76�C. In addition to the warming up of the Earth’s surface, there have
been increased incidences of heat waves; accelerated melting of continental
glaciers and polar ice caps; rise in sea level of up to 20 cm; heavy rainfall in some
regions, resulting in frequent floods; and reduced rains in other regions of the
world, resulting in severe drought. Climate change may alter the distribution and
quality of India’s natural resources and adversely affect the livelihoods of people.
With an economy closely linked to its natural resource base and climatically
sensitive sectors such as agriculture, water and forestry, India may face a major
threat because of the projected change in climate. Rising temperature, changes in
rainfall patterns, and increased frequency of floods and droughts are likely to have
serious effects on rural populations. The major human contribution to climate
change in India is from carbon dioxide, methane, nitrous oxide and halocarbons.
Their impact on the world is not therefore determined by the source from which
they are emitted. Particulate emissions constitute the second group: they do not
disperse as quickly from their region of origin. India’s poor people remain highly
dependent on agriculture and, in the absence of creative policies that insure rural
incomes and provide alternative livelihoods, increased poverty may well accom-
pany changes in physical geography.

Water Quality Challenges

A wide range of human and natural processes affect the biological, chemical and
physical characteristics of water, and thus impact water quality. Contamination by
pathogenic organisms, trace metals, and human-produced and toxic chemicals; the
introduction of non-native species; and changes in the acidity, temperature and
salinity of water can all harm aquatic ecosystems and make water unsuitable for
human use. Numerous human activities impact water quality, including
agriculture, industry and mining, disposal of human waste, population growth,
urbanization and climate change. Agriculture can cause nutrient and pesticide
contamination and increased salinity. Nutrient enrichment has become one of the
planet’s most widespread water quality problems (UN WWAP 2009) and world-
wide, pesticide application is estimated to be over 2 million metric tonnes per year.
Industrial activity releases about 300–400 million tons of heavy metals, solvents,
toxic sludge and other waste into the world’s waters each year (UN WWAP, Water
and Industry). About 700 new chemicals are introduced into commerce each year
in the United States alone. Mining and drilling create large quantities of waste
materials and by-products and large-scale waste-disposal challenges. Widespread
lack of adequate disposal of human waste leads to contamination of water—
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worldwide, 2.5 billion people live without improved sanitation (UNICEF and
WHO 2008), and over 80% of the sewage in developing countries is discharged
untreated in receiving water bodies (UN WWAP 2009). Meanwhile, growing
populations will potentially magnify these impacts, while climate change will
create new water quality challenges.

Water Quality Impacts

Water contamination weakens or destroys natural ecosystems that support human
health, food production and biodiversity. Studies have estimated that the value of
ecosystem services is double the gross national product of the global economy, and
the role of freshwater ecosystems in purifying water and assimilating wastes has
been valued at US $400 billion (2008 $) (Costanza et al. 1997). Freshwater
ecosystems are among the most degraded on the planet, and have suffered
proportionately greater species and habitat losses than terrestrial or marine eco-
systems (Revenga et al. 2000). Most polluted freshwater ends up in the oceans,
damaging coastal areas and fisheries.

Domestic water consumption represents only 2% of global abstraction (agri-
culture requires a much higher proportion), the demand for water in cities is
steadily rising due to changing consumption patterns and increasing wealth
(Wilbanks et al. 2007, p 370). Water supply in urban areas must be considered as a
key for human development, but it is a bottleneck factor in many respects: water
supply is critical for economic development; massive groundwater withdrawal can
lead to land subsidence and increasing flood risks in coastal and delta areas; the
issue of water supply is related to wastewater management and the associated
implications for health (sanitation, waterborne and vector-borne diseases).

Communicable and Other Diseases

Not only most water-related diseases, but also vector-borne and rodent-borne
diseases are highly influenced by climate conditions, and several are very common
within cities. The most important vector-borne viral infection is dengue, which has
increased dramatically in tropical developing regions in the past few decades due
to the weakening of vertical control programmes in many regions and the rapid
unplanned urbanization that produces breeding sites for Aedes mosquitoes. The
global spreading of the four different types of dengue is favoured by increased
travelling, on the one hand, and higher temperatures and rainfall, on the other.
However, there are also studies showing that drought can lead to an increase in
dengue if household water storage increases the number of mosquito breeding sites
(Campbell-Lendrum and Corvalán 2007, p i112; Confalonieri et al. 2007, p 403).
Climate change and variability will be likely to impose additional pressure on
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water availability, water accessibility and water demand (Boko et al. 2007, p 444),
and an increased conflict potential between rural and urban water supply,
agriculture and nonfarm activities is to be expected.

Glacier and Snow Pack Decline

Glaciers the world over are thinning and shrinking as the planet warms, and
glaciers in the Himalayas are thinning faster than anywhere else. If the Earth
keeps warming at the current rate, Himalayan glaciers are likely to disappear
altogether in 25 years (Cruz et al. 2007). In the absence of glaciers, rivers in the
Indo-Gangatic Plain will become much more seasonal, threatening the Rabi crop
(spring harvest), as well as domestic and industrial water supplies in the non-
monsoon months. In addition, more precipitation will fall as rain rather than snow
and the greater water runoffs will increase flooding. Up to half of the glacier
decline is thought to have occurred as a result of upper atmospheric heating from
the black carbon particles in the south Asian brown cloud (Ramanathan and
Carmichael 2008). In addition, deposits of these soot particles in snow and ice
accelerates melting. This implies that India has the ability to slow the melting of
glaciers and snow by reducing particulate emissions.

Sea Level Rise

Global warming has been raising the sea level because warm water has greater
volume. In addition, there is a melting of Greenland and west Antarctic ice packs. A
recent study that takes into account both thermal expansion of the ocean and ice-
pack melt suggests that the likely range of the rise by 2100 is 0.8–2 m (Pfeffer et al.
2008). This will lead to the permanent displacement of millions of people in coastal
areas in India (Dasgupta et al. 2007). The IPCC expects extreme weather and
weather-related events to become more frequent and/or intense, with serious con-
sequences for human health and well-being. Scientists expect heat waves, droughts,
wildfires, floods, severe storms and dust transported between continents to cause
locally severe economic damage and substantial social and cultural disruption.

Rapid temperature changes would affect the seasons, causing variations in
season length. Changes such as shorter winters could lead to mismatches between
key elements in an ecosystem, such as feeding periods for young birds and
availability of worms or insects for food. Increases in the frequency of droughts
and floods would negatively affect local food production, and communities in
mountain regions would face an increased risk of floods caused by melting
glaciers. In addition, the risk of flood-induced illness and death from diarrhoeal
diseases could rise in south and southeast Asia. A region’s vulnerability to such
extreme events depends both on how much the climate changes and whether or not
nations develop effective responses to potential threats.
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With the increase in the concentration of greenhouse gases in the atmosphere
since the pre-industrial period, the planet has warmed by about 0.76�C. The eleven
hottest years in the past 650,000 years occurred between 1991 and 2006. The
hottest year on record was 2004 and the second hottest year on record was 2005.
It is projected that the warming will continue to occur and by the end of this
century, the planet will warm by a further 1.4–5.8�C.

The estimated amount of freshwater potentially available for human use is as
follows: groundwater, freshwater lakes and rivers comprise 0.629%; inland
seas and salt lakes 97.28%; polar ice caps 2%; lakes and rivers 0.00091%. India is
fortunate to have a lot of freshwater, which is replenished by annual monsoons.
India receives an annual rainfall equivalent to about 4,000 km3. This is unevenly
distributed across different parts of the country (Engelman and Roy 1993).
In India, water is used with abandon and available supplies of water have become
increasingly contaminated with waste and pollution from industry, agriculture and
households. Water is essential for achieving sustainable development and the
Millennium Development Goals. Properly managing water resources is an
essential component of growth, social and economic development, poverty
reduction and equity: all essential for achieving the Millennium Development
Goals. Water is linked to the crises of climate change, energy and food supplies
and prices, and troubled financial markets. Unless their links with water are
addressed and water crises around the world are resolved, these other crises may
intensify and local water crises may worsen, converging into a global water crisis
and leading to political insecurity and conflict at various levels (UNESCO 2009).

Active Participation in Environmental Education

Research conducted in the past several decades suggests that participation in
environmental education helps students develop knowledge about the environ-
ment, positive environmental attitudes and environmentally friendly behaviours
(Barnett et al. 2006). In addition to these outcomes, some forms of environmental
education have also been shown to be associated with learning advantages, such as
improvements in achievement, critical thinking, attitudes toward learning, and
motivation to learn and achieve in school (Wheeler et al. 2007). Environmental
education is not simply a strategy for educating young people about environmental
issues, but rather a system for using the environment as an organizing theme
around which other content areas are organized (Lieberman and Hoody 1998).
Environmental education uses environmental issues and topics to integrate various
subject area concepts which students explore through hands-on, community-based
and self-directed inquiry.

Children’s involvement in environmental education can provide a foundation
for environmental stewardship behaviour (Chawla 2007; Fisman 2005; Wells and
Lekies 2006). A study that presented data from several schools across New
England, including Boston, showed that students with more environmental
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education were more likely to report taking action to help the environment (Place-
based Education Evaluation Collaborative, 2008). An evaluation of a Boston-
based programme emphasized the importance of providing young people with
initial and repeat outdoor experiences (Duffin et al. 2007). Early adolescents in
another study reported more confidence in their own capacity to make a difference
and displayed more optimism for the future as they worked with other students on
environmental issues (Blanchet-Cohen 2008). Yet education is only part of the
story of getting kids outside. Adults (in or out of school) can be a significant
influence in nurturing children’s interest in the environment (Blanchet-Cohen
2008). Feelings of safety and security have been identified as being important to a
child’s ability to bond to a place (Falco 2004). Childhood experiences of special
natural places, often with the companionship of a caring adult, have been reported
by adults as top reasons for their continued involvement in environmental
engagement and activism (Blanchet-Cohen 2008).

Environmental education programmes immerse students in their physical
surroundings (Fisman 2005; Lieberman and Hoody 1998; PEEC 2008). A field-
based urban ecology programme in Boston helped students (especially girls) to
connect to their community through scientific investigation. Students in research
from across the country have shown more interest in learning when their pro-
grammes used the environment as a context for integrating maths, language arts,
social studies, science and/or the arts (Athman and Monroe 2004; Barnett et al.
2006; Lieberman and Hoody 1998; PEEC 2008). Extensive research exists doc-
umenting the link between enthusiasm for learning and subsequent academic
achievement. It is little surprise that children learn better when their hands and
minds are actively engaged.

Research by the Sustainable Development Commission (2009) and by Thomas
and Thomson (2004) shows that environmental quality and young people’s well-
being are inextricably linked, and that young people’s everyday experience of
living and learning in the environment, and the health of the environment itself, are
critical to overall well-being. Broadhurst et al. (2008) show that the quality of the
physical environment surrounding the school affects behaviour within schools, as
do attendance, academic achievement and parental support. Thomas and Thomson
(2004) found that the worse a local environment looks, the less children are able to
play freely, and develop the habits and commitments that will enable them to
address environmental problems in the future. This research base also shows that
schools have an important contribution to make in improving the quality of young
people’s environments.

Gayford (2009) found clear evidence from young people that telling them what
to think and do about environmental issues is not effective. A participatory and
collaborative learning approach helps young people to enjoy and achieve everyday
life. Rickinson (2001) bring learners and their experiences to the fore, and show
that skilled teaching can build on young people’s own views and interests in order
to enhance understanding. Percy-Smith et al. (2009) reported that by using action-
based forms of learning, young people were able to examine issues more
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effectively, understand the complexities of their real world contexts, and conse-
quently develop effective intervention strategies.

McClaren (1992), in his description of elements of environmental literacy,
states that children need to develop the ability to think about systems and move
from awareness to knowledge to positive action. Ecological principles and con-
cepts are important organizers for experience in the environment and provide
insights for critically thinking about environmental issues.

An important consideration for environmental educators in the development of
attitudes and knowledge among children is the importance of direct experience
(Orion and Hofstein 1994). According to Kellert (1985), children who have direct
contact with animals rather than just learning about them are more appreciative
and knowledgeable, and show concern towards the animals. Moreover, Jaus (1994)
discovered in his study that even minimal amounts of instruction in environmental
education is effective in producing highly positive attitudes and that it is possible
for these attitudes to be retained over time.

Teaching in the field brings students into the outdoors to a natural place where
they are given the opportunity to see things in their wholeness (Thomashow 2001;
Burkholder 2003), where they can merge landscape (the natural world) with
mindscape (the mental world) (Orr 1992), and where they can deepen their con-
nection with nature (Cuthbertson et al. 2003). This way of teaching provides
students with a way to unify theoretical book knowledge with personal direct
experience (Orr 1992; Wilson 1998). It is a way to move students towards a middle
ground where the self, nature and theory overlap and are integrated (Burkholder
2003). Overall, this process elevates the role of nature (or place) from something to
observe to the role of teacher. This way of learning encourages students to see
nature as a primary source of information and inspiration, as motivator and
classroom, and, primarily, as home—a place that provides comfort and protection,
and gives meaning to life—all of which supports the process of learning and
creates a meaningful and memorable learning experience (Cuthbertson et al.
2003).

Environmental education creates opportunities where students can have a direct
experience with what is, for many of them, a separate reality. It is implied that
through the process of environmental education students will develop knowledge
about and concern for the natural world. The task of the instructor is to craft
appropriate experiences in reflection of both ‘‘place’’ and ‘‘learner’’ (Haskin 1999).

Effective environmental education brings about an increased awareness and
appreciation of nature. It also reveals, in context, the wounds or separations that
exist between the human and nonhuman worlds. Therefore, the problem every
environmental educator must address is how to motivate students into action
without terrifying them into inaction (Haskin 1999).

Research shows that service-learning participation was associated with higher
scores in the state test of basic skills (Anderson et al. 1991) and higher grades
(Shumer 1994; Shaffer 1993; Dean and Murdock 1992; O’Bannon et al. 1999).
Students in over half of the high-quality service-learning schools studied showed
moderate to strong positive gains in student achievement tests in language arts
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and/or reading, engagement in school, sense of educational accomplishment and
homework completion (Weiler et al. 1998).

Service-learning provides a hands-on, collaborative approach to learning. It also
engages students in real world problem-solving and in exercising their own ini-
tiative and opportunities that are rare in most school curricula (McPherson 1991).
Service-learning is a method of teaching and learning that engages students with
meaningful hands-on service and immerses them in addressing community issues
gains in valuable knowledge and skills that connect classroom studies with
community improvements (McPherson 1991).

Education and Awareness

Improving water quality, preventing point and non-point source pollution, treating
wastewater before disposal and restoring the quality of waterways all require
political will. Education and awareness-building campaigns play a critical role in
building community knowledge and support for the importance of protecting and
improving water quality. This support for water quality improvements can lead to
increased pressure on policy-makers and elected officials to implement legislation
and regulations to protect water quality improve enforcement of these regulations,
and increase the willingness on the part of the policy-makers and elected officials
to act (UNEP 2010).

Changing Individual Behaviour

Individual behaviours impact water quality. For example, residents living, working
or playing near waterways may dispose of solid waste, human waste, or chemicals
in water bodies, which impairs water quality. Solid waste can clog water move-
ment and leach toxins into the water. Inappropriate disposal of human waste in or
near waterways can cause serious health problems. Education and awareness-
building efforts can help change behaviour among individuals. An example is the
numerous awareness-building campaigns in municipalities urging people to
dispose of oil and grease properly to avoid letting it drain into stormwater drains,
eventually compromising water quality. There are also education efforts to help
people using open defecation to understand its impacts on water quality and
disease (UNEP 2010).

Education on the connections between water quality, habitats and biodiversity
can help increase the interest of conservationists in promoting and protecting water
quality. Conservationists, anglers, birders and others who enjoy fishing or bird-
watching need to understand the connections between water quality and their
experiences of wildlife. Making these connections can help increase the
constituency that is advocating for water quality improvements (UNEP 2010).
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Water resources and climate change is one of the most important environmental
topics that these active teaching methods aim to engage students about. They learn
about water quality, water conservation and water’s connections to many other
environmental concerns, such as climate change, communicable diseases and
health, and acquire skills to analyse biological and chemical testing of local
drinking water sources, ranging from groundwater sources to municipal water
sources supplied by the government.

The increasing population in the Puducherry region has placed greater demands
on water resources due to climate change. Even though water is available at
shallow depths in the coastal areas, high salinity reduces the availability of potable
water. Excessive withdrawal of groundwater in coastal areas also creates pressure
in the form of saltwater intrusion. The increasing population also increases
wastewater generation and the need for more infrastructure facilities such as water
supply and a sewerage system. Lack of sanitation facilities and improper disposal
of human and animal waste contribute to poor surface water quality and thus lead
to the spread of waterborne diseases. In urban areas, lack of adequate sewage
collection, treatment and disposal facilities negatively impacts water quality. This
often leads to high levels of biological pollution and resulting eutrophication. Slum
growth is another problem. Improper disposal of plastics often leads to blockage of
sewer pipes, etc. leading to unhygienic conditions. Leachate from the disposal site
may contaminate groundwater. Puducherry is facing environmental threats such as
overpopulation, industrial growth, vehicular increasing, improper solid waste
management, open drainage, decreasing agricultural lands into real estates, lack of
forest cover posing serious air pollution, water pollution, solid waste issues,
domestic sewage, and industrial pollution. Considering these urban environmental
problems, the service-learning environmental education programme is considered
for urban school students.

Water resources and climate change method is an important educational tool to
understand the local environmental issues and creates awareness and protect
against/prevent local environmental problems with special reference to water
quality issues and climate change among the local community. In considering the
essentials of activity-based environmental education, the programme’s aim was to
give students knowledge and the necessary skills to change their attitudes towards
local drinking water resources such as municipal supplied water, groundwater and
open water sources such as lakes and ponds, to provide them with scientific skills
such as analysing, interpreting the drinking water quality, and to put into practice
various protection and conservation steps towards local drinking water sources,
and to create mass awareness among the communities to conserve and protect this
natural resource.

Water resources and climate change education is a pathway to quality education
through active teaching and learning methods in schools, which is intended to
support the local community, teachers and parents to grasp the challenges and
opportunities posed by climate change and water pollution. It is a rights-based tool
for skills and empowerment, which is designed to fill a perceptual gap between a
child’s physical environment and its daily life.
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This environmental education for water resources and climate change pro-
gramme aims to provide students, the future leaders of our country and benefi-
ciaries of natural resources, with opportunities to understand, and improve their
local drinking water resources. The programme empowers young people to
investigate the drinking water quality in their neighbourhoods and use their
findings to implement solutions. To understand the prevalent climate change
effects on water quality in students’ residential places involved seasonally
assessing the drinking water quality, and protecting water quality from various
pollution sources such as domestic and industrial.

Objectives of the Programme

The main objectives of this study were to change students’ behaviour and attitudes
to encourage them to protect and conserve local drinking water resources. In order
to address the local water quality issues, students were provided with the scientific
skills to monitor water quality, essential water quality parameters to protect
against/prevent water pollution and were motivated to practise various climatic
change adaptations in order to conserve their local water resources and to create
awareness among the local community about climatic change adaptations and
protect/conserve local water resources through service-learning education.

Study Area

Puducherry comes under the semi-arid type of climate, with a mean annual tem-
perature of around 30�C and 70–85% relative humidity is prevalent in the Union
Territory of Puducherry, which receives most of its rain from the northeast monsoon
and southwest monsoon. As per the 2001 census, the population of the UT is 974,345
which is about 0.09% of India’s total population. With a geographical area of just
480 km2, the UT accounts for 0.000154% of that of India. The population density is
2029 per km2, one of the highest in India. The community which was selected for the
water quality study is located adjacent to the selected schools. This residential area
comprises around 2,000 households with various economic statuses and varied
cultural backgrounds. Half of the community is made up of fishermen. This com-
munity was affected by the 2004 tsunami—some research conducted in the area
shows that the area has been highly affected by saltwater intrusion and faces
industrial pollution in the groundwater sources area. Both the study schools,
Chewalier Sellane Government Higher Secondary School (CSS) and Javagar
Navodya Vidyalaya School (JNV) are located on the bank of the east coast of
Puducherry. The residential places Kalapet and Chinna Kalapet were chosen from
the area near the schools.
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Population and Sample

School students are the target group because it is believed that one of the best ways
to provide for a healthy environment in the future is to produce an environmentally
literate and active citizenry as well as decision-makers. The study was conducted
from July 2008 to May 2009. The schools are located in a suburban area of
Puducherry town and have a diverse student population with varied cultural
backgrounds, urban/suburban and rural settings with various economic groups.
The schools are run by the government of Puducherry. The participants in the
study were chosen from the 13- to 15-year-old age group at middle-school level.
The rationale behind selecting this age group of students was that they have a
lower curriculum load than those at high-school level. The total sample size was
140 students. They were divided into two groups: 70 students from each school,
matched with the control group.

Study Design

A pre- and post-test design was used to measure the effectiveness of the
environmental service-learning programme among students, as well as to assess
the students’ knowledge, interest and skills related to water quality monitoring
study. Students participating in both the experimental and control group in the
environmental service-learning education programme were measured as to various
aspects in a questionnaire related to foundations of water quality study in the
beginning (pre-test) and then they were given service-learning environmental
education, and after education (post-test), they were again measured with the same
questionnaire (this included both experimental and control group students).

The first phase of this education programme was held in the classroom. During
this session, students were explained the basic concept of water resources, various
threats to drinking water sources, water pollution control and conservation meth-
ods, and factors related to climate change, various threats of climate change and
climate change adaptations. These were presented through active classroom ses-
sions such as lectures, PowerPoint presentations, films on various water issues and
climate change, debates, essay/painting competitions, quizzes and content knowl-
edge tests.

The programme takes a student-centred, skills-based approach to empowered
learning and it was designed to support the involvement and engagement of
students. It aims to increase students’ understanding of the interdependent rela-
tionship between the environment and their life and community. The programme is
designed to address water quality issues at community level, vulnerabilities to
chronic and sudden impacts of climate change, and environmental degradation.
It includes formal and non-formal activities and resources for local decision-
makers, school administrators and teachers and is unique in that it is designed to
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integrate practical guidelines for ‘‘facilities-based solutions’’ such as school gar-
dens, tree planting and rainwater harvesting, with a participatory, child-centred
skills-based curriculum.

In the second phase of this programme, the experimental group students were
involved in service-learning education in monitoring drinking water quality
(Figs. 1–3) in about four different localities in the nearby residential area,
ranging from low-income colonies, market places, religious places, residential
colonies, as well as their own school taps, and the impacts of climate change on
these drinking water sources in the local community. The aim was to find out the
quality of water consumed by the community at large. The water is supplied by
the government or groundwater extraction by hand pumps or bore wells. During
the water quality monitoring, students collected water samples and analysed the
essential parameters in physical, chemical and biological tests. These include
simple tests such as temperature, pH, chlorine, chloride, ammonia, and dissolved
oxygen (DO) at the spot, since these water quality parameters change according
to geographic and environmental conditions. Some of the essential water quality
parameters were collected and taken to the school laboratory and analysed with
regard to nitrate, fluoride, e-coli form, hardness and iron using the portable
water-testing kit.

The third phase of this education programme was to bring awareness to the
community, with students being provided with basic information about water
resources and its importance, and prevention and control methods based on the
students’ water quality tests of various essential physical, chemical and biological
parameters of drinking water sources. While doing water quality analyses, students
interacted with the community about their water quality analysis and gave infor-
mation to the community. If they found that any water quality exceeded permis-
sible limits then they gave simple control methods to prevent pollution and asked
the community to lodge complaints with the local panchayats (village councils)
and with the government agencies.

Assessment Framework

We developed a comprehensive outcomes framework to assess the efficacy of
water resources and climate change education modules in enhancing teaching and
training in water resources and climate change. The framework measured changes
in conceptual understanding, improvements in self-perceptions of process skills,
confidence in water resources and climate change knowledge, interest in water
resources and climate change topics, and changes in environmental orientation and
worldview. The methodology adapted and integrated three types of evaluation
instruments in a pre-module exposure test/post-module exposure test format.
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Water Resources and Climate Change

What is water resources and climate change? Why is the topic of water resources
and climate change important? And what about threats to water resources? Each
module (Table 1) includes an interactive PowerPoint lecture of slides with notes
and discussion questions, a detailed topical synthesis paper, and a series of hands-
on exercises in which students collect, analyse and synthesize water resources and
climate change data from multiple sources. We have used presentations to intro-
duce and discuss topics and applied the exercises as complements to lectures.
Students were introduced to the activity and answered questions at the end of the
lecture; they were allowed to work on the problems and then discussed the results
in the following class; they used an entire activity during one class session and
another group modified an exercise to last the whole semester. Variability in use
and adaptation was allowed in this study since we were testing the proposed
assessment framework rather than applying a quasi-experimental design.

Fig. 3 Students interacting
with community

Fig. 1 Students collecting
water sample from slum area

Fig. 2 Students analysing
water quality
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Content Knowledge Tests

Content knowledge assessments measure students’ learning from the module
component used (Table 2). These assessments include questions, multiple choice,
matching, short answer, problem sets, and short essays. In addition to measuring
knowledge recall, assessments focus on higher-order learning, including com-
prehension and application of material and problem-solving in new situations. The
water resources and climate change module (Table 1) used a written content
knowledge test, consisting of multiple choice and matching questions that were
selected from the modules, to measure changes in students’ knowledge of water
resources and climate change. Pre-tests were given prior to classroom use of the
modules. The post-test was administered either immediately after teaching the
modules, or was embedded in the final exam.

Questions Grouped into Categories

Water Resources Knowledge Confidence: Assessed
the Students’ Confidence

1. Defining climate change and its related water resources issues at global,
regional, local level.

2. Identifying threats to local water resources ranging from seawater to freshwater
due to climate change.

Table 1 Teaching learning theme of water quality and climate change study through activity-
based environmental education

Knowledge
1. How much water is there for us and how it distributed on earth?
2. What is the definition of water pollution?
3. How does water help us?
4. Why should we be concerned about water pollution?
5. Types/sources of water pollutants?
6. Impacts of water pollution?
Understanding
7. Understand local water pollution problems through analysis of drinking water quality due to

climate change as well as anthropogenic sources in the local community
8. Provide scientific skills to monitor/analyse drinking water sources using a field portable water-

testing kit in the local community and provide climate change adaptations at local level
Attitudes
9. Bring an attitudinal change protecting drinking water quality from contamination of water

sources and its protection in terms of rainwater harvesting, water and sanitation methods
Action
10. Put into practice various simple water pollution control/prevention and conservation methods

at school/household and local level
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3. Providing examples of the importance of freshwater sources for plants, animals
and human survival.

4. Describing methods such as analysing local drinking water quality used in
water protection and conservation.

5. Identifying water issues—anthropogenic as well as natural in protection
controversy.

6. Analysing/synthesizing information on water issues in order to bring awareness
to the local community.

7. Critically reviewing the content quality of researched material.

Table 2 Questions grouped into categories

An assessment of student’s knowledge and understanding of water resources
1. Defining climate change and its related water resources/issues global/regional/local
2. Identifying threats to local water resources ranging from sea water and fresh water due to

climate change
3. Providing examples of the importance of fresh water sources for plants, animals and human

survival
4. Describing methods such as analysing local drinking water quality used in water protection and

conservation
5. Identifying water issues-anthropogenic as well as natural in a protection controversy
6. Analysing/synthesizing information on water issue in order to make awareness among local

community
7. Critically reviewing the content quality of researched material
An assessment of student’s interest on water resources
1. Understanding the relevance of water resources to real world issues
2. Taking additional courses related to climate change and mitigation
3. Majoring in a related subject of water resources and climate change
4. Exploring career opportunities in related protection and conservation of water resources and

climate change
5. Considering changes in lifestyle choices
An assessment of student’s process skills on climate change and water resources
1. Oral communication
2. Written communication
3. Identifying underlying climate change problems
4. Gathering credible information to support a small group projects on water resources and

climate change
5. Sorting and filtering diverse sources of information
6. Predicting potential outcomes
7. Applying critical thinking about water issues and climate change
8. Collecting data and managing information
9. Analysing and interpreting data
10. Creating and interpreting graphs and tables
11. Working collaboratively with and in a group
12. Coordinating and managing a class or real world project
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Water Resources Interest: Assessed the Students’ Interest

1. Understanding the relevance of water resources to real world issues.
2. Taking additional courses related to climate change and mitigation.
3. Studying at university a related subject of water resources and climate change.
4. Exploring career opportunities in related protection and conservation of water

resources and climate change.
5. Considering changes in lifestyle choices.

Climate Change and Water Resources Process Skills: Assessed
the Students’ Confidence

1. Oral communication.
2. Written communication.
3. Identifying underlying climate change problems.
4. Gathering credible information to support small group projects on water

resources and climate change.
5. Sorting and filtering diverse sources of information.
6. Predicting potential outcomes.
7. Applying critical thinking about water issues and climate change.
8. Collecting data and managing information.
9. Analysing and interpreting data.

10. Creating and interpreting graphs and tables.
11. Working collaboratively with and in a group.
12. Coordinating and managing a class or real world project.

Statistical Analysis

Paired-sample two-tailed t-tests compared pre-test and post-test means for each
question on the content knowledge test for all respondents. Questions were
grouped into three categories to compare overall reported changes in learning:
knowledge in water quality study, interest in service-learning environmental
education, and skills in analysis of various physic, chemical and biological water
quality parameters. Paired-sample t-tests assessed differences across pre- and post-
tests for each of these measures. The test questionnaire ensured with test–retest
reliability that the coefficient of inventory was 80. The content of the question-
naire, an adequate number of questions with all aspects of water quality study
issues and protection and conservation, was ensured with subject experts.
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Results and Discussions

Changes in Content Knowledge

Students significantly increased their content knowledge of climate change and
water resources programme differences in pre- and post-testing, while in the
control group there was no change in pre-test and post-test. Students gained sig-
nificantly (t = 0.32254, p \ 0.005) in their confidence in climate change and
water resources knowledge, showing a significant increase in interest in water
pollution control. Student confidence in water resources and climate change
knowledge increased significantly in questions including those relating to defining
climate change, identifying principal threats, providing examples of how climate
change is effecting water resources, describing methods and strategies used in
mitigation and adaptation, identifying underlying issues in protection, analysing/
synthesizing information on an issue, and critically reviewing the content quality
of researched material.

While students reported increased interest in taking additional courses,
exploring a degree or career in conservation, and considering lifestyle changes to
support local water sources, somewhat surprisingly, they indicated increased
interest in understanding the relevance of climate change to real world issues.
Since the pre-test indicated a little less than average interest in the relevance of
water resources, the change in post-test was increased and insignificant relative to
the high starting value. In terms of climate change and water resources process
skills, students reported significant (t = 2.48126, p \ 0.005) gains in confidence
in their skills in identifying conservation issues and evaluating diverse sources of
information. However, students showed a significant increase in overall confidence
in climate change and water resources-related process skills.

Students showed their significant increases (t = 6.76841, p \ 0.005) in their
post-test attitudes questionnaire and behaviours (4.67794, p \ 0.005) towards
steps to conservation and protection of local water resources in terms of rainwater
harvesting at household level, community level and at school level and tree
plantation programmes, continuous monitoring of drinking water quality at
household as well as community level, communicating regarding climate change
and water resources with school students and with the local community.

Finding

Students were trained in scientific skills for monitoring of water quality that enable
them to put into practice, in real life conditions, the theoretical aspects of water
pollution that were learnt in the classroom. Students also realized the value and
importance of clean water in personal and at school level, by checking water
quality parameters and water conservation. Regular interactions with the
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community helped the students to understand other related factors which affect
water quality. Recommendations and a plan of action for clean water were also
made by the students. These vary as per the persisting problem. It may be as
simple as lowering vehicular emissions and maintaining a green environment.
From the analysis it is apparent through this hands-on-training, that an informal
environmental education programme increases the students’ knowledge, under-
standing, skills, attitudes and participation in order to protect and abate air pol-
lution in their local community. The students were led to understand the various
physical and chemical problems in air quality by monitoring their surrounding
environment. This study therefore stresses the need to extend teaching and
learning activities into the immediate environment of the pupils beyond the
classroom.

This activity-based informal learning environmental education method for
climate change and water resources education for sustainable development
encompasses comprehensive aspects of students’ cognitive, affective and behav-
ioural development, related to the perception and understanding of environment.
These types of experiments can make learning about their local environmental
issues practical and meaningful, potentially having long-term impacts on students’
attitudes towards conserving local water resources and also protecting their future
environment. As a result of these experiments, the students reflected on their
experiences and actions in their homes, school and community, which will get
them pondering about everyday habits and occurrences in the water resources and
climate changes dimension. These programmes will help them to acquaint them-
selves with the local water resources problems, and arouse interest in them to
identify more environmental problems at local level.

Children with the skills and knowledge to address the challenges faced by their
local community are empowered to take action and better prepared to respond to
threats, evacuations and restoration activities, thereby reducing impacts of climate
change. Further, as the success of facilities-based solutions is demonstrated to local
communities and decision-makers, they implement similar programmes which
improve local environments and offer an opportunity for children to engage in
action- and skills-based learning, thereby acknowledging their rights, needs and
capacities. Partnerships with governments and voluntary organizations offer spe-
cialized tools and skills to deliver a quality education for children, while reducing
the impact of climate change on water resources and associated ecosystems.
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Chapter 35
Water Resources Management in the
Peruvian Andes: Participatory Adaptive
Measures to Climate Change

Rebecca Clements and Juan Torres

Abstract Glacial retreat caused by global climate change is creating uncertain
conditions for the rural farming communities of Yungay province in the Peruvian
Andes. Peru’s glacial mass has been reduced by an average of 22% over the last
30 years, leading to a reduction in water supplies vital for local farming and
agricultural activities. Local water management practices are inefficient and are
increasing pressure on already strained supplies. In 2006, Practical Action Peru
initiated a four-year capacity-building project in sustainable water management in
12 rural communities. Participatory approaches shaped project design and
implementation, including experimental plots and community training
programmes. Consequently, five adaptation measures were prioritized for imple-
mentation: improved irrigation techniques, plague management, crop rotation,
recovery of local knowledge about water management, improved dissemination of
water management knowledge and technology, and strengthening the organization
of Water User Boards. The introduction of improved technologies saved up to one-
fifth of the water being used for farming. Community awareness of links between
climate change impacts, improved technologies and reduced vulnerability were
improved. By providing a focal point for community decision-making on water
distribution and use, User Boards reduced the potential for social conflict and led
to increased preventative measures implementation.
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Introduction

Global warming is central to climate change: one of the world’s most worrying and
pressing topics on the current agenda. This phenomenon is apparent from obser-
vations of increased atmospheric and ocean temperatures, widespread melting of
snow and ice, and rising sea levels Intergovernmental Panel on Climate Change:
fourth Assessment Report (AR4) (2010a). The scientific community and leading
environmental protection agencies collectively accept that anthropogenic
greenhouse gas (GHG) emissions play a fundamental role in global warming
Intergovernmental Panel on Climate Change: fourth Assessment Report (AR4)
(2010b). Consequently, the reduction of GHG emissions is considered to be a key
strategy in slowing global warming, and is the driving force behind a series of
international agreements, most notably the Kyoto Protocol.

Despite its globalized effect, the chain of reactions linked to climate change
also affects diverse ecosystems on a local scale. Populations most directly
impacted are those which are vulnerable to increased climatic variability, such as
the occurrence of extremes events and desertification, often suffered by rural
dwelling, farming/agriculture communities already enduring poverty-related
hardships. Therefore, in addition to the development of global strategies and
solutions to climate change, local answers are necessary in response to the
uncertainties caused by microclimate change. In other words, local agenda must
focus on investigating and generating situation-appropriate adaptation and
mitigation measures. Under this conceptual framework, the Practical Action’s
Peruvian office designed and implemented the project Water Management and
Climate Change in 2006, as part of a nationwide initiative entitled Climate Change
Adaptation and Mitigation Technologies.

Climate change is producing both negative and positive effects at a local level,
and adaptation methods should seek to simultaneously reduce the negative effects
and enhance the positive. On the basis of this premise, the objective of this project
was to reduce the vulnerability of local populations to climate change through
participatory capacity building in watershed management practices amongst rural
communities living in the Yungay province, specifically in the San Toribio sub-
basin and upper reaches of the Santa river. Ultimately, participatory strategies and
results obtained in this project have great potential for implementation in similar
contexts, namely rural farming communities based in tropical Andean ecosystems.

Yungay Province and Climate Change

The province of Yungay extends over the Cordillera Negra and the western flank
of the Cordillera Blanca, within Ancash, a department located on the western side
of the central Andes. Areas in this region of Peru have been noticeably affected by
climate change over the past 30 years, with the strongest repercussions being felt
by the rural farming majority of approximately 8 million inhabitants. Ancash is the
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most vulnerable of Peru’s 24 departments, and Yungay is the province with the
most vulnerability factors, as described in Table 1.

Yungay has seen climate change manifested in rainfall pattern changes:
advance or delay in the onset of rainy seasons, increased rain intensity charac-
terized by shorter duration and prolonged absence; as well as the presence of
increasingly damaging frosts yet higher daily temperatures. Agriculture represents
at least 80% of the region’s economy, and therefore climate change directly affects
local economic activity as well as daily life itself.

Other impacts attributed to local climate change commonly reported by
regional farming communities are the increased presence of crop plagues, pests

Table 1 Vulnerability factors in Yungay

Component Vulnerability

Geomorphic Surrounding snow-capped mountains and high, steep slopes lead to detached
ice-flows, lake overflows, flooding and avalanches

Environmental Contaminated and depleted water reserves
Contaminated and unproductive soils
Deforestation
Pollution

Physical–
Infrastructural

Precarious and dangerous construction: canals, highways, housing and
medical clinics

Insufficient service infrastructure: reservoirs, canals, etc.
Dangerous infrastructure location
Poor technical knowledge of safe housing construction

Technological Inadequate crop production technologies (fertilization and irrigation), yet
high cost

Low-quality fertilizers
Little or no unbiased technical information regarding fertilizing techniques

(merchants consulted)
Undernourished and unvaccinated livestock
Water loss during irrigation
Inadequate disease and pest treatment
Weak crops susceptible to plagues and disease
Unplanned and unorganized crop cultivation, based on habit or highest

immediate profit
Ignorance of soil quality classification for housing construction

Sociocultural Weak organization
Limited sense of control over risks
Poor access to information about risks
Food insecurity (malnutrition) and poor sanitation

Economic–
Financial

Low income and poverty
Lack of participation and consultation mechanisms
High cost of fertilizers
Produce sold for very little

Political–
Institutional

Little support from authorities
Authorities unaware of climate change issues and the impacts suffered by the

general population
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and associated diseases carried by these vectors. But while there is consensus
about the problems experienced as a result of climate change, there is a distinct
lack of management strategies organized by communities in order to better face
them, with the exception of a series of spontaneous adaptive measures such as the
construction of irrigation canals and adjustments to the agricultural calendar. This
characteristic lack of organized management within and between communities is
worsened by the prevalence of misinformation with respect to the real causes of
climate change-related problems.

Yungay is an important province in Peru’s seismic history, most notably for the
immensely destructive earthquake suffered in 1970. The devastation caused by the
quake and the resultant landslide was such that much of the population now
attributes many of the regional-wide climatic changes to the event itself.

Climate Change and Glacier Retreat in the Cordillera

While glaciers have been absent from the Cordillera Negra for several centuries,
they are still present in the Cordillera Blanca. This is illustrated in translation of
their Spanish names, the Black Ranges and White Ranges, respectively. However,
the accelerated retreat of these glaciers is well known throughout the region, and
perhaps one of the best documented, as demonstrated in Table 2. Of the 723 km2

of Cordillera Blanca present at the end of the 1970s, only 536 km2 remained in
2003 (Zapata 2008).

Table 2 Glacial retreat in the Cordillera Blanca until 2006

The table illustrates the accumulative annual retreat (in metres) of six Cordillera Blanca glaciers
until 2006.
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From this data it is evident that glacial mass has been in steady decline since the
1970s. Approximately 30% of the glacial mass in the Cordillera Blanca region has
been lost over the past 30 years, which implies a very significant loss to additional
water reservoirs that are so vital to local agricultural needs during the summer
months.

Agricultural water stress is already experienced regularly in areas within the
Cordillera Negra, and while adaptation efforts consisting of water storage and
regulation do exist, these are spontaneous and isolated, and therefore there is a
heavy dependence on rainfall.

Problems in Yungay

The five districts within Yungay that were chosen for the Practical Action capacity
building project represent the range of socioeconomic conditions and variety of
ecosystems found within the province. Perpetual poverty, as indicated by a low
human development index of 0.487 UNDP 2010, and strong economic dependence
on small-scale agricultural activities is characteristic of this region. Staple foods
such as maize, potatoes, wheat, barley, garden vegetables and other grains make up
the bulk of crops grown. Upon consultation throughout the project, farmers
commonly expressed that their principle concern was inefficient water use, rather
than a severe shortage of water.

A number of factors have led to the ever-increasing vulnerability faced by the
population of Yungay today: poor water management, unsustainable and outdated
farming and crop cultivation practices; and detrimental climate changes and
associated effects. Increased migration and cross-culturalism amongst younger
generations has led to the progressive collective loss of traditional agricultural
know-how, and this is exacerbated by a general lack of modern crop management
technologies. The various components of this problem are summarized in Fig. 1.

Project Methodology

Project implementation consisted of a series of stages: social approach, intro-
duction of locally appropriate technologies, definition and validation of adaptation
measures, and influence on social, institutional and political aspects.

Social Approach

Potential intervention areas were identified through a workshop attended by local
government representatives and community leaders from all Yungay districts, who
each proposed intervention areas based on the water availability problems their
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communities were experiencing. Subsequent one-day workshops were held within
each of the selected districts–Yungay, Mancos, Ranrahirca, Shupluy-Cascapara
and Yanama–in order to gain a first-hand understanding of community perceptions
of climate change, and to identify the most vulnerable elements in local social
organizations. Eleven project sites were selected from the original five districts,
and a participative Adaptation Action Plan was formulated.

Introduction of Adaptation Technologies

The results obtained during the first stage of the project were instrumental in
identifying the demands and technological deficiencies in current farming prac-
tices, as well as water usage concerns in the Yungay province. This phase called
for the implementation of test plots in order to introduce good practice techniques
such as pressure irrigation and disease monitoring. Plot areas and crops were
selected in consultation with community leaders and farmers themselves.

Key steps taken during this phase were the participative formulation of an
agricultural Adaptation Action Plan, via two planning and leadership workshops;
the cataloguing of current local knowledge and techniques through a planning
session between agricultural specialists and local farmers; the establishment of test
plots sown with potato, maize, avocado, peach and alfalfa, where pressure irri-
gation and disease monitoring was applied; implementation of a knowledge

Fig. 1 Problem components
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transfer course from specialists to farmers during field sessions, emphasizing
proper water and crop management; an evaluation of current potato production
processes via interviews with farmers; and studies into the impacts of climate
change on crop diversity and water resources.

Adaptation Measures

Four priority components to be addressed during the project were defined and
validated during the planning phase: water, farming, knowledge and social
organization.

Water

Water is a key element in agricultural development, and it is the resource that is
most directly affected by climate change in the region. Water supply to the
province is declining due to the gradual disappearance of the glacial mass in the
Cordillera Blanca, and the general misuse of water through inappropriate irrigation
techniques in particular. It is estimated that irrigation in common highland farming
practice is less than 15% efficient, and that approximately 80–85% of current water
resources is being consumed by agricultural activity, according to local
information.

Diminished water supply is a continual source of conflict within and between
communities, and therefore improved water management is critical to climate
change adaptation efforts.

Farming

Temperature increases leading to more frequent incidences of crop disease and
plagues have resulted in indiscriminate use of chemical fertilizers, insecticides and
pesticides by farmers ill-informed about the detrimental effects these practices
have. Often crop plague and disease management are heavily influenced by the
biased recommendations of commercial merchants motivated purely by short-term
economic gain. Local farmers mentioned the following commonly witnessed
diseases and plagues during the initial workshops:

• Increased presence of the so-called white fly (Aleiroridos) with the El Niño
phenomenon.

• Increased citrus rust mite presence during periods of high humidity.
• The development of scale insects, favoured by drought.

35 Water Resources Management in the Peruvian Andes 585



• High occurrence of water mould, or blight, during periods of high humidity.
• Increased fruit-fly presence.
• Presence of sand flies (Phlebotomus) in cold areas (Huaraz).
• Increased plague presence in grains and stored produce.
• Increased rodent presence.

In collaboration with the National Service of Agrarian Health (SENASA), the
Centre for Development and Participation Studies (CEDEP) and the National
University of Ancash, Practical Action held workshops and field sessions to train
farmers in ecological pest management techniques.

Knowledge

Although over recent years farmers have indeed been adapting their practices to
changing weather conditions, there is a clear need to improve and adapt their basic
farming techniques, including water flow measurement, pest management tech-
nology and adequate housing and infrastructure construction in the face of climate
change. Small meteorological stations were set up at project sites, and community
members were then able to quantitatively monitor daily parameters such as rainfall
and temperature. The information collected from these community-managed
stations allowed for a more comprehensive understanding of local climate
variability.

Social Organization

Community water management is currently either inefficient or unprepared for
increasing climate variability in both the Cordillera Negra and Cordillera Blanca.
The organization of communities into committees is a key strategy to inclusive
water management, as it enables water users to make unified decisions and
exercise greater influence on local government with regard to demand for and use
of water supplies. While communities in the Cordillera Negra are already orga-
nized into water boards, given their common water shortage, this level of orga-
nization and planning is not found in the Cordillera Blanca. However, in both
cases, water management is simply adapted to current circumstances and is ill-
prepared for the water shortages projected for the future.

Influence on Social, Institutional and Political Aspects

In order for project results and experiences to have an effective and long-term
impact, local governments were lobbied to incorporate the adaptation strategies
into local development plans.
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Project Outcomes

Popular Perception of Climate Change-Associated Risks

In order to gauge local population perceptions of climate change impacts and
associated risks, information was compiled from interviews, testimonies and
workshops that took place in the eleven project sites. Testimonial information on
significant climatic events in the past (summarized in Table 3) reflects the vari-
ability of weather conditions and patterns in this area of the Peruvian Andes, and
confirms that the people are aware of the increasingly unpredictable and often
destructive nature of the region’s climate, with some anecdotes dating back to the
1960s.

Rainfall seasonality and intensity is the most common weather indicator used
by locals. Surveys revealed that the population has perceived a gradual change in
rainfall characteristics. Whereas previously the rainy season was well defined and
regulated the crop cultivation calendar, now seasonality is far less defined and
varies greatly from year to year. Similarly, rain intensity is no longer predictable
given the month, and rains are said to be shorter yet more intense, occur out of
season–interrupting the growth cycle of important crops–and are often punctuated
by atypical droughts or summer-like spells.

Perceptions of temperature related variations in local weather were also
investigated. Daily temperature extremes were commonly reported: hotter by day
yet colder by night. Increased daily temperatures have a positive effect on
evapotranspiration, which requires more frequent crop irrigation. However,

Table 3 Significant climatic events

Gender Event Year Perceived effect Areas Affected

Men Torrential rain and
hailstones

1965 Sowing season adversely
affected

Poncos,
Ocshpachán

Freezing weather
conditions

1997 Crops burnt Bellavista,
Primorpampa

Heavy rains from January
to March

1997 Roads, schools and
farmland destroyed

Casacapara,
Shupluy

Rain shortage 2004–2005 Sowing season adversely
affected

Entire sub-basin

Plagues of rats and
mosquitoes

2004 Crops destroyed Entire sub-basin

Women Prolonged drought Pre-1970 Water shortage Entire Cordillera
Negra

Drought from November
to March

1989 Poor harvest and no sowing Entire Cordillera
Negra

Heavy rains and
hailstones

1995 Transport made impossible Steep slopes

Severe drought 2004 Disappearance of springs
and streams

Spring-fed
farmland
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increasingly limited water availability means farmers have diminished irrigation
capacity, and crops may go up to 28 days between watering. While frosts previ-
ously occurred between July and December once every 2–4 years, now they are
endured annually between June and January. Frost occurrence in atypical periods
of the year has serious consequences for agriculture, most commonly resulting in
great losses in production.

The two sectors most vulnerable to climate change impacts were identified as
agriculture and livestock. Severe climatic events such as those previously men-
tioned have direct negative effects on the health of crops and livestock, whether as
a result of disease or physical damage. As a consequence, the population suffers
impacts such as insufficient production of food for household consumption,
diminished income, increased cultivation costs, land contamination due to
increased use of agrochemicals and plague proliferation.

Significant and widespread impacts on infrastructure, housing and health were
also recognized. Heavy rains primarily damage roads and highways, irrigation
systems and canals, and sewerage systems, and weaken already unstable housing
construction. Elevated lead content in stored drinking water is attributed to
drought, and locals perceive frosts as influential in the development or exacer-
bation of respiratory illness and rheumatism.

Findings and Recommendations

Local adaptation efforts in response to climate change were largely limited to
alterations to the farming calendar and the gradual construction of irrigation canals
with institutional support. More technical adaptation responses, such as drip irri-
gation and specific plague management, were isolated efforts carried out at the
level of families or groups of families. As a result of the surveys, Practical Action
proposed a number of adaptation measures to assist communities in climate change
adaptation and help them to reduce their vulnerability to associated risks.

Water and Improved Irrigation

Through the various training workshops with existing water boards, community
members acquired basic knowledge of efficient water use practices, including the
construction of irrigation canals, improvement of existing systems and the
development of sustainable technology alternatives such as overhead irrigation.
Six test plots featuring pressurized irrigation systems were implemented, in order
to illustrate the benefits of water-saving practices, where between one-fifth and
one-tenth of the volume of water usually used was saved. To date, potatoes, maize
and avocado are successfully being grown on these test plots, demonstrating to
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farmers that with less water than traditionally used they can obtain equal or greater
harvests.

Given the inevitable decline in water supply in the Yungay province, future
projects should prioritize water management practices by minimizing leakage and
evaporation of water resources. To this end, it is recommended that water from the
reservoirs be channelled through pipes rather than canals. In order to maximize
benefits to local populations, priority should be placed on installing irrigation
systems on communal land, systems should be affordable, and concerted action
research efforts are required in order to achieve the technological innovations still
necessary.

