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Abstract This paper presents an integrated and dynamic
model for the management of the uplands of the Hill Tracts
of Chittagong to predict food security and environmental
loading for gradual transition of shifting agriculture land
into horticulture crops and teak plantation, and crop land
into tobacco cultivation. Food security status for gradual
transmission of shifting agriculture land into horticulture
crops and teak plantation, and crop land into tobacco culti-
vation is the best option for food security, but this causes the
highest environmental loading resulting from tobacco culti-
vation. Considering both food security and environmental
degradation in terms of ecological footprint, the best option
is gradual transition of shifting agriculture land into horti-
culture crops which provides moderate increase in the food
security with a relatively lower environmental degradation
in terms of ecological footprint. Crop growth model InfoC-
rop was used to predict the climate change impacts on rice
and maize production in the uplands of the Hill Tracts of
Chittagong. Climate change impacts on the yields of rice
and maize of three treatments of temperature, carbon diox-
ide and rainfall change (+0 °C, +0 ppm and +0 % rainfall),
(+2 °C, +50 ppm and 20 % rainfall) and (+2 °C, +100 ppm
and 30 % rainfall) were assessed. The yield of rice decreases
for treatment 2, but it increases for treatment 3. The yield of
maize increases for treatments 2 and 3 since maize is a C4

plant. There is almost no change in food security at upazila
(sub-district) level for the historical climate change scenario,
but there is small change in the food security at upazila
levels for IPCC climate change scenario.

Keywords Food security . Ecological footprint . Climate
change impacts . Rice . Maize . Hill Tracts of Chittagong

1 Introduction

Chittagong Hill Tracts (CHT) is the only extensive hill area
in Bangladesh, and it is located in the southern eastern part
of Bangladesh between 21°25′N to 23°45′N latitude and 91°
54′E to 92°50′E longitude. The area of the Chittagong Hill
Tracts is about 13,184 km2, of which 92 % is highland, 2 %
medium highland, 1 % medium lowland and 5 % homestead
and water bodies. Total population of CHT is 1,331,996, of
which about 51 % is tribal people.

Agriculture is the main source of livelihood of these
populations. Non-farm income opportunities are very limit-
ed and in some areas non-existent. The tribal populations
here are the most disadvantaged group of populations in
Bangladesh. Shifting agriculture, locally known as jhum, is
still the cultivation system in this region with little impact of
different plans and programs to promote the agricultural
land use patterns. As a result the tribal populations are
suffering from food insecurity, and the shifting agriculture
has led to indiscriminate destruction of forest for food
resulting in ecological degradation.

Promoting sustainable development in uplands of Chitta-
gong Hill Tracts poses important challenges. These upland
areas are remote and are mostly inhabited by many ethnic
minorities. The majority of the ethnic minorities are Chakma
(48 %) and Marma (28 %). The incidence of poverty is very
high. To meet the livelihood needs, upland farmers often use
unsustainable land use practices. Uplands are essentially
caught in a vicious cycle of poverty, food insecurity and
environmental degradations. Land use practices in uplands
not only cause severe losses of soil and essential plant
nutrients and degradation of the resource base but also
negatively impact on the livelihoods and resources base
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downstream. Wider environmental impacts also occur in the
form of reduced biodiversity, reduced ability of the ecosys-
tem to regulate the stream flow and reduced carbon
sequestration.

Food security is a worldwide problem that has called the
attention to governments and the scientific community. It
particularly affects developing countries. The scientific
community has had increasing concerns for strategic under-
standing and implementation of food security policies in
developing countries, especially since the food crisis in the
1970s. The process of decision-making is becoming increas-
ingly complex due to the interaction of multiple dimensions
related to food security [21].

FAO [18, 19] defined the objective of food security as
assuring to all human beings the physical and economic
access to the basic food they need. Food security is a social
sustainability indicator, and most commonly used indicators
in the assessment of food security conditions are food pro-
duction, income, total expenditure, food expenditure, share
of expenditure of food, calorie consumption and nutritional
status etc. [38]. Accounting tools for quantifying food secu-
rity are essential for assessment of food security status and
also for policy planning for sustainable development.

Several studies have been reported on food security in
terms of per capita food availability in Bangladesh [13],
pattern of household food consumption and causes of food
insecurity [36], and access and utilization of food and the
issues of food and nutritional security [32]. These studies
give a descriptive statistics of the food security. Recently
Bala and Hossain [6, 7] reported a quantitative method of
computation of food security.

Ecological footprint is an ecological stability indicator.
The theory and method of measuring sustainable develop-
ment with the ecological footprint was developed during the
past decade [15, 43]. The ecological footprint is a measure-
ment of sustainability illustrating the reality of living in a
world with finite resources, and it is a synthetic indicator
used to estimate a population’s impact on the environment
due to its consumption. It quantifies total terrestrial and
aquatic area necessary to supply all resources utilized in a
sustainable way and to absorb all emissions produced al-
ways in a sustainable way. Apart from analyzing the present
situation, ecological footprint provides framework of sus-
tainability planning in the public and private scale.

