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Abstract: The Sundarbans mangrove forest is an important resource for the people of the Ganges
Delta. It plays an important role in the local as well as global ecosystem by absorbing carbon
dioxide and other pollutants from air and water, offering protection to millions of people in the
Ganges Delta against cyclone and water surges, stabilizing the shore line, trapping sediment and
nutrients, purifying water, and providing services for human beings, such as fuel wood, medicine,
food, and construction materials. However, this mangrove ecosystem is under threat, mainly due to
climate change and anthropogenic factors. Anthropogenic and climate change-induced degradation,
such as over-exploitation of timber and pollution, sea level rise, coastal erosion, increasing salinity,
effects of increasing number of cyclones and higher levels of storm surges function as recurrent
threats to mangroves in the Sundarbans. In this situation, regular and detailed information on
mangrove species composition, their spatial distribution and the changes taking place over time is
very important for a thorough understanding of mangrove biodiversity, and this information can
also lead to the adoption of management practices designed for the maximum sustainable yield of
the Sundarbans forest resources. We employed a maximum likelihood classifier technique to classify
images recorded by the Landsat satellite series and used post classification comparison techniques
to detect changes at the species level. The image classification resulted in overall accuracies of 72%,
83%, 79% and 89% for the images of 1977, 1989, 2000 and 2015, respectively. We identified five major
mangrove species and detected changes over the 38-year (1977-2015) study period. During this
period, both Heritiera fomes and Excoecaria agallocha decreased by 9.9%, while Ceriops decandra,
Sonneratia apelatala, and Xylocarpus mekongensis increased by 12.9%, 380.4% and 57.3%, respectively.
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1. Introduction

The appraised global coverage of mangrove forest is 137,760 km? [1,2]; this equates to 0.1% of
the earth’s surface [3]. These mangroves are declining worldwide at an alarming rate [4-7]. Globally,
36,000 km? of mangroves have been lost since 1980, primarily due to conversion to agriculture
and aquaculture, urbanization, and timber extraction [8]. The Sundarbans, the largest contiguous
mangrove forest in the world [9,10], is considered as a site of national and international importance for
the conservation of biodiversity [11,12]. The Sundarbans covers an area of approximately 10,000 km?
and lies in the territory of Bangladesh and India [9,13]. This forest has enormous ecological and
economic importance at local, national and global scales [11]. The Sundarbans plays an important
role in the local as well as global ecosystem by absorbing carbon dioxide and other pollutants from
air and water [14], offering protection to millions of people in the Ganges Delta against cyclone and
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water surges [15], stabilizing the shore line, trapping sediment and nutrients, purifying water, etc. [16].
According to Donato et al. [17] and Rodda et al. [18], mangroves are the most carbon-rich forests in
the tropics. Despite their small spatial extent, mangroves are considered as an important resource
around the world due to their ability to store and sequester carbon, compared to many freshwater
wetlands [2]. The Sundarbans absorbs 469.2 to 569.2 Mega grams of carbon per hectare [17,19].
The total economic value of mangroves has been estimated between USD 200,000 and 900,000 per
ha/year [20], which is estimated through the cost of the products and services they provide. The total
economic value of mangroves in Malaysia, Mexico and Sri Lanka were USD 61,357, USD 2,772 and USD
12,229 per hectare per year, respectively [21-23]. In 1997, the mangroves of Sundarbans, Bangladesh,
were valued at USD 631 per hectare per year considering only the ecological services [24]. A complex
and varied vegetation structure enhances the growth of a diverse range of plants and animals in the
complex ecosystem of the Sundarbans, and it makes this ecosystem a unique one in the world [16,25].
This forest is an example of an endangered ecological system that is highly populated and both fragile
and economically valuable [26]. More than 2.5 million people live in the villages surrounding the
Sundarbans, and this biodiversity hotspot has great socioeconomic value for the livelihood of the
local people [15]. The forest provides livelihood for over 300,000 people working within a range of
seasonal areas such as wood cutters, fishermen, honey collectors, etc. [3,15]. Apparently, like other
mangrove forests of the world, this forest is under pressure due to a number of factors; historical
and current, natural and anthropogenic, including global climate change [26,27], and these factors
could have a severe impact on the biodiversity of the forest in terms of sustainability in the long
run. This mangrove ecosystem is under threat mainly due to climate change and anthropogenic
degradation [27]. Anthropogenic and climate change-induced degradation, such as over-exploitation
of timber and pollution, coastal erosion, increasing salinity, effects of increasing number of cyclones
and higher levels of storm surges, remains a recurrent problem in the Sundarbans [3], and recent
changes in the intensity and location of these degradations have not been regularly assessed due to
a lack of a proper and effective monitoring system.

