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Abstract

The Sundarban Biosphere Reserve (SBR) in India is vulnerable to soil salinity issues arising out of the occurrence of regular
floods and storm surges. While much research has investigated various geo-hazards in this Reserve, the soil salinity aspect has
remained underemphasized. This study assesses the degree of soil salinity and its spatial distribution in the SBR, using remote
sensing and field measured datasets. Eight soil salinity indices extracted from satellite images were statistically correlated with
measured electrical conductivity values using the Pearson correlation coefficient. Through this, the Salinity Index (SI-3) and the
Normalized Difference Soil Index (NDSI) were determined as the most suitable indices to map the SBR’s soil salinity. The spatial
analysis of these indices revealed that the administrative Blocks of Patharpratima, Basanti, Kultali, Sagar, Sandeshkhali-I,
Gosaba, and Haroa experienced extremely high level of soil salinity and salt intrusion. The high drainage density and close
proximity of these blocks to rivers fosters such high soil salinity. The study calls for efficacious policy measures to lessen the
effects of soil salinity on the subsistence prospects of the coastal communities. The methodology adopted in this study can be
utilized for similar analysis in other saline-affected areas at various spatial scales.
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Introduction land degradation in coastal areas (Shrestha 2006;

Daliakopoulos et al. 2016). Soil salinity is a serious threat to
Salinization occurs through the accumulation and increasing  agricultural activities along coastlines (Jingwei et al. 2008). It
concentration of salts in the soil layer and is the main cause of ~ alters the local soil chemistry and often causes decrease in

Highlights

* Soil samples were collected for measuring the electrical conductivity (EC).
» Correlation matrix was run to select a suitable spectral soil salinity index.
* Degree of salinity was determined by interpolating computed salinity index
values.

* Extremely high salinity (EC > 8.0 dS/m) along coast and quite high (6-8
dS/m) inland.

* Proximity to drainage network and higher drainage density influenced soil
salinity.
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both the crop yield and soil fertility (Feinerman et al. 1982; Li
et al. 2011, 2012; Elhag 2016). The global rise in mean sea
level and the inundation of lowland areas have been the major
drivers of saline water intrusion into proximate fertile arable
lands. These drivers create far-reaching implications for coast-
al habitats (Schofield et al. 2001). Both primary and secondary
processes of salinization are generally observed in coastal
areas (Mashimbye 2013). Occurrence of floods, storm surges,
and the inundation of low-lying tracts cause primary saliniza-
tion while secondary salinization occurs due to excessive use
of fertilizer use and improper land management practices (Wu
et al. 2008). About 830 million ha of land constituting 7% of
the earth’s surface is vulnerable to salinization (FAO 2005,
2007; Abdelfattah et al. 2009).

Lack of accurate data is a major challenge for demarcating
and analyzing salt-affected tracts in almost all the continents
(Gupta and Abrol 1990; Rengasamy 2006). More pertinently,
soil salinity is a great problem in various worldwide deltas
(some of the most densely inhabited and intensively cultivated
tracts) affecting not only the ambient vegetation conditions
but also local livelihoods. For example, salinity intrusion in
the lower Indus delta in Pakistan has severely affected agri-
cultural activities and consequently displaced local residents
(Giosan et al. 2014) while rising soil salinity along
Bangladesh’s south-west coast has impacted available ecosys-
tem services. Inadequate monitoring measures have further
resulted in degradation of the deltaic environment (Szabo
et al. 2016). Improper land management practices and poor
drainage condition arising from over irrigation have affected
groundwater depth and salt concentration in the Nile delta
(Mohamed et al. 2011). Increasing concentration of sulfate,
sodium, and chloride ions have spurred on soil salinization in
the Yellow River delta and China’s eastern coast (Zhang et al.
2017).

In a similar vein, the coastal tracts of the Sundarban contain
severely salt-affected soils and also face enhanced water sa-
linity during the dry season each year (MoA and FAO 2013).
Increasing concentration of soil salinity has markedly im-
paired agricultural activities therein. This area is prone to cy-
clones and storm surges (Chaudhuri and Choudhury 1994),
with riverine and coastal erosion posing major threats to
inhabited estuarine islands (Sahana et al. 2019; Sahana and
Sajjad 2019). Several geo-physical and geo-hydrological fac-
tors such as tidal character, estuary and deltaic morphology,
numerous tidal creeks, shallow offshore depths, convergence
of the bay, and high astronomical tides cause disastrous storm
surges (Mitra et al. 2009). As a result, large-scale variations in
soil salinity are observed during the summer monsoon, pre-
monsoon, and post-monsoon seasons (Mitra et al. 2009;
Banerjee et al. 2013). Consequently, many agricultural fields
are rendered fallow during the dry season, diminishing liveli-
hoods and economic security. Such land degradation from
enhanced salinity levels (whose future prospect seems even
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more grim in a climate change scenario) potentially threatens
the viability of the agricultural system of this deltaic area.
Hence, identification and mapping of the salt-affected tracts
in the area is essential for suggesting suitable management
practices.

