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Abstract Studies about wetlands have been identified as
a key component of environmental change. The present
study assesses the spatio-temporal changes in the wet-
lands of the Great Rann of Kachchh, in the Kachchh
Biosphere Reserve, India, using remote sensing and GIS
techniques. Satellite time-series data from Landsat
(1977, 1990 and 1999) and IRS P6 (2006, 2008-2012)
were used. The Normalised Difference Water Index
(NDWI) was derived for each year and the layers were
manually edited to obtain a high classification accuracy.
The analysis found that the area has undergone consid-
erable change from 1977 to 2011. The natural wetland
area of 30.6 km® was converted to salt pans. An area of
about 255 km? (41.6 %) of natural grassland was invad-
ed by Prosopis juliflora, which raises further conserva-
tion concerns and emphasises the importance of having
intervention plans to manage this ecosystem. The
highest water spread of 1171 km? was observed in
September 2011, followed by 2010, 2009 and 2008 in
the same month. The present study is useful in planning
the long-term management and conservation of the
Great Rann of Kachchh wetland.
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Introduction

Throughout the world, wetlands are facing immense anthro-
pogenic pressures. In fact, the major drivers implicated for the
loss and degradation of wetlands include: expanding agricul-
ture and aquaculture, pollution, biological invasion, desertifi-
cation and more recently climate change (Chen 2002). Given
these threats to wetlands and the concerns thereof, the assess-
ment and monitoring of spatio-temporal changes in the wet-
lands have received increased research attention (Xie et al.
2010). Essentially, the drivers of change in the worlds” wet-
lands are driven by a combination of natural and anthropogen-
ic factors, which can be scientifically studied by quantifying
the spatio-temporal changes in the biotic and abiotic compo-
nents of these prized ecosystems. Therefore, for change anal-
ysis studies, it becomes crucial to distinguish between the
contributions from the drivers of change in terms of the biotic
and abiotic components, which in turn will provide a basis for
understanding the spatial and temporal dynamics of wetlands
(Zhao and Lai 2007).

In retrospect, the conventional methods of data collection
on natural resources are too costly and time intensive.
However, in recent times, the potential applications of envi-
ronmental remote sensing have revolutionized the way we
monitor changes occurring in surface conditions of land-cov-
er. Satellite-based remote sensing with a synoptic view col-
lects large amount of spatial data with sufficient accuracy.
Remote sensing data together with Geographic Information
Systems (GIS) have been found to be suitable tools for the
assessment and monitoring of the spatial-temporal dynamics
of wetlands (Emadi et al. 2010; Ghobadi et al. 2012). Use of
such tools to quantify the attributes of conservation value for
these ecosystems could prove to be valuable in their sustain-
able management (Salari et al. 2014). Ozesm and Baue (2002)
provided a detailed review on the applications of remote
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Fig. 1 Location map of Great
Rann of Kachchh (GRK),
Kachchh Biosphere Reserve
(KBR), Gujarat, India

(A) India, Gujarat

(C) GRK part in KBR

sensing for wetlands mapping and monitoring. For instance,
using remote sensing tools, Xie et al. (2010) found that natural
wetlands continue to decrease due to the expansion of crop-
land and aquaculture during 1987 to 2006 in the Tianjin part
of China (Xie et al. 2010). In another study, urban expansion
was believed to be the main reason for the loss of 60 % of
wetlands in Dhaka metropolitan area in Bangladesh (Mahmud

(B) Kachchh Biosphere
Reserve and Gujarat state

[/A/] KBR boundary
A/l GRK boundary
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et al. 2011). Bayley et al. (2013) revealed that the conversion
of native landscapes for croplands has resulted extensive loss
of wetlands in Canada and was responsible for the increased
runoff of nutrients affecting existing wetlands.

The Space Application Centre prepared a wetlands map of
India at 1:50,000 scale (SAC 2011). However, there are only
few studies on the temporal monitoring of wetlands using

Table 1  Annual rainfall (mm) in study area

Period June July August September October November December January February March April May Total
2008-2009 63.2 38 84 113.2 0.1 1.1 14.6 0.1 0.1 0 0 0 3144
2009-2010 424 324 125 6.4 0.9 0.1 0 0 0 0 0 0 497.9
20102011 527 344 283 1533 0 542 0 0.3 0 0 0 0 887.8
20112012 1.2 77.3 313 244 23 0.2 0 0 45 0 0 0 642
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satellite remote sensing in India. These include studies on
wetlands such as Harike (Chopra et al. 2001), Ansupa

(Pattanaik and Reddy 2007), Keoladeo (Reddy et al. 2010)
and Hokersar (Romshoo and Rashid 2012). The biological
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image (18th December 2011)
of GRK
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Table2 Composition of land-use/land-cover classes in GRK (area in km?)

