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Abstract Anthropogenic activity is a major driving
factor of greenhouse gas emission, leading to climate
change worldwide. So, the best natural approach to
lowering the carbon from the atmosphere is man-
groves which have more potential to sequestrate car-
bon. But mangroves are under threat due to land use
land cover change. This research has been carried
out on the mangroves of Gulf of Khambhat, Gujarat,
India, where anthropic activity is affecting the man-
grove forest cover with spatiotemporal heterogeneity.
In the present study, multi-temporal high-resolution
satellite data AVNIR-2 (Advanced Visible and Near
Infrared Radiometer type-2) and LISS-4 (Linear
Imaging Self-Scanning Sensors-4) were used for
the demarcation of various land use/land cover class
(LULC), and change analysis and assessment of man-
groves health for the years 2009, 2014, and 2019. The
impact of saltpan/aquaculture on mangroves growth
and its health status has been calculated by various
MODIS (Moderate Resolution Imaging Spectroradi-
ometer) satellite data products such as gross primary
productivity (GPP), enhanced vegetation index (EVI),
and leaf area index (LAI) in Google Earth Engine
(GEE), and field-based method was also considered.
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This study suggests that there is a marginal increase
(17.11 km?) in mangrove cover during the assessment
period 2009-2019; on other side, 65.42 km? was
degraded also. However, increase in saltpan/aqua-
culture is imposing an adverse effect on mangroves’
basal area, plant density, and productivity. Change
analysis also suggests a reduction in healthy man-
grove area (from 25.20 to 2.84 km?), which will have
an impact on ecosystem services.

Keywords Land use land cover dynamics - Multi-
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Introduction

Worldwide economic and population growth were the
major drivers of CO, emission from fossil fuel burn-
ing and from various other anthropic activity (IPCC,
2014). In 2010, the burning of fossil fuels and indus-
trial emissions emitted more than 30 GtCO?-eq/year
(gigatonnes of CO’—equivalent per year), accounting
for 65% of total greenhouse gas emissions (IPCC,
2014). Forests sequester and store more carbon com-
pared to any other terrestrial ecosystem, so there is
one effective way to reduce the CO, from the atmos-
phere by plants or autotrophs (Gibbs et al., 2007).
Mangroves cover only 0.7% area of the total
tropical forest region, yet they have the potential
to sequestrate carbon four times more per unit area
than other terrestrial forests of tropics (Donato et al.,
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2011; Giri et al., 2011; Murray et al., 2011). Every
year, mangroves are sequestrating 22.8 million met-
ric tons of carbon (11% of the total terrestrial carbon)
(Giri et al., 2011). In the Indo-Pacific region, man-
groves were found, as a more carbon-rich (on aver-
age, 1023 tC ha™') ecosystem than the boreal, tem-
perate, and tropical upland forest ecosystems (Donato
et al., 2011). Globally, the spatial coverage of man-
groves is limited by climatic variables such as change
in temperature variation, precipitation, tides, waves,
and freshwater input which affects the distribu-
tion and biomass of mangroves at the regional scale
(Alongi, 2012). Mangroves are found in 118 nations
around the world, covering 137,760 km? as of 2000,
and they are disseminated between latitude 30°N and
30°S (Giri et al., 2011). Globally, 54 true mangroves
species were recorded (Kuenzer et al., 2011). Man-
groves of South and Southeast Asia form the world’s
most extensive and diverse mangrove systems com-
prising 40% of global mangroves (FSI, 2019). Indian
mangrove accounts for 3% of global cover and 8% of
the South Asian mangrove cover, respectively (FAO,
2007), which are distributed along all the maritime
states, covering an area of about 4975 km? along the
Indian coastline (FSI, 2019). In India, West Bengal
has the largest cover of mangrove (2,112 km?) fol-
lowed by Gujarat, encompassing the second largest
mangrove cover (1,177 kmz), whereas Puducherry
has the lowest mangrove cover (2 km?) (FSL, 2019).
This vital ecosystem provides numerous important
ecosystem services such as (1) it acts as bio-shield
from the storms, erosion, tsunami, etc., and thus, it
provides shoreline stabilization; (2) acts as a shelter
for many organisms; (3) provides food; (4) medicines;
(5) fuel; (6) construction material for local people;
(7) it also traps and recycles nutrients; (8) acts as
screening of the UV-B radiation; (9) controlling the
flood; and (10) it provides a valuable site for devel-
oping a tourist place (Bal et al., 2018; Kathiresan,
2012). Various studies have been focused on to evalu-
ate the economic values of mangrove (Bann, 1997;
Costanza et al., 1997; Gunawardena & Rowan, 2005;
Hoang Tri et al., 1998; Ruitenbeek, 1992; Sathirathai,
1998) but in general, the value is ranging from USD
2000 to USD 9000 per hectare per year (Spalding
et al., 2010). Despite their significance, mangroves
are globally regressing at a rate of 1-2% each year
(Spalding et al., 2010), and since 1980, the loss rate
was between 20 and 35% (FAO, 2007; Polidoro
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et al., 2010). The worldwide ever-increasing popula-
tion growth has been observed in coastal areas due
to industrialization and other land use practices such
as aquaculture production, particularly in Asia as it
provides 90% of the world’s aquaculture production
(FAO, 2002; FSI, 2019), a loss in mangroves cover
were reported. In Thailand, from 1979 to 1987, 25%
of the nation’s mangroves were lost while in India,
the mangrove cover has decreased 50% from 1963 to
1977 (World Resources Institute, 1996). Duke et al.
(2007) predicted that if current rate of mangrove loss
continues, then after 100 years, there is no single
mangrove present on the Earth. Therefore, continuous
monitoring of mangroves cover is required both spa-
tially and temporally.

In this context, remote sensing data, due to its
continuous, synoptic, and multispectral nature, is a
worthy source to monitor the mangrove ecosystems.
Many studies have been published related to detect-
ing the change in the spatial extent of mangrove using
different datasets with different classification meth-
ods (Chen et al., 2017; Giri et al., 2007, 2011, 2015;
Held et al., 2003; Jia et al., 2015; Kamal & Phinn,
2011; Long & Giri, 2011; Pasha et al., 2016).