Adaptive Agricultural Practices

The community training programme offered in collaboration with the National
Service of Agrarian Health (SENASA), the Centre for Development and Partici-
pation Studies (CEDEP), and the National University of Ancash offered local
farmers the chance to learn on-site improved agricultural practices grounded in
environmental conservation principles. Emphasis was placed on basic soil and
water analysis before initiating sowing, the importance of investigating their
markets so as to better select which crops to cultivate, the use of fertilizers that are
appropriate to soil characteristics, integral pest management, and basic techniques
in the installation, operation and maintenance of irrigation systems. A key rec-
ommendation of the project is that a territorial farming system be established for
the entire Santa river basin.

Encouraged Knowledge Sharing

One of the key objectives of the project was to salvage traditional adaptation
methods in response to microclimate irregularity, and to disseminate this infor-
mation through community workshops and field training sessions.

Innovative agricultural initiatives, noteworthy for their creative simplicity,
include the use of ground rocoto (native chilli pepper) as a natural pest deterrent,
and the nightly removal of egg-bearing weevils from crops. Together with novel
techniques demonstrated by project specialists, improved methodological farming
practices were proposed consensually within communities, simultaneously rein-
forcing successful, locally produced solutions, and introducing new techniques as
a way of adapting to ever-changing conditions.

While the population already senses the gradual reduction of water resources in
the region, there is a general lack of organized local initiatives and responses to the
problem. The project’s capacity-building process for the introduction and accep-
tance of improved irrigation systems consisted of a series of logical stages: raise
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awareness of the need to save water, stimulate ideas for improved water use,
jointly produce water-saving methods and the implementation of test plots fea-
turing improved irrigation systems.

Water management techniques were introduced and implemented in all five
intervention districts. Nevertheless, promotion of research efforts applied to
agriculture and water management in Ancash, as well as the rest of the region, is
necessary if local communities are to continue improving their understanding of
climate change impacts and viable adaptation methods.

Social Organization

Ancestral water usage was based on the colloquially termed ‘‘rule of the third’’,
whereby each user has the right to a third of a waterway’s flow, without regard to
farming area or crop type. Currently, in water usage schemes in place throughout
the Cordillera Negra, where water resources are scarce, this traditional scheme has
been replaced by one based on categories, dependent on territory size and crop
type. Water usage schemes in the still water-abundant region of the Cordillera
Blanca, in contrast, are much more incipient, and are very wasteful of water.

As a result of the numerous workshops and training sessions, consensus of
climate change and impact perceptions was reached between local authorities,
farmers and other community members. Subsequently, a participative climate
change Adaptation Plan that linked into local and regional development plans was
put forth to local authorities.
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Chapter 36
Community-Level Environmental
and Climate Change Adaptation
Initiatives in Nawalparasi, Nepal
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Abstract Nepal is one of the poorest countries in the world and much of its rural
population is at, or near, subsistence level. In recent years the timing and intensity
of the monsoon in Nepal, as well as temperature extremities, have changed and
this is severely impacting upon agriculture, the mainstay for over 80% of the
population. Flash flooding and drought has led to landslides, water shortages and
irrigation problems, which have adversely affected subsistence farming. This
research conducted social surveys in rural locations to ascertain which adaptation
initiatives have been implemented at the community level and determine how
indigenous populations have adapted to climate-induced environmental change,
with a focus on water resources. The principle research aim was to qualitatively
understand how rural inhabitants have adapted/are adapting to changes in climate,
the environment and water from a bottom-up perspective. Water is an essential
resource for sustaining community livelihoods in rural Nepal, providing an
indispensable resource for irrigation, consumption and sanitation. Research con-
ducted in communities within the Nawalparasi district found disparities in living
standards relative to resource availability. Results indicated that water stress is
impacting on food security and there is a need to better adapt crop production and
irrigation systems to ensure viable future sustainability. In addition, illiteracy,
education facilities and accessibility were found to be strongly linked to com-
munity adaptability.
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Introduction

Listed as one of the poorest countries in the world, Nepal has 82.5% of the
population living below the international poverty line of US$2 day-1 and it is
ranked as the thirtieth most vulnerable country in terms of water-induced disasters
(World Bank 2003). These disasters cause nearly 29% of the annual deaths and
43% of the annual property losses from all disasters (Khanal 2005). Much of its
rural population is at, or near, subsistence level and agriculture is the mainstay for
over 80% of the population (Pariyar 2003). Poverty is prevalent, particularly in
rural regions where there are inadequate resources to aid sustainable development.
Food insecurity and inadequate water resources are a major inducer of poverty,
and generally, impoverishment is directly related to the remoteness of a com-
munity (Pariyar 2003). The disparity between communities is increasing as those
lacking development opportunities are descending into an increased state of
impoverishment. Climate change is exacerbating socio-environmental issues,
especially water-related problems, and livelihoods are subsequently being
adversely affected (Lohani 2010).

Water Resources

The national abundance of water resources in Nepal holds great potential for the
development of hydropower, irrigation facilities, navigation, and domestic and
industrial uses (Pariyar 2003; Shrestha 2005). In terms of community livelihoods,
water provides an indispensable resource for irrigation, drinking and sanitation.
It is an essential commodity, yet water is one of the country’s greatest natural
hazard risks with a high vulnerability from water-related disasters. Flood fre-
quency is high during the monsoon season (June–September), with intense pre-
cipitation, catchment saturation and steepness of watersheds and river channels
contributing to a varying flood magnitude. Resultant flood damage is particularly
aggravated by rapid flows in upland areas of altered land use and poor land
management practice, accelerating populations and the accumulation and con-
centration of assets and population in hazardous areas (Shrestha 2005). Common
tangible impacts of flood-induced hazard are sediment-related disasters, causing
direct damage to communities through environmental deterioration and thereby
impacting on the social and economic development of the nation (Tuladhar 2005).

Despite water being Nepal’s largest natural resource, with abundant supplies in
the summer season, there is a significant shortage of water reserves during the
winter period, particularly in many rural locations. Isolated rural communities
often lack the development and resources to adequately store or access water
resources during the dry season, and to cope with associated natural hazards of
flooding in the rainy season (Pariyar 2003). In a rain-fed subsistence culture this
poses serious social threats to livelihoods from a lack of potable water, sanitation
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and food security. Nepal’s vulnerability is highly associated with the change of
water regime (Alum and Regmi 2004). Rural impoverishment and water resources
are being further aggravated by significant alterations in the country’s hydrological
system instigated by changing climatic conditions.

Climate Change

Research shows that the timing and intensity of the monsoon in Nepal, as well as
temperature extremities, have changed in recent years. Temperatures have been
rising at an average rate of 0.02�C annum-1 (1975–2005; HICODEF 2009), which
is 0.6�C decade-1 higher than the global average (IPCC 2007; Webersik and
Thapa 2008). Precipitation has increased at an average of 4 mm annum-1

(1975–2005), with observations indicating that winter rainfall has decreased to a
point of near non-existence and the delayed onset of the monsoon has resulted in
intensified downpours leading to flash flooding and sediment-related disasters
(HICODEF 2009). Subsistence farming has benefited from climatic changes in
some locations through increased crop production (Gurung and Bhandari 2009).
Elsewhere, in the climate-sensitive sector of rain-fed agriculture, flooding, water
shortages and irrigation problems have adversely affected yields. Climate model
predictions for Nepal indicate changes in precipitation variability and intensity
throughout the twenty first century, yet uncertainty about the future is exacerbated
by climatic influence on the hydrological cycle, making droughts and floods harder
to predict (Dixit 2006). Nonetheless, water resources are predicted to change in
temporal availability, quality and quantity. It is probable that these climate-driven
environmental changes will adversely impact on livelihoods of many communities
through (i) inadequate access to clean water for drinking and sanitation, and
(ii) increased pressure on irrigation systems to ensure food security. Nepal is
heavily reliant on natural resources, and the depletion of natural resources by
climate-induced change coupled with a poorly developed technological infra-
structure and financial sector, make adaptation to climate change a substantial
challenge (Agrawala 2003; HICODEF 2009). But, as Wilenius and Tirkkonen
(1997) stated, with a reduction in greenhouse gas concentrations unlikely in the
foreseeable future, climate change is often regarded in terms of adaptation to its
impacts.

Aim of Research

To determine what factors affect rural community livelihoods in Nepal and
understand how inhabitants have adapted to climate-induced environmental
changes in recent years, with a particular focus on water resources.
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The Delphi Technique

The Delphi technique is used to allow a group of individuals as a whole to deal
with a complex problem and obtain an overall group consensus. It is a social
survey method first devised in the 1950s (Dalkey and Helmer 1963) which allows
the diversity of views to be expressed and refined, offering participants a better
chance to stand by their opinions (Wilenius and Tirkkonen 1997). The method
avoids direct confrontation with experts, which reduces the risk of influencing
participants through preconceived notions (Okoli and Pawlowski 2004). Linstone
and Turoff (1975) detected that the Delphi technique is especially suitable where
the problem being investigated does not lend itself to precise analytical techniques
and subjective judgements can contribute to a collective solution.

In practice, the Delphi technique is always adapted to the requirements and
goals of the research in question (Wilenius and Tirkkonen 1997; Okoli and
Pawlowski 2004). A variant of Delphi was used in this research to develop group
consensus about the relative importance of issues using a ‘‘ranking type’’ based on
the approach developed by Schmidt (1997). Within each community visited,
inhabitants were asked to participate in the survey. The technique was divided into
four rounds as follows:

1. The participants were asked, ‘‘Make a list of all the main issues which affect
your livelihoods in this community’’

2. Once a list had been generated, the participants were asked to formulate a group
consensus of the six most important issues; these were written on to individual
cards

3. The scenario of having RP200,000 of capital to invest (indicated with markers
of RP1,000 amounts) was explained and participants were asked to distribute
these ‘‘funds’’ as they wished amongst the six selected important issues; this
effectively created an indicator of weighted importance to each of the issues

4. Any issues not raised by the Delphi survey that the researchers wished to
ascertain importance to were posed as direct questions following survey
completion

Although the researchers were present to direct the survey, the need for a
translator effectively acted as a barrier for any direct contact with the participants.
Klabber’s (1994) interaction model to search for climate policy solutions is par-
ticularly relevant to this study, where problem-solving capacity is increased
between researchers and decision-makers through a learning process. The Delphi
technique was selected as a productive method to generate public debate and
through this there is hope to successfully aid the construction of proposals for
social change (Wilenius and Tirkkonen 1997). By employing this social survey
method within each community visited, the key issues affecting livelihoods could
be identified using a ‘‘bottom-up’’ approach.
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Communities in Nawalparasi District

Social survey research was conducted in rural communities located in the sub-
tropical Siwalik Hills of Nawalparasi, a relatively undeveloped district located in
the Lumbini zone of the Western Development Region. The majority of flood-
affected communities in Nepal inhabit land alongside marginalized rivers, which
are rain-fed systems and originate in the southern faces of the Siwalik range
(Shrestha 2005). These hills are comprised of steep, weakly consolidated mud-
stone, siltstone and sandstone bedrock slopes with a high surface erosion rate
(Agrawala et al. 2003). In the Terai (lowland located downstream of the hilly
regions), extensive soil erosion, formation of alluvial fans and raising of river beds
due to debris deposition are major hazards which trigger flooding, and large flow
volumes intensely erode river banks (Tuladhar 2005). Annual rainfall averages
around 2,500 mm in this region. A report published by the Himalayan Community
Development Forum (HICODEF 2009), a local non-governmental organization
(NGO), indicated that precipitation patterns are changing in the region with
depletion in winter rainfall events and an intensification of monsoon downpours
replacing steady continuous rainfall. Drought conditions are also now commonly
occurring.

A total of six communities were visited (Fig. 1): Divyapuri II (Divyapuri
VDC); Girubari and Namjakot (Deurali VDC); Bhandare, Jagadev, Pelega and
Damar (Hupsekot VDC). Elevation of the communities ranged from 150
to1,200 m, with those located in the upstream reaches situated on steep, uncon-
solidated land where widespread deforestation practices since the 1960s have
greatly decreased the stability of the area. The communities located at higher
elevations were lacking accessibility and were noticeably more isolated from
development, unlike the communities at lower elevations. A range of communities
was selected to ensure that the relationship between the geographical location of
rural livelihoods and environmental resources, development and an ability to adapt
to climate change could be determined.

Principle Livelihood Issues

Conducting the Delphi social surveys, and any subsequent questioning, resulted in
a ‘‘bottom-up’’ approach in determining how livelihoods have been affected by
social and environmental change. In addition, the influence of changing climate
conditions was either directly communicated or could be inferred through par-
ticipant responses. An idea of which resources capital should be invested into
sustain, or improve, livelihood conditions was indicated through the weighting of
the Delphi process. Through the combination of these results obtained, social
survey findings have allowed inferences to be made regarding the social adaptation
to climate-driven environmental change at the community level.
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Results from the Delphi surveys conducted in each of the communities indi-
cated a wide range of social and environmental factors which have influenced, and
are continuing to influence, inhabitant’s livelihoods. The results of the Delphi
weighting exercise are indicated in Table 1. Several common issues were raised
within the visited communities. The main factors highlighted were water-related
issues, education, health and access, and these were generally weighted the most
important in responding to hypothetical investment requirements. Within most
communities, environmental issues (e.g. drought, untimely rainfall, landslides,
floods, etc.) were raised as impacting upon livelihoods but were not ranked as the
most important. Potential proxies for identifying national-level vulnerability to
climate change recognized by Brooks et al. (2005) included economy, health and
nutrition, education, infrastructure, governance, geography and demography,
agriculture, ecology and technology. These socio-environmental indicators will be
discussed further for the communities in Nawalparasi.

Socio-Environmental Observations

Education and Awareness

Illiteracy and a lack of education facilities in the majority of communities high-
lighted a limited knowledge on climate change issues, with those having heard of the

Fig. 1 Location of communities visited within the Nawalparasi district (district indicated as
highlighted region in the Nepal inset map)
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concept not understanding its meaning. In the remote rural communities, particularly
Jagadev and Namjakot, it was evident that education was a major hindrance to
successful climate change adaptation. Inhabitants did not highlight the need to
ensure sustainable subsistence agriculture into the future and this is likely to be
attributable to the stated lack of awareness. Contrastingly, in Divyapuri II, literacy
levels were higher, with investment being placed into adult education to develop
agricultural awareness and training. It was noted that although schools were present
in some of the communities visited, they lacked resources to teach and there was a
shortage of qualified teachers. Wealthier inhabitants of some communities could
afford to send their children from isolated mountainside communities to schools in
more developed areas lower down the valley.

Infrastructure, Accessibility and Technology

The inhabitants of the high-altitude, remote communities of Bhandere, Jagadev,
Pelega, Damar and Namjakot, with no current road infrastructure, stated that roads
were important to sustain future livelihoods through access to markets and alter-
native sources of income (labouring employment). With further questioning in
Namjakot (one of the most impoverished communities visited) as to why they
wanted road infrastructure given the unsustainability of their subsistence crops,
let alone enough surplus to generate income to fund vehicle transportation to
access markets, they stated that they wanted to develop like their neighbouring
community, which had received investment for road construction. This reiterates
the lack of adult awareness and education regarding adaptation and development;
as Blankie et al. (2002) stated: ‘‘roads do not deliver the benefits of increased
agricultural production, increased commercialisation, and trace as forecast in the
economic appraisal documents […]. [Rather roads] essentially serve to deepen
dependency and underdevelopment rather than alleviate it’’.

Although the former part of this quotation is somewhat reflective of reality in
Nawalparasi, the latter part is not. The communities visited with road access were
substantially more developed that those without, albeit in different ways. The
degree to which communities operated independently was observed through their
commitment to improving their livelihoods despite an inevitable increased
dependency on infrastructure. Divyapuri II, located close to the national highway,
also listed roads as important for livelihoods, and in particular to sustain com-
munication links. Being located at a lower altitude on level ground, this com-
munity has a geographical advantage in making successful use of infrastructural
development. This was also the case in Girubari, with a road linking to the national
highway used for market access and public transportation.

Indirect road access has also assisted in sustaining livelihoods. In Jagadev,
access to the highway has reduced from a 15-h walk to a 1-h walk plus 3-h jeep
drive, following the creation of a connecting road with vehicle provisions. Road
investment has certainly resulted in development for communities but there are
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many environmental conditions which may affect an increase in accessibility. For
example, to utilize roads for market access, produce is required for export. Within
a rain-fed monoculture environment with one crop produced each year, and
assuming no monsoon failure or insect infestation, there is little surplus available
for selling. In this respect, drought-resistant crops, pest control and irrigation
systems are concurrently required to ensure successful development and self-
sufficiency. Livestock are generally of substandard quality to sell at market and
remain within the communities. In lowland regions, infrastructure investment is
more sustainable compared to areas of steep terrain where slope failure makes road
maintenance very difficult, especially with climate-induced increases in soil des-
iccation during winter and flash flooding during summer.

A change in technological conditions towards more commercial agricultural
production is not really a viable option in these communities. The environmental
conditions of land in Nawalparasi is a state of poor soil fertility and a reduction in
land plot size from family inheritance and increased river bank erosion, as found in
Girubari. Dixit (2006) stated that the value of a farmer’s use of new technology
depends on access, capacity to use and product marketability. The hardest part of
technological advancement is sourcing capital or attracting investment to kick-
start a project. In this part of Nepal, large-scale agriculture ventures are not
generally seen as worthwhile. However, small-scale technological improvements
were observed to be making a great deal of difference to some communities, for
example, the installation of bridges for access, bamboo channels for irrigation and
solar panels for electricity. The greatest technology investments were observed in
hydropower and irrigation systems.

The hydropower industry has grown extensively in Nepal in recent years, but little
of the total investment is filtered back into local economies (Agrawala et al. 2003).
The only hydropower investment away from the developed national highway route
was observed in Damar. No external capital had been obtained or given to the
community; following observations of a hydropower scheme in a different com-
munity, the inhabitants of Damar had formed their own hydropower committee and
each household involved had invested an equal share into the construction of a small-
scale hydropower scheme. The whole enterprise was driven and constructed entirely
by the community, with households now receiving electricity as a result. Impover-
ishment in this community is noticeably less than the surrounding communities, as
electricity has provided a resource to increase their wealth through various means.

Downstream in Girubari, wealth is also greater, as there has been substantial
investment and this has been aided by a discernible difference in accessibility.
A programme for disaster mitigation was implemented by the government which
funded gabion construction on river banks to reduce the impact of landslides.
An even greater scheme impacting Girubari residents’ livelihoods was the con-
struction of a dam by a Japanese NGO to siphon water off from the Girubari river into
an extensive irrigation network flowing into Girubari and communities located
downstream. The dam on the Girubari river is a spur/levee structure partially cov-
ering the width of the river and is one of the most popular river control methods in
Nepal (Tuladhar 2005). Not only has it provided an irrigation network, the dam also
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helps to control the increasing flashiness of summer flows, and reduces conse-
quential flooding, bank instability, landslides and erosion. This was highlighted in
the Girubari Delphi survey results, with landslides, drought (and associated crop
disease incidence) and flooding all stated as major livelihood impacts pre-dam
construction, with problems being alleviated at present. Dixit (2006) stated that over
the last five decades, US$3 billion, financed by governments and international
development banks, has been invested into expanding the physical and institutional
infrastructure for irrigation, but this investment has failed to contribute to Nepal’s
agricultural development and the irrigation sector is in a state of stagnation. This may
be true for commercial agricultural production but it is unquestionably enhancing the
livelihoods of Nawalparasi’s subsistence communities, especially under the
increased environmental pressures associated with climate change.

Food Security and Potable Water

The need for increased awareness, as highlighted by the social survey results in many
of the communities, has risen from an inability to irrigate the land. With depleted
winter rainfall and untimely summer rainfall, food security from crops has become a
major issue due to uncertainty in rain-fed agriculture and an increase in crop diseases
associated with increasing air temperatures. This issue was not found to be con-
strained to higher elevations where water is less accessible; in Divyapuri II, irrigation
was raised as a major issue despite being located within 2 km of the Naryani river
(one of Nepal’s largest rivers). Food security issues were attributed to unpredictable
rainfall resulting in reduced crop production. The cost of cultivation in this com-
munity was stated as inadequate to cover expenses, and crop failure, due to a lack of
rain and drought conditions, has become increasingly common.

Crop diversification could be a suitable option for improving local food security
in this vicinity through supporting a longer growing season and increasing diet
diversity (Dahal and Khanal 2010). This could also strengthen the local economy.
However, diversification is largely dependent on irrigation and driven by market
incentives and labour availability. In Divyapuri II this may be viable given
infrastructure and accessibility, but in the remote hilly communities this will only
be sustainable for ensuring subsistence survival. That said, crop diversification
would reduce the risk of crop failure for some communities, e.g. in Bhandare they
annually reuse crop seeds and crop loss is common. Nonetheless, crop diversifi-
cation needs to be used in conjunction with drought resistant crop varieties and
education of agricultural awareness. In Bhandare, increasing temperatures have
caused a decline in soil moisture and it has become difficult to sow crops, meaning
land is left fallow and reduced produce is insufficient to meet subsistence needs.
In Jagadev, Pelega, Damar and Namjakot agricultural awareness is also poor.
Despite inhabitants’ observed changes in climate and environmental conditions, no
adjustments in the types of crops being produced, or the dates they are being sown,
have been made. If crops fail due to insufficient rain or destruction by disease, the
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land remains fallow. Contrastingly, food security in Girubari, a community with an
extensive irrigation network, is more stable, as several crops can now be grown
and harvested throughout the year.

Alterations in hydrological regimes are also adversely affecting drinking-water
resources as spring sources and river flows have decreased. The time taken to
collect water has an influence on water uses and family health, with women and
girls usually suffering the most when water supply, sanitation and hygiene facil-
ities are inadequate (Dixit 2006). Fortunately, problems with obtaining adequate
potable water provisions have attracted investment, some sources from govern-
ment schemes, but primarily from NGOs. Although some communities still have
unsustainable provisions with water not constantly available, there has been a
marked improvement in accessibility. Despite increases in drinking water access
over recent years, this was still listed by every community as a significant issue
affecting their livelihoods, with Bhandare and Jagadev ranking this as a highly
important factor. Details of community water provisions are as follows:

• Divyapuri: provided through a pipe connected to a cement rainwater storage
tank located within a forested area of the mountains; water is available for two
hours in the morning and two hours in the evening

• Girubari: several taps installed throughout the community as part of the NGO
irrigation network scheme; also available from irrigation channels

• Bhandare: tap in community which is fed from a spring and water also available
at spring 5-min walk away (both for approximately 9 months of the year; further
spring is 1-h walk away with all-year availability)

• Jagadev: tap in community but the water supply is insufficient during the dry
season

• Pelega: tap in community with water availability all year
• Damar: tap in community with water fed from stream with all-year availability
• Namjakot: tap in community fed from stream but long pipeline with no main-

tenance means it suffers from consistent leaks

Drinking water still needs constant attention. Changes in the climate, combined
with population growth, are causing springs, pools, rivers and groundwater stores
to be depleted. Water springs in the mid-hills of Nepal have been drying up in
recent years, with up to a 45% reduction observed (Gurung and Bhandari 2009).
The monsoon and winter rainfall do not provide enough water to replenish
groundwater reservoirs and recharge. In addition to potable supplies and irrigation,
this is having substantive consequences for health and sanitation.

Healthcare and Hygiene

Health and sanitation were identified by most communities in the Delphi surveys
as being important issues in their livelihoods. Rather than a lack of accessibility to
clean water for sanitation, it is the insufficient amount of water and the risk of
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wasting potable water on hygiene which is an issue. Healthcare was not available
in any of the villages and there is a need to journey to the highway should
medicine or medical attention be required. In addition to inadequate amounts of
water for sanitation, unawareness regarding health education was an evident issue.
In the noticeably poorer communities of Bhandare and Jagadev, skin diseases were
observable. This is likely to be attributable to a combination of water availability,
accessibility and education. In Pelega and Damar, where water is available all
year, and inhabitants of Damar are wealthier from their hydropower scheme and
can afford to send their children to be educated, there were less noticeable health
problems. The majority of communities did not have toilet facilities. Those which
did––Pelega/Damar shared toilets in the school and Namjakot toilets in the
school––had had them installed through NGO investment but they were not being
used or maintained. This is likely to be due to traditional cultural values and a lack
of educational awareness regarding good hygiene practice.

Employment, Income and Investment

Research by Blankie et al. (2002) concluded that although there has been no
transition into a state of elevated poverty for the majority of the Nepali population,
there have been no noticeable developments in commercialized agriculture either,
and very minimal investment. These findings are reinforced by research produced
by Dixit (2006), as discussed earlier. Household surveys conducted by Blankie
et al. (2002) in west-central Nepal implied that agricultural commodity production
has retreated from the market, with households providing adequate means of
subsistence but with low income productivity per hour worked. The study found
that a lack of labour, land, processing facilities, transportation, agricultural prod-
ucts (chemical fertilizer and insecticides) and seed varieties has constrained a large
proportion of producers. With noticeable increases in temperatures causing
drought conditions, and an increased prevalence and incidence of crop disease,
supplementary income is important given the increased likelihood of crop failure.

Additional sources of income were noted as being important in sustaining com-
munity livelihoods. With insufficient income, and even subsistence, generated from
farming, it was found that in nearly all the communities, the male population
(approximately aged 12 and above) were more commonly emigrating to find addi-
tional sources of income and send earnings back to their families. Employment
destinations include the Middle East, India, Southeast Asia, the United Kingdom, as
well as other locations in Nepal, predominantly to work in construction or join the
armed forces. Blankie et al. (2002) stated that releasing a member of the household to
migrate to earn income is easier and less of a risk to prioritize food security than to
enter the market as a producer. Alternatives like this are much less uncertain than
investing in agriculture; particularly in areas where irrigation is not available. This
has resulted in a biased demographic structure of rural communities, with rural
poverty becoming largely feminized (Dixit 2006). Pariyar (2003) stated that women
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are much more affected by poverty and in these impoverished communities women
are disproportionately vulnerable to climate change, with the limited access to
resources and decision-making processes preventing women from using their
knowledge and experience to successfully adapt (Dissanaike 2009). This was evi-
dent in Divyapuri II where Sohamati, a local NGO, implemented a skills project
programme but since funding has ceased, the women cannot implement their new
skills. Women in this community have to make extra income from daily wages and
they are contemplating taking loans from wealthier community inhabitants to ensure
there is an adequate annual food supply for their family. Similarly, in Pelega,
inhabitants have to earn additional wages to ensure food and they sometimes need to
take credit from neighbouring Damar inhabitants, who are contrastingly wealthier
due to their hydropower scheme. Road construction in the valley adjacent to Jagadev
is providing waged employment for inhabitants, where income is being used to fund
the construction of a school, as the government is not providing any support; school
construction is also the case in Pelega.

Some NGO and government investment has already been discussed. There have
been intermittent projects throughout the communities visited, except Pelega,
where the inhabitants stated that they have never received any form of external
investment. HICODEF has a presence in Bhandare, Jagadev and Damar and is
continuing to promote capacity building within the communities. Other projects
mentioned include Jeiger, an international NGO (iNGO), who implemented an
afforestation scheme in Damar to reduce the number of landslides and their impact.
In Namjakot, a Finnish iNGO installed a water pipe from the stream (2 h’ walk
away) and built a school. However, the level of illiteracy and lack of awareness
within this community has rendered the investment of limited usefulness. The
community formed a construction committee to assemble the water system, but
following the withdrawal of the iNGO-investors post-project completion, no
maintenance committee was formed and the pipe is in a state of disrepair. The
school also doesn’t seem to be in use due to a lack of resources. Investment
provides a major issue in terms of maintenance.

Climate, Biodiversity and Disease

Several issues regarding weather patterns and the physical environment were
raised during the Delphi surveys by the participants. These are summarised in
Table 2. General trends indicate a shorter, erratic and more intense monsoon.
Rainfall has reduced overall, especially in winter with precipitation being unpre-
dictable. Temperatures are mainly increasing concurrent with drought. Drought
has increased the incidence of crop disease and prevalence of insects such as
aphids. This was discussed by all communities during Delphi surveys and, as well
as noting increases, they have observed new types of disease. Gurung et al. (2010)
conducted a community perception study in Nawalparasi and noted an increase in
potato blight, fungal infections and tick occurrence in livestock. In Bhandare,
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inhabitants have noticed new types of weeds and insects in rice plantations.
In Damar and Namjakot, there has been an increase in tree disease, which has
subsequently rendered the trees useless for the construction of housing, irrigation
infrastructure and bridges.

Large-scale deforestation in the upland area has decreased timber resources,
reduced soil stability, increased the frequency of landslides, decreased biodiversity
and habitats, increased the likelihood of flash flooding, and most probably con-
tributed to increased desiccation and reduced rainfall through a decline in
evapotranspiration. Desertification was mentioned as affecting livelihoods in
Divyapuri II, Girbuari and Pelega. River flows have become flashier in nature, with
winter streamflows so low that river beds are drying out in Pelega, Damar and
Namjakot. The number of foggy days has mostly increased, with the exception of
Girubari and Jagadev. Fog increases the reflectance of sunlight and reduces the
rate of photosynthesis, causing a reduction in crop growth. Gurung et al. (2010)
observed that there has been a reduction in winter dew, previously a soil moisture
source, which has become a food security hazard as crops are drying out.

Vulnerability and Adaptation

Successful climate change adaptation is most often best evaluated by those
adapting or affected by the adaptation measures, with experts present to assist this
process by ensuring that adaptation is well understood and that all the relevant
factors are considered (Doria et al. 2009). Wilenius and Tirkkonen (1997) stated
that the production of knowledge is a discursive practice forming an essential part
of social control, where scientific knowledge is a socially generated discourse both
reflecting and shaping reality. The Delphi technique adopted within this research

Table 2 Observed changes in climate and water resources

Monsoon Temperature Drought River flow Rainfall Fog

Divyapuri II : : Flash floods ; :
Unpredictable

Girubari Shorter :Summer hot days Stable Stable ; ;
:Winter Unpredictable

Bhandare Unpredictable :Summer : ; :
Non-constant :Winter

Jagadev :Summer : Unpredictable ;
:Winter warm days ; Frequency

Pelega :Intensity :Summer Flash floods ; Winter :
Non-constant ;Winter ;Winter Unpredictable

Damar :Intensity ;Winter Flash floods ; Hailstorms
;Summer hot days ;Winter Unpredictable

Namjakot :Intensity Flash floods Unpredictable :
;Winter
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aimed to ascertain physical geographical changes from a social perspective.
Through this approach, adaptation measures could be better understood. Survey
results indicated a noticeable increase in vulnerability by communities to climate-
induced change and natural hazards over the last 10 years or so, with the principle
environmental hazard being water.

Brooks et al. (2005) identified Nepal as a country of moderate to high vul-
nerability within the upper quintile of their multiple vulnerability indices. Results
from their Delphi survey emphasized the importance of governance, sanitation and
life expectancy as indicators. The analysis indicated that a reduction in mortality
outcomes could be achieved through increasing government effectiveness and
accountability, civil and political rights, and literacy. The most important indicator
found to influence the level of vulnerability in the Nawalparasi communities is that
of adult education and awareness (usually associated with literacy), as this was
observed to be the most influential in terms of successful adaptability. Adaptation
to environmental change is strongly influenced by the level of poverty and scope
for opportunity within these communities. According to Adger et al. (2005) suc-
cessful adaptation is that which takes into account cost-effectiveness, efficiency,
the distribution of benefits and the legitimacy of the adaptation. In these rural
communities of Nepal, climate change adaptation needs to be gender-responsive to
address water scarcity and food security issues, as women are largely responsible
for water collection and providing edible produce. Women’s expertise in adap-
tation, mitigation and disaster risk reduction strategies needs to be recognized
(Dissanaike 2009).

Sustainability for the Future

Issues investigated in these rural Nepali communities have highlighted key
development categories where future research and investment should be directed.
The research outcomes emphasize the essentiality in ensuring adaptation initiatives
remain practicable and sustainable. A definition provide by Van Aalst et al. (2008)
states that

Adaptation at the community level means being able to maintain (and preferably improve)
the current living standard in the face of expected changes in climate trends and the
intensity and frequency of severe events that may affect people’s livelihoods.

The principle issues in communities visited in Nawalparasi affecting liveli-
hoods, as identified by the inhabitants themselves, were:

1. Education and awareness
2. Water resources
3. Food security
4. Health
5. Infrastructure
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Water resource issues are certainly of great importance at the community level,
but this research has highlighted the importance of the need to implement edu-
cation and awareness alongside water resource projects to ensure future sustain-
ability. Long-term adaptation strategies are lacking due to limited understanding of
climate change and its impact. Inadequate awareness is prevalent in communities
but this is also evident within the professional government and NGO communities,
at a grassroots and national level (Gurung and Bhandari 2009). With climate
change localized, it is essential that adaptation and mitigation strategies remain as
local enterprises (Gurung and Bhandari 2009). The livelihood benefits of water and
sanitation projects tend to be under-represented despite growing evidence that they
are widespread and despite considerable irrigation investment; the approach to
water development and management has remained top–down, hierarchic and
technocratic (Dixit 2006).

A document produced by Practical Action, an iNGO (Dissanaike 2009), iden-
tified that a new concept is needed to address disaster risk reduction in South Asia,
to transform development into an opportunity to reduce disaster risk. This is
illustrated well in Fig. 2. Top–down governance approaches treat disasters sepa-
rately from development, despite a significant association between the two, and
many South Asians have become poorer as a result of development, with climate
change becoming the greatest source of maldevelopment-induced disasters
(Dissanaike 2009). Globally, there has been a shift away from top-down adaptation
strategies to community-centred disaster risk reduction and adaptation initiatives
(Van Aalst et al. 2008). However, this has yet to be successfully integrated within
Nepali governance, with the selection of funded adaptation schemes tending to
remain focused on those living in the most accessible areas and where they are best
able to express their demands (Dixit 2006). Alum and Regmi (2004) identify
numerous soft and hard adaptation measures which could be implemented to
secure Nepali development and livelihoods, and the government’s National
Development Council is going some way towards pushing policy in the right
direction of livelihood sustainability. Blankie et al. (2002) identified in the 1970s
that the future of Nepal was seen as slow yet inexorable economic decline, with
increasing poverty and systematic failure of policies that assumed an intrinsic
propensity toward capitalist development. Despite this pessimistic outlook, there
has been progress towards development and the sustainability of Nepal’s growing
population over the last 30–40 years. Climate change has impacted, and will
continue to impact, on the socio-environmental conditions of community-level
livelihoods. But with a current state of increased political stability and a somewhat
‘‘NGO-ization of life’’ (quoted in Dixit 2006) in Nepal, there is hope that adap-
tation can be implemented from a bottom–up approach, through community-level
capacity building and ensuring the implementation of long-term sustainable
initiatives.
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Summary

Nepal lacks adequate coping capacity to deal with the challenges of climate-
induced environmental change due to underdeveloped economies and limited
scientific and technical capabilities (Lohani 2010). However, Pariyar (2003)
concluded that the potential for water resource development in Nepal, termed as
the ‘‘blue revolution’’, could bring economic revival and play a vital role in
alleviating poverty. Successful adaptation involves the promotion of water storage
and conservation under changing climate conditions (Bandyyopadhyay 2009).
This research has highlighted the need for developing sustainable adaptation
strategies to preserve water resources and ensure food security, particularly in the
remotest locations where communities lack sufficient support and opportunity for
development. Within the communities surveyed in the Nawalparasi district it was
found that education, awareness, infrastructure, accessibility, technology, food
security, potable water, healthcare, hygiene, employment, income and investment
all played a part in sustaining livelihoods, with climate change found to be
impacting on community vulnerability, and all factors interacting to determine a
community’s capacity to successfully and sustainably adapt to environmental
change.
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Fig. 2 A suggested conceptual shift in disaster risk reduction by Practical Action (Source:
Dissanaike 2009)
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Chapter 37
Multifunctional Land Use in Urban
Spaces to Adapt Urban Infrastructure

Marko Siekmann, Nina Vomberg, Michael Mirgartz,
Johannes Pinnekamp and Sarah Mühle

Abstract The research project presented here is an evaluation of problems arising
from global warming, increasing stormwater intensities, demographic changes and
migration in highly industrialized regions. 1D/2D simulations are used to show the
advantages of water sensitive urban design (WSUD) strategies using the MIKE
URBAN Flood Software (Danish Hydraulic Institute, DHI, Copenhagen, Denmark).
Two regions in the Ruhr area, Germany, were analysed in order to illustrate the
advantages of WSUD. More and more frequently, rainwater after an extreme rainfall
event cannot be drained by the existing sewer system [DWA (2010) DWA-
Themenheft, Klimawandel–Herausforderungen und Lösungsansätze für die deut-
sche Wasserwirtschaft’’, Deutsche Vereinigung für Wasserwirtschaft, Abwasser und
Abfall e. V., DWA, Hennef] and flooding of urban city centres occurs. One reason
why the central sewer system fails to absorb the rainwater is the increased load in the
sewers due to a higher discharge of wastewater. More frequent extreme rainfall
events due to climate change will worsen the situation [Gerstengarbe F (2009)
Klimawandel in Ballungsräumen: Das Beispiel Ruhrgebiet, Bildungszentrum für die
Entsorgungs- und Wasserwirtschaft GmbH]. That rainfall characteristics have
already started to change is shown by numerous flash flood events all over Europe
[Castro D, Einfalt T, Frerichs S, Friedeheim K, Hatzfeld F, Kubik A, Mittelstädt R,
Müller M, Seltmann J, Wagner A (2008) Prediction and management of flash floods
in urban areas in Germany (URBAS). Final Report, Federal Ministry of Education
and Research, Bonn]. Although such events will occur more frequently in Germany
in the future, the extension of sewage systems is not financeable. Therefore,
decentralized infiltration and storage devices should be introduced to reduce runoff.
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Additionally, the directed discharge of stormwater runoff across the surface in an
urban catchment is required. Within a city, streets and squares could be flooded in
order to protect buildings and urban infrastructure. Additionally, the directed dis-
charge into decentralized storage structures is useful to limit the negative effects of
flooding. The required storage capacity needs to be integrated in the environment.
It has been shown that the directed flooding of public parks or public squares is a
useful measure to adapt urban infrastructure to the consequences of climate change.

Keywords Adaptation � Climate change � Water sensitive urban design �
Multifunctional land use � Participation and acceptance

Introduction

The management of rainwater runoff in settlements is of great importance for
environmental engineering. Considering the potential consequences of climate
change, it is advised to re-evaluate infrastructural facilities soon because they can
only be adapted slowly. Due to the high damage potential in urban areas, envi-
ronmental engineering and urban management authorities are pressed to act. Based
on a holistic approach, flexible solution strategies have to be developed.
Accordingly, a continuous adaptation of settlements and their infrastructure to
future climatic changes can be realized.

The project was located in the Ruhr area (North Rhine-Westphalia, Germany) as
a representative example for a highly industrialized and developed region in central
Europe. The results are based on case studies for the local authorities of Bochum
and Herne. Figure 1 shows the location of the investigated area in Germany.

Climate Model Results

In order to gather precise information about the extent of climate change with
regard to urban drainage, it is necessary to determine important parameters such as
precipitation and rainfall intensity more accurately than is done in global trends
(IPCC 2007). Based on the IPCC SRES scenarios, different regional climate
models (statistical: STAR II, Wettreg; dynamical: CLM, REMO) have been built
in Germany. But so far, all published future climate scenarios, though using those
different climate models, agree in the trend on the impact of climate change to the
changes in precipitation patterns (EXUS 2010). There is still, however, a great lack
of knowledge and great uncertainty in the results of the climate models, so future
research is needed.

In the presented study, results of the regional statistical climate model STARII
(Gerstengarbe 2009) are used to show the consequences of climate change to the
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changes in the precipitation patterns for the selected study area North Rhine-
Westphalia. The demonstrated regional climate scenarios calculated with STAR II
are based on the IPCC emission scenario A1B.

Fig. 1 Investigation area � Federal Agency for Cartography and Geodesy, Frankfurt Main,
Germany
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Gerstengarbe compared the number of days with more than 10 mm rainfall at
present (1951–2001) and in the near future (2051–2060). The results are shown in
Fig. 2. It can be seen that in most parts of North Rhine-Westphalia, an increase of
days with more than 10 mm precipitation is expected. As a result of changing
precipitation patterns, the frequency, intensity and duration of precipitation events
will change, too. In the investigated Ruhr area in North Rhine-Westphalia, the
following effects of changing precipitation patterns are expected (DWA 2010):

• Higher runoff due to precipitation and higher risk of urban flooding
• More frequent and/or higher overflow from combined sewers into receiving

waters
• Strongly fluctuating water levels of rivers
• Reduced recharge rates of aquifers, which cause a decline of the groundwater

level during summer
• Risk of infiltration into buildings due to an increasing level of groundwater,

caused by changes in the hydrological cycle (displacement of precipitation
towards winter)

Methods and Objectives

As part of the R&D project ‘‘water sensitive urban design’’ funded by the Federal
Ministry of Education and Research, the potential of a water sensitive urban design
in the Ruhr region has been analysed (www.wassersensible-stadtentwicklung.de).
The Ruhr region has been chosen because of the current changes in economy and
population.

Fig. 2 Difference in days with heavy rainfalls ([10 mm) comparing time periods of 2051/2060
and 1951/2001 (Gerstengarbe 2009)
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In Germany, as in the rest of Europe, population and demographic trends vary
regionally or even locally, but overall population is decreasing. On a regional
level, in the investigated Ruhr area it can be observed that urban population is
decreasing significantly whereas in the suburban areas, population is increasing
(Beckmann 2005).

In areas with growing population, an increase in paved areas is to be expected,
which will cause an acceleration of hydrological processes, a higher risk of
flooding, increasing discharge loads and decreasing recharge rates of groundwater.
Furthermore, densification of areas and sealing of as yet unused urban areas
occupy space, which could otherwise be used for water management purposes.
In addition, the drinking water demand will rise in these areas, which will cause an
increasing strain on drinking water resources.

In areas with decreasing population, the deconstruction of buildings allows the use
of the regained open space for water management purposes. In the long run,
a decreasing drinking water demand caused by the decline in population and hence in
industry will cause problems with the operation of drinking water supply facilities
(Hiessl et al. 2002) since a maximum residence time in the sewers must not be
exceeded. The same applies to the sewage system, as deposits in combined wastewater
systems can cause problems. The financial burden for each resident will rise, because
fixed costs which cover the bigger part of the fees have to be raised by fewer residents.

The aim of the project is to show the effects of climate change on existing
settlement areas and to develop adaptation strategies by using the method of water
sensitive urban design. These strategies are intended to neutralize or at least
minimize the negative impacts of climate change on urban living space.

In order to enable a comprehensive approach, a cooperation network of experts
from different disciplines and professionals in the Ruhr region was founded
(Siekmann 2009). Apart from representatives of the water management
department, this network includes urban planners, landscape architects, social
scientists and representatives of the local city council and water association. The
discussion and evaluation of the results of the simulations, as well as the con-
clusions drawn by the cooperation network, have been very helpful in order to
identify the advantages and problems of water sensitive urban design.

In general, the principle of water sensitive urban design, as it has already been
applied in Australia (Wong 2005), is based on a combination of environmental
engineering planning approaches and urban and landscape planning requirements
under consideration of the interests of all parties involved. It represents a holistic
approach to stormwater management that aims at a sustainable urban development.
The frequently discussed measures concern infiltration, temporary storage, delayed
runoff and rainwater harvesting. Additionally, multifunctional land use, such as
temporary storage of runoff in open spaces or parks, is considered during the
planning process of urban areas. If water sensitive urban design is applied on a
large scale, there will be several positive effects such as increasing groundwater
recharge rates and decreasing flooding frequency. Additionally, costs may be
reduced by avoiding building measures in the centralized drainage systems and
synergy effects in the planning and operation of multifunctional facilities.

37 Multifunctional Land Use in Urban Spaces 615



In this research project, the effects of water sensitive urban design were sim-
ulated for two project areas in the Ruhr region, Bochum and Herne. 2D models of
the surface area were developed (e.g. Fig. 3) and connected to 1D sewer network
models to build up an integrated model of the urban system (Ellis at al. 2009).
To that end, the MIKE URBAN Flood software was chosen (Danish Hydraulic
Institute, DHI, Copenhagen Denmark). The results of this project will be sum-
marized in a guideline for water sensitive urban development in autumn 2010. The
intended purpose of this guideline is to demonstrate to professionals concerned
with urban design (e.g. water management, urban development and other involved
institutions), how water sensitive urban design can be applied successfully.
Furthermore, it shows which basic, local conditions have to be created to allow
effective adaptation and maximum acceptance by the affected people.

Results and Discussion

Estimation of Future Precipitation under the Influence
of Climate Change

With regard to the anticipated changes of the precipitation characteristics, two
different categories of rainfall events have to be clearly distinguished (Staufer
2008):

Fig. 3 Surface model, Herne
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• Design precipitation events (return period \10 a)
• Extreme precipitation events (return period [30 a)

The effects of rainfall events of both categories will be analysed for the two
model regions.

The examination of the effects of climate change on precipitation patterns have
been the object of many research projects. For example, Arnbjerg-Nielsen (2005)
discovered that the frequency as well as the intensity of a ten-minute rainfall has
increased, by analysing rainfall data of the last 20 years in Denmark. Although this
tendency does not apply to the entire country, the authors suggest that existing
intensity-duration hydrographs have become obsolete for the dimensioning of
rainwater collection systems.

Based on these results, Larsen et al. (2008) determined climate factors for
Denmark that allow one to dimension drainage systems adapted to the new pre-
cipitation patterns. In this context, the climate factor is used as a multiplier to
enhance the calculated discharge in the sewer system.

Figure 4 shows the climate factor in relation to the return period of the pre-
cipitation event. For commonly used design events (return periods of 1–5 years),
the climate factor is between 1.1 and 1.25. Extremely rare events (return period of
100 years) are linked to a climate factor of up to 1.5. It has to be considered
that the inaccuracy of the climate factor increases with the return period. The
conducted study led to the integration of the climate factor into design
practice in Denmark and hence to an extension of the cross-section of sewer pipes.
In Germany, the application of climate factors is not bound by law. Conventional
dimensioning standards are still in use, particularly because of the insufficient
reliability of climate prognoses at local levels.

However, technical guideline No. 4.3/3 published by the Bavarian Environ-
ment Agency (LFU 2009) suggests to increase design parameters by 10–40%,
depending on the region, the rainfall duration and the return period in Bavaria
(cf. Table 1). The results are in the same range as the results of Larsen et al.
(2008) discussed earlier.

Table 1 illustrates how the assumed design precipitation event for a sewer
system has to be adjusted according to technical guideline No. 4.3/3. Today,
the dimensioning of a sewer system in a residential area is usually based on a

Fig. 4 Climate factors,
example Denmark (Larsen
et al. 2008)
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rainfall event with a return period of 3 years. In the future, it will have to be
replaced by what is currently a five-year rainfall event.

Therefore, a five year precipitation event is chosen to demonstrate the effects of
climate change with and without the application of water sensitive urban design
measures in the study area. The five year precipitation event with a duration of
60 min is shown in Fig. 5.

Additionally, strategies to manage extreme rainfall events have to be included
in future planning processes. To show the effects of extreme rainfall events in this
study a 30 year precipitation event is chosen. Figure 6 shows the precipitation
event with a return period of 30 years and a duration of 60 min.

Increase of Design Precipitation Events, Adjustment
of Urban Drainage with Decentralized Measures
of Rainwater Management

Water sensitive urban design aims to reduce the catchment area of a sewage
system by disconnecting different parts of the system from each other or by
including infiltration systems, retention tanks for combined storage or stormwater
retention facilities into the system. Additionally, it should be checked if runoff
producing surfaces can be converted into runoff absorbing surfaces (e.g. green
roofs) and if sealed areas (e.g. car parks) can be used for temporary storage. All
these measures will result in a reduced discharge during design precipitation
events, and an expensive extension of the cross-sections of the sewers can be
avoided.

Constructional methods which aim to reduce the risk of flooding have to comply
with the guidelines for sustainable development. Hence, water balance methods
such as infiltration and disconnection of impervious areas have to be prioritized
over integrated water management methods with similar effects. Thus, if water
sensitive urban design is applied, the first step is to reduce the catchment area of
the centralized drainage system. However, the adoption of water sensitive urban
design methods requires the participation of property owners. Public acceptance is
crucial for the implementation of water sensitive urban design methods.

Table 1 Changed design precipitation intensities as a potential precaution of the effects of
climate change (LFU 2009)

Design frequencies according to
DWA-A 118 rule (1-time in
n years)

Recommended reduced
frequencies (1-time in
n years)

Increase in design rainfall
intensity [acc. to KOSTRA-DWD
(1997)] (%)

1 in 1 1 in 2 22–40
1 in 2 1 in 3 10–19
1 in 3 1 in 5 12–21
1 in 5 1 in 10 14–23
1 in 10 1 in 20 12–19
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Consideration of Extreme Events, Multifunctional Land Use
in Order to Reduce the Negative Effects of Flooding

Extreme events, such as one in August 2008 in the Ruhr region (Dortmund, rainfall
intensity of 200 l/m2 in 3 h), that have a statistical return period of over 100 years
(Grünewald et al. 2009) can certainly not be soundly managed by expanding the
drainage systems. Even if such extreme events become more frequent in the future
(EXUS 2010), adequate subsurface drainage systems would neither be neither
financially viable nor operationally feasible during dry weather periods (DWA
2010).

Experiences from monsoon regions where extreme rainfalls events with up to
1,000 mm occur show that the most practical option to manage extreme rainfall
events is to allow a controlled runoff and flooding of pervious areas (Staufer 2008).
Although flooding is not avoided completely, negative impacts can be minimized.

The design of ‘‘emergency flood paths’’ or intra-urban retention areas shows
that multifunctional land use is possible within an urban area. For example, roads
with low traffic volume could be used as an ‘‘emergency flood path’’ or areas such

0

2

4

6

8

10

12

14

16

5 10 15 20 25 30 35 40 45 50 55 60
Duration [min.]

P
re

ci
p

it
at

io
n

 in
te

n
si

ty
 [

m
m

/5
m

in
.]Fig. 5 Design precipitation

event, return period
five years, 25 l/m2 in 60 min,
(Kostra-DWD 1997)

0

2

4

6

8

10

12

14

16

5 10 15 20 25 30 35 40 45 50 55 60

Duration [min.]