Several studies have been reported on applications of eco-
logical footprint during the past decade to address environ-
mental sustainability [5–7, 16, 29, 33, 34, 42, 45]. This
technique has been applied to wine production [34], regional
level [6, 7, 45], national level [5, 16, 29], and national and
global level [42]. The ecological footprint has been jointly
used combining emergy analysis to evaluate ecological foot-
print for regional level [45] and national level [16] as well as to
assess ecological footprint and biocapacity [5, 29, 33].

Agricultural systems are vulnerable to variability in cli-
mate, and they can be viewed as a function of the sensitivity
of agriculture to changes in climate, the adaptive capacity of
the system and the degree of exposure to climate hazards
[23]. The productivity of food crops from year to year is
sensitive to variability in climate, and it affects the food
security. Furthermore, Bangladesh is the most vulnerable to
the impacts of climate variability and change. In the last two
decades, there has been rapid development of crop models
that can simulate the response of crop production to a
variety of environment and management factors. With such
models, it is feasible to assess the variations in yields for
different crops or management options under a given cli-
matic change.

Climate changes include both rapid changes in climatic
variables such as temperature, radiation and precipitation, as
well as changes in the atmospheric concentration of green-
house gases. Soil water and nutrient cycling and climate
changes affect food security. Predicted climate change
impacts are essential to design plans and programs to adapt
for future conditions. For proper understanding and imple-
mentations of the plans and programs of the adaptation
strategies of the climate change impacts, the climate change
impact systems must be modeled and simulated. Simulation
models can assist in examining the effect of different sce-
narios of future development, and climate change impacts
on crop production and several crop models are available.

Several studies have been reported on climate change
impacts on rice [3, 17, 24, 40, 44], wheat [1, 2, 4, 22, 26,
27, 35] and maize [27, 28, 31]. Farmers have proved highly
adaptable in the past to short- and long-term variations in
climate and their environment. Also key to the ability of the
farmers to adapt to climate variability and change is the
access to relevant knowledge and information [14]. Farm
level analyses have also shown that large reductions in
adverse impacts from climate change are possible when
adaptation is fully implemented [30]. Adaptation practices
require extensive high quality data and information on cli-
mate and on agricultural, environmental and social systems
affected by the climate.

Bala and Masuduzzaman [10] developed a system dy-
namics version of crop growth model based on the Wage-
ningen Agricultural University crop growth model to predict
the potential yield and yield under water stress of wheat.
Bala et al. [11] also adapted this model to project crop
production (rice and wheat) in Bangladesh. More recently
Rosenzweig et al. [39] reported preliminary outlook for
effects of climate change on Bangladeshi rice, and this study
shows that aus crop is not strongly affected and aman crop
simulations project a highly consistent production increase.

Shifting agriculture is still the cultivation system in this
region with little impacts of different plans and programs for
increased food security, and also tobacco cultivation is
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expanding rapidly which demands rapidly expanding amounts
of fuelwood for tobacco kilning, which causes environmental
degradation. This study presents an integrated and dynamic
model to assess the environmental degradation in terms of
ecological footprint and food security for different policy
options and also addresses the climate change impacts on food
security of the Chittagong Hill Tracts of Bangladesh.

2 Materials and Methods

2.1 Field Level Sample Survey

The Hill Tracts of Chittagong consists of three districts:
Bandarban, Rangamati and Khagrachhari. The sampling
framework consisting of primary sampling unit of district
and ultimate sampling unit of upazila (sub-district) is shown
in Table 1. Nine upazilas were randomly selected from each
of the three districts, and these districts are shown in Fig. 1.
Two sets of questionnaire were developed with emphasis on
traditional crop production system (jhum) and environmental
degradation and also food security and environmental degra-
dation at upazila levels. Two sets of questionnaire were pre-
tested, and necessary improvement was made.

Table 1 Selected upazilas from the Hill Tracts of Chittagong

District Upazila

Bandarban Sadar, Ali kadam and Ruma

Rangamati Sadar, Barkal and Kaptai

Khagrachhari Sadar, Mahalchhari and Dighinala

Fig. 1 Map of Bangladesh
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2.2 Data Collection and Analysis

Data on population, crop, tobacco, livestock and forestry were
collected to estimate the present status of food security and
ecological footprint at upazila levels in the Hill Tracts of

Chittagong in Bangladesh from upazila offices of Government
Department of Statistics, Agriculture, Forestry, Fishery and
Livestock. In addition, a Focus Group Discussion was held
with the sub-assistant agricultural officers of ten blocks of
Khagrachhari sadar upazila on jhum cultivation on 16 April

Fig. 2 Interrelationships of
management system of the
uplands of agricultural systems
of the Hill Tracts of Chittagong

Jhum area

land transfer rate for hort

ecological footprint

horticulture area

biocapacity

ecological status

tobbaco area
tobbaco area growth rate

forest area

land transfer rate for forest

population

food requirement

per capita food requirement

food security

food available

crop area

Simplified flow diagram

population growth

Fig. 3 Simplified flow diagram of management system of the uplands of agricultural systems of the Hill Tracts of Chittagong
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2009 in the Khagrachhari upazila agricultural extension office.
Collected data and information were compiled, edited, summa-
rized and analyzed, and these are available in Bala et al. [12].