Remote sensnig data provides the spectral reflec-
tance of the canopy, so by utilizing this reflactrance,
scientists have prepared various vegetation indices to
monitor, the vegetation cover, quantitatively and qual-
itatively (Chellamani et al., 2014). Authors have also
used MODIS (Moderate Resolution Imaging Spec-
troradiometer) products (GPP [gross primary pro-
ductivity], LAI [leaf area index], EVI [enhanced veg-
etation index]) to assess the health of the mangrove
ecosystem along with other satellite data (Ishtiaque
et al., 2016; A. Kumar et al., 2017; Shrestha et al.,
2019). Google Earth Engine (GEE) cloud computing
platform facilitates the processing of the enormous
MODIS data in very short time. Many studies were
done on the spatial extent and change in mangrove
cover (Chen et al., 2017; Giri et al., 2015; Jia et al.,
2015) but there are very few authors who studied the
biophysical parameters of mangrove (Cougo et al.,
2015; Kovacs et al., 2013; Kumar et al., 2017) using
remote sensing.

According to Nayak and Bahuguna (2001), in India,
the mangrove cover has degraded due to various land
use practices, although detailed studies have been done
on few mangrove forest (Awty-Carroll et al., 2019;
Bhavsar et al., 2014; Giri et al., 2007; Kripa et al.,
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2019; Maurya & Kumari, 2021b; Nakhawa et al., 2012;
Pasha et al., 2016; Prerna et al., 2015; Shimu et al.,
2019; Vijay et al., 2005). The present study has been
done on Gulf of Khambhat mangrove, Gujarat, West
Coast of India. Gujarat is the fastest growing industrial
state with 1600 km longest coastline and the mangrove
cover has reduced in many parts of the state (Maurya
& Kumari, 2021; Nayak & Bahuguna, 2001; Pasha
et al., 2016). So present study aims to (1) quantify the
spatial and temporal changes in mangrove cover, (2)
estimate the health status of mangroves, and (3) assess
the effect of saltpan/aquaculture on mangrove growth
and its health.

Material and method
Study area

Present study area, the Gulf of Khambhat, also
known as the Gulf of Cambay, located between the
land masses of Saurashtra and South Gujarat in India
extends between the latitudes of 20°35'-22°20" N and
longitudes of 72°05'-72°55" E, is a large macro-tidal
embayment that opens to the south into the Arabian
Sea (Misra & Balaji, 2015). The trumpet-shaped gulf
has length of about 200 km and width varying from
70 km at the southern end towards the sea to about 20
km at its northern end (Fig. 1). The average depth of
the gulf is around 30 m. The gulf experiences semi-
diurnal tidal current with the maximum tidal ampli-
tude reaching up to 11 m, which is primarily respon-
sible for erosion and deposition along the coasts
(Kumar & Kumar, 2010; Kumar & Balaji, 2015;
Misra & Balaji, 2015; Saha et al., 2018). The region
receives average annual precipitation between 600
and 800 mm, mostly from the southwest monsoon
(VishnuRadhan et al., 2018). The summer and winter
temperatures of the region vary from 37 to 43 °C and
10 to 18 °C, respectively (Upadhyaya et al., 2014).
The gulf receives freshwater from Kalubhar, Bha-
dar, Bhogava, and Shetrunji rivers in the west, and
from Sabarmati, Mahi, Dhadhar, Narmada, and Tapti
rivers in the north and east (Saha et al., 2018). The
Gulf of Khambhat also encompasses rich landform fea-
tures comprising of estuaries, mangroves, creeks, and
mudflats, with rich biodiversity (VishnuRadhan et al.,
2018). Previous study found 15 different mangrove

species in the area (Pandey & Pandey, 2013), but their
abundance and distribution are not uniform.

During fieldwork, several anthropogenic pres-
sures were observed on the mangroves as the local
population depends on their livelihood such as fuel,
fodder (for camels and buffalos), and construction
materials from the mangrove’s vegetation. It was
also observed that in many places, the mangroves are
cleared for construction or expansion of jetties, salt-
pan, and aquaculture. Significant amount of indus-
trial wastes (such as effluents from the chemicals,
fertilizers, pharmaceuticals, dye, and petrochemical
industries) and domestic wastes are reported to be
dumped or drained into the gulf from the neighboring
areas (VishnuRadhan et al., 2018). Most importantly,
Asia’s largest ship breaking yard is also located at the
bank of the Gulf of Khambhat, which also releases
enormous pollutants such as asbestos, heavy metals,
oil, paints, plastic, glass, and ceramics, which is sig-
nificantly affecting its ecosystem (Shah et al., 2010).

Field survey

Ground surveys were conducted from east (Surat) to
west (Gopnath Temple in Alang) during December
2018 to March 2019. A total of 91 locations were vis-
ited along the shore of the gulf to record the types and
extents of mangroves and other land use/land cover
(LULC) features using a handheld Garmin GPS.
These locations, also called the ground-truth points,
were used for assessment of classification accu-
racy of the satellite images. High-resolution Google
Earth images were also used during the accuracy
assessment.

During field survey, ground-truthing was done at
91 locations which include both mangroves and non-
mangroves area. Out of these, 48 ground-truthing
points were used for mangrove vegetation inventory
collection, assigned as sampling plots. Quadrate
method was used for sampling and sizes of each plot
were 10 m X 10 m. Within these quadrates, detailed
inventory of mangroves vegetation which included
measurement of plant height (tree, shrub, and herb)
and stem diameter of each mangroves tree (more than
1.3 m height) within a plot, recording of mangroves
species composition and plant density, were carried
out. From the inventory data, various parameters
such as plant density, frequency, abundance, relative
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density, relative frequency, relative dominance, and
abundance to frequency ratio (Devi & Pathak, 2016;
Nautiyal et al., 2015; Whitford, 1949) were com-
puted. Also, species diversity was calculated by Shan-
non index (H) and Simpson’s index of diversity (1-D)
(Shannon & Weaver, 1963; Simpson, 1949).