P
re

ci
p

it
at

io
n

 in
te

n
si

ty
 [

m
m

/5
m

in
.]Fig. 6 Extreme precipitation

event, return period 30 years,
34 l/m2 in 60 min, (Kostra-
DWD 1997)

37 Multifunctional Land Use in Urban Spaces 619



as marketplaces or playgrounds could be converted into temporary retention areas
(Fig. 7).

Figures 8 and 9 show the results of a coupled 1D/2D simulation of the sewage
system and surface area in the project area of Bochum-Harpen after stressing it
with the 30-year return period rainfall discussed above (see results and discussion).
In the illustrated map free space, streets, buildings and flooded areas (blue) are
easy to identify.

Figure 8 illustrates the results for the existing drainage system, where wide
areas are flooded as an consequence of the rainfall event. In Fig. 9, additional flood
paths have been included in the model. In this case, roads with modified kerbstones
were used as flood paths. It can be seen that the storm runoff is directed along the
roads. As is shown, the adverse effects of flooding in the city centre are reduced
drastically by routing the discharge in the streets.

Modified Drainage Systems in Urban Centres,
Water Squares and Open Drainage Channels
to Decentralize Combined Drained Areas

In the past, newly subdued areas of a city have usually been attached to the central
sewage system which led to an increased discharge of wastewater and hence an
increased saturation of the central sewers. Today, the sewage systems are often
loaded to full saturation or they are even oversaturated. As urban areas and
especially city centres are usually drained by a combined sewer network, this
development can lead to serious problems during rainfall events. The runoff cannot
be absorbed by the sewer system and the city centre is flooded.

Water sensitive urban design is able to provide safe urban drainage for current
conditions and even for future precipitation characteristics. Figure 10 shows the

Fig. 7 Water square,
illustration according to Boer,
de Urbanisten (Vallée and
Benden 2010)
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Fig. 8 Flooding following an extreme event—Bochum Harpen, current situation

Fig. 9 Flooding following an extreme event—Bochum Harpen, multifunctional land use and
emergency flood paths in the streets
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drainage system of the second project area in Herne-Wanne under the effect of the
design rainfall event with a five year return period.

It can be seen that the runoff, which is highlighted in blue, cannot be drained
and floods the pedestrian precinct of Herne-Wanne. Infiltration into adjacent
buildings cannot be prevented. Due to the intra-urban situation, disconnection of
the sewer system and creation of infiltration areas is not possible. Instead, the
surface areas of the pedestrian precinct and the adjoining streets, as well as the
street-facing roof areas, are converted into an open channel system. Consequently,
50% of the catchment area is independent from the combined sewer system, whose
capacity is almost exhausted during dry periods. Additionally, a retention area is
integrated in the west of Herne-Wanne to temporarily store runoffs. After passing
the retention area, the discharge is conducted into subsequent drainage elements
(sewage system, if necessary a directed discharge to the receiving water).

The results of the application of water sensitive urban design methods in Herne-
Wanne (retention areas, open channels) are displayed in Fig. 11. It is shown that
spilling of combined sewer systems can be avoided without increasing the cross-
section of the pipes. This is achieved by conducting part of the rainfall runoff in
open channels to a retention area. Additionally, the modification of the surface of

Fig. 10 Flooding after a rainfall event with a return period of five years—Herne-Wanne
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the pedestrian precinct prevents the infiltration of runoff into adjacent buildings.
In fact, the whole surface of the pedestrian precinct would serve as a channel for
discharging rainwater in the case of an extreme rainfall event.

Conclusion and Perspectives

The presented R&D project tackles the challenges of climate change in urban areas
by applying water sensitive urban design methods, taking the limited local funds
and the uncertainty of the existing climate scenarios into account.

Rainfall events are expected to become more frequent and more intensive due
to climate change. Therefore, the existing urban sewer systems increasingly often
fail to drain the runoff. Instead of difficult and expensive modification of the
sewers, decentralized water management schemes (e.g. infiltration facilities) are
recommended. Furthermore, the risk of flooding during extreme rainfall events has
to be reduced. For example, flooding in densely settled areas can be prevented by
multifunctional land use. The 1D/2D models implemented in MIKE URBAN

Fig. 11 Channel system and water square after an event with a return period of five years—
Herne-Wanne
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Flood software of the two investigated urban areas clearly show the positive effects
of water sensitive urban design.

Multifunctional land use has not yet been established as a flood prevention
concept in Germany. The R&D project ‘‘water sensitive urban development’’ aims
to examine the practicability of multifunctional land use in Germany.

To allow an adaptation of the drainage systems to the effects of climate change
in time, legal regulations are required. For example, a ‘‘climate aspect’’ in
wastewater disposal concepts could be requested. Wastewater disposal concepts
would be continuously updated and adapted to the current climatic conditions.
Based on this, a legal background could be defined.
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Chapter 38
Integrated Industrial Water Management
as a Tool for Mitigating Climate Change

Rasmi Patnaik and Gopalsamy Poyyamoli

Abstract Observational evidence from all continents and various spheres shows
that many natural systems are being affected by anthropogenic climate changes.
One of those systems affected by the climate change scenario is the hydrological
cycle, which encompasses water availability and water quality, as well as water
services. In any industrial plant, the discharge of by-products and waste materials
in various forms may pollute receiving waters rendering them unsuitable as a water
supply. Excessive nutrients can lead to algal blooms, oxygen deficits, the release of
toxic gases and increased pollution load, which in turn contribute either directly or
indirectly to the climate change. In return, climate change can also negatively
affect the industrial water sector in its own unique way. Adaptation to climate
change is, consequently, of urgent importance in today’s world. While end-of-pipe
treatment of industrial waste was a popular management approach only 20 years
ago, advanced treatment/management concepts such as Industrial Ecology, Clean
Development Mechanism, Industrial Symbiosis and Design for Sustainability are
more common today. This paper discusses the theoretical background of industrial
water management as an important tool in putting water adaptation to climate
change into practice. It focuses on the impacts of climate change on sustainable
water management, the additional new challenges for water management deriving
from climate change, and how the planning should be modified to adapt to climate
change from an industrial ecology point of view. Although water management
seems to be an operational issue, the choice of appropriate site location, provision
of services, facilities design, best operational management practices along with
supported institutional structures such as site development, risk mitigation
measures, quality control measures, awareness creation, emergency planning and
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monitoring are needed to ensure sustainable industrial water management for
mitigating climate change.

Keywords Climate change � Industrial wastewater � Adaptation � Mitigation �
Industrial ecology � Policy � Integrated water management � System engineering

Introduction

Observational evidence from all continents and various spheres shows that many
natural systems are being affected by anthropogenic climate changes. One of those
systems affected by the climate change scenario is the hydrological cycle, which
encompasses water availability and water quality, as well as water services. Water
is vital to all companies, from those that use water in production processes to those
that build, operate and finance water infrastructure (World Business Council for
Sustainable Development 2005b). But, unfortunately, the discharge of by-products
and waste materials from inefficient use, improper maintenance and excessive
consumption by the industrial processes may pollute receiving waters, rendering
them unsuitable as a water supply. Excessive nutrients can lead to algal blooms,
oxygen deficits, the release of toxic gases and increased pollution load, which in
turn contribute either directly or indirectly to the climate change. In return, climate
change can also negatively affect the industrial water sector in its own unique way.
If timely efforts are not being made for stringent actions against the severe
industrial pollution now, the industrial sector will have to pay a huge unbearable
price in the changing scenario of climate change. Mitigation as well as adaptation
to climate change is, consequently, of urgent importance in today’s world.

Climate Change and Industrial Water Resources

Industrial water pollution is reaching high levels of non-sustainability day by day.
Wastewater is becoming a heavy burden to industries and the natural environment.
Industrial wastewater consists of liquid discharges generated by raw material
extraction, transformation processes and manufacturing of industrial products or
consumer goods, along with a broad range of chemical pollutants such as solid
or dissolved compounds, organic and mineral materials, metals, hydrocarbons,
solvents, polymers, oil, grease, salts, etc., with various toxicity levels. The release
of toxic gases from these pollutants acts as an amplifier for creating the suitable
conditions for global climate change. Not only extraction or manufacturing
processes, but also the later phases across the life cycle of industrial production
generate huge amount of pollution load. During the water treatment process,
wastewater treatment plants produce greenhouse gases (GHGs) that include carbon
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dioxide (CO2), methane (CH4) and nitrogen oxides (NOx), thus contributing to
global warming. CH4 and CO2 are produced when residual sludge is handled under
anaerobic conditions, thus contributing to the global warming potential or the
greenhouse effect (Shahabadi et al. 2009). Also, industrial wastewater reclamation
plants produce GHGs as they contain more suspended solids and have a higher
demand for biochemical oxygen (Tucker 2010).

On the other hand, climate change will affect water resources through its impact
on the quantity, variability, timing, form and intensity of precipitation (Global
Water Partnership 2009). The continuity and future success of any business are
impacted by the availability, cost and quality of water along the ‘‘value chain’’,
including ‘‘upstream’’ (in the production and supply of raw materials),
‘‘midstream’’ (in what businesses make from raw materials or other pre-processed
inputs), and ‘‘downstream’’ (in treatment and recycling phase) (Deliverable D2-2
Report 2005). But alongside climate change, the existing and projected scarcity of
clean water is likely to be one of the key challenges facing the world in the twenty
first century. Influential voices in the global economy are increasingly talking
about water-related risk as an emerging threat to businesses (Matthews and Quesne
2009). In this scenario, the huge demand of water consumption by the industrial
sector will bring problems in areas where the water shortage and depletion of water
level due to excessive pollution load is a common feature.

Under this view, the need for an integrated industrial water management system
covering the cross-cutting themes of these two sectors will be of fundamental
importance.

The Challenges

Industrial wastewater management through modern and efficient technologies is
becoming an increasingly important strategy for individual industries. However,
managing industrial waste is a difficult task and the challenges are many.

The major challenge to industrial wastewater management is its diverse nature.
As mentioned earlier, industrial waste is combination of a broad range of
pollutants of chemical and biological nature, which makes the released water
extremely heterogeneous. Moreover, its quantity and quality vary depending on
the process implemented and industrial domain. This large diversity requires a
specific approach for each type of wastewater, which appears a primary constraint
for the successful implementation of an efficient management system (Scientific
Chronicles Supplement 2007).

Considering the geographic distribution of a certain area and the systematic
absence of impact studies, some industrial plants are built on fragile ecosystems
such as arable lands and costal belt and require overexploitation of the water
resources. This situation presents a major challenge for the wastewater manage-
ment, as it requires special consideration with finer details towards sensitiveness of
the area.
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The situation is complicated by the absence of treatment facilities of the
industrial effluents. A significant part of the industries were not equipped with
antipollution equipment. Improved and cleaner technologies guaranteeing a sus-
tainable quality of wastewater are expensive. It makes the situation worse for
small- and medium-scale enterprises (SMEs), which generate considerable
amounts of waste discharge and have to face significant negative effects in the
changing scenario of climate change.

Current water management practice at the industrial park level is still frag-
mented and non-systematic. The most pressing issue seems to be that there are
many government departments dealing with water problems, but their activities are
not well coordinated. There are many agencies or administrations whose juris-
diction overlaps on the same issues, sometimes resulting in scarce or no coordi-
nation and conflicting decisions. In some cases, high centralization of decision is
complained about, together with minimal involvement of the stakeholders in the
decision-making process. Also, the water law system is old-fashioned and widely
scattered. The law tends to be deficient in the case of pollution issues, where
quality standards for water bodies and/or effluents of complex characterization
have not been clearly established. A general lack of impact assessment and
monitoring studies is reported in most of the industries. Furthermore, the sporadic
consideration of water quality from a policy point of view and the absence of
systematic, uniform and enforceable pollution charges have compounded problems
of integrated water management. The legislation is inefficiently or unsatisfactorily
implemented, because of various factors, among which the most common are the
lack of enforcement measures in order to guarantee the correct law application, the
insufficient level of resources (human, structural, financial), and the inefficiency or
slowness of application procedures (Geng and Yi 2006). Under these conditions,
it is quite natural that the cross-cutting themes involving water-climate change
issues are considerably neglected.

In some cases, unsolved questions of territorial sovereignty/transboundary
issues related to water resources emerge, creating problems for proper manage-
ment of industrial water resources.

Business as Part of Solution

To cope with the changing scenario of climate change, industry has a much larger
role to play than just protecting its access to water. It can bring the technological
capability to treat water and manage water supplies. Businesses from both the
demand side and the supply side of the water equation must see themselves as part
of the solution to issues related to water. To ensure this equitable balance, com-
panies must gain an improved understanding of the dynamics of climate change
and its broader impacts on all water-using sub-sectors. This will guide better
water resources management inside an industry, which, in turn, will build resil-
ience to current climate variability, while strengthening systems and capacity for
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longer-term climate risk management. Achieving and sustaining water security—
broadly defined as harnessing water’s social and productive potential and limiting
its destructive potential—provides a focus for adaptation strategies and a frame-
work for action. A coherent approach to promote this drive for water security that
will address both current climate variability as well as the challenges of climate
change can provide a solution for integrated water resources management (Global
Water Partnership 2009). In the early 1980s and 1990s, end-of-pipe treatment of
industrial wastes was a popular management strategy to deal with this approach.
Gradually, advanced treatment/management strategies were developed and
concepts such as Industrial Ecology, Clean Development Mechanism, Industrial
Symbiosis, Design for Sustainability are more common today (Brenner 1999).

Industrial Ecology (IE) is defined as the system-oriented study of the physical,
chemical and biological interactions and interrelationships both within industrial
systems and between industrial and natural ecological systems. It deals with the
problems faced by the sector to which it is applied and creates a framework that
allows business to contribute effectively to sustainable management. It develops
new instruments and technologies for planning, design and development of
eco-industry and search for ecologically sound and economically effective strat-
egies and policies. Application of IE offers the conceptual tools to reduce the
ecological footprint of industrial development through changing production mode,
consumption behaviour and decision instruments based on ecological economics
and system engineering (Deliverable D2-2 Report 2005).

The following section will present a framework for integrated wastewater
management within an industrial sector through application of industrial ecology
approach. The framework is composed of various elements such as management of
information system, policies and regulations, economic instruments and capacity
building. We will discuss below each one of these elements in greater detail.

Data and Analysis

Business needs reliable meteorological and hydrological data at regional, national
and sub-national levels in order to assess risk and make informed decisions or
plans. The tools and systems used to collect and analyse this data need to be
consistent. A globally accepted measurement tool that quantifies water efficiency
throughout the life cycle would enable society to make more informed decisions.
Such a tool would need to incorporate complex variables such as type and sus-
tainability of the water withdrawal, as well as an understanding of the cost and
benefit of different management options (World Business Council for Sustainable
Development 2009a). Understanding the water footprint of the business, both
inside and outside the corporate fence line, acts as structural guidelines for
management planning (World Business Council for Sustainable Development
2009b). Medium- to long-term impacts of climate change due to potential
changing hydrological patters need to be better understood, valued and integrated

38 Integrated Industrial Water Management 631



in current economic planning frameworks. The sustainability of existing and future
water supply schemes should be analysed using hydrogeological analysis and
models. Applying routine performance measurement and establishing performance
improvement programmes with respect to the use of water and the production of
wastewater can reduce significant environmental impacts arising from water use
(World Business Council for Sustainable Development 2009a). Taking into con-
sideration all kinds of related uncertainties, there is a need to develop practical tools
to improve our knowledge of vulnerability to climate change, to adopt approaches
that address climate change in a risk management context in order to better assess the
risks and benefits posed by a changing climate and the ways that existing policies,
programmes and socioeconomic circumstances serve to reduce (or exacerbate)
vulnerability to climate change; and, ultimately, to build the foundation upon which
appropriate decisions about adaptation can be made. Applications of GIS technol-
ogies and remote sensing systems to strengthen knowledge capabilities and assess-
ment of risk and vulnerability will be quite useful in this context (Kassem et al. 2005).
Advances in nanotechnology and information technology open the doors to new
standards of reliability and security for such systems. Access to climate information
and developing stronger linkages with climate scientists, in order to gain better
understanding of the significant recent improvements in today’s scientific world with
some degree of accuracy, climate variability at seasonal and inter-annual scales, will
help for better planning and decision-making. Incorporating this information
effectively as part of water resources management could be a crucial tool for coping
more effectively with climate variability and building capacity for adapting and
mitigating climate change (Global Water Partnership 2009).

Partnerships

Business cannot act alone and in order to succeed, we need support and collab-
oration from legislators, policy-makers, civil society and academics in winning
partnerships. Governments in particular have a responsibility to provide the nec-
essary framework conditions to encourage companies to take effective action
(World Business Council for Sustainable Development 2005a; ICLEI—Local
Governments for Sustainability 2007). Business should engage with the commu-
nities they share water or water services with to promote sustainable water man-
agement. Private sector involvement in water resources management functions
should be encouraged, under the condition that it serves public interests and is
sustainable. Non-governmental groups of local regions will be quite helpful to
encourage water conservation and improved water management system (World
Business Council for Sustainable Development 2009a). There are significant
opportunities for public–private sector cooperation; in this case, the World
Bank provided incentives to foster such cooperation (World Business Council for
Sustainable Development 1998). In order to achieve efficient deployments of
climate-mitigating measures, there need to be partnerships and favourable inclu-
sions of scientific institutions with capacity to enable the development of those
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functions in the targeted setting. Support to applied research in partnership
between the public and private sector should be encouraged to build and strengthen
capacity to plan for climate change. A productive relationship with partner country
governments and local institutions is an important step in order to win support for
and implement new ideas of physical incursions in existing infrastructural
schemes. It also helps in solving the transboundary issues/territorial sovereignty
problems (Kassem et al. 2005).

Policy

Given the impending challenges, it is crucial for policy-makers to recognize the role
of water as a primary medium through which climate change will have an impact on
development and to incorporate these considerations in overall development plan-
ning and management. Water policies and practices must aim to build institutions,
information and capacity to predict, plan for and cope with seasonal and inter-annual
climate variability, as a strategy to adapt to long-term climate change (Global Water
Partnership 2009). Integrated policies for changes towards environmentally friendly
economics, institutions, production and consumption patterns, and lifestyles should
be promoted. Policy needs to be long term and flexible to allow for the use of the most
appropriate approach, depending on local conditions (World Business Council for
Sustainable Development 2005a). Policies to support accountability and transpar-
ency in all water-related processes should be encouraged in order to make them more
inclusive. All current policies and programmes will need to be re-evaluated to
introduce new approaches which can enhance our understanding of the impacts that
climate change will have on water demands, water supplies, water quality and the
whole water system inside an industry (World Business Council for Sustainable
Development 2005b). Other favoured strategies involve further advancements of
water storage technologies and policies aiming to enhance multiple uses of water
resources to mitigate impacts of changing hydrological patterns, in order to sustain
many different production activities (Kassem et al. 2005).

Effective Water Governance Framework

Providing effective water governance, including basic environmental, water and
commercial law and a national water resources plan based on Integrated Water
Resources Management, is the responsibility of governments, and business should
be supportive of such a framework. Climate change impacts need to be strongly
integrated in the water governance framework, including in planning, design and
implementation by both public and private sector actors (Kassem et al. 2005).
The management development aspects must include accounting, management
information, customer billing and collection, organizational restructuring,
operations and maintenance management, environmental management, public
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information and consumer relations, risk management and change management
(World Business Council for Sustainable Development 2009a). The development
of strong institutional capacity, adaptive and effective governance, and the ability
to successfully implement sound adaptation policies should be regarded as the
most important task in facilitating successful adaptation to climate change in
freshwater. In all of these cases, these institutions need to discharge their functions
independently and in the absence of undue interference, corruption, or local
capture (Matthews and Quesne 2009). By dealing with the ecological footprint at
the parcel level, semi-autonomous ‘‘demand management’’ developments can be
created that will deal with their own infrastructure needs on site, including water
supply, stormwater control, sewage treatment, thermal demand for heating and
cooling, and electrical demands. Creating these nested systems will buffer the
demand on centralized infrastructure and add system robustness and resilience—
all necessary in a world with increased uncertainty in climate effects on infra-
structure (World Business Council for Sustainable Development 2010).

Effective Regulation

Businesses should encourage appropriate and efficient regulation and conform to its
requirements (World Business Council for Sustainable Development 2009a). All the
relevant regulations must be flexible enough to cope with the uncertainties and local
problems while at the same time bringing proper justice to any kind of violation.

Unlocking Finance

As integrated water resources management uses a combination of both conven-
tional and modern approaches, successful implementation of it needs a firm
financial investment strategy. Investment needs can only be met when effective
cost recovery systems are adopted, based on the use of tariffs and taxes that are
appropriate for the local social, economic and environmental context. Where local
authorities are willing and able to implement sustainable economic management,
the business sector can explore with them alternative financing, investment and
service delivery options tailored to local conditions and capacity to meet capital
and operational costs covering the climate mitigation measures (World Business
Council for Sustainable Development 2005b).

Awareness-Raising and Capacity-Building

Awareness-raising is a crucial driving factor in the process and this should be
promoted through both general and targeted campaigns, through educational
systems, and by enabling easy access to relevant data and essential information
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(Kassem et al. 2005). The community should be educated to improve under-
standing of water resources and their management and to develop technologies to
get the most value out of the water cycle (World Business Council for Sustainable
Development 2009b). Strategies to raise general awareness, with particular focus
on water and climate change and its underlying drivers and measures needed to be
taken, and to mitigate impacts should be developed. Thus, wide-ranging infor-
mation campaigns targeting a broad spectrum of societies should be promoted
(Kassem et al. 2005). Building the capacity of local businesses and skilled workers
is essential to undertake operational, maintenance and renewal works for the long-
term management of water systems. This avoids dependence on imported skills
and ensures that water facilities continue to deliver their social, economic and
environmental benefits in the longer term. Assisting small- and medium-sized
enterprises to improve water management needs special attention. Successfully
coordinating all the development programmes through technology transfer, culture
change and training can contribute to significant improvements to bridge the existing
gap among various management approaches. This kind of capacity-building effort
plays a central role in the development of basic skills and contributes to wider
objectives by opening avenues of development to the people who benefit from it.
It also has a beneficial impact on involving the people and building the trust in the
wider community (World Business Council for Sustainable Development 2009a).
Creating a sense of shared responsibility among all the stakeholders will help in
bringing out new innovations from different sectors. Supporting programmes to
change mindsets, behaviour and practices should be promoted.

System Engineering

Although water management seems to be an operational issue, the choice of
appropriate site location, provision of services, facilities design and best opera-
tional management practices, along with supported institutional structures such as
risk mitigation measures, quality control measures, emergency planning and
monitoring, are needed to ensure sustainable industrial water management for
mitigating climate change. Intelligent institutions that can go beyond managing
water on a day-to-day basis to identify water-use trends, areas vulnerable to
climate change and opportunities to respond as well as possible to the emerging
challenges are needed at all levels (Global Water Partnership 2009).

Site Location

While locating a site, water has to be considered one important parameter for
calculating the suitability maps for industrial areas and industrial parks. Available
water resources and competing demands for those resources should be considered
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when choosing a site for new facilities (World Business Council for Sustainable
Development 2009b). A decision-support system can be used to choose or rank the
industrial alternatives suitable for the socioeconomic development of one area
(Water Quality Protection Note 2009).

Design and Development

The hierarchical approach in water management plays an important in its successful
implementation. Once choices are made as to where the industries are settled,
strategies have to be applied to reduce the ecological footprint of the industries by
establishing programmes of cleaner production and water-saving. By better
designing their products, companies can minimize their impact on the water envi-
ronment in terms of the water they use or the pollution they cause. They range from
acquiring raw materials to producing finished products. Existing facilities can be
redesigned to minimize water use and improve resilience through water-saving
technologies and services (World Business Council for Sustainable Development
2009a). The availability of adequate service infrastructure, such as emergency
management, waste recycling and disposal services, sewerage services, reticulated
water supply, electricity, gas, communications and transport access should be
assessed when selecting a potential site. Water-sensitive land use planning must
incorporate water issues in spatial planning and construction standards, especially
for new-build areas (World Business Council for Sustainable Development 2010).

Operation and Maintenance

The water management to be adopted in industry is depending on the choice of the
type of industrial development. Industrial wastewaters are subject to acceptance
criteria for discharge to sewer (set by local government, the water corporation or
other water providers’ systems) and may require on-site treatment. Sensitive water
resources require a range of management techniques to ensure their adequate
protection such as definition and community awareness, separation buffers from
intensive land usage, effective containment of potentially mobile contaminants,
waste characterization and segregation, regulation of land-use activities, appro-
priate waste management decisions by land-use operators, recycling and reusing
water, lowering toxic and other contaminants in all operations involving water,
catchment surveillance/monitoring, control measures, emergency planning and
remedial action to address historical contamination problems. Renewable energy
investment strategies in the water sector including hydropower (artificial storage
and watershed management) and biofuel production where major potential exists is
a good mitigation strategy which can bring substantial economic benefits at the
small, medium and large scale (Kassem et al. 2005). A combination of system
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engineering techniques using seawater for industry, diverting water from water-
rich to water-scarce areas, using the heat content of wastewater as a source
for regenerative energy supply, using wastewater irrigation to increase pro-
duction, new groundwater exploration techniques, microbiological wastewater
treatment techniques combined with novel membrane separation techniques,
nanotechnology, innovative desalination techniques, crystallization techniques,
membrane development, cheap point-of-use treatment systems and consumer
products to remove bacteria, viruses, parasites, and heavy metal, etc. plays pivotal
role in integrated management of wastewater (World Business Council for
Sustainable Development 1998).

Business should also consider some new/alternative procedures such as
increased rainwater absorption through aggressive tree planting and green roof
initiatives, rainwater harvesting, stormwater infiltration to recharge groundwater,
using membrane bioreactor systems for wastewater treatment and reuse, along
with other advanced techniques. Such developments dramatically reduce on-site
demand for potable water and use of sewers and storm drains, thus deferring
the need to expand infrastructure (World Business Council for Sustainable
Development 2010). Both runoff and industrial emissions can be best tackled and
prevented at source through better planning of water treatment and resource-
efficient practices. This is particularly relevant to dealing with emissions from
industry, which may not be biodegradable. The use of treatment processes to
remove pollution after it has occurred should be a last resort because they are
usually energy-intensive and can become unreliable if the pollution being treated
is severe (World Business Council for Sustainable Development 2009a).

An alternative approach to end-of-pipe treatment of complex and toxic wastes
may be the introduction of an in-plant control programme, including waste
segregation and process-specific pretreatments. Separation technologies such as
sedimentation, adsorption, extraction, etc., change the physical status of the con-
taminants and usually make them more concentrated in their new environment.
However, it is sometimes economically feasible to recover valuable products such
as solvents to be recycled and reused. Any policy at designing for environment
should attempt to allow for reuse at all possible levels, but should encourage the
scenarios of reuse over reprocessing or recycling, as reuse will generally require
less energy input than others and as such will have lower overall negative envi-
ronmental impacts. Policy needs to encourage full development of resource
recovery systems and phase out continued dependence on landfills and incinerators
as the primary means of handling waste.

First, chemical and toxicological characterization of each waste stream should
be done. This should include basic measures such as pH, total and dissolved solids,
total organic content, nutrients, main minerals, and toxicity. The second stage is
the screening of removability potential. It can be based on simplified procedures
which include aerobic biodegradation screening for the selection of waste sources
that are suited to a conventional biological treatment, volatilization screening to
identify VOC-contaminated streams that should be pretreated before undergoing
biological treatment and carbon adsorption screening for the evaluation of carbon
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requirements and adsorption efficiency, to be considered as a pretreatment means
of reducing toxicity. A simplified laboratory procedure combining three parallel
assays—biodegradation, volatilization and adsorption—can be used successfully
for the evaluation of removability potential of waste sources forming a complex
chemical industrial wastewater. The biodegradation procedure may serve as an
efficient tool for the evaluation of complex streams’ suitability for biological
treatment, in place of the traditional BOD test, which is of limited value for such
wastes. The volatilization procedure may add a valuable index regarding VOC air
pollution, on the one hand, and possible recovery of solvents, on the other hand.
The adsorption procedure, based on toxicity balances, may enable simultaneous
determination of both adsorption capacity and the impact of the treated water on
biota in receiving waters. Put together, the proposed approach may lead to an
optimal in-plant management programme, based upon stream-specific solutions
such as biological treatment of readily degradable organic streams, carbon
adsorption or chemical oxidation of refractory organics, controlled stripping of
VOC-containing streams, and evaporation of brines (Hertle 2008).

Depending on the amount of land available for an industry, wastewater can be
used to irrigate plantations to provide Kyoto-compliant carbon sinks (Scientific
Chronicles Supplement 2007). The best and most efficient treatment method for an
industrial wastewater reclamation plant is a hybrid of aerobic rectors and anaer-
obic solid digestion with the use and recovery of biogas to operate the plant and
reduce the demand for external electricity. The hybrid system offers a higher rate
of nutrient and contaminant removal compared to anaerobic and aerobic processes
alone and produces enough biogas from the decomposition of solid waste to power
the whole plant. Furthermore, by lowering the temperature of anaerobic solid
digestion, GHG emissions can further be reduced. In addition, producing all the
materials needed for treatment on site instead of transporting them from farther
away can reduce GHG emissions produced from transportation (Tucker 2010).

The combination of pro-efficient government regulations, effective imple-
menting mechanisms for water governance, alignment of state and provincial
relationships, increasing investment in research and development, support of
venture capital for the new water businesses, along with a strong base for capacity
building, will open new opportunities for industries towards achieving a
win–win situation for climate change mitigation.
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Chapter 39
Unjust Water: An Investigation of the
Drinking Water Situation in Argentina

Sonja Maria Geiger and Natalia Salvático

Abstract With their new campaign ‘‘I am made of water’’, the work group on
water of Amigos de la Tierra, Argentina (Friends of the Earth, Argentina) wants to
call attention to the unjust and increasingly precarious drinking water situation in
Argentina. This situation is characterized by great geographical, climatic and
socio-economic differences between the dry and comparatively poor north and
west of the country, on the one hand, and the humid, fertile Pampas and Buenos
Aires region in the east, on the other. The basic climatic differences are intensified
by differential effects of climate change on these regions. Additionally to this
disparity in natural drinking water supplies, the national government employs a
pricing and supply policy that favours the relatively rich, humid urban areas, while
disadvantaging rural areas and the poor city fringes with low drinking water
connectivity. The authors will follow up on how this unjust pricing system and
lack of education have strengthened environment-damaging habits among the
general public in those areas where water supply, at first glance, does not seem to
be a problem. The role of cognitive factors, such as beliefs and (lack of) knowl-
edge about water-related facts in creating and maintaining these unsustainable
behaviours is discussed. Finally a threefold initiative for change is suggested,
including personal education, strengthening social awareness and creating struc-
tural foundations as constitutional law warranty for access to water for fair prices.
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Introduction

‘‘A lot have lived without love, but no one without water’’. This is the opening line
of the movie ‘‘Flow: For Love of Water’’1 that was shown in an open air cinema in
Buenos Aires as part of a chain of events in ‘‘Water Week 2010’’ organized by
Amigos de la Tierra, Argentina (ATA from now on2). Water Week was created to
celebrate the most valuable natural common good during International World
Water Day on 22 March and National Water Day on 31 March. With different
activities, which will later be described, ATA intends to highlight and explain
different focal points of the drinking water situation in Argentina.

This situation is characterized by great geographical, climatic and socioeco-
nomic differences within the country’s regions. In the highly populated and humid
region of Buenos Aires, availability of drinking water seems, at first glance, to be
unproblematic compared to the dry and hot northwestern and western regions.
Combined with highly subsidized and therefore extremely low water prices, this
basic situation has led to extraordinarily wasteful behaviour patterns in the pop-
ulation of Buenos Aires and its surroundings (Gran Buenos Aires). Low ecological
consciousness and lack of information about water-related facts perpetuate the
unsustainable consumption patterns of this sub-population of Argentina, which
makes up close to a third of the country’s population. The supply of clean drinking
water to the complete population seems to be a growing challenge for the publicly
owned water service suppliers in Argentina, which face low connectivity figures in
remote areas, unsteady natural water supply due to changing weather patterns and
lack of compliance by consumers.

With its new campaign, ATA claims first of all that access to water should be
constitutionally acknowledged as a basic human right, in order to ascertain its
significance legally for all following discussions about this valuable common
good. Regarding its management in Argentina, ATA tries to point out injustices in
the existing water supply and pricing system. Some potential explanations for the
resulting individual behavioural patterns are given from a psychological point of
view. For a sustainable management of water, a change in attitude and the actual
use of water is absolutely indispensable, even more so, as will be explained, with
continuing climate change the situation will worsen rather than improve. How this
change might be achieved will be outlined last. ATA suggests a threefold approach
consisting of personal education, public information and structural revisions in
legal status, supply and cost schemes.

1 Flow: For Love of Water (May 2010): http://www.flowthefilm.com/.
2 Website of ATA (May 2010): http://www.amigosdelatierrra.com.ar.
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The Water Situation in Argentina

To give an overview of the drinking water situation in Argentina, the authors will
roughly sketch the geographic situation and related climatic factors, followed by a
description of socioeconomic aspects, including water connectivity. The situation
of drinking water in Argentina is as diverse as the country itself, one that stretches
from desert regions bordering Bolivia, rainforests bordering Brazil, to the very tip
of the glacier-covered Andes in the south. Thus, it is rendered imperative to
explain the two factors separately.

Geographic and Climatic Factors

When it comes to the situation of drinking water, the territory of Argentina has to
be considered in at least two parts.

The dry, hot region of the north and west generally experiences little rainfall
over the year. Thus the provinces of Salta, Jujuy, Catamarca, La Rioja, San Juan
and Mendoza are arid or semi-arid zones with \800 mm of annual rainfall
(Ministerio de Educación 2010). In recent years, due to less precipitation in winter
and the retraction of glaciers and ice mountain tops throughout the year, the river
outflow in the Andean regions has been greatly diminished. The Andean foot
region suffers more frequent drought, and the drinking water supply is severely
threatened (Leiva 2006).

On the other hand, in the Pampas (area comprised of the provinces of Buenos
Aires, Santa Fe, La Pampa and parts of Cordoba and San Luis) and the northeast
(Missiones, Corrientes, Entre Rios), precipitation is higher than 800 mm a year
(Ministerio de Educación 2010), thus giving the area the fertile grounds for the
cattle breeding it is famous for. The rising temperatures of recent years have led to
strong precipitation from the Atlantic coast, which in turns leads to significant
increase in river flows in the Paraná Delta and water abundance in the catchment
area of the river Plate (Magrin et al. 2007; Barros 2005). As Buenos Aires borders
the widest river on the planet (up to 220 km), which carries 30,000 m3 of fresh-
water into the Atlantic every second, water shortages have never been such a
problem in the area of Gran Buenos Aires.

In the south of Argentina, the climate is arid to semi-arid, coupled with high
dependency on the river outflows of glaciers and ice shields. Nevertheless, due to
low population density, the drinking water supply has not (yet) been a problem in
this area, as explained below.
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Socio-Economic Factors and Drinking Water

As detailed above, natural water purveyance is greatly unequal in the different
regions of Argentina. Superimposed on these geographic and climatic realities,
there is a steep socioeconomic disparity between the relatively rich centre of
Buenos Aires (with the exception of its slum fringe cities) and the Pampa region to
the poorest regions in the north and northeast. In the provinces of Corrientes,
Formosa, Chaco and Missiones, up to 25% of the population lives below the
Argentine poverty line, followed by the northern provinces of Catamarca, Tucu-
man, Salta and Jujuy, where this applies to approximately 17% of the population
(INDEC 2009). Infant mortality (up to 2.2%), another index for extreme poverty,
is also highest in the provinces of Chaco, Formosa, Salta and Jujuy (formerly also
Tucuman and Catamarca) (INDEC 2007).

On the other hand, the area-wide water supply of a country is considered an
important index of its development. Consequently, the socioeconomic inequality is
mirrored in the percentage of Argentine people who do not have access to drinking
water or wastewater sanitation respectively. Figure 1 depicts the percentage of
Argentines lacking these vital services according to provinces (Paris et al. 2009).

Whereas in the humid and sparsely populated south, coverage of drinking water
supply is almost complete (\5% of the population lack freshwater in the provinces
of Chubut, Santa Cruz and Fireland), the situation worsens to the north, where in
the provinces of Buenos Aires, Formosa, Chaco, Santiago del Estero and Missi-
ones, up to 40% lack a supply of drinking water to their homes.

Regarding the situation of sanitation coverage, the overall pattern is similar but
on a more extreme level. Whereas in the south, close to a third of all people lack
sanitary installation, this figure rises to 86% in the aforementioned provinces of the
north, with Buenos Aires at a worrying level of 61.3% of all homes without
connections to cloacae. The relatively high figures in both aspects for the political
and economical centre of the country, the province of Buenos Aires, are only
understood in the urbanization context of a South American metropolis.

Almost 30% of the country’s inhabitants, 11.5 million according to the 2001
census (INDEC 2001), then lived in the 24 districts of Gran Buenos Aires (as for
the age of the census probably an underestimation as annual positive urbanization
rates show; CIA 2010). The southern suburbs of the metropolis Buenos Aires,
despite their relative closeness to the prosperous economic centre of Argentina, are
characterized by high poverty rates, precarious housing and close to zero con-
nectivity of basic sanitation installations.

The main problem of this area with regard to drinking water is another one: due
to poor legislation and historical paralysis, the waters of the river Plate are severely
contaminated by the industrial wastewater of its two major affluent rivers, Re-
conquista and Riachuelo (Wurgaft 2009; Greenpeace 2010). Among the most
common contaminants are heavy metals such as lead, chrome and mercury, but
also the organic waste of 350,000 m3 of unfiltered sewer waste daily, which
aggravates the situation (Lobos et al. 2004). The two main water outtakes for the
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drinking water plants of San Martin (in the suburb of Palermo) and General
Belgrano (in the suburb of Bernal), which are responsible for the drinking water
supply of 7.8 million people, are located within only 500 m of this main industrial
pollution belt (Borthagaray et al. 2002; AySA 2008).

Cost Structure of Water Supply in Argentina

Water supply in Argentina was privatized in 1993 to allegedly secure competitive
prices and advancement in the nationwide water and wastewater sanitation supply.
The privatized Obras Sanitarias de la Nación (the major shareholder of French
company Suez) was dissolved in 2006 after the general collapse of the poor
sanitation services and inflationary prices and the national water supply contract
was retracted.

After the dissolution of Obras Sanitarias de la Nación, water and sanitation
services were devolved out to the provinces, where to this day every province
manages its drinking water supply with different mix forms of (semi-)public
organizations and enterprises (MECON 2010).

With the area of Buenos Aires and 17 surrounding suburbs of Gran Buenos
Aires, Agua y Saneamientos Argentinos (AySA), is responsible for the water
supply to 7.8 million people (AySA 2010a). For the main purpose of the article to
follow (and the difficulty to obtain data for the rest of the country), we will focus

Fig. 1 Percentage of Argentine population without drinking water (left) or sanitation (right)
coverage in Argentina
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on the drinking water supply of this area characterized by high (alleged) avail-
ability, high decontamination costs and lack of appreciation of the value of water.

In the area of provision under AySA there are two different systems of charging
the end-user. According to the enterprise’s website (AySA 2010b) these are:

a. per flat rate (applied in ca. 12% of accounts);
b. per meter (applied in ca. 88% of accounts).

The first system is based on a complicated calculation that involves the size, age
and type (house or apartment) of the property. In the case of a 50-year-old,
medium-sized apartment (60 m2), this flat rate amounts to Arg$17.14 for the
period of two months, equalling a monthly charge of Arg$8.57 plus value added
tax resulting in Arg$10 for unrestricted access to drinking water (water bill to the
first author of 20 February 2010).

The second system involves a base rate at half of the above flat rate, namely
Arg$4.29 monthly plus a surcharge of Arg$0.33/m3 (drinking water only, without
sewage treatment) that exceeds the free use of 10 m3/house or living unit/month
(AySA 2010a). At the same estimate of the daily use of 500 l/day and capita plus
value added tax (22%), we arrive at a monthly cost of Arg$5 for the base rate plus
ca. Arg$20 for excess use (50 m3), resulting in Arg$25 of monthly costs for a
family of 4 with an estimated (extremely high) average use of 60 m3.

On the other hand, in areas without drinking water coverage (in the area of
AySA 19% of the population, and up to 32% in the whole province of Buenos
Aires), people rely on buying bottled water from the supermarket. The basic price
for bottled water in Buenos Aires in the same period was about Arg$1.35/l
(packaged in big water containers of 6 l). Setting an absolute minimum of 2 l a
day/person, this results in a monthly cost of 2 9 4 9 30 9 1.35 = Arg$324.
Table 1 shows the costs for this minimum of safe drinking water under different
pricing systems in the area of Gran Buenos Aires.

As is clear from Table 1, household costs for drinking water vary considerably,
depending on which arbitrarily applied price scheme a household falls under. The
differences in prices according to whether or not a meter is used to measure water
expenditure in a household vary extremely. There have been attempts to equip all
households with water meters, but due to great resistance from the urban popu-
lation (which comes as no surprise looking at the price scheme) and lack of funds
on the side of the enterprise AySA, meters have not been installed area-wide.

This inequality exhibited in the area of Gran Buenos Aires is only exemplary
for the rest of the country, where the main difference between connected and
unconnected households prevails, regardless of the exact pricing systems applied.

Above and beyond these internal contradictions and historically grown injus-
tices of the drinking water supply in this area, the costs of purification lie
according to an estimation of AySA (oral communication from the head of the
library) around $0.80/m3. This estimate, five times as high as the average flat rate
price that the consumer is charged, includes only pure operational costs of the
purification plants. Thus, it ignores administrative costs or the rest of the infra-
structure, making it a very conservative estimate.
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As AySA is 90% publicly owned, the annual losses of the enterprise such as this
year’s Arg$1.7 billion is carried by the state (Rossi 2010). This means that the
people of all of Argentina, including those who have to buy their water at the
supermarket, subsidize the extremely low water prices of the capital and the
consequent unprecedented waste of it.

To summarize, all over Argentina, people face an extreme disparity in their
drinking water supply, socioeconomic circumstances and the resulting opposing
costs for safe drinking water. For the purpose of visualization, we outlined the
projected costs of cubic metres (m3 = 1,000 l) of water, although we are clear that
no one, either in Argentina or elsewhere, would buy their daily supply of water at
the supermarket. Nevertheless, we ask ourselves how exactly people in the spar-
sely connected northern rural regions or the slum regions around Buenos Aires do
acquire their indispensable share of water, albeit a lot less than the average esti-
mated use of 15 m3/person/month.

As detailed above, it is precisely in those regions where water supply con-
nectivity is the lowest. Thus, understandably but ironically, the poorest of the poor
in Argentina face the highest costs for their water supply, if only for the minimum
of 2 l/person/day.

We would like to summarize the most outstanding injustices:

1. The swimming pool irony: under the subsidized flat-rate scheme, a person pays
the same amount to quench his/her thirst with a minimum of 2 l a day as filling
up a private swimming pool as often as desired.

2. The 10,000 factor irony: in unconnected areas the price per cubic metre (as
calculated by supermarket prices) is roughly 10,000 times higher than in
connected areas under the flat-rate system.

3. The meter trap: although water suppliers depend on voluntary installations of
meters, average metered water prices are still around 2.5 times higher compared
to flat-rate ones.

4. The price trap: water has to be purified at five times the cost than charged to its
consumers.

5. The subsidy irony: national tax money is used to finance the swimming pool
irony instead of providing minimum water quantities to the poor.

Table 1 Estimated average costs (in Argentine pesos) for drinking water for a family of four in
the area of Gran Buenos Aires

Price system Flat rate Per meter Without coverage

Inhabitants affected 71% 10% 19%
Average monthly cost $10 $25 $324
Projected costa/m3 $0.16 $0.42 $1,350

a Where applicable, based on the average use of 500 l/daily = 15 m3/monthly/capita = 60 m3

for a family of four
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The Psychology of Water Use

According to AySA, the estimated average use per day per person in Gran Buenos
Aires is around 500 l, which rises to 620 l on hot summer days (AySA 2010b).
With this record use of drinking water, the 7.8 million inhabitants of Buenos Aires
use more than 10 times as much as the WHO suggests as the absolute daily
minimum of 50 l and four times as much as e.g. the ca. 130 l of an average
German (Bundesministerium für Umwelt und Reaktorsicherheit, BMU 2010).
According to the Water Footprint Organization, which published worldwide data
for the year 2001, Argentina’s national average lies at about 384 l/day/person. This
is still 2.5 times above the worldwide average of 157 l/day and capita (Water
Footprint Organization 2010).

Given that the usual distribution of water use in private household is as follows:
approximately two-thirds (66%) is used for personal hygiene (body washing,
showers, bath, toilet flushing) whereas only around 1% (up to 2 l) is used for actual
drinking (the rest is shared between household hygiene, cars, gardening and
washing of clothes) (BMU 2010), the question arises: for exactly what do the
inhabitants of Buenos Aires use their daily 500 l?

(Un)sustainable Customs

According to a recent study (and the first of its kind to our knowledge), Cattaneo
and Lopez (2010) found some of the most common water-wasting habits of 1,162
inhabitants of Gran Buenos Aires:

• Leaving the tap running the whole time while:

– showering (up to 30 min),
– washing dishes,
– washing fruits,
– brushing teeth.

• Daily hosing down of pavements (a very common habit in Buenos Aires).
• Washing the car with running water.
• Always using the longest washing machine programme.
• High tolerance for dripping or running taps and toilet equipment.

All these habits differ greatly in their potential share of the wasting of water: a
hose with a fully open tap for example, as commonly seen in Buenos Aires as its
habitants hose down their walkways, loses around 1,140 l of water an h, whereas
brushing teeth with the tap running only adds around 30 l more to this balance.
Washing dishes with an open tap uses 100 l more than necessary for an average
load of dishes, while showering for 20 min can add up to another 200 l. All the
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above listed habits add to a consumption way above the recommended and nec-
essary use of water.

Interestingly, they did not find a difference between users charged by flat rate
(45% of their sample) and users charged by meter (55%). They assume this is
partly because water prices are so low that stopping the wasting of water is still not
seen as a way of saving money.

Mental Models

One of the reasons we believe that this extensive amount of water is used by the
inhabitants of Buenos Aires is their internal representation of the water cycle in
which they place their own water use. Internal representations, or ‘‘mental mod-
els’’, is a concept of cognitive psychology that explains the way we organize and
represent knowledge. Mental models are like miniature representations of an
object or situation and they serve to depict and structure the information we have
about a domain. In the example for this article, it would be about the whereabouts
of water before it arrives at the tap in my house and after I let it run down the drain.

Mental models are constructed actively to represent the basic features of an
object, system or situation. They are spontaneously constructed to understand a
given situation or make a prediction about it. Because more often than not they are
based on intuitive theories of the world rather than direct experience, they are
prone to erroneous presentation of details or interrelations of different parts
(Johnson-Laird 1983; Gentner and Stevens 1983).

Explicitly or not, everybody has some kind of an inner representation of the
water cycle surrounding our domestic use of it. A very simple mental model of an
Argentine in Buenos Aires might be greatly impacted by the closeness of one of
the widest freshwater rivers in the world and might look like this in Fig. 2a
(extracted from a personal communication):

On the left (Fig. 2a), a simple mental model of a water cycle including the river,
a house and some pipes is shown. The simple assumption is made that water is
taken from the river and part of it is redirected to my house where I use it
whenever I turn on a tap. Meanwhile, ‘‘the rest’’ of the water keeps flowing back to
the river (as well as the water I keep using and adding substances to, such as dirt,
soap, domestic chemicals or kitchen oils). This simple model makes it self-evident
why saving water does not make sense to this person. The less water used
domestically, the more flows back in the parallel pipe or canal (or is used by
others). In this model, water is a lot like air: it flows around incessantly and
although the use might alter its composition (by adding soap or domestic waste), it
won’t change the overall availability.

A somewhat more elaborate model (Fig. 2b) might have added the represen-
tation of a drinking water abstraction plant, where water has to be pumped out of
the river, is cleaned and chemically treated before it reaches my house. After I
have used the water, it is taken to a sewage treatment plant where the biggest
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particles and objects are extracted and the water is filtered (ideally) before it is let
back into the river.

In this somewhat more elaborate model we see some core elements that are
lacking in the most simple of possible models:

• Water has to be treated before it reaches my house (somebody makes it
drinkable).

• Once I have used it, it has to be treated and cleaned again.
• Clean (running tap) and dirty (a lot of added substances) sewage water alike end

up in the sewage treatment plant.
• Energy is needed for the pre- and post-treatment of water.

If we extend the model to numerous users of the same river (namely our
neighbours), some of the social aspects of a shared common ‘‘commodity’’ become
evident as, for example:

• The water I use is no longer available for other people.
• The pollution I add, everybody else has to bear.

Almost all ecological dilemmas have a social side to them as we share our
common goods between people and groups, an aspect that complicates sustainable
management and fair distribution (Hardins 1968; Ernst 1997).

According to whichever model of a water cycle we may use, we might answer
questions regarding some aspects of it differently. For example, the question:
‘‘What happens to water in the pipes when the tap is turned off?’’ can be answered
in different ways:

a. ‘‘It keeps running (back to the river)’’—answer from somebody with a simple
model; turning off the tap does not make a difference.

Fig. 2 a and b simple mental model of the water cycle (left); more elaborate model (right)
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b. ‘‘It stands still, it stops running’’—answer from a person with a more complex
model, turning off the tap saves energy in the treatment pants; only what goes
down the drain has to be filtered again.

c. ‘‘It stands still, there’s more for others’’—answer from a person with a more
complex model, including the social factor of a natural common commodity,
the characteristic of (obligatory) sharing.

Mental models are based on what we (believe to) know about the world. In this,
they are susceptible to new information and enhanced knowledge. For example, in
the above example, it is relatively easy to inform the holder of a simple mental
model on water, that neither the entering nor the exiting of water in an urban area
function without the intervention of water treatment plants, so they can include
them in their mental models.

(Climate-Relevant) Knowledge about Water

For an adequate interaction with the environment, we render the knowledge of
some basic facts essential. In the following, we give a list of topics related to water
that are necessary to transport a meaningful and comprehensive picture of sus-
tainable behavioural patterns.