Class 1977 1990 1999 2005 2011
Area % of area Area % of area Area % of area Area % of area Area % of area
Wetlands
Water 43594 457 45385  47.6 468.0 49 1034.1 10.8 4646.7  48.7
Marshy land 20428 214 19084  20.0 5963.8  62.5 5423.0  56.8 1808.3 18.9
Salt pans 0.0 0.0 0.0 0.0 15.3 0.2 19.9 0.2 30.6 0.3
Sub total 6402.3 67.1 64469  67.6 6447.1 67.6 6477.1 67.9 64856  68.0
Non Wetlands
Thorn scrub 159.7 1.7 157.2 1.6 157.7 1.7 157.9 1.7 158.6 1.7
Prosopis scrub 679.5 7.1 797.1 8.4 826.7 8.7 855.3 9.0 970.7 10.2
Grasslands 612.4 6.4 466.9 4.9 445.7 4.7 3923 4.1 267.7 2.8
Agriculture/Fallow 1678.9 17.6 1664.6 17.4 1654.9 17.3 1649.4 17.3 1649.1 17.3
Settlements 10.1 0.1 10.2 0.1 10.7 0.1 10.8 0.1 10.8 0.1
Sub total 31406 329 3096.0 324 3095.7 324 3065.8 32.1 3057.0 320
Grand total 9543 100.0 9543 100.0 9543 100.0 9543 100.0 9543 100.0

invasion of alien species was found to be a major threat in the
wetlands of the Samaspur bird sanctuary in India (Reddy
2007; Reddy et al. 2009). These studies observed an increase
of 39 % in the spread of invasive plant species during 1990 to
2006 (Reddy 2007; Reddy et al. 2009). The main objective of
the present study is to analyse the spatio-temporal
changes in wetlands of Great Rann of Kachchh, Kachchh
Biosphere Reserve, Gujarat, India during 1977, 1990, 1999,
2006 and in continuous four years cycle: 2008/2009,
2009/2010, 2010/2011 and 2011/2012. In this study, change

Fig. 4 Classified Map of Land
use/Land cover in GRK
(December, 2011)
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refers to an increase or decrease in the surface extent of the
water spread of wetlands due to natural or anthropogenic
factors.

Study area

Kachchh, located in the western part of the India, represents
one of the most unique geological features called the ‘Rann’
of Kachchh (Gaur et al. 2013). The Rann of Kachchh is a vast
area of marshy salt plain which intermittently becomes wet

: zw« . B Thorn scrub [ water
I Prosopis scrub Marshyland
Grasslands I scttlements
Agriculture [ ] Saltpans
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Table 3  Change area matrix of land-use/land-cover types of Great Rann of Kachchh: 1977 and 2011 (area in km2)

19772011 Thorn scrub  Prosopis scrub  Grasslands ~ Agriculture/Fallow Marshy land  Water ~ Settlements  Salt pans  Grand Total
Thorn scrub 155.8 3.8 0.1 0.0 0.0 0.0 0.0 0.0 159.7
Prosopis scrub 1.0 666.4 39 1.5 5.0 1.8 0.0 0.0 679.5
Grasslands 0.1 254.8 258.6 1.0 70.9 27.1 0.0 0.0 612.4
Agriculture/Fallow 0.0 37.1 1.1 1630.6 3.1 6.3 0.7 0.0 1678.9
Marshy land 1.7 8.6 32 14.5 1880.0 1104 0.0 24.5 2042.8
Water 0.0 0.0 0.9 1.6 197.3 4153.6 0.0 6.1 4359.4
Settlements 0.0 0.0 0.0 0.0 0.0 0.0 10.1 0.0 10.1