Satellite data
In this study, high-resolution multispectral satel-

lite data of Advanced Visible and Near Infrared
Radiometer type-2 (AVNIR-2) sensor of Japanese
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ALOS-1 (Advanced Land Observation Satellite)
and Linear Imaging Self Scanning Sensor-4 (LISS-
4) of Indian ResourceSat-2 & 2A were used to mon-
itor changes in the mangrove land cover and vegeta-
tion dynamics of the Gulf of Khambhat. Cloud-free
AVNIR-2 images were used for the year 2009 from
Japan Aerospace Exploration Agency (JAXA) and
LISS-4 images were procured for the years 2014
and 2019 from National Data Centre (NDC, NRSC),
Hyderabad. Terra MODIS, 8-day composite prod-
ucts, GPP, and LAI, as well as aqua MODIS, 16-day
composite product, EVI, were used for the years
2009, 2014, and 2019. This MODIS product was
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accessed and processed in the GEE. Table 1 shows
details of satellite data used in this study.

Data processing and analysis

Data processing and analysis were done in two par-
allel stages. In first, land cover classification and
change analysis were done. The second includes the
mangroves health analysis.

Land cover classification and change analysis

For the preparation of the LULC map, satellite images
were pre-processed such as image stacking, mosaick-
ing, and subset of the study area were carried out for
the years 2009, 2014, and 2019. Spectral reflectance
characteristics were used to discriminate the man-
groves from other features. Various key visual inter-
pretation parameters such as color, texture, pattern,
and tone were also considered for this discrimina-
tion. Based on these characteristics, first, distinction
was performed between mangrove and non-mangrove
area. Further, the non-mangrove areas were classified
into various LULC classes such as built-up, mud-
flat, saltpan/aquaculture, saline soil, water, and other
(agriculture land, wasteland, and non-mangrove veg-
etation). Exactly same number of classes was mapped

for 2009, 2014, and 2019 data. The accuracy assess-
ment of the classifications was carried out based on
ground-truth data, and accordingly, the user’s, pro-
ducer’s, and overall accuracy figures were calculated
for each class.

Further, the quantification of spatiotemporal changes
and change for each class were calculated using union
tool to create a confusion matrix between 2009-2014
and 2014-2019. The annual rate of change (in km?/
year) of mangrove cover was calculated using the fol-
lowing formula:

(T2019 - T2009)
n

Annual change rate =

where Ty,o and T,y represent in km? the area of the
mangrove cover in 2019 and 2009, respectively, and

9

n” is the number of years during the period.

Mangroves health analysis

The Normalized Difference Vegetation Index
(NDVI) of the mangrove area were calculated
from the AVNIR-2 and LISS-4 data for the years
2009, 2014, and 2019 and were categorized into 4
classes, i.e., 0 to 0.2 (very poor vegetation), 0.21
to 0.3 (poor vegetation), 0.31 to 0.4 (moderate veg-
etation), and more than 0.4 (healthy vegetation)

Table 1 Details of optical multispectral data and MODIS product used in the present study

Study parameter Satellite/senor Spectral bands Spatial Periods of
resolution acquisition
Land use land cover (LULC)  ALOS-1/AVNIR-2 Band 1: 0.42-0.50 um (blue); 10 m 2009
Band 2: 0.52-0.60 pum (green);
Band 3: 0.61-0.69 pm (red);
Band 4: 0.76-0.89 um (NIR)
LULC ResourceSat-2/LISS-4 Band 2: 0.52-0.59 pym (green); 5.8 m 2014
Band 3: 0.62-0.68 pum (red);
Band 4: 0.77-0.86 um (NIR)
LULC ResourceSat-2 & 2A/LISS-4  Band 2: 0.52-0.59 ym (green); 5.8 m 2019
Band 3: 0.62-0.68 um (red);
Band 4: 0.77-0.86 um (NIR)
Gross primary productivity MODIS-Terra (MOD17A2H) Band 1: GPP 500 m 2009, 2014, and
(GPP) 2019
Leaf area index (LAI) MODIS-Terra (MOD15A2H) Band 2: LAI 500 m 2009, 2014, and
2019
Enhanced vegetation index MODIS-Aqua (MYD13Q1) Band 2: EVI 250 m 2009, 2014, and

(EVI)

2019
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(Chellamani et al., 2014). The mangroves cover
under each of these categories was determined.
NDVI values over these mangrove classes were
analyzed for understanding the change in health of
the vegetation.

In addition, two approaches were used to assess
the impact of saltpan/aquaculture on mangroves
health. The first approach was field based, in which
mangroves health in terms of the plant density (no.
of plants/ha) and plant basal area (m?/ha) were
studied over 20 quadrates selected (out of 48) near
and away from the saltpans/aquaculture, avoiding
locations with nearby settlement and freshwater
bodies. The second approach was based on satellite
data, in which time series analyses of the different
MODIS products (GPP, LAI, and EVI) were done
in the GEE, for the years 2009, 2014, and 2019.
The NDVI images from AVNIR-2 and LISS-4 data
were also used. This time series analysis was car-
ried out over a few areas of mangrove to assess the
health of the mangrove, before and after construc-
tion of saltpan/aquaculture. The GPP data is repre-
sented in gm C per m%. The EVI value ranges from
0 (no vegetation) to 1 (healthy vegetation).

The keywords for all the land cover classes used
in the whole manuscript are as follows: built-up
— BU, mangrove — MG, mudflat — MF, other —
OT, saline soil — SS, saltpan/aquaculture — S/A,
and water — WR.

The complete methodology of the work is given
in the form of flow chart in Fig. 2.

