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Abstract Spanning across Bangladesh and India,
the Sundarban Delta consists of over a thousand
islands, the majority of which are protected. These
islands are important for the rich biodiversity and
unique species found here. However, these islands
are also at the forefront of climate change due to
the impact of rising sea levels and extreme weather
events. Therefore, we analyzed the long-term trans-
formations in the land use land cover (LULC)
between 1999 and 2020. We used a variety of geo-
statistical methods, including optimized hot spots
cold spots and join count statistics, to examine the
spatial patterns of changes in LULC across the study
area. The results of our analysis revealed substantial
changes in the spatial patterns of mangroves and pond
aquaculture. The changes revealed a distinct north—
south demarcation in spatial patterns, in the form of
clustering of mangroves in the uninhabited islands
located in the south and pond aquaculture clustered
in the northern inhabited islands. The loss of area
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under mangroves was concentrated in the southern
edges of the islands, which were most exposed to ero-
sion in the open ocean. Nevertheless, we observed
an increase in the area under mangroves in some of
the northern riverine islands (17 km?). In the case
of pond aquaculture, it was mostly concentrated in
inhabited islands in the north. Most of the expansions
were concentrated in the Indian part of the delta (631
km?). It is noteworthy that because of effective con-
servation measures, there was very limited overlap
between mangroves and pond aquaculture, denoting
the conversion of agricultural land to pond aquacul-
ture instead of mangroves. Thus, the results of our
study revealed the importance of local level conser-
vation policies and anthropogenic activities, such as
deforestation and local level disturbance like over-
extraction of water and pollution, on the changing
patterns of LULC across this unique, fragile ecosys-
tem. Future studies may incorporate a finer resolution
time series of LULC changes over time and space to
enable more detailed analysis.

Keywords Mangroves - Pond-aquaculture - LULC -
Sundarban - Join count statistics - Hot spots analysis
Introduction

The effects of projected climate change, combined

with non-climatic drivers, are widely expected to
cause loss and degradation of much of the world’s
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low-lying coastal wetlands (IPCC, 2022). In addi-
tion to the effect of sea level rise (SLR) and extreme
weather, coastal wetlands are experiencing rapid
changes in land use land cover (LULC) due to anthro-
pogenic activities. Particularly mangroves, located in
the intertidal areas of tropical and subtropical coastal
wetlands, are vulnerable to these impacts. A signifi-
cant proportion of area under mangroves is in south
and southeast Asia and play a significant role in pro-
viding a variety of ecosystem services such as shore
stabilization, reducing the effect of severe weather,
ensure water quality and water recharge (Akbar Hos-
sain, et al., 2022; Chowdhury & Hafsa, 2022; Duke
et al., 2007; Giri et al., 2015; Pham et al., 2017).
Despite its significant positive role in the environ-
ment, they are under constant threat of deforestation,
with an annual loss of 1-2% (Sardar & Samadder,
2021). In this regard, the area under mangroves in
the Sunadarban Delta declined by 1.2% from 1970 to
2000 due to a combination of anthropogenic and nat-
ural factors (Giri et al., 2007). Multiple studies have
highlighted the local level land use changes, anthro-
pogenic processes, the resulting impacts of tropical
cyclones, mangrove destruction, and pond aquacul-
ture in the different parts of the delta (Ellison et al.,
2000; Hajra & Ghosh, 2018; Sahana et al., 2020,
2022; Mondal and Das 2023). However, there are
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no comprehensive studies for the entire delta region
identifying the spatial patterns of such changes,
which would be useful for informed decision-making,
sustainable land management, and the conservation
of the delta’s unique ecosystems. Therefore, in the
present study, we have examined the spatial patterns
of changes in two specific LULC categories: pond
aquaculture and mangroves in the Sundarban Delta
(Fig. 1a). By using geostatistical analysis techniques,
we have identified spatial clusters of the two-land use
types and overall LULC changes that have occurred
between 1999 and 2020.

Study area

The Sundarban Delta encompasses one of the larg-
est mangrove forests and is considered one of the
most productive natural ecosystems in the world. It
is located at the mouth of Ganges, Brahmaputra, and
Meghna rivers at the head of Bay of Bengal, cover-
ing 10,000 km? across Bangladesh (60% of the total
area) and India (40% of the total area) (WWF, 2023)
(Fig. la). These mangrove forests are well known
for their rich diversity of flora (25 true mangroves
and 30 mangroves associates) and fauna (tigers, fish,
crabs, and a variety of amphibians) (Danda, 2010).

M Mangrove
[ Pond Aquaculture
B Water
[ Other Land Cover

Fig. 1 a Location of the Sundarban Delta in South Asia. Coastal wetlands: b 1999, ¢ 2014, d 2018, e 2020
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This delta is densely populated by human settlements
concentrated in its northern half. The main occupa-
tion of most of the population is agriculture; they are
engaged in monocropping of rice paddies. This occu-
pation has been experiencing a decline in the delta
region due to increasing levels of poverty leading to
the outmigration of younger population in search of
jobs in the neighboring states (Adger et al., 2018;
Hajra & Ghosh, 2018), as well as a lower supply of
freshwater and saltwater inundation from flooding
rendering the land unsuitable for cultivation. Beyond
agriculture, other sources of livelihood in the delta
include crab and honey collection.

Due to their vulnerable location, these islands are
constantly exposed to the impacts of climate change
in the form of SLR, tropical cyclones, and saltwater
intrusion. Under the projected SLR scenarios, the rich
mangrove forests of Sundarban will be able to persist
till 2100 (Nicholls et al., 2020). Notwithstanding, the
area under mangroves on the Indian side of the delta
compared to the Bangladesh side has experienced a
steady decline over the last few decades due to SLR,
extreme weather events, over-harvesting, pond aqua-
culture expansion, shrimp and salt farming, regular
oil spills, and lack of sustainable adaptative strategies
(Ellison et al., 2000; Sahana & Sajjad, 2019; Sahana
et al., 2020). At least two islands of the Indian side
have disappeared over the last three decades. Addi-
tionally, Ghoramara Island lost almost half of its area
between 1968 and 2014 (Sarkar et al., 2019). Specifi-
cally, some of the villages including Khasimara Char,
Lakshmi Narayanpur, Khasimara, and Baishnabpara
are already submerged (Ghosh et al.,, 2003; Jana
et al., 2012). This has led to mass migration of the
residents of Ghoramara island to nearby islands in
the delta, including Sagar. Moreover, the increas-
ing intensity and frequency of tropical cyclones can
result in severe irreversible damage to the ecosystem
(Nicholls et al., 2020). Since the naming of tropical
cyclones in the Bay of Bengal started in 2006, there
have been frequent intense named storms including
Sidr (November 2007), Rashmi (October 2008), Alia
(May 2009), Bulbul (October 2019), Amphan (May
2020), and Yaas (May 2021). Each storm progres-
sively exposes the existing weak infrastructure of the
islands. Various resilience measures such as concrete
and mud embankments built for protection against

storm surges are often destroyed leading to saltwa-
ter inundation in agricultural fields. Future model
projections reveal a 50% increase in post-monsoonal
cyclone formation related to warmer sea surface tem-
peratures resulting from increased greenhouse gas
concentration (Danda et al., 2020).