Salt pans 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Grand Total 158.6 970.7 267.7 1649.1 2156.3 4299.1 10.8 30.6 9543

and dry and barely rises above sea level. The marshy salt flats
become ‘snow white’ after the shallow water dries up every
year before the monsoon season. The Government of Gujarat
State (India) notified ‘the Great Rann of Kachchh’ as Kachchh
desert wildlife sanctuary in 1986. The Great Rann of
Kachchh’ (hereafter GRK) lies in the northern region of
Kachchh district and covers a major part of the Kachchh bio-
sphere reserve (Fig. 1) which was notified as a ‘Biosphere
Reserve’ in the year 2008 (Palni et al. 2012). It is the fifteenth
Biosphere Reserve designated by the Government of India
and represents a unique combination of saline deserts and
seasonal wetlands in the vast areas of the Great Rann of
Kachchh. Topographically, the GRK is a bowl-shaped
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depression, occurring adjacent to Pachchham, Khadir and
Bela hill massifs (Gaur et al. 2013). It falls under a
separate biotic province i.e. Kachchh desert and thus
represents a distinct, typical gene pool of the Semi-
Arid biogeographic zone in India (Rodgers and Panwar
1988). The internationally renowned and charismatic
birding paradise ‘Flamingo city’ is situated in the mid-
east of GRK. Flamingo city located in the GRK is
Asia’s largest flamingo breeding ground. It is an
Important Bird Area (IBA) declared by Bird Life
International (Lee et al. 2011). The breeding period of
Flamingo is mainly during September to November.
This is an area of slightly raised ground where huge
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Fig.5 The expansion of salt pans as evidenced by multi-temporal False Colour Composite satellite image data (Change areas highlighted in circles: No

salt pans in 1977 and 1990)

@ Springer



150

C. S. Reddy et al.

Fig. 6 Map showing the spatio-
temporal variations in the water
bodies of GRK (2008-2009)

September

February

numbers of flamingos build their mud nests and it supports a
large number of waterfowl. The Great White Pelican often
breeds in the GRK (Grimmett et al. 1998). The mean mini-
mum and maximum temperatures recorded during 2012 were
6 °C (February) and 42.2 °C (May) respectively. Climatically,
the winter falls between November to February, the summer
from March to May and rainy season from June to
October.The period from 1932 to 1950 has received scanty
rain. The period from 1951 to 1980 received considerable
rainfall. A drastic decline in rainfall during the period 1981—
1990 led to consecutive droughts. The rainfall again improved
after 1990 (Gujarat Ecology Commission 2011). The highest
rainfall in 2012 was recorded on 28th September as 75.6 mm.
Annual rainfall (mm) patterns in study area have been shown
in Table 1(http:/www.imd.gov.in).

Fig. 7 Map showing the spatio-
temporal variations in the water
bodies of GRK (2009-2010)
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Landsat MSS, Landsat TM, Landsat ETM+, IRS P6 LISS III
and IRS P6 AWIFS remote sensing data were used to map
land-use and land-cover, and to analyse changes in wetlands.
The Landsat images were downloaded from the Global Land
Cover Facility (http://glcf.umiacs.umd.edu/). IRS datasets
were procured from the National Remote Sensing Centre,
India. The Landsat MSS data of 17th January 1977, Landsat
TM of 2nd November 1990, Landsat ETM+ of 18th October
1999, IRS P6 LISS-III of 9th October 2005, 18th December
2011 and IRS P6 AWIFS of September, 2008 to May 2012
were analysed. Meteorological data (2008-2012) were
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Fig. 8 Map showing the spatio-
temporal variations in the water
bodies of GRK (2010-2011)

September

February

collected from Indian Meteorological Department (http://
www.imd.gov.in). The Survey of India topographical maps
were used as ancillary data.

Methods

Ortho-rectified Landsat ETM+ data were used as a reference
for the geo-rectification of IRS data. The images were
georeferenced to the Universal Transverse Mercator (UTM)
coordinate system and the WGS 84 datum. To calibrate reflec-
tance, the Top-of-Atmosphere correction procedure was used
(Chavez 1996).

Multispectral satellite remote sensing data (1977 to 2012)
were used for mapping the various categories of land-use/
land-cover. The study utilized 32 IRS P6 AWIiFS images for

Fig. 9 Map showing the spatio-
temporal variations in the water
bodies of GRK (2011-2012)
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analysing the inter and intra-annual temporal changes in wet-
lands (2008-2009, 2009-2010, 2010-2011 and 2011-2012).
In order to delineate the wetlands, the Normalized Difference
Water Index (NDWI) was used. The NDWI was calculated
using the following formula (McFeeters 1996):

NDWI = (GreenNIR) / (Green + NIR)

where green is in the spectral range of 0.52—0.59 um and
NIR is in 0.77-0.86 pum.