Mapping and monitoring of the Sundarbans mangrove forest has become an urgent need due
to its enormous ecological and economic importance. In the Sundarbans, periodic forest inventories
have taken place approximately every 15 to 20 years [15] for collecting detailed information on the
forest resources, but the focus has remained on timber yield [28]. The last detailed inventory was
undertaken 30 years ago by the Department for International Development of the United Kingdom
(formerly, Overseas Development Administration) in Bangladesh [15,29] and, based on this inventory,
a mangrove cover map at a species level was produced. The preparation of this map was very
strenuous and time consuming as it took around 5 years (1981-1985) using aerial photographs and
ground surveys [30]. Remote sensing, on the other hand, is comparatively very effective in terms of
cost, time and accuracy [7,31] and therefore is efficient in monitoring mangrove species dynamics
because of its synoptic and repeated coverage and historical data [32]. For mapping and change
detection purposes, a number of studies conducted in the Sundarbans have applied remote sensing
tools (for example [15,33-38]); however, most of the studies have kept their focus only on determining
spatial change. Giri and co-authors [39] identified mangrove composition and their changes at the
species level in the Sundarbans, but this was only for the Indian Territory. Therefore, plant species
and their distribution and dynamics remain unrecorded for the entire Sundarbans mangrove forest
comprising both countries. Moreover, due to the unavailability of a detailed species level map and
a continuous monitoring system, sustainable management planners, other relevant stakeholders and
researchers are not well informed about the changes that are taking place as a result of changing
climate and anthropogenic degradation. Considering the importance of the Sundarbans, accurate and
up-to-date information on the composition, distribution and the dynamics of the mangrove species
is an essential requisite [15] to avoid over-exploitation of resources and to ensure their sustainable
management. Therefore, detailed species-level mapping and regular monitoring of their dynamics in
the Sundarbans mangrove forest is urgently needed for ensuring sustainability. Detailed information
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on the mangrove species and their composition and dynamics can lead to adoption of management
practices designed for maximum sustainable yield. This could be a crucial factor in preserving what
remains of the Sundarbans. Emphasis on preparing a database related to mangrove species composition
and dynamics of the Sundarbans mangrove forest for managing the entire ecosystem may help to
sustain this valuable resource well into the future.

In this paper, we examine the mangrove species composition in the Sundarbans for four different
periods to understand the species composition dynamics of this forest over the last 38 years using
freely available multi-temporal Landsat imagery and conventional classification (maximum likelihood
classifier) and change detection techniques. More importantly, we investigate the dynamic nature
of mangrove species in the Sundarbans. Moreover, this study describes some of the driving forces
(e.g., coastal dynamics, anthropogenic, natural forces) that influence the mangrove cover dynamics
at a species level in the Sundarbans. We measure the mangrove species dynamics of the Sundarbans
at four intervals between 1977 and 2015 (1977-1989, 1989-2000, 2000-2015 and 1977-2015). It is
anticipated that successful mangrove cover mapping at the species level with acceptable accuracy and
detection of species level dynamics using Landsat satellite data will provide an information base and
predictive route, especially under climate change scenarios and different anthropogenic influences,
for sustainable management planning and maintaining the sustainability of the Sundarbans mangrove
forest. This will also encourage other researchers and relevant stakeholders to develop a proper and
continuous monitoring system for the entire Sundarbans mangrove forest in a simple, time saving,
efficient and cost effective way. This will also open up the avenue of such applicability for other
developing countries having similar issues.

2. Materials and Methods

2.1. Study Area

The present study was conducted in the Sundarbans mangrove forest, the largest single tract
of mangrove ecosystem in the world [36,40,41]. This forest is located on the Ganges Delta created
by the confluence of three mighty river systems, Ganges, Brahmaputra and Meghna, at the northern
limit of the Bay of Bengal [27,42] and it extends between approximately 21°32’ to 22°40’ N latitude
and 88°05’ to 89°51’ E longitude (Figure 1). The Sundarbans is crisscrossed by a complex network
of river channels and comprises a number of mudflats and small islands. These small islands and
mudflats are created as a result of the sedimentation process that is influenced by the river system
intersecting this forest [9,42]. This forest region is characterized by a tropical climate with four main
seasons that include pre-monsoon (March to May), monsoon (June to September), post-monsoon
(October-November) and dry winter (December to February). Rainfall and temperature fluctuates
between 1600 mm and 2000 mm and 11 °C and 37 °C, respectively in this region, while elevation
varies between 0.9 and 2.11 m above sea level [9,36]. The Sundarbans is considered as a safe habitat for
a wide range of plants and animals, including 27 mangrove species, 40 mammal species, 35 reptile
species, and 260 species of birds [15]. Floristically, mangrove species of the Sundarbans belong to the
Indo-Andaman mangrove province within the species-rich Indo-West Pacific group [9,43].
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Figure 1. Location of the study area (False color composite image).