2.3 Modeling of Upland Agricultural Systems

Planning of integrated management of the uplands of the Hill
Tracts of Chittagong has to address several interdependent
issues such as food security and environmental degradation
(ecological footprint) of the uplands of the Hill Tracts of
Chittagong to find out the leverage points and also to explore
management scenarios of the uplands of Chittagong for sus-
tainable soco-economic development. The integrated manage-
ment of the uplands of the Hill Tracts of Chittagong is a
complex, dynamic and multi-faceted system depending not
only on available technology but also on economic and social
factors. Experimentation with an actually existing uplandman-
agement system containing economic, social, technological,
environmental and political elements is totally unrealistic.
Simulating an integrated upland management system by a
computer model, one can conduct a series of experiments.
Computer models clearly are of great value to understand the
dynamics of such complex systems [9]. Owing to the intrinsi-
cally complex nature of the upland management problems, it is
advantageous to implement integrated upland management
policy options only after careful modeling analyses. Forrester’s

system dynamics methodology provides a foundation for con-
structing computer models to do what the human mind cannot
do that is rationally analyze the structure, the interactions and
mode of behavior of complex socioeconomic, technological
and environmental systems [9, 20]. Hence, the system dynam-
ics approach is the most appropriate technique to handle this
type of complex problem. A detailed description of the meth-
odology is given in Forrester [20] and Bala [8, 9].

The management system of the uplands of agricultural
systems of the Hill Tracts of Chittagong consists of popula-
tion, crop production, tobacco, forestry and ecological sec-
tor. These sub-models are integrated for sustainable
development. The system as a whole can be described in
terms of interconnected blocks. A block diagram represen-
tation of the uplands of agricultural systems of the Hill
Tracts of Chittagong is shown in Fig. 2. The major influen-
ces to a sector from other sectors and its influences on the
other sectors are shown in the diagram. Jhum area is con-
verted into horticultural crop area and forest area, and crop
area is converted into tobacco area. Major contributions to
the food security of the Hill Tracts come from the jhum
production, crop production, horticultural production, to-
bacco production and forest production, and the environ-
mental degradation i.e. ecological footprint comes from
mainly jhum production, tobacco production and soil ero-
sion. The simplified flow diagram of integrated farming/
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agricultural system is shown in Fig. 3. The building blocks of
the model are stock and flow. The stock is a state variable, and
it represents the state or condition of the system at any time t.
The stock is represented by a rectangle. The flow shows how
the stock changes with time, and it is represented by a valve
symbol. The flow with arrow towards the stock indicates
inflow, and the flow with arrow outwards indicates outflow.
The lines with arrow are influence lines, and the direction
indicates the direction of information flow. The variable/factor
at the starting point indicates the variable/factor affecting the
variable/factor at the terminating point, and this in essence
shows how one variable/factor influences other variable/factor
with direction of information flow. In Fig. 3 jhum area is a
stock variable, and land transfer rate for hort is outflow from
the stock—jhum area. The line starting from the population to
population growth with arrow towards the population growth
indicates that population level depends on population growth.
Fundamental equations that correspond to major state varia-
bles shown in Fig. 3 are as follows:

horticulture area ðtÞ ¼ horticulture area t � 1ð Þ
þ land transfer rate for hort�Δt

ð1Þ

tobacco area ðtÞ ¼ tobacco area t � 1ð Þ
þ tobacco area growth rate�Δt ð2Þ

population tð Þ ¼ population t � 1ð Þ þ population growth rate

ð3Þ

The USDA evaluated food security based on the gap
between projected domestic food consumption and a
consumption requirement [41]. Bala and Hossain [6]
developed a quantitative method to compute the food
security based on this concept. All food aid commodities
are converted into grain equivalent based on economic
returns (price). Based on this concept the food security is
computed as [6, 7]:

Food Security ¼

Food available from crops including tobacco

þ Food available from aquacultureand equivalent food from income of aquaculture

þ Food available from livestock and equivalent food from income of livestock

þ Food available from forestry and equivalent food from income of forestry

0
BBB@

1
CCCA� Total food requirement

0
BBB@

1
CCCA

=Total food requirement

ð4Þ

Positive food security means surplus food, and negative food
security means shortage in food supply to lead healthy life. The
structure of food security computation is shown in Fig. 4.

The ecological footprint calculation is based on the
average consumptions data, and these are converted into

uses of productive lands. The bioproductive land is divid-
ed into six categories according to the classification of the
World Conservation Union: (1) cropland, (2) grazing land,
(3) forest, (4) fishing ground, (5) build-up land and (6)
energy land.
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Total ecological footprint is the sum of the ecological
footprints of all categories of land areas which provide
for mutually exclusive demands on the biosphere. Each
of these categories represents an area in hectares, which
is then multiplied by its equivalence factor to obtain the
footprint in global hectares. One global hectare is equal
to 1 ha with productivity equal to the average of all the
productive hectares of the world. Thus, 1 ha of highly

productive land is equal to more global hectares than
1 ha of less productive land. Thus, ecological footprint
can be computed as [33]:

Ecological footprint ghað Þ ¼ Area hað Þ
� Equivalence factor gha=hað Þ

ð5Þ
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Fig. 7 STELLA flow diagram of management system of the uplands of agricultural systems of the Hill Tracts of Chittagong
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where

Area (ha) 0 all categories of land areas in hectares
Equivalence factor 0 world average productivity of a
given bioproductive area/world average potential pro-
ductivity of all bioproductive areas.