Despite resource limitations and youth outmigra-
tion, the area has seen a population boom, driving
urbanization and extensive pond aquaculture. Specifi-
cally, between 1951 and 2011 the delta’s population
grew from 1.15 million to 4.44 million. There is wide-
spread indication of the growth of pond aquaculture
in the short term over the next 20 years. This trend
in increasing conversion of land to pond aquaculture
has been driven by financial considerations (higher
income over shorter periods) as well as rising levels
of salinity caused by SLR and hydrological misman-
agement in the upper delta systems (Rahman et al.,
2020). In addition, rising soil salinity due to inun-
dation and SLR renders the land unusable for agri-
culture. The conversion of agricultural land to pond
aquaculture results in a decline in soil quality due to
increased level of soil salinity and acidity, which fur-
ther leads to soil toxicity and mangrove destruction
(Ali, 2006; Azad et al., 2009). Thus, it is evident that
there are rapid widespread changes in LULC in the
delta region due to anthropogenic and natural forces,
which have long-term impacts on the sustainability of
the islands and their ecosystems in the future.

Data

Classified aquaculture and coastal habitat data were
downloaded from the publicly available aquacul-
ture land cover data produced by Clark Labs (2022).
The classified datasets are available for 4 years,
1999, 2014, 2018, and 2020. For 1999, the source
images were from Landsat 5, while for the rest of
the years, the source images were from Landsat 8.
Most of the images were acquired during the dry
season, predominantly in April. In some instances,
images from multiple dates were classified to get
a more complete cloud-free image of various sites
(Eastman et al., 2015, 2020). For each image, the
raw digital numbers were first converted to top-
of-atmosphere reflectances based on the available
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metadata. In addition, all images were corrected
for the solar elevation angle and haze (using Dark
Object Subtraction). Finally, the classification of the
images was completed using training samples inter-
nal to each image, with a 1% dark-object subtrac-
tion haze removal procedure used (Chavez, 1996).
The spatial resolution of the final classified datasets
was calculated at 15 m by merging the 15 m pan-
chromatic band information from bands 3 (blue),
4 (green), and 5 (red). The original spatial resolu-
tion of 30 m was reduced to 15 m to correctly detect
the pond aquaculture land cover class by using a
modified version of the Generalized Intensity-Hue-
Saturation (GIHS) pan merge algorithm (Tu et al.,
2001). The relationship between the Operational
Land Imager (OLI) and the panchromatic bands was
established using multiple regression; the resulting
coefficients effectively removed the color distortion
that usually occurs from this technique (Eastman
et al., 2015). Other bands used in the classification
analysis included OLI bands 5-7. These bands were
upscaled to match the finer spatial resolution of 15
m by using the nearest neighbor and bilinear resa-
mpling techniques. Thus, a strong correspondence
between the original band and its 15 m equivalent
was ensured. Further information about the creation
of this dataset is available in Eastman et al. (2015).
The coastal zone was delineated at 10 km on
either side of the coastline. Regardless, in some
cases, the zone was extended to include marine
areas <30 m based on the GEBCO (2010) bathym-
etry and land areas <5 m as defined by the SRTM
(2009) elevation data. The maximum extension
inland included 60 km, to limit the areas where
there was more likelihood of brackish water for
pond aquaculture to be used for shrimp aquaculture
(Eastman et al., 2015). The classification procedure
for most classes was the Mahalanobis Typicality
Classifier, the output from which is in the form of
typicality probabilities (ranging from O to 1, with 1
indicating perfect membership to the class) for each
class included in the training process (Foody et al.,
1992). Further detailed information about accuracy
assessment for the different LULC categories is
available in Eastman et al. (2018). These processed
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classified datasets consisted of four LULC catego-
ries: pond aquaculture, mangroves, water, and other
land cover. Pond aquaculture included all brack-
ish pond aquaculture. Other land covers included
any non-mangrove wetland, fresh, or brackish, that
occurred within the defined coastal zone (Eastman
et al., 2020).

Methods

Considering the expansive reach of the Sundar-
ban Delta across India and Bangladesh, datasets for
coastal wetlands spanning the years 1999, 2014,
2018, and 2020 were acquired for both nations. The
datasets for each year were clipped to the spatial
extent of the Sundarban Delta islands and mosaicked
to combine them into one image. The final images
used for the analysis included four images, one for
each year 1999, 2014, 2018, and 2020 (Fig. 1b—e).
We next converted the raster datasets to vector for-
mat to conduct a detailed local level spatial analysis.
Based on the available LULC categories, we lim-
ited our analysis to changes in mangroves and pond
aquaculture.

We first determined the local level changes in the
spatial extent of mangroves and pond aquaculture
between 1999 and 2020, by calculating the differences
at the local level (Fig. 2). This enabled us to highlight
areas of losses and gains during the study period. We
next analyzed the spatial clustering of mangroves and
pond aquaculture based on fragment size by utiliz-
ing optimized hot spots cold spots (OHSCS) analysis.
The main objective of this technique is to produce
optimal results in the form of statistically significant
spatial clusters of high values (hot spots) and low val-
ues (cold spots), by evaluating the characteristics of
the input features. The automatic aggregation of the
features is scale-sensitive and corrected for both mul-
tiple testing and spatial dependence (ESRI, 2023).
The result of the analysis creates a new output feature
class, with induvial z-scores, p-values, confidence
level bin (Gi_Bin), and number of neighbors for
each feature in the dataset (Bagwell et al., 2024). The
analysis field used in this method included fragment
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Fig. 2 Locations of gains and losses in 1999 vs 2020: a man-
groves and b pond aquaculture. Red color denotes an increase
from 1999 to 2020 and blue color denotes a decreased from

size. The spatial patterns of the results of OHSCS for
fragment size of mangroves and pond aquaculture for
all four time periods, 1999, 2014, 2018, and 2020 are
shown in Figs. 3 and 4.