The Water Cycle

The natural water cycle comprises evaporation over the oceans and transpiration of
vegetation over land, the formation of clouds, which in turn carry the atmo-
spherically stored water in-land inwards on to the mountainous regions, where the
precipitation in form of snow or rain fills the snow and ice storages of the world.
Snow and ice melt charge the runoffs of streams that in turn form rivers that run
back into the ocean, while infiltration into groundwater feeds subterranean water
storages, springs and freshwater lakes that in their part lead back to the ocean. This
very short description of the basic water cycle is taught in secondary schools
around the world and should be considered basic biological knowledge of our
environment.

More complicated are the aspects of human intervention in this biological
equilibrium. Humans intervene in the water cycle in multiple ways. The majority
of worldwide settlements (small and big) are placed at streams and rivers; people
take the surface river water for personal and industrial use and leave their pollution
trace. Agriculture heavily impacts on groundwater quality through fertilizers and
pesticides. In dry regions, water is pumped out of the ground, lowering the
groundwater level, thus intervening with vegetation.
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Oceans are polluted indirectly through the river effluents carrying urban pol-
lution and directly through heavy ship traffic, plus many more examples.

Human Dependencies and Uses of Water

Humans use water for many different purposes, among them playing, washing,
cleaning, moving, travelling, cooking and ultimately drinking. In its multiple
functions for entertainment, transport, hygiene and nourishment, different aspects
are touched: there is a social component of sharing it, an ecological component of
(not) contaminating it, a political component of administering and protecting it
and, lastly, an economic component of supplying it. A human body consists on
average of 70% water. What it all comes down to is that unlike no other con-
sumption good, water is indispensable for life and in this only resembles one other
element: air. This is the main reason why water is so vulnerable to political and
economical exploitation.

Water Exploitation: Drinking Water Industry

One big aspect of economic exploitation of water is the bottled water industry. The
consumption of bottled purified or mineral water has a long list of negative con-
sequences and only few positives. The water-bottling industry exploits local nat-
ural spring water, bottles it mostly into one-way plastic bottles, and ships them
around the globe to sell at extremely high prices, as the short documentary ‘‘The
Story of Bottled Water’’3 poignantly shows.

This approach adds in a lot of ways to a negative environmental balance, among
the main ones: adding to the local industrial pollution, increasing the volume of
plastic refuse and monetary and energy costs to transport the bottles. The water
industry prospers in spite of an existing water conduit network in most countries of
the world, lesser legal quality regulations for bottled water compared to tap water
and prices up to 10,000-fold (UN 2009). For an in-depth film documentation of
problems of bottled water see the movie ‘‘Flow: For Love of Water’’.[1]

Cost of Water Purification and Contamination

In almost all densely populated regions where people do not take drinking water
directly from a pristine natural fountain, water has to be purified for human
consumption. The related costs can be expressed in terms of money and energy.

3 The story of bottled water (May 2010): http://storyofstuff.org/bottledwater/.
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In Buenos Aires, the purification costs are at a minimum Arg$0.80/m3, although
the water is supplied to people in most cases for less than a quarter of that.

Water prices vary hugely worldwide (National Geographic 2010) and are not
always direct reflections of the real monetary costs of its provision. Because of
public subsidization schemes, often the real monetary costs of a given water
supply are not reflected in the charges made to private end-users.

Above and beyond the financial aspects, the energy costs directly relate to
climate change, as the energy expenditure to make water drinkable gives off
greenhouse gases that close the vicious cycle of boosting climate change (which in
turn threatens drinking water storages).

In areas of high contamination, such as the river Plate around Buenos Aires, the
costs of water purification are considerably higher (as contamination grows) than
in natural areas. The price of poor purification consists in rising environmentally
related illnesses such as sneaking metal intoxications, cancer and respiratory
problems (Greenpeace 2010).

A Person’s (or Enterprise’s or Nation’s) Water Footprint

As a relatively new concept, and analogous to a person’s carbon footprint, a
personal or collective ‘‘water footprint’’ has been suggested (Allan 2003).
According to the Water Footprint Organization, the footprint of a person consists
of the volume of water that is used for all the goods and services this person makes
use of. This comprises the ‘‘virtual’’ use of water for the manufacturing of all the
products we consume (e.g. 2,000 l for a cotton shirt; Hoekstra and Chapagain
2007) as well as the direct domestic water use of an individual. Domestic water use
only comprises the smallest part of an individual’s footprint (348 average litres of
domestic consumption compared to a general water footprint of 3,854 l daily for
an average Argentine).

This virtual water trace can be calculated on a geographical level of nations or
continents, as well as on a smaller level such as that of enterprises, public
buildings or individuals. A person’s or nation’s water footprint is mainly deter-
mined by their consumption patterns of food and other agricultural products, as the
agricultural sector is responsible for the biggest share of water consumption
worldwide. For a comprehensive overview see the website of the Water Footprint
Organization4 and studies by the WWF.5

4 Water foot print organsiation (May 2010): http://www.waterfootprint.org/?page=files/home.
5 WWF on virtual water (May 2010): http://www.wwf.org.uk/what_we_do/safeguarding_the_
natural_world/rivers_and_lakes/water_footprint/.
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Climate Change Vulnerability

The availability of safe drinking water is intricately linked to climate change and,
depending on the region, has many different faces. It should be part of people’s basic
knowledge how exactly climate change affects their drinking water situation. In
Argentina, climate change mainly has two different consequences, again according
to the greater region, as alluded to in the first section. As for the complexity of the
interplay and the importance of the topic, we dedicate the next section to it.

Climate Change and Drinking Water in Argentina

In the successive occurrences of climate change, one thing will be sure: the
drinking water situation will worsen—not only in Argentina. On the one hand, as
detailed above, lesser precipitation in the west led to greater droughts and lower
water level in rivers. On top of that, Argentina is experiencing a retraction of
glaciers due to rising temperatures. As detailed in the last report of the IPCC
(Magrin et al. 2007), there are a number of studies that indicate that most of the
South American glaciers, including those in Argentina (up to 25� S), are drastically
reducing their volume at an accelerated rate (Leiva 2006). As ice shields do not
grow any more over the heavier precipitation periods in winter, the outflow in low
precipitation periods is greatly diminished, leaving the inhabitants of low-lying
pre-mountain regions with severe shortages of drinking water in summer moths.
To keep on securing water access for the inhabitants of these provinces and
amplify the water net up to 100% coverage will have already high costs.

On the other hand, there is an over-abundance of water in the northeast and east.
As already mentioned in the opening section, strong precipitation occurs in this
part of the country. As our worldwide climate keeps changing, this precipitation
comes increasingly in the form of extreme weather events. For central and eastern
Argentina, occurrences of more than 100 mm in \2 days have roughly trebled
over the last 50 years (Berbery et al. 2006). For the area of Gran Buenos Aires,
five out of only 12 days in weather-recording history (first one in 1915) with more
than 80 mm of rain have occurred after 1999. Two of those five were the 15 and 19
February 2010, when the usual monthly average of 112 mm of rainfall occurred in
both occasions in \2 h (92 and 80 mm respectively; UBA 2010).

As we see, the over-abundance of water comes at a cost: the risk and actual
occurrences of heavy flooding have increased immensely over the last few years,
as, for example, flooding of the Pampa region in 2000–2002 and the great flooding
of Santa Fe and Entre Rios in 2007, (Magrin et al. 2007) and flooding of major
streets in Buenos Aires become the new norm on a rainy day, as a bystander’s
video impressively shows.6

6 Tsunami en Palermo (May 2010): http://www.youtube.com/watch?v=JgdWvIUKFII.
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When these heavy rainfalls coincide with strong landward winds (‘‘Sudestadas’’)
the coastline of Gran Buenos Aires is already severely affected, making flooding
events even more violent (Bischoff 2005). Above and beyond the problem of heavy
rainfall and ‘‘Sudestadas’’, the general sea level pushes back freshwater boundaries
of the river Plate. The resulting higher risk of seawater intrusion is threatening the
safe drinking water supply of approximately 13 million people (Barros 2005).

Initiatives for Change

The campaign launched by ATA, ‘‘I am made of water’’, pursues multiple goals,
which can only be attained through addressing necessary changes on a structural,
social and personal level. The main goals toward just and sustainable management
consist of:

1. Acknowledgement of access to water as a basic human right.
2. Supply of water and sewage purification services at fair and affordable prices.
3. Extension of water connectivity up to 100% coverage.
4. Cut of industrial pollution of ground and surface water to 0%.
5. Levelling to reasonable mean usage per capita per day.

We will outline at which of the three levels we see necessary measures to reach
each of the goals and outline the activities carried out by ATA towards these ends.

On a Structural Level: Laws, Policies and Regulations

Acknowledgement of Access to Water as a Human Right

One of the main goals of ATA is that access to water be recognized as a human
right and incorporated into the constitution of Argentina, as for example it is in its
neighbouring countries Bolivia and Uruguay.

Towards this end, ATA has written an official statement (Amigos de la Tierra
Argentina 2010) on the occasion of the national day of human rights in Argentina
that commemorates the last military coup on 24 March 1976. The statement has
been sent to the organizers of the day’s big March and the most important human
rights organization in Argentina, the Mothers of the Plaza de Mayo.7

7 Madres de la plaza del Mayo (May 2010): http://www.madres.org/.
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Revision of Price Policies

As outlined in this article, for the area of Buenos Aires and its outskirts of 17
suburbs, the existing supply and price system shows some major flaws. Different
pricing systems are applied without any underlying logic saving historical
developments and actual incapacities of the public supplier to change them.
Especially the low flat-rate scheme leads, in our opinion, to unsustainable
behaviour patterns of extreme water waste and overall inefficient use of existing
water reservoirs.

ATA suggests revising the outdated pricing system applied in the AySA region
and put to discussion (at least) four different variants of pricing systems:

a. Per meter, low general price

Analogous to carbon emissions, the world’s average use of 150 l (Water
Footprint Organization 2010) could be considered as a reasonable quantity of
domestic water use for the sake of argumentation. This would sum up to 4.5 m3/
month/capita.

An appropriate price could be calculated now by assigning a reasonable per-
centage (e.g. no more than 2%) of a basic income in the country at a given time.
For a family of four and a basic income of Arg$1,600, the resulting price/m3 would
be Arg$1.80 (about ten times as much as the average price under the flat rate
scheme, but with an overall justifiably higher bill of Arg$32 for those who manage
with the quantity of 200 l/day).

b. Free minimum, highly priced exceeding use

Another approach could be guaranteeing a free socket quantity. This could
be calculated e.g. by the recommendation of the WHO (World Health Orga-
nization), which holds 50 l/day as dignified. This would lead to a free-of-charge
socket quantity of 1.5 m3/person/month. The exact price for exceeding water
use would be subject to discussion: one approach could be a significantly
higher price (e.g. double the aforementioned price, namely Arg$3.60/m3) to
discourage excessive use. Obviously, lower free quantity would go hand in
hand with lower exceeding prices, and higher free quantity with higher
exceeding prices.

c. Block system

A combination of a and b could be the introduction of a block system, where
according to used quantities of e.g. 1.5 m3 (as indispensable minimum), prices rise
linearly or, to penal excessive above-average use, even exponentially. This is to
say, whereas the first block of 1.5 m3 would be free, the second might have a cost
of Arg$2.70 (according to price under system (a)), the third Arg$5.40, and so on.
The block system carries the highest social aspect with it, as usually water-intense
consumption patterns come with objects of relative luxury, such as washing cars
and filling swimming pools.
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d. Real value directive plus social subsidy

A ‘‘real value directive’’, as applied in Chile, for example, implies that water
should be sold at the actual costs reflected in its generation (or purification,
respectively). As this can lead to considerably high prices depending on regions, in
Chile it is accompanied by a social subsidy system that pays up to 100% for the
first 15 m3 consumed in low-income households (Gomez-Lobo 2001).

All these different pricing systems rest on the area-wide installation of meters to
homes and enterprises. For a transition period, there are two options to achieve the
installation of meters: through enforcement by law or though a preliminary change
in prices that favours a meter-based system by raising the flat-rate price, and
lowering the exceeding cubic-metre costs for a meter-based scheme.

All of the discussed systems have advantages and disadvantages, but all rest on
the aspect of incentive to low consumption that, together with the educational
goals promoted by ATA, are considered essential for the necessary change in
excessive usage.

National Law and Contamination

‘‘Contamination is criminal’’ says one of our thematic banners. For years, ATA has
been working together with established base organizations (e.g. Asamblea Delta
Tigre; Espacio Intercuenca8,9) that care for the most emergent environmental
problems in the territory of the river Plate, which is undoubtedly the severe
contamination by chemical and beef-processing industry. The most worrying case
of industrial contamination in South America has recently been acknowledged by
the Supreme Court of Argentina. With an unprecedented law case (Causa Men-
doza), the CSJN (Corte Suprema de Justicia de la Nación) ruled in 2007 that the
heavy industrial contamination of the river Riachuelo has to be decontaminated
and major polluters have to be closed down. In 2009, ATA was asked to join
‘‘Espacio Riachuelo’’,10 which is following up the fulfilment of this court ruling.

Public Level: Awareness-Raising

To raise public awareness of the different pressing problems regarding water (in all
its appearances), ATA organizes events of all different kinds; in the following, we
will highlight our main activities in this sector.

8 Asamblea Tigre (May 2010): http://asambleaurbanoambiental.blogspot.com.
9 Espacio Intercuencas (May 2010): http://www.espaciointercuencas.org.
10 Espacio Riachuelo (May 2010): http://www.espacioriachuelo.org.ar.
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Water Week in March and Blue October

For four years now, Water Week has been celebrated over 14 March (Day Against
Dams), 22 March (World Water Day) and sometimes extending up to 31 March
(Argentine Water Day). As well as in March for the world and national Water
Days, ATA celebrates water in the ‘‘Blue Month of October’’, an international
movement fighting the commercialization of water. ATA joined ‘‘Blue October’’
for the first time in 2008.

In both periods, March and October, different organizations join their efforts to
spread information about water-related problems to the public. The events held
include festivals, public manifestations, expert talks in community centres, artistic
activities such as theatre productions and concerts, among other things.

Cultural Events: Hydro Festival, Open Cinema,
Thematic Concerts

Throughout the year, ATA hosts cultural events with different organizations.
Among the most popular ones are the Hydro festival Tigre in cooperation with ‘‘La
Asamblea Tigre’’,[8] which took place within Water Week in March, an envi-
ronmental cinema cycle in an alternative open air cinema in Buenos Aires and
concerts with cooperating Buenos Aires musicians, which led to the release of the
CD ‘‘Musica contra el sed’’ in 2008 together with ‘‘Radio la Tribu, 88.7 FM’’.

Thematic Exhibitions

There are two current exhibitions hosted by ATA. One, ‘‘Reflections on Water’’ is
an itinerant exhibition that consists of 11 poster-sized presentations of case studies
of different problems concerning water. The poster topics were gathered in a
nationwide call for examples of environmental problems around water and range
from a description of the industrial pollution belt of Buenos Aires to the health
problems of people of Cordoba related to contaminated waters. With this
nationwide approach, it becomes evident that similar problems repeat themselves
in different areas of Argentina.

The other exhibition, part of the territorial campaign ‘‘The River for the Peo-
ple’’ is a collection of historical pictures of the river Plate, showing how the
waterfront along Buenos Aires was used for riverside bathing before it was all
closed off to public use in the 1970s, due to rising contamination. At the present
moment, there are regulations at community level to prohibit bathing in the river
Plate between the north of the city and La Plata (60 km south of Buenos Aires).
The exhibition invites contemplation of the huge differences between the
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waterfronts of now and then and makes it very obvious how far from natural use
the Buenos Aires waterfront has strayed from.

Support of Local Neighbourhood Assemblies

Members of ATA visit and testify local hot spots of environmental problems, such
as the immense colony construction site and related contamination in the Paraná
Delta, approximately 50 km north of Buenos Aires. The Paraná Delta is one of the
biggest deltas worldwide, comprising countless islands and marshland with
UNESCO biosphere status11 before flowing into the river Plate. Interviews and
short film documentaries have been made in order to broadcast environmental
problems in different media such as websites and the radio.

Individual Level: Personal Education

In the end, real change in whatever sector of societal or even international pro-
portions begins with oneself. Although ATA believes adequate basic structures
and an according social atmosphere are beneficial to breed certain behaviour in
people, the ultimate ruling instances are personal convictions and beliefs. To this
end, ATA is convinced that the only way to provoke lasting pro-environmental
behaviour patterns is profound education of individuals. The negative effects of
simplistic mental models and the basic water-related units of knowledge to
overcome them have already been outlined. Here we will briefly describe the
measures with which we convey this knowledge.

Seminar of Environmental Education: ‘‘From My School
into My Suburb’’

The education team of ATA gives a 2-h workshop to schools of the Gran Buenos
Aires region. The workshop treats consequences of the unsustainable use of water
and gives proposals for ways out of it. The various parts contain a suggestion of a
holistic water-cycle view, an analysis of our relation to water on a macro (uni-
versal) and micro (personal) level, and inspections of examples for mismanage-
ment on personal, social and political levels.

The form of the workshop is participative; participants work in small groups,
constructing a network of knowledge including their personal experience instead

11 UNESCO Biosphere list (May 2010): http://www.unesco.org/mab/doc/brs/Lac.pdf.
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of presenting mere facts to be learned. So far, it has been presented to more than
800 students between 10 and 17 years of age and more than 100 teachers of
primary and secondary schools. As suggested to all the groups at the end of the
workshops, some have produced a poster dealing with their most emergent envi-
ronmental problem included in our itinerant exhibition ‘‘Reflections on Water’’.

Educational Material: ‘‘From My School into My Suburb’’

Topics of the water workshop with accompanying educational material as basic
information, group exercise assignments, tools for the analysis of water,
(mis)management in schools or public buildings of the suburb, and much more,
were collated on a CD-ROM for the teachers to keep. With this first step, ATA
tries to initiate a scholar environmental education programme in Argentina.
Extensions to community centres are in planning.

Public Education Material

ATA presented its first edited book ‘‘Sobre el Agua’’ (‘‘About Water’’) during this
year’s Water Week in March at the National Library of Buenos Aires. The first
edition of 500 copies was made available to schools, interested organizations and
libraries for free. Other material produced includes informative brochures and
flyers about different water-related topics, e.g. the current state of affairs of the
Mendoza law case or the situation of the local freshwater basins.

In Closing

As we have seen, water-related problems in Argentina are as manifold and diverse
as the country itself. The majority of Argentines experience a (drinking) water-
related problem of some form, be it scarcity, destructive over-abundance, con-
tamination or high commercial prices. Amigos de la Tierra Argentina wants to
raise awareness of these problems and related injustices with activities at the three
different levels of society: personal, social and political. Although ATA believes
that aiming at all three levels is essential to produce the necessary change for a
balanced blue future of the country, it also gives the highest priority to the personal
level as far as this agrees with Margaret Mead in her often-cited affirmation that it
has always been a small handful of committed citizens who have ever changed the
world. We interpret this slogan as a motivation to awaken the future-committed
core in every citizen.
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Chapter 40
Socio-Environmental Evaluation of Drip
Irrigation System Implementation as a
Climate Change Adaptation Measure
Within the N’hambita Community
Carbon Project Area, Mozambique

Jelena Barbir and Walter Leal

Abstract According to a recent document produced by the Intergovernmental
Panel on Climate Change (Le Treut et al., Climate change 2007: the physical
science basis, contribution of working group I to the fourth assessment report of
the intergovernmental panel on climate change, Cambridge University Press,
Cambridge, 2007), climate change is expected to increase the impact of droughts
and water shortages in sub-Saharan Africa, which is already significant, intensi-
fying the need to acquaint local people with adaptation measures in the near future.
One of the tools that can be used to help rural areas adapt to climate change can be
Drip Irrigation Systems (DIS). The research described on this paper was under-
taken in rural Mozambique, as part of the N’hambita Community Carbon Project
(NCCP), in order to evaluate the efficiency of DIS and the success of its imple-
mentation in the area. The methodology of the research consisted of on interviews,
questionnaires, GPS mapping of water sources and observation of the water use
within agricultural activities. The efficiency of DIS irrigation, investigated among
the local farmers, is estimated as higher than manual irrigation, but less efficient
than its presumed theoretical potential. In addition, the results also showed that the
investigated approach to DIS implementation in the NCCP area did not appear as
successful as expected and has yet to be improved by increasingly involving social
aspects in the process. Nevertheless, it was concluded that DIS have a high
potential for improving water management, productivity of farms and households’
food security within the NCCP area.
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Introduction

Climate change is one of the biggest global problems and threats the world is
facing today (Le Treut et al. 2007; Barbir et al. 2009). There is thus a worldwide
need to estimate its impact on the environment (Sanchez 2000; Christensen et al.
2007; Bates et al. 2008) and to human populations. According to the Intergov-
ernmental Panel on Climate Change (IPCC) prediction, the global annual median
surface air temperature may increase by 3–4�C (Christensen et al. 2007) by the end
of the twenty-first century, leading to changes to both climate and environmental
conditions. The extent to which climate change will differ among the continents
and regions depends on geophysical conditions and the vulnerability of
ecosystems.

Africa, as the second largest continent in the world with the highest rate of
population growth (Grid Arendal 2002), is described as one of the regions that is
the most vulnerable to climate change (Callaway 2004). This is especially so in
respect of water availability (Christensen et al. 2007). Due to the fact that this
research has been conducted in the rural area of Mozambique, some estimations
regarding climate change impacts on the water resources of sub-Saharan Africa are
of significant importance for creating adequate future water management decisions
for the region.

According to Shah et al. (2008), arid and semi-arid areas in Africa will expand by
about 5–8% as a result of climate change. In addition, Bates et al. (2008) estimate that
average runoff and water availability will decline in northern and southern Africa,
impacting on freshwater ecosystems. According to Batisani and Yarnal (2009), both
the drying trend and decrease in rainy days are in accordance with climate change
projections for southern Africa. All these, and many other provisions, point out that
northern and southern Africa are among the most vulnerable regions of Africa to
water scarcity in the future as a result of climate change.

The most widely considered responses to climate change are mitigation
(Reduction of Greenhouse Gas (GHG) emissions and enhancing sinks) and
adaptation to the impacts of climate change (UNFCCC 2003). Coping with climate
change in developing countries (which are highly vulnerable and often economi-
cally fragile) may be facilitated by creating synergies between adaptation and
mitigation measures, which consequently increases the cost-effectiveness of the
actions, making them more attractive to stakeholders (Barbir et al. 2009).
Considering that mitigation efforts may not fully prevent climate change in the
next few decades (Christensen et al. 2007), the reduction in vulnerability of
ecosystems, sectors and communities, by the means of adapting to climate change
impacts, is urgently necessary (Stringer et al. 2009).
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The Need for Study

Africa is in great need of proper adaptation strategies (Adger and Barnett 2009) as
climate change is already underway in many sub-Saharan countries. The climate
change projections results (Batisani and Yarnal 2009; Solomon et al. 2007) have
important policy implications for the government, emphasizing the significance of
helping dryland farmers to adapt to climate change. Therefore, it is important to
look at ways in which adaptation projects may be implemented, especially those
which maximize the use of scarce resources such as water.

As presented by the World Resources Institute (WRI) (WRI 2000), Africa is the
continent most highly reliant on the agricultural sector due to the fact that the
agricultural sector contributes on average 21% of total African Gross Domestic
Product (GDP), ranging from 10 to 70% between African countries (Christensen
et al. 2007). Although this range is relatively broad, when it is compared with the
agricultural contribution to GDP within developed countries (which varies from
0.5 to 3% (UNDP 2008)), the degree of importance attached to agriculture in
Africa becomes apparent.

Furthermore, as stated by Usman and Reason (2004), the agricultural sector is
particularly sensitive to periods of climate variability, especially in the region of
sub-Saharan Africa where, according to Rockstrom et al. (2002), only 5% of
agricultural land is irrigated, while 95% is rain-fed. In accordance with that, the
yields in this part of the world are estimated as rather low, oscillating on average
around 1 tonnes/ha (Rockstrom et al. 2001).

Based on the above perceived need, this research was undertaken in rural
sub-Saharan Africa, within the N’hambita Community Carbon Project (NCCP)
area, located in the buffer zone of National Park Gorongosa, Sofala province,
Mozambique (Fig. 1). Regarding land use, NCCP farmers distinguish between
machambas and gardens. Machambas are rain-fed agricultural fields, whereas the
local gardens are smaller and irrigated by farmers (field observation 2009).

As the main soil type within the study area is generally poor, extremely
weathered, and freely draining sandy loams with a low fertility (Williams et al.
2008), the equilibrium between cultivated and semi-natural or natural vegetated
areas in the dry forests and woodlands is shifting to cultivated areas (Jansen et al.
2008). This upward trend demands urgent action and radical changes regarding
land use management in the area (Jansen et al. 2008).

An additional factor which affects agricultural production and food security is
the tropical and subtropical climate in that region. This climate means that it is
noticeable that during the wet season, communities and vegetation are well pro-
vided with water, but then during the dry season, based on the fact that no reliable
rainwater harvesting or water storage systems are in place, the water deficit
becomes obvious, especially affecting the communities reliant on the seasonal
river streams (Van Zyl and Powell 2009—personal interview).

There is a great challenge to maintain successful agricultural production under
these climate conditions, and according to Tompkins’s research (2005), it will be
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even more difficult as the frequencies of extreme events (droughts and floods) are
likely to increase rapidly with climate change in sub-Saharan Africa. Based on the
conditions of the site, characterized by a tropical climate and occurrences of
extremely dry periods, there is a pressing need to implement reliable measures
towards climate change adaptation (Andersson et al. 2006).

Improving food security and agricultural production in developing countries is
in accordance with the Millennium Development Goals (UNFCCC 2007) and high
on the agenda when adapting to climate change in poor, developing countries.
Even though the policy-makers are responsive about the effects of climate change
in Mozambique, the results of Patt’s research (Patt and Schroter 2008) showed that
local people are not linking the current increase in flooding and droughts with the
predicted ones. Many case studies confirmed that local people’s opinions and
attitudes are highly significant when implementing new policies and technologies,
as their disapproval can easily lead to the implementation’s failure.

Even though researchers and policy-makers alike are aware of the importance
of considering social aspects when creating a plan for agricultural changes, they
often struggle to find the right way of implementing it (Doss 2001; Osbahr et al.
2008), bearing in mind that there is always a possibility of failure in the adoption
of successful technology, as reported in many case studies (Marra et al. 2003).
The implementation of new technologies, without a significant impact on the
local traditions and the local environment, remains a great challenge for the
management of climate change (Allen et al. 2001).

Due to the above-mentioned reasons, it is immensely important to develop
appropriate indicators to be investigated before implementing a new technology in
agriculture, which will also be used further on in the process of monitoring and
evaluation. The choice of indicators to be investigated is always closely
related to the scope of the research (Shields et al. 2002) and, considering the

Fig. 40.1 Location of Mozambique, Sofala province and the study area
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socio-environmental aspect of this research, social and environmental indicators
have been developed.

Environmental indicators are chosen with an aim to analyse the efficiency of
Drip Irrigation Systems (DIS) in agricultural irrigation and to understand the
irrigation and agricultural practices within the NCCP area. The social indicators,
on the other hand, are developed in order to understand social networks, relations,
customs and habits of the local people.

The N’hambita Community Carbon Project’s Activities

The NCCP’s activities started in 2003, with the aim of developing sustainable rural
communities and alleviating poverty through the process of carbon sequestration.
Although the NCCP’s objectives are mainly focused on forestry and land
management within the area, water management has recently been incorporated
into their activities as well (Van Zyl and Powell 2009—personal interview).

According to Van Zyl and Powell (personal interview, 2009), in 2007, the main
connection between forestry management, water management, food production
and local communities was found in the implementation of DIS, organized in order
to improve local farmer’s production, to encourage them to stop slash-and-burn
practices, motivate them to practise long-term usage of the limited agricultural
area and to reduce their vulnerability to water scarcity (the main objective). This
initiative was conceived as a pilot project which is to be further investigated.

The group of 38 farmers agreed to sign a contract with NCCP, which obliged
them to purchase the DIS within a three-year period, paying annual instalments of
2,500 MTZ (€57). For that price, the farmers were offered a drum kit DIS,
consisting of a 250-l volume water tank, filter, and the pipes. This drip irrigation
system covers and irrigates the garden area of 250 m2.

The pilot project of DIS implementation has been in operation for two years,
which is a suitable amount of time to evaluate its success and relevance for the
area throughout an external evaluation, which has been done in order to assist
considerably in a more objective estimation of the DIS efficiency initiated by
NCCP.

The Study Area

The boundaries of the NCCP area are the Pungwe river to the south, the Vanduzi
river to the west and Gorongosa National Park to the east and north (Fig. 2).
The biggest river passing through the research area is the Pungwe river, meaning
that all the sources of the surface water used by the local people are part of the
Pungwe river basin.
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The NCCP area is bisected by the national road (EN-1) that runs between the
towns of Gorongosa and Inchope. The larger part of the area lies east of the EN-1
road, where the NCCP establishment and the villages of Bue Maria, Munaganha,
N’hambita and Mutiambamba are situated (Fig. 2). The rural road (ER-418) runs
east to west from the EN-1 road, providing access to these villages. The villages to
the west of the EN-1 road, Mbulawa, Povua and Pungwe, lie outside the designated
buffer zone.

The study was conducted among the drip irrigation users from the three villages
(Mutiambamba, Munaganha and Bue Maria) with gardens located next to the
Pungwe river (Fig. 2). The seasonal floods occur quite frequently within the
Pungwe river basin, destroying garden yields, and on the other hand, during the dry
season, strong droughts affect agricultural production to a high extent, as irrigation
practices are not developed in the area. This current situation in rural Mozambique
calls for urgent agricultural and irrigational improvements in local and regional
management.

Data Collection and Analysis

During the four-week fieldwork period in the NCCP area, qualitative and quan-
titative data was collected through semi-structured interviews and questionnaires
conducted among NCCP managers, N’hambita Community leaders and some of
the NCCP’s technicians, with the aim of collecting information about the project
activities and future plans.

Fig. 40.2 The study area (field data processed by ArcGIS)
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The 38 drip irrigation farmers (DIFs) from the three villages (Mutiambamba,
Munhanganha and Bue Maria), who relied on the constant stream of Pungwe river
(Fig. 2), were offered the DIS as a new technology in their agricultural activities.
The group of 35 farmers (92% of total number) was interviewed respectively about
the agricultural practices of the last three years (2006, 2007 and 2008). Further-
more, of the 35 farmers interviewed, 9 stated that they were not using the DIS,
reducing the DIF group to 26 farmers interviewed through the questionnaire.

The data from the survey questionnaires was analysed using descriptive sta-
tistics and graphical representations, while some of the gathered data were further
processed with a statistical programme called Statistical Package for the Social
Sciences (SPSS), version 16.0. In order to estimate if there is any significant
correlation between two parameters, the Pearson parametric test was used.

In order to cluster the collected data and undertake the socio-environmental
research, the following social and environmental indicators have been developed
(Table 1):

The numerical values of all the indicators, except ‘‘D’’ and ‘‘T’’ parameters,
were gathered directly from the farmers. The ‘‘D’’ parameter (average daily
walking distance, garden to water source) and the ‘‘T’’ parameter (average
daily time spent in collecting the irrigation water) were calculated by using two
equations created in accordance with the field data (Eqs. 1 and 2).

D ¼
P
½Dp� 2�Wp�

20n
ð1Þ

T ¼
P
½Tp� 2�Wp�

20n
ð2Þ

(D—average daily walking distance [m/day]; Dp—distance, garden to water
source (m); Wp—irrigation water withdrawal (l/day); T—average daily time spent
collecting the irrigation water [min/day]; Tp—time spent in walking, garden to
water source (min); n—number of farmers)

The values of Dp and Tp are multiplied by two in order to calculate the return
distance/time from the garden to water source. As all the farmers use the 20-l water
containers to fetch the water, the value of Wp is divided by 20 to estimate how
many times a farmer walks the distance (Dp).

Additionally, the map of the NCCP area was created by the Arc Geographical
Information System (GIS) program to present the locations of communities and
gardens of the study area.

Table 1 Social and environmental indicators

Environmental indicators Social indicators

1. The irrigation water sources and water use 1. Awareness of water significance
2. Land use 2. Social networking
3. Usage of fertilizers and pesticides 3. Socioeconomic potential to purchase the DIS
4. Plant losses
5. ‘‘D’’ and ‘‘T’’ parameters
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Results

Environmental Indicators

The Irrigation Water Sources and Water Use

The only sources of irrigation water for DIS supply are the river streams, as
irrigated gardens are located next to the river’s banks (Fig. 2). Furthermore, of 26
farmers, only 15% irrigate their gardens using DIS alone, while the other 85% of
the farmers own the additional part of the garden that is irrigated manually. Those
85% of the farmers have been asked to compare their irrigation practices between
DIS and manually irrigated parts of the garden (half of those farmers were able to
distinguish the amount of irrigated water spent manually and by using DIS, and
that data is used).

The results, gathered from those farmers for 2008, show that the average amount
of irrigation water used daily per square metre by the DIS (2.03 l/m2/day) is sig-
nificantly higher than the manual consumption of irrigated water (0.47 l/m2/day).
Although higher water consumption is noticeable in the case of DIS usage, the
farmers argued that they achieved better productivity, better quality of vegetables,
faster growth of the vegetables and reduced plant losses in the part of the garden
which was irrigated by the DIS.

Even though the results for 2008 indicate that there is significantly higher water
consumption when using the DIS in comparison with using manual irrigation, the
average amount of total irrigated water (manual and drip) used by the DIF farmers
shows an overall decrease in water consumption over a three-year period (Fig. 3).

From observing the water consumption data over the three-year period
(2006–2008), it is noticeable that the amount of water (l/m2/day) had slightly
decreased when DIS was implemented (in 2007), and remained unchanged in the
following year (in 2008).

Land Use

As already mentioned, the local farmers in the NCCP area distinguish between two
types of agricultural areas: machambas and gardens. The results gathered from the
DIFs, while comparing the average areas of machambas and gardens over the
period of three years, show that the average area of machambas increases yearly
(Fig. 4).

Considering the gardens (Fig. 5) in the period between 2006 and 2007, the
average area of the gardens expanded from 0.54 to 0.57 ha, but after implementing
the DIS in 2007, the average area of the gardens remained unchanged. This result
is in accordance with the main NCCP’s pilot project objective to use DIS as a
technology to increase agricultural efficiency and motivate farmers not to expand
their agricultural area.
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Additionally, 52% of the DIFs explained their plans to expand the area of their
Machambas and gardens in the future. The reason for these plans was not to
increase the production of essential food for the household’s needs, but to increase
the production of food to sell on the local market. This partly shows that the DIFs
produce enough food for their household’s needs, but the production is not efficient
enough for earning additional income. The remaining 48% of the farmers, who do
not plan to expand their gardens, justified their decisions mainly by reporting
sufficient food production. Only a few of the farmers mentioned the lack of
additional agricultural land next to the riverbank as a reason.

Pearson’s parametric test was run in order to estimate if there was any sig-
nificant correlation between the garden area and the amount of irrigated water in
2008. The results of the test show a significant negative correlation between those
two parameters, when using a statistical significance of p = 0.01. This means that

Fig. 3 Irrigated water consumption (field data)

Fig. 4 Average area of
machamba (DIF group) (field
data)

Fig. 5 Average area of
garden (DIF group) (field
data)
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when the garden area increases, the farmers use less irrigated water per square
metre of the garden.

Usage of Fertilizers and Pesticides

The results conveying the use of the pesticides show that the DIFs do not use any
pesticides or any other alternative method to fight insects. Regarding fertilizers,
only one DIF uses fertilizers as part of the DIS. Additionally, the farmers were
asked if they prepare compost or if they use any other natural fertilizer. The
answers were always negative, with the explanation that if they notice a decrease
in soil fertility, they will switch to a new piece of land.

Plant Losses

Plant loss is defined as the percentage of plants lost out of the total number of
plants planted. The only reason for the plant losses described by the farmers is
insect pests. An unexpected finding is related to the fact that the farmers did not
report any difference in plant losses over the three-year period, although they did
describe 2008 as very hot and dry. Nevertheless, they all were eager to explain the
differences in the plant losses between the DIS and the part of the garden irrigated
manually. The losses in the DIS part of the garden were lower (23%) than in the
manual part of the garden (35%).

The ‘‘D’’ and ‘‘T’’ Parameters

The ‘‘D’’ and ‘‘T’’ parameters were analysed in order to estimate if the ‘‘garden to
water source’’ distance plays a significant role in agricultural irrigation practice for
the farmers. The ‘‘D’’ parameter is the average distance that farmer walks daily to
fetch the irrigated water, and the ‘‘T’’ parameter is the average time that a farmer
spends daily to fetch the irrigated water.

Table 2 presents the average ‘‘garden to water source’’ distances, the average
amount of irrigated water, and D and T parameters. Besides the average values,
minimums and maximums are presented in the table in order to clarify the
numerical oscillations. As can be seen from the table (Table 2), some maximum
values (56 or 49 km per day) are related with the fact that some African families
consist of many family members who collect irrigated water.

While all the farmers were able to recall the data for the last two years (2007
and 2008), many of them had difficulties providing the data from 2006. For that
purpose, the comparison between the parameters has been calculated considering
data only from the ten farmers who were able to give data for the last three years
(2006–2008).
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The parameter which proves the reliability of the farmers’ answers has been
found in the average ‘‘garden to water source’’ distance, maintaining the same
average value of 160 m from year to year, as well as unchanged minimum and
maximum distances (Table 2). Also, the negative correlation has been found
between the average amount of irrigated water (l/day) and the ‘‘garden to water
source’’ distance comparing the average data in the second column (n = 25) and
the fifth column (n = 10) presented in the table (Table 2). When the distance is
longer, the farmers fetch less water daily to irrigate their gardens.

The reason why the ‘‘D’’ and ‘‘T’’ parameters always increase in combination
with a reduced amount in fetched water is due to the fact that the farmers who
walked longer distances to fetch water reduced their water consumption, while the
farmers whose gardens are located closer to the water source increased their
consumption after DIS implementation in 2007.

Social Indicators

Awareness of the Significance of Water

The environmental awareness of the NCCP management and the people living
in the NCCP area is of significant importance for the successful development of
the project. Considering that this research is focused on irrigation practices,
the environmental awareness of these groups is investigated within these
boundaries.

Table 2 Calculations of DIF’s total walking distance (D) and total time consumption (T) in
collecting irrigation water daily

DIU group: 2006 No data n = 10 MIN MAX

AVERAGE distance ‘‘garden-water source’’ (m) 160 10 700
AVERAGE amount of irrigated water (1/day) 446 100 800
D(m) 8,284 100 56,000
T(min) 166 2 1,120

DIU group: 2007 n = 25 MIN MAX n = 10 MIN MAX

AVERAGE distance ‘‘garden-water source’’ (m) 97 5 700 160 10 700
AVERAGE amount of irrigated water (1/day) 514 100 900 488 100 700
D(m) 4,638 340 49,000 7,588 340 49,000
T(min) 93 7 980 152 7 980

DIU group: 2008 n = 25 MIN MAX n = 10 MIN MAX

AVERAGE distance ‘‘garden-water source’’ (m) 100 5 700 160 10 700
AVERAGE amount of irrigated water (1/day) 529 100 900 488 100 700
D(m) 4,814 340 49,000 7,588 340 49,000
T(min) 96 7 980 152 7 980

(n—number of the farmers; MIN—minimum; MAX—maximum) (field data)
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Regarding the NCCP managers (Van Zyl and Powell 2009—personal inter-
view), awareness is high regarding water scarcity within the area, climate change
vulnerability, the need to adapt to the climate change and to alleviate poverty by
ensuring better food production. Despite this high awareness and motivation, the
NCCP managers still did not include a water management plan in their policy, and
very little improvement and investigation has been done so far regarding this topic.

During the interviews, the NCCP managers recognized that water management
should be investigated and implemented to a higher extent because numerous
activities within the NCCP were closely related to water use. Although there was
high awareness of the importance of water management among the NCCP
members, improvements in that field were not prioritized compared to other
objectives of the project and, as a result, progress in agricultural irrigation were
consequently slightly underestimated (Van Zyl and Powell 2009—personal
interview).

The opinions regarding water conservation were gathered from 71% of the
DIFs. The farmers stated that they had enough water for their household needs,
although the use of, on average, 70 l/day/household, is far above the average water
consumption in developed countries. In the dry period, farmers proved to be very
practical when coping with water scarcity during the dry periods of the year,
mostly digging traditional wells in the dry river bank or walking longer distances
than usual to fetch water. Awareness of the importance of water originates from
the difficulties they face when supplying water to their households.

Furthermore, the farmers demonstrated good understanding of the correlation
between water streams and forests, stating that in order to keep the water streams
running, they have to protect the forests around them.

Social Networking

The NCCP managers focused their concerns around the two main points regarding
social networking with DIFs. One was related to the farmers’ constant expectations
of the NCCP management to solve all their problems, while another one was
related to the farmers’ low comprehension of the contracts’ significance.

Concerning the first issue, the NCCP managers stated that they offered the
farmers help regarding the drip irrigation systems, but that they are not in a
position to be able to solve all their doubts and issues. Furthermore, considering
the fact that the NCCP will not stay in the area forever, the local farmers are
expected to learn how to become less dependent on the NCCP. Regarding the
second issue, the NCCP managers argued that for local people it is hard to
understand their obligations once the contract is signed.

Upon investigating the social networking within the DIF group, it was dis-
covered that cooperation between farmers from the same village exists, but the
level of interaction between the farmers from different villages (e.g. DIFs from
Munaghanha and Mutiambamba) is not very well developed.
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Another limitation for the farmers is the lack of transportation to access the
markets. All the farmers remarked that NCCP should assure them transportation of
the vegetables to the market, in order to pay their instalments for the DIS.

Socio-Economic Potential to Purchase the DIS

In order to estimate the farmers’ ability to purchase the DIS, data collection has
been focused on the average earnings from the garden production and their
approach to the significance of the contract.

Looking at the results (Table 3), the percentage of farmers who earned enough
to pay the instalments was lower than was expected by the NCCP’s administration
(for 2007 and 2008).

In 2007, only 27% of the farmers were earning enough to purchase the DIS
instalment, but none of the farmers paid. In 2008, the percentage of the farmers
who were earning an income high enough to pay for the DIS instalments was
reduced to 19%. As in 2007, the farmers did not pay any instalments for DIS in
2008 (Table 3).

According to the contract, farmers were obliged to pay off the DIS within a
three-year period or if not, to give the irrigation system back. 30% of DIFs stated
that they are planning to return the DIS because they cannot earn enough to pay for
the systems. The two reasons noted by the farmers were the low production (the
lack of fertilizers and pesticides caused the production of low-quality vegetables)
and the lack of access to the market (enabling farmers to sell the vegetable they
produce).

Discussion

Efficiency of the DIS in Agricultural Irrigation

In theory (Maisiri et al. 2005; Sijali 2001), for successful drip irrigation, it is
necessary for farmers to be supplied with a permanent water source, agricultural
land (a garden to grow the vegetables), adequate fertilizers (to ensure the soil
fertility) and pesticides (to be successful against insect pests). In practice, among

Table 3 The farmer’s economic potential to purchase the instalments for the DIS (field data)

Ideal state Data from DIFs

Payment for DIS 100% paid 2 of 3
rates for DIS

0% paid 1 of 3 rates for DIS
0% paid 2 of 3 rates for DIS

Earning enough to pay the
rate/year (€57/year)

2007: 100% 2007: 27%
2008: 100% 2008: 19%
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DIF farmers, 100% of them have access to water streams, 100% of them own a
garden, but only 4% of them (1 out of 26 farmers) use fertilizers, and none of them
have the ability to supply, buy and use pesticides.

According to Maisiri’s DIS efficiency investigation in Zimbabwe, it is
concluded that DIS cannot be implemented successfully without proper water and
nutrient management, and that the yield of the vegetables depends mostly on the
fertilizer application method (Maisiri et al. 2005). In addition, Stoorvogel and
Smaling (1990) emphasize in their assessment of soil nutrient depletion that
fertilizers affect water productivity in sub-Saharan Africa, describing how the
irrigation is more effective when soil is fertile.

As mentioned, the soil within the NCCP area is not particularly fertile, and
usage of fertilizers could improve production significantly (Graham et al. 2002).
However, NCCP managers have already suggested the production and usage of
compost, instead introducing the local people to chemical fertilizers, pointing out
that overusing fertilizers can cause environmental problems.

With all this in mind, it can be assumed that, in practice, DIS efficiency is lower
than it is in theory. In order to further investigate this assumption, the efficiency of
drip irrigation was compared with the efficiency of manual irrigation, by using two
comparisons.

One comparison evaluates the farmers’ agricultural production before imple-
menting DIS (2006) and after DIS implementation (2007 and 2008), and another
comparison presents the difference in irrigational efficiency between the two parts
of the gardens (manual and drip-irrigated). In order to estimate the efficiency of the
DIS operated by the farmers, water use, land use and plant losses are discussed as
environmental indicators, including the social indicators as a contribution to create
a complete socio-environmental outlook.

Access to water sources is a crucial factor in agricultural irrigation (Sijali 2001).
The local farmers’ irrigation merely relies on the surface water sources, which is
caused by the gardens’ location next to the riverbanks (Fig. 2). Additionally, this is
also the reason why the farmers’ irrigational practice and water use are closely
affected by the seasonal changes in the streamflow (Forster et al. 2007).

The results (Fig. 3) demonstrate that the overall water withdrawal was reduced
by DIS implementation, but not that farmers use less water for drip irrigation than
for manual irrigation. Although many case studies (Hanson et al. 1996;
Shrivastava et al. 1993) demonstrated significant decreases in irrigated water
withdrawal when using DIS, the results of this research showed that the farmers
used four times as much water to irrigate the DIS part of the garden then the
manually irrigated part of the garden. This fact confirms that the farmers base their
agricultural production mainly on DIS, supplying the systems with enough water
and neglecting the manual irrigation. The research’s results are in accordance with
Skaggs’s research in New Mexico (Skaggs 2001), where it is argued that DIS
might increase water consumption, because farmers never allow their plants to go
into water deficit.

Taking into account the common farmers’ practice to own a garden next to the
river banks, there is a possibility that, if the agricultural practice within the NCCP
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area is not controlled, and if the usage of fertilizers and pesticides, on the one hand,
and water withdrawal, on the other hand, starts to increase, it could lead to
eutrophication and pollution of the river streams (Andersson et al. 2006).
Considering this, the irrigation management and the drip irrigation implementation
have to be controlled and monitored.

Although Fig. 4 demonstrates that the average area of a machamba increases
yearly, the fact that the area of the garden did not change in the period between
2007 and 2008 reveals the influence of the DIS on the agricultural area expansion.

The initial reason for NCCP management to begin with the DIS implementation
was to motivate farmers to stop their slash-and-burn practice by assuring efficient
food production on an unchanged agricultural field. Regarding the results from
2007 to 2008 (Fig. 5), this NCCP aim was achieved, but the fact that 52% of the
farmers still plan to expand their agricultural area in the future (interview data)
creates a potential threat to the NCCP’s objective. In conclusion, this stagnation of
the gardens’ expansion can be understood as a temporary occurrence, as a result of
which it has to be monitored as an environmental indicator in the future.

The negative correlation between the garden area and the amount of irrigated
water used per square metre daily is not fixed in the way that even if the farmer has
a big garden, he may not be able to supply enough water to irrigate it.
Additionally, this parameter partly confirms the NCCP’s initial hypothesis that, if
the farmers use water in a more productive way, they do not need to expand their
agricultural area.

The explanation that the farmers still do not earn enough to pay for the DIS
instalments can be obtained by examining social indicators and farmers’ obser-
vations in the field. The farmers argued that low production and the lack of access
to the market were the main reasons for low earnings, but that they want to
continue using the DIS because it helps them to survive dry periods similar to the
one in 2008 (interview data).

Another indicator for the DIS efficiency estimation is the percentage of the
plant losses. The farmers argued that the reason for the plant failure was only
insects, and that the losses under the drip irrigation are smaller than those under the
manual irrigation because drip-irrigated plants are bigger, greener and more
resistant. These results are also in accordance with Skaggs’s findings about DIS
efficiency in improving garden productivity (Skaggs 2001). Although the DIS did
improve the yield of vegetables in the farmers’ gardens, the fact that farmers
provide DIS with a better water supply than manual irrigation must not be
underestimated.

In summary, DIS is proposed as a good technology for adaptation to climate
change by many studies (Karlberg et al. 2007), but for successful adoption it is
important to ensure that farmers are able to use it in a correct way. The level of
DIS efficiency achieved in NCCP area is illustrated in the pyramid figure (Fig. 6).

The base of the pyramid represents manual irrigation as the most inefficient, and
also illustrates that this type of irrigation is the most common within the NCCP
area. At the top of the pyramid is DIS efficiency in theory, which represents the
level of efficiency achievable when DIS is adopted and used successfully in
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practice. As the pyramid demonstrates, the theoretical DIS efficiency is hard to
achieve in the modest agricultural conditions of rural sub-Saharan Africa, and as
such it is located at the top of the pyramid illustration.

Using DIS without fertilizers and pesticides (or any alternative), using more
water for DIS than when irrigating manually, not producing enough food in 100%
of the households, and not earning enough to pay for the DIS instalments—all
these point out that DIS’ efficiency is lower than it is in theory. On the other hand,
DIS show a higher level of efficiency than manual irrigation does; the plants
are bigger, greener and more resistant to insects, DIS implementation caused
stagnation in the garden area expansion, the average overall irrigated water con-
sumption has decreased since DIS was implemented, the farmers reported a lower
percentage of plant losses in the part of the garden irrigated with DIS than in the
manually irrigated part, and farmers are willing to continue to use it.

Including a description of all the previously mentioned indicators in the DIS
efficiency analysis, the DIS efficiency of NCCP area is to be found in the middle of
the pyramid (Fig. 6).

Success of DIS Implementation in the NCCP Area

Many studies have proven that the theoretical efficiency of new technologies is not
frequently achieved, mentioning as the main reason for this a poorly managed
implementation process which often disregards the social aspect (FAO 2000; Shaw
1987). The fact that 9 out of 35 farmers gave up on the system before even trying
to adopt it shows that those farmers were not ready to take the risk of adopting the
new technology. In accordance with this, Marra et al. (2003) also points out that
adoption processes are strongly affected by risk-related issues. In addition to
this, NCCP managers’ experiences in implementing carbon sequestration activities
in the area (Van Zyl and Powell 2009—personal interview), confirmed that

Fig. 6 The drip irrigation system’s efficiency in the NCCP area
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community members are suspicious and careful when accepting something inno-
vative and foreign, and only after several cases of local success does the tide of
acceptance and desire for implementation become apparent.