Results and discussion
Land use land cover

This study quantifies the changes in various LULC
classes of Gulf of Khambhat for the years 2009,
2014, and 2019. One of the primary objectives of
the study was to understand spatiotemporal changes
in the mangrove vegetation over a decade. On the
basis of spectral characteristics and visual interpreta-
tion keys, high-resolution LISS-4 data and AVNIR-2
data were classified for 7 LULC classes, viz. built-up,
mangrove, mudflat, other (non-mangrove vegetation,
agriculture land, and wasteland), saline soil, saltpan/
aquaculture, and water in the study area. Figure 3 pre-
sents the LULC maps of the study area for the years
2009, 2014, and 2019. The classification accuracies
were tested over randomly collected ground valida-
tion points. The overall classification accuracy of
88.57% (kappa 0.87) was achieved for the year 2009.
Similarly, for years 2014 and 2019, overall accura-
cies of 97.75% (kappa 0.96) and 97.75% (kappa 0.96)
were obtained, respectively. The area under each
LULC class corresponding to the years is presented
in Table 2.

The study revealed that during 2009-2019, there is
an increase in mangrove cover by 17 km? in the study
area that corresponds to a 9.7% rise in the decade, and
overall increment of mangrove from 2009 to 2019 is
1.71 km?*/year. Though it showed that the rise during
2009 to 2014 was marginally lower as compared to

Fig. 2 Flow chart of the
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Fig. 3 Land use/land cover map of the Gulf of Khambhat

that in the later period, the study also revealed sub-
stantial change in saltpan/aquaculture in the region,
which showed an increase in area by 248 km? dur-
ing 2009-2019 that corresponds to 74% increase in
these activities, clearly indicating economic boom

Table 2 Area statistics of LULC (area in sq. km)

Class 2009 2014 2019
Built-up 107.86 135.86 152.6
Mangrove 175.1 182.05 192.21
Mudflat 1028.7 963.65 996.94
Other 547.92 470.22 452.56
Saline soil 489.63 798.51 802.64
Saltpan/aquaculture 332.18 458.98 580.44
Water 5333.52 5005.66 4837.53
Total 8014.91 8014.91 8014.91

in the region. Built-up area has shown rapid increase
during 2009-2014 but indicated a slowdown during
2014-2019. During 2009-2019, built-up area, man-
grove, saline soil, and saltpan/aquaculture land have
increased by 44.74 km?, 17.11 km?, 313.01 km?, and
248.26 km?, respectively.

District-wise land use land cover

The study area encompasses approximately 8014.9
km?, spanning over the districts of Ahmedabad,
Anand, Bharuch, Bhavnagar, Navsari, Surat, and
Vadodara (Fig. 4). Among the districts, Bharuch
accounts for the largest area (2257.90 km?) of the
Gulf of Khambhat followed by Bhavnagar (2117.81
km?), Surat (1364.89 km?), Navsari (891.38 km?),
Ahmedabad (747.73 km?), Anand (620.55 km?), and
Vadodara (14.65 km?).

@ Springer
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Fig. 4 District-wise LULC distribution (6 classes) in 2009, 2014, and 2019 (built-up — BU, mangrove — MG, mudflat — MF,
other — OT, saline soil — SS, saltpan/aquaculture — S/A, and water — WR)

The district-wise distribution of each LULC class,
excluding water for the years 2009, 2014, and 2019,
is illustrated in Fig. 4. Bharuch district has the high-
est cover of mangroves, attributed to the natural
regeneration capability of the mangroves and planta-
tion activity conducted by the government and non-
government agencies (Khare & Shah, 2019), followed
by Ahmedabad, Surat, Bhavnagar, Navsari, and Anand
districts. Locally, the coastal area on the Northern side
or Anand side of the gulf is known as “Bhal” meaning
“forehead” where nothing grows. The term is reveal-
ing the harsh environmental condition of the region,
which is one of the causes of the lower mangrove
extent (Patel et al., 2014). Bhavnagar district had the
highest cover of built-up followed by Surat, Bharuch,
Anand, Navsari, and Ahmedabad districts.

Land use land cover change analysis

Change detection analysis was performed for 2009—
2014 and 2014-2019, to understand conversion of

@ Springer

one LULC class to the other. Class to class conver-
sion matrix for respective time period essentially con-
veys natural/anthropogenic activities taking place in a
region. Tables 3 and 4 show class-wise changes during
2009-2014 and 2014-2019, respectively.

Change analysis explains the loss and expansion of
each class. During 2009-2014, the data showed reduc-
tion in mangrove cover and its conversion to other
classes (Table 3). With considering 2009 as baseline,
maximum conversion of mangrove area was observed
in mudflats with net conversion of 6.8% (11.97 km?),
followed by conversion into saltpan/aquaculture 4.2%
(7.39 km?) and waterbody 4.9% (8.58 km?). Mangrove
class was converted into various classes such as built-
up, mudflat, other, saline soil, saltpan/aquaculture,
and water with an area of 0.01% (0.01 km?), 6.83%
(11.97 km?), 0.38% (0.67 km?), 2.35% (4.12 km?),
4.22% (7.39 km?), and 4.90% (8.58 km?), respectively.
In other word, overall, 32.74 km? mangrove area was
converted into different land use during 2009-2014,
and in 2014-2019, the overall loss is 32.69 km?.
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Table 3 Change detection

. 2009
result of 2009-2014 (in

percentage), where BU, 2014 BU
built-up; MG, mangrove;

MF, mudflat; OT, other; BU 100.00

SS, saline soil; S/A, saltpan/ MG 0.00

aquaculture; WR, water MF 0.00
oT 0.00
SS 0.00
S/A 0.00
WR 0.00
Total 100

MG MF oT SS S/A WR
0.01 0.29 4.26 0.25 0.00 0.00
81.31 3.74 0.08 0.01 0.00 0.01
6.83 45.64 1.73 2.06 0.15 8.66
0.38 1.30 81.36 1.82 0.01 0.03
2.35 30.86 5.24 88.45 0.08 0.27
422 5.37 6.32 6.14 99.71 0.00
4.90 12.81 1.01 1.27 0.05 91.02
100 100 100 100 100 100

The conversion of mangrove to built-up and salt-
pan/aquaculture is purely man-made, which leads to
degradation of mangrove which is 4.23% (7.40 km?)
(2009-2014), and 1.82% (3.32 km?) (2014-2019)
indicates ongoing anthropogenic activity in the area.
Mangrove to mudflat conversion may occur due to
both natural and anthropogenic activities. Natural
causes include storm surge, saltwater intrusion, wind,
and extreme rainfall, erosion (Sippo et al., 2018;
Thomas et al., 2017). Khare and Shah (2019) also
have reported conversion of mangrove areas to mud-
flats during 2000 to 2012 in Jambusar Taluka and is
likely due to accretional activities in the river. The
data revealed that only 45% of the mudflats remained
intact during this period, and 30.8% were converted
to saline soils. Reduction of mudflats and its conver-
sion to saline soils may suggest increasing sediment
deposition in this time period.