We next analyzed the spatial clustering of the
change in different LULC categories between 1999
and 2020, by using local join count statistics useful
for discrete data. The variables analyzed included
pond aquaculture to water or mangroves, pond aqua-
culture persistence, mangroves to pond aquaculture
or water, and mangroves persistence. For each of the
variables, we utilized local join count statistics to
identify the local level spatial autocorrelation. This
method consists of counting features that correspond
to occurrences of value pairs at neighboring locations,
based on a binary variable calculated for each variable

(d

1999 to 2020. ¢ Installation of pond aquaculture in Sagar
Island. d Mangroves in Gosaba (photos by authors)

separately. The three cases are joins of 1 —1 (where
neighboring features are the selected variable, such as
mangroves), 0—0 (where both neighboring features
are not the selected variable being analyzed), and
0—1 (when one of the features is the selected variable
but the neighboring feature is not). The first two cases
are examples of positive spatial autocorrelation, while
the third one is negative spatial autocorrelation. Fur-
thermore, the first case is also indicative of hot spots
for the selected variable, which is shown in Fig. 5a
and b. This analysis was also conducted for the other
time periods, but the results of the maximum change
for the longest time periods were presented in this
study to highlight the changes across space over time.

Finally, we also used bivariate local join count sta-
tistics to detect the co-location of any two selected
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Fig. 3 Results of optimized hot spots cold spots analysis of spatial clustering of mangrove parcel size. a 1999. b 2014. ¢ 2018. d

2020

variables form of spatial relationship between two
different variables calculated, with the general form
of the equation below:

BJC; = x;(1 - z;) Zwijzj(l - x)
J

where wij is unstandardized (binary) spatial weights,
and x and z are two locations under consideration.
Further information about the methods described
above is available from Anselin and Li (2019). The
results of the analyses are shown in Fig. 5c and d.

Results and discussion
Spatial patterns of gains and losses
We observed a distinct separation between the spa-

tial clustering of mangroves and pond aquaculture.
Figure 1b—e illustrate these spatial patterns of coastal
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wetlands, including mangroves, pond aquaculture,
and water bodies, spanning from 1999 to 2020. In
general, there is a north—south divide with a greater
proportion of mangroves located in the southern
islands and pond aquaculture in the northern islands.
This is indicative of saltwater tolerant mangroves
thriving in the saltwater, while the concentration of
pond aquaculture in the riverine part of the delta.
The clustering of saltwater-tolerant mangroves pre-
dominantly in the less human-disturbed southern
islands suggests their adaptability to saltwater condi-
tions. In contrast, pond aquaculture expansion is more
pronounced in the northern part of the study area,
aligning with regions of higher human habitation.
The gradual changes in the spatial patterns of the
coastal wetlands are distinct through 1999 to 2020,
with greater spatial spread of pond aquaculture in the
northern part of the delta. Specifically, between 1999
and 2020, the area under pond aquaculture increased
by 631 km?, compared to mangroves that increased
by only 17 km?. The local level spatial patterns of
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Fig. 4 Results of optimized hot spots cold spots analysis of spatial clustering of pond aquaculture parcel size. a 1999. b 2014. ¢

2018. d 2020

gains and losses in the area under mangroves between
1999 and 2020 revealed the concentration of losses
in the southwestern edge of the islands, where they
are more exposed to open ocean currents (Fig. 2a).
On the other hand, the areas that experienced gains in
mangroves were in the northern part of the delta, par-
ticularly in riverine areas. Furthermore, all the losses
and gains in mangroves were expectedly located on
the edges of the islands.

Previous studies have documented the vary-
ing areas under mangroves over time, including a
1.4% increase between 1970 and 1990, followed by
a 2.5% decrease between 1990 and 2000 (Jayappa
et al., 2006). However, the area under mangroves in
the Indian Sundarban decreased from 22.9% in 1975
to 19.8% in 2020 (Sahana et al., 2022). The overall
increase in mangroves in the delta is a result of active
measures taken by the local government and non-
governmental organizations toward the protection
of mangroves by regrowth, plantation, and aggrada-
tions across the different islands. On the other hand,
the loss of mangroves is mainly caused by illegal

deforestation, expansion of human settlements, agri-
cultural land, and pond aquaculture (Debnath et al.,
2024). In the case of the spatial patterns of pond
aquaculture, most of the increases were in the west-
ern and northern part of study area, which also over-
laps with the inhabited islands. Most of the areas that
showed loss of pond aquaculture land use were dis-
tributed across the eastern islands, with a few parcels
scattered among the western islands.

The role of mangroves in building resilience to
SLR is critical because mangroves produce organic
carbon primarily in the form of litterfall for sur-
face sediments or deposited as peats (Duarte et al.,
2005). This sediment deposition can be enhanced in
robust aerial root structures of some mangrove spe-
cies because of slowing water velocities and set-
tling sediment onto coastal soils (Gedan et al., 2011;
Krauss et al., 2003) (Fig. 2c). Furthermore, rapidly
generating mangrove roots can grow into newly
accumulated sediment, resulting in increased surface
elevation (Lovelock et al., 2011). On the other hand,
maladaptation from the expansion of large-scale
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Fig. 5 Results of spatial clustering analysis from 1999 to 2020
local joint count analysis: a mangroves persistence and b pond
persistence and bivariate joint count statistics: ¢ pond persis-

high-intensity brackish shrimp cultivation in Bang-
ladesh has resulted in increased soil salinity, acidity,
and degradation of soil quality, which can also cause
soil toxicity and ultimately destruction of mangroves
(Ali, 2006; Azad et al., 2009). The expansion of pond
aquaculture conforms with the findings of previous
studies, which revealed a 2-3% annual increase over
the last two decades (DasGupta et al., 2019a, 2019b;
Giri et al. 2022) (Fig. 2d).

Spatial clustering of parcel size

Given the distinct dichotomy between the spatial dis-
tribution of mangroves and pond aquaculture, we next
analyzed spatial patterns of parcel size. The average
parcel size between 1999 and 2020 for mangroves
declined from 2.29 to 2.27 km? in 2020, while it
declined from 0.14 to 0.05 km? for pond aquaculture.
However, there is widespread evidence of the role of
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area under mangroves in the stabilization of island areas
and elevations in low-lying coastal areas (Krauss et al.,
2017; Zhai et al., 2019). These forests also act as a natu-
ral protection against natural hazards such as tropical
cyclones along the riverbanks and inland areas. There-
fore, it is important to analyze the spatial clustering of
parcel size to determine the vulnerability of the islands
to erosion and subsidence using OHSCS analysis.