The overall results regarding the social indicators (e.g. lack of access to the
markets, lack of inter-farmer cooperation, and the low socio-economic potential to
purchase DIS instalments), emphasize that additional effort has to be dedicated to
social work and active farmers’ participation in order to inform and improve
decision-making processes related to the project. The key factor in the success of
DIS adoption among rural farmers and their ability to pay for the yearly instal-
ments of DIS is their capacity to compete in the market (Markelova et al. 2009).
In addition to this, Markelova et al. (2009) investigated the ability of rural farmers
to access the markets and concluded that collective actions, organized by the
farmers themselves, can contribute to their market access to a great extent.

In order to demonstrate the present state and overall success achieved so far in
the DIS adoption process, the Adaptive Management Framework (AMF) scheme
is used.

Adaptive Management Framework

Although the adaptive management framework was not initially used by the NCCP
management when the process of DIS adoption started, it can be discussed now as
the appropriate and useful framework to adopt new technology and also as a useful
tool to estimate success of the DIS adoption (Lockie and Rockloff 2005).

Normally, AMF consists of five steps, starting the cycle with the information
collation step, but in this case, there was no basis on which the process of pre-DIS
implementation information collation was established and the AMF cycle’s initial
step is the system analysis and vision step while presenting the actual process of
DIS adoption (by using AMF). In this step, the NCCP managers developed the
idea and vision of DIS adoption, while in the following step (planning) they
developed methods regarding how to distribute the DIS among the local farmers.
In the third step (implementation), they offered the DIS to the farmers/volunteers
(Fig. 7).

Of the total of five steps included in this framework, the process of DIS
adoption is currently the third step—implementation (Fig. 7a)—and with this
socio-environmental research it reaches the fourth step (monitoring and
reviewing). In the figure (Fig. 7a), the finalized steps of the DIS adoption process
are coloured red while the steps which have been initiated with this research are
coloured orange.

Taking into account mostly environmental indicators to estimate the efficiency
of DIS, and social indicators to estimate how local people think and cooperate
among themselves, this points out the necessity for evaluating and improving the
strategy of DIS adoption by involving local farmers to a greater extent. The need
for the inclusion of social aspects is in accordance with Kusel’s findings, where he
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suggests that successful adaptive management requires a public role to be taken up
the same level as scientific (Kusel et al. 1996).

The AMF’s first cycle (Fig. 7a) is a method of social learning for both parties
(NCCP managers and the local farmers) which encourages NCCP managers to
collate the information and lessons learned from this process and to decide on
further steps in the DIS adoption process. The second part of Fig. 7b, demonstrates
the suggested initiation of the new AMF cycle (coloured green), with integration
of social learning from the first cycle.

As this NCCP pilot project evaluation emphasizes the call for the inclusion of
social aspects, the AMF seems to be a good tool to accomplish successful imple-
mentation, due to its potential to integrate social components (Lockie and Rockloff
2005). Although the DIS has already been implemented, it has not been entirely
adopted. The adoption strategy has not been previously developed and socio-
environmental indicators have not been clearly stated. As a result, it is recom-
mended to start with the second cycle of AMF (Fig. 7b), where all the steps will be
included and explained in advance. In order to define the indicators and to achieve
more successful decision-making, it is recommended to include the economic
indicators to fulfil all three aspects of sustainability when implementing DIS.

Conclusions and Recommendations

It is widely known that suitable practices and techniques for managing climate
change should incorporate stakeholder participation and facilitate long-term
thinking and a meaningful comparison and integration of environmental, economic
and social costs and benefits. In order to address the multifaceted climate

Fig. 7 Adaptive management framework: a finished steps in red, steps in process in orange;
b recommended steps in green
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challenges the world faces, there is a perceived need for tangible, locally oriented
adaptation initiatives with a constant regard of the fact that an integrated agenda
for adaptation research is needed (Patwardhan et al. 2009).

The N’hambita Community Carbon Project’s initiative to introduce and imple-
ment the drip irrigation system (DIS) in the NCCP area is viewed as being appro-
priate for this area. Due to the high risk of feeling the impact of climate change in the
near future (Christensen et al. 2007), DIS adoption in that area is a good measure of
climate change adaptation. Nevertheless, the investigated approach of DIS adoption
in the NCCP area did not appear completely successful, and has yet to be improved
by involving local people’s active participation to a greater extent.

As already discussed, the socio-environmental potential exists to implement
drip irrigation systems as a climate change adaptation measure within the NCCP
area but DIS efficiency did not reach the expected level. The efficiency of DIS
irrigation that was investigated among the local farmers is estimated as higher than
manual irrigation, but lower than it is in theory. Although the farmers produce
more food when using the DIS, they still do not earn enough money to purchase
the instalments for the system.

In order to improve local DIS usage, two types of recommendations are offered
as an output of this research:

Recommendations for the NCCP management:

• To develop a plan for the DIS adoption process within the NCCP area, by
following the AMF

• To include an appropriate methodology when evaluating DIS efficiency (con-
sidering for example: soil quality analysis, crops productivity, water availability,
usage of irrigated water, etc.)

• To improve the developed AMF by including social learning and learning from
previous mistakes

• To consider the social aspect to a higher extent, investigating the local people’s
needs carefully and their desire to adopt new technology before starting with
implementation

• Furthermore, to share the experience from the fieldwork regarding DIS imple-
mentation with other carbon sequestration projects

Recommendations for the local farmers in the NCCP area:

• To improve their social networking in order to become less dependent on the
NCCP

• To cooperate together, organizing transportation to ensure themselves access to
local markets

The overall conclusion of this research points out the high potential of DIS for
improving water management within the NCCP area as well as for improving local
farmers’ production and households’ food security. Additionally, if successful in
implementing the DIS, NCCP could encourage the same in further carbon
sequestration projects, pointing out the difficulties experienced by local farmers in
the adoption of the DIS.
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Abstract This paper attempts to answer the question, has the creation of local
water governance groups improved water governance through social learning?
The study reviews and assesses a sampling of local water governance groups in the
three Canadian Prairie provinces Alberta, Saskatchewan and Manitoba, based on
their legislation and policy mandate, planning and activities to date in respect to
social learning. Important to adaptiveness to climate change are processes of social
learning which go beyond production of new and additional knowledge but include
reflecting and re-evaluating, building capacity, creating trust, incorporating local
knowledge, and internalizing externalities into water governance decisions. The
three local water governance groups studied in each of the three Prairie Provinces
show positive developments in social learning and improved water governance.
There is evidence of new data accumulation, application of existing data and local
knowledge to decisions, capacity and trust building, as well as ongoing planning
and re-evaluation. This review and comparative analysis provides important
insights into the development of policy surrounding the mandates and activities of
local watershed advisory groups to improve their effectiveness, increase social
learning surrounding their activities and reduce vulnerability to climate change.
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Introduction

Issues of water governance have increasingly emerged in the Canadian context
because of issues of water quality and contentious quantity decisions arising in the
last two decades. Government inquiries into deaths and illnesses from water-
quality issues confirmed that the water crisis in Canada is often a crisis of
governance, not of natural conditions (Laing 2003). As a result of the reports
prepared from these inquiries, changes have been made in water governance and
engagement of people in water planning has occurred through the formation of
local watershed advisory groups (Diaz et al. 2009).

This governance development is consistent with literature based on building
capacity, creating trust, incorporating local knowledge and internalizing exter-
nalities into water governance decisions (Brooks 2002; WWCWAU 2003).
By encouraging the participation of local people in the decision-making sur-
rounding water, social learning can occur.

Social learning is a process of including the active engagement of various
stakeholder groups in decision-making for more than just production of new and
additional knowledge but promoting collective perceptions and paradigms about
understanding of well-being, happiness and development goals (Pahl-Wostl et al.
2007). In this way governance can be designed as a learning process or a reflexive
governance mode (Voss et al. 2006). Two important changes to traditional top-
down governance are important. Firstly, reflexive governance takes place on dif-
ferent scales as individuals, organizations and social groups participate; secondly,
these different actors take on different and new roles and relationships. Science and
government bureaucrats are no longer the revered ‘‘experts’’; science is central, but
both knowledge-generating mechanisms and related action patterns are formed,
diffused and institutionalized by different actor groups, including non-govern-
mental organizations, political agencies, the media, etc. (Haas 1992, 2001).

This chapter reviews three local water governance groups in the Canadian
Prairie provinces of Saskatchewan, Manitoba and Alberta for evidence of social
learning. The legislation, policy mandate, planning and activities to date are
examined for activities supporting reflection and re-evaluation, capacity- and trust-
building, the incorporation of local knowledge and the internalizing of externalities.

Legislation and Policy Foundation

Several years ago, amendments to water legislation in the three Prairie provinces
of Alberta, Saskatchewan and Manitoba were enacted, incorporating the partici-
pation of civil society into the water governance framework. In the study region,
both Alberta and Saskatchewan have provided for the formation of local water
advisory committees on a watershed basis involved in water source protection
issues.
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The legislation in Alberta specifically provides that water management plans be
developed with public consultation (ss. 7, 9 and 11, Water Act). As a result, many
river councils have been formed. Membership in these groups is spread among
such groups as municipal governments, conservation organizations, environmental
groups and other community volunteers. Prior to the establishment of these spe-
cific institutions incorporating civil society into ongoing decision-making, Alberta
had also produced a water strategy, ‘‘Water for Life’’, through a comprehensive
consultation with the public and water stakeholders, which has since been updated
or reformulated (Alberta Environment 2003, 2005b).

Saskatchewan has not amended its legislation any further than allowing the pre-
existing ability of the Crown Corporation responsible for water to form advisory
committees in respect of any issue (s. 19, Saskatchewan Watershed Authority Act).
However, the Crown corporation has established many watershed advisory com-
mittees in the past several years throughout the province tasked with writing water
source protection plans. Manitoba water stewardship initiated local water planning
by assigning conservation districts with the task of preparing water plans pursuant
to the Water Protection Act. Conservation districts were created in the 1970s with
the main objective of soil and water conservation pursuant to the Conservation
Districts Act. Utilizing these pre-existing institutions already involved in water
conservation, several watershed plans have been initiated and completed (Gov-
ernment of Manitoba 2009). Other Canadian provinces which were not part of this
study have gone further and not only provided for these types of civil society
participating organizations, but also provided these types of organizations with the
ability to have their plans enforced by regulation (s. 65, Water Act, R.S.B.C., s. 23).
This study focuses on three groups involved in local watershed planning in each of
the three Prairie provinces of Manitoba, Saskatchewan and Alberta.

Because local watershed advisory groups have been in existence for several
years, an assessment can be made whether a transformation of water governance
has occurred embracing ‘‘reflexive governance’’ in which social learning has
happened and exigencies of climate are recorded and acted upon. After a review
and comparative analysis of selected groups in each province, based on their
legislation and policy mandate, planning and activities to date, this paper makes
recommendations for improving social learning in respect of climate change and
water stress.

Methodology

This paper is based on information gathered from public documents, legislation,
policy and planning documents surrounding water and watershed planning in
Alberta, Manitoba and Saskatchewan. The area encompassing southern Alberta
and southwestern Saskatchewan is an ideal area to study in relation to water
because not only are significant climate change effects anticipated (Sauchyn and
Kulshreshtha 2007, p. 291), but the area has experienced significant water
shortages historically with the drought of the 1930s and more recently in 1961,
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1988 and 2001–2002 (Marchildon et al. 2009). Water from this study region drains
into Manitoba and Lake Winnipeg. The watershed advisory groups selected
include the Oldman Watershed Council in Alberta, the swift current creek
watershed stewards in Saskatchewan, and the Turtle Mountain Conservation
District in Manitoba.

Based on a review of the legislation, policy and public documents surrounding
these groups and their water plan, content was identified relating to the issue of
social learning and specifically the themes of the application and development of
local knowledge, the building of local capacity, and finally reflection and
re-evaluation in water decision-making. This content was analysed and the find-
ings reported.

This documentary analysis is limited to the selected watershed group in each of
the three provinces and so may not be reflective of other watersheds in the
province. Further, the study would be improved with qualitative data supporting or
expanding on the information contained in the public documents and would be
research in sequel.

Research Findings

The local watershed advisory groups reviewed showed high levels of planning,
with some evidence of reflection and re-evaluation. Continued support from
government as well as development of independent funding through local business
and rural municipality participation will be needed in this effort. Further, these
groups demonstrated the application of local knowledge to decision-making. For
example, there was evidence of the utilization of historical conservation and water-
related information, as well as involvement of these groups in the ongoing eco-
nomic development decisions of the community. These watershed groups were
also active in developing and building further local knowledge with data gathering
and generation activities. The leveraging of existing civil society organizations
built capacity through the activities of the local watershed advisory groups and
through their contacts and networks within which they operated. Each of these
findings will be discussed in turn.

Local Knowledge

Local knowledge is a key factor in the working and performance of local water-
shed advisory groups in each of the three Prairie Provinces. Not only was local
knowledge amassed and compiled in the plans, new knowledge and data-gathering
initiatives were planned and effected, and local knowledge was applied to ongoing
water decisions.

Considerable local knowledge was amassed and then applied by each of the
watershed advisory groups in each of the three provinces through the preparation
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of their respective source water and water protection plans (Swift Current 2008a;
Turtle Mountain 2006; Alberta Environment 2005a). These plans detail actions
required to protect watersheds from sealing wells, monitoring water quality,
advancing better agriculture practices for improving water quality, and education.
Alberta’s watershed group specifically dealt with water quantity issues. The
similarities between these plans are that they embody local knowledge about the
water resource reflected in ongoing plans. Very specific issues that people living
next to and depending on a water resource have vested and contextual knowledge
of were captured in this manner.

In addition to this compilation of local knowledge, all the three plans in each
respective province include measures to monitor and collect more local knowledge
about water quality and trends. In the East Souris river watershed, information
respecting surface and groundwater quality in each of the four sub-watersheds is to
be collected and to be presented in an Annual Watershed Report Card and
five-year State of the Watershed Report Card (Turtle Mountain 2006, at p. 16). In
Alberta, in the South Saskatchewan river basin, a strong recommendation is made
that performance monitoring of the aquatic environment should occur, including
flow monitoring, the tracking and reporting of actual water diversions, water
quality (especially in relation to dissolved oxygen and temperature), and assess-
ments of biological communities (Alberta Environment 2005a, p. 16). In Swift
Current, Saskatchewan, recommendations for improved reporting of data and use
of this data were also made (Swift Current 2008a, p. 35).

Watershed plans also reflected and encouraged specific data important to the
specific watershed. For instance, in Saskatchewan, the Swift Current Creek
Watershed Monitoring Project was designed to assess the health of the watershed
based on a water quality index and riparian health through fish surveys to assess
the impact of current management practices of water, agricultural management
practices and the impact of the City of Swift Current on water downstream (Swift
Current 2008b). In Alberta, a survey of stormwater practices was made with over
900 residents responding (Urban Beneficial Management Practices Team 2004).

In addition to the compilation and documentation of local knowledge and
expansion of local water and environmental knowledge, another important theme
emerges from the analysis of the local watershed group documentation. This is the
incorporation of local community values and knowledge into decisions respecting
the use of water, or the internalization of economic externalities (Brooks 2002;
Hickey and Mohan 2004). Although models of integrated water management in the
literature vary, one common theme in many is the involvement of local people in
water decisions affecting them for this very reason (Brooks 2002; Rahaman 2005).

In Alberta, the South Saskatchewan river basin advisory committees were
tasked with determining how much water should be left in the rivers for the aquatic
environment and complementarily, how much water should be available for
consumption (Alberta Environment 2005a, p. 1). This required a determination of
the best balance between protection of the aquatic environment and consumption
of water for economic growth. From the documentation records, this was no easy
task. Regarding the Bow River, a moratorium was recommended on accepting
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applications for water licences until further information concluded such allocations
are reasonable given the intention to protect the aquatic environment. This
determination passed by a majority of 73% (Alberta Environment 2005a, p. 6).
In other rivers, it appears such decisions were more contentious. For instance in the
Oldman river, only a small majority (not consensus) of the basin advisory com-
mittee favoured a moratorium on allocation until studies show further allocation is
possible. As a result, the committee agreed that irrigation water allocations should
be limited (Alberta Environment 2005a, p. 3). This data confirms previous liter-
ature that there is not always consensus in community decision-making (Smith
2008; Hillman and Howitt 2008; Few et al. 2006; Gleick 2006), and also confirms
that the watershed advisory groups can be an important social institution to make
difficult determinations balancing economic growth with environmental
limitations.

In Manitoba, the same theme appears. When addressing ‘‘Why is a watershed
plan important?’’ it is acknowledged that there are pressures on a watershed due to
a growing economy and that the plan ensures the resources in the watershed are
managed in a sustainable fashion; further, the plan helps define what is important
to the community (Turtle Mountain 2006, p. 4). Thereafter, the plan details
activities of maintaining ecological and hydrological functions of the watershed
through providing incentives for the conservation of wetlands and promoting the
concept of ecological goods and services payments (Turtle Mountain 2006, pp. 29,
31). There is further evidence of this important application of local knowledge in
later documentation that reports under the action item ‘‘improve drainage licensing
system’’ that the Turtle Mountain Conservation District is commenting on and
reviewing applications for drainage licensing requirements for the Manitoba
Watershed Stewardship (Government of Manitoba 2009, p. 1). In the future, it is
expected that the district will have a greater ability to reform licensing conditions
once a surface water management plan is completed (ibid.).

In Saskatchewan, this idea of local community input contributing to delicate
decisions of balancing economic development and environmental quality issues
appears in the planning documents in a preliminary manner. A goal is to ‘‘explore
options to develop a project to determine current valuation of ecological goods and
services’’ and to provide extension activities to provide information on the value of
ecological goods and services (Swift Current 2008a, p. 19). Notwithstanding the
efforts towards valuation of ecological goods and services and the associated tax
and grant incentives, ecological endowments are invaluable or rather absolute and
efforts are necessary towards eco-upgradation and preservation.

Building Capacity

The documentation of the process of completing a water plan and the end product
of these plans confirm the capacity of the watershed advisory groups studied to
participate in local water planning. In addition, the partnerships, networking and
linkages set out in the documentation allow the conclusion that community
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capacity was created. Lastly, the documentary evidence provides confirmation that
important decisions relating to drainage licences (Manitoba) and water quantity
restrictions (Alberta) have been delegated to and made by these water advisory
groups.

In the three case studies selected for each of the three provinces, existing groups
concerned with water and the environment were utilized for the purpose of pre-
paring the water protection plans. In Alberta, the Bow River Basin Council, which
had 140 members at the time, was an active participant in the recommendations
prepared along with three other basin advisory councils created to represent the
adjoining basins in making recommendations for the plan (Basin Advisory
Committees 2004). As a result of this process of consultation, one other basin
advisory committee was forming (Oldman River), and another was being rec-
ommended (Red Deer). In this way, the initiative of watershed planning created
two additional groups in two additional sub-basins to continue with future plan-
ning. This shows increasing local capacity for watershed planning.

In Saskatchewan and Manitoba, the groups participating in developing the
water plans pre-existed the watershed planning initiative. In Manitoba, the Con-
servation Districts have existed since the 1970s for the purpose of both land and
water conservation. The exercise of watershed planning built on this decadal
experience of the Turtle Mountain conservation district and focused the current
planning and activities on sustaining a healthy watershed. In addition, the planning
process allowed the Conservation District to hold extensive consultation with
others in the watershed to elicit support and inputs into the various watershed
initiatives (Turtle Mountain 2006, p. 37). Similarly, in Saskatchewan, the pre-
existing Swift Current Creek Watershed Stewards brought together other envi-
ronmental, urban and rural groups in the development of the Swift Current plan.
The broad consultation with rural and urban representatives brought the commu-
nity together such that the chair stated, ‘‘Our planning process has indirectly
represented each and every citizen in our watershed’’ (Swift Current 2008a, p. 3).
Indeed a case of an inclusivist local and ministration; a lesson to the entire world.

Watershed groups in all the three provinces are very active in networking with
their respective communities to build awareness and educate about watershed
issues. The goals of each group focus significantly on this. For instance, goals one
and three of the Swift Current Creek Watershed are to ‘‘educate users on a con-
tinuous basis about issues affecting water quality’’, and ‘‘foster an attitude of
individual responsibility toward watershed stewardship’’ (Swift Current Creek
Watershed Stewards 2010, p. 1). In Manitoba, Turtle Mountain has a goal to
‘‘increase awareness of the community about the benefits of improved watershed
management’’ (Turtle Mountain 2006, p. 18). The Oldman Watershed Council
Goals include integrating its activities ‘‘through knowledge, research, partnerships
and education’’ (Oldman Watershed Council 2010, p. 1).

Activities listed by each of these organizations in this regard are substantial and
referred to in their reporting documents (Swift Current 2008a; Turtle Mountain
2006; Alberta Environment 2005a). In Saskatchewan, the watershed advisory
group organizes and holds youth stewardship workshops in order to teach students
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why the creek is important by covering topics of geography, riparian zones, ani-
mal, fish and waterbug habitat, and nitrate and pH in the water. In addition,
publications of ‘‘Know Your Watershed’’ are regularly distributed (Swift Current
Creek Watershed Stewards 2010). Similar activities occur in Alberta; also, science
forums at the university and stakeholder forums with the community entitled
‘‘Holding the Reins’’ are in place (Oldman Watershed Council 2010). Manitoba
combines water education with its conservation education in a variety of festivals,
school-based learning, interpretative areas, programmes and activities (Govern-
ment of Manitoba 2009).

The Alberta and Manitoba groups show a great deal of capacity in demon-
strating relevance, scope and effect of their respective plans. In Alberta, the water
management recommendations specific to flow were implemented in the Alberta
Environment Water Management Plan. Recommendations as specific as imposing
a moratorium of allocation in the Oldman river, the minimum flows in the South
Saskatchewan and the Blindman river were adopted by the government of Alberta
in the plan and have been implemented (Basin Advisory Committees 2004, p. 3;
Alberta Environment 2005a, p. 2). By effecting such recommendation in policy,
the government of Alberta has built trust with this water advisory committee, its
members and the community that had provided inputs into the recommendations
that their input is both relevant and valued. Eliciting support and participation in
future water planning and management should not be impeded but encouraged
based on this significant event. This demonstrates capacity to have a highly rel-
evant ongoing presence.

In Manitoba, the Turtle Mountain Conservation district is in a constant process
of reviewing drainage licence requests in coordination with the Manitoba
Watershed Stewardship (Turtle Mountain Conservation District 2009, p. 1).
In addition, the Turtle Mountain conservation district is preparing an East Souris
River Surface Water Management Plan and participating in a Pembina River
Watershed Management Plan (Government of Manitoba 2009, p. 46). These
activities show a high degree of relevance, trust and capacity in the future work of
this organization.

Planning, Reflection, and Re-evaluation

All the three groups in each province show a high degree of planning. This is most
probably due to the fact that these groups in recent years have been specifically
tasked with watershed planning. In Saskatchewan, this initiative’s genesis is from
water quality issues and illness (Laing 2003); Alberta from water quantity issues
(Oldman Watershed Council 2010); and Manitoba from a 2002 initiative to inte-
grate water planning (Turtle Mountain 2006, p. 6). The focus of planning for each
watershed group differs. In Saskatchewan, the focus is on source and watershed
protection, given the genesis in an outbreak of illness due to water quality.
In Alberta, the focus was on quantity of water available to new licence applicants
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because of water shortages and environmental concerns. In Manitoba, the focus
was on integrated watershed planning. The similarity across all of these planning
initiatives is the utilization of local people and organizations to participate and
plan in respect of water.

As discussed in reviewing local knowledge above, these plans reflect the
planners, the local people and organizations, and their knowledge and values.
A further question arises as to whether these plans are being monitored, revised
and changed as new information, priorities or circumstances arise. Observations
can be made based on documentation including the plan and subsequent updates
and reports.

In Manitoba, the Turtle Mountain conservation district is tasked with the
ongoing monitoring and reporting on the Watershed Plan for the East Souris river
watershed. The plan dates back to January 2006. The plan is related to the Con-
servation Districts of Manitoba annual reports (Government of Manitoba 2009)
and budget updates and plan updates (Turtle Mountain Conservation District
2009). These documents detail specific actions which will be taken in future.
Information is provided based on each objective and then further detailed with
respect to each action.

It is evident some of the initial actions have been reviewed. For instance, one
action was to ‘‘design and implement a Wetland Rehabilitation Incentive Pro-
gram’’ (Turtle Mountain 2006, p. 29). This action is reported as ‘‘currently offered
by Ducks Unlimited’’ (Turtle Mountain Conservation District 2009). Subse-
quently, it is listed that this may be potentially accomplished with Manitoba
Watershed Stewardship and as a programme through a government department
(Turtle Mountain Conservation District 2009). Clearly, the method of achieving
the overarching goal of wetland conservation is being revised over time based on
new information and social learning.

Further, the objective of ‘‘promoting drinking water source protection’’ was
detailed as accomplished through a conservation agreement programme targeting
certain reservoirs, and also incentive programmes for farmyard runoff control,
relocation of livestock farms, riparian area management and land management for
soils at risk. A future action is listed as requesting assistance from Manitoba
Watershed Stewardship to complete a East Souris River Watershed Source Water
Protection Plan (Turtle Mountain Conservation District 2009). This supports the
conclusion that when initial actions are taken and completed, often further actions
are deemed necessary to achieve the goal. This is evidence of social learning—
planning based on experience.

In Alberta, the Water Management Plan (Alberta Environment 2005a) was
commissioned to assess the issue of water quantity. However, pursuant to the
governing legislation, comments could be made on matters and factors to be
considered in making decisions about issuing licensing. The Plan details that
existing, potential and cumulative effects on the aquatic environment and any
applicable interim objective or water conservation must be considered (Alberta
Environment 2005a, p. 15). In addition, the issue of water quality was recom-
mended as a topic that merited a more detailed study along the South
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Saskatchewan river basin to support further decision-making as to sustaining
growth and managing rivers to enhance aquatic life (ibid., p. 16). Although no
specific schedule was in place to review the plan and no evidence of having done
so could be found, the Oldman Watershed Council is actively pursuing both the
creation of a ‘‘State of the Watershed Report’’ and an integrated watershed
management plan (Oldman Watershed Council 2010). It is apparent that both
planning and implementation are occurring.

In Saskatchewan, there is no evidence of further review and revision of the
water plan; however, the plan is dated 2008 but didnt receive an official govern-
ment announcement until October of 2009 (Government of Saskatchewan 2009).
It would appear too premature for a conclusion of reassessment and learning based
on this watershed advisory group and plan.

None of the plans of the watershed advisory groups have documented evidence
regarding the exploration of climate change, considered and incorporated into their
respective watershed plan. Manitoba’s documentation is silent as to climate
change. Saskatchewan specifically concludes that climate change is still being
debated and one recommendation is to explore the effect of climate change on
quantity (Swift Current 2008a, pp. 11, 13). The Alberta plan specifically excluded
the effects of climate change from consideration due to the ‘‘absence of ‘defi-
niteness’ regarding research conclusions on future water supply and demand that
may result from climate change.’’ It was noted that a major study was underway
with results anticipated in 2006. However, as mentioned, no further revisions or
reassessments of the Alberta plan have occurred (Alberta Environment 2005a,
p. 35).

Recommendations

Based upon a review of the documents, the issues of scale or linkages, membership
and the role of government should be explored and considered in the future to
improve social learning. Because these conclusions are based only on the available
public record, it may be that significant initiatives are occurring or being planned
in this regard. Further exploration and research of these issues are needed. Further
detail of these recommendations follows.

In Alberta, input from four watershed advisory groups contributed to the rec-
ommendations which ultimately formed the plan. The relationship of the water
management plan to other planning initiatives is clearly outlined in an Appendix
(Alberta Environment 2005a, p. 28). However, the need for further work on water
quality and additional planning and research, not all of which has been noticed,
appears in the recommendations (Basin Advisory Committees 2004, pp. 8–9). The
geographical and political aspect of tackling these issues and the actors involved
requires careful consideration and action in the future. Further, in Manitoba, the
geographical boundaries of Conservation Districts do not necessarily coincide with
watershed boundaries. Conservation Districts are the actors tasked with
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participating and developing the Manitoba plans. Again, the geographical and
political issues are pertinent. As these have been identified as a potential hurdle in
governance; a careful consideration is advisable (Hurlbert et al. 2009)

Although all three groups constituted a wide variety of people, groups and
organizations participating in the development of their respective plans, despite
their disparate variety, these stakeholders should continue to cooperate. Utilizing
and applying local knowledge in decision-making is only as good as the quality of
the local knowledge being accessed. Ensuring all knowledges are accessed,
including those of First Nations, Inuit and Métis, in future plans and executions is
important. Often this important connection is missed in relation to community
decision-making (Hurlbert 2009).

Although the seeking and documentation of data is an important achievement of
all the three watershed advisory groups, the role of government in assisting and
coordinating this process cannot be ignored. Data collection and data management
systems are not only an indicator of a healthy institutional system; they are also the
fundamental components of informational capital (which is an important deter-
minant of adaptive capacity). As relevant as other forms of capital—economic,
social and human—informational capital contributes to a better knowledge of the
existing resources, facilitating their management in situations of uncertainty and
surprise. The existence of a large accumulation and good use of information
capital is a must in ensuring the social and economic sustainability of livelihoods
of productive communities. This data will inform the local water groups while re-
evaluating and planning for the future. The role of government in managing this
information should not be ignored.

Assisting the local water groups with collecting and processing information,
and sharing it with other actors, is crucial. This assistance in data management
improves social learning about the impact of climate events and adaptation
measures, including how particular policies and programmes are being applied in
response to these climate events in order to reduce vulnerability. This review
should include not just the plans and policy of the local water groups, but also the
plans and policy of the government.

The development of flexible or adaptive policies, those ‘‘that can foresee and
respond to an array of conditions that lie ahead, and can navigate towards suc-
cessful outcomes when surprised by the unforeseen’’, is an important requirement
in reducing vulnerability to climate change (Venema and Drexhage 2009, p. 1).
Rigid policies that are unable to cope efficiently with the uncertainties and
dynamics of new climate conditions are obviously a serious obstacle that has to be
overcome. Adaptive policies, to be effective, must be supported by a public
institutional system that is able to learn constantly from those other systems with
which it interacts. Institutional learning increases the capacity of public organi-
zations to learn from experience, and change trajectories and practices as required.
Implicit in institutional learning is a preparedness to experiment, preventing rigid
persistence and purposefulness of practice (Goodin 1996). It is because of this that
the informational flows of local knowledge, data collections and communication to
government and other actors within the system of local water advisory groups is
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important for social learning and for reducing vulnerability to climate change.
Functionaries at all levels must attitudinally get to cope with this requirement.

Conclusions

Based on the assessment of local watershed groups in the three Prairie Provinces,
experiences of social learning occurring in these three groups is satisfactory. All
the three groups show a marked tendency to incorporate local knowledge into their
plans and activities. Measures important to their respective watersheds and their
protection are reflected in each plan. Further, the local watershed groups are able
to identify important data gaps and initiate steps to collect and monitor this data.
In addition, there is evidence that the groups are participating in important ways in
the application of local knowledge to decisions determining the delicate balance
between strain on environmental water resources and economic development.

Capturing these data or information flows and processes has only occurred
through the application of watershed advisory groups in the past several years
(although some of these activities occurred in other fora) so the historical record is
only approximately five years old. Because of this reassessment or revisiting of
decisions, this data or information is just emerging. There are important provisions
in the Alberta plan for revisiting some of the decisions made based on new or
updated information; similarly, the documentation in Manitoba shows that action
items are continuously monitored and revised.

All the three provinces’ watershed groups manifest a wide participation of
community organizations in the preparation and development of the plan and in
the educational activities of the group every year. This shows that learning is
occurring within each watershed advisory community. Especially important is that
the activities of each group focus on youth, the contributing members to future
watershed plans, decisions and programmes. Further research on the effectiveness
of these programmes and sharing of research findings specific to these programmes
and their optimization would be beneficial.

It is evident from the documentation that a repetitive review of decisions and
action items is occurring. In Manitoba, the Turtle Mountain Conservation District
is commenting on the issuance of drainage licences and in the future, it is antic-
ipated they will have a greater ability to comment when the East Souris River
Surface Water Management Plan is completed (Turtle Mountain Conservation
District 2009, p. 1). This shows a disciplined and informed manner of considering
and reviewing an important watershed decision, all at the community level.

In Alberta, the specific water management recommendations made by the water
advisory committees with respect to streamflow were implemented in the water
management plan of Alberta Environment. The significance of this is the trust
which is built with the water advisory groups that their voluntarism, time and
commitment is valued and worthwhile. Continued research of this process com-
bined with additional methods of data-gathering such as qualitative interviews
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with water advisory group members and government personnel to explore this
interaction and social learning would be beneficial. The Alberta documentation
reflected a desire to have more inputs towards managing water quantity; it is
unclear whether this has occurred.

Lastly, all the three groups in the three Prairie provinces make provision for
uncertainties in climate. Excess water and resultant drainage issues (in Manitoba)
and lack of water and scarcity resulting in quantity issues (in Alberta) are pre-
dominant themes. However, the lack of evidence of planning and adapting for
climate change is indeed a concern. Research into whether the plans and activities
are taking into account and preparing for the exigent events of climate change
would be beneficial. Again, other methods of data-gathering would be required to
explore this fully.

This review of social learning occurring in relation to the watershed advisory
committees in the three Prairie provinces confirms that social learning is occurring.
Data is being gathered, collated and applied by these groups in relation to
important water issues and decisions. Capacity is being developed within each
watershed advisory group and its community in relation to making decisions or
providing input into decisions respecting water. Lastly, there is evidence that these
groups are making decisions and reviewing decision-making factors and infor-
mation in an ongoing fashion; watershed plans are not stagnating from lack of
relevance and usage.
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Chapter 42
These are Our Water Pipes—Sand Dams,
Women and Donkeys: Dealing with Water
Scarcity in Kenya’s Arid and Semi-Arid
Lands

Abigail Cruickshank and Velma I. Grover

Abstract The uncertainty and intensity of rainfall, and the high evaporation rates
in Africa’s arid and semi-arid lands are making traditional water sources unde-
pendable. Sand Dams represent a development and adaptation strategy that is
increasingly being used to combat this growing water insecurity. When opera-
tionalized, these small-scale structures increase the size of the riverbed reservoir,
thereby allowing more water to be captured and stored during the rainy season.
Additionally, a developed Sand Dam is argued to improve the quality of water and
build resilience through enabling ecological restoration, diversified livelihoods and
the creation of socioeconomic capital. The first section of this paper focuses on
how the Sand Dam strategy brings added advantages by reviewing the literature
and evaluating the effectiveness of Sand Dams as a development and adaptation
strategy. The second section presents findings from five Sand Dam projects in
Kenya and explores which social factors and processes are contributing to the
success of projects. The case studies emphasize the importance of community
cohesion and drive, capacity building and follow-up from the implementing
institutions. It has been noticed that these social factors are equal in importance to
the proper construction and technical considerations of the concrete structure and
are in fact the key factors ensuring that a Dam matures into a proper functioning
Sand Dam.
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Introduction

The fourth Intergovernmental Panel on Climate Change (IPCC) report (2007)
states that 25% of Africa’s population (200 million people) are currently experi-
encing high water stress and that by 2020, between 75 and 250 million people are
projected to be exposed to an increased water stress due to climate change. Among
the areas most affected will be the arid and semi-arid lands (ASALs), which
account for more than two-thirds of the African landmass. These zones are
extremely susceptible and vulnerable to water shortages and drought, receive an
annual rainfall of below 700 mm, and support a population of over 400 million
Africans (Darkoh 1993; IISD 2007). Climate change aggravates the existing
problems of poverty, water and food insecurity.

Coping mechanisms for dealing with drought and uncertain rainfall are failing,
as rains have become more unpredictable and drought more frequent. The Gov-
ernment of Kenya (GoK) (2009) explains that in the past, droughts used to occur
every 10 years; now the frequency is every five years. Traditionally used water
sources such as scoopholes in dry riverbeds and hand-dug shallow wells are
drying. Excellent Development (2007), an NGO dealing with water security in
Kenya, states: ‘‘during drought women can spend 5–8 h a day to collect 20 l of
dirty water, leaving little time for other activities’’.

Guided by the premise that water security and water conservation needs to be
a priority in any successful development initiative in ASALs, this study inves-
tigates the potential of Sand Dams as a strategy to increase the adaptive capacity
of rural communities. This is accomplished by assessing the effectiveness of
Sand Dams as an adaptation strategy and by evaluating five Sand Dam projects
in Kenya to determine which factors have contributed to successful Sand Dam
projects.

Sand Dams as Effective Adaptation Strategies
in Africa’s ASALs

The lack of perennial rivers, the combination of brief intensive rainfall events,
excessive runoff and high evaporation in Africa’s ASALSs culminate in water
insecurity. Typically, during the rainy season, rivers have a surface flow for
only short periods after intense rainfall (Mutiso n.d.). The flow appears as a
flash-flood event, leaving local communities to access the remaining river
baseflow by digging deep scoopholes in the riverbed (Nissen-Petersen 2006).
Under climate change, even riverbed aquifers are drying up during prolonged
drought (Mutiso n.d.). A Sand Dam is an impervious structure built across an
ephemeral stream, which blocks the loss of water downstream, providing more
retention time for water to infiltrate (Fig. 1). A mature Sand Dam is one in

702 A. Cruickshank and V. I. Grover



which the Dam has filled with Sand, thereby increasing the storage capacity of
the riverbed.

Sand Dams are being advocated as effective climate change adaptation
strategies for arid and semi-arid environments in developing countries. The low
cost and simple technology is promoted as being easily transferable and
accessible to rural communities which have limited financial resources but have
access to labour and local materials (Sand, rocks and water). The technology of
harvesting and storing water below ground is deemed appropriate for an
environment that brings heavy rainfall that quickly disappears through runoff
and with the high evaporation. In addition, the strategy’s participatory nature is
viewed as a building block, facilitating collective action and subsequent
development activities.

Case Study Area: Kitui and Makueni Districts, Kenya

The study focussed on five Sand Dams in Kenya’s Eastern province, Kenya’s
second largest province. It borders Ethiopia to the north, Northeastern and
Coastal provinces to the east, and Central and Rift Valley provinces to the
west. The principal focus of this research is on the arid and semi-arid districts
of Makueni and Kitui, located approximately 150 km east of Nairobi (Fig. 2).
Eastern province is home to some of the poorest areas in Kenya, and has more
than 58% of its population living below the poverty line. Significantly higher
than the province’s average, Makueni and Kitui districts have 70 and 69% of
their populations living in poverty. In addition, in both districts the majority of
the population live in rural areas (90 and 82%, respectively), which have a
higher percentage of people living below the poverty line than in urban areas.
Rural dwellers are dependent on small-scale farming and pastoralism for
livelihood, which combined with low and erratic rainfall creates a population
vulnerable to water scarcity (Few et al. 2006; Ministry of Planning, National

Fig. 1 Schematic cross-section of a typical Sand Dam (Borst and De Haas 2006)

42 Dealing with Water Scarcity in Kenya’s Arid and Semi-Arid Lands 703



Development 2002a, b). These two districts also represent areas that lack
reliable potable water sources and experience high levels of food insecurity,
creating vulnerability that would benefit from the effective implementation of
adaptation strategies. In fact, both areas have frequent emergencies due to crop
failures and food shortages.

The climate in all five case study sites is semi-arid, characterized by high
temperatures and low erratic rainfall. On average, the temperature in Makueni
district is 22.1�C, while Kitui’s is slightly higher at 24�C (Borst and De Haas
2006; Ministry of Planning, National Development 2002a, b). The high tem-
peratures result in high potential evaporation rates, which exceed rainfall and
cause scarce surface water to dry up quickly. Rainfall in both districts varies
with altitude and topography and is bimodal. In the upland areas, rainfall can
range from 800–1200 mm, whereas the lowland areas receive less than 730 mm
of rain per year (Ministry of Planning, National Development 2002a, b).

Fig. 2 Location of Makueni and Kitui districts within Kenya’s arid and semi-arid lands (source:
www.aridland.go.ke)
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The rains fall in October to January and March to May. In all the study sites,
precipitation occurs as intense storms causing excessive runoff, little infiltration
and massive losses of water downstream (Mutiso n.d.). Drought is a recurring
phenomenon in semi-arid climates, as it is common for rains to fail. On
average, both districts experience drought once every 4–5 years (MDK 2005 in
Lasage et al. 2008). Kenya is considered a water-scarce country with surface
water covering only 2% of the landmass and an annual availability of 647 m3

of renewable freshwater per capita (UN-Water, Water/Africa 2003; UNEP
2006). By 2020, this availability is expected to drop to 359 m3 per capita due
to population growth (UNEP 2006). While 68% of the urban population have
access to safe water, only 49% have access in rural settlements (UNEP 2006).
The percentages are even lower in Makueni and Kitui districts, with 10 and 6%
of households, respectively, having access to potable water (Ministry of State
for Planning, National Development and Vision 2030 2008; District Commis-
sioner of Kitui, 2002 in Lasage et al. 2008).

In both districts, the climate and vegetation have been altered by the clearing of
land for agriculture and settlement and by the felling of trees for firewood and
charcoal production. Fuelwood and charcoal account for over 66% of Kenya’s
energy production. Kitui district produces over 300,000 bags of charcoal annually
(FAO Kenya 2007). Gazetted evergreen and mist forests currently account of only
2.2 and 1% of Makueni and Kitui districts’ respective total area (Ministry of
Development and Planning 2002a).

Methodology

The investigation was a case study approach, focusing on five Sand Dams in
Kenya’s Eastern province. Primary data was collected through household
questionnaires, focus group discussions, participant observations and formal
semi-structured interviews with project leaders, community development
workers, local and district administration, farmers and community groups. Four
of the five Sand Dams had already been constructed and have been operating
for various lengths of time. The fifth Sand Dam was still in the construction
phase of the project (winter 2008). Two different institutions located in two of
Kenya’s semi-arid districts completed the five Sand Dams. The two institutions
were selected as they were addressing water scarcity through the construction
of Sand Dams.

The two institutions implementing the Sand Dam projects in the case studies
were (1) the Arid Lands Resource Management Project (ALRMP) and the Centre
for Science Technology Innovations implementing the ‘‘Increasing community
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resilience to drought in Makueni district’’ (Resilience) pilot project1; and (2)
Sahelian Solutions (SASOL),2 a Kenyan NGO based in Kitui district, Kenya. The
Resilience pilot project sought to address community vulnerability to drought
through prioritizing several goals simultaneously. While Sand Dams were a pri-
ority for improving water security, it formed only one of the main goals of the
project. In contrast, SASOL, which overall also seeks to reduce vulnerability to
drought, does so through using water as the main platform. The belief is that the
Sand Dam projects provide the necessary access to water for other development

1 ‘‘Increasing Community Resilience to Drought in Makueni District’’ Adaptation Project,
Makueni District, Kenya

The regional project ‘‘Integrating Vulnerability and Adaptation to Climate Change into
Sustainable Development Policy Planning and Implementation in Southern and Eastern Africa’’
was initiated by the United Nations Environment Programme (UNEP) in 2006. Through pilot
projects undertaken in Kenya, Mozambique and Rwanda, which focused on priority areas such as
water and agriculture, the regional project expected to build the capacity of each country to
generate and use climate information and to implement adaptation strategies in the field as well as
to integrate climate knowledge into policies and plans. In Kenya, the ‘‘Increasing community
resilience to drought in Makueni District’’ pilot was a 3-year project focusing on increasing
household food security through increased livelihood resilience and reduced vulnerability to
drought, on reducing poverty through improved livelihoods, and facilitating the integration of
climate change and adaptation into policy development and planning.

Sakai sub-location in Makueni District was selected for the pilot project. Sakai is situated
20 km from one of Makueni’s major centres, Wote. It is home to approximately 750 households
and a population of 4,800 (Resilience project 2008). The current study focused on the three
villages in Sakia where the pilot project was to build Sand Dams. The first Sand Dam constructed,
Kwa Dison, is located in Muiu village, along Lumu stream (GoK 2008). The second one, Kwa
Mutingu, is located in Nthongoni village, along Mutingu stream. Kwa Mutingu was not
completed and poorly constructed. The construction of the third Sand Dam, Kwa Ndeto, in
Kathamba village, along Mutomo stream, has not begun. The Sand Dam committee is active and
has prepared the area three times, as the cement did not arrive in time after the first and second
attempts at digging the trench, resulting in it being washed away by the rains.
2 SASOL’s projects, Kitui District, Kenya

Sahelian Solutions, or SASOL Foundation, is a local Kenyan NGO that has been operating in
ASALs since 1990. The NGO focuses on dealing with drought mitigation and capacity building
and seeks to address household and production water scarcity through Sand Dam technology.
To date, SASOL has built over 500 Sand Dams in Kitui District, Kenya, which is the highest
concentration of Sand Dams around the world. Today, they operate under three principles. The
first principle outlines their belief that although the technology is simple, it has enormous social
organization potential. The second principle is to focus on ‘‘green’’ water instead of the
predominant focus on ‘‘blue’’ water. Sand Dams act to enhance the system as opposed to wells,
which are purely extractive. The third principle expresses the need for the communities to be
involved in the whole process. SASOL provides the community with the material and knowledge
but requires that the demand, drive and labour all come from the community. Two randomly
selected SASOL Sand Dam projects were visited. The projects were the Musingu Sand Dam
along the Muvuko river, in Mutha division, Kanziku location, Keutunda sub-location and Kwa
Ndunda Sand Dam along the Kiindu River, Kitui Central division, Mulango location, Kyangunga
sub-location, Kitunda village. The second location is approximately 15 km from Kitui town,
which is the district’s capital, while the first is located approximately 25 km from Mutomo.
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activities and they also help to build social capital, which can then be utilized to
accomplish other initiatives (Mutiso and Mutiso n.d.).

Evaluation of Sand Dams as an Adaptation Strategy

This section will evaluate the use of Sand Dams as an adaptation strategy.
Combining characteristics outlined by De Loë et al. (2001) with those from the
literature led to six evaluation criteria selected as exemplifying appropriate
adaptation strategies in the water sector (Burton et al. 1998; Smit et al. 2000; Smit
and Pilifosova 2001). As such, effective adaptations should be: no regret measures;
improve equitable access to freshwater; reduce socioeconomic vulnerabilities;
minimize environmental impacts; be cost-effective; and feasible, both in the sense
of feasibility to implement and long-term sustainability.

No Regrets Measures

De Loe et al. (2001) used the criterion ‘‘no regret measures’’ to illustrate that
planned adaptations should offer additional benefits and be effective strategies
under current climate conditions. Many water supply strategies, such as shallow
wells and boreholes, are extractive. These methods rely on the continual with-
drawal of groundwater, depleting the aquifer and causing the source to become
dry. In contrast, rainwater harvesting (RWH) methods, such as Sand Dams, seek to
enhance the amount of water available. These methods catch and store rainwater,
preventing the waste of water downstream.

A typical mature Sand Dam, with a height of 1–4 m above the surface, can have
a stored volume of 100,000–50,000,000 l and can be fully recharged from a single
flash flood (Ertsen et al. 2005). The Sand also acts to protect the water from
evaporation. Water that is 60 cm or deeper below the surface experiences virtually
zero evaporation (Nissen-Petersen 2006). Lasage et al. (2008) estimated that the
potential evaporation in Kitui district is 1,500–1,600 mm/year, far exceeding the
average precipitation for the same area of 1,000 mm/year. The recharge rate and
protected storage capacity of Sand Dams make this strategy suitable for dealing
with current climate typical in ASALs, as well as future scenarios under climate
change.

Improve Equitable Access to Freshwater

With SASOL’s high concentration of Sand Dams in Kitui district, over 120,000
people are reported to have improved access to water (Borst and De Haas 2006).
Sand Dams do increase the amount of available water and perform optimally if the
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Dam is properly managed and it reaches maturity. A Sand Dam can take 5–7 years
to mature, i.e. for the reservoir to fill with Sand (Mutiso and Mutiso n.d.). Within
this time period, catchment degradation and Sand harvesting in the riverbed needs
to be properly managed. Many constructed Sand Dams have not realized their
potential, as they are experiencing siltation caused by catchment degradation and
erosion (J. Nakiyu, personal communication, 15 April 2009). However, to ensure
equity of access, Sand Dam projects need to consider which households are the
intended beneficiaries, how far the households are from the source, and what is the
means of transporting water to the household. The strategy’s ability to influence
equitable access to freshwater is ultimately dependent on project planning,
implementation and management.

For both institutions the point of entry was through the local administration.
As a result, the group of households designated to be involved in the project was
characterized by political boundaries. Unfortunately, Sand Dam placement is not
always amenable or equitable within this predetermined community in a specific
political boundary. For many members in the case study projects, the Sand Dam
proved too far to be a useful source of water. In one community, nearly a third of
households interviewed felt that the Sand Dam was located too far away to be
beneficial.

Sand Dam projects are cost-effective because they rely on community partic-
ipation in the form of labour, but households that cannot view the benefits are
unlikely to participate. Participation further impacts equity as the majority of Sand
Dam committees interviewed intended to restrict access to only those who par-
ticipated in the construction.

In reality, the committees may or may not be able to put this into practice.
To ensure that communities benefit from the natural percolation provided by the
Sand, water should be accessed from the Dam by either a shallow well on the bank
or a pipe protruding on the downstream side of the Dam (Fig.3). If collection was
restricted to these methods, then committees could exercise some control on
access. However, there are no sure measures to stop members from accessing the
stored water, as anyone could dig a scoophole in the riverbed. Equitable access is
also determined by the means with which households transport the water to their
homesteads. Those that have other means of transporting water back to their
homesteads, such as with a donkey or cart, can collect more water (Kitundu
respondent, personal communication, 17 February 2009). Only one committee had
capped the amount of water each household could withdraw and to avoid
congestion implemented a schedule outlining when each household could access
the Dam.