2.2. Images Used

In this study, satellite images of four time periods were used to quantify the dynamics of mangrove
species composition of the Sundarbans: (a) the Landsat Multispectral Scanner (MSS) (57 m spatial
resolution) acquired in February 1977; (b) the Landsat Thematic Mapper (TM) (28.5 spatial resolution)
acquired in February 1989; (c) the Landsat Enhanced Thematic Mapper (ETM+) (28.5 m spatial
resolution) acquired in February 2000; and (d) the Landsat Operational Land Imager (OLI) (30 m
spatial resolution) acquired in February 2015 (Table 1). The Landsat MSS has four spectral bands while
TM and ETM+ have seven and OLI has eleven spectral bands. All the Landsat images covering the
entire Sundarbans were acquired from the US Geological Survey (USGS) Center for Earth Resources
Observation and Science (EROS) website (www.glovis.usgs.gov).

Table 1. Information of Landsat data used to map mangrove cover at the species level in
the Sundarbans.

Sensor Resolution (in Meter) Path/Row Date
MSS 57 147-148/45 1 February 1977
™ 28.5 137-138/45 5 February 1989
ETM+ 28.5 137-138/45 28 February 2000
OLI 30 137-138/45 4 February 2015

2.3. Image Preprocessing

For all images (MSS, TM, ETM+ and OLI), radiometric correction was carried out to remove
the influence of the atmosphere. Atmospheric interference caused by haze, dust, smoke, etc. was
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corrected using the dark-object subtraction method [44]. Radiometric correction was performed using
sun elevation and sun azimuth data extracted from the images” header file [45]. To make the images
comparable, all were converted from digital number values to top-of-atmosphere reflectance as per the
suggestion of Chander and Markham [46], and a relative radiometric normalization was performed by
normalizing the variation in solar illumination and atmospheric conditions [47-49]. Registration of all
the images was done using 51 ground control points (GCPs) with a root mean square error (RMSE) of
0.003957 pixels, and then the images were resampled to a 30 m pixel size using the nearest neighbor
resampling method. The Sundarbans is covered by two frames (Path 137 Row 45 and Path 138 Row
45 for TM, ETM+ and OLI, and Path 147 Row 45 and Path 148 Row 45 for MSS) of Landsat satellite
images. To consider the entire Sundarbans as a study site, all of the individual images were mosaicked.
Using an on-screen digitization process, only the mangrove areas were extracted for further study and
afterwards, waterbodies were masked out from the images so that the result would not be impacted
by the effect of tide and different turbidity water that formed multiple classes in the classified image.
The entire image-processing task was carried out using ENVI 5.1 software (Exelis Visual Information
Solutions, Inc., Boulder, UT, USA).