Specially, equivalence factor is the quantity of global
hectares contained within an average hectare of cropland,
build-up land, forest, pasture or fishery. The structure of the
computation of ecological footprint is shown in Fig. 5.

An important part of the ecological footprint analysis of a
region or zone is represented by the calculation of its biolog-
ical capacity (biocapacity) that takes into account the surfaces
of ecologically productive land located within the area under
study. Biological capacity represents the ecologically produc-
tive area that is locally available, and it indicates the local
ecosystem’s potential capacity to provide natural resources

and services. Biological capacity is the total annual biological
production capacity of a given biologically productive area.
Biological capacity can be expressed as [33]:

Biocapacity ghað Þ ¼ Area hað Þ
� Equivalence factor gha=hað Þ � Yield factor

ð6Þ

where yield factor 0 local yield/global yield.
Total biocapacity is the sum of all bioproductive areas

expressed in global hectares by multiplying its area by the
appropriate equivalence factor and the yield factor specific
to that country/locality. The structure of the computation of
biocapacity is shown in Fig. 6. Biological capacity can be
compared with the ecological footprint, which provides an
estimation of the ecological resources required by the local
population. The ecological status is expressed as the differ-
ence between biocapacity and ecological footprint. A

horticulture area

Jhum area

yield factor for crop

yield factor for fish

biocapacity for jhum

equivalence factor for crop

biocapacity for fish

equivalence factor for fish

total biocapacity

biocapacity per capita
ecological status

biocapacity for non jhum

population
ecological foot print per capita

animal area

crop area

biocapacity for forest

equivalence factor for forest

yield factor for forest

yield factor for animal
biocapacity for animal

equivalence factor for animal

biocapacity for buildup area

buildup area

forest area

fish area

Biocapacity sector

(c)

Fig. 7 (continued)
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negative ecological status (BC < EF) indicates that the rate
of consumption of natural resources is greater than the rate
of production (regeneration) by local ecosystems [37]. Thus,

an ecological deficit (BC < EF) or surplus (BC > EF)
provides an estimation of a local territory’s level of
environmental sustainability or unsustainability. This also
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indicates how close to sustainable development the specific
area is.

The STELLA flow diagram of the detailed integrated and
dynamic model is shown in Fig. 7. Since soil erosion and
loss of biodiversity are the major causes of environmental
degradation in CHT and the population density is also low
(100 persons/km2), it is assumed in this model that environ-
mental degradation does not affect population growth. This
model is essentially a detailed mathematical description of
the system, and it is a system of finite-difference integral
equations. This system of equations is solved using the
Runge–Kutta 4th order method.

In this study three policy options are considered: (i) gradual
transfer of crop (rice) area into tobacco area and jhum area into

horticultural area, (ii) gradual transfer of jhum area into horti-
cultural area and (iii) rice plus jhum area. The climate change
impacts on food security are assessed incorporating the
changes in yields of rice and maize due to the climate change
scenarios of the historical trend and IPCC predictions, and the
yield changes due to climate change are computed from the
crop growth model discussed in the next section.

2.4 Climate Change Impacts

Computation of climate change impacts on crop yields is based
on the crop growth model InfoCrop developed by Aggarwal et
al. [1, 2]. Computation of canopy photosynthesis from the
incoming photosynthetically active radiation forms the central
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part of the crop growth simulation models. The crop develop-
ment and growth processes and their relationships for the crop
growth model InfoCrop are shown in Fig. 8, and these devel-
opment and growth processes are dry matter production, dry
matter partitioning, leaf area growth and phenology.

The growth rate of the crop is calculated as a function of
radiation use efficiency, photosynthetically active radiation,
total leaf area index and a crop/cultivar specific extinction
coefficient. The growth rate of the crop is calculated as follows:

GCROP ¼ RUE * PAR * 1� EXP �KDF *LAIð Þð Þ ð7Þ
where

GCROP 0 net crop growth rate
RUE 0 radiation use efficiency
PAR 0 photosynthetically active radiation
KDF 0 extinction coefficient
LAI 0 leaf area index

The net dry matter available each day for crop growth is
partitioned into roots, leaves, stems and storage organs as a
crop-specific function of development stage. Allocation is
made first to roots, which gets increased in case the crop
experiences water or nitrogen stress. The remaining dry
matter is allocated to the above ground shoot from which a
fraction was allocated to leaves and stems. The balance dry
matter is automatically allocated to the storage organs. Al-
location to leaves is computed as:

RWLVG ¼ GCROP * FSH * FLV � DLVð Þ ð8Þ

where

RWLVG 0 net growth rates of leave
GCROP 0 net crop growth rate
FSH 0 fraction allocated to shoots
FLV 0 fraction allocated to leaves
DLV 0 dead leaves

Similar procedure is adopted for stems and roots.
The leaf area growth is calculated based on initial leaf area

index and its growth rate. The leaf growth rate is estimated
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multiplying the increment in leaf weight by the specific leaf
area. Net effective leaf area for photosynthesis and transpira-
tion is the sum of the leaf areas and non-lamina green area
after subtracting all losses due to senescence. The net growth
rate of leaf area index is calculated as follows:

RLAI ¼ LAIIþ GLAI� DLAI ð9Þ
where

RLAI 0 net leaf area growth rate
LAII 0 initial leaf area index
GLAI 0 leaf area growth rate
DLAI 0 death rate of leaf area index

Modeling of the development rate is still largely descriptive,
and the total development of a crop is quantified on the basis of
development stages (DS), a dimensionless variable having a
value of 0 at sowing, 0.1 at seedling emergence, 1.0 at flower-
ing and 2.0 at maturity [25]. This was calculated by integrating
the temperature-driven development rates of the phases from
sowing to seedling emergence, seedling emergence to anthesis,
and storage organ filling phases. The rate of crop development
is accelerated depending upon the crop/intensity of stress.