Conventional methods of soil salinity detection involving
field surveys are expensive and time consuming. Geospatial
technology has proved instrumental in monitoring spatiotem-
poral variations in salt-affected regions (Ben-Dor et al. 2009;
Aldabaa et al. 2014). Multispectral remote-sensing data like
Landsat, Terra-ASTER, IRS-LISS, SPOT series, MODIS
(Dwivedi et al. 2008; Nawar et al. 2015), and hyperspectral
data have been widely used for assessing soil salinity (Farifteh
et al. 2007; Weng et al. 2008). Landsat TM and Landsat
ETM+ datasets are preferably used for this purpose owing to
their wide spectral band combination and enhancement qual-
ity (Sharma and Bhargava 1988; Wu et al. 2008). Image-
extracted indices have also been analyzed through statistical
measures like principal component analysis to predict soil
salinity levels (Khan et al. 2001). However, the integration
of satellite images and field datasets provides more accurate
estimates of salinity levels (Bishop and McBratney 2001;
Bouaziz et al. 2011). Many studies have established the rela-
tionship between measured soil electrical conductivity (EC)
and satellite image—derived spectral indices, which can be
then used to assess the soil quality (Garcia et al. 2005;
Bouaziz et al. 2011). However, soil salinity assessment
remained underemphasized in the Indian Sundarban
Biosphere Reserve (SBR) using such approaches.

An attempt has thus been made in the present study to map
the degree of soil salinity in SBR using spectral indices de-
rived from Landsat-8 images, field-based measurements, and
various statistical measures. For this, we have first provided a
brief overview of the study area and outlined the various
datasets used. We then explained the various field measure-
ments and soil tests conducted and listed the indices extracted
from the satellite data. The different datasets obtained thus
were analyzed statistically to compare the laboratory results
and image outputs. Suitable salinity indices were discerned
based on the computed Pearson’s correlation coefficient.
These salinity indices were then integrated to map the salinity
levels in the SBR. Finally, the relationships between the
discerned soil salinity and different topographical variables
were analyzed to gauge their respective degree of influence.

Study area

The Sundarban Biosphere Reserve is located in the lower part
of the Ganga-Brahmaputra-Meghna delta (Sharma et al.
2010). It spreads over 9630 km* and is demarcated by the
Dampier-Hodges line to the north, the Bay of Bengal in the
south, the Hooghly estuary in the west, and the Ichamati-
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Raimangal River in the east. The Reserve covers south and
north 24 Parganas districts of West Bengal located between
21°31'Nand 22° 30" N latitudes and 88° 10" E and 89° 51" E
longitudes (Fig. 1).

Within the SBR, there are 48 uninhabited islands covering
mangrove forests and 54 inhabited islands having settlement
(Fig. 2). Most of the reserve consists of low-lying alluvial mud
flats, tidal creeks, and multiple river channels. This deltaic
region was formed in the Late Quaternary Period (2500 to
5000 years ago) as a result of long-term deposition of the
sediments brought down by the Ganga, Brahmaputra, and
Meghna rivers (Allison et al. 2003). Numerous creeks, estu-
aries, and rivers allow tidal inflow up to 300 km inland from
the mouth of the Ganga along the Bay of Bengal (Sahana et al.
2015). The SBR can be divided into the core zone (1692 km?),
buffer zone (2233 km?), and transition zone (5705 km?). The
deltaic soil is mostly saline and consists of silt, clay, coarse
sand, and fine sand particles. The National Bureau of Soil
Survey & Land Use Planning (NBSS & LUP) has identified
eleven distinct soil types in the SBR (Fig. 1; Table 1). The
mainstay of the local economy is agriculture. However, the
marked soil salinity levels herein often make this occupation
uncertain and unsuitable (Sahana et al. 2016).