The application of this indicator for a multi-spectral satel-
lite image results in positive values for water features and zero
or negative values for soil and vegetation (Chatterjee et al.
2003).

After the generation of classified maps from the individual
remote sensing datasets, a post-classification comparison
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Table 4 Month wise water

spread area during 2008—2012 Year September ~ October ~ December  January  February = March  April May
(area in km?)
2008-2009  2058.1 2119.9 820.1 702.6 369.2 159.3 5.6 13
2009-2010  2462.5 1500.3 473.2 3553 139.2 0 0 0
2010-2011  4326.1 4296 3480.6 2508.1 25332 2362.1 22874 15468
20112012 4646.7 4594.4 4194.6 4137.1 3630.5 37289 31874 885

technique was used to determine changes in land-use/land-
cover between 1977 and 2011. The post-classification com-
parison approach provides “from — to” change information
and the type of land-cover transformations that have occurred
can easily be calculated and mapped (Jensen 2004).
Change-detection information with 64 combinations of
“from —to” change information was derived for each
of the eight classes mapped. Changes in the spatial dis-
tribution of land-use/land-cover classes can be
summarised by overlaying maps of different dates and
analysing their spatial coincidence (Weng 2002). In the
present study, GIS overlay analysis technique was used
for assessing the spatial and temporal consistency of
area under water spread to identify the actual location
and spatial extent of change.

An accuracy assessment was carried out to validate the
classified map of 2011. Validation of classified maps for
1977, 1990, 1999, 2005 were undertaken based on the visual
assessment of satellite images and the temporal consistency of
ground control points. The overall methodology of the study
area is presented in Fig.2.

Fig. 10 GIS overlay analysis
showing spatio-temporal
variations in the water bodies of
GRK (2008-2009, 2009-2010,

2008-2009

20102011 and 2011-2012) = —
."" S
\4.-> ~ S
/ /
[ /,/’
\ /
4 /
e+ <)
2010-2011
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Results and discussion

The IRS P6 LISS III False Colour Composite (FCC) image of
the study area is shown in Fig. 3. The analysis showed that the
wetland ecosystem of GRK was undergoing drastic inter-
annual and intra-annual changes during the study period.
The overall accuracy of the land use/land cover maps derived
for the years 1977, 1990, 1999, 2005 and 2011 was 89.2 %,
90.4 %, 92.8 %, 93.1 and 93.4 % respectively. All the kappa
values were above 0.88. Although 85 % accuracy is a recom-
mended target for land use/land cover classification in remote-
sensing applications (Anderson et al. 1976), satellite data used
in the present study has given 93.4 % accuracy in the LU/LC
mapping of 2011/2012.

Area change in wetlands
In the present spatial analysis, land-cover has been divided
into two categories, i.e. wetlands and non-wetland. Marshy

lands and water body classes were combined into one ‘wet-
land category’ for long term multi-temporal analysis. This
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Fig. 11 Inter and Intra annual 4000.0 -

cyclic changes in water spread
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reduced the effect of seasonality on surface water area and
provided an opportunity to compare the total wetland cover
available across the time periods studied. Wetlands represent-
ed 68 % of the total geographical area of GRK in 2011
(Table 2).

The non-wetland category includes thorn scrub, Prosopis
scrub, grasslands, agriculture/fallow and settlements (Fig. 4).
Among the natural vegetation cover classes, grasslands and
Prosopis scrub shown large spatial changes; the former is
decreasing and the latter is increasing. Among the cultural
land-use classes, agriculture occupies 17.3 % of the total geo-
graphical area, followed by salt pans (0.3 %) during 2011.

Abrupt long term changes

The area change matrix analysis showed that land-cover in the
GRK has changed significantly since 1977 with wetlands be-
ing converted to other land-uses (Table 3). Due to invasion,
the wetland area of 8.6 km? was changed into Prosopis
Jjuliflora scrub. The natural wetland area of 30.6 km?* was
converted into salt pans. The area under salt pans increased
twofold due to this conversion during the study period. The
expansion of salt pans is illustrated in Fig. 5. The change in
grassland area to Prosopis scrub (254.8 km?) can be consid-
ered as compounding threat to natural ecosystem of GRK. The
grassland area of about 98 km?® was inundated due to seasonal
changes.