Major anthropogenic activities which lead to degra-
dation and deforestation in the study area are depend-
ency of local people on mangrove for their fuel require-
ment, people graze their animals in the mangrove
field, and removal of mangrove cover to expand their

saltpan/aquaculture activity, due to the land require-
ment as well as for port activity. Also, local peoples in
the area are barricading the patch of mangrove from
other mangrove areas, so that isolated mangrove patch
will degrade due to scarcity of water and nutrients, and
that area becomes barren and used for other activity.

During 2009-2014 and 2014-2019, approximately
4.9% (8.58 km?) and 4.33% (7.89 km?) of mangrove
area were converted into water class. This could be
occurred due to the high tidal activity observed in the
region, and when there is a high tide then some part
of mangrove becomes submerged into water, it is dif-
ficult to distinguish water and mangrove from the sat-
ellite images. In 2014, 3 tiles of LISS-4 were acquired
during the high-tide condition, so for the demarca-
tion of mangroves boundary, we have used ground-
truthing points, a base map, and google earth imagery
which corresponds with LISS-4 data, and it confirms
that high tide does not play any role in this mangrove
conversion. Another reason could be due to storm,
heavy rain, or high tidal activity, which causes high
coastal erosion or washout of the mudflat on which
mangrove is present.

Table 4 Change detection 2014

result of 2014-2019 (in

percentage) 2019 BU
BU 99.94
MG 0.00
MF 0.00
oT 0.06
SS 0.00
S/A 0.00
WR 0.00
Total 100

MG MD oT SS S/A WR
0.01 0.01 2.68 0.44 0.00 0.01
82.04 4.03 0.28 0.19 0.00 0.02
4.27 57.05 2.51 3.34 0.19 7.99
0.06 1.70 65.89 14.09 1.92 0.10
7.47 10.33 14.77 74.19 1.33 0.43
1.81 227 12.62 6.61 96.41 0.01
4.33 24.62 1.24 1.15 0.16 91.43
100 100 100 100 100 100
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The change detection analysis result indicates that
some classes such as mudflat, other, saline soil, and
water were also converted to mangrove from 2009 to
2019, accounting as an area of 77.27 km?, 1.8 km?,
1.51 km?, and 1.9 km?, respectively. This conversion
has occurred due to both natural expansion and by
man-made plantation. In some places of the gulf, the
mangrove plantation has been carried out by the for-
est department. Water was converted to mangrove by
intermediate process such as construction of mudflats
and conversion of these mudflats into mangrove.

District-wise change

The district-wise change in built-up, mangroves,
and saltpan/aquaculture classes is given in Table 5.
Built-up class in each district has increased continu-
ously during 2009-2019 period, from 107.86 km? in
2009 to 152.60 km? in 2019. The net growth of built-
up was 44.74 km? and its annual change rate is 4.47
km? during 2009-2019. The highest area of built-up
class was observed in the Bhavnagar district, but the
highest increase was observed in Bharuch (13.66 to
36.67), followed by Surat (29.83 to 42.47), Bhavna-
gar (51.22 to 57), Anand (7.65 to 9.35), Ahmedabad
(1.23 to 2.25), and Navsari (4.26 to 4.86). Bharuch
district had a higher annual change rate (built-up
class) of 2.3 km*/year during 2009-2019. Bharuch
and Surat were the highest gainers in built-up area
because of development activities near Dahej and
Hazira port. Mangroves forest cover has increased
from 2009 to 2019, from 175.10 km? to 192.21 km®.
Increases in the mangroves cover were observed in

the Bharuch (57.99 to 63.08 km?), Bhavnagar (18.21
to 28 km?), and Surat (24.63 to 34.60 km?) districts,
whereas the cover was declined in Ahmedabad (45.41
to 41.87 km?), Anand (11.50 to 8.04 km?), and Navs-
ari (17.36 to 16.61 km?) districts. However, in a par-
ticular period of 2009-2014, mangrove depletion was
observed in Bharuch district (57.99 to 55.51 km?)
(Table 5 and Fig. 4). Surat and Bhavnagar districts
had a higher annual change rate (mangroves class)
of 0.9 km*/year during 2009-2019. During field visit
mangroves, plantation was observed in the Bhavnagar
and Bharuch districts done by the forest department
(Fig. 5e).

Saltpan/aquaculture class in each district has
increased continuously during the 2009-2019 period,
from 332.18 km? in 2009 to 580.8 km?” in 2019.
The net growth of saltpan/aquaculture was 284.26
km? and its annual change rate is 24.82 km? dur-
ing 2009-2019. The highest gain was observed in
Bharuch (77.23 to 203.22 kmz), followed by Surat
(33.34 to 98.74 km?), Bhavnagar (138.50 to 178.30
km2), Navsari (20.41 to 55.44 kmz), Ahmedabad
(1.50 to 29.47 km?), Anand (1242 to 15.43 km?),
and Vadodara (0 to 0.19 km?) (Table 5 and Fig. 4).
Bharuch district had a higher annual change rate
(saltpan/aquaculture class) of 7.7 km*year during
2009-2019. The annual change rate (ACR) (km?/
year) of built-up, mangroves, and saltpan/aquaculture
in each district during 2009-2014 and 2014-2019 is
shown in Fig. 6a.