Database and methods

An integrated approach was utilized, involving both field-
based data of electrical conductivity and Landsat-8 OLI/
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TIRS images for January 2018 to assess the soil salinity in
the SBR. A total of 177 soil samples were collected from
59 locations during field survey conducted during
January—February 2018, with at least one sample taken
from within every 50 km? grid area inside the
Sundarban Biosphere Reserve. A soil core of 1 m and
0-30 cm depth was taken from each sample site, and the
locations of these sites were transferred onto the base map
using coordinates recorded via a handheld GPS. The soil
electrical conductivity (EC) provides a measure of the
amount of salinity in the soil (Parsa et al. 2018) and is a
crucial factor in determining its fertility, crop suitability,
and water holding capacity (Barbosa and Overstreet 2011;
USDA (United States Department of Agriculture), NRCS
(National Resources Conservation Service) 2020). It fur-
ther conditions the soil-water balance in the soil column
and thereby affects the nature of plant growth within it
(Ekeleme and Agunwamba 2018; Tint et al. 2018). The
respective ECs of the collected samples were measured in
the laboratory. The Tucker and Beatty (1974) method was
used to determine the exchangeable bases (Ca**, Mg**,
Na®, and K*) in the laboratory. The basic exchangeable
cations were summed to compute the effective cation ex-
change capacity (ECEC). This is invariably equal to total
cation exchange capacity (CEC), as the exchangeable
acidity was negligible (Odeh and Onus 2008).
Instrument calibration was done using potassium chloride
(KCl) solution at 25 °C and was measured using 1:5 soil
water suspension. Soluble salts in the soils were
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Fig. 1 Location of the study area. a South Asia. b Location of SBR within eastern India. ¢ Soil sample collection sites within the SBR
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determined by measuring the sodium, magnesium, calci-
um, and the anions CI, SO427, and HCO; (Rayment and
Higginson 1992). The solution was converted to saturated
paste extract to estimate the EC. For calculating the EC,
the Electrochemical Stability Index (ESI) was used (Eq.
1), following McKenzie (1998), as

EC

ESI = — 1
ESP (M)

where, ESI = Electrochemical Stability Index, EC = elec-
trical conductivity, and ESP = exchangeable sodium
percentage.

The exchangeable sodium percentage (ESP) was estimated
using Eq. 2 (after McKenzie 1998):

[Na']

ESP = oorc (2)

Various studies have used different satellite image—derived
salinity indices for analyzing soil salinity (Bouaziz et al. 2011;
Khan etal. 2001, 2005; Dehni and Lounis 2012). Based on the
literature surveyed, we used eight prominent salinity indices
and prepared their respective map outputs (Table 2).
Subsequently, correlation analysis was performed between
the values derived from these indices and the EC values
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obtained from the field sample measurements for the corre-
sponding points. The EC measured from the soil samples was
found to be highly correlated with the satellite image—derived
salinity index (SI-3) and the normalized difference salinity
index (NDSI). The SI-3 parameter was computed by
performing mathematical operations using the green, red,
and near-infrared bands while the NDSI parameter was com-
puted by normalizing the difference in the spectral reflectance
of the red and near-infrared bands (Khan et al. 2005). NDSI
parameter has been used in a number of soil salinity studies to
assess the ambient salinization extent and severity (e.g., Elhag
and Bahrawi 2016; Asfaw et al. 2018; Nguyen et al. 2020).
Therefore, the SI-3 and the NSDI parameters’ values were
taken to best conform to the field-measured EC values.

The predicted EC values were obtained by assigning the
pixel values of the NDSI and SI-3 outputs to the measured EC
values. The relationship between the field-measured EC and
this predicted EC was analyzed using corresponding pixels of
the sampled locations, in which the measured EC value of a
point was compared with the derived pixel value of that point.
The final soil salinity layer derived from the above datasets
was categorized into five classes based on its intensity, using
the level slicing approach. The degree of salinity was deter-
mined based on the predicted EC values (2 dS/m, 4 dS/m, 8
dS/m, and 16 dS/m). Soil types (as per the soil taxonomy
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Table 1 Types of soil cover in the
Sundarban Biosphere Reserve
(nomenclature and classification
as per soil taxonomy
classification of the NBSS&LUP)

classification obtained from the NBSS and LUP) were inte-
grated with the predicted EC values to generalize the soil
salinity map. The relationship between the EC (independent
variable) and the salinity index (dependent variable) was

Soil
code

Taxonomic name

Brief description

WO079

W080

W081

w082

w083

w084

WO085

WO087

WO088

W089

W090

Fine-loamy typic Haplaquepts
Fine aeric Haplaquepts

Fine typic Haplaquepts

Fine aeric Haplaquepts,
Fine-loamy typic Ustorthents

Fine-loamy aeric Haplaquents

Fine-loamy aeric Haplaquepts

Fine aeric Haplaquepts,
Fine-loamy typic Haplaquepts

Fine aeric Haplaquepts,

Fine typic Haplaquepts

Fine aeric Haplaquepts,

Fine typic Ustochrepts

Fine aeric Haplaquepts,
Fine typic Haplaquepts

Fine aeric Haplaquepts,
Fine typic Haplaquepts

Fine aeric Haplaquepts

Fine-loamy typic Haplaquepts,

fine-loamy typic Fluvaquents

Poorly drained, very deep, fine loamy occurring on leveled
upper delta, sediments of many distributaries with loamy
surface. Moderate salinity and severe flooding (limited
extent)