On a larger scale, equitable access needs to take into consideration the entire
catchment. Each Sand Dam project should evaluate the potential of negatively
impacting downstream users. A study completed by Borst and Haas (2006) indi-
cated that a single Sand Dam may reduce the flow downstream by 2–3%. Ersten
and Hut (2009) cautioned that these findings corresponded to Kitui district’s
upland areas, which experience higher rainfall than Kitui’s lowlands areas. Sand
Dams in these areas might collect a higher percentage of the total annual runoff.
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Ersten and Hut (2009) found that analysing the entire watershed findings might
indicate that the water being lost to downstream users was not of beneficial use,
because the short fast runoff is not harvested or because the runoff causes flat areas
to be inundated.

Reduce Socio-Economic Vulnerabilities

The increased availability and the improved proximity of water through the con-
struction of Sand Dams have had a positive effect on community social and
economic vulnerabilities. SASOL found that ‘‘households on land adjacent to the
regenerated rivers are now earning more than 100,000 Ksh from bucket irrigation
during the three dry months of August, September and October’’ (Mutiso and
Mutiso n.d.). More available water contributes to increased agricultural output,
allowing farmers to grow more vegetables and build larger herds of healthier
livestock. A study comparing changes in income over 10 years in Kiindu and
Koma catchments in Kenya showed that income increased by 9,000 Ksh for
households in Kiindu catchment, which had three Sand Dams (Lasage et al. 2008).
The same study found that the percentage of irrigated crops (bucket irrigation) had

Fig. 3 Option for accessing
water from a Sand Dam.
A shallow well can be placed
on the bank (top) or a pipe
can be fitted through the Sand
Dam (bottom) (Protos 2006)
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risen from 37 to 68% in the catchment with the Sand Dams (Lasage et al. 2008).
Other research has noted that communities were able to diversify crop production
thus decreasing their susceptibility to a total crop failure (Manzi 2005). Results
from the present study indicated that 41% of households in the community with the
oldest Sand Dam were able to grow more vegetables as a direct result of the Sand
Dam and 19% believed there had been an increase in crop production. In the four
case study communities where the Sand Dams were complete, households noted
livestock were healthier and grew faster as they were not walking long distances in
search of water. As a result of Sand Dams, farmers in Kenya have been able to
collect more milk and sell livestock for higher prices (F. Ndeto, personal com-
munication, 31 March 2009). The benefits garnered by livestock can quickly result
in community vulnerabilities if access of livestock to Sand Dams is not adequately
managed. Livestock directly accessing the baseflow through traditional scoopholes
will also defecate and urinate, thereby contaminating water collected downstream.
The large numbers of cattle entering the riverbed might also exacerbate problems
of erosion. It is therefore necessary that communities devise measures to reduce
contamination and erosion such as by building watering troughs adjacent to the
Dam.

The shortened distance and increased supply enables women to save a con-
siderable amount of time normally reserved for fetching water. Remple et al.
(2005) found that, on average, Sand Dams with water available saved households
2.4 h per trip. As a result, women are able to spend more time on household
chores, agricultural activities, and other income-generating enterprises. Lasage
et al. (2008) found that households in the Kiindu catchment had increased their
domestic and agricultural water consumption by 50% within ten years after their
Sand Dam had been constructed. The increased use of domestic water allows for
improved hygiene practices such as more frequent washing of hands, body and
clothes. A focus group participant in the current study explained that before their
Sand Dam, her children used to go for days without washing or laundering their
clothes but now she can clean them every day (Kitunda focus group participant,
personal communication, 16 March 2009). This same participant claimed that
there has been a reduction in head and bed lice since the Sand Dam, probably due
to more frequent washing. The higher washing frequency decreases the incidences
of skin infections and diarrhoea. Remple et al. (2005) noted that the medical
director of a clinic in Kitui district where Sand Dams have been built attributed the
decrease in diarrhoea and skin ailments to increased water availability. The Sand
also acts as a natural filtration system, disinfecting the water people will use for
domestic purposes (RAIN Foundation and Acacia Waterstop 2007). Vegetable
production, often cited as a benefit of Sand Dams, will also boost household well-
being and nutrition through better access to produce in local markets and omitting
the cost of travelling to larger urban markets.

Household economic standing increases as time saved allows women to
implement better agricultural practices and to focus on other income-generating
activities. Manzi (2005) found that a production increase of approximately 20%
for maize, beans and legumes could be directly attributed to the time saved and
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water availability from the local Sand Dam. Diversification of livelihoods is
facilitated not only by time, but also through the Sand Dam itself. The improved
water tables and necessary erosion control measures lead the community to grow
grasses along the riverbanks. The grasses can be sustainably harvested and sold
or used to feed livestock. Excess Sand can also be collected and used in con-
struction or the making of bricks. One focus group participant described that
before the Sand Dam there were few permanent buildings in the village but now
there are many (Kitunda focus group participant, personal communication,
16 March 2009).

Immature Sand Dams can create community vulnerabilities. If Sand hasn’t yet
filled the reservoir, surface water can collect behind the Dam, creating a pool of
stagnant water. This presents a hazard to children who are susceptible to drowning
and to the community as exposed surface water is predisposed to contamination
and provides of a suitable breeding ground for mosquitoes, resulting in more
frequent outbreaks of malaria (ALRMP n.d.). This can be avoided by constructing
the Dam in stages, thereby reducing the depth of surface water.

Socioeconomic vulnerabilities can also be reduced through the creation of
social capital. The participation involved in Sand Dam projects creates social
capital, which can be harnessed to complete other development projects. The
extension of group activities directly attributed to the construction of the Sand
Dam was difficult to assess. Three of the five Sand Dam committees evaluated
stated that other initiatives were started because the project showed the community
the power of uniting. The community with the oldest Sand Dam had definitively
carried out other ventures such road maintenance and started other livelihood
activities such as tree nurseries and beekeeping. These developments can, how-
ever, at least partially be attributed to training sessions offered by SASOL and the
Kitui Development Centre (KDC). Remple et al. (2005), in their review of 30 of
SASOL’s Sand Dam projects, found limited evidence of collective action, but
noted that 22% of households interviewed did report an increase in group activities
post Dam construction.

Impact on the Surrounding Environment

The construction of a single Sand Dam can influence water levels to a distance of
350 m upstream and downstream (Quilis et al. 2009). The improved water table
allows ecosystems to regenerate. Sand Dams decelerate catchment degradation by
enabling vegetative growth. In order for Sand Dams to reach maturity and function
at optimum efficiency, effective erosion control needs to be in place. In each Sand
Dam location, communities have been encouraged to develop terraces in their
homesteads and to plant grasses, shrubs and trees along the natural river line to
stabilize the banks and decrease erosion. The time saved from fetching water
enables communities to put these practices in place and increases the amount of
stored water, facilitating vegetative growth. Substantial regeneration of natural
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vegetation is evident where Sand Dams have been constructed. Sand Dams
themselves have also been constructed to reduce erosion and functionalize gullies.
Nissen-Petersen (2006) noted that Sand Dams were built in gullies to harvest Sand
and stop it from silting up Lake Victoria.

Cost-Effective

Sand Dam projects use a cost-sharing approach. Communities are required to
provide the labour and locally available materials such as Sand, stones and water,
while the project proponent supplies the technical support, supervision and nec-
essary materials such as cement, ballasts and pipes. SASOL additionally asks the
community to provide housing and food to the artisans. The cost-sharing approach
used improves the project viability by making it cost-effective and therefore
accessible for rural communities, NGOs and governments with limited resources.
The cost of an average SASOL Sand Dam is US$5,000 plus community contri-
butions (Ersten and Hut 2009; Lasage et al. 2008), which equates to an average
cost of US$5–10/consumer. Mati (2005 in Maddrell and Bown n.d.) noted that
Sand and subsurface Dams are the cheapest water-harvesting technique to
implement, as compared to water tanks, which are ten times the cost.

Feasibility

The practicality of Sand Dams as an option for decreasing vulnerability to
water scarcity in rural ASAL communities in Africa depends primarily on the
technology’s affordability and achievability. As illustrated above, the low cost
and cost-sharing approach enables Sand Dam projects to be readily affordable
to NGOs or governments and the local communities. The achievability of the
strategy is enhanced because it is culturally appropriate as Kenyans have been
collecting water from ephemeral streams through scoopholes for centuries.
There are, however, impediments and areas of concern regarding Sand Dam
construction and maturation. In addition to problems of siltation and contami-
nation listed above, each community must take into consideration labour
requirements and land ownership. Sand Dams are labour-intensive strategies.
All of the Sand Dam committees interviewed agreed that the organizing and
maintaining adequate participation was challenging. The communities are
required to collect heavy stones, to search for water in order to mix cement,
and to dig the trench for the Sand Dam. The lack of food impacted community
participation both in terms of members lacking energy and as fields needed
tending. This participation tended to be not readily forthcoming due to their
heavy preoccupations.
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As an adaptation to climate change, the long-term feasibility of the project is
determined by the ability of the technology to operate under expected changes
in climate. Unlike many water supply infrastructures, Sand Dams are not
extractive technologies. They contribute to water conservation and groundwater
recharge, which will lessen the impacts of climate change. In Kitui district, the
annual runoff is expected to decrease by 1 and 34% in the November to March
and April to October seasons, respectively, due to climate change (Aerts et al.
2007). While precipitation is expected to increase overall, the decrease in runoff
is associated with the higher rate of potential evaporation due to the increase in
average temperature of 3�C. As water held within a Sand Dam is less sus-
ceptible to evaporation, these techniques and the water stored become more
important and lastingly productive. Under climate change scenarios, Aerts et al.
(2007) found that there remained enough water to fill the current 500 Sand
Dams located in Kitui district and the percentage of the annual catchment
runoff collected by the Dam increased. During the April to October season, the
percentage of annual runoff collected behind the Dams changed from 3% in the
1950s to 20% in 2100 (Aerts et al. 2007). While Sand Dams are still effective
at collecting water, the higher percentage of runoff may cause conflict with
downstream users.

Factors and Processes Contributing to or Constraining
Successful Implementation of Sand Dam Development
and Adaptation Strategies

Several studies have evaluated the physical and socioeconomic feasibility of these
structures (Borst and De Haas 2006; Lasage et al. 2008; Quilis et al. 2009). They
noted that the strategy increases the amount of stored water, reduces poverty and is
cost-effective, robust and simple to implement. However, the ultimate success of
the strategy within an area has been linked to community organization and com-
mitment. Lasage et al. (2008) reflect on this in the following:

more research needs to be done before Sand Dams can be up-scaled to other areas as
adaptation to droughts. Besides the relative simplicity of the technique the commitment
and organization of the community is a very important factor for the success. This must be
taken into account when the feasibility of implementing the technique in other regions is
explored.

For Sand Dams to be effectively implemented in other communities and by
other institutions, it is important to identify the necessary conditions that ensure
success and how to develop and nurture these conditions. The case studies high-
lighted the importance of community motivation, capacity building and follow-up
from the implementing institutions. It was noticed that these social factors are
equal in importance to the proper construction and technical considerations of the
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concrete structure and are in fact the key factors in a Dam maturing into a proper
functioning Sand Dam.

Community Motivation

Community-based projects can either be initiated by a community group or by an
implementing body. Motivation is implicit in projects initiated by the communities
and is evident by the fact that the community has organized, identified problems,
decided on possible solutions and has begun looking for resources. In this scenario,
the community is the driving force. In contrast, in all five case studies, the
implementing body initiated the project. It was the responsibility of the project
proponents to mobilize the communities and ensure that the communities were
equipped with the necessary know-how. From the case studies there emerged
different factors and processes that both enabled and constrained the development
of community motivation such as past experiences, perceptions, beliefs and
ownership, community cohesion and spirit, and participation.

Past Experiences, Perceptions, Beliefs and Ownership

Each community joins a new project with past experiences, beliefs and percep-
tions, all of which will influence their motivation to complete the Sand Dam
project. In Keutunda village, the community had previously constructed a Sand
Dam with another organization, which according to SASOL never functioned
(F. Kimwilu, personal communication, 19 February 2009). This past project
impacted participation from the community, as many felt disillusioned and no
longer believed in the technology, while others misunderstood the technology,
believing simply that Sand Dams take a very long time to mature and collect
water.

In order to form a composite of their beliefs and perceptions, households and
Sand Dam committee members were asked to identify the main problems in their
communities. Water shortages, lack of food and health were mentioned most
frequently, but were not always linked as being addressed by the Sand Dam
project. Sand Dam benefits most frequently listed were improving water avail-
ability and permitting vegetable gardens. Seldom mentioned were health benefits
associated with cleaner water, the ability to wash more often, and time saved by
having nearby water sources. Both past experiences and potential benefits need to
be carefully integrated into capacity-building processes.

Community beliefs and religion also represent an important influence. For all
the case study communities, religion impacted their worldview. Over 40% of
households interviewed were convinced that God was the main cause of the failed
rains. This trust in an omnipotent God also influenced the people’s faith or lack
thereof in their own solutions to the identified problems. In every community with
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the exception of one, there were individuals who felt that only God could fix their
problems. Respect for and sensitivity of religious beliefs were crucial in gaining
credibility and trust within the community.

Dependence on governments and non-governmental institutions was also evi-
dent in the case study communities. Many households expressed that solving the
problems of water scarcity was the responsibility of the government. This
impacted the community’s motivation to complete their own projects. Institutions,
especially government organizations, implementing Sand Dam projects need to
ensure that it is not simply perceived as a government or non-governmental
intervention but rather as a joint venture with the community. During the focus
group discussions, the Sand Dam committees were asked to describe the driving
force and community vision behind their project; most responses simply indicated
that they provided labour to get water and did not understand linkages to a broader
vested goal of community development. In fact, the Kitunda village Sand Dam
committee clearly stated that it was SASOL’s vision and not their own. Sand Dam
project proponents claim that community empowerment is created through their
participation in the project. However, in all but one case study community, the
committees became inactive once the Dam was built. It was evident, strictly from
the Sand Dam project, that, with the exception of Kitunda village, the communities
had not realized their power or the potential of the project to act as a catalyst.
In other words, development efforts were a participatory effort and could open the
gateway for democratic progress.

Buiding ownership of the Sand Dam increases community motivation to com-
plete and care for the project. Ownership needs to be addressed on several levels
including legal ownership, care and financial ownership, and sense of ownership.
Sand Dams in most of the case study locations appeared to be built adjacent to
private land. In Kenya, permits to water resources run with the land; therefore, it is
necessary that at the onset of the project the implementing institutions ensure clear
definition of ownership and rights of access. Failure to ensure definiteness in these
rules and regulations might result in the community being denied access. The
committee should operationalize a signed memorandum of understanding between
the landowner, the implementing institutions and the community. In addition,
Remple et al. (2005) noted the importance of ensuring that the community gains
ownership of the riverbanks surrounding the Dam. Control of this exterior boundary
supports the Dams’ reaching maturity, as the community can legally plant grasses
and control erosion. Feelings of ownership and the assumption of responsibility are
harder to attain and are not simply achieved through the signing of legal documents.
Most community members interviewed believed that the community owned the
Dam; however, responses were far less convincing when the majority felt that it was
the responsibility of the implementing institution to fix/maintain the Dam. The
Sand Dam committees, by contrast, knew it was their duty to take care of the Dam,
but none of them had established any, or thought of any plans as to how this would
be accomplished. Additionally, all of the Sand Dam committees indicated that their
first step would be to contact the project proponents. It is clear that proper training
in project sustainability and management is funDamental to the long-term success
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of Sand Dam projects. A sense of belonging and participation in the beneficiary
community needs to be fostered from the beginning.

Findings from the case study communities, additionally, indicated that both
organizations missed the opportunity to build ownership through emphasizing the
cost contribution of labour and local materials. A key enticement for Sand Dam
development projects is the notion that the community contributes half or more to
the cost of the project. However, only two households interviewed (both from
SASOL’s projects) believed that the implementing institutions and the local
community jointly funded the project. Involving the communities in cost analysis
and budget planning could help the participants realize the value of their work and
build ownership through participating in more levels of planning. This will have to
be done by the (government) mandated village committee or administration since
it is a considerably technical process.

Community Cohesion and Spirit

Trust, cohesion and proactive spirit are all the idyllic characteristics presumed to be
inherent in many rural African communities. However, in each case study com-
munity, there was evidence of tensions and conflicts within the project team and
community. In one community, the assistant chief felt that the Sand Dam committee
had acted dishonestly and had promised community members that they would be
paid for working on the project (D. Mutisya, personal communication, 23 February
2009). The committee explained that the only exchange of money was from
households that did not participate, who were fined either 50 Ksh or had to bring
some food for the participants. The assistant chief also indicated that there was a
lack of communication from both the Sand Dam committee and the implementing
institutions. Project proponents should recognize that the assistant chief is a sig-
nificant bridge between the community and the district government and wields a
certain amount of influence. Another project built their Sand Dam with only 18
members, in a community with 128 households. In this community, there were
again conflicts over payments and the disappearance of materials. Despite the fact
that the Sand Dam was built, there are ill feelings throughout the community.

Tensions may also originate outside of the project but need to be addressed. For
example, limestone deposits found within one community impacted motivation to
complete the project. Two cement companies were vying for mining rights and as
a result, residents speculated that the local administration and others would benefit,
while the rest would simply be displaced from their homes. Another indicator of
this community’s lack of cohesion was the fact that more than half of the
households interviewed were not part of a single self-help group. Implementing
institutions need to work beforehand to build social capital and address community
problems through processes of social learning.

Initiating procedures can facilitate or hinder the development of a cooperative
group spirit. Both implementing institutions in this study requested that the

716 A. Cruickshank and V. I. Grover



communities find potential sites for the Sand Dam and select a Sand Dam
committee. The communities were advised to select sites that were accessible and
would serve the largest number of people. Being involved in the process of
placement contributes to community cohesion, as members feel as though they had
had some input in the planning stage. All of the committee members from each
case study claimed to be democratically elected by their communities. While
SASOL would advise communities as to the composition of the committees,
suggesting that there should be an equal representation from people of different
age groups, genders, education levels, religious beliefs and political party affilia-
tions, they do not dictate the process (Ertsen et al. 2005). The households inter-
viewed came forth with multiple responses when asked of the existence of the
Sand Dam committee and how the members were selected. From both the Kitui
district locations, almost half of the respondents indicated that the committees
were democratically elected; the remaining respondents were unsure of the pro-
cess, the committees’ existence, or believed that the village elders had chosen the
members. The responses were more distributed for the projects in Makueni district.
In general, the largest percentage of people indicated that they were unsure how
the committee was selected. Organizations implementing Sand Dam projects
should include as many participatory processes as possible to help build cohesion
and make an effort towards inclusive and participatory development.

Participation

Participation is the cornerstone of Sand Dam development projects. Irrespective
of the quantum of community benefits brought about by participation, the
involvement of the people is necessary in order to keep the cost of the project
low and viable to institutions. As there is a considerable amount of hard work,
requiring physical strength and stamina, it is essential that communities gain as
many participants as possible in order to share the work. One Sand Dam
constructed by SASOL, required, on average, 604 man/woman working days.
Balanced between 30 community members, this still amounts to 20 full days of
labour. Excellent Development found that younger communities are less affected
by the level of work and are therefore more often successful with Sand Dam
projects (J. Mukusya, personal communication, 22 January 2009). Institutions are
thus encouraged to ensure that younger community members are motivated to
participate.

The Sand Dam committees promoted participation in several ways. People were
mobilized to take part in the project through community meetings where the
benefits of Sand Dams were explained and by the village elders, who went door to
door, persuading members to participate. Groups also commonly used fines and
restrictions. All of the committees described that households in the community that
did not participate were fined and individuals who were late were also fined.
Nevertheless, little evidence was found that fines in any form were ever collected.
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Enforcing and monitoring participation proved to be complicated. In many
households, the able-bodied were needed in the farms or had migrated in search of
employment, leaving the sick or elderly to look after the children. For the
committees, it was difficult to determine which reasons were justifiable for not
participating. Enforcement agreed work norms were indeed difficult.

Several solutions were suggested during the focus group discussion to address
the impediments to participation, such as distance to project sites, and household
duties. Many households interviewed indicated that they did not participate
because the Dam was too far to benefit them. One Sand Dam committee sug-
gested creating a community vision. The vision would outline all the goals they
had for their community and how these goals were to be accomplished. In this
way, the households that were more remote would feel as though the community
was working towards a common objective. All households struggled to partici-
pate throughout the dry season, as food was scarce. This scarcity influenced
energy levels to complete the work in time as households needed to search for
food and water. In two projects, participants brought food and cooked together.
Another group suggested that institutions factor in food-for-work programmes, as
then the community would be able to build faster and more members would
participate. Food-for-work has been a successful part of Excellent Development’s
projects.

It general, the case studies revealed that incentives and effective mobilization
were better motivators than restrictions or fines, which were perceived negatively
and found infeasible to enforce. Project proponents need to invest the time and
other resources to ensure that communities are genuinely keen and able to com-
plete the work necessary for the project to be successful.

The idea behind the cost-sharing strategy is that an actively engaged commu-
nity that expends their time and energy to the construction of the Sand Dam will
develop de facto ownership of the Dam and be vested in its success. The contri-
bution of free labour for projects is not a new phenomenon in rural African
communities; despite this, projects across the continent have not been duly
maintained. Building ownership and ensuring that Sand Dams reach maturity and
work effectively will require community participation in addition to simply pro-
viding labour for the construction. In this regard, both the Resilience pilot project
and SASOL had limitations in that the organizations were only offering the initial
technical strategy. Both institutions initiated the project through participatory
approaches; where the communities identified their problems, however, neither
organization could enable the communities to develop their own plans to
accomplish what they wanted to achieve. According to an Excellent Development
co-founder, ‘‘success depends on freedom given to communities to make deci-
sions, when freedom is given communities are more committed’’ (J. Mukusya,
personal communication, 22 January 2009). During both the household ques-
tionnaires and the focus group discussions, it was apparent that community
members saw the implementing bodies as leading and directing the project and not
themselves. The majority of households interviewed in Makueni district stated that
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the community had very little to do with the initiating or planning stage of the
project. In contrast, the majority of respondents in Kitui district believed the
community played a large role in the planning, which included scheduling working
days, selecting the site, and electing the committee. The more stages that the
community is allowed and enabled to participate in, the greater the encouragement
to build capacity and sustain it collectively.

Capacity Building and Training

Building a community’s capacity to effectively maintain, manage and ensure their
Sand Dam reaches maturity is essential for a successful and sustainable project.
In each community there was evidence of past projects that were no longer
functioning. In part, this can be related to lack of training and understanding of the
technologies on the part of neighbourhood beneficiaries.

With the exception of basic knowledge, such as that a Sand Dam would bring
more water and that with more water they would be able to grow more vege-
tables, all the case study communities but one lacked a true understanding of the
function of a mature Sand Dam and how to ensure a Sand Dam reaches maturity.
A common illustration of this was the belief that if communities continued to
collect water from scoopholes adjacent to the Sand Dam, as opposed to the
installed pipes or shallow wells, then the Sand Dam wasn’t working. One
community where the outlet pipe had never been fitted believed that even if rains
came and filled the Dam, they would not be able to access the water for domestic
consumption. Members from another project indicated that the Sand Dam was
not working because there was no water in the shallow well built adjacent to the
Dam. However, even after the second failed rainy season, the community was
able to collect water from deep scoopholes in the vicinity of the Sand Dam,
which previously would have been dry. The communities did not comprehend
that the Sand Dam causes the water table in the local area to rise. Only one
committee approached this level of understanding by explaining that one of the
intended benefits of the Sand Dam is that the surrounding area would become
greener.

As noted earlier, drowning was mentioned as a potential hazard associated
with Sand Dams. Upon further inquiry this suggested a misunderstanding of the
technology. Several members in each community believed that the purpose of the
Dam was to block surface water, resulting in a collected body of open water.
They did not realize that this open body would only be associated with an
immature Sand Dam. A mature Sand Dam should be filled to the height of the
Dam with Sand, minimizing the potential for drowning. This misconception will
negatively impact Sand Dam maturation, as community members will be more
likely to practise Sand harvesting close to the Dam. The tendency of this mis-
understanding was also noted by Gaff (2005), who stated ‘‘communities did not
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recognize that the accumulation of Sand in a streambed was just as important a
piece of their realization of water security as their construction of a cement and
stone barrier—that a streambed without Sand was also a streambed without
water’’.

Furthermore, only one case study village linked erosion control, promoted
within the projects, as a requirement for a properly functioning and mature Sand
Dam. The other communities recognized practices that would control erosion, such
as building terraces and planting grasses. However, they felt that these strategies
were implemented only as a means of improving agricultural production. This was
especially evident with the three communities in Makueni district forming part of
the Resilience pilot project. The structure of the project was such that all objec-
tives and associated activities ran concurrently. The participants who received
training on proper agricultural practices such as erosion control were not neces-
sarily the same as those participating in the Sand Dam construction, hence there
was little opportunity to link the natural resources management practices to the
Sand Dam. This emphasizes the fact that the Sand Dam user community needs
persistent long term advice and persuasion to utilize the intended full and diverse
potentialities emanating from the project.

All of the Sand Dam committees claimed that they were promised training
sessions regarding Dam maintenance; however, only the communities in Kitui
district received the promised sessions. SASOL offers each community that
builds a Dam a series of three training courses. These training sessions are
fundamental to empowering the community and providing them with the tools to
guarantee that optimal results are realized from their Sand Dam development
project. The first training session taught the communities about proper natural
resources management. The groups were told about the interactions between air,
soil, water, and vegetation and the necessity to take care of each element. They
were also shown how to harvest water and manage runoff, for example by
building terraces and capturing road runoff. The second session outlined proper
project management. The goals of this course were to ensure project sustain-
ability by training the community to use water wisely and to generate income
through horticulture, beekeeping and pottery (F. Ndeto, personal communication,
31 March 2009). The third and final session focused on participatory hygiene and
sanitation. This course taught the community to be proactive about health and
well-being by being aware of and mitigating disease transmission. They are
educated on the prevention of malaria, the proper disposal of waste and how to
implement personal hygiene. Each session occurred over the course of a week
and was offered to ten members of the community. Those who are trained by
SASOL are then expected to return to the community and train ten other
members. Interaction and communication with the two communities under
SASOL’s guidance provided evidence that the delivery of the training sessions
were less than ideal. In both communities, cattle could be seen accessing water in
the riverbed in places upstream from where residents collected their domestic
water. The connection that livestock were polluting the water flowing down-
stream to the community scoopholes was not realized. Gaff (2005) also noted
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that the sessions were dense and packed with information and that the partici-
pants, most of whom had had little formal education, were ‘‘left to pick and
choose among the varying lessons that had been handed to them over the course
of training, latched onto one or two that seemed most interesting and carried that,
and that alone, back to their communities’’. Ideally, the lessons should be spread
out over time, enabling the students to absorb the material and have opportunities
to ask questions.

While the Resilience project disseminated similar information to the commu-
nities through multiple strategies, this training was not linked to the Sand Dam.
Instead, the Sand Dam was simply viewed as a concrete structure which when built
would supply more water. It has been clearly established that in order for a Sand
Dam to be successful, the community must be engaged in much more than the
construction. Jucinda Nakiyu from the Kenyan Water Resources Management
Authority stated in an interview: ‘‘training is crucial; it is the key issue. It is this
aspect that takes the most time. We have to sit down and decide how they want
their catchment to be managed so that their water sources remain viable and
healthy. If the Sand Dams are to have an effect the community needs to learn how
to manage and have to be effective managers. How the Sand Dam will be managed
needs to be written in from the very initial proposal, don’t build the Dam without
the community being involved and the management being written’’ (J. Nakiyu,
personal communication, 15 April 2009).

Communication, Promises and Follow-Up

Organizations implementing development projects need to recognize that their role
extends beyond the provision of material resources. Although delivering on the
resource promises is essential, the manner, timeliness, and level of communication
and follow-up also have significant impacts on project success.

Both the Resilience project and SASOL missed key opportunities to encourage
and facilitate community ownership through their lack of follow-up. SASOL’s
mandate is to build as many Dams as possible in Kitui district and it therefore
directs its resources to construction as opposed to follow-up and the ensuing
project maintenance (Gaff 2005). However, contrasting the two SASOL case
studies can show the importance of maintaining the connection with the com-
munity. Kitunda village is highly organized and has completed several other
development projects, which they claim were catalysed by SASOL and the Sand
Dam. The Sand Dam committee in Kitunda explained that they now come together
as a community and look at their problems and discuss solutions. Currently, the
community is divided into four subgroups, with each group tackling a particular
problem or livelihood activity such as tree planting and the creation of a nursery,
poultry keeping, goat keeping, and fruit tree planting. In addition, the community
has also extended its enterprises into beekeeping and sunflower production, which
provides them with edible oil. They have also decided to reunite as a group in
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order to rehabilitate the road network in their village (Kwa Ndunda focus group
discussion, personal communication, 16 March 2009). In the 14 years since
Kitunda village’s Sand Dam was completed, SASOL has never left the commu-
nity. As the village is close to Kitui town and SASOL’s headquarters, it has often
been used as a demonstration Sand Dam for funders and other interested propo-
nents. SASOL has also formed key partnerships, which influence the communities
close to Kitui town. Through an agreement with a university in the Netherlands,
students are able to come to Kenya and complete research projects at this site. This
often leads SASOL back to Kitunda village, where the community is asked to
support the students and, in turn, the community benefits through encouragement
and new ideas. Another fruitful alliance for Kitunda village is the partnership
between SASOL and the KDC. SASOL engaged the KDC to run their three
training programmes in Kitunda village, which consequently led to other devel-
opment projects with the community. In contrast, Keuntunda sub-location has not
benefited from any of these partnerships or the strong presence of SASOL.

The level of rapport and communication that communities have with project
proponents also influences their pride, confidence and ability to strengthen their
projects. The majority of households interviewed in Kitui district knew that it was
SASOL that had completed the project and neither Sand Dam committee stated
that there were any communication problems. In addition, both committees could
easily identify ways to contact SASOL if necessary. Unfortunately, the same
cannot be said for the projects in Makeuni district. The majority of households
interviewed could not identify any of the proponents involved in the project.
The Resilience pilot project was a complex, multi-stakeholder project involving
researchers from the Centre for Science and Technology Innovations (CSTI), the
Arid Lands Resource Management Project (ALRMP) and several other line
ministries, such as the Ministry of Water and Irrigation, Ministry of Gender and
Social Development and the Ministry of Agriculture. The many partners, as well as
the several programmes being implemented concurrently and involving different
groups of community members, created confusion. While the Sand Dam com-
mittees recognized that the Sand Dam projects were connected to the larger
Resilience project and could identify several contacts, few households made the
connection. The three committees also expressed frustration indicating that com-
munication with the project proponents was lacking. One Sand Dam committee
indicated that they had not heard from the implementing institution in almost a
year. Officials from the pilot project were still operating within the community but
with another subsection of the project, thereby demonstrating the disconnect
between the various areas of the pilot project. This multi-faceted project design
requires diligent communication to prevent missing of opportunities and detri-
mental impacts. The Sand Dam committees in all three communities in Makueni
district felt as though the project had broken promises made to them and disap-
peared. In Muiu, the committee was waiting as they were told the Sand Dam
would be raised over time. In Nthongoni, the Sand Dam was never fully com-
pleted, and in Kathamba, the community dug the trench for their Sand Dam three
times and still had not had cement delivered. There were also communication
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breakdowns and coordination problems between all the different sectors imple-
menting the project. The project was being overseen and coordinated by the
ALRMP from the district headquarters in Wote; however, the line ministries
implementing the activities were located in another town. With regard to the Sand
Dam project, there were misunderstandings in terms of who was responsible for
ordering the materials, arranging for it to be brought to the community and
knowing who was keeping it (F. Ndeto, personal communication, 31 March 2009).
There was also significant confusion regarding who was in charge of supervision,
training, and signing off on the completed Dam. Staff resources and transportation
were other limiting factors in maintaining contact with the communities
(M. Kamwanza, personal communication, 26 March 2009; F. Ndeto, personal
communication, 31 March 2009).

Even while projects are constrained by funding schedules and resources, short
follow-up sessions where training is provided and the community is encouraged in
their progress are essential. In addition, return visits force the Sand Dam com-
mittees to reconnect. Jucinda Nakiyu, Water Resources Management Authority,
explains that when they work with Water Resource User Associations (WRUA),
they plan on being involved with them for 10 years. She argues that it is only after
approximately 10 years that the groups will be stable and self-sufficient enough to
be left alone (J. Nakiyu, personal communication, 15 April 2009). The Resilience
project did take this into consideration and while the pilot project is 3 years, the
partnership with the ALRMP was meant to facilitate an ongoing resource for the
communities.

Conclusion

As an adaptation strategy with the potential of lessening community vulnerability
to water scarcity, Sand Dam development projects have been shown to be
appropriate. In contrast to other water supply infrastructures, a Sand Dam adds
value to the system by harvesting water that otherwise would have been lost
downstream. In addition, the water is protected from high evaporation and cleaned
through a natural filtration process. The cost-sharing approach ensures community
involvement and provides an implementable project for many governmental and
non-governmental organizations working in rural Africa. The benefits of a Sand
Dam also reach beyond the provision of water. The reduced distance to a water
source that remains yielding throughout the dry season provides households with
more time to spend on other income-generating activities. The economic standing
of the community also increases as livestock are healthier, vegetables can be
grown, and alternative livelihoods can be established.

While these benefits can be realized, it is evident from the case study com-
munities that a Sand Dam development project requires much more than simply
building a concrete structure across an ephemeral stream. The Dam itself is only
the beginning of the project; however, too often the project proponents fail to take
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into consideration the factors necessary to ensure that a ‘‘Dam’’ becomes a ‘‘Sand
Dam’’. Participation and capacity building are the keys to success. The experiences
from the case study communities illustrate that there are many underlying reasons
affecting a community’s willingness to participate. Effective projects need to take
the time to develop community cohesion and drive in order to successfully
complete the Sand Dam. The construction phase, although requiring hard work, is
the easy part for the communities who are used to following directives. Ensuring
that a Sand Dam reaches maturity and remains viable is highly unlikely without
proponents investing in training and building capacity. These efforts require a
large amount of time and resource investment, which is often beyond the scope of
an organization’s funding cycle. A solution, which was illustrated by SASOL’s
experience in the Kitunda community, is partnership building. If organizations
building Sand Dams partner with another that would facilitate training in natural
resources management, hygiene, project management, and building capacity for
alternate livelihoods, communities would experience maximum benefit. The length
of time that communities are encouraged and supported would be doubled.
In addition, in times of need, the contacts and social resources that communities
can draw on would have increased through the multiple partnerships.
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Chapter 43
Urban Rainwater Management Using
the Aquifer for Storage as One Measure
to Confront Changed Water Availability

Reinhard Marth and Leonel González González

Abstract This paper presents an adapted set-up for urban rainwater management
since the upscaling of the classical set-up tends to be problematic. It is found that
this is mainly due to the high investment costs required for the construction of
storage elements such as tanks or cisterns. The general idea of the proposed set-up,
therefore, is to combine the decentralized catchment and infiltration of rainwater at
household level with a centralized water supply system. The water supply of the
households is provided through a high connection rate to the water supply system,
exploiting the local groundwater resources. The rainwater is infiltrated on-site into
the subsoil and stored in the local aquifer allowing for indirect reuse in the
households through the water supply system. The proposed set-up requires the
existence of a competent water management institution and the implementation of
an appropriate management model. Possible benefits and important challenges of
the proposed set-up are discussed herein, as well as a future extension including
on-site treatment of greywater. It is concluded that the proposed set-up could be
very beneficial to achieve sustainable usage of groundwater resources in the urban
context. However, there is no experience, since the proposal has not been
implemented yet.
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Introduction

Changed precipitation patterns and extended dry periods are among the most
important challenges resulting from the climate change. Communities confronted
with this situation need to increase the resilience of their water resources
management in order to secure the water supply of the population. While surface
water bodies such as rivers and lakes show more variability with changed
hydrological conditions, the importance of groundwater resources will increase in
future. Rainwater harvesting and recharge of groundwater resources are key ele-
ments for sustainable water management in arid or semi-arid regions.

Since rainwater harvesting and artificial recharge can play a major role in
achieving sustainability of drinking water sources, local communities need to be
encouraged to take them up on a large scale (Ray 2002). In Mexico, however, it is
found that the upscaling of successful pilot projects is difficult. This paper presents
an adapted set-up approach for urban rainwater harvesting, including a manage-
ment model which could encourage the application.

Rainwater Harvesting in Mexico

The Situation in General

In Mexico, water availability per capita is decreasing. Figure 1 presents the annual
freshwater availability per capita in cubic metres showing a clear tendency to
critical values, particularly in central and northern Mexico (national average:
4427 m3/cap/year in 2005).

The main reasons for this situation are:

• Growth of population.
• Increase of water demand for agricultural, industrial and commercial activities.
• Deficiency of the water networks.
• Lack of awareness in the population of the situation of the environment.

The situation is especially critical in central Mexico, a very important part of
the country in terms of politics and economy, with more than 30 million inhab-
itants mainly living in urban areas. The decreasing water availability has been
aggravated by changing precipitation patterns in recent years. Heavy rainfalls
during the rainy season seem to be intensifying, while precipitation during the
drought season is decreasing. The consequences are more frequent inundations
during the rainy season and water shortage during the dry season. This observation
is in line with the findings of Bates et al. (2008).

The growing interest in rainwater harvesting systems in Mexico led to some
pilot projects. Figure 2 shows two examples in central Mexico which combine the
classic design of the system with some interesting features, lowering the operation
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costs. Figure 2 on the left shows a system which supplies a small rural community.
A special roof system was built to catch the water on an elevated point outside the
community allowing for the supply by gravity. Figure 2 on the right shows a
storage tank of a system for a secondary school. The water is pumped by means of
a solar power system to small rooftop tanks which assure the pressure for the
supply. For both projects, high investments had to be made for the roof
construction, the tanks and the solar power system.

In general, there have been good experiences made with rainwater harvesting
pilot projects in Mexico. However, the upscaling of these projects remains very
difficult.

This situation is mainly caused by two important factors:

1. Lack of adequate institutions which have the capacity to implement rainwater
harvesting projects: only large urban municipalities can count on professional
water utilities. The small urban municipalities mostly lack capacitated insti-
tutions for water management. The water systems, run directly by local
governments, work inefficiently and without any long-term planning.

Fig. 2 Examples of rainwater harvesting tanks in Mexico. On the left: catchment and storage of
rainwater for a small community (129 inhabitants) in Aguascalientes (Source: Aguascalientes
2006). On the right: rainwater harvesting tank in a state school, Estado de México (Source: Marth)

Fig. 1 Availability of freshwater per capita (m3/cap/year) in Mexico from 1950 to 2005 (with
data from CONAGUA 2008)
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2. High investment costs: the implementation of a classic rooftop rainwater
harvesting system requires rather high investment costs (compare example
below). The implemented pilot projects usually rely on national or international
funding. For a broad dissemination in private households, very little funding is
available.

The result of this situation is that there is little incentive for private households
(particularly in urban areas) to implement rainwater harvesting systems.

Example for a Draft of a Typical Rainwater
Harvesting System

To demonstrate the difficulties of implementing rainwater harvesting systems in
Mexico, the rough draft of a typical domestic system is given below. Figure 3
shows the monthly precipitation averages in the Toluca valley, situated in central
Mexico close to Mexico City. Figure 3 clearly marks the differences between the
rainy and the dry season, each of them lasting about six months. A rainwater
harvesting system at household level should be designed to store the exceeding
rainwater from May to October, in order to cover the water demand in the other six
months, which have very occasional precipitation.

Table 1 shows the volumes of rainwater which could be harvested in a site in
the Toluca valley applying different catchment areas and a long-term collection
efficiency of 85% (recommended by Ree 1976).

In the official statistics of the national water authority, it is estimated that the
average water demand of a family in Mexico is about 30 m3, which is far more

Fig. 3 Distribution of precipitation in Toluca valley in central Mexico [monthly averages (mm)].
The precipitation is shown from May to April to demonstrate the marked differences of the rainy
and dry seasons (based on unpublished data from CONAGUA)
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than 200 l per person daily (CONAGUA: Comisión Nacional del Agua 2008).
This high value is mainly caused by the bad state of the infrastructure. High water
losses in the water supply systems are very common. For the design of a rainwater
harvesting system, daily consumption per person of 150 l is realistic. Applying the
average size of families, this amounts to consumption of about 20 m3 in a month in
a household.

The values obtained in Table 1 exhibit that this demand requires high
catchment areas. Even during the rainy season, a rooftop area of more than 125 m2

is necessary. In order to cover the water demand throughout the whole year with
rainwater, a rooftop area of more than 300 m2 would be required. The required
storage capacity of the tank or cistern would be about 100 m3, a magnitude far
beyond the resources of a private household.

A study by the National Institute for Ecology of Mexico about the charac-
teristics of households in central Mexico reveals that the average construction
size in the urban context is about 105 m2 (INE 2002). Modern constructions are
usually two-storey-buildings, a consequence of increasing prices of land. The
large areas required for rooftop catchment in most cases are not available. Even a
reduced monthly water demand of 10 m3 for a household would require a rooftop
area of at least 150 m2 and a storage capacity of 50 m3 for coverage throughout
all the year.

The most expensive part of a rainwater harvesting system is the tank or
cistern for storage. In NWP: Netherlands Water Partnership (2007), it is esti-
mated that the construction of a 60 m3 ferrocement tank in a developing
country could cost about US$1,900. Worm and van Hattum (2006) analysed the
data of different NGOs which implemented rainwater harvesting systems in

Table. 1 Potential rainwater harvesting for a location in Toluca valley (central Mexico)
collected with different rooftop catchment areas applying a collection efficiency of 85%

Month Precipitacion (mm) Volume collected (m3) with a catchment area of

50 m2 75 m2 125 m2 300 m2

January 15.35 0.65 0.98 1.63 3.91
February 9.15 0.39 0.58 0.97 2.33
March 12.50 0.53 0.80 1.33 3.19
April 29.16 1.24 1.86 3.10 7.44
May 75.78 3.22 4.83 8.05 19.32
June 169.23 7.19 10.79 17.98 43.15
July 190.24 8.09 12.13 20.21 48.51
August 184.81 7.85 11.78 19.64 47.13
September 157.40 6.69 10.03 16.72 40.14
October 69.70 2.96 4.44 7.41 17.77
November 17.82 0.76 1.14 1.89 4.54
December 10.33 0.44 0.66 1.10 2.63
Total 941.45 40.01 60.02 100.03 240.07
Monthly average 78.45 3.33 5.00 8.34 20.01
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Nepal and worked out that the construction cost per m3 of storage volume are
between US$78 and 142.

In Mexico, as a transition county, costs tend to be comparatively high:
an estimated US$4,000 for a 60 m3 tank, not including excavation costs for
construction below the soil surface. A pilot project in the Toluca valley shows that
above-ground plastic-lined tanks could be an economic alternative. The four tanks
with a total volume of 320 m3 cost about US$10,000. Unfortunately, the low
physical life of such plastic-lined tanks of 5–10 years does not provide a long-term
solution. Also, the space constraints of the urban context usually do not allow for
above-ground solutions.

The conclusion from the hydrological boundary conditions is that very large
catchment areas and storage volumes are required to cover the water demand
completely by means of a rainwater harvesting system. The high investment costs,
particularly due to the need for considerable storage volumes, are a main
impediment to the upscaling of existing rainwater harvesting projects in the
domestic sector.

Situation of Water Supply, Drainage and Treatment Systems

The coverage with connections to the public water supply is comparatively high in
Mexico: 89.2% in total and 95.0% for urban areas (CONAGUA 2008). The most
important source for the water supply is groundwater. The statistics of CONAGUA
(2010) show that nationwide 15% of the aquifers are overexploited. The situation
is even more dramatic for central and northern Mexico.

Whereas the population is well served with water supply, only 67.6% of the
population was connected to public sewers in 2005 (CONAGUA 2008). It is
difficult to find reliable data about the coverage with treatment. From the official
statistics it can be deduced that less than 40% of the wastewater receives some
kind of treatment. The observation of the authors is that many wastewater treat-
ment plants work insufficiently and/or are operated irregularly.

It is very common that the sewerage systems are combined sewers which in the
rainy season are frequently overloaded due to high stormwater volumes. Usually
there is no infrastructure for the separation and retaining of stormwater. Also, the
wastewater treatment plants suffer from high variable volumes. The consequence
of the low coverage with wastewater treatment and overloading of the existing
plants is the frequently observed heavy pollution of surface water close to urban
areas.

The implementation of rainwater harvesting systems on a large scale offers not
only opportunities for the water supply side. Since the rainwater is infiltrated on-
site, lower volumes of stormwater will enter the drainage and water treatment
systems.
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Proposal for Urban Rainwater Management

General Ideas

As mentioned above, rainwater harvesting at domestic level in Mexico is
economically unviable due to the high investment costs required for large catch-
ment areas and storage volumes. As the tank or cistern is the most expensive
element of the system, a proposal was developed for a system operating without a
storage element on-site.

The main ideas of the proposal are:

• To use the aquifer for storage of rainwater.
• Combination of decentralized rainwater harvesting systems with a centralized

water supply system.

Figure 4 compares the usual set-up (on the left) with the proposed set-up (on
the right). The household is served through the water supply system with potable
water, originating from groundwater, and is connected to the drainage system.
As mentioned above, in most urban municipalities in Mexico, the coverage with
water supply is very high. The widths of the arrows used in the diagrams indicate
the corresponding volumes. The management of the rainwater makes the differ-
ence between the two schemes. In the usual set-up the rainwater which falls on the
impermeable areas of the household enters the drainage system and, in the case of
combined sewers, mixes with the wastewater, resulting in large volumes to be
treated in the treatment plant. In the proposed set-up, the rainwater captured on the
rooftops is infiltrated on-site into the subsoil. Therefore, the volume of wastewater
generated is considerably decreased. The rainwater infiltrated into the subsoil

Fig. 4 Scheme of an adapted water management system including rainwater infiltration at
domestic level
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recharges the aquifer and is indirectly reused in the household by means of the
public water supply.

The idea of using the aquifer for storage is nothing new. Sadoff and Muller (2009)
state that discussions of how to provide sufficient storage tend to focus on large-
scale, man-made storage dams, but there is a range of storage options, which include
natural storage, such as groundwater (naturally or artificially recharged), wetlands
and lakes. Garduño et al. (2006) indicate that the natural storage of groundwater
bodies can be used to buffer the climatic variability of river flow and together
provide a more reliable water supply at lower cost and higher efficiency than would
otherwise be possible. In NWP (2007) it is noted that the use of sub-surface storage
in aquifers offers advantages with regard to storage volumes and natural filtering but
is relatively unknown. Consequently, examples of the application of sub-surface
storage in aquifers are very hard to find in literature. Some successful implemented
projects can be found in van Steenbergen and Tuinhof (2009).

Focusing only on the water supply side, the approach of storing rainwater in the
aquifer has the important shortcoming that the reuse of the water requires pumping
from the aquifer. But considering also the costs for drainage and treatment systems
in an integrated scheme, the approach can lead to an economic solution.

Technical Issues

Figure 5 shows a possible implementation of the adapted set-up. The rainwater is
captured from appropriate rooftops and then transported through gutters and
channels to an artificial hollow or ditch, where it infiltrates into the subsoil. One
indispensable element of the system is the water meter, measuring the withdrawal
of water from the public water supply. The measurement of the water volume
consumed in the household is a basis for the management system.

To aid broad application of the set-up, emphasis should be taken to choose
elements which are economical and easy to maintain. The local market offers
different materials for gutters and channels. There is also a whole range of different
infiltration systems allowing the subsoil infiltration for different boundary condi-
tions (soil characteristics, rain intensities, space constraints, land use, local cli-
mate, etc.), ranging from infiltration wells to simple infiltration ponds or trenches.

The infiltration basins shown in Figure 6 are very economical solutions. They
are easy to construct and to maintain. They aim to copy the natural infiltration
process. The upper natural soil layer with its rich content of biosphere helps to
clean the infiltrated rainwater.

The volume of the infiltration basin needs to be designed according to the rain
intensities, the rainwater volumes captured and the soil characteristics. In the case
of intense rainwater events, the rainwater will be stored in the basin temporarily
but should be infiltrated into the ground within a reasonable time to reduce
evaporation losses and to prevent insect breeding. As a rule of thumb, the space
requirement of such a basin can be calculated at 10–15% of the catchment area.
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The form of the infiltration basin can be adapted to the local space constraints
and demands for the utilization of the area. A wide but shallow basin, as shown in
Fig. 6 on the right, allows for a wide range of utilization of the area when the basin
is not filled with water. In areas with multiple dwellings, the captured rainwater
can be directed to areas where space and proper soil is available for the infiltration
(Fig. 6, on the left).

Management Model

Since the proposed rainwater harvesting systems operate without any on-site storage
element, an appropriate management model is necessary. A prerequisite is the
existence of a water management institution interested in better management of the

Fig. 6 Examples for the implementation of infiltration ponds in Germany. Photo on the left:
infiltration basin with gravel filling for a multiple dwelling (AxelHH, Wikimedia Commons).
Photo on the right: rectangular infiltration basin for a detached house, allowing for use as garden
area (Pleil et al. 2005)

Fig. 5 Elements of the adapted set-up with rainwater infiltration

43 Urban Rainwater Management 735



hydraulic recourses. This water management institution—a municipal or private
water utility or a community-led organization—secures the water supply of the
households by means of a high connection rate to a centralized water supply system.

The general idea is that the household uses predominantly that amount of water
which was infiltrated into the subsoil by the same household. The amount of
rainwater infiltrated can be estimated easily by means of the local precipitation
data and the catchment area connected to the infiltration system. This value needs
to be reduced due to collection losses depending on the roof design and the gutter
system, as well as to evaporation losses from the infiltration system. Calculating
the infiltrated rainwater throughout a year gives a specific basic water volume for
the corresponding household.

As part of the management model, an adapted tariff system with increasing
block rates should be applied. In this tariff system, the first block corresponds to
the specific basic water volume of each household. If the consumption exceeds the
specific basic water volume, increased tariffs are applied. These household-specific
tariffs offer a good basis to establish a balance between the exploitation of the
aquifer and the recharge gained by the decentralized infiltration. The proposed
tariff system would require a rather high level of administration capacity and
public awareness-raising activities. An alternative is the classification of the
households corresponding to the amount of rainwater infiltrated on-site. House-
holds with high infiltration rates could be offered discounts on their water bills.