2.4. Image Classification

In this study, the supervised maximum likelihood classification algorithm (MLC) was used to
classify and extract the mangrove species composition of the Sundarbans due to its well-developed
theoretical base, simplicity and ease of use [50]. The MLC algorithm is one of the most well-known
parametric classifiers used for supervised classification. This MLC algorithm computes the weighted
distance or likelihood of an unknown measurement vector that belongs to one of the known classes,
based on the Bayesian equation. The unknown measurement vector is assigned to the class based on the
highest probability of fit. Consideration of a variance-covariance matrix within the class distributions is
considered one of the advantages of this algorithm. This technique is extensively used in remote sensing
where a pixel with the maximum likelihood is classified in the corresponding class [39]. For training
and validation sampling, fieldwork and published maps were used. Fieldwork for training and
validation sampling for the 2015 imagery was completed in February—March 2016, and Landsat image
data, a printed image of Google Earth and a reference map of the Sundarbans (published by Bangladesh
Forest Department) were used as guides. Fieldwork was conducted only in the Bangladesh territory of
the Sundarbans mangrove forest. A species-level map of the Sundarbans mangrove forest that was
mapped only for the Bangladesh territory by the Bangladesh Forest Department in 1985 was used
as reference data for training and validation sampling for the 1989 image. Due to the unavailability
of corresponding reference data for the 1977 and 2000 images, training and validation samples that
were developed for the 1989 image classification and accuracy evaluation were also used for the
classification and accuracy evaluation for the 1977 and 2000 images. To use these samples, a process
called signature extension as suggested by Foody [51,52] was undertaken as this allows us to use
samples for unchanged areas for such purposes. In several studies in the recent past, this method has
been used successfully [53-55]. To do this, additional processing was undertaken to include sample
points that had not changed during the periods 1989-1977 and 1989-2000. An image differencing
technique was used to generate difference images for the above images with respect to the 1989
image (e.g., 1989-2000 and 1989-1977). At first, the NDVI of each study year was computed, and by
subtracting each year’s NDVI from the 1989 NDV], a difference image was generated. Due to the
capabilities of reflecting both vegetation and non-vegetation areas, an NDVI image was used for this
purpose. Afterwards, to separate the change/no-change areas, thresholds of £1 standard deviation
(SD) [47,53] were used. Pixels that were not changed during the above-mentioned periods usually
clustered about the mean of the difference histogram distribution, whereas changed pixels were found
within the tails. In comparison to the change images, all the training and validation samples developed
for the 1989 image were assessed, and samples that fell in areas greater than 1 SD from the mean were
discarded. The remaining samples were assumed to have not changed over the years and were used



Forests 2016, 7, 305 60of 17

as validation data for classification and accuracy evaluation, as supported by Sinha and Kumar [56].
All of the images were limited to only mangrove areas, thus training and validation samples were only
developed for different mangrove species. Considering the true representation of class, accessibility
and size of class, training samples between 51 and 141 for each species were randomly selected,
stratified by land cover class. The numbers of training samples varied for different mangrove species
based on class abundance and distribution in the study area. In addition, care was taken so that the
samples were well distributed in the study area and also fulfilled the minimum number required
for valid accuracy evaluation process [57]. Altogether 414, 429, 549 and 471 training samples were
assessed throughout the study area to represent identified mangrove species and their natural variance
for the 2015, 2000, 1989 and 1977 images, respectively.

On the basis of spectral signature-based satellite image classification, identification and
distribution of mangrove species were analyzed in this study. A handheld GPS was used to collect
the training sets for different mangrove species from the field, and collected GPS locations of various
mangrove species were overlaid on satellite images from 2015 to extract the spectral signature.
To classify the imagery of 1977, 1989 and 2000, training sites were developed from the reference map,
and spectral signatures were generated for different mangrove species. Afterwards, extracted spectral
signatures were used for image classification and identification of mangrove species. In addition
to supplementary information obtained from various sources, the author’s prior knowledge was
also used to document characteristics of different mangrove species, as supported by Kumar and
Ghosh [58]. There are 27 mangrove species in the Sundarbans [15], but many of these are present in
small quantities, spread over wide areas in small patches and thus unable to be detected using
medium-resolution satellite data. Hence, we mapped the five major mangrove species of the
Sundarbans in this study, named Heritiera fomes, Excoecaria agallocha, Ceriops decandra, Sonneratia apelatala
and Xylocarpus mekongensis. The remaining species were classified under the major five mangrove
species on the basis of dominance. The spectral profiles of five species, H. fomes, E. agallocha, C. decandra,
S. apelatala and X. mekongensis, are shown in Figure 2. The five major species were selected based on
the information obtained from previously published literature [15,29,35,59] and species-level maps of
the Sundarbans. Figure 3 shows the workflow for image processing and change detection.
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Figure 2. Spectral profile of various mangrove species. All five mangrove species show similar
reflectance patterns in the lower wavelengths of the spectrum. In contrast, reflectance patterns are
different in the higher wavelengths of the spectrum. To be more specific, the spectral profiles of the
five mangrove species follow each other between the wavelengths of 0.5 and 0.7 um. The reflectance
patterns become different after 0.7 pm, and this difference is maintained for the remaining portion of
the spectrum.
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Figure 3. Work flowchart of research.

2.5. Change Detection Analysis

Post classification comparison techniques were used to detect changes in species composition from
the four imagery dates. This approach provides “from—to” change information and is considered the
most common change detection method. Changes in mangrove species composition were mapped by
subtracting the classified maps between four periods: 1977-1989, 1989-2000, 2000-2015 and 1977-2015.
A change matrix was also developed to understand the dimension of the change. To identify the driving
forces responsible for the change, change areas were visually interpreted. For better understanding of
driving forces and their impacts on species dynamics, published documents were also used.