The results of OHSCS analysis revealed significant
clustering of the larger mangrove parcel size in the
eastern part of the delta (Fig. 3). It is also notewor-
thy that the islands located in the southern edge of the
delta also consist of smaller islands, which along with
the greater exposure to the ocean waters, make them
more vulnerable to mangrove decline. The western
part of the delta consists of smaller parcel size, which
also makes them more vulnerable to erosion and loss
of mangroves. The smaller parcel size of mangrove
forests in the Indian Suandarban is in conformity with
findings from earlier studies (Sahana et al., 2015).
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According to Quader et al. (2017), the degradation
of mangroves is caused by a combination of stressors
including anthropogenic activities in the form of defor-
estation and pond aquaculture, increased salinity, and
natural hazards in the form of tropical cyclones. The
smaller fragment size of the mangrove forests in the
western part of the Sundarban is indicative of higher
rates of fragmentation resulting in habitat and biodi-
versity loss. The importance of larger parcel size for
species richness and abundance is critical for many
of the tropical species who depend on each other for
their survival. In addition, higher rates of deforesta-
tion leading to greater fragmentation can also alter the
microclimates and cause species endangerment. This is
particularly critical for the southern islands, which are
more exposed in the open ocean and first in the path of
destructive tropical cyclones (Sen Roy & Ghosh, 2024).

In the case of pond aquaculture, the larger parcels
were expectedly located in the northern islands, which
have more inhabitants (Fig. 4), except Nayachar island
in the southwest. Specifically, Nayachar island, which
is a fishing island, has been planned for solar power
generation and pond aquaculture due to its eco-fragile
zonation and sensitive soil condition (Majumdar et al.,
2012; Times of India, 2022). It was converted to pond
aquaculture from 2014 onward. Throughout the rest
of the delta, between 1999 and 2020, the clustering of
number of larger parcels being used for pond aquacul-
ture expanded in the northwest and southward in the
central islands (Fig. 4). Specifically, the number of
significantly clustered parcels increased from 123 par-
cels (average area of 8.4 km?) in 1999 to 152 parcels
(average area of 10.89 km?) in 2020. Overall, there is
an increase in larger parcels being converted to pond
aquaculture in the northwestern and central part of the
Sundarban, which is more protected from the open
ocean and subsequent erosion.

Aquaculture plays an increasingly important role
in the local economy and livelihoods of inhabitants in
this region and is rapidly expanding due to its quick
economic benefits. Given the unique location of the
islands, both fresh and brackish water aquaculture
are practiced here. Freshwater aquaculture is located
more in the northern islands, where the water is taken
from the river channels while brackish water aqua-
culture is located more in the southern islands where
the water salinity is higher. The expansion of pond
aquaculture in the Indian Sundarban Delta has led to
a steep increase in the production of fisheries.

Spatial clustering of different LULC categories

It is evident from the above findings that there have
been distinct changes in the spatial patterns of LULC
in the Sundarban Delta from 1999 to 2020. Therefore,
in this section, we examined the spatial clustering of
persistence and conversion between the two predomi-
nant LULC categories: mangroves and pond aqua-
culture, from 1999 to 2020. The specific categories
analyzed included mangroves and pond aquaculture
persistence, mangroves to pond aquaculture, and vice
versa (Fig. 5). The spatial distribution of mangroves
and pond aquaculture persistence showed a distinct
spatial dichotomy with significant clustering of pond
aquaculture persistence (135 polygons) in the north
and mangroves persistence (274 polygons) in the
southern part of the delta (Fig. 5a, b). However, it is
noteworthy that mangrove persistence in the south did
not extend to the southernmost islands on edge, which
is in conformity with the loss of mangroves observed
in the southernmost islands mentioned above. On the
contrary, the spatial clustering of areas experiencing
conversion, consisting of ponds to mangroves and
mangroves to ponds, revealed no clear spatial cluster-
ing, which is indicative of the limited overlap between
them. The results of co-clustering analysis of the dif-
ferent LULC categories revealed significant clustering
in the western part of the study area for pond persis-
tence and mangroves to ponds and mangrove persis-
tence and mangroves to ponds (Fig. 5c, d).

The conversion of mangroves to ponds occurred
mainly along the edges of the persistent clusters
of mangroves and areas located closer to inhabited
islands, providing easier access to anthropogenic
activities. The spatial patterns of long-term trends
in LULC in the Sundarban delta indicate the conver-
sion of agricultural land to pond aquaculture started
after 1990 and accelerated after Cyclone Aila in 2009
(Sahana et al., 2022). This unplanned rapid expansion
of pond aquaculture is replacing agricultural land
and, ultimately, has negative ecological consequences
(Hossain et al. 2013; Hossain and Bhuiyan 2016; Paul
& Rgskaft, 2013).

According to Ahmad et al. (2010), women in the
islands are mostly involved with shrimp larvae col-
lection, which provides them with important infor-
mal sources of livelihood. Conversely, it can result in
long-term negative impacts on the ecosystem services
and aquatic ecology (Azad et al., 2009; Hoq, 2007).
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There are also concerns about the actual economic
benefits of pond aquaculture for the local population
due to the limited outflow of profits and its role in
lowering food insecurity in the region (Rahman et al.,
2020; Swapan & Gavin, 2011). It has been noted
that most of the land conversion to pond aquaculture
occurred from agricultural land because of higher
economic return and market demand and lower agri-
cultural productivity resulting from saltwater inun-
dation (DasGupta et al., 2019a, 2019b; Dubey et al.,
2017; Giri et al., 2022). Moreover, the effect of the
saltwater intrusion has been observed in coastal areas
of India (Bhadra et al., 2020; Sen Roy et al., 2022)
and Bangladesh (Mahmuduzzaman, et al., 2014).
Nonetheless, the local level trends in saltwater intru-
sion in this region need further investigation, in view
of the rapidly expanding area under pond aquacul-
ture, consisting of both freshwater and brackish water.
More recently, there has been a lot of discussion
about the long-term negative socio-ecological effects
of the rapid expansion of pond aquaculture expansion
in Sadeshkhali, one of the northern islands on the
Indian side of the delta (Ghosh & Modak, 2024).