DRV ¼ HUVG *DAYLC=TTVG ð10Þ
where

DRV 0 rate of development during vegetative phase
HUVG 0 thermal time of the day
DAYLC 0 correction factor for the photoperiod-
dependent thermal time
TTVG 0 thermal time required for entire phase

Further details are given in Bala et al. [12].
Crop growth model is used to simulate the crop produc-

tion for climate change conditions. Radiation use efficiency
changes for the changes in temperature and CO2 levels as a
result of climate change, and these changes have been
incorporated in this crop model to assess the climate change
impacts on crop production.

3 Results and Discussion

Initial values and the parameters were estimated from the
primary and secondary data. The sensitivity of the important
parameters was also estimated. To build up confidence in the
predictions of the model, various ways of validating a model
such as comparing the model predictions with historic data,
checking whether the model generates plausible behaviour
and checking the quality of the parameter values were con-
sidered. The validated model was used for baseline scenario
and policy analysis.

3.1 Simulated Scenarios

An integrated and dynamic model was developed to predict
food security and environmental loading for gradual trans-
mission of jhum land into horticulture crops and teak plan-
tation, and crop land into tobacco cultivation. The simulated
results for Bandarban sadar upazila are presented here.

Figure 9 shows the simulated crop area and tobacco area,
and jhum area and horticultural crop area and depleted forest
area. Cropped area is converted into tobacco area at the rate of
1.7 % while jhum area is converted into horticultural crop area
at the rate of 0.035 %. Simulated results show that the con-
version of crop area into tobacco area and jhum area into
horticultural crop area causes the crop area to be fully con-
verted into tobacco within 110 years while jhum area into
horticultural crops area within 95 years. This policy of tobacco
cultivation causes a total depletion of forest of 12 million tons
within 150 years, and this optionmay lead to total depletion of
the forest in the Hill Tracts of Chittagong.

Figure 10 shows simulated population, food available,
food requirement and food security in the Bandarban sadar

Table 2 Treatments for climate change impacts on rice and maize

Treatment No. Temperature change (°C) CO2

changea
Rainfall
change (%)

Rice
yield (kg/ha)

Maize yield (kg/ha)

Maximum Minimum

1 0 0 0 0 5259.60 5692.40

2 2 2 50 20 5191.80 5759.20

3 2 2 100 30 5543.90 5869.50

a Reference CO2 level is 340 ppm
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upazila. Simulated results show that population increases
from 90,443 in 2010 to 124,538 in 2130. As a result the
food requirement also increases and follows the pattern of
population growth. The food availability increases till
95 years and then becomes constant due to the fact that
cropped area under different crops reaches the maximum
limit. Since crop production becomes stagnant and the pop-
ulation increases, this results in a decrease in food security.
Thus, sustainable food security demands population control.

Figure 11 shows the simulated ecological footprint, eco-
logical status, food security and biocapacity per capita in the
Bandarban sadar upazila. Simulated results show that ecolog-
ical footprint initially increases slowly until 60 years, and
thereafter it increases exponentially with time and the bioca-
pacity follows the similar pattern. Since ecological footprint is
higher than biocapacity, ecological status is negative and it
becomes much prominent after 60 years. Food security
increases up to 15 years, and then it decreases to zero within
71 years.

Figure 12 shows the simulated food security for (i) crop,
tobacco and horticulture (normal), (ii) rice and horticulture
(without tobacco) and (iii) rice and jhum only (without tobac-
co and horticulture). Simulated results show that in all the
cases the food security decreases in a similar pattern with time,
but there is only difference in the time when the food security
reduces to zero. It is after 71 years in case of rice, tobacco and
horticulture cultivation; after 36 years in case of rice and
horticulture and after 15 years in case of crop. Hence, rice,
tobacco and horticulture production is the best policy for food
security followed by rice and horticulture.

Figure 13 shows the simulated ecological footprint for (i)
rice, tobacco and horticulture (normal), (ii) rice and horticul-
ture (without tobacco) and (iii) rice only (without tobacco and
horticulture). Simulated results show that in all the cases the
ecological footprint i.e. environmental degradation increases
initially slowly and after 70 years it increases rapidly, but
during the early periods, environmental degradation under
rice, tobacco and horticulture is dominant followed by rice
only. Thus, any policy without tobacco is the best policy in
terms of reduction of environmental degradation.