2.6. Classification Accuracy

Validation of classification is an integral part of any image classification process [56]. In this
research, an accuracy assessment method described by Congalton and co-authors [57,60,61] was used
to estimate the accuracy of the image classification.
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3. Results

Spatiotemporal distributions of different mangrove species of the Sundarbans are shown for the
years 1977, 1989, 2000 and 2015 in Figure 4, and statistics regarding species composition are shown
in Table 2. Details of the detected change in the mangrove species composition in the study area are
summarized in Table 3, and the change matrix is shown in Table 4.

The results indicate that during the study period, both H. fomes and E. agallocha decreased by 9.9%,
while C. decandra, X. mekongensis and S. apelatala increased by 12.9%, 57.3% and 380.4%, respectively.
However, the rate of change was not uniform during the study period between 1977 and 1989, 1989 and
2000 and 2000 and 2015. From 1977 to 1989, H. fomes, E. agallocha and X. mekongensis decreased by
1.7%, 2.5% and 36%, respectively, while C. decandra and S. apelatala increased by 4.3% and 159.4%,
respectively, and from 1989 to 2000, H. fomes and E. agallocha decreased by 1.5% and 8.8%, respectively,
whereas C. decandra, X. mekongensis and S. apelatala increased by 1.3%, 126.1% and 47.2%, respectively.
Between 2000 and 2015, only the area under H. fomes decreased by 6.9%. In contrast, E. agallocha,
C. decandra, X. mekongensis and S. apelatala increased by 1.3%, 6.9%, 8.7% and 25.8%, respectively.
The spatiotemporal dynamics of the mangrove species are shown in Figure 5.

Four confusion matrices were created to compute overall accuracy, users’ accuracy, producers’
accuracy and the kappa coefficient. The image classification resulted in overall accuracies of 72%, 83%,
79% and 89% and a kappa index of 0.64, 0.74, 0.73 and 0.87 for the images of 1977, 1989, 2000 and
2015, respectively.

Table 2. Mangrove species composition pattern analysis of the Sundarbans (1977-2015).

Mangrove Area in Hectares Area in Percentage (%)
Species 1977 1989 2000 2015 1977 1989 2000 2015
H. fomes 221,886 218,051 214,679 199,857 36.8 36.1 36.1 334
E. agallocha 200,662 195,692 178,425 180,742 33.3 324 30.0 30.2
C. decandra 171,590 178,972 181,238 193,698 28.5 29.6 30.5 324
X. mekongensis 5383 3444 7788 8466 0.9 0.6 1.3 14
S. apelatala 3126 8109 11,934 15,016 0.5 13 2.0 2.5
Total 602,646 604,267 594,062 597,779 100 100 100 100

Table 3. Analysis of mangrove species composition dynamics of the Sundarbans (1977-2015).

Annual Rate

Change in Area (in Hectares) Percentage Change of Change
Mangrove (in Hectares)
Species
1977 to 1989 to 2000 to 1977 to 1977 to 1989 to 2000 to 1977 to 1977 to 2015
1989 2000 2015 2015 1989 2000 2015 2015
H. fomes —3835 —3372 —14,822 —22,029 —-1.7 —-1.5 —6.9 -9.9 —580
E. agallocha —4970 —17,267 +2317 —19,920 —25 —8.8 +1.3 -9.9 —524
C. decandra +7381 +2266 +12,461 +22,108 +4.3 +1.3 +6.9 +12.9 +582
X. mekongensis —1939 +4344 +678 +3083 —36.0 +126.1 +8.7 +57.3 +81
S. apelatala +4984 +3825 +3082 +11,890 +159.4 +47.2 +25.8 +380.4 +313

Note: (—) sign represents decreasing rate and (+) sign represents increasing rate.

Table 4. Mangrove cover change matrix of the Sundarbans between 1977 and 2015 (percentage).