Conclusions

The Sundarban Delta spread across Bangladesh and
India is home to one of the largest halophytic man-
groves in the world with a rich biodiversity juxta-
posed with increasing population pressure at the fore-
front of the impacts of climate change. Comprised of
multiple islands of different sizes, there have been sig-
nificant changes in the LULC during the recent past.
Therefore, in the present study, we examined the local
level spatial patterns of changes in two main types of
LULC, including mangroves and pond aquaculture in
the coastal wetlands of the Sundarban Delta. In this
study, we utilized a publicly available dataset devel-
oped by Clark Labs for four years, 1999, 2014, 2018,
and 2020, for pond aquaculture and coastal mangrove
habitats. The analyses were conducted using geosta-
tistical analysis techniques to identify the local level
spatial clustering of the various LULC categories and
changes over time. The main findings of our study are
summarized below:

e There was a distinct spatial dichotomy between
the location of mangroves in the southern islands,
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which consist of protected forests and pond aquacul-
ture overlapping with inhabited islands in the north.

e The spatial patterns of change of area under vari-
ous mangroves and pond aquaculture between
1999 and 2020 revealed noticeably different spa-
tial clusters across the study area. The areas where
mangrove cover increased were primarily on the
northern edges of certain islands in the interior,
whereas the losses in mangrove area were pre-
dominantly observed along the southern edges of
the islands, facing the open ocean. The spatial pat-
terns of pond aquaculture gains were more promi-
nent and widespread in the western (Indian) part,
while the losses were relatively smaller spatial
extent located in the eastern (Bangladesh) part.

e The detrimental role of fragmentation on the
long-term health of ecosystems has been widely
validated. Our analysis of spatial patterns of man-
groves parcels based on size revealed consistently
significant clustering in the eastern part of the
delta for all four years. In the case of pond aqua-
culture, the spatial clustering of larger parcels was
expectedly located in the northern islands with a
trend of spreading southward in the later years.
The spread of pond aquaculture southward has
been noted in previous studies due to the lucrative
livelihood options for the residents.

e The assessment of changes in the two LULC cate-
gories revealed limited overlap between mangroves
and pond aquaculture. This denotes that most of the
conversion of land to pond aquaculture occurred
from agricultural land. Some of the reasons for
this trend are saltwater inundation during tropical
cyclones, declining agricultural yield, and higher
short-term economic returns from pond aquaculture.

It is evident from the above analysis that there are
significant spatial patterns in the LULC changes across
the delta. The role of anthropogenic activities and
local policies drive the patterns of these changes, such
as protected forests and conversion of land use from
agriculture to pond aquaculture. The fragmentation or
disturbance of natural mangroves, specifically those
located closer to inhabited islands, will result in the
shrinking of natural mangroves, which will take a long
time to restore. The loss of mangroves can not only
affect the rich biodiversity of the delta, but also accel-
erate the effects of SLR through erosion and subsid-
ence (Mondal et al., 2021). Therefore, the protection
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and restoration of mangroves including planting and
regrowth need more systematic planning for success-
ful conservation. There is a critical need for a more
comprehensive evaluation for a more sustainable and
resilient form of pond aquaculture, that can benefit
both the local communities and protect the ecosystem
in the long-term. Finally, the results of this study can
inform and applied to other low lying coastal regions
experiencing impacts of climate change.

Data availability statement

Datasets used in this study are available from https://
clarklabs.org/wp-content/uploads/2019/01/Aquac
ulture-and-Coastal-Habitats-Report-Nol.docx.pdf.

Acknowledgements The authors are grateful to the residents
of the Sundarban Delta for opening their homes and shar-
ing their experiences with us, particularly Sanjoy and others
at https://sundarbansafari.in/ for arranging the logistics in the
field.

Author contribution statement Shouraseni Sen Roy: con-
ceptualization, data curation and analysis, methodology, for-
mal analysis, validation, visualization, writing—original draft
preparation, review. Dishane Hewavithana: conceptualization,
review, and editing. Tuhin Ghosh: conceptualization.

Funding Shouraseni Sen Roy was partially supported by the
National Science Foundation, United States, under grant no.
2209284.

Declarations

Competing interests The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Adger, W. N., Adams, H., Kay, S., Nicholls, R. J., Hutton, C.
W., Hanson, S. E., et al. (2018). Ecosystem services, well-
being and deltas: Current knowledge and understanding. In
R. J. Nicholls, C. W. Hutton, W. N. Adger, S. E. Hanson,
M. M. Rahman, & M. Salehin (Eds.), Ecosystem services
for well-being in deltas: Integrated assessment for policy
analysis (pp. 3-27). Cham: Springer. https://doi.org/10.
1007/978-3-319-71093-8_1

Ahmed, N., Troell, M., Allison, E. H., & Muir, J. E. (2010).
Prawn postlarvae fishing in coastal Bangladesh: Challenges
for sustainable livelihoods. Marine Policy, 34(2), 218-227.

Akbar Hossain, K., Masiero, M., & Pirotti, F. (2022). Land
cover change across 45 years in the world’s largest man-
grove forest (Sundarbans): The contribution of remote
sensing in forest monitoring. European Journal of
Remote Sensing, 1-17.

Ali, A. M. S. (2006). Rice to shrimp: Land use/land cover
changes and soil degradation in southwestern Bangla-
desh. Land Use Policy, 23(4), 421-435. https://doi.org/
10.1016/j.1andusepol.2005.02.001

Azad, A. K., Jensen, K. R., & Lin, C. K. (2009). Coastal aqua-
culture development in Bangladesh: Unsustainable and sus-
tainable experiences. Environmental Management, 44(4),
800-809. https://doi.org/10.1007/s00267-009-9356-y

Anselin, L., & Li, X. (2019). Operational local join count statis-
tics for cluster detection. Journal of Geographical Systems,
21, 189-210. https://doi.org/10.1007/s10109-019-00299-x

Bagwell, R., Leal, W. E., Sen Roy, S., Flanagan, H., Britton,
L., Piquero, A. R., & Block, K. (2024). The geospatial
patterning of crimes against persons calls for service on
days with and without San Antonio Spurs games. Jour-
nal of Experimental Criminology, 1-24.

Bhadra, T., Hazra, S., Ray, S. S., & Barman, B. C. (2020).
Assessing the groundwater quality of the coastal aqui-
fers of a vulnerable delta: A case study of the Sundarban
Biosphere Reserve. India. Groundwater for Sustainable
Development, 11, 100438.

Chavez, P. S. (1996). Image-based atmospheric corrections -
Revisited and improved. Photogrammetric Engineering
and Remote Sensing, 62, 1025-1036.

Chowdhury, M. S., & Hafsa, B. (2022). Multi-decadal land
cover change analysis over Sundarbans Mangrove For-
est of Bangladesh: A GIS and remote sensing based
approach. Global Ecology and Conservation, 37,¢02151.