Poorly drained, very deep, fine soil found in nearly level upper
delta, sediments of many distributaries with loamy surface.
Moderate salinity and severe flooding (limited extent)

Poorly drained, very deep, fine soils occurring on upper delta to
level surfaces plains, imperfectly drained, moderate flooding
associated with very deep, fine loamy soils

Poorly drained, very deep, fine loamy soils occurring on nearly
level to level upper delta plain, poorly drained and subject to
severe flooding, fine loamy soils

Poorly drained, very deep, fine loamy soils, fine soils occurring
on nearly level to level upper delta plain with clayey surface,
poorly drained soils subjected to severe flooding

Poorly drained, very deep, fine soils occurring on nearly level to
level upper delta plain with clayey surface and subject to
severe flooding, fine soils

Very deep soil, drained poorly, fine texture occurring on nearly
level to level marshes, imperfectly drained and subject to
severe flooding

Poorly drained, very deep, fine soils occurring on nearly level to
level upper delta, inter distributary sediments with clayey
surface, well drained sandy soils and thus moderate flooding

Poorly drained, very deep, fine soils occurring on nearly level to
level lower delta having clayey surface with moderate salinity
and severe flooding (moderate extent)

Poorly drained, very deep, fine soils occurring on nearly level to
level lower delta, clayey surface, moderate salinity and severe
flooding

Poorly drained, very deep, fine soils occurring on nearly level to
level lower delta, very strong salinity, severe flooding

Source: National Bureau of Soil Survey and Land Use Planning (NBSS&LUP)

finally analyzed using linear and exponential regressions.
Eight site-specific topography-related variables that are usual-
ly associated with soil salinity levels within the SBR were
selected based on the literature survey and local field

Table 2 Satellite data—derived salinity indices for preparing the soil salinity map of the SBR
Equation References
Salinity Index (SI)
SI-1 SI1 = v/blue x red Khan et al. (2005)
SI-2 SI1 = /green X red Khan et al. (2005)
SI-3 SI3 = y/(green)” + (red)” + (NIR)? Douaoui et al. 2006)
SI-4 SI4 = 1/(green)” + (red)’ Douaoui et al. (2006)
SI-5 SI5 = v/red x NIR Dehni and Lounis (2012)
Brightness Index (BI) BI = {/(red)* + (NIR)* Khan et al. (2005)
Vegetation Soil Salinity Index (VSSI) VSSI=2 x green — 5 x (red + NIR) Dehni and Lounis (2012)

Normalized Difference Salinity Index (NDSI)

NDSI = (red — NIR) + (red + NIR)

Khan et al. (2005)
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knowledge. These variables included the local elevation, slope
amount, surface plan curvature, stream power index (SPI),
drainage density, and the distance from drainage lines. All
these variables were transformed into raster grid spatial layers
of 30 x 30 m pixel size for creating a uniform thematic data-
base (Fig. 3).

Shuttle radar topography mission (SRTM) digital elevation
model (DEM) one arc-second data of 30 m spatial resolution
(obtained from the United States Geological Survey repository)
was used to assess the elevation, slope, surface curvature, and
SPI values within the SBR. It offers worldwide coverage of void
filled data. The surface altitude (both absolute and relative) as-
sumes significance in soil salinity intrusion. Coastal lands are
generally situated at quite low elevations, and thus are swamped
easily during high tides and storm surges. These lands are further
subject to the threat of submergence as sea levels rise. These
conditions can increase the local soil salinity (Diez et al. 2007).
There is also a direct relationship between this low elevation and
the risk posed by natural hazards in coastal areas (Gornitz et al.
1994). The surface slope is an important physiographic

Landsat-8 OLI image

Base map of soil

parameter that affects soil salinity in coastal regions. The study
arca was divided into three slope categories, such as less than 2°,
2°, to 5° and greater than 5° (Fig. 4). About 75% of the study
area falls within the 0°-1° slope class, and the overall slope
ranged from 0° to 6.3°, and the entire region is mostly quite
gently sloping. Negative and positive curvature values represent
concave and convex surfaces, respectively, while zero curvature
values denote flat surfaces (Fig. 4). A concave curvature surface
has a greater effect on soil salinity in coastal regions than the
convex surface, due to its abetting of water logging and surface
erosion.