3.2 Climate Change

In general, historical weather data at least of 30 years are
preferred to represent annual weather variability. Different
climate change scenarios can then be assessed using these
data records. The simplest approach is to assume a fixed
climate change and to modify the data with a constant
number, such as an increase or decrease of 1, 2, 3 °C etc.
for temperature. Similarly, CO2 can be changed with a
certain percentage, such as an increase or decrease of 10,
20, 30 % etc. These changes are then applied to the crop
simulation models.

The model was simulated to assess the effects of tempera-
ture change of 2 and 4 °C for rice andmaize, and the simulated
results are shown in Fig. 14. The model was also simulated to
determine the effects of CO2 changes of 370, 390 and
410 ppm on the yields of rice and maize, and the simulated
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Table 3 Historical and IPCC data for climate change

Year Historical data IPCC data CO2 (ppm)

Maximum
temperature
increase (°C)

Minimum
temperature
increase (°C)

Average
temperature
increase (°C)

2020 0.3 0.3 0.67 409

2030 0.5 0.5 1.09 428

2040 0.7 0.7 1.51 447

2050 0.9 0.9 1.93 466
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Fig. 17 Changes in the yields of rice for historical and IPCC climate
scenarios

52 B.K. Bala, M.A. Hossain



results are shown in Fig. 15. The simulated results show that
the increases in the temperature and CO2 concentration have
negative and positive impacts, respectively, on the yields of
rice and maize. However, the impacts of temperature changes
are more dominant than that of CO2 concentration.

The model was simulated to predict the yields of rice and
maize for climate change scenarios of temperature, rainfall
and CO2 concentration. Treatments of climate change and
their impacts on the yields of rice and maize are shown in
Table 2. Figure 16 shows the climate change impacts on the
yields of rice and maize for the three different treatments of
climate change. The simulated results show that the yield of
rice decreases for treatment 2, but it increases for treatment
3. This might be due to the fact that for +2 °C of temperature
change and +50 ppm of CO2 change, the effect of temper-
ature is dominant and negative while for +2 °C of temper-
ature change and +100 ppm of CO2 change, the effect of
CO2 is dominant and positive i.e. the effect of elevated CO2

and increased rainfall makes up for the negative effect on
the rice yield due to temperature rise. The yield of maize
increases for treatments 2 and 3. This might be due to the
fact that maize is a C4 plant and in C4 plant the effect of CO2

reduces the severity of the warmer air temperature.
Historical and IPCC trends of the temperature and CO2

changes are shown in Table 3. The simulated climate change
impacts on the yields of rice and maize for historical and
IPCC trends of the temperature and CO2 changes for a

period of 2020–2050 are shown in Figs. 17 and 18, respec-
tively. The simulated results in Figs. 17 and 18 show that
there is almost no change in the yields of rice and maize for
the historical climate change scenario, but there is a small
decrease in the yields of rice and maize for IPCC climate
change scenario. More recently Rosenzweig et al. [39]
reported preliminary outlook for effects of climate change
on Bangladeshi rice. This study shows that aus rice crop is
not strongly affected and aman rice crop simulations project
a highly consistent production increase.

The simulated climate change impacts on food security of
the population of the Hill Tracts of Chittagong for historical and
IPCC trends of the temperature and CO2 changes for a period
of 2020–2050 are shown in Figs. 19 and 20, respectively. The
simulated results of climate change impacts on food security for
historical and IPCC trends of the temperature and CO2 changes
for a period of 2020–2050 show that there are almost no
changes in food security at upazila level for the historical
climate change scenario, but there is small change in the food
security at upazila level for IPCC climate change scenario.

4 Policy Implications

An integrated and dynamic model is developed to predict food
security and environmental loading for gradual transmission
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of jhum land into horticulture crops and teak plantation, and
crop land into tobacco cultivation using systems approach.
Computer models to predict the climate change impacts on
rice and maize production in the upland of Hill Tracts of
Chittagong have also been developed. Our findings suggest
the following overall policy implications:

& Findings of the simulated studies suggest that fruit trees
with other horticultural crops to control soil erosion and
landslides, and banning of tobacco cultivation to avoid
deforestation need promotion of environmentally sus-
tainable and economically viable agricultural systems.

& Our findings show that climate change has little positive
impacts on rice and maize production in the uplands of
the Hill Tracts of Chittagong. Adaptation of the crops to
changed climatic conditions for increased yields needs
promotion.

& Further study using a multi-agent system model with
participatory approach for different policy interventions
and management strategies at household levels for sus-
tainable development is desirable.

5 Conclusions

An integrated and dynamic model has been developed to
predict food security and environmental loading for gradual
transition of jhum land into horticulture crops and teak
plantation, and crop land into tobacco cultivation. Food
security status for gradual transition of jhum land into hor-
ticulture crops and teak plantation, and crop land into to-
bacco cultivation is the best option for the food security, but
this causes the highest environmental loading resulting from
tobacco cultivation. Considering both food security and
environmental degradation in terms of ecological footprint,
the best option is gradual transition of jhum land into horti-
culture crops which provides a moderate increase in the food
security with a relatively lower environmental degradation
in terms of ecological footprint.

Crop growth model InfoCrop was used to predict the
climate change impacts on rice and maize production in
the upland of Hill Tracts of Chittagong. There are almost
no changes in food security at upazila level for the historical
climate change scenario, but there is small change in the
food security at upazila levels for IPCC climate change
scenario.