Clark Labs. (2022). Aquaculture land cover data download.
Accessed on June 19, 2023. Available at: https://clarklabs.
org/aquaculture/landcover-data/

Danda, A. (2010). Sundarbans: Future imperfect climate adap-
tation report. New Delhi: World Wide Fund for Nature.

Danda, A.A., Ghosh, N., Bandyopadhyay, J. and Hazra, S.,
(2020). Strategic and managed retreat as adaptation:
Addressing climate vulnerability in the sundarbans.
OREF Issue Brief No. 387.

DasGupta, R., Hashimoto, S., Okuro, T., & Basu, M. (2019a).
Scenario based land change modelling in the Indian
Sundarban delta: An exploratory analysis of plausible
alternative regional futures. Sustainability Science, 14,
221-240. https://doi.org/10.1007/s11625-018-0642-6

@ Springer


https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://sundarbansafari.in/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-319-71093-8_1
https://doi.org/10.1007/978-3-319-71093-8_1
https://doi.org/10.1016/j.landusepol.2005.02.001
https://doi.org/10.1016/j.landusepol.2005.02.001
https://doi.org/10.1007/s00267-009-9356-y
https://doi.org/10.1007/s10109-019-00299-x
https://clarklabs.org/aquaculture/landcover-data/
https://clarklabs.org/aquaculture/landcover-data/
https://doi.org/10.1007/s11625-018-0642-6

758 Page 12 of 13

Environ Monit Assess (2024) 196:758

DasGupta, R., Hashimoto, S., Okuro, T., & Basu, M. (2019b).
Scenario-based land change modelling in the Indian Sund-
arban delta: An exploratory analysis of plausible alterna-
tive regional futures. Sustainability Science, 14, 221-240.

Debnath, S., Sarkar, U. K., Kumari, S., Karnatak, G., Puthiyottil,
M., Das, B. K., Das, A., Ghosh, B. D., & Roy, A. (2024).
Exploring the vulnerability of the coastal wetlands of India
to thechanging climate and their adaptation strategies.
International Journal of Biometeorology, 68(4), 749-760.

Dubey, S. K., Trivedi, R. K., Chand, B. K., Mandal, B., &
Rout, S. K. (2017). Farmers’ perceptions of climate
change, impacts on freshwater aquaculture and adapta-
tion strategies in climatic change hotspots: A case of the
Indian Sundarban delta. Environmental Development, 21,
38-51. https://doi.org/10.1016/j.envdev.2016.12.002

Duke, N. C., Meynecke, J. O., Dittmann, S., Ellison, A. M.,
Anger, K., Berger, U., Cannicci, S., Diele, K., Ewel, K.
C., Field, C. D., & Koedam, N. (2007). A world without
mangroves? Science, 317(5834), 41-42.

Duarte, C. M., Middelburg, J. J., & Caraco, N. (2005). Major
role of marine vegetation on the oceanic carbon cycle.
Biogeosciences, 2, 1-8.

Eastman, J. R., Crema, S. C., Sangermano, F., Cunningham,
S., Xiao, X., Zhou, Z., Hu, P., Johnson, C., Arakwiye, B.,
Crone, N. (2015). Aquaculture and coastal habitats report
No. 1: A baseline mapping of aquaculture and coastal
habitats in Thailand, Cambodia and Vietnam. Accessed
on June 22, 2023. Available at: https://clarklabs.org/wp-
content/uploads/2019/01/Aquaculture-and-Coastal-Habit
ats-Report-Nol.docx.pdf

Eastman, J. R., Toledano, J., Crema, S. (2018). Aquaculture
and coastal habitats report No. 5: A mapping of pond
aquaculture, mangroves and coastal wetlands in Vietnam,
Cambodia, Thailand and Myanmar in 1999 and Com-
parison to 2014. Accessed on June 19, 2023. Available at:
https://clarklabs.org/wp-content/uploads/2019/01/Aquac
ulture-and-Coastal-Habitats-Report-No5.pdf

Eastman, J. R., Toledano, J., Crema, S., Singh, R. (2020). Aqua-
culture and coastal habitats report No. 6: Phase 3 extension
to the mapping of tropical pond aquaculture, mangroves
and coastal wetlands. Accessed on June 19, 2023. Available
at: https://clarklabs.org/wp-content/uploads/2022/04/Phase-
3-Extension-to-the-Mapping-of-Tropical-Pond-Aquac
ulture-Mangroves-and-Coastal-Wetlands-Report-6.pdf

Ellison, A. M., Mukherjee, B. B., & Karim, A. (2000). Test-
ing patterns of zonation in mangroves: Scale dependence
and environmental correlates in the Sundarbans of Bang-
ladesh. Journal of Ecology, 88(5), 813-824.

ESRI. (2023). Optimized hot spot analysis (Spatial Statistics).
Accessed on June 22, 2023. Available at: https://pro.arc-
gis.com/en/pro-app/latest/tool-reference/spatial-statistics/
optimized-hot-spot-analysis.htm

Foody, G. M., Campbell, N. A., Trodd, N. M., & Wood, T. F.
(1992). Derivation and applications of probabilistic meas-
ures of class membership from the maximum likelihood
classification, photogrammetric engineering and remote
sensing. Photogrammetric Engineering and Remote Sens-
ing., 58(9), 1335-1341.

GEBCO (2010) General Bathymetric Chart of the Oceans,
(GEBCO_08). Accessed on June 22, 2023. Available at:
http://www.gebco.net.

@ Springer

Gedan, K. B., Kirwan, M. L., Wolanski, E., Barbier, E. B.,
& Silliman, B. R. (2011). The present and future role
of coastal wetland vegetation in protecting shorelines:
Answering recent challenges to the paradigm. Climate
Change, 106, 7-29.

Ghosh, T., Bhandari, G., & Hazra, S. (2003). Application of a
“Bio-Engineering” technique to protect Ghoramara Island
(Bay of Bengal) from severe erosion. Journal of Coastal
Conservation, 9, 171-178.

Ghosh, A.K., and Modak, S. (2024) Analysis: Sandeshkhali
and the exploitative aquaculture of the Bengal Delta:
Problematic switches to shrimp farming in areas of ris-
ing salinity in India and Bangladesh underline the need
for political reform. Available at: https://dialogue.earth/
en/food/analysis-sandeshkhali-and-the-exploitative-aquac
ulture-of-the-bengal-delta/ Accessed on May 24, 2024.