1977
Class -
H. fomes E. agallocha  C.decandra  S.apelatala  X. mekongensis
H. fomes 81.1 7.4 2.3 10.0 0.2
E. agallocha 16.2 48.7 26.1 20.1 16.3
2015 C. decandra 1.6 41.2 66.4 7.0 13.6
S. apelatala 1.0 1.9 3.8 60.9 0.9

X. mekongensis 0.01 0.9 14 2.0 69.1
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Figure 5. Mangrove species composition change map of the Sundarbans mangrove forest (Rs = Remained
the same, Wa = Water, Ea = Excoecaria agallocha, Cd = Ceriops decandra, Sa = Sonneratia apelatala,
Xm = Xylocarpus mekongensis, Hf = Heritiera fomes).
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4. Discussion

The results reveal that the extent of the Sundarbans mangrove forest has changed little in net
area (approximately 0.81%) despite having one of the highest population densities in the world in its
immediate vicinity, but the forest health, structure and species composition have changed substantially
in the last 38 years (1977-2015). This finding is consistent with other recent studies at the local
level [33,34,37,62].

The Sundarbans mangrove ecosystem is constantly changing across both temporal and spatial
scales due to different natural and anthropogenic forces. Mangroves in other parts of the world are
also experiencing similar changes due to similar types of forces. Global mangrove losses because
of anthropogenic factors have increased substantially during the last three decades. Clear-cutting,
land-use change, hydrological alterations, chemical spills and climate change are creating immense
pressure on the existing mangrove forests worldwide. In the future, sea-level rise could be the greatest
threat to mangrove ecosystems. According to the predictions suggested by the IPCC [63], 30%—40% of
coastal wetlands as well as 100% of the global mangroves [64] could be lost in the next 100 years if
the present rate of loss continues. As a result, important ecosystem services and goods provided by
mangroves could be diminished or lost forever [63]. The findings of this study are expected to serve as
a baseline to develop adaptive management strategies in anticipation of sea-level rise, set conservation
priorities, monitor deforestation and forest degradation, improve terrestrial carbon accounting and
quantify the role of mangrove forests in saving lives and property from natural disasters such as
cyclones and tsunamis.

Describing the reasons for changes in species composition of the Sundarbans mangrove ecosystem
over time is an extremely complex task because of its multidimensional nature in terms of ecology and
economy. The Total Economic Value (TEV) highlights the multidimensional nature of the economic
value of this ecosystem, which includes direct-use values such as food, medicines, and forest products,
and indirect-use values such as habitat provision, nutrient recycling, water purification, carbon
absorption, flood control and protection against cyclones and water surges. This importance of
ecology and economy has already been reported [14-17,19,24]. Due to this ecological and economic
importance, the Sundarbans is faced with increased pressure from local demand, but the nature of
pressure is not uniform, either spatially or temporally. As a consequence, it is difficult to specify the
driving forces of change and their proportion of influence over time; therefore, such forces were only
qualitatively identified.

Analysis of mangrove species composition change in the Sundarbans mangrove forest shows
that the areas under H. fomes and E. agallocha decreased during the study period. In contrast,
the area under C. decandra, X. mekongensis and S. apelatala increased during the last 38 years. Different
natural forces, such as cyclones, coastal erosion and accretion, naturally shifting hydrology, changing
climate and sea level rise, have adverse effects on the Sundarbans mangrove forest (see Table 5
for the underlying mechanism of the impact of these natural forces). Increasing water salinity and
immersed areas in coastal regions as a result of changing climate are set to affect the ecosystem of the
Sundarbans mangrove forest. As a result, a wide range of impacts is anticipated in the Sundarbans.
The availability of freshwater, water salinity, variation in drainage and the siltation process have
a substantial influence on the spatial distribution of mangrove species in the Sundarbans [16]. Chaffey
and co-authors [29] divided the Sundarbans mangrove forest into three ecological zones: (a) freshwater
or oligohaline (north-eastern part, the dominant species is H. fomes); (b) moderately saline or mesohaline
(middle southern part, the dominant species is E. agallocha) and (c) saline or polyhaline (southern part,
the dominant species is C. decandra). During the last four decades, salinity has increased in the
Sundarbans region. For instance, Islam and Gnauck [65] analysed the time series salinity data of
the Passur River-Mongla point and reported that the salinity rate was <10 ds/m in 1968 during the
dry season, while in the same season in 2003, the highest salinity rate was 25 ds/m (see Figure 6 for
details). Therefore, a large variation has been observed in salinity levels during the time period of
35 years. As a consequence of increasing salinity in the Sundarbans, mesohaline areas are transforming
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into polyhaline areas, especially in the western and south-western parts of the forest. On the other hand,
oligohaline areas are transforming into mesohaline areas. Karim [66] found approximately 60% of the
western part was polyhaline, about 35% was mesohaline and less than 5% was oligohaline. Following the
transformation of the ecological zones, new tree species that are more adapted to habitats with more
salinity have encroached the areas that were previously occupied by other species.
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Figure 6. Water salinity density at the Passur-Mongla River site (1968-2003). (Based on data from Islam
and Gnauck (65)).