Drainage density is the ratio of the total drainage length
within a cell area to the size of the respective cell area
(Greenbaum 1989). Higher drainage density areas in coastal
regions face a higher probability of salt-water intrusion into
the top soil. The drainage network was digitized in the Google
Earth platform and was converted to a raster layer in ArcGIS
software. Five drainage density zones (0-200 m/km?, 200—
400 m/km?, 400-600 m/km?, 600-800 m/km®, and more than
800 m/km?) were demarcated within the study area (Fig. 4).

177 soil samples from

(January 2018) texture (NBSS&LUP) 59 locations
Spectral soil salinity indices Soil tests in laboratory
SI1, SI 2, SI 3, SI 4, SIS, Brightness Index (BI), l

Vegetation Soil Salinity Index (VSSI), Normalized

difference salinity index (NDSI)

Correlation matrix was run
to understand the best
indices for soil salinity

Correlation with topographical indicators

Elevation, slope amount, surface plan curvature,
Stream Power Index (SPI), drainage density, and the

distance from drainage lines

_ >

59 field electrical
conductivity (EC) were
selected from the Lab test

|

SI 3 & NDSI were found to be most
suitable indices for Salinity mapping

1

Multivariate regression analysis
was conducted between field
EIC and Predicted EIC

—

Soil salinity map was produced by
using average value of SI 3 & NDSI
and regression with predicted EIC

f

Validation using ROC curve

Fig. 3 Methodological framework adopted for assessing soil salinity in the SBR
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The stream power index (SPI) indicates the erosional pow-
er of streams (Moore et al. 1991) and is used for identifying
those areas where surface runoff-induced erosion can be less-
ened through soil conservation measures (Tagil and Jenness
2008). It is calculated as (Eq. 3):

SPI = Ay X tanf3 (3)

where A and (3 are the specific catchment area and the slope
angle, respectively. The SPI was determined by running the D-
8 flow accumulation and flow direction algorithms (cf. Patel
and Sarkar 2010) on the SRTM DEM data (Figs. 4 and 5).

The distance of a particular site from the nearby river chan-
nels is one of the most important parameters influencing soil
salinity in a coastal region. A distance to drainage map was
generated from the SRTM DEM data using the hydrological
tool in ArcGIS. Generally, places further located away from
drainage lines experience less exposure to coastal/riverine
flooding (Fig. 4).

Finally, the soil salinity map of the SBR was validated
through the success and prediction rate curves under the re-
ceiving operating characteristics (ROC). The ROC curve

graphically displays the diagnostic capability of the performed
analysis by comparing the true positive rate against the false
positive rate and is thus widely used to ascertain the veracity
of such computations (Bradley 1997; Hajian-Tilaki 2013).
Various studies have assessed the overall accuracy of the enu-
merated field and predicted variables in this manner (e.g.,
Egan 1975; Sahana et al. 2018).

Results and discussion

The amount of soil moisture, soil organic carbon content, the
soil texture, and tone influences the spectral reflectance of the
observed satellite data (Douaoui et al. 2006). Salt-affected
soils in the SBR were assessed using the spectral reflectance
derived from the utilized Landsat-8 images and from the sam-
pled field data (Fig. 6). Eight soil spectral indices were initial-
ly extracted and from among them, the most apt ones (as
determined through comparison with the field-measured EC
values) were selected based on the ascertained correlation
values (Table 3). The coefficient of determination (R*) was

@ Springer
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Fig. 5 Electrical conductivity (EC) values in the SBR. a From field-measured soil samples. b The predicted EC values

highest in case of the Soil Salinity Index-3 (SI-3) (R* =0.79)
and for the NDSI (R* = 0.76). Hence, the SI-3 and the NDSI
were determined as the best-fit indices for predicting the soil
salinity in the study area. The correlations between the mea-
sured EC of'the soil samples (Fig. 5a) and the values obtained
through these two indices were found to be significant (with
SI-3 less than 0.05 and NDSI less than 0.001). The predicted
EC map was subsequently prepared using the averaged values
of these two best-fit models and the field EC data (Fig. 5b).

Taking all the above cartographic products generated to-
gether, the final output, i.e., the soil salinity map of the SBR
(Fig. 7), was eventually prepared by integrating the averaged
values of the SI-3 and the NDSI (the two best-fit models) with
the predicted EC values obtained above. The individual pixel
values obtained in this final soil salinity map were grouped
into five classes. These were extremely saline soil (EC greater
than 8.0 dS/m), highly saline soil (EC between 6.1 dS/m and
8.0 dS/m), moderately saline soil (EC between 4.1 dS/m and
6.0 dS/m), slightly saline soil (EC between 2.1 dS/m and 4.0
dS/m), and very low/non-saline soil (EC less than 2.0 dS/m).
The areal extents of each of these demarcated soil salinity
zones were then determined, along with their respective mean
EC values (Table 4).