Short-term seasonal changes: 20082012

The spatio-temporal changes in wetlands are shown in Figs. 6,
7, 8 and 9. The extent of wetland was significantly decreased
from September to May (Table 4). The maximum waterbody
area mapped was in the months of September and October.
The highest water spread was recorded in September 2011
(4646.7 km?) followed by the same months in 2010
(4326.1 km?), 2009 (2462.5 km?) and 2008 (2058.1 km?).
GIS overlay analysis showed that the persistent surface water
(for the full year) was not found in 2008-2009 and 2009-2010
due to prolonged drought in 2009. 2009 is marked as the
warmest year since 1901 (IMD 2009).

The areas that hold water throughout the year are referred
to here as ‘perennial’, based on the presence of surface water
in all the seasons. The areas that hold water only during and
immediately after rain events are referred to as ‘Ephemeral’.
Seasonal or intermittent water bodies hold water in the rainy
and winter seasons (Fig. 10, 11). The perennial water body
area was estimated as 1171 km?® in 2010-2011. This was the
highest among all years i.e., 20082009, 2009-2010 and
2011-2012) (Table 5).

Studies on wetlands have developed into a priority research
subject of global environmental change (Liu et al. 2004). The
Government of India has initiated integrated coastal and ma-
rine area management programmes to plan industrial develop-
ments in an ecofriendly manner and to maintain productivity

Table 5 GIS overlay analysis for

temporal change of water spread No. of months in annual cycle 2008-2009 2009-2010 20102011 2011-2012
(2008-2012) (area in km?)
1 520.3 1161.9 55.8 58.0
2 1351.0 996.4 679.6 305.0
3 197.6 1492 440.4 1329
4 254.9 216.0 415.1 2072
5 126.8 929 300.0 507.4
6 121.9 0.0 610.6 438.5
7 5.1 0.0 698.8 2136.5
8 0.0 0.0 1171.0 873.2
Total 2577.6 2616.3 4371.4 4658.7
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and biodiversity (Saravanakumar et al. 2009). The State
Government of Gujarat is actively involved in the develop-
ment of integrated coastal zone management with the support
ofthe people’s participation to promote the livelihood security
of the coastal communities and to protect the ecosystems
whilst promoting sustainable development. The study of
Agoramoorthy et al. (2014) has reviewed the problems and
prospects associated with coastal zone management policies
of Gujarat in relation to industrial and allied developmental
activities. Presently, Rann of Kachchh is a storehouse of a
thick layer of salt. Geological studies have indicated that dif-
ferent environmental conditions prevailed in the past (Gaur
et al. 2013). The analysis of the past 100 years (1891 to
1996) data on annual mean maximum and minimum temper-
atures showed that the mean maximum temperature increased
by 0.5 °C (Gujarat Ecology Commission 2011). The time
series wetland mapping demonstrated the existence of intra-
seasonal spatial dynamics in GRK. Wetlands of GRK are
highly variable in space and time. The study on wetlands
investigated long-term and seasonal changes that have oc-
curred in the study area for the periods between 1977 and
2012. This study will prove to be a benchmark for the future
research to quantify dynamics of wetlands of GRK. Although
Rann of Kachchh is known to be a dynamic wetland ecosys-
tem, there are significant seasonal variations under different
precipitation regimes which have been addressed in the pres-
ent study. There was a correlation between water level and
pattern of rainfall. During 1932-2010 there was 11 years se-
vere drought conditions and 12 years of excess rains (Gujarat
Ecology Commission 2011). The incidence of severe drought
during the period 2001-2010 has occurred only once and
there were fairly good number of rainy years with 2 years of
excessive (relatively for the arid area) rain (Gujarat Ecology
Commission 2011). Hence, Rann of Kachchh will be an im-
portant case to understand the impact of climate change in all
its social and ecological dimensions. Land-cover area compar-
isons between 2008 and 2012 indicated that the changes in
overall wetland areas were significant over the four year cycle.

Conclusions

GIS techniques such as overlay and post-classification com-
parisons contributed to reduce the complexity associated with
change detection. This study quantifies seasonality using a
suite of multi-temporal and multi-sensor satellite datasets.
The high fluctuations in wetland areas may affect both flora
and fauna. Natural factors especially climate can also affect
the wetland. However, in recent times (after 1990s), the
human-induced activities are becoming a critical threat, espe-
cially in the fringes of the wetlands of Kachchh. The study
identified anthropogenic threats due to the expansion of salt
pans and biological invasion of Prosopis juliflora (Mesquite).

@ Springer

In view of ecological significance, monitoring of wetlands is
needed for sustainable management and conservation of
GRK.
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