Giri, C., Pengra, B., Zhu, Z., Singh, A., & Tieszen, L. L.
(2007). Monitoring mangrove forest dynamics of the
Sundarbans in Bangladesh and India using multi-temporal
satellite data from 1973 to 2000. Estuarine, Coastal and
Shelf Science, 73(1-2), 91-100.

Giri, C., Long, J., Abbas, S., Murali, R. M., Qamer, F. M., Pen-
gra, B., & Thau, D. (2015). Distribution and dynamics of
mangrove forests of South Asia. Journal of Environmental
Management, 148, 101-111.

Giri, S., Daw, T. M., Hazra, S., Troell, M., Samanta, S., Basu,
0., Marcinko, C. L., & Chanda, A. (2022). Economic
incentives drive the conversion of agriculture to aquacul-
ture in the Indian Sundarbans: Livelihood and environ-
mental implications of different aquaculture types. Ambio,
51(9), 1963-1977.

Hajra, R., & Ghosh, T. (2018). Agricultural productivity,
household poverty and migration in the Indian Sundar-
ban Delta. Elementa Science of the Anthropocene, 6(1), 3.
https://doi.org/10.1525/elementa.196

Hoq, M. E. (2007). An analysis of fisheries exploitation and
management practices in Sundarbans mangrove ecosys-
tem. Bangladesh. Ocean & Coastal Management, 50(5),
411-427. https://doi.org/10.1016/j.ocecoaman.2006.11.001

Hossain, M. S., Uddin, M. J., & Fakhruddin, A. N. M. (2013).
Impacts of shrimp farming on the coastal environment of
Bangladesh and approach for management. Reviews inEn-
vironmental Science and Bio/Technology, 12, 313-332.

Hossain, G. M., & Bhuiyan, M. A. H. (2016). Spatial and temporal
variations of organic matter contents and potential sediment
nutrient index in the Sundarbans mangrove forest, Bangla-
desh. KSCE Journal of Civil Engineering, 20, 163—174.

IPCC, (2022). Summary for Policymakers. H.-O. Portner, D.C.
Roberts, E.S. Poloczanska, K. Mintenbeck, M. Tignor, A.
Alegria, M. Craig, S. Langsdorf, S. Loschke, V. Moller,
A. Okem (eds.). In: Climate change 2022: Impacts, adap-
tation and vulnerability. Contribution of working group
II to the sixth assessment report of the intergovernmen-
tal panel on climate change. H.-O. Portner, D.C. Roberts,
M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria,
M. Craig, S. Langsdorf, S. Loschke, V. Moller, A. Okem,
B. Rama (eds.). Cambridge University Press, Cambridge,
UK and New York, NY, USA, pp. 3-33, https://doi.org/
10.1017/9781009325844.001.

Jana, A., Sheena, S., & Biswas, A. (2012). Morphological
change study of Ghoramara Island, Eastern India using


https://doi.org/10.1016/j.envdev.2016.12.002
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No1.docx.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No5.pdf
https://clarklabs.org/wp-content/uploads/2019/01/Aquaculture-and-Coastal-Habitats-Report-No5.pdf
https://clarklabs.org/wp-content/uploads/2022/04/Phase-3-Extension-to-the-Mapping-of-Tropical-Pond-Aquaculture-Mangroves-and-Coastal-Wetlands-Report-6.pdf
https://clarklabs.org/wp-content/uploads/2022/04/Phase-3-Extension-to-the-Mapping-of-Tropical-Pond-Aquaculture-Mangroves-and-Coastal-Wetlands-Report-6.pdf
https://clarklabs.org/wp-content/uploads/2022/04/Phase-3-Extension-to-the-Mapping-of-Tropical-Pond-Aquaculture-Mangroves-and-Coastal-Wetlands-Report-6.pdf
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-statistics/optimized-hot-spot-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-statistics/optimized-hot-spot-analysis.htm
https://pro.arcgis.com/en/pro-app/latest/tool-reference/spatial-statistics/optimized-hot-spot-analysis.htm
http://www.gebco.net
https://dialogue.earth/en/food/analysis-sandeshkhali-and-the-exploitative-aquaculture-of-the-bengal-delta/
https://dialogue.earth/en/food/analysis-sandeshkhali-and-the-exploitative-aquaculture-of-the-bengal-delta/
https://dialogue.earth/en/food/analysis-sandeshkhali-and-the-exploitative-aquaculture-of-the-bengal-delta/
https://doi.org/10.1525/elementa.196
https://doi.org/10.1016/j.ocecoaman.2006.11.001
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.1017/9781009325844.001

Environ Monit Assess (2024) 196:758

Page 13 of 13 758

multi temporal satellite data. Research Journal of Recent
Sciences, 1(10), 72-81.

Jayappa, K. S., Mitra, D., & Mishra, A. K. (2006). Coastal geomor-
phological and land-use and land cover study of Sagar Island,
Bay of Bengal (India) using remotely sensed data. Interna-
tional Journal of Remote Sensing, 27(17), 3671-3682.

Krauss, K. W., Allen, J. A., & Cahoon, D. R. (2003). Differen-
tial rates of vertical accretion and elevation change among
aerial root types in Micronesian mangrove forests. Estua-
rine, Coastal and Shelf Science, 56, 251-259.

Krauss, K. W., Cormier, N., Osland, M. J., Kirwan, M. L.,
Stagg, C. L., Nestlerode, J. A., Russell, M. J., From, A.
S., Spivak, A. C., Dantin, D. D., Harvey, J. E., & Almario,
A. E. (2017). Created mangrove wetlands store below-
ground carbon and surface elevation change enables them
to adjust to sea-level rise. Science and Reports, 7, 1030.

Lovelock, C. E., Bennion, V., Grinham, A., & Cahoon, D. R.
(2011). The role of surface and subsurface processes in keep-
ing pace with sea level rise in intertidal wetlands of Moreton
Bay, Queensland, Australia. Ecosystems, 14, 745-757.

Mahmuduzzaman, M., Ahmed, Z. U., Nuruzzaman, A. K. M.,
& Ahmed, F. R. S. (2014). Causes of salinity intrusion in
coastal belt of Bangladesh. International Journal of Plant
Research, 4(4A), 8-13.

Majumdar, D.D., Bera, S., Ray, R., and Paul, A.K., (2012). An
assessment of diversities in halophytic grassland and man-
grove swamp in Nayachar Island, Hugli estuary, West Bengal.
Some aspects of coastal vegetation in India, including Anda-
mans and Sundarbans. Ramnagar College, Depal, 112-123.