The soil salinity map revealed that nearly 57% of the land
in the SBR was affected to some extent by soil salinity
(Table 4). Of the total area under saline soils, the largest area
(18.8%) was under the highly saline soil followed by the
slightly saline (17.2%), extremely saline (12.6%), and moder-
ately saline (8.5%). Extremely saline soil is mostly found, as
expected, along the coastal areas in mangrove forest patches
and in lands proximate to the major waterways (Fig. 7). High
salinity was found in places where prawn cultivation is a
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major economic activity. For this, water is collected and held
within the various ponds during high tides, which eventually
leads to water stagnation, evaporation, and the ensuing salt
accumulation. Such areas are also located further inland from
the coastline and alongside various rivers in the area. Highly
saline soils were also found in the mangrove forests and
swamps, mainly as a result of the daily tidal activity occurring
in this estuarine region. Extremely saline soil was limited to
lands bordering or situated near the main shoreline. Various
coastal plantations are present on these very salty soils. In
spite of the different measures undertaken to lessen the soil
salinity (e.g., planting of trees that are tolerant to salinity), the
ambient salinization has increased, engendering several nega-
tive impacts on the local agricultural sector, particularly in
terms of diminishing crop productivity and soil fertility.
Moderate salinity was mainly concentrated in the northern
and northeastern part of the SBR and can be attributed to the
high drainage density in this zone. Slightly saline and non-
saline areas were located away from the coastline, and these
tracts are being utilized for agriculture presently.

Model validation

The soil salinity map was validated using the success rate
curve and the prediction rate curve as per the ROC technique,
which discerns the probability of a binary result (i.e., a correct
or an incorrect prediction) in such analysis (Hand and Till
2001). Area under curve (AUC) is a measure of the model’s
performance and accuracy highlighting its degree of separa-
bility or ability to distinguish between different classes (Hand
and Till 2001). In theory, AUC values can range from 0 to 1,
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Fig. 6 Soil salinity map prepared
from the best-fit soil salinity
model
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with higher values nearer 1 indicating a robust and accurate
model performance (Hosmer and Lemeshow 2000). The re-
spective pixels of the different soil salinity classes were

Table 3 Correlation of electrical
conductivity (EC) with salinity
indices in the SBR

88°30'E

N

;‘;’{;

1
22°30'N

1
22°0'N
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arranged in descending order to obtain their relative ranks.
Thereafter, the values of the success rate curve and the pre-
diction rate curve were determined as 0.862 and 0.886,

R Pearson correlation coefficient (r)

Salinity Index (SI)

SI-1 0.58 0.36

SI-2 0.61 —0.49%*

SI-3 0.79 0.34*

SI-4 0.69 0.46

SI-5 0.71 0.33
Brightness Index (BI) 0.70 0.27
Vegetation Soil Salinity Index (VSSI) 0.68 -0.25
Normalized difference salinity index (NDSI) 0.76 0.44%*

Significance level *#p < 0.001; * p < 0.05
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respectively. As the soil salinity model had high AUC values
for both these curves (Fig. 8), the high accuracy and accept-
ability of the model devised was ascertained (e.g., Sahana and
Patel 2019).

Relationship between soil salinity and topography

The relationships between the demarcated salinity classes and
various topographical variables (elevation, slope amount, sur-
face plan curvature, SPI, drainage density, and the distance
from drainage lines) were ascertained to discern which factors
most influenced salinization in the study area (Plate 1). A
negative linear relation was found between the soil salinity
and surface elevation (R2 = 0.624), and therefore, the salini-
zation intensities decreased with an increase in the altitude.
Extreme soil salinity values (EC greater than 8) were generally
found within a less than 2-m elevation from the coastline, with
shallow and low-lying areas obviously being more frequently
and extensively submerged, which increased their salinization
levels. High and moderate soil salinity levels were found to be

Table 4  Areal extents of the different soil salinity classes discerned
within the SBR

Value EC value Area in km? Area in %
Extremely saline > 8.0 1217 12.6
Highly saline 6.1t08 1807 18.8
Moderately saline 4.1106.0 819 8.5
Slightly saline 2.1t04.0 1653 17.2
Very low/non saline <20 4136 429
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generally concentrated within 2—6 m high surfaces. Very low/
non-saline soils predominate on lands situated at greater than
6 m above the mean sea level. The surface slope and the soil
salinity also have negative correlation (R* = 0.728). The daily
tidal activities are more prominent over the gently sloping land
surfaces in the SBR, with incoming tidal bores washing across
and inundating low-lying areas and increasing salinity levels
therein. Both the extreme and highly saline zones mostly slope
at less than 1°. Slightly steeper surfaces (4°-6° slopes), in the
northern part of the SBR, where the tidal bore effect would
also be less pronounced, mostly have moderately saline to
very low/non-saline soils.