The percentages of mangroves class converted
into the various land cover class in each district
of the Gulf of Khambhat are shown in Fig. 6b and
6¢c. Among 7 districts, the highest degradation of

Table 5 District-wise area of built-up, mangroves, and saltpan/aquaculture in 2009, 2014, and 2019 in sq. km

Class Ahmedabad Anand Bharuch Bhavnagar Navsari Surat Vadodara Total (km?)
BU_09 1.23 7.65 13.66 51.22 4.26 29.83 0.00 107.86
BU_14 1.32 7.81 29.76 54.46 4.51 38.00 0.00 135.86
BU_19 2.25 9.35 36.67 57.00 4.86 42.47 0.00 152.60
MG_09 45.41 11.50 57.99 18.21 17.36 24.63 0.00 175.10
MG_14 40.72 14.43 55.51 26.25 17.61 27.53 0.00 182.05
MG_19 41.87 8.04 63.08 28.00 16.61 34.60 0.00 192.21
S/A_09 1.50 12.42 125.99 138.50 20.41 33.34 0.00 332.18
S/A_14 2.17 16.25 191.28 166.51 28.65 54.12 0.00 458.98
S/A_19 29.47 1543 203.22 178.30 55.44 98.74 0.19 580.80
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Fig. 5 Destruction of mangrove near Surat area (a; b; c), saltpan prevent the landward growth of mangrove (d), plantation of man-
grove near Gopnath temple (e), Ceriops tagalc near Dahej area with 1 foot height (f)

mangroves was observed in Bharuch (12.85 km?)
and in Ahmedabad (11.96 km?) during 2009-2014
and 2014-2019, respectively. During 2009-2014,
after excluding water conversion, in Ahmedabad
(22%) and Anand (61%), and during 2014-2019,
in Ahmedabad (40%), Anand (69.2%), Bharuch
(37.41%), and Bhavnagar (43.13%), salinity was
the major cause of mangrove degradation. A nota-
ble amount of mangroves were transformed into
saltpan/aquaculture in Bharuch (40.46%), Navsari
(29.61%), and Surat (51.58%) during 2009-2014,
and in Bharuch (5.51%), Navsari (66.86%), and
Surat (49.85%) during 2014-2019. In each dis-
trict, conversion of mangroves into mudflats was
observed, predominantly in Bharuch and Surat.
Change detection results reveal that a total of 65.43
km? areas of mangroves were degraded or converted
into another land use class from 2009 to 2019, while
Malik et al. (2015) estimated the value of ecologi-
cal services of mangrove forests in terms of carbon
sequestration which is 550-1100 USD/ha/year. So,
the cost of this degradation is 3,598,100-7,196,200
USD in terms of carbon sequestration.

Plant status

Six mangroves’ species were found around during
observation period in the Gulf of Khambhat, with
Avicennia marina being the most abundant species.
The rare distributions of Rhizophora mucronata and
Ceriops tagalc species were also reported near the
Dahej area with the plant heights barely exceeding
1 foot (Fig. Se). Similarly, a very scanty population
of Acanthus ilicifolius species was also found near
Dumas and Khajod in the Surat area with the plant
heights ranging around 2 to 3 feet. The list of occur-
rences of mangroves species in the study area is given
in Table 6. Likewise, other mangrove forest comprise
a diverse range of mangroves are Pichavaram (35 spe-
cies), Godavari and Krishna estuary (36 species), and
Mumbai mangrove (29 species) (Mandal & Naskar,
2008).

During field survey, plant heights and stem diam-
eters measurement was done for 2521 mangrove
plants. The mangroves were predominantly repre-
sented by 3 species as shown in Table 7. Avicennia
marina was found to be the predominant species
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Builtup Builtup  Mangrove Mangrove Salt./Aqua. Salt/Aqua. ACR (km?2/year)
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Fig. 6 ACR of built-up, mangroves, and saltpan/aquaculture class in each district during the two periods (a), percentage of man-
groves class converted into other land cover classes in each district of Gulf of Khambhat during 2009-2014 (b) and 2014-2019 (c)

comprising 88.46% (present in 46 plots) of the total
plants inventoried. Following that, Sonneratia apetala
(present in 4 plots) and Avicennia alba (present in 2
plots) showed relative frequency of 7.69% and 3.85%,
respectively. Table 7 presents the population parame-
ters of the three major mangroves species found in the

Gulf of Khambhat. The diversity, distribution, domi-
nance, and productivity of mangroves species are
dependent on the ability of species to tolerate salinity,
surrounding environmental salinity, soil nutrient sta-
tus, suitable hydrology, and topography (Duke et al.,
1998).

Table 6 Mangroves diversity at different sites. Note: +, shows occurrence; - shows nonexistence

Species name Vernacular name Family

Status at different sites

Near Near Near Near

Near Dahej Near

Bharuch Surat Bhavnagar Ghogha Gopnath

Avicennia marina Tavar

Avicenniaceae  + + + + + +

Avicennia alba Tavar or Tivar

Avicenniaceae  + + - + - +

Rhizophora Kandel or Karod  Rhizophoraceae + - - - - -
mucronata

Ceriops tagalc Kanari Rhizophoraceae + - - - - -

Sonneratia apetala Motitavar Lythraceae - - + - - -

Acanthus ilicifolius Kantaliyo Acanthaceae - - + - - -
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Table 7 Vegetation characteristics of Gulf of Khambhat

Name of species Density (N ha™!) Abundance % Frequency Total basal area A/F ratio IVI
(m*ha)

Avicennia marina 107.33 53.76 95.83 1.9 0.56 251.69

Avicennia alba 1.08 12.50 4.17 0.002 3.00 4.93

Sonneratia apetala 0.99 5.75 8.33 1.01 0.69 43.38

Diversity index

The abundance to frequency ratio is helpful to under-
stand the distribution pattern of species. If the ratio
is lower than 0.025, then it shows the regular dis-
tribution, if it lies between 0.025 and 0.050, then it
suggests the random distribution, and if the ratio is
more than 0.050, then it shows contagious distribu-
tion (Whitford, 1949). The calculated ratio suggests
the distribution pattern of the above three species is
contagious.