The management model proposes that the households would directly be
responsible for the construction, operation and maintenance of the rainwater har-
vesting systems. This ownership fosters house-owners’ understanding offunctioning
of the system and the importance of sustainable water resources management. The
house-owners should be in close communication with the water utilities, which
would have the following specific tasks within the management model:

• Providing water supply to the households.
• Analysing and monitoring the hydrological conditions, including the monitoring

of the aquifer and the soil conditions.
• Identifying areas within the operation area where the implementation of

decentralized rainwater harvesting systems is possible.
• Promoting the proposed decentralized rainwater harvesting systems.
• Technical advice for planning, layout, construction, operation and maintenance

of the rainwater harvesting systems.
• Monitoring the implemented rainwater harvesting systems and the quality of the

infiltrated water.
• Designing and implementing an appropriate tariff system.
• Financial support (loans, grants, temporarily reduced tariffs).
• Specific capacity building within the institution.

An alternative to the household-driven approach proposed here could be the
introduction of user groups or neighbourhood organizations which could organize
the operation and the maintenance of the systems in a better way than single
households.
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Benefits and Challenges of the Adapted Set-up

The main benefits of the proposed set-up are the following:

• The managed rainwater infiltration on-site prevents the pollution of stormwater
due to superficial runoff, runoff in open drainage channels and/or mixing with
wastewater.

• Considerably reduced volumes of wastewater, which allow for better operation
and maintenance of the wastewater treatment.

• New housing projects can be designed without any stormwater systems or with
considerably reduced diameters.

• Better and more secure performance of the groundwater resources due to
decentralized recharge with every rain event.

• High storage volume in the aquifer, hygienically safe and long-lasting storage.
• Less danger of inundations due to reduced stormwater runoff and overloading of

sewage systems.
• Every household is infiltrating ‘‘its’’ specific basic water volume. This, together

with an appropriate tariff system, could help to prevent the overexploitation of
aquifers.

• The implementation of the rainwater harvesting systems fosters the awareness
about water resources management issues.

• Benefits for the users: low water price for a basic water volume and compara-
tively low investment costs for the implementation of the system.

The main challenges of the proposed set-up are:

• The rainwater stored in the aquifer needs to be pumped for reuse. A remedy for
shallow aquifers could be the application of windmills for pumping. A project in
Paraguay, presented in van Steenbergen and Tuinhof (2009), shows the
successful implementation of such a concept for a small rural community.
However, the energy reductions resulting from reduced wastewater volumes and
the reduced inundation damages can more than compensate the energy needed
for pumping.

• The set-up requires certain conditions for the aquifer and the subsoil. Bates et al.
(2008) mention that the unsaturated zone should be sandy and highly permeable
and that the depth to the groundwater table should be at least 4 m to avoid
evaporation. Ideally, the rainwater is infiltrated in the same aquifer from which
the groundwater is extracted for the water supply. Thus, clear subsoil conditions
and uniform aquifers are advantageous.

• Awareness raising and motivation of the users to participate in such a rainwater
infiltration programme. As the proposed set-up implies a lot of benefits for the
water utilities, the water utility should actively promote the implementation and
upscaling. The water utilities need to offer incentives for the implementation,
including awareness-raising activities and financial support or facilitation of
materials such as gutters, channels and other construction materials. The user-
driven systems also need to be monitored by the water utilities and
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complemented by measures in public areas such as public buildings, streets and
squares implemented by the authorities to set examples.

• The definition of the tariffs and the amount of the subsidized specific basic water
volume need to be carried out carefully. As the rainwater captured by a
household depends on the design of the house, but the water demand depends on
the number and on the activities of the persons living in the household, there is
the danger of unequal conditions. A study in central Mexico indicates that for
every additional person in a household, the water demand grows by 18–26%,
whereas for every additional m2 of construction, the water demand increases by
3–6% (Mosqueira 2004). The tariff system also should consider that a household
which implements a rainwater harvesting system pays lower fees than a similar
household which does not participate in the programme.

• Also, ground catchment of rainwater may be included to gain more infiltration.
Ground catchment increases the danger of contamination. Another risk is the
possible motivation of sealing up of land (the more impervious the area, the less
is paid for potable water). To avoid this situation, it would be necessary to define
an upper limit of the specific basic water volume which is subsidized by the
tariff system.

Adapted Set-up Including Greywater Treatment and Reuse

A possible extension of the proposed set-up is the inclusion of on-site greywater
treatment into the scheme.

Figure 7 outlines the adapted set-up with decentralized rainwater infiltration
and greywater treatment on-site. The greywater inside the house is separated from
the blackwater and directed to an on-site treatment facility. The treated greywater
thereafter is used as service water in the same household or alternatively infiltrated
into the subsoil. Since a large proportion of the domestic wastewater is greywater
(around 70%) and an important part of the potable water can be replaced by
service water, the consumption of potable water in the household and the volume
of wastewater generated could be reduced significantly.

The high potential of greywater recycling as well as the design of economic on-
site greywater treatment systems are very well known (for example Tilley et al.
2008). The reuse of treated greywater is possible at different levels. The high-level
reuse replaces potable water as much as possible. The design requires considerable
investments in new installations inside the building (plumbing, pumps, storage
reservoir, overhead tanks). The low-level reuse proposes to use the treated grey-
water only for irrigation and cleaning purposes and for infiltration into the subsoil
for aquifer recharge. For this case only small devices for short-time storage of the
treated greywater are necessary.

The main additional benefits of the adapted set-up including the on-site grey-
water treatment are:
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• For the case of high-level reuse: less potable water demand of the household.
• For the case of low-level reuse with infiltration into the subsoil: higher recharge

rate of groundwater resources.
• Less wastewater generated from the household, reduced wastewater volume to

be treated.

The most important challenges are:

• The household becomes responsible for greywater treatment. This is a paradigm
shift which in most places is very difficult to overcome and requires intense
awareness-raising activities and active communication between the water utility
and the users.

• The infiltration of treated greywater into the subsoil under the responsibility of
the households includes the risk that contaminated water is infiltrated due to bad
operation or shortcuts.

• High investment costs for high-level reuse, lower investment costs for low-level
reuse.

• The successful application of constructed wetlands for the treatment of the
greywater would require the shift of washing habits (appropriate soaps and
washing powders).

Conclusions

The observations made here show that even in a transition country like Mexico,
which has far better economic conditions than most of the developing countries,
the classical design of rainwater harvesting systems is too costly to be dissemi-
nated on a large scale. The high coverage with connections to the water supply

Fig. 7 Adapted set-up including greywater treatment and reuse in the household as service water
applying ‘‘high-level reuse’’
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system in urban communities in Mexico allows for a set-up which spares the
storage element, the most expensive element of classic rainwater harvesting
systems.

The proposed set-up combines decentralized rainwater harvesting systems at
household level with a centralized water supply system, using the aquifer for
storage, which, by nature, offers ideal conditions. The decentralized on-site
infiltration on a large scale helps to prevent inundations and the pollution of
stormwater. On the other hand, the treatment of wastewater is facilitated due to
lower wastewater volumes and more steady conditions. It is important to
accompany the rainwater harvesting systems with an appropriate management
system, converting the households into the responsible units for operation and
maintenance of their catchment and infiltration systems. The general idea of the
management model is that the household uses the amount of water which corre-
sponds to the infiltrated amount of rainwater on the site of the same household. A
crucial condition for the successful implementation of the proposed set-up is the
existence of a water management institution which has the technical and admin-
istrative capacity and the willingness to implement the management model in the
long term. Water utilities meeting these conditions in Mexico are only found in
major cities.

The discussion of the benefits and the challenges indicates that the proposed
set-up can be an alternative for the urban context. The combination of decen-
tralized rainwater harvesting systems with a centralized water supply system is
very promising in order to achieve a better resilience of water resources
management. A future extension of the proposed set-up, which includes the on-site
treatment of greywater, offers even more benefits for water resources management.
The proposed set-up is still lacking implementation. It is hoped that the basic ideas
will be implemented soon in Mexico, or in another county with similar hydro-
logical conditions.
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Chapter 44
Educating for Sustainable Consumption
as a Response to the Global Water Crisis:
An Investigation of an Embedded
Learning Approach

Daniel Fischer and Eva Freund

Abstract Patterns of consumption are considered as a main driver of climate
change. Consequently, the promotion of sustainable consumption features prom-
inently on the international agenda. Education and educational organizations are
considered a key instrument to contribute to a more sustainable socialization of
youth consumers. Surprisingly, in light of the importance accredited to education
for the promotion of sustainable consumption, specifications of educational
organizations’ potential contributions remain vague and empirical research on
school efforts to engage students with the notion of sustainable consumption
incomprehensive and rare. The paper synthesizes conceptual contributions to the
discussion of education for sustainable consumption and proposes an approach to
an embedded consumer learning that blends formal and informal learning meth-
ods. In the empirical study presented, qualitative research was conducted to
explore the effects of curricular and action-based education on vocational school
home economics students’ perceptions of and relations to sustainable consump-
tion. The findings suggest that while the school’s educational methods exert an
influence on students’ awareness, attitudes and behavioural intentions, these only
have loose implications for self-reported consumer behaviour. Also, curricular
methods that students are exposed to prefer certain issues such as health and
environment over others such as social and cultural aspects. Drawing on the
findings of the study, implications are drawn for a more holistic approach to
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education for sustainable consumption in schools that accounts for both rich
thematic contexts and formal and informal learning processes, seeking to better
align consumption-related educational theory and practice.

Keywords Education for sustainable consumption � Consumer learning � Informal
learning � Food and nutrition �Water � Student company � Vocational school

Water, Consumption and Sustainable Development

In the dawn of the twenty-first century, mankind is facing a situation in which
human activities ‘‘are having impacts on a planetary scale’’ (WBGU 1996, p. 15)
that have the ‘‘potential to make irreparable changes to the entire global fabric,
including […] climate, water distribution, land use and biodiversity’’ (Harris 2007,
cited in Barth and Rieckmann 2009, p. 23). The exerted impacts have caused
transformation processes covering a wide range of environmental, economic,
social and cultural changes that can be referred to as global change. The German
Scientific Advisory Council on Global Environmental Change has typified sixteen
syndromes of global change (WBGU 1996) that cover utilization (e.g. overculti-
vation, overexploitation), development (e.g. uncontrolled growth, urban expan-
sion) and sink (e.g. waste disposal, contamination) syndromes. The scarcity of
water resources and the problems of distributing access to them are representative
of overarching problems in the context of global change. Key issues in the
freshwater crisis comprise potential conflicts ensuing from water resource prob-
lems, threats to human health and food provision, degradation of freshwater
habitats and neighbouring biotopes, as well as the development of adequate water
treatment technologies (WBGU 1997). The global water crisis marks an aggra-
vating problem in the context of sustainable development and a priority field of
action to ensure that humans’ most basic and existential needs are sufficiently met.

‘‘Two-thirds of the global population live in areas receiving only one-quarter of the
world’s rainfall. And about 40 percent of the global population currently live in water
stressed areas. Experts predict that this figure will rise to between 50 and 65 percent by
2025’’ (Zygmunt 2007, p. 9).

Given the urgency of the problems outlined, surprisingly little attention has
been paid to it in the first decade after Rio. While the concepts of global warming
potential (e.g. the recently popularized product carbon footprint) (Finkbeiner
2009), and particularly the ecological footprint (Wackernagel and Rees 1996),
have established themselves in the broader discourse on product life cycle
assessment approaches to sustainable consumption and production, the discussion
of water resources management mainly remained focused on the production side
and confined to expert circles. It was not until recent years that an elaborated
consideration of water consumption in the entire life cycle of products has
advanced. In 2002, the concept of the water footprint was developed ‘‘in order to
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have a consumption-based indicator of water use that could provide useful
information in addition to the traditional production-sector-based indicators of
water use’’ (Hoekstra and Chapagain 2007, p. 36). The definition of the concepts of
water footprint and the related virtual water reveals close links to consumption:

‘‘The water footprint of a country is defined as the volume of water needed for the production
of the goods and services consumed by the inhabitants of the country. Closely linked to the
water footprint concept is the virtual water concept. Virtual water is defined as the volume of
water required to produce a commodity or service. International trade of commodities implies
flows of virtual water over large distances. The water footprint of a nation can be assessed by
taking the use of domestic water resources, subtract the virtual water flow that leaves the
country and add the virtual water flow that enters the country. The internal water footprint of a
nation is the volume of water used from domestic water resources to produce the goods and
services consumed by the inhabitants of the country. The external water footprint of a country
is the volume of water used in other countries to produce goods and services imported and
consumed by the inhabitants of the country.’’ (Chapagain and Hoekstra, 2004: 9)

Estimations of different studies based on the water footprint approach show
considerable differences in national water usage. The United States, for example,
uses more than three times as much water per capita per year than China. How can
these variations be explained? Besides climatic conditions and agricultural prac-
tices, the overall volume of consumption (related to the GDP) and the water intensity
of consumption patterns (e.g. high versus low meat consumption) are direct factors
determining the water footprint of a country (Hoekstra and Chapagain 2007).

From this cursory introduction it becomes clear that the water crisis is inter-
twined with and perfectly reflects many of the observed phenomena of global
change. The identified drivers of unsustainable water consumption (overall con-
sumption levels, particularly problematic patterns of consumption) suggest situ-
ating the demand-side problems of the global water crisis in the broader context of
globalized patterns of consumption and production. Such an approach considers
both the demand and supply side and accounts for its interconnectedness with
(virtual) water consumption in other consumption domains (textiles, food). The
escalating ideal of a material-intensive lifestyle, as is characteristic of the indus-
trialized world, marks a central challenge to the preservation of water resources
and the objective of fair and equal access to them, as expressed in the United
Nations Millennium Development Goals. Hence, western-style consumer culture
poses a key challenge to the concerns of sustainable development. Consequently,
in Chap. 4, Agenda 21 acknowledges the need to change unsustainable patterns of
consumption and production. For this change to take place, action is called for to
develop a better understanding of the role of consumption and how to bring about
more sustainable consumption patterns (UNCED 1993). Education is the most
frequently used word in Agenda 21. Not surprisingly, in Chap. 36, education and
educational organizations are unanimously ascribed to play a pivotal role in
awareness raising and bringing about a change towards sustainable consumption.
The following chapter explores the potential contributions of education to the
promotion of sustainable consumption and concludes with the postulation of some
propositions for the design of effective learning environments.
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Learning to Consume Sustainably

Ten years after the adoption of Agenda 21, the Rio +10 summit in Johannesburg
reaffirmed the importance given to changing unsustainable patterns of consumption
and initiated the so-called Marrakech Process, which proposes a ten-year framework
to progress globally towards more sustainable consumption and production patterns.
One of the task forces established is concerned with ‘‘Education for Sustainable
Consumption’’. To strengthen the role of education, the summit recommended the
launching of a UN decade on ‘‘Education for Sustainable Development’’. The
decade (2005–2014) sets out to ‘‘to integrate the principles, values, and practices of
sustainable development into all aspects of education and learning’’ (UNESCO
2005, p. 6) and explicitly aims to develop ‘‘knowledgeable consumers who purchase
goods with low lifecycle impacts and who use their purchasing power to support
corporate social and environmental responsibility and sustainable business prac-
tices’’ (ibid.: 29). Education for sustainable consumption (ESC) has become a
central theme in efforts related to education for sustainable development and the
promotion of sustainable production and consumption. The following section pro-
vides a brief review of existing investigations and extracts some shared assumptions
with regard to the design of effective learning environments.

Education for Sustainable Consumption: Some Propositions

The most common and widely used working definition of sustainable consumption
was proposed by the Oslo Round Table of Sustainable Consumption and
Production in 1994, defining sustainable consumption as the ‘‘use of goods and
services that respond to basic needs and bring a better quality of life, while
minimizing the use of natural resources, toxic materials and emissions of waste
and pollutants over the life cycle, so as not to jeopardize the needs of future
generations’’ (UNEP 2008, p. 19). Yet, beyond this seemingly consensual surface
sustainable consumption remains a controversial concept that can best be per-
ceived of as an ‘‘umbrella term’’ (UNEP 2001) accommodating a wide scope of
competing concepts. Within the educational discourse, the Oslo definition of
sustainable consumption is disputed and contested. Critics argue that it implies a
simplistic relationship between supply and demand and reduces sustainable con-
sumption to an unpolitical matter of individual choice (Fien 2000). Also, it is
criticized for privileging ecological sustainability over social, cultural and
economic aspects. This criticism is reaffirmed by a cursory investigation into
contested themes in sustainable consumption and their representation in consumer
education, which revealed a bias towards ecological themes (Fischer 2010).

As UNESCO states, the aspired transition needs to be primarily a cultural
change: ‘‘To the extent that the global crisis facing humanity is a reflection of our
collective values, behavior and lifestyles, it is, above all, a cultural crisis’’
(UNESCO 1998, p. 35). What is asked of education is nothing less than ‘‘to

746 D. Fischer and E. Freund



promote attitudes and behavior conductive to a culture of sustainability’’ (ibid.: 1).
This requires a transformation of individual and institutional assumptions and
practices and presupposes concerted efforts on a broad range of themes and issues.
While it is widely consensual that sustainable consumption calls for a critical
revision of highly routinized lifestyles and shared norms and values that can thus
be perceived of as a fundamental challenge to the very essence of contemporary
western culture (Reisch 2005), such transformative aspirations fall short behind the
predominant reformative orientations as they are represented in teaching resources
in the context of education for sustainable consumption (Fischer 2010). This is not
surprising, given the fact that consumption has become a ‘‘non-natural matter of
course’’ (Tully and Krug 2009, transl. by the authors) in everyday life. Yet the
roles of consumption and material culture at least in large parts of the western
world do not only pose a challenge, but also open up new opportunities as con-
sumption becomes ‘‘a vehicle through which present and future solutions to the
problems of unsustainability may be reached’’ (Fien 2000, p. 53).

According to a common distinction, consumer goods and services satisfy
human needs through either their value-in-use or their symbolic value. While the
former refers to goods and services in their ‘‘utilitarian nature’’ (Baba 2005,
p. 237) and addresses their functional properties (e.g. performance, reliability,
durability, number and type of features, price), the latter refers to their ability to
carry and express meaning beyond their functional applicability (McCracken
1986). It is especially through their symbolic features that consumer goods and
services fulfil several functions as satisfiers of basic needs. As symbolic meaning
attached to material artefacts is ‘‘neither embodied in the artefacts themselves nor
entirely open to personal interpretation‘‘(Jackson 2008, p. 347), the reconstruction
of shared symbolic meaning inevitably requires collective interpretative, reflective
and deliberative processes in an interactive social setting. In light of this, social
learning theory is proposed to reorient consumer education towards education for
sustainable development (McGregor 2009).

The main contribution of education is seen in the provision of rich learning
contexts that enable students to acquire competencies needed to participate in
shaping a sustainable society (De Haan 2006). The orientation towards a com-
petency-based approach to education in the context of sustainable development
entails a fundamental shift from transmissive to transformative learning strategies
(Sterling 2006; Wals and Corcoran 2006). In such understanding, educational
interaction and communication is not about instruction to transport information,
but about the exchange of meaning (Biesta and Miedema 2002). Consequently, to
be transformative in nature, education for sustainable consumption must allow for
meaning-making as ‘‘epistemological moves’’ (Rudsberg and Öhman 2010, p. 96).
Against this background, competency-based approaches are underpinned by a
participatory understanding of sustainable development that seeks to engage stu-
dents in the societal discourse on and action towards a sustainable change. Explicit
references in the debate about competency-based approaches to education for
sustainable development are made to critical theory and the notion of education as
Bildung in the understanding of educational theorists in the humanist tradition
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(Mogensen and Schnack 2010). With respect to sustainable consumption, among
the competencies discussed are skills to responsibly influence marketplace prac-
tices and structures, to engage in individual and collective consumer action, and to
critically process and assess information (Barth and Fischer 2011). While an
instrumental function of education (e.g. equipping the future workforce with skills
required in a sustainable economy) is generally undisputed and regarded as
indispensable (Bänninger et al. 2007), the current rhetoric of education as ‘‘one of
the most powerful tools’’ (OECD 2008, p. 25) to achieving sustainable develop-
ment objectives has been severely criticized for illegitimately attempting to in-
strumentalize education for political means (Jickling 1992). It is argued that in
light of the normative nature of the sustainable consumption agenda and the
emancipatory aspirations of transformative learning, a pedagogical engagement
with sustainable consumption must refrain from imposing politically preconceived
objectives upon students (De Haan et al. 2008). As Schnack (1996, p. 11) puts it:

It is not and cannot be the task of the school to solve the political problems of society. It is
not the task to improve the world with the help of the pupils’ activities. These must be
assessed on the basis of their formative value and, thus, according to educational criteria.
A school, regarded as a school, does not become ‘green’ by conserving energy, collecting
batteries or sorting waste. The crucial factor must be what the pupils are learning from
participating in such activities.

Hence, education for sustainable consumption must consist of ‘‘nothing less
than the acquisition of knowledge, attitudes and skills necessary for functioning in
today’s society’’ (Pierre and Thoresen 2009). For this, consumer education must
widen its scope and connect ‘‘the responsibilities of individuals as consumers with
their responsibilities as citizens’’ (O’Riordan 1994, cited in Fien 2000, p. 57) when
addressing learners. As such, the concept of education for sustainable consumption
is underpinned by the notion of civic action (as opposed to consumer behavioural
change) (Fien 2000; Jensen and Schnack 2006).

An Embedded Approach to Consumer Learning in Schools

What implications can be drawn from the conceptual investigations on education
for sustainable consumption for an elaborated approach to consumer learning and
the design of respective learning settings?

Burandt and Barth (2010) have described specific requirements on learning
settings that allow for the acquisition of such appropriate competencies and skills.
They name self-directed learning, collaborative learning and problem-oriented
learning as three distinctive principles characterizing such competency-based
learning environments. This can be complemented by the notion of whole-school
approaches that seek to align formal and informal learning environments and
advance schools as models of sustainable practices (Henderson and Tilbury 2004;
Mogensen and Schnack 2010). Table 1 provides an overview of some key con-
ceptual components of education for sustainable consumption.
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A practical example of a whole school approach to sustainable consumer
learning was developed in the context of the project BINK (Barth et al. 2010).1

The three-year research and development project set out to examine the potential
contributions of educational organizations to contribute to the promotion of sus-
tainable consumption. Two overarching goals were pursued: on the organizational
level, the project aimed to establish a culture of sustainable consumption in six
affiliated educational organizations. On the individual level, the goal was to foster
students’ sustainable consumer competence, awareness and behaviour.

The BINK approach focuses on schools’ twofold contributions to consumer
learning. On the one hand, schools are understood to act as a facilitator of education
related to sustainable consumption that makes students reflect and render their own
consumption patterns more conscious. On the other, schools themselves are con-
sumption households and as such places in which school members consume. This
twofold character, being both a place of learning and a life world in itself, scaffolds a
school’s characteristic ‘‘culture of consumption’’ (Fischer 2011).

For a consistent learning about sustainable consumption, formal and informal
learning occasions need to be equally addressed and systematically aligned.

Table 1 Conceptual components of education for sustainable consumption

Level Component Exemplary sources

Individual
objectives

• development of an understanding of
a range of concepts (knowledge)

Fien 2000

• encouragement of reflection on the
effects of personal values and
lifestyle choice (valuing processes)

• promotion of skills for personal
reflection, decision making and
civic action (action competence)

Collective
objectives

• a rational utilization of natural
resources necessary to human life

Pierre and Thoresen 2009

• an equitable economic and social
development

• a better quality of life for all
Principles • comprehensive understanding of

sustainable consumption
Fien 2000

• civic understanding of consumers de Haan et al. 2008
• prohibition of overpowering (action

vs. behavior)
Jensen and Schnack 2006

• whole-school approaches Henderson and Tilbury 2004
Methods • self-directed learning Burandt and Barth 2010

• collaborative learning
• problem-oriented learning
• authentic and consistent formal and

informal learning environments

1 www.consumerculture.eu
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Adopting such an integrative perspective, an embedded learning approach seeks to
integrate formal and informal learning activities on matters of sustainable con-
sumption within the school environment (Fig. 1). Importantly, embedded learning
must account for both sides of the coin and encompass the adoption of both supply
and demand perspectives.

The following section discusses student companies as an exemplary method and
format for embedded consumer learning on sustainable consumption.

Student Companies: An Action-Oriented Approach
to Embedded Consumer Learning

Consumption can be understood as a hypernym or generic term that subsumes
several domains of consumption activities. According to the analysis of the
environmental impact of household consumption activities of the global affluent
consumer class by Spangenberg and Lorek (2002), food and nutrition is one of
three priority consumption clusters that (together with construction and housing,
and transport and mobility) make up for nearly 70% of material extraction and
energy consumption and more than 90% of land use (ibid.: 135). The food-pro-
ducing sector accounts for approximately 20% of Germany’s total primary energy
demand and the national carbon dioxide emissions (Erdmann et al. 2003).
It also plays a pivotal role in the genesis of water footprints, as about 85% of
humanity’s water footprint can be related to the consumption of agricultural
products (Hoekstra 2010). Against this background, the consumption cluster of
food and nutrition can be regarded as a crucial field of sustainable consumption
that has potentials for significant stress release on energy and water resources.

How can educational approaches take up the consumption cluster of food and
nutrition and provide embedded learning environments based on the tenets out-
lined above? Innovative learning formats that seek to enable practical learning and
prepare students for working life in German vocational schools comprise specific
learning opportunities such as student companies, project work or other forms of
active learning. Student companies and related formats are an exceptional and
exemplary suitable approach to sustainable consumer learning as they link

Fig. 1 Embedded consumer
learning for sustainable
consumption
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activity-orientated and reality-based learning with embedded learning environ-
ments that blend formal and informal contexts. Students involved in such formats
are offered insights to working life and the economic system in a safe setting.
Valid data about the numbers of such projects is virtually unavailable. As an
exploratory study estimates, student companies operate in about one in four sec-
ondary schools in Germany (De Haan et al. 2009, p. 16).

Student companies can be understood as ‘‘a pedagogical tool based on practical
experience by means of running a complete enterprise project, and on interaction with
the external environment’’ (European Commission 2005, p. 14). Originally, student
companies were promoted because of their potential to help develop entrepreneurial
attitudes and skills among the students through participative and creative activities.
Only in the last decade has the format been applied in the context of education for
sustainable development. Sustainable student companies were set up as a way to help
students develop, implement and evaluate different strategies to cope with the
requirements of the sustainable consumption and production agenda. Among the
competencies fostered in student companies are the ability to motivate oneself and
others or problem-solving skills for the handling of complex or incomplete informa-
tion (De Haan 2003). With regard to work-related learning in vocational schools, such
an action-learning approach was regarded as an opportunity to promote professional
action competences. Action competences include skills which empower the individual
to act in a problem-solving and independent manner in a practical sense (Ott 2007), but
action competence can also be seen as an ‘‘educational ideal’’, as Mogensen and
Schnack (2010, p. 71) put it. Central characteristics of the action-learning approach are
planned acting, experience-oriented, self-organized, and exemplary and personality-
developing learning, as well as a vital mix of methods and social forms (Arnold and
Gonon 2006). The action-learning approach thus involves different methodical
practices which allow an independent, multi-sensual exploration of learning contents
(Gudjons 2008). An action approach to sustainable consumption refrains from
imposing moral appeals and encourages experimenting with sustainable practices.
Importantly, this requires the provision of alternative opportunities to act and consume
sustainably in the personal and professional environments of the students (Arnold and
Gonon 2006). Student companies interact with the school’s internal and external
environments. As students, teachers and parents are often customers of the student
companies or otherwise recipients of their work. Student companies operating in the
context of sustainable consumption also contribute to the integration of the sustain-
ability discussion into school life and raise awareness of consumption matters.

Results of an Empirical Study

This section provides an insight into a practical approach in vocational school that
reflects the principles of embedded consumer learning as outlined above. The
study presented draws on the case of a student company operating at one school
that participated in the BINK project.
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Study Design

In an empirical study in the context of a diploma thesis, qualitative research was
conducted to explore the effects of curricular and action-based educational
opportunities on vocational school students’ perceptions and understandings of
sustainable consumption. The goal of the study was to illustrate the relations and
interactions between school activities and personal eating behaviour. The study
sought to explore patterns of how the students deal with the themes of sus-
tainable consumption and especially the theme of eating in their private and
school life. In particular, exposure to and participation in student company
activities was related to food and nutrition practices beyond the school premises.
In addition to this, the potentials of sustainable consumption for class and school
culture were analysed.

One of the research questions the study sought to answer was to what extent
school and especially participation in student companies influence the eating
behaviour of students. In particular, the effects on the students’ sustainable
consumption orientations were explored. Data was collected at a vocational
school in Lower Saxony, Germany, during the 2008–2009 academic year. The
research was limited to a class of full-time students receiving vocational training
in home economics with theoretical and practical classes. The main topics during
the school year were dietetics, planning and preparation of meals, food safety,
cleaning, and others. As a part of the practical education, the students were in
charge of operating the school cafeteria once a week. The study focused on the

Fig. 2 Empirical methods used in the study
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effects of both the experiences in the school cafeteria as well as curriculum-
related inputs.

A comprehensive set of different qualitative methods was applied to collect the
empiric material (Fig. 2). Participatory observation, a partly standardized ques-
tionnaire, consumption journals/diaries and document analysis were combined to
cope with the complexity of the research subject (Flick 2006, 2008; Konrad 2001;
Sichert et al. 1984). The sample comprised ten data sets, of which seven (all
female) were complete and included in the final analysis. To analyse the patterns
of eating behaviour of the students, data on attitudes towards eating, reflections of
individual behaviour and curricular topics as well as self-reported behavioural
changes was collected through a partly standardized questionnaire that was
administered to the students. The students also kept an alimentary diary in which
they recorded their daily meals and food consumption patterns for a period of
3 weeks. Further data was collected from participatory observation in the cafeteria
in which the student company operated. Finally, a document analysis of schedules,
resources and curricular documents was conducted to assess themes, topics and
issues addressed in classroom teaching.

In the data collection, the term behaviour is understood as a generic term that
comprises conscious and unconscious actions (Neef 2008, p. 123), whereby a
broad understanding of the term behaviour was adopted that recognizes several
types of behaviour (Stern 2000) and relates to what Mogensen and Schnack (2010)
referred to in their conceptualization of action competence. Behaviours arise out of
an interplay of knowledge, attitudes, values and situational facets such as offers
and incentives (Fietkau and Kessel 1981). In the framework of the study presented,
special attention is given to the interrelation of attitudes and actual behaviour,
because awareness of and positive attitudes towards a given object (e.g. sustain-
able consumption) can be considered as a pre-condition to actual behaviour in a
given way (e.g. to consume in a sustainable way).

The Learning Environment of the School Cafeteria

The principal activity in practical class in the school cafeteria is to sell different
foods and drinks from breakfast to lunch to the other school members. Further
activities include ordering goods from different suppliers and keeping the records
for accounting. These tasks are supervised by the teachers. Time management
and service quality control are important regular activities in the operation of the
business. While operating the school cafeteria, the students encounter a variety
of possibilities to get in touch with sustainable consumption. For example, the
spectrum of aspects to be considered when composing the meals and selecting
the ingredients ranges from the origin of the products (e.g. indicators for
resource use such as the input of water or electric energy) via its way of
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production to its disposal (e.g. the output of waste and wastewater). Naturally,
learning settings in practical class focus on the acquisition of practical skills.
Only little time is allocated to more complex or abstract topics. However, these
feature more prominently in theoretical classes. Although theory and practice are
sought to be taught in an integrated approach, the full potential of inductive
practical activities for learning about more abstract concepts in the context of
sustainable consumption and global water usage is not yet fully tapped by the
arrangements observed.

Attitudes Towards Eating and Changes in Eating Behaviour

The data retrieved shows that the students’ alimentary styles are structured by
similar external constraints. All students are still integrated in the household of
their family of origin, where the main responsibility for food supply is up to the
mothers. Besides that, similar patterns of food preferences and practices could be
observed among the students. Almost all the students reported a high level of
sweet consumption, showing a low intake of fruits and vegetables and taking meals
at irregular times.

With respect to students’ attitudes, changes towards more responsible eating
practices can be observed. During the school year, the students were highly
exposed to different curricular topics and activities in the field of food and
nutrition. The data on self-reported increase in awareness about their own eating
habits, routines and practices suggests that these curricular activities had an impact
on the students. Practices of the students’ family households and those taught in
school were compared. Especially health aspects of nutrition were considered
more important by the students since attending the vocational school. They show
positive attitudes towards healthy nutrition and report intentions to change their
own eating behaviour towards a more healthy style. The increased awareness also
focuses on practical aspects of food preparation or the arrangement of mealtimes,
which seem more important to the students now. Other aspects of sustainable
nutrition such as ecological impacts of their food and food production, or social
and cultural patterns of eating behaviours, only feature randomly in the students’
reports. The domains of increased awareness reflect the range of themes covered in
school: while health aspects are addressed and regularly taken up in different
curricular contexts, other topics of sustainable consumption and nutrition only play
a marginal role. The complex theme of water usage, for example, features only in
the economic aspects of efficient use of water and is not discussed in detail for
different areas of home economics. In this way, questions of what sustainable
water usage means in a globalized context and practically, for example, in the
context of cleaning or the preparation of meals, are dismissed. Consequently, the
student reports did not account for any increase in awareness of the problems of
global water usage.
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Eating Behaviour in Comparison to Attitudes

The results of the study suggest two tendencies. One the one hand, the students’
actual eating behaviour differs from their reported and intended behaviour in
several ways. The data shows the discrepancy between the students’ routine and
habitualized eating behaviour that has been influenced and shaped by their family
household and other social and cultural circumstances, and the knowledge of
responsible alimentary practices based on facts and recommendations about
nutrition presented and exemplified in school. Although good intentions about
healthy nutrition are made, the practised eating behaviour is routinized and locked
in (Sanne 2002). The consumption of fruit and vegetables, for example, is far
below the five servings a day suggested by the German Association of Nutrition
(DGE 2007). Water as a resource in household economics or as a distinct com-
ponent of individual alimentary practices did not receive any particular attention
by the study subjects. By contrast, individual changes in the students’ habits can be
observed with respect to the choice or combination of meals, as well as the
development of practical skills in cooking.

Discussion and Outlook

From a long tradition of research on pro-environmental behaviour it is known that
the relationship between knowledges, attitudes and behaviour are only loose and
not of a monocausal nature (Kollmuss and Agyeman 2002). We also know that
behavioural change is a complex endeavour that is particularly hard to sustain in
the mid and long term. Against this background, changes in the eating behaviour of
students can neither depend solely on knowledge and attitudinal factors, nor can
they be expected to be realized from one day to another. However, if stable and
routinized sustainable practices are considered as the final stage in a number of
different stages an individual goes through, education has the potential to stimulate
a transition from initial (pre-contemplation) to further advanced stages (contem-
plation, preparation, action) by critically reflecting one’s own habits and those
living conditions affecting and shaping these habits (Bamberg 2007). The results of
the study presented suggest that approaches to action-oriented embedded con-
sumer learning on sustainable food and nutrition in a student company in voca-
tional schools offers a promising approach to awareness raising in different
contexts, as it operates with real life situations and provides opportunities to
experiment with different ways of problem-solving. Prospectively, the approach
could also be a promising doorway to introducing topics of the global water crisis
to the educational agenda and integrating them into embedded learning settings
(e.g. student companies). A didactical proposition for this is an approach that
connects abstract concepts such as virtual water to day-to-day issues that are
personally relevant to the students and link these everyday experiences
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subsequently to local, national or global contexts. However, referring to the
principles underpinning educational approaches to sustainable consumer learning,
the objective of school activities must be directed at empowering students to be
able to proceed through the different stages to maintained sustainable consumer
practices. Whether the students eventually adopt such practices is beyond the
scope of education (De Haan 2006).

The empirical analysis indicated the complexity that is in place regarding a
reconstruction of human consumption patterns and styles. Knowledge, attitudes,
and formal and informal learning in school are factors in this complex field, but
they are neither the only nor the universally determining factors, given the
varying intensity of other influences detected such as previous experiences in
life or social influences such as peer groups, family or advertising. Given the
limited scope and the exploratory nature of the study, a deeper understanding
of these influences requires a more detailed and focused approach. Referring to
the approach of embedded learning on sustainable consumption, the study
identified some possible starting points for educational strategies seeking to
promote sustainable consumption among students. Besides curricular offers that
have the potential to stimulate contemplation on matters of sustainable con-
sumption, it can also engage the students in specific actions and contribute to
the acquisition of experimental knowledge and practical skills. The practical
focus of the learning setting showed that changes are taking place when authentic
practical action is taken and that this can be a way of achieving awareness of the
global water crisis. With respect to the implementation of water issues into learning
settings as described above, it must be made clear that the issue of water use does not
mark an add-on to an already overloaded curriculum, but can be smoothly integrated
in the day-to-day operations in different contexts of the practical work (e.g. cooking,
cleaning, washing) to stimulate learning processes. Beyond that, schools can func-
tion as trustworthy models that understand themselves as learning organizations on
the road to sustainable consumption. Hence, schools show various and individual
starting points to put a culture of sustainable consumption into practice. There are
various entry points for bringing the issue of the global water crises to school: from
curricular-based theoretical inputs to structural changes in sanitation and practical
experiments in the individual job-related classes. With respect to an integrative
approach to these entry points, the study underlined the importance of linking theory
and practice in vocational education for more comprehensive and richer student
learning.

An implication that can be immediately derived from the study is the suggestion
to widen the scope of curricular contents in the context of education for sustainable
food consumption, pay more attention to the global water crises and explicate the
links between these two agendas and between these abstract concepts and
everyday household practices. The study found that a comprehensive approach to
addressing the issue of sustainable eating is still missing. This is particularly true
for water issues and water education. While water can be regarded as a cross-
cutting theme in the consumption domain, it is so far widely neglected. Only
recently have the concepts of virtual water and water footprint been incorporated
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in ESD, for example in the context of the annual theme water of the UN decade
on ESD in Germany in 2008.2 Still, carbon dioxide emissions and energy
consumption remain predominant perspectives in education for sustainable con-
sumption. Hence, the explicit integration of more and different food consumption
aspects to the curriculum and into school life seems an important direction for the
further advancement of sustainable food consumption (Fischer 2007). As one of
the urgent global challenges of the 21st century, the global water crisis could serve
as a focal point and lens to put forward such re-orientation and expansion of a
more sustainable food education.
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Chapter 45
Achieving Sustainable Wastewater and
Organic Solid Waste Management Taking
Advantage of the Clean Development
Mechanism

Sören Rüd and Reinhard Marth

Abstract Combined management of municipal or industrial wastewater and
organic solid waste offers various benefits for greenhouse gas reduction and sus-
tainable environmental management. These can be achieved by a joint treatment
step, thus reducing uncontrolled methane emissions and providing sanitary han-
dling of waste streams. The clean development mechanism (CDM) offers the
opportunity to co-finance the implementation and operation of the necessary
infrastructure for integrated management of appropriate wastewater and organic
solid waste. Due to the additional costs in the application procedure of a CDM
project, a certain amount of greenhouse gas emission reduction is required in order
to achieve a viable project. The minimum magnitude for a viable CDM project is
calculated for various scenarios. The results show that CDM projects are generally
not applicable for small municipalities and industries. However, the required
project magnitude can be achieved by bundling different project activities into one
CDM project, as is the case for the combined treatment of wastewater and organic
solid waste.
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Introduction

Water management and climate change are linked in two important fields: on the
one hand, water supply, drainage and sanitation services have to be adapted to a
changing environment and, on the other hand, appropriate water management can
play an important role in mitigation efforts. Water supply and sanitation contrib-
utes to the emission of greenhouse gases (GHGs) via the operation of the necessary
infrastructure, such as use of electricity for water pumps, or carbon dioxide (CO2)
and methane (CH4) emissions in wastewater treatment plants, e.g. via aeration in
activated sludge treatment. However, insufficient management of treatment
infrastructure, and particularly a lack of wastewater treatment, also have a very
high potential to produce GHGs.

The experience in many Latin American countries shows that the wastewater
treatment coverage is generally very low. According to IRC (2005), only an
average of 14% of the collected wastewater in Latin America receives proper
treatment. Many municipalities or service operators do not have the sufficient
financial resources to invest in the construction and operation of an appropriate
infrastructure for wastewater treatment. Where available, treatment infrastructure
is often not operated and maintained properly due to lacking technical capacities
and liquid funds, leading to lower efficiencies in the treatment process and whole
plant failures.

The situation in solid waste management is similar to the water sector: as
financial resources are lacking, municipalities often struggle to maintain a simple
recollection and disposal system for municipal and commercial solid waste and the
federal governments fail to manage appropriately hazardous waste, which is often
within their responsibilities. The lack of separate collection systems, treatment
infrastructure for recyclable and biodegradable waste streams, and suitable sani-
tary landfills for all waste fractions leads to contamination of water bodies and
soils. Especially waste dumps and landfills without a biogas collection system
have a high impact on GHG emissions, as degrading organic matter emits harmful
greenhouse gases for decades.

According to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC), the sector of waste and wastewater contributed 2.8% of
global GHG emissions, including methane emissions from landfills and waste-
water, as well as carbon dioxide from waste incineration (Barker et al. 2007). This
figure leads to the wrong assumption that the GHG reduction potential in the waste
sector is relatively low. By integrated management measures, such as the recycling
of inorganic waste fractions and appropriate treatment of the organic matter
contained in wastewater and organic solid waste, the waste sector has a high
mitigation potential.

Uncontrolled anaerobic degradation processes of organic matter produce CO2 and
CH4. Of special interest are the methane emissions as they have a climate-warming
potential which is 21 times higher than CO2. In order to simplify the comparison of
emissions of different GHGs, mitigation is measured in form of tonnes of CO2
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equivalent. These can be transferred to certified emission reductions (CER),
representing one CER unit; one tonne of CO2 equivalent.

The Clean Development Mechanism and its Application

The Clean Development Mechanism (CDM) is a financing instrument for
GHG-reduction projects in developing countries and emerging economies. It is
part of the Kyoto Protocol and permits the generation of carbon credits which can
be sold on international markets (Frondizi 2009; Martínez and Fernández 2004).
CDM projects can be realized bilaterally when industrialized countries or enter-
prises from these countries (see Annex I countries of the Kyoto Protocol) invest in
developing and emerging countries (see non Annex I countries of the Kyoto
Protocol) to receive CERs. Projects can also be unilateral, permitting the project
owner to sell the gained CERs on his own account.

The entity which decides the approval of a CDM project and issues carbon
credits is the Executive Board of the United Nations Framework Convention on
Climate Change. The project cycle until the generation of CERs includes:

• Elaboration of the Project Design Document (PDD) following standardized
rules

• Validation of the PDD by an appointed operational entity
• Approval of the project by an appointed national authority
• Project registration by the Executive Board, start of the crediting period
• Monitoring of GHG reduction by project owners
• Regular verification by an appointed operational entity and emission of CERs by

the Executive Board
• Sale of credits

CDM is thus a mechanism of post-financing, as CERs are received after
demonstrating the reduction of GHG emissions. The basis for calculating miti-
gation is a baseline scenario which represents a projection of emissions occurring
without implementation of the proposed project. CERs are generated during the
crediting period whose term is eligible for either ten or 21 years; the second case
requires a re-validation of the baseline after seven and 14 years. The most
important parts of the PDD are the baseline definition which is needed for cal-
culating GHG reductions, the proof of additionality (the project would not be
feasible without the additional financing obtained by the sale of credits) and the
monitoring plan. Furthermore, the discussion of environmental topics and the
participation of local actors is of high importance in the project development.

For calculating the GHG emission reduction and the definition of the moni-
toring system, one has to use methodologies published by the executive board
(UNFCCC 2009a). These methodologies are updated constantly on the basis of
proposed projects. It is also possible to propose new methodologies for novel
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project types. For small-scale projects (emission reductions generally\60,000
CERs/year), simplified methodologies can be used (UNFCCC 2009a).

CER demand is basically generated by European enterprises which participate
in emission trading as well as industrialized countries which aim to comply with
their emission reduction objectives. At present, produced CERs have a value of
approx. US$17 on the international carbon markets. In the last two years, prices
varied between US$10 and US$25/CER. Generally, a contract between seller and
buyer of CERs is signed which defines prices for the whole crediting period to give
security to both parties. In CER sale contracts which have not yet been produced,
prices tend to be lower depending on the risks of the future project.

One has to take into account that the realization of a CDM-Project implicates
extensive and costly formalities. Transaction costs are estimated at approx.
US$60,000 until registration of the project (contract with the operational entity,
consultants for the elaboration of the PDD) and approx. US$15,000 for every
verification of emission reductions. Due to these costs, only CDM projects with a
CER production above 5,000 CERs/year are viable. To obtain sufficient CERs,
various scenarios of baselines can be combined in the same project. It is also
possible to combine various small-scale projects in a single CDM project.

There are two types of combining small-scale projects into one CDM project:
bundling of activities and the programme of activities (PoA). For bundling, the
exact project location of every activity is needed, every activity in the bundle
represents a separate CDM project activity, every activity is represented by a
project participant and project activities can be permitted based on several
activities. PoA features include that the exact location does not need to be known
in every case and that the CDM project activity represents the sum of all single
activities, thus only defining activities as objectives and confirming the real
activities with verification. Furthermore, only the legal person who is imple-
menting the programme represents the project activities as CDM project partici-
pants (not every single person concerned by the project) and all project activities
combined in a PoA must be permitted following the same methodology. In the
waste sector, still no CDM projects have been registered in the programme of
activities (BMU 2009).

A CDM project can obtain considerably higher incomes if an additional cer-
tification according the Gold Standard (Gold Standard 2009) is achieved. This
implies higher requisites in environmental and social topics to assure project
sustainability.

In the context of wastewater and solid waste management, a CDM project is
especially suitable for the following baseline scenarios:

• Wastewater with high content of organic matter which decomposes in small
artificial lagoons under clearly anaerobic conditions (e.g. animal stock breeding
where liquid dung is stored in open lagoons or palm oil production).

• Anaerobic decomposition of stacked solid or semi-solid organic wastes (e.g.
waste with high organic content in open dumps or landfills with no biogas
collection systems, sludge from wastewater treatment plants).
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• Renewable energy produced from organic waste replacing energy based on
fossil fuels (e.g. electricity or heat from anaerobic digestion or biomass
combustion).

The entire documentations of all approved CDM projects can be found on the
website of the Executive Board of UNFCCC (UNFCCC 2009b). It reveals that
financing organic waste and wastewater treatment infrastructure by CDM is
already very common for private enterprises. Anaerobic reactors for a mescal
factory in Mexico (UNFCCC 2009b, Ref. 2333) and for livestock farming in
Brazil are just two of many examples (UNFCCC 2009b, Ref. 0047).

A project in Abidjan, Ivory Coast, includes an additional aspect (UNFCCC
2009b, Ref. 2250). The amount of 200,000 tonnes of solid waste is treated
annually in an anaerobic process. The remaining process sludge undergoes an
aerobic composting step and is used as fertilizer by local farmers while the biogas
production from the anaerobic digester is used for electricity generation. The
electricity sale (25 GWh/year) gives another benefit to the project, which reduces
GHG emissions by approximately 500,000 tonnes of CO2 equivalent in the first
seven years.

Opportunities to Take Advantage of CDM for Financing
Wastewater and Solid Waste Treatment Infrastructure

In order to demonstrate the dimensions of GHG mitigation for water management
and sanitation, as well as for solid waste management, various scenarios are cal-
culated in the following. The calculations refer to small-scale projects (generally
fewer than 60,000 CERs/year) which permit the application of simplified tools and
methodologies. The minimum dimensions needed for viable CDM projects (more
than 5,000 CERs/year) are determined for the different scenarios.

For the calculation of GHG emissions in a municipality which does not have a
wastewater treatment system or has insufficient treatment capacities (baseline), the
methodology AMS-III.H ‘‘Methane recovery in wastewater treatment’’ (UNFCCC
2009a) is applied. Calculations are simplified if a municipality does not have a
treatment plant. The most important factors in this case are the annual volume and
the chemical oxygen demand (COD) of wastewater. Additionally, it is of high
importance whether the decomposition occurs in an aerobic or anaerobic manner
which produces methane emissions. Such uncontrolled anaerobic decomposition
processes have much higher emissions according to CO2 equivalents. Where
wastewater is discharged into rivers, bigger lakes or the sea, the potential for
emission reduction is much less, due to the prevalence of aerobic conditions.

GHG emissions resulting from inappropriate solid waste management are cal-
culated for the scenarios applying an official UNFCCC tool to determine methane
emissions avoided from disposal of waste at a solid waste disposal site (UNFCCC
2009a). The most important factors for using this tool are annual volume of the
organic waste fraction, composition of organic wastes, local climatic conditions,
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and altitude or depth of the waste dump or landfill. The tool provides data on the
annually generated GHG emissions during project duration. The reason for cal-
culating emissions per year lies in the fact that GHG emissions are not constant but
rise as the volume of disposed waste is increasing during project implementation.

Despite the availability of innovative project ideas, CDM projects in developing
and emerging economies in the waste sector still concentrate mainly on the
improvement of disposal technology such as the burning of biogas from landfills.
Insufficient knowledge of modern waste treatment technologies and the lack of
experience in the implementation of these projects are among the reasons for the
concentration on waste disposal (BMU 2009).

Scenario 1

In scenario 1, the minimum dimension of a CDM project aiming at establishing a
wastewater treatment system is calculated. Solid waste management is not con-
sidered in this scenario. For the calculation the following values are assumed:

• Average wastewater flow: 200 l per person per day.
• Average organic load: 500 mg COD/litre.

In the baseline it is assumed that wastewater is discharged into a river. It is
assumed that with the implementation of the CDM project, wastewater is treated in
an adequate way (anaerobic wastewater treatment). The methodology ‘‘Methane
recovery in wastewater treatment’’ for selected small-scale CDM project activity
categories is used for the calculation of the baseline scenario (UNFCCC 2010a).
The methodology applies in this case to the introduction of an anaerobic waste-
water treatment system with biogas recovery and combustion to an untreated
wastewater stream (river discharge).

From the possible baseline emissions for this case, emissions on account of
electricity or fossil fuel used, methane emissions from baseline wastewater or
sludge treatment systems, methane emissions on account of inefficiencies in the
baseline wastewater treatment systems, presence of degradable organic carbon in
the treated wastewater discharged into river, lake or sea, and methane emissions
from the decay of the final sludge generated by the baseline treatment systems,
only the methane emissions for wastewater discharged into a river apply for this
case.