The surface curvature also has a negative correlation with
the soil salinity (R? = 0.825). Areas with concave curvature
(values less than 0) experience high to extreme soil salinity,
due to the water logging effects while moderate to non-saline
soils are found in convex curvature tracts. The SPI showed a
positive correlation with the soil salinity (R* = 0.586). High
stream power enables more erosion and surface lowering and
thereby increases the chances of salinization. Areas with SPI
values greater than one showed high and extreme soil salinity
levels. The drainage density also had a positive correlation
with the soil salinity (R* = 0.614), while it was negatively
correlated with the distance to drainage line parameter (R* =
0.850). Expectedly, areas along streams are likely to show
higher salinization levels due to the tidal bores passing regu-
larly through these channels, which bring in saline waters.

Distribution of soil salinity within the SBR

The derived soil salinity classes were overlain on a map of the
SBR to analyze the proportion of the different salinity classes
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Fig. 8 Relationships between the soil salinity and topographical
characteristics of the study area. a Relation between soil salinity (EC)
and elevation. b SPI and soil salinity (EC). ¢ Surface slope and soil

Plate 1 Photographs of the study a
area. a Salinity intrusion into
agricultural land in Patharpratima
block. b Soil samples collected
for laboratory analysis. ¢, d
Examples of salinity intrusion
into the fish farms in Basanti
block. Source: All field
photographs were taken by the
first author during surveys
conducted in January 2018

salinity (EC). d drainage density and soil salinity (EC). e Curvature and
soil salinity (EC). f Proximity to drainage lines and soil salinity (EC)

@ Springer



1289 Page 12 of 15

Arab J Geosci (2020) 13: 1289

present within each constituent block. While some tracts of
extremely saline soils were concentrated in the northern part
of'the SBR (i.e., in Haroa Block), the maximum incursion and
extent of the salt effect was seen along the southern part. In
this zone, Patharpratima, Basanti, Kultali, Sagar,
Sandeshkhali-1, and Gosaba blocks were all extremely affect-
ed by soil salinity due to their coastal and near-coastal loca-
tions. A greater proximity to drainage lines and high drainage
density is responsible for the extreme soil salinity observed in
the inland bocks of Haroa and Sandeshkhali-I (Table 5). High
soil salinity stretched across parts of the Basanti, Minakhan,
and Kultali coastal blocks. Frequent tidal inundation, gentle
slopes, and the very low local elevation accounted for such
high salt concentration in these places. Moderate soil salinity
was observed in parts of Canning-II and Jaynagar-II blocks, in
places that are situated relatively further away from the prin-
cipal drainage lines. Most parts of Jaynagar-I, Canning-I, and
Canning-II blocks have slightly saline soils owing to their
further inland location and slightly higher surface elevation.
The maximum concentration of very low/non-saline soils was
observed in Mathurapur-I and Mathurapur-1I blocks.

While the different soil salinity levels present in the
various blocks could be deciphered quite accurately, this
study does have some limitations arising from the rela-
tively small number of soil sampling sites and the uneven-
ness of the sampling site distribution over the study area.
On average, only one sample could be collected from a
50-km? area, which reduces the accuracy levels of the
study. The slight time difference between the image
dataset used and the field surveys conducted can also
produce some mismatches in the ascertained correlations.
Furthermore, the use of a higher-resolution DEM for de-
riving the various topographic variables would elicit more
accurate values (e.g., Das et al. 2016). Nevertheless, such
an integration of field measurements and satellite image
analysis has great potential in gauging salinity variations
over a large region, with the method’s simplicity and rel-
ative accuracy being its notable factors. Such monitoring
of soil salinity along with similar assessments of the am-
bient surface water bodies and the local groundwater table
is essential for deciphering the extent of this hazard in the
region.