The Simpson index of dominance and the Shannon-
Weaver diversity index were used (Shannon &
Weaver, 1963; Simpson, 1949) and were calculated to
analyze the supremacy and diversity of species. The
value of the Simpson index of diversity (1-D) ranges
from O to 1, 1 represents higher plant diversity. Here,
the value is 0.04, which indicates that in the Gulf of
Khambhat, mangrove diversity is low (dominated by
one species). The value of the Shannon-Weaver index
(H) is 0.11 for the study area. In comparison to other
species, A. marina’s dominance can be linked to its
ability to regenerate and adapt to varying surrounding
conditions, particularly in terms of salinity (Beentje
& Bandeira, 2007; Macamo et al., 2015). Pandey and
Pandey (2013) reported 15 species of mangrove in
Gulf of Khambhat, while our study reported relatively
less (6 species), which indicates the abundance of spe-
cies may decrease or be vanished from this region. The
similar result is observed by Devi and Pathak (2016)
and Singh (2020). The functioning of ecosystem can
be governed by the biodiversity (Loreau, 2010). In
most of the marine ecosystems, the relationship found
positive between the biodiversity and functioning of
ecosystem (Cardinale et al., 2006). As a result, the
loss of biodiversity reduces the ecosystem’s ability to
provide services (Cardinale et al., 2012; Worm et al.,
2006), as well as coastal population will have disas-
trous economic and environmental effect (Polidoro
et al., 2010).

Mangrove’s health analysis

The health of the mangrove is affected by both natural
(the climatic factor, less freshwater input-riverine or
precipitation, incline coastline) and by anthropogenic
pressure such as industrial and municipal discharge,
population growth, and saltpan/aquaculture growth
(Chellamani et al., 2014; Rudianto et al., 2020). The
NDVI is a commonly used index for studying the
plant health, biophysical parameters, and phenology
(Kripa et al., 2019). The time series analysis of NDVI
is useful to measure the recent change in an ecosys-
tem (Kripa et al., 2019). NDVI was calculated to
categorize the mangrove into different health classes
(Fig. 7) and to find out the relation of degradation of
mangrove and health class.

Mangrove cover in 2009, 2014, and 2019 in the
study were 175.1 km?, 182.05 km?, and 192.21 km?,
respectively. In 2009, 2014, and 2019, approximately
66.53% (116.5 km?), 76.74% (139.69 km?), and
81.58% (156.79 km?) of mangrove area come under
the category of very poor and poor health (Table 8),
and the area of these categorized mangroves has
increased from 2009 to 2019, thus the health status of
mangrove is deteriorating. Change detection analysis
indicates that from 2009 to 2014, around 32.73 km?
of mangrove area has degraded, in which 80.60% (~
26.21 km?) degradation has occurred in the very poor
and poor health category and during 2014 to 2019, ~
32.69 km? area has been found as mangrove degraded
area, in which 81.2% (~ 26.54 kmz) degradation took
place in the very poor and poor health category. So,
NDVI analysis is useful to find out the degradation
trend, and if this trend will continue in the future,
then ~ 32 km? (or ~ 25.6 km? from very poor and
poor health category) mangrove area will be under
the threat of degradation in the next 5 years (Fig. 8).
Mostly, very poor and poor type of mangrove was
present nearby the landward or saltpan or saline soil
area. The area of healthy mangroves was decreased
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Fig. 7 Mangrove health index map of the study area for the years 2009, 2014, and 2019

during 2009-2019 from 25.20 to 2.84 km? (Table 8).
In addition, the deterioration in health also affects
the carbon sequestration potential of the ecosystem
(Alongi, 2012; Elwin et al., 2019; Pande, 2005).

Effect of saltpan/aquaculture on mangroves

In the present study, the impact of saltpan/aquaculture
on mangrove growth and health status were analyzed.

Table 8 Area statistics of NDVI (area in sq. km)

Class NDVI Area 2009 Area 2014 Area 2019
name value
Very poor 0-0.2 72.89 53.7 75.49
Poor 0.21-0.3 43.61 85.99 81.3
Moderate 0.31-0.4 334 38.71 32.58
Healthy >04 25.2 3.65 2.84
Total 175.1 182.05 192.21
(km?)
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Both field-based and satellite data-based approaches
were used to assess the impact of saltpan/aquaculture
on mangroves health.

Field-based approach

To assesses the impact of the saltpan, a total of 20
quadrates of mangroves were selected (out of 48
quadrates), in which 10 were located near saltpan/
aquaculture area and another 10 were located far from
the saltpan/aquaculture area, then two parameters of
mangroves (such as number of mangroves plant and
basal area) were compared at both sites (Fig. 9a and
b).

The results indicate that there was a significant
difference between the number of plants and basal
area. In near saltpan/aquaculture areas, less number
of plants (367 plats/ha) were reported with respect
to (980 plants/ha) far from saltpan/aquaculture area.
Similarly, at near saltpan/aquaculture area, the basal
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Fig. 8 Risk map of mangrove extent for 2024. Red and blue colors indicate high and low mangrove risk

area of the mangroves was lower (~ 0.045 m?/ha) than
the mangroves situated far from saltpan/aquaculture
(~ 0.072 m*ha). In addition, mangroves forest which
was far from saltpan/aquaculture had good basal area
distribution than the mangroves near saltpan/aqua-
culture area, excluding mangrove plants with DBH
between 5 and 10 cm which were approximately same
in both sites. Mostly stunted growth in mangrove
plants were observed near saltpan/aquaculture areas.