Acknowledgments The financial support of FAO is gratefully acknowl-
edged for this study under National Food Policy Capacity Strengthening
Programme (CF-6). Constructive criticisms, comments and suggestions
made throughout the study period by the TAT members Ms Marie Jo A.
Cortijo and Prof. Dr. Shaikh Abdus Sabur for this research are also
sincerely acknowledged.

References

1. Aggarwal, P. K., Banerjee, B., Daryaei, M. G., Bhatia, A., Bala,
A., Rani, S., et al. (2006). InfoCrop: a dynamic simulation model
for the assessment of crop yields, losses due to pests, and environ-
mental impact of agro-ecosystems in tropical environments. II.
Performance of the model. Agricultural Systems, 89(1), 47–67.

2. Aggarwal, P. K., Kalra, N., Chander, S., & Pathak, H. (2006).
InfoCrop: a dynamic simulation model for the assessment of crop
yields, losses due to pests, and environmental impact of agro-
ecosystems in tropical environments. I. Model description. Agri-
cultural Systems, 89(1), 1–25.

3. Aggarwal, P. K., Kropff, M. J., Cassman, K. G., & Berge, H. F. M.
(1997). Simulating genotypic strategies for increasing rice yield
potential in irrigated tropical environments. Field Crops Research,
51, 5–17.

4. Anwar, M. R., Leary, G., McNeil, D., Hossain, H., & Nelson, R.
(2007). Climate change impact on rainfed wheat in south-eastern
Australia. Field Crops Research, 104, 139–147.

5. Bagliani, M., Galli, A., Niccolucci, V., & Marchettini, N. (2008).
Ecological footprint analysis applied to a sub-national area: the
case of the Province of Siena Italy. Environmental Management,
86(2), 354–364.

6. Bala, B. K., & Hossain, M. A. (2010). Food security and ecological
foot print of the coastal zone of Bangladesh. Environment, Develop-
ment and Sustainability, 12, 531–545.

7. Bala, B. K., & Hossain, M. A. (2010). Modeling of food security
and ecological foot print of the coastal zone of Bangladesh. Envi-
ronment, Development and Sustainability, 12, 511–529.

8. Bala, B. K. (1998). Energy and environment: modeling and simula-
tion. New York: Nova.

9. Bala, B. K. (1999). Principles of system dynamics. Udaipur: Agro-
tech Publishing Academy.

10. Bala, B. K., & Masuduzzaman, M. (1998.) Irrigation scheduling
using system dynamics approach. Proceedings of the international
conference on system dynamics ICSD-98 held on December 15–
18, 1998 at Kharagpur, India. pp. 133-141.

11. Bala, B. K., Matin, M. A., Rahman, M. M., Biswas, B. K., &
Ahmed, Farid Uddin. (2000). Computer modelling of integrated
farming systems and environment: the case of Bangladesh. Pro-
ceedings of the ninth national conference on system dynamics,
December 26–29, Hyderabad, India.

12. Bala, B. K., Hossain, S. M. A., Haque, M. A., Majumder, M., &
Hossain, M. A. (2010). Management of agricultural systems of the
uplands Chittagong Hill Tracts for sustainable food security.
Dhaka: Final technical report (PR-1), FAO Office.

13. Begum, S. (2002). Proceedings of the APO seminar on role of
rural women in food security in Asia and the Pacific held in
Thailand from 21–25 August 2000. Tokyo: Asian Productivity
Organization.

14. Challinor, A., Wheeler, T., Garforth, C., Craufurd, P., & Kassam,
A. (2007). Assessing the vulnearability of food crops systems in
Africa to climate change. Climate Change, 83, 381–399.

15. Chambers, N., Simmons, C., & Wackernagel, M. (2000). Sharing
nature’s interest—ecological footprint as an indicator of sustain-
ability. London: Earthscan.

16. Chen, B., & Chen, G. Q. (2006). Ecological footprint accounting
based on emergy—a case study of the Chinese society. Ecological
Modeling, 198, 101–114.

17. De Silva, C. S., Weathearhead, E. K., Knox, J. W., & Rodriguez-Diaz,
J. A. (2007). Predicting the impact of climate change—a case study of
paddy irrigation water requirements in Srilanka. Agricultural Water
Management, 93, 19–29.

18. FAO (Food and Agricultural Organization). (1996). Implications of
economic policy for food security: a training manual. Rome: FAO.

54 B.K. Bala, M.A. Hossain



19. FAO (Food and Agricultural Organization). (1996). Technical
background document prepared for the World Food Summit.
Rome: FAO.

20. Forrester, J. W. (1968). Principles of systems. Cambridge:
Wright-Allen.

21. Giraldo, D. P., Betancur, M. J., Arango, S. (2008). Food security in
developing countries: a systemic perspective. Paper presented at
the international conference of the System Dynamics Society held
on July 20–24, 2008 at Athens, Greece.

22. Hakala, K. (1998). Growth and yield potential of spring wheat in a
simulated changed climate with increased CO2 and higher temper-
ature. European Journal of Agronomy, 9, 41–52.

23. IPCC. (2001). Climate change: the science of climate change.
Cambridge: Cambridge University Press.

24. Karim, Z., Hussain, S. G., & Ahmed, M. (1996). Assessing impacts
of climatic variations of foodgrain production in Bangladesh. Water,
Air, and Soil Pollution, 92, 53–62.