Considering the assumed values of a wastewater flow of 200 litres per person
per day and an average organic load of 500 mg COD/l and applying the given
standard values for the global warming potential for methane (value of 21), for the
methane-producing capacity of the wastewater (0.21 kg CH4/kg COD), for
the model correction factor to account for model uncertainties (value of 0.94) and
the IPCC default value for the methane correction factor (value of 0.1), one gets a
baseline emission for 10,000 inhabitants of approximately 151 tonnes of CO2

equivalent.
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Scenario 2

In contrast to scenario 1, the implementation of an adequate solid waste man-
agement such as composting of organic solid waste is considered without taking
wastewater treatment into account. In order to simplify the estimation, the only
calculation performed is the baseline scenario by help of the methodology ‘‘Tool
to determine methane emissions avoided from disposal of waste at a solid waste
disposal site’’ (UNFCCC 2010b). The following values for waste composition are
used:

• Average solid waste generation: 1 kg per person per day.
• Organic fraction of total solid waste: 45%.

Food scraps are considered as the main part of organic waste and the altitude of
waste at the landfill is below 5 m. As local climatic conditions are of high
importance for GHG emissions, two different cases are investigated:

• Scenario 2a: A cold (annual average temperature\20�C) and dry (annual
average precipitation\annual potential evapotranspiration) local climate.

• Scenario 2b: A warm (annual average temperature[20�C) and wet (annual
average precipitation[annual potential evapotranspiration) local climate.

As GHG generation increases each year, in this case GHG emissions are cal-
culated for the third year of project implementation. The methane emissions
avoided from preventing waste disposal at the solid waste disposal site during the
third year are calculated using the following parameters:

• Model correction factor to account for model uncertainties: 0.9
• Fraction of methane captured at the solid waste disposal site and flared, com-

busted or used in another manner: 0
• Global warming potential of methane: 21
• Oxidation factor (reflecting the amount of methane from the solid waste disposal

site that is oxidized in the soil or other material covering the waste): 0
• Fraction of methane in the disposal site gas: 0.5
• Fraction of degradable organic carbon that can decompose: 0.5
• Methane correction factor: 0.4
• Fraction of degradable organic carbon in the waste type: 0.2 (mainly food waste,

partly wood and garden waste)
• Decay rate for the waste type: 0.06/0.4

For Scenario 2a, one gets assuming 10,000 inhabitants and a decay rate for the
waste type of 0.06 an amount of approximately 136 CO2 equivalent; for Scenario
2b and a decay rate of 0.4, the CO2 equivalent for the third year is much higher,
namely 578.5.
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Scenario 3

In scenario 3, both the implementation of a wastewater treatment system and the
introduction of an appropriate solid waste management are considered using
the methodologies described above. The same values as in scenario 1 and 2 are
applied and it also distinguishes between local climatic conditions as mentioned in
scenario 2.

For each scenario, the minimum number of inhabitants necessary for avoiding
GHG emissions of 5,000 tonnes of CO2 equivalent is calculated. The calculation
results are shown in Table 1.

As a consequence, a CDM project which only implements a wastewater
treatment system (scenario 1) should include at least a service for 331,000
inhabitants. For small municipalities, it is not viable to start such a project.
It becomes evident that the baseline for the implementation of an appropriate solid
waste management system depends very much on the local climatic conditions.
The combination of a project in which wastewater treatment and solid waste
management are realized is advantageous, especially for cold and dry climatic
conditions. In scenario 3a, the minimum number of inhabitants is reduced by half
compared to scenario 2a.

It is worth mentioning that wrongly designed or badly operated aerobic
wastewater treatment according to methodology III.H result in treble the emissions
compared to the nonexistence of any type of treatment. In this case, emissions
generated by treatment plant operation and resulting from sludge management
should be subtracted.

Furthermore, other components of a CDM project can be added to improve
viability. If the project considers anaerobic treatment, generated biogas can be
used directly or for electricity generation. For the calculation of the baseline for
replacing fossil energy by renewable energy, methodology AMS-I.D. ‘‘Grid-
connected renewable electricity’’ generation is applied. The GHG emission
reduction depends on the energy sources in the absence of the project. Utilizing
energy generation in a solid waste treatment project can duplicate CERs resulting
from GHG emission reduction. In a CDM project in Cali, Colombia (UNFCCC
2009b, Ref. 2285), generated biogas from anaerobic decomposition of sludge is
used in a municipal treatment plant applying stated methodology.

Table 1 Minimum number
of inhabitants to avoid GHG
emissions of 5,000 tonnes of
CO2 equivalent for the
described scenarios

Scenario Local climate Inhabitants

1 Wastewater Not defined 331,000
2a Solid waste Cold, dry 368,000
2b Warm, wet 87,000
3a Wastewater and solid waste Cold, dry 175,000
3b Warm, wet 68,000

768 S. Rüd and R. Marth



Integrated Organic Solid Waste and Wastewater
Management

The calculations for mitigation of GHG emissions (Table 1) show that the com-
bination of wastewater treatment and solid waste management can improve the
viability of a CDM project. The resulting integrated management of water, sani-
tation and solid waste provides several advantages for the operation of services
(Marth et al. 2009).

As sustainable water and sanitation services are not possible without appro-
priate organic solid waste management, the service provider has a vital interest in
avoiding environmental pollution by waste. Separation of different solid waste
fractions such as paper, plastics and organic waste at the source eases recycling,
which results in a reduction of waste volume to be treated and disposed of. The
combined treatment of wastewater and/or sludge with organic waste gives the
opportunity to sanitize the organic matter in a safe way and produce biogas. The
most efficient biogas use is via a combined heat and power plant. In case no heat is
needed (this is often the case in developing countries), the biogas might be used
directly (e.g. for cooking or lighting) or for electricity production. The digestate
should be dried, possibly by help of the excess process heat of the treatment and
sanitized, e.g. by composting, before it may be used as fertilizers, which can bring
even more benefits for the service provider. The concentration of services in a
single provider also offers advantages by sharing human resources, capital,
equipment and materials.

Treatment of organics can be done generally by aerobic or anaerobic tech-
nologies. Domestic or large-scale composting is an aerobic solution needing suf-
ficient ventilation and appropriate management for obtaining the necessary
humidity and temperature to generate a final product that can be used as soil
conditioner or fertilizer.

In order to obtain biogas from wastewater treatment, it is necessary that sewage
has a high organic load. A lot of types of industrial wastewater, sewage from
livestock breeding or sludge from treatment plants have a sufficient organic load
and a constant flow. Pavan et al. (2000) have investigated the effects of combined
organic solid waste and sewage sludge in a pilot project and conclude that the
mixture is advantageous for the degradation process and the generation of biogas.
Likewise, Pavan et al. (2007) demonstrate that the stated mix brings economic
benefits and represents a sustainable solution.

An example for aerobic co-treatment of solid waste with wastewater is
implemented in a CDM project of a palm oil factory in Izabal, Guatemala
(UNFCCC 2009b, Ref. 2527). In this plant, the solid palm residues are first
accumulated and then mixed with wastewater originating from oil production,
thus enhancing the composting and degradation process. The final product is
then used as fertilizer on the palm plantations.
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Potential of the Biogas Market in the Case of Mexico

The results of a market study on the potentials of the biogas market in Mexico
(Schulze 2009) show a high potential for combined projects for treatment of
wastewater and organic solid waste.

Mexico generated approximately 37.6 million tonnes of municipal solid
waste in 2008 with an organic fraction of around 50%. Discounting the 14% of
waste generated in rural and semi-urban regions where larger-scale organic waste
treatment processes are not very likely, as organic waste is often composted on-site
or collected waste amounts are too small, the energy potential is estimated around
39 PJ (petajoule)/year assuming a biogas generation potential of 60 m3/tonne of
waste with a methane concentration of 50% and an energy content of 20.5 MJ/m3

(Stege 2003). Another 111.4 PJ are potentially available from the currently 128
landfills in operation which could fuel power plants with a capacity of 44 MW in
the next 20 years. Around 48.6 PJ/year are already used in the existing landfill gas
projects (Schulze 2009).

In the case of wastewater treatment, the biogas potential is estimated via the
biological oxygen demand (BOD) parameter assuming a biogas generation of
0.3–0.5 m3 for the removal of 1 kg BOD in an anaerobic treatment process
considering an average BOD removal efficiency of 65% in this treatment step.
Assuming anaerobic wastewater treatment of 60% of the municipal sewage gives a
primary energy potential of 6.5 PJ, which is, however, very unlikely, as very few
municipal wastewater treatment plants include an anaerobic treatment step and
only mechanic treatment or aerobic biological treatment still prevail in new
constructions of wastewater treatment plants. Industrial wastewaters offer a higher
and better accessible biogas generation potential due to higher organic loads, e.g.
in food and beverage-processing industries. Wastewater from these industries
alone amount to an energetic potential of 21.9 PJ/year.

Finally, livestock breeding and slaughterhouses are also important points of
interest when considering improved management of municipal waste. The almost
30 million animals kept in Mexico for cattle meat production could potentially
contribute, with total manure production of 350 million tonnes per year, to an
energy potential of 630 PJ. However, one has to consider that only about half of
the cattle is kept in stables where anaerobic manure treatment is feasible and that
many livestock farms are too small to allow an anaerobic treatment process
(Schulze 2009).

Conclusions

The Clean Development Mechanism (CDM) offers financing to projects which
help to mitigate emissions of greenhouse gases. The realization of a CDM project
implicates extensive and costly procedures. That is why they require a certain
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amount of GHG emission reductions. It is estimated that a CDM project is viable if
the project generates more than 5,000 CERs/year. In this paper, the most important
official tools of the UNFCCC are used in the context of wastewater and solid waste
management. In different scenarios, varying the implementation of a treatment and
final disposal system for wastewater and/or solid waste, the required minimum
dimension of a CDM project is calculated.

The results show that using CDM is not viable for small municipalities. In order
to reach a sufficient amount of CERs, various baseline scenarios can be combined
in the same CDM project. The calculations demonstrate that the implementation of
a CDM project which includes both wastewater and/or sludge with high organic
load and organic solid waste can have certain advantages for the service provider.
Integrated water, wastewater and solid waste management represent an important
step for the improvement of municipal services and in their contribution in
reducing greenhouse gas emissions.
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Chapter 46
Local Wisdom of Danowudu Community
in Preserving Forest as a Water Source
for the City of Bitung

Trina E. Tallei and Saroyo Sumarto

Abstract Bitung is a city located in North Sulawesi province in Indonesia. It is a
unique city due to having three conserved forests. Covering an area of 304 km2

with a population of about 175,000 inhabitants, the need for clean water for Bitung
is high. In the midst of the difficulties of having clean water available, there are
people who have an important role in maintaining clean water resources for the
community needs in the city. These are people from Danowudu sub-district who
still retain 21.5 ha of forest to maintain the availability of clean water for Bitung.
Local wisdom is the community’s local knowledge used by the community in
carrying out environmental conservation for the sake of harmonious interaction
between man and environment. To retain the sustainability of the forest and a clean
water source, the indigenous community implements customary rules that entail
customary sanctions to offenders. These include prohibition of the destruction and
taking of forest products, as well as the obligation to maintain the forest’s sus-
tainability. Local wisdom of Danowudu community has been proved to be very
effective in preserving the city forests so that the source of clean water for the city
of Bitung is well maintained.

Keywords Local wisdom � Customary rule � City forest � Water source �
Danowudu � Bitung
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Introduction

Local wisdom is the local knowledge that is unique to a culture or society. This
knowledge is passed on from generation to generation orally or through cultural
rituals, and is the basis for agricultural practice, livestock production, food prep-
aration, healthcare, education, environment conservation and a wide range of
traditional activities that sustain a society and its environment in many parts of the
word (Priosoeryanto and Risa 2007). Nowadays, local wisdom has been disap-
pearing gradually due to the introduction of modern science and technologies. For
a long time, local wisdom has significantly contributed to global knowledge. One
striking example is drugs derived from medicinal plants. Therefore, sharing
knowledge via local wisdom is important for the betterment of society.

Water is the essence of life and issues of water conservation need to be
addressed since clean water is vital to the survival of the community. One of the
main sources of clean water is the forest. Forest destruction in North Sulawesi,
however, is occurring on a massive scale. Various efforts have been made to
protect the forest as a heritage for the future. One example is the forest conser-
vation for the availability of clean water for the city of Bitung, conducted by the
local community called Danowudu.

The name Danowudu is literally derived from two words, namely Rano (water)
and Wulu (bamboo), due to the abundance of bamboo plants in the vicinity of the
river. Danowudu sub-district was formed on 6 May 1908. One striking phenom-
enon of Danowudu sub-district is the bond and strength of its customs and
traditions. Danowudu is the only sub-district in Bitung that still retains and holds
the values of its customs and traditions in high esteem. To preserve these, the
people have formed an organization called Pemangku Adat Negeri Danowudu
(PAND) or Custom Functionary of Danowudu Land. This organization has drawn
the attention of Indonesia Supreme Court by having the honour to become a
research site on customary/traditional law. The role of PAND and the sub-district
administration is deeply felt in natural resource management. The local people
particularly have benefited greatly from the water conservation due to the pres-
ervation of natural water bodies in this area. The water bodies, in turn, are pre-
served due to the preservation of city forest.

Danowudu City Forest and its Water Source Management

Danowudu land is situated in North Minahasa district, North Sulawesi province,
Indonesia. Its geographical coordinates are 1� 270 5900 North, 125� 70 3400 East and
its original name was Ranowulu (Fig. 1). Danowudu sub-district provides clean
water accessibility to the city of Bitung. It has protected natural and artificial
forests that function to retain ecosystem equilibrium, especially the rate of water
flow. The size of the city forest is approximately 21.5 ha (Fig. 2). The city forest
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consists of three custom forests, namely 12 ha of water forest, 4 ha of teak forest,
and the rest is rainwater forest.

Sub-district management and PAND, together hand in hand, maintain the
sustainability of the city forest. The place is only open for research purposes or
nature-lover activities. Camping ground is available close to the forest. Perusahaan

Fig. 1 Location of Danowudu land (blue marker) relative to the city of Bitung (Source Google
Earth, 2010)

Fig. 2 City forest
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Daerah Air Minum (PDAM) or Drinking Water Local Company, owned by the
Indonesian government, cooperates with local people to manage the clean water
source so that the water can be distributed to Bitung city community (Fig. 3). The
agreement made by this company and the local people is that people of Danowudu
sub-district receive clean water free of charge.

Drinking water for the Bitung city community comes from seven sources with
the following capacities: danowudu I (120 l/s), Danowudu II and Air Hujan
(Rainwater) Forest (both 20 l/s), Kumersot I and II (both 40 l/s), Tendeki (10 l/s),
and Girian river (100 l/s). Production of clean water in 2005 was 8,021,537.8 m3,
compared to the production of 8,453,617.7 m3 in 2004. It means that average
distribution of clean water per capita in 2005 was 58.63 m3 (Bitung City Gov-
ernment 2010). The water source at Danowudu I is at 194 m above sea level. Half
of the water is distributed to the closest community and the rest goes by gravity to
Danowudu reservoir. From this, the water is distributed to the city of Bitung. Part
of the water from Danowudu reservoir goes to Madidir reservoir (44 m above sea
level). Water from this reservoir is distributed to the port joins water from Aer
Tembaga reservoir.

Customary Rules of Danowudu Community

North Sulawesi has been experiencing heavy deforestation. Protecting natural
forest must remain as one of the fundamental conservation strategies in North
Sulawesi. Forest destruction is primarily driven by anthropogenic developments

Fig. 3 Danowudu reservoir managed by PDAM and PAND
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such as agricultural activities and human settlement to cope with burgeoning
populations (Lee et al. 2007). The credit for the existence of Bitung city forest in
the midst of a populated city should be given to the Danowudu people. Inside the
city forest, even fallen trees may not be taken. There is a belief that the spirit of
their ancestors lives in the forest so there is a need to protect it. This is a traditional
value of culture conservation that is implemented in nature conservation. This so-
called community-based conservation is aimed at achieving dual goals of con-
serving nature and improving people’s livelihoods by way of involving local
communities as active partners in conservation efforts, and using traditional
knowledge and local values in the management of resources (Adams and Hulme
2001). Culture conservation strengthens individual and collective commitment for
a set of values, beliefs and attitudes towards nature conservation to maintain the
sustainability of quality of life.

Concluding Remarks

Respecting local wisdom can give an unexpected bonus at times. Many indigenous
groups have learned to manipulate natural forests to meet their demands. Local
wisdom can help to develop sensitive and caring values and attitudes, thereby
promoting a vision of a sustainable future. In view of its potential value for
sustainable development, it is necessary to preserve indigenous knowledge for the
benefit of future generations. One way to preserve indigenous knowledge is to
integrate it into the school curriculum by encouraging students to learn from their
community. This strategy would sufficiently decrease the gap of traditional
knowledge between generations. Schools would act as agencies for transferring the
culture of society from one generation to the next (Unesco 2010).

Another strategy of dissemination of local knowledge is the capacity-building
strategy. This would empower national and regional government and all stake-
holders to sustainably manage natural resources. Steps towards capacity building
are identification of people involved, interested and competent in natural resource
management. In the end, all stakeholders are encouraged to independently conduct
the monitoring and evaluation of this effort.
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Chapter 47
Education in Global Climate Change
at a Botanical Garden: Students’
Perceptions and Inquiry-Based Learning

Daniela Sellmann and Franz X. Bogner

Abstract The current global climate change has increased the importance of
environmental education substantially. Adolescents are known to have common
concepts about global change that are often fragmentary or incorrect. Reinfried
et al. (Geographie heute 265:24–33, 2008) suggest special learning materials by
facing students with their own conceptions and confronting them with the correct
ones. In our two-day environmental education programme, combining indoor and
outdoor activities in an ecological botanical garden, we implemented specially
designed materials to confront students with a common misconception about the
relationship of ozone layer depletion with the greenhouse effect. Other common
misconceptions about global climate change and the greenhouse effect were not
explicitly mentioned in the learning material. We used concept mapping as a
method to reveal conceptions and potential conceptual changes. 25 high-achieving
high-school students have taken part in our study so far. Initial results show that
conceptions of our participants were quite in line with the literature. We also
showed that presentation of information does indeed play an important role in
changing students’ conceptions. Therefore, not only providing the necessary
information but also confronting misconceptions should be part of any educational
material.
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Introduction

Most recent surveys describe adolescents as often feeling helpless in facing global
problems such as climate change, although they are explicitly willing to take
action against global warming (Forsa 2009; TNS Emnid 2009). Informing students
about global climate change, its causes, mechanisms and impacts, therefore, is an
important issue of teaching. This should include realistic options for climate-
protecting actions (Bord et al. 2000), as well as provide sufficient knowledge about
the efficacies of such actions. Environmental education can meet these demands.

Several studies with high-school students (e.g. Rebich and Gautier 2005;
Sterman 2002) often showed just fragmentary knowledge levels or even miscon-
ceptions with regard to climate change, its mechanisms, causes and impacts. In a
common conception, holes in the ozone layer cause an enhanced greenhouse effect
or, in general, cause global warming as they would allow more radiation to reach
the Earth (e.g. Andersson and Wallin 2000; Dove 1996; Ekborg and Areskoug
2006; Mason and Santi 1998). Reinfried et al. (2008) stated as a reason for such
conceptions similar graphic presentations of the phenomena of ‘‘ozone layer
depletion’’ and of the ‘‘greenhouse effect’’ in conventional learning materials
(textbooks, etc.): specifically designed learning material might respond to indi-
vidual conceptions by comparing misconceptions with correct concepts.

Students often believe that environmental problems (such as environmental
pollution, air pollution or acid rain) enhance the greenhouse effect and lead to
global warming (Andersson and Wallin 2000; Niebert 2007). Consequently, many
students think that reducing pollution would be an appropriate solution for stop-
ping global climate change (Shepardson et al. 2010).

Concept mapping was first developed in the 1970s (Novak and Gowin 1984)
and can be used as an appropriate tool for many purposes in instructional research
(Gerstner and Bogner 2009; Ruiz-Primo and Shavelson 1996; Schaal et al. 2010;
Slotte and Lonka 1999). It also offers the opportunity to reveal students’ con-
ceptions and a potential conceptual change ‘‘since it allows an exploration of
student knowledge at a sufficient level of complexity’’ (Rebich and Gautier 2005).

In our study, we implemented a two-day environmental education programme
on global climate change. Our research questions were

1. Which conceptions do students have about the enhanced greenhouse effect and
global warming?

2. Is it possible to change those conceptions if they are fragmentary or even
incorrect by implementing our educational programme?

3. How should the implemented educational material be structured to reach this
conceptual change?

Our hypothesis was that, according to Reinfried et al. (2008), the concept of
ozone layer depletion causing global climate change would change the most
because we implemented specially structured learning material to meet this
common misconception.
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Materials and Methods

25 high-achieving year 10 students (highest stratification level = Gymnasium)
participated in a two-day environmental education programme on global climate
change (the ongoing study is still producing a bigger sample size). The programme
consisted of student-centred learning units based on learning at workstations,
group work and inquiry-based lab experiments. Apart from imparting knowledge,
the programme units were designed to provide students with climate protection
actions.

The first day of our programme was conducted in the classroom and consisted
of learning at workstations. The unit imparted knowledge on

1. mechanisms of the greenhouse effect and global climate change,
2. greenhouse gases and their sources,
3. impacts of global climate change on resources (water, nutrition),
4. impacts of global climate change on ecosystems,
5. climate research and scenarios,
6. climate policy,
7. climate protection actions,
8. climate change in the Earth’s history.

In the learning material dealing with mechanisms of the greenhouse effect, the
common misconceptions of students dealing with the relation between ozone
layer depletion and the enhanced greenhouse effect were explicitly mentioned
(see above). The students were forced to compare both the misconception and the
actual facts about the greenhouse effect.

The second programme day took place at an ecological botanical garden fea-
turing plants from all dominant climate zones in nature-oriented environments.
Indoor and outdoor units were combined by using the public greenhouses as well
as the outdoor area of the botanical garden. The unit presented different ecosys-
tems to the students and dealt with the following topics concerning the impact of
global climate change on vegetation:

1. impacts on the ecosystem of the tropical rainforests,
2. impacts on the fire ecosystems of Australia,
3. impacts on the alpine regions and their vegetation,
4. impacts on German forestry and potential actions to take,
5. fossil fuels versus energy from renewable primary products.

During the third unit of the programme, students conducted inquiry-based lab
experiments dealing with simple climatic and physical phenomena related to
global climate change.

To reveal students’ conceptions on global climate change and the greenhouse
effect students completed individual concept maps before participating in our
programme (Fig. 1).
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All participants were novices in concept mapping, which is why we imple-
mented a 15-min introductory phase before the first concept mapping phase. To
complete individual concept maps (in dyads), 30 min were available. Concept
maps consist of concepts that are linked to show their relationship. Links are
usually verbs. The basic element of a concept map, a proposition, is formed by two
concepts linked to each other (Fig. 2). The students were provided with 20 pre-
defined concepts essential for explaining the global greenhouse effect. Addition-
ally, five concepts referring to common misconceptions reported in several studies
(e.g. Dove 1996; Rebich and Gautier 2005; Reinfried et al. 2008) were also pro-
vided but not declared as such. While the concept ‘‘ozone hole’’ was explicitly
outlined during the educational programme (see above), the other four concepts
(acid rain, environmental pollution, air pollution, recycling) were meant to show
whether students could logically link the information imparted within the pro-
gramme to their own conceptions.

Students could use all of the provided concepts and were free to add new ones. All
links had to be added by the students, none were pre-defined. In this concept mapping
phase, up to now 12 concept maps (pre-maps) were completed (example in Fig. 3).

Subsequent to the two-day educational programme on global climate change,
students inspected their individual concept map. They could actively revise their
concept map and complete a new one within a 30-min working phase: in this way,
we received 11 new concept maps (post-maps) which we compared with pre-maps.
Therefore, a potential conceptual change individually could be analysed (by using
CMap Tools, version 5.03): in the first step, all concept maps were analysed with
regard to misconceptual portions and to the shifting rate of misconceptions/con-
ceptions. The propositions of each concept map were extracted and analysed.
Propositions that matched the common misconceptions were identified and listed.
Further analysis is still in progress (enlarging the sample size).

Results

Analyses revealed that of five pre-defined concepts referring to misconceptions,
‘‘ozone hole’’ was the most applied in the pre-maps (92% of all pre-maps; Fig. 4).
The concepts ‘‘air pollution’’, ‘‘environmental pollution’’ and ‘‘recycling’’ scored

Fig. 1 Study design

Fig. 2 A proposition, the
basic element of a concept map
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83% of the pre-maps, respectively. ‘‘Acid rain’’ was the least used, but still a
frequent concept (67%).

Except for the concept ‘‘recycling’’, all post-maps’ concept frequencies dropped
(Fig. 4), at most in the case of ‘‘acid rain’’ (-12%), closely followed by ‘‘air
pollution’’ and ‘‘ozone hole’’ (-10% each).

Fig. 3 Students’ concept map (pre-map)

Frequency [%]

0 20 40 60 80 100

Increasepost-mapspre-maps

Conceptions not mentioned in
educational program in total

Conception explicitly explained
in educational program (Ozone Hole)

Acid Rain

Recycling

Environmental Pollution

Air Pollution

Fig. 4 Proportion of applied concepts referring to common misconceptions in pre- and
post-maps
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Comparing the concept ‘‘ozone hole’’, which was explicitly explained in the
educational programme, to the conceptions not integrated into special learning
material, it can be seen that while the use of the latter ones increased slightly (3%),
the former decreased by 10%.

In the following, the results of the content analysis of propositions in which
the concepts referring to common misconceptions were used are presented
(Fig. 5).

In the pre-maps, about 47% of propositions in which the concept ‘‘ozone
hole’’ was used matched the common misconception. A typical example of such
a proposition used by students is ‘‘The ozone hole causes global climate
change’’. Within the post-maps, the proportion of such propositions decreased to
40%.

Propositions using ‘‘acid rain’’ had a proportion of 13.3% in the pre-maps,
which increased to 20.0% in the post-maps. In this case, the actual number of
propositions remained unchanged. The increase of proportion was caused by
fewer post-maps (11) compared to the pre-maps (12). Students used only one
proposition matching the referring misconception: ‘‘Acid rain is caused by
carbon dioxide’’.

While the usage of propositions representing misconceptions increased for the
concepts ‘‘recycling’’ and ‘‘air pollution’’, respectively, it decreased slightly for the
concept ‘‘environmental pollution’’ (cf. Fig. 5). Students’ typical propositions for
these misconceptions are ‘‘Recycling is a climate protection action’’, ‘‘Air pollu-
tion causes the greenhouse effect’’, and ‘‘Environmental pollution causes global
climate change’’.

A comparison of the usage of the concept ‘‘ozone hole’’ with the conceptions
not mentioned in the educational material shows a decrease for both but with a
much higher decrease for the conception explicitly explained in the learning
material (6.8%).

Frequency [%]
0 20 40 60 80

Increasepost-mapspre-maps

Conceptions not mentioned in
educational program in total

Conception explicitly explained
in educational program (Ozone Hole)

Acid Rain

Recycling

Environmental Pollution

Air Pollution

Fig. 5 Proportion of propositions which match common misconceptions in pre- and post-maps
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Discussion

For all participants, similar conceptions could be found compared to related
studies. Common misconceptions are present, with the conception that ozone layer
depletion contributes to or causes global climate change as the most frequent
conception. Our results, therefore, are quite in line with previous studies.
Therefore, the reported misconceptions are widespread in different age cohorts
such as children (Mason and Santi 1998), high-school students (Shepardson et al.
2009), university students (Dove 1996; Rebich and Gautier 2005) and adults
(Bord et al. 2000).

One aim of our study was to investigate whether fragmentary conceptions and
misconceptions concerning global climate change can be changed by imple-
menting an environmental education programme. In fact, the maps’ proportion
with concepts referring to misconceptions decreased in four of five cases after the
programme participation. In other words, fewer students used these concepts in
their maps. This is a quite satisfactory result as it indicates that the number of
students relating these concepts to global climate change and global warming
(being the phenomena students were meant to describe with their maps) decreased.

Yet the proportion of propositions matching the common misconceptions
increased in three of five cases. This fact could be explained by the way in which
the information was presented to the students. In the case of the concept ‘‘ozone
hole’’, the referring misconception was presented to students and was opposed to
the actual mechanisms of the greenhouse effect. As the other concepts referring to
misconceptions were not explicitly mentioned during the programme, we assume
that the confrontation of students with the misconception seems to be helpful in
causing a conceptual change in students’ minds. Comparing the usage of the
concept ‘‘ozone hole’’ with the other concepts in total also stresses this assump-
tion. Our results therefore support the theory presented by Reinfried et al. (2008).
Although students had the necessary information available to fully understand a
presented topic, they were obviously not able to relate this new information to their
existing conceptions. This implies that environmental education programmes or
learning units desperately need a design which confronts them with common
conceptions and provide them with a plausible, new conception (Reinfried et al.
2008). Further studies, therefore, need to concentrate on appropriate educational
material.
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Chapter 48
The Climate Change Challenge for
the Urban Environment: The Use
of an Integrated Management System

Esther Kreutz and Kirsi-Marja Lonkila

Abstract European citizens are experiencing directly the impacts of the rapidly
changing climate. In the whole of Europe, extreme situations such as heat waves,
floods, storms and forest fires, as well as sea level rise, droughts and scarcity of
water in the southern parts of Europe, are occurring more frequently. Both
European and national targets concerning the climate change challenge need to be
implemented at the local and regional level. Local and regional authorities have
huge potential to fight climate change by developing and implementing climate
mitigation and adaptation strategies within their scope of responsibility and
through stakeholder involvement. Local and regional authorities are responsible
for a variety of planning and management issues and have the possibility to
implement concrete measures. They are also directly involved in awareness rais-
ing, incentive setting and providing further support to their communities to tackle
climate change. The focus of the CHAMP project is to support capacity devel-
opment for local authorities to combat climate change through an integrated
management system. The response to climate change calls for full integration of
policies and structures that few local and regional authorities in Europe have in
place. It also requires involvement of stakeholders to implement successful
measures. The project initiates the establishment of national support centres in four
European countries for training local authorities in implementing integrated
management for climate change response.

Keywords Climate change � Integrated management system � Local authorities �
Urban area
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The Role of Local Governments in Responding
to Climate Change

With a changing climate, extreme events such as floods, droughts, storms, etc. are
predicted to occur more frequently all over the world. Large cuts in greenhouse gas
emissions must be made to stop a temperature rise of 2�C above pre-industrial
levels. Above this threshold, there is a risk that the impacts will be extremely
difficult for mankind to cope with. However, even if this 2�C goal is reached,
adaptive measures will be crucial for many cities and regions.

Cities have a key role in taking action. The majority of Europeans live in an
urban environment. By 2020, 75–80% of the European population will live in
urban areas (European Environment Agency 2009b). The demand for land is
increasing; urban sprawl is re-shaping landscapes and influencing land use plan-
ning and people’s quality of life. Urban planning and management face new
challenges; climate change is high on all agendas, and local and regional
authorities are expected to react in an adequate manner to secure the quality of life
and security of their citizens. Energy production and use, as well as transportation
and building, are the most important sectors for climate change response at a local
level.

Urban areas are particularly vulnerable due to the dense population, high-
density areas and sealed surfaces. The cities’ structure and design has a significant
impact on the effects caused by climate change—coastal cities face a serious risk
of flooding and sea level rise; heat and droughts are another threat, especially for
cities in southern Europe. Also, the ‘‘urban heat island’’ effect cannot be neglected.
Effects from climate change will hit not only the city as a structure, but firstly the
people and the environment, and will affect also social and economic aspects
severely (European Environment Agency 2009b, pp. 67–70).

Multilevel Governance for Climate Change

Climate change is the biggest challenge humankind is facing and it is high on all
political agendas, from global to local level. In its nature, the climate and also
climate change is of a global nature, and this means that climate change is not
limited to a certain area or to a certain government level.

On a global level, environmental governance is mainly conducted through
so-called international regimes around an international agreement or treaty, e.g. the
UN Framework Convention on Climate Change and the Kyoto Protocol (Fig. 1).
International regimes are defined as social institutions which agree upon principles,
norms, rules and decision-making procedures. International regimes are the
framework for interaction of actors on a special topic (Betsill and Bulkeley 2006).

National governments are committing to targets concerning the climate change
challenge through the UN and EU, for example. To reach these targets, emission
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cuts need to be implemented at the local and regional level. Local and regional
authorities have huge potential to fight climate change by developing and imple-
menting climate mitigation and adaptation strategies both within their scope of
responsibility and through stakeholder involvement.

Local and regional authorities are responsible for a variety of planning and
management issues and have the possibility to implement concrete measures. They
are also directly involved in awareness raising, incentive setting and providing
further support to their communities to tackle climate change. It is argued that
local governments have a bigger potential influence over people’s day-to-day lives
and thus they can be more effective than nation states in controlling greenhouse
gas emissions (Bulkeley and Betsill 2003, p. 49).

The local level is an increasingly important actor when it comes to climate
change response—in taking concrete actions in mitigation and adaptation, since
many of the decisions and concrete measures relevant for climate change are taken
on that level. Local governments around the world often have considerable
authority over land-use planning and waste management and also can have an
important role in transportation issues and energy consumption. Moreover, they
have significant experience in these areas of action (Bulkeley and Betsill 2003,
pp. 48–49). Some regional and local governments have already developed action
plans and strategies related to climate change. However, many cities still have no
climate strategy or action plan and even the existing ones often problematically
lack an integrated cross-sectoral approach.

Fig. 1 Multi-level governance for climate change
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A comprehensive and integrated cross-sectoral approach with concrete mea-
sures for climate change response is necessary. Climate change response measures
are closely connected with the topics of energy, transport and buildings because
the supply and use of energy—including transport—makes up to 80% of emissions
in the EU-27 (European Environment Agency 2009a). The next chapter will
outline and stress the need for an integrated management approach for climate
change response.

Responding to Climate Change Through an Integrated
Approach

Climate change is a complex and challenging issue for local governments. It is
particularly challenging because the decisions that have the biggest effect on cli-
mate change mitigation and adaptation are usually made in sectors other than the
environmental sector. Even more than most other environmental issues,
responding to climate change demands for an integrated approach that covers the
whole city organization.

A sustainable integrated management system therefore needs to concentrate on
an integrated approach in different ways. Climate change strategies should be
developed by people from different administrative departments and be integrated
into the economic situation of the city. Naturally, they also need the necessary
political commitment from the city government.

In the EEA report (2009b, p. 90), major integration gaps in local policy-making
have been identified. They include gaps between sectoral policies, sectoral plan-
making and implementation, between resources needed and those available, as
well as between administrations and functional urban regions. These integration
gaps definitely exist in the climate change work done at the local level. At least
part of them can be grasped through an integrated management system introduced
later in this paper.

Cities in different countries have various structures, management approaches,
duties and functions, but they also have many elements in common, and they all
function as a framework for local democracy (Union of the Baltic Cities Com-
mission on Environment 2008a, p. 18). The integrated management approach is
not a static, rigid system but can be adapted to the local situation to improve the
public management and make it more efficient.

An Integrated Management System for Sustainability

Background and Development

The integrated management system (IMS) for sustainability, which is the topic of
this paper and is applied to climate change challenges in the CHAMP project,
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has been developed by the consortium of the Managing Urban Europe 25 project
(MUE-25) in 2005–2008.

Managing Urban Europe 25 included 25 European local and regional authorities
working to improve their environmental quality and sustainability performance.
The project developed a framework for better implementation of already existing
environmental management systems such as EMAS, ISO 14000 and ecoBUDGET.
It provides a method for how cities and regions can practically work with inte-
grated management, an approach recommended in many EU policies and strate-
gies of today.

MUE-25 was developed based on recommendations from the Thematic Strat-
egy on the Urban Environment within the 6th Environmental Action Plan of the
European Union and the Leipzig Charter, among other EU-wide recommendations
and policy frameworks. The integrated approach was strongly requested by the EU
Commission, as stated in the EU Leipzig Charter on Sustainable European Cities
(2007), where the ministers declare ‘‘to use the tool of integrated urban
development’’.

The IMS cycle approach follows the well-known and widely used management
cycle Plan–Do–Check–Act, also known as the Deming cycle. The IMS uses ele-
ments from existing environmental management systems and complements them.

Many cities are using different kinds of tools and environmental management
systems (EMS) and have used them for a long time. In her study, Emilsson (2005)
describes the importance of these tools for local authorities. In fact, they see the
benefits in using an EMS not only for environmental issues but greatly for the
organizations’ overall general management: topics such as communication,
involvement, commitment, continuity and competence are clear benefits that a
management system can bring to the daily work (Emilsson 2005).

In the MUE-25 final research report, existing environmental management systems
were examined as they lay the basis for the development of the IMS. The key question
was ‘‘how to combine (existing) tools and systems to make them more holistic and
coordinated’’ (Union of the Baltic Cities Commission on Environment 2008).

When addressing sustainability issues with a management system, it was clear
that the environmental aspect alone is insufficient. Social and economic aspects
also needed to be included. Nevertheless, existing environmental management
systems are to be included and have to interact in the integrated management
system. The IMS approach is not a completely new management system that
replaces existing EMS, but it aims at combining them and benefit from synergies
and tries to avoid duplication of work (Union of the Baltic Cities Commission on
Environment 2008) (Fig. 2).

A Short Introduction to IMS

The integrated management system for sustainability aims to better serve the needs
of local governments when it comes to managing sustainability issues. It is a tool
that helps to improve the sustainability work and make public management more
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efficient. The system is based on the best parts of existing environmental man-
agement systems (such as EMAS, ISO 14000 and ecoBUDGET) but broadens its
application to all sustainability dimensions—environmental, social and
economical.

The system consists of five steps that follow an annual cycle; full revision of the
system is required after 3–5 years. The steps are:

• Baseline review
• Target setting
• Political commitment
• Implementation and monitoring
• Evaluation and reporting.

Integrated in those five steps are two cross-cutting elements: communication
and involvement and organizational set-up. In this paper, we will briefly introduce
all five steps and two cross-cutting elements of the IMS (Fig. 2).

Fig. 2 The integrated management system cycle (Union of the Baltic Cities Commission on
Environment 2008a, p. 7)
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The Integrated Management Process

The aim of the integrated management system for sustainability is to be flexible
and adaptable and to avoid duplication of existing environmental or other man-
agement systems in a city. Existing EMAS or ISO 14000 processes could be the
basis of the integrated management system for the city. All existing management
instruments used in the city should be integrated to conduct the individual steps
and elements of the system. These tools comprise, for example, state of the
environment reports, local environmental action plans, indicators, local pollution
registers, etc. The integrated management system approach will help to better
coordinate existing instruments, strategies and operational plans by assembling the
mosaic into one picture.

Environmental management systems are often the responsibility of the envi-
ronmental department in a city. This should not be the case in an integrated
management approach. It has to be organized centrally in the city management and
needs to have cross-sectoral and cross-departmental cooperation (Union of the
Baltic Cities Commission on Environment 2008a, p. 15; b, p. 11).

To avoid overwhelming the city administration, the integrated management
system allows for the gradual expansion of the scope and content over time by
using a modular approach. Territorial expansion will allow the implementation of
the IMS to the whole urban area, also beyond the city’s administrative boundaries.
Environmental management systems are mostly used for the departments but it is
also important to expand the system to the local authorities’ core targets, i.e.
strategic and operational planning and programmes.

The second way of expansion is related to actors and will include stake-
holders in the city and cooperation with neighbours and other stakeholders.
Topic-related expansion will allow the integration of further dimensions of
sustainability to the system and develop it into a true integrated manage-
ment system for sustainability, focusing not just on environmental issues but
also economic, social and cultural dimensions (Union of the Baltic Cities
Commission on Environment 2008a, p. 15; b, p. 11).

Practically, the system is not limited to a certain issue, such as environmental
issues, but is explicitly useful when working with complex issues, such as the
climate change challenge.

The following section will introduce the steps of the IMS in respect to climate
change work in a city.

Step 1: The baseline review
During the first step, the baseline review—the local situation with regard to

climate issues—is analysed. This is necessary to assess the starting point—only
knowing the baseline makes the improvements visible. The baseline review will
form the basis of all following steps in the management cycle and allow the setting
of targets and the drafting of a climate strategy.
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The baseline review consists of planning the process of drafting the baseline
review, mapping the local situation, evaluating the results and finally presenting
the results to the city council and the public. Mapping the local situation includes
the following aspects:

• Mapping the policy framework. The existing legal requirements, emerging
issues, trends and forthcoming policies and existing political priorities, deci-
sions, commitments and strategies

• Mapping the organizational set-up. Climate relevant responsibilities and orga-
nizational set-up, existing relevant management instruments and procedures and
stakeholder landscape including all relevant actors

• Mapping the local climate change impacts. Energy production and consumption
patterns; greenhouse gas emissions; significant climate aspects; climate change
impacts and vulnerabilities, risks and opportunities

(Union of the Baltic Cities Commission on Environment 2008c, pp. 11–12)
The baseline review process has to be carefully planned beforehand and pos-

sibilities for involvement and participation of various stakeholders should also be
considered. Practically, the baseline review is a process of identifying, assessing
and restructuring all existing information and actors in different administrative
departments and agencies.

Step 2: Target setting
Based on the baseline review, a strategic programme and an action plan are
prepared. First, it has to be decided which aspects of climate change mitigation
and/or adaptation are given priority. The chosen priorities can then be expressed
by using indicators. The strategic programme should be the document that sets
long-term targets and measures for the agreed priorities. The targets should be
measurable and quantified and they should be expressed in relation to a certain
priority area. Concerning climate change mitigation and adaptation, the targets
can, for example, contain a target for greenhouse gas emission cuts and share of
energy used from renewable sources. In the strategic programme, a common vision
for the future development of the city is also defined. The vision should be
inspiring and attainable at the same time, and should originate in the chosen
priorities (Union of the Baltic Cities Commission on Environment 2008d).

In addition to the strategic programme, an action plan results from target set-
ting. It should include short-term targets that derive from long-term targets and
define responsibilities and time frames to reach both long- and short-term targets.
In the action plan, the allocation of human and financial resources must be clearly
defined. If there were information gaps in the baseline review, one of the measures
in the action plan can be filling them in (Union of the Baltic Cities Commission on
Environment 2008a, pp. 17–18).

The process of drawing up a strategic programme for a city cannot succeed
without participatory measures, and thus involvement and communication are vital
for successful target setting. Setting up an appropriate organizational structure to
run the system is also necessary.
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Step 3: Political commitment
Political commitment should be sought from the very beginning of the process

and needs to be maintained throughout the whole cycle. It is most crucial when the
strategic programme or other outcome of the target setting process is approved by
the highest decision-making body in the local government (i.e. the city council).
For the legitimization of the IMS process, this is extremely important and can even
be seen as the main success factor for the implementation of an IMS. In addition,
many cities also approve the action plan and the entire organizational set-up
designed to run the IMS. In addition, the involvement of decision-makers in the
target setting and evaluation in line with the annual budget cycles guarantees
political commitment, legitimacy and helps to maximize the positive impacts
(Union of the Baltic Cities Commission on Environment 2008a, pp. 10, 15; e,
pp. 4–5).

Without the approval and support of the politicians and the city top manage-
ment, the implementation of the IMS process may be put off or it may never take
place. Generated through debate, political commitment serves as a driving force of
the whole system (Union of the Baltic Cities Commission on Environment 2008a,
pp. 10, 15).

Step 4: Implementation and monitoring
During implementation and monitoring, the action plan is transferred into action

and the IMS reaches its core. Usually the problem of local authorities is that they
produce several strategies or plans that are never implemented. One of the most
important aspects of an IMS is to integrate plan making and plan delivery, that is
transferring strategies into action.

The implementation phase is demanding from the aspect of coordination and
organization, as several parallel actions are taking place. Well-prepared involve-
ment and communication, as well as organizational set-up, are the keys for a
successful implementation.

During the whole process, actions and their effects need to be monitored.
It should be noted that monitoring is only possible when actions refer to the targets
that are based on indicators defined in the strategic programme (Union of the
Baltic Cities Commission on Environment 2008a, p. 11, f, pp. 4–5).

Step 5: Evaluation and reporting
When actions have been implemented and monitoring data is available, it is

possible to assess the achievements. As the last step of the cycle, evaluation and
reporting gives a basis for starting a new cycle. The IMS is an expanding and
continuous process and for this end it is extremely valuable to evaluate the cycle
that has just ended in order to improve the system. In this phase, successes and
failures should be analysed. Both the results obtained by the use of the cycle and
the process of the IMS cycle should be assessed (Union of the Baltic Cities
Commission on Environment 2008a, p. 12, e, p. 5).
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The Organizational Set-Up

The organizational set-up of the integrated management system is the basis for a
successful process. Clear responsibilities and tasks need to be assigned to the right
people, working together for a common goal defined in the strategic programme.
The organizational structure for implementing the IMS should be incorporated
with the existing structures in municipal administration. Many local governments
have already implemented some elements of an environmental management sys-
tem or procedures that allow them to meet legal requirements. However, usually
all climate-related direct responsibilities and indirect aspects of a local authority
are not connected in an organizational set-up (Union of the Baltic Cities
Commission on Environment 2008a, p. 13, g).

Within the IMS process, the most crucial part is the centrally arranged coor-
dination team, which manages the coordination of the IMS. In addition, a cross-
departmental coordination board ensures the integration of different departments
and expertise. An important part of the organizational set-up is developing the
capacities of the involved staff. Climate change is a challenging and complex issue
and its impacts are not easy to predict and special and up-to-date information is,
for that reason, necessary (Union of the Baltic Cities Commission on Environment
2008a, p. 13, g).

Some characteristics for an ideal organizational structure have been defined.
They include flat hierarchy with a focus on informal organization, transparency
and active information policy towards the public (this implies that the emphasis
should be on the involvement and participation rather than on fulfilling the
bureaucratic rules). The management style should be cooperative and employees
should be encouraged and given room for their own initiatives (Union of the Baltic
Cities Commission on Environment 2008g, p. 5).

The integrated sustainability management process will have a clear added value
of having a dedicated organizational unit in the city administration, which coor-
dinates the process and is the focus point for sustainability related issues. The
SUSTAINMENT project developed a tool for local authorities to support them
building up an organizational unit for sustainability (Union of the Baltic Cities
Commission on Environment 2007).

Involvement and Communication

An IMS can only be sustainable if it is implemented in a legitimate way. This means
that involvement and participation of different stakeholders has to be present in all
phases of the IMS cycle (Union of the Baltic Cities Commission on Environment
2009, p. 8). A wide involvement of stakeholders is an integral part of the integrated
management system for sustainability. Enabling participation and communicating
the benefits that an IMS has will increase acceptance of and generate interest in the
system. A successful IMS requires a communication and involvement strategy in
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which the relevant stakeholders and ways to involve them are defined (Union of the
Baltic Cities Commission on Environment 2008a, p. 14; h, pp. 4–6).

A relevant stakeholder is anyone who

(1) is affected by the issue or affects the issue
(2) possesses information, resources and expertise needed or
(3) controls the implementation instruments.

The communication and involvement strategy should give the city a clear
picture of who should be involved and at what stage—involvement and commu-
nication are part of every step of the IMS (Union of the Baltic Cities Commission
on Environment 2008h, p. 7).

Although it can be argued that participatory processes demand a lot of time and
might slow down the policy process, the advantages of a thorough involvement of
various stakeholders are clear. Participatory processes are a way to increase trust
between local authorities and various stakeholders. Participation also helps in
making the policy process more transparent. Involvement and communication can
also lead to a better outcome as different actors bring their own expertise and
knowledge to the process (Union of the Baltic Cities Commission on Environment
2008h, p. 6).

Repeating and Expanding the Cycle

Working with IMS is a continuing cycle of assessing, reviewing and improving.
The model suggests a journey approach, as it is not possible to take in all the steps
at once. When implementing an IMS, local governments can start small and
expand the whole time on their journey through the cycle. It should also be noted
that setting up an IMS takes a certain amount of time (Union of the Baltic Cities
Commission on Environment 2008a, p. 15).

Some of the steps (i.e. implementation and monitoring, evaluation and
reporting) are done on an annual basis, but a full revision of the cycle is only
needed every 3–5 years. This of course only applies when no changes in the
surroundings defining the city’s strategic orientation occur (Union of the Baltic
Cities Commission on Environment 2008a, p. 15; b, p. 8).

Experiences With the IMS

During the MUE-25 project, 25 municipalities and cities all over Europe pilot-
implemented the IMS approach. The challenge definitely lies in the complexity of
the system. But as mentioned before, the aim is not to implement the system in its
entirety at once but to gradually expand the system over the years. All participating
cities have started with issues that were most critical to them and most of the cities
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are continuing to do so. Nevertheless, there is no city that has implemented the
IMS for the whole urban area and all issues, since the idea of the system is that it
can be continuously improved and expanded.

The IMS approach is also more a way of working, which means, with IMS in
the background, the city is prepared to respond to upcoming sustainability chal-
lenges as they face them in a systematic and integrated way.

CHAMP: Local Response to Climate Change

CHAMP is a 3 year (2009–2011) project partly funded by the EU Life ?

instrument. The project is coordinated by the Union of the Baltic Cities and has six
partners in four EU countries. CHAMP follows up the ‘‘Managing Urban Europe-
25’’ project (2005–2008) where the consortium with 25 cities developed together
the integrated management approach for sustainability and pilot-implemented the
system in several cities.

In CHAMP this approach is applied on the topic of climate change response
from the local level. In the CHAMP project, the focus is to support capacity
development for local authorities to combat climate change in Europe. The
response to climate change calls for full integration of policies and structures that
few European local and regional authorities have in place. It also requires invol-
vement of stakeholders to implement successful measures.

During the project’s lifetime, four national training hubs have been established
in Finland, Germany, Italy and Hungary. Training hubs support local authorities in
implementing an integrated management for climate change response. Five
training workshops will be organized in each country and the local authorities
receive additional support from the national hubs by phone and email. Moreover,
peer reviews will be conducted between the cities and municipalities, where they
are able to assess their own situation in a certain field.

A main outcome of the project will also be the online version of a capacity
development package. This will comprise materials, methods and good practices
for local authorities, training Materials and methods for trainers and information
materials for auditors and other multipliers.

More information about the project can be found at http://www.
localmanagement.eu/index.php/champ:home
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