H. fomes is distributed mainly in the Sundarbans eastern region, which is subject to more frequent
flooding and less water salinity influence. H. fomes is the most commercially valuable species in the
Sundarbans, contributing 60% of the forest’s merchantable timber [15,67]; however, it decreased by
9.9% in 2015 relative to 1977. A substantial change (6.9% decrease) was observed between the time
period 2000 and 2015. A phenomenon commonly called die-back disease that is highly related to the
level of salinity affects the H. fomes trees, and this is one of the major causes of deteriorating forest
cover of H. fomes species.

Table 5. Mechanism underlying the impact of different natural forces on mangrove forests.

Natural Force How It Works Impact
1.  Tree fallin
High speed wind oo ang
Cyclone . 2. Salinity increase
Flooding . .
3. Soil erosion
1. Coastal inundation for longer periods
1.  Global warming . gerp
. . 2. Salinity increase
Climate change 2. Sea level rise . o
L . 3. Changes in germination rates
3. Changes in rainfall pattern in the catchment . L
4. Changes in flowering time

1. Fine sediment particles are carried in as suspension
from upstream and by coastal waters. Sediments

) " 1. Settlement of new mudflat
from coastal water settle in the forest during slack 5 Germination of manerove species in
Coastal accretion high tide as the friction caused by the high & P

. . - newly created mudflats
mangrove vegetation density slows tidal currents, 3 A P K
whereas upstream sediments get trapped by the : fea under mangrove Increases
plant litter on the soil surface [68]

. Storms and other high water events washout 1. Loss of land
Coastal erosion X X

the sediments 2. Tree falling

Die-back disease started to spread over a large scale since 1980 [69], bringing about the observed
changes in H. fomes, which has also been confirmed by our study. E. agallocha is the dominant woody
species in the Sundarbans southern region, where there is evidently the greatest seasonal variation
in salinity levels and possibly represents an area of relatively longer duration of moderate salinity.
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It is often mixed with H. fomes, which it is able to displace under circumstances such as artificially
opened canopies where H. fomes does not regenerate as effectively. It is also frequently associated
with a dense understory of C. decandra [16]. It is also interspersed with H. fomes and C. decandra in
Sundarbans eastern and western regions, respectively. E. agallocha decreased by 9.9% in 2015 with
respect to 1977 in the Sundarbans. In the first two intervals, the area under E. agallocha decreased,
but the results suggest the situation was different for the 2000 to 2015 time period, where the area
under E. agallocha actually increased, and this finding is also consistent with the reported result of
Giri and co-authors [39] for the Indian Sundarbans. Following the declaration of the Sundarbans as
a world heritage site, the Forest Department imposed a ban on the felling of E. agallocha trees in 1999,
which was the main raw material for the Khulna newsprint paper mill that was established in 1959,
and this can be considered as one of the crucial factors for the observed changes in E. agallocha coverage,
which increased during the study period. C. decandra, a species that is more adapted to habitats with
more salinity and which is located in the Sundarbans western region and in more saline places in the
Sundarbans eastern and southern regions, increased by 12.9% during the study period. Increasing
salinity has played an important role in bringing the observed changes in C. decandra coverage and in
species composition in the Sundarbans, especially in the western and southern part of the forest where
C. decandra encroached the areas previously occupied by other species. S. apelatala, an indicator species
for newly accreted mud banks and an important species for wildlife, increased by 380.4% in 2015 with
respect to 1977. Coastal dynamics, land reclamation polices and afforestation programs of the Forest
Department have played an influential role in the increment of S. apelatala trees in the Sundarbans.
S. apelatala is distributed mainly in the south-eastern part (Sarankhola and Chandpai range) of the
forest, the northern part of the Khulna range and the north-western part of the forest; X. mekongensis
is distributed mainly in the western part of the forest (Indian portion) and some parts of the Khulna
range. From 1977 to 2015, the area under X. mekongensis species increased by 57.3% in the Sundarbans.

Coastal dynamics (erosion and accretion) are one of the crucial factors that have played
an important role in bringing about the changes in the Sundarbans mangrove forest. Geomorphology of
the Sundarbans area is extremely dynamic due to the apparent acceleration of erosion and accretion [49].
Our results, based on the changes in species composition and habitats, suggest that erosion is more
active than accretion in the study area.