25. Keulen, H., & Seligman, N. G. (1987). Simulation of water use,
nutrition and growth of a spring wheat crop. Pudoc: Wageningen.
310 pp.

26. Ludwig, F., Milory, S. P., & Asseng, S. (2008). Impacts of recent
climate change on wheat production systems in Western Australia.
Climate Change, 92, 492–517.

27. Magrin, G. O., Travasso, M. I., & Rodriguez, G. R. (2005).
Changes in climate and crop production during the 20th century
in Argentina. Climate Change, 72, 229–249.

28. Mati, B. M. (2000). The influence of climate change on maize
production in the semi-humid-arid areas of Kenya. Journal of Arid
Environment, 46, 333–344.

29. Medved, S. (2006). Present and future ecological footprint of
Slovenia—the influence of energy demand scenarios. Ecological
Modeling, 192, 25–36.

30. Mendelsohn, R., & Dinar, A. (1999). Climate change, agriculture
and developing countries: does adaptation matter? The World Bank
Research Observer, 14(2), 277–293.

31. Meza, F. J., Silva, D., & Vigil, H. (2008). Climate change impacts
on irrigated maize production in Mediterranean climates: evalua-
tion of double cropping as an emerging adaptation alternative.
Agricultural Systems, 98(1), 21–30.

32. Mishra, U.,& Hossain, S. A. K.(2005). Current food security and
challenges: achieving 2015 MDG hunger milepost Food security
in Bangladesh. Paper presented in the national workshop on
October 19–20 held at Dhaka, Bangladesh. pp 01-06.

33. Monfreda, C., Wackernagel, M., & Deumling, D. (2004). Establishing
national natural capital accounts based on detailed ecological footprint
and biological capacity assessment. Land Use Policy, 21, 231–246.

34. Niccolicci, V., Gall, A., Kitzes, J., Pulselli, R. M., Borsa, S., &
Marchettini, N. (2008). Ecological footprint analysis applied to the
production of two Italian wines. Agriculture, Ecosystems and
Environment, 128, 162–166.

35. Pathak, H., & Wassmann, R. (2008). Quantitative evaluation of
climatic variability and risk for wheat yield in India. Climatic
Change, 92, 492–517.

36. RDRS. (2005). A report of survey on food security and hunger in
Bangladesh. ISBN 984-32-2562-7

37. Rees, E. E. (1996). Revisiting carrying capacity: area-based indi-
cators of sustainability. Population and Environment, 17, 195–215.

38. Riely, F., Mock, N., Cogill, B., Bailey, L., & Kenefick, E. (1999).
Food security indicators and framework for use in the monitoring
and evaluation of food aid programs. Washington, DC: Food and
Nutrition Technical Assistance.

39. Rosenzweig, C., Ruane, A. C., Major, D. C., Horton, R., Goldberg, R.,
Pervez, M. S., Yu, W., Alam, M., Hossain, S. G., Khan, A. S., Hassan,
A., A lHossain, B.M. (2010). Biophysical simulation of climate change
impacts on Bangladeshi rice. http://siteresources.worldbank.org/
EXTWAT/Resources/4602122-1213366294492/ 5106220-
1234469721549/20.2_Modeling_the_impact_of_CC_on_
Agriculturet.pdf.

40. Saseendrain, S. A., Singh, K. K., Rathore, L. S., Singh, S. V., & Sinha,
S. K. (2000). Effects of climate change on rice production in the tropical
humid climate of Kerala, India. Climatic Change, 44, 495–514.

41. USDA. (2007). Food security assessment USDA economic re-
search service. Appendix—food security model: definition and
methodology. Washington DC: GFA-19.

42. Wackernagel, M., Onisto, L., Bello, P., Linares, A. C., Falfn, I. S. L.,
Garca, J. M., et al. (1999). National natural capital accounting with the
ecological footprint concept. Ecological Economics, 29, 375–390.

43. Wackernagel, M., & Rees, W. E. (1996). Our ecological footprint:
reducing human impact on the earth New society Gabrioala BC
Canada. ISBN 1-55092-251-3.

44. Yao, F., Xu, Y., Lin, E., Yokozawa, M., & Zhang, J. (2007).
Assessing the impact of climate change on rice yields in the main
rice areas of China. Climatic Change, 80, 395–409.

45. Zhao, S., Li, Z. Z., & Li, L. (2005). A modified method of
ecological footprint calculation and its application. Ecological
Modeling, 185, 65–75.

Modeling of Ecological Footprint and Climate Change Impacts in CHT 55

http://siteresources.worldbank.org/EXTWAT/Resources/4602122-1213366294492/
http://siteresources.worldbank.org/EXTWAT/Resources/4602122-1213366294492/

	Modeling of Ecological Footprint and Climate Change Impacts on Food Security of the Hill Tracts of Chittagong in Bangladesh
	Abstract
	Introduction
	Materials and Methods
	Field Level Sample Survey
	Data Collection and Analysis
	Modeling of Upland Agricultural Systems
	Climate Change Impacts

	Results and Discussion
	Simulated Scenarios
	Climate Change

	Policy Implications
	Conclusions
	References