Table 5 Degree of salinity ascertained in the different administrative blocks of the SBR with their respective areal coverage
SL. Community Development  Salinity Classes
No.  Blocks

Extremely saline Highly saline Moderately saline Slightly saline Very low/non saline

Area Area Area Area Area Area Area Area Area Area

(sq-km) (%) (sq.km) (%) (sqkm) (%) (sqkm) (%) (sqkm) (%)
1 Mathurapur-1 29 0.2 17.7 1.0 18.3 22 117.0 7.1 3572 8.6
2 Jaynagar-I 5.8 0.5 26.1 14 24.3 3.0 170.0 10.3 44.3 1.1
3 Jaynagar-11 6.6 0.5 19.3 1.1 20.1 24 82.0 5.0 116.2 2.8
4 Kakdwip 12.4 1.0 243 1.3 20.2 2.5 75.4 4.6 275.6 6.7
5 Sagar 14.8 1.2 25.8 14 16.8 2.0 66.0 4.0 305.8 7.4
6 Hasnabad 17.6 1.4 50.2 2.8 23.4 29 59.9 3.6 199.9 4.8
7 Namkhana 19.5 1.6 26.3 1.5 17.2 2.1 59.6 3.6 114.7 2.8
8 Hingalganj 20.7 1.7 25.1 1.4 12.0 1.5 36.8 22 261.9 6.3
9 Mathurapur-11 304 2.5 27.6 1.5 21.9 2.7 78.8 4.8 3213 7.8
10 Canning-II 37.6 3.1 39.2 22 24.8 3.0 170.3 10.3 278.9 6.7
11 Sandeshkhali-1I 40.9 3.4 38.1 2.1 10.9 1.3 319 1.9 325.1 79
12 Canning-1 45.0 3.7 30.8 1.7 19.1 23 110.2 6.7 353.6 8.5
13 Kultali 46.8 3.8 56.5 3.1 30.5 3.7 1129 6.8 217.0 52
14 Haroa 54.1 44 43.8 24 14.1 1.7 323 2.0 47.6 12
15 Minakhan 59.8 4.9 73.6 4.1 23.4 29 345 2.1 35.5 0.9
16 Gosaba 65.4 5.4 335 1.9 21.9 2.7 71.1 43 315.0 7.6
17 Sandeshkhali-1 68.5 5.6 43.7 24 134 1.6 324 2.0 116.8 2.8
18 Basanti 69.1 5.7 76.4 42 42.9 52 64.7 39 254.7 6.2
19 Patharpatima 79.9 6.6 43.0 24 29.3 3.6 67.5 4.1 157.3 3.8
20 Uninhabited area 520.3 42.7 1086.6 60.1 4153 50.7 180.5 10.9 39.1 0.9

The % areal coverage has been done to show the proportionate coverage of each salinity class within the respective blocks
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Conclusion

Soil salinization is an ongoing environmental problem in
the Sundarbans. The present study has analyzed the soil
salinity in the Indian part of the SBR using multispectral
Landsat-8 images along with field-sampled and
laboratory-measured soil samples. The EC values obtain-
ed from a total of 177 soil samples collected across the
study area were used to determine the most suitable soil
salinity indices extracted from the image datasets. Soil
salinity classes were obtained by combining these indices
with the field-measured and predicted EC values, which
were then validated through the ROC curve. The soil sa-
linity map finally prepared revealed high and extremely
high soil salinity levels to exist in the coastal deltaic
islands, with these two classes respectively covering
12.6% and 18.8% of the SBR’s total area. The blocks of
Patharpratima, Basanti, Sandeshkhali-I, Gosaba, and
Haroa were found to be most affected by the incidence
of such enhanced soil salinity levels in the SBR.
Relatively lower salinity levels were noted in Minakhan
and Kultali blocks. If such salinization persists and be-
comes more widespread, it can engender marked ecolog-
ical implications and pose further challenges to the largely
subsistence of agriculture-based livelihoods in the study
area. Revitalization of the local halophytic vegetation
cover, minimizing water stagnation, and improving drain-
age conditions can provide some succor toward address-
ing this issue. The lining of the riverbanks in this region
by the indigenous vetiver grass can help abate erosion
(Mondal and Patel 2020) and decrease flood peaks
(Mondal and Patel 2018), which would restrict the incur-
sion of saline waters further inland and also allow absorp-
tion to some extent of the present salts and other pollut-
ants in the water (Cuong et al. 2015; Liu et al. 2016),
thereby reducing the salinity to a certain degree. The uti-
lized integrated approach in this study that combined
field, laboratory, and satellite data—based analysis was
proven to be effective in estimating and mapping the am-
bient soil salinity levels quite accurately. Thus, this meth-
od can be feasibly employed in similar low-lying coastal
and estuarine areas for assessing the existing degree of
soil salinity therein at various spatial scales and for sub-
sequently suggesting suitable management strategies.
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