Along the Sundarbans coastline, retreat is evident everywhere, but large areas of erosion have
been observed in the south and south-western parts (sites A, B and C in Figure 7) during the study
period. In contrast, small islands are currently forming at the mouth of Baleshwar, Bhanba and
Haringhata Rivers (sites D, E and F in Figure 7). The highest coastal retreat was observed around the
Bhangadhuni Island (site B) with an average annual rate of 66 m/year between 1977 and 2015, and this
finding is consistent with the reported result of Rahman and co-authors [70]. Different anthropogenic
and natural forces play a detrimental role in increasing the coastal retreat of the Sundarbans coast,
which increases the vulnerability of mangroves [3]. On the other hand, accretion of the Sundarbans
coast plays an active role in the increment of the areal extent of mangrove forests and also in mangrove
species composition dynamics. Most of the newly accreted islands are afforested by salt-tolerant
S. apelatala trees in the preliminary stage, and this helps advance the sedimentation process. This is
one of the major influential factors behind the observed changes in the area under S. apelatala trees in
the Sundarbans mangrove forests during the study period.
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Figure 7. Effects of coastal dynamics (coastal erosion and accretion) showing the change between 1977
and 2015 in the Sundarbans coast.

Increasing population in the immediate vicinity of the Sundarbans has greatly increased the rate
of exploitation of this forest, leading to serious degradation of the forest. As a result of the wide gap
between the demand and supply of wood and almost permanent unemployment in the neighboring
areas, there is an increasing dependence on the collection of wood from the forests for subsistence [68].
Due to over-exploitation of timber, both legally and illegally, large woody trees like E. agallocha and
H. fomes are disappearing at an alarming rate, and this affects the biodiversity of the forest. In addition,
other anthropogenic activities, such as oil spills and fire for clearing forest for cultivation, put this
mangrove forest under tremendous pressure in terms of sustainability.

To evaluate the accuracy of image classification, an overall classification accuracy and kappa
index were calculated for each image. The classified image of 2015 resulted in the highest overall
accuracy and kappa coefficient (89% and 0.87) followed by the classified images of 1989 (84% and 0.75),
2000 (79% and 0.73) and 1977 (72% and 0.63). It is notable that the MSS 1977 and ETM+ 2000 images
resulted in relatively lower overall accuracies and kappa coefficient. This could be due to the fact that
we developed training samples for them using the reference data that were not closely matched with
the image dates, although we undertook additional processing to develop training samples for them
due to the unavailability of reference data for these periods. Despite obtaining relatively low overall
accuracies and kappa coefficient, the result is still acceptable considering the unavailability of reference
data for older datasets and the coarse resolution of the MSS 1977 imagery.

5. Conclusions

The importance of the Sundarbans mangrove forest extends from the local to global scale,
where different stakeholders’ objectives attempt to decide its future. Due to unplanned and illegal
anthropogenic activities, climate change and extreme weather events, this important mangrove
ecosystem has been adversely affected during the last 250 years. In this situation, regular information
on mangrove species composition, their spatial distribution and the changes that are taking place
over time is very important for a thorough understanding of mangrove biodiversity and mangrove
management in a sustainable manner. Emphasis on preparing databases related to mangrove species
composition and the species-level dynamics of the Sundarbans mangrove forest for managing the
entire ecosystem may help to sustain this valuable resource well into the future. To do this, simple,
time saving, efficient and low cost methods are required. In this study, we used conventional
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medium-resolution Landsat data and conventional classification and change detection methods to
identify mangrove species composition and detect species level changes over time. Our results show
the potential of producing relatively accurate mangrove species composition and change detection
databases using Landsat images.

Over the study period, H. fomes and E. agallocha both decreased by 9.9% in the Sundarbans.
In contrast, C. decandra, S. apelatala and X. mekongensis increased by 12.9%, 380.4% and 57.3%,
respectively. Different natural and anthropogenic influences, such as over-exploitation of timber
and pollution, coastal erosion and accretion, increasing salinity, die-back disease and changing climate,
have played an important role in bringing about the observed changes in the mangrove species
composition in the Sundarbans.

Continuous monitoring is important for developing a better management plan for the Sundarbans.
In future, the results obtained in this study could provide invaluable quantitative information for better
and sustainable management of the Sundarbans mangrove ecosystem. This result can also be shared
with forest management planners, relevant stakeholders and policy makers for use in decision-making
on such issues as forest management planning and identification of low cost methods, which could be
used in the context of integrated forest management.
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