Mondal, 1., Thakur, S., Ghosh, P., & De, T. K. (2021). Assess-
ing the impacts of global sea level rise (SLR) on the man-
grove forests of Indian Sundarbans using geospatial tech-
nology. Geographic information science for land resource
management, 209-227.

Mondal, B. K., & Das, R. (2023). Appliance of indigenous
knowlege in mangrove conservation and sustaining live-
lihood in Indian Sundarban Delta: A geospatial analysis.
Traditional ecological knowledge of resource management
in Asia (pp. 77-101). Springer International Publishing.

Nicholls, R.J., Adger, W.N., Hutton, C.W., Hanson, S.E., Lazér,
A.N., Vincent, K., Allan, A., Tompkins, E.L., Arto, I., Rah-
man, M.M. and Hazra, S., (2020). Sustainable deltas in the
Anthropocene. Deltas in the Anthropocene, 247-279.

Paul, A. K., & Rgskaft, E. (2013). Environmental degradation
and loss of traditional agriculture as two causes of con-
flicts in shrimp farming in the southwestern coastal Bang-
ladesh: Present status and probable solutions. Ocean &
Coastal Management, 85, 19-28.

Pham, V. H,, Luu, V. D., Nguyen, T. T., & Koji, O. (2017).
Will restored mangrove forests enhance sediment organic
carbon and ecosystem carbon storage? Regional Studies in
Marine Science, 14, 43-52.

Quader, M. A., Agrawal, S., & Kervyn, M. (2017). Multi-
decadal land cover evolution in the Sundarban, the largest
mangrove forest in the world. Ocean & Coastal Manage-
ment, 139, 113-124.

Rahman, M.M., Ghosh, T., Salehin, M., Ghosh, A., Haque, A.,
Hossain, M.A., Das, S., Hazra, S., Islam, N., Sarker, M.H.
and Nicholls, R.J., (2020). Ganges-Brahmaputra-Meghna
delta, Bangladesh and India: A transnational mega-delta.
Deltas in the Anthropocene, 23-51.

Sahana, M., Sajjad, H., & Ahmed, R. (2015). Assessing spatio-
temporal health of forest cover using forest canopy density
model and forest fragmentation approach in Sundarban
reserve forest. India. Model. Earth Syst. Environ., 1, 49.
https://doi.org/10.1007/s40808-015-0043-0

Sahana, M., & Sajjad, H. (2019). Vulnerability to storm surge
flood using remote sensing and GIS techniques: A study
on Sundarban Biosphere Reserve India. Remote Sensing
Applications: Society and Environment, 13, 106—120.

Sahana, M., Rehman, S., Sajjad, H., & Hong, H. (2020).
Exploring effectiveness of frequency ratio and support
vector machine models in storm surge flood susceptibil-
ity assessment: A study of Sundarban Biosphere Reserve.
India. CATENA, 189, 104450.

Sahana, M., Saini, M., Areendran, G., Imdad, K., Sarma, K.,
& Sajjad, H. (2022). Assessing Wetland ecosystem health
in Sundarban Biosphere Reserve using pressure-state-
response model and geospatial techniques. Remote Sens-
ing Applications: Society and Environment, 26, 100754.

Sardar, P., & Samadder, S. R. (2021). Understanding the
dynamics of landscape of greater Sundarban area using
multi-layer perceptron Markov chain and landscape statis-
tics approach. Ecological Indicators, 121, 106914.

Sarkar, S. K., Ahmed, M. K., & Satpathy, K. K. (2019). The
Sundarban Delta complex. World seas: An environmental
evaluation (pp. 145-168). Academic Press.

Sen Roy, S., & Ghosh, T. (2024). Local-level impacts of
Cyclone Yaas on the Islands of the Indian Sundarbans
Delta. Natural Hazards, 120(4), 3995-4010.

Sen Roy, S., Rahman, A., Ahmed, S. S., & Ahmad, 1. A. (2022).
Long-term trends of groundwater level variations in response
to local level land use land cover changes in Mumbai. India.
Groundwater for Sustainable Development, 18, 100797.

SRTM (2009) Shuttle Radar Topography Mission SRTM3,
Version 2.1, http://dds.cr.usgs.gov/srtm/

Swapan, M. S. H., & Gavin, M. (2011). A desert in the delta:
Participatory assessment of changing livelihoods induced
by commercial shrimp farming in southwest Bangladesh.
Ocean and Coastal Management, 54(1), 45-54. https://
doi.org/10.1016/j.ocecoaman.2010.10.011

Times of India. (2022). Nayachar set to become a hub of solar
power & aquaculture. Accessed on September 26, 2023.
Available at:  http://timesofindia.indiatimes.com/artic
leshow/90922976.cms?utm_source=contentofinterest&
utm_medium=text&utm_campaign=cppst.

Tu, T. M., Su, S. C., Shyu, H. C., & Huang, P. S. (2001). A
new look at IHS-like image fusion methods. Information
Fusion, 2(3), 177-186.

WWE. (2023). About sundarbans. Accessed on September 8,
2023. Available at: https://www.wwfindia.org/about_wwt{/
critical_regions/sundarbans3/about_sundarbans/

Zhai, L., Zhang, B., Sen Roy, S., Fuller, D. O., & Sternberg,
L. D. S. L. (2019). Remote sensing of unhelpful resilience
to sea level rise caused by mangrove expansion: A case
study of islands in Florida Bay, USA. Ecological Indica-
tors, 97, 51-58.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1007/s40808-015-0043-0
http://dds.cr.usgs.gov/srtm/
https://doi.org/10.1016/j.ocecoaman.2010.10.011
https://doi.org/10.1016/j.ocecoaman.2010.10.011
http://timesofindia.indiatimes.com/articleshow/90922976.cms?utm_source=contentofinterest&utm_medium=text&utm_campaign=cppst
http://timesofindia.indiatimes.com/articleshow/90922976.cms?utm_source=contentofinterest&utm_medium=text&utm_campaign=cppst
http://timesofindia.indiatimes.com/articleshow/90922976.cms?utm_source=contentofinterest&utm_medium=text&utm_campaign=cppst
https://www.wwfindia.org/about_wwf/critical_regions/sundarbans3/about_sundarbans/
https://www.wwfindia.org/about_wwf/critical_regions/sundarbans3/about_sundarbans/

	Transformation of coastal wetlands in the Sundarban Delta (1999–2020)
	Abstract 
	Introduction
	Study area
	Data
	Methods
	Results and discussion
	Spatial patterns of gains and losses
	Spatial clustering of parcel size
	Spatial clustering of different LULC categories

	Conclusions
	Data availability statement
	Acknowledgements 
	References