Satellite data based

The effects of the saltpan/aquaculture on mangroves
were assessed using various satellite image-based
products such as NDVI, EVI, GPP, and LAI. The
NDVI was calculated from AVNIR-2 and LISS-4
data. The NDVI image is showing (Fig. 10-al, a2, a3,
bl, b2, and b3) the health status of mangrove before
and after the construction of the saltpan/aquaculture,

Fig. 9 Basal area (m*/ha) b _
at near and far from saltpan/ a Basal area Plant density
aquaculture a, number of 0.08 1200
plants/ha at near and far g 0071 uNon-Saltpan/Aqua. area 1000 ® Non-Saltpan/Aqua. area
from saltpan/aquaculture b 5 006 1
pan/aq € 0.05 u Saltpan/Aqua. area o 800 # Saltpan/Aqua. area
8 0.04 £ 600
5 =
5003 8w
§002 200
0.01 1
0 0
3>dbh 3<dbh<6 6<dbh total 3>dbh 3<dbh<6 6<dbh Total
Diameter class Diameter class

@ Springer



896 Page 16 of 21

Environ Monit Assess (2022) 194:896

which clearly indicates that the healthy mangrove of
2009 was converted into the poor and very poor cat-
egory (in 2014 and 2019) after construction of salt-
pan/aquaculture. This result was supported by the
time series data of EVI, GPP, and LAI, which was
generated in GEE. The average value of EVI, GPP,
and LAI in 2009 (during the absence of saltpan/
aquaculture), 2014, and 2019 (during presence of
saltpan/aquaculture) is shown in Fig. 10c. The down-
fall of EVI, GPP, and LAI in 2019, as compare to
2009 (Fig. 10d, e, and f), is showing the deteriora-
tion of mangroves health due to saltpan/aquaculture
construction. The LAI is directly proportional gross
photosynthesis, evapotranspiration, and canopy inter-
ception (Fang & Liang, 2014). The downfall in GPP
and LAI confirms the reduction of photosynthetic

capability of mangrove, which means lower carbon
sequestration (Shrestha et al., 2019). The saltpan
may increase the salinity of the area, so higher salin-
ity level reduces the light use efficiency, which will
affect the photosynthesis activity of leaves (Parida
et al., 2002) and productivity. The selected two sites
(Fig. 10a and b) is situated below the Narmada estu-
ary and industrial area of Dahej city. So, along the
bank of Narmada River and in the Dahej city, various
industries like power station, petroleum industries,
fertilizer industry, sewage discharge, chemical indus-
tries, manufacturing activity, and cement industries
are present, which may also harm the mangrove eco-
system. So, to get wider picture of mangrove health
deterioration, the water hydrochemistry and the sedi-
ment analysis should be done.
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Fig. 10 Showing the health status of mangrove at two differ-
ent sites, before and after construction of saltpan/aquaculture,
during 2009, 2014, and 2019 (al, a2, a3, bl, b2, and b3),
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average value of EVI, GPP, and LAI for the respective year at
both sites (c), time series analysis of the EVI, GPP, and LAI
for the respective year at both sites (d, e, f)
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Conclusion

Land use/land cover change in the coastal region is
an important concern worldwide, which is affecting
the natural resources especially the mangroves, an
important carbon sink to combat the climate change.
Assessments of accurate LULC change are very
important to identify the spatiotemporal changes,
vulnerability assessment, and assess the loss to the
ecosystem services. High-resolution earth observa-
tion satellite sensors provide very valuable data for
mapping and monitoring LULC changes. In the pre-
sent study, optical high-resolution data from Japa-
nese ALOS-1 AVNIR-2 (2009) and Indian Resourc-
esat-2/2A LISS IV (2014 and 2019) were used for
mapping LULC change in the Gulf of Khambhat
region in Gujarat, India, over a decade. Visual inter-
pretation methods were used to prepare the LULC
map of the Gulf of Khambhat. From this study, a
net increment in the mangrove area with 17.11 km?
from 2009 to 2019 was observed. The study also
revealed that a total of 65.43 km? area of mangroves
vegetation were degraded in the area between 2009
and 2019 due to various anthropogenic activities
primarily due to the expansion of saltpan/aquacul-
ture and also due to an increase in the built-up area
in the region. A total of 7.42 km? and 3.3 km?* man-
groves area were converted to saltpan/aquaculture
during 2009-2014 and 2014-2019, respectively.
The highest degradation of mangroves vegetation
occurred in the Bharuch district (5.20 km?) during
2009-2014 and in the Surat and Navsari districts
(1.5 km? each) during 2014-2019. During a field
visit to the Surat area, it was observed that even
healthy mangrove patches were cleared and con-
verted to saltpan/aquaculture. The present study
revealed that from 2009 to 2019, mangroves area of
10.69 km? were converted into saltpan/aquaculture.
The ecological services, for instance carbon seques-
tration, provided by mangroves will be affected by
the degradation which trigger the climate change.

The values of the Simpson index of diversity (1-D)
and Shannon-Weaver index (H) were observed as
0.04 and 0.11, respectively, which suggested that the
diversity of the mangroves in the Gulf of Khambhat is
very less (dominated by one species) and it is likely
that only one mangroves species will remain in the
region in the future, if the mangroves diversity is not
protected.

NDVI-based analysis revealed that out of 32.73
km? of mangroves area that was degraded during
2009 and 2014, about 26.21 km? (~ 80.60%) of degra-
dation occurred in the regions with very poor to poor
health category of mangroves. Similarly, during 2014
to 2019, out of 32.69 km* mangroves area that was
degraded, about 26.54 km? (~ 81.2%) degradation
of mangroves took place in the very poor and poor
health category. Risk maps were prepared from NDVI
analysis, taking into consideration the current degra-
dation rate indicated that if this trend continued at the
present rate, in near future, approximately 32 km? of
mangroves will be degraded of which approximately
25.6 km? degradation will result into poor to very
poor health category of mangroves area.

Along with the NDVI, GPP, LAI, and EVI were
used to assess the impact of saltpan/aquaculture on
mangroves. It reveals that construction of saltpan/
aquaculture is deteriorating the mangroves health,
impairing productivity. The current research work
would be helpful to conserve and manage the man-
grove ecosystem of the Gulf of Khambhat. Moreo-
ver, the results of this study can help government and
non-government organization to focus on the target
areas where the mangroves are degraded or will be
degrading in the future.
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