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Sustainable Development Goal-14 (SDG-14) directly demands the protection,
conservation, restoration, and sustainable management of the global mangrove
ecosystem. Assessment of the development Pakistan has made toward the
sustainable management of mangrove ecosystems necessitates the remote
sensing-based evaluation of national-level mangrove cover. Using Google
Earth Engine (GEE) for geoprocessing 12,000+ 10-m high-spatial resolution
Sentinel-2 time-series images (2016-23) and applying random forest (RF)
classifier, the current research provides the latest spatial distribution of
mangroves along Pakistan’s coastline and changes observed for a duration of
8 years. Additionally, this research provides the first spatiotemporal health
assessment of Pakistan’s national mangrove cover as well. Rational analysis of
the results indicated splitting the entire timeline based on two seasons (Jan—-Jun
and Jul-Dec). Results revealed an overall increase of 1,210 km? (2023) in the
mangrove cover on the national-level; a 3.42 km? average annual increase from
2016 (1,186 km?). Mangrove gain/loss assessment based on the land use land
cover (LULC) transition matrix illustrated 223 km? gain and 199 km? loss; a 24 km?
net gain. Declines of 20.28% and 7.91% were found in maximum- and mean-NDVI
(2016-23), depicting the deteriorating mangrove health conditions. Likewise,
significant Sen'’s slope analysis (p < 0.05) indicated that 88.8% of all the
mangrove-NDVI pixels exhibited an overall decrease, whereas 11.2% pixels
showed an overall increase (2016-23). It was concluded that despite showing
a growth in the extent, mangrove cover in Pakistan has shown a decline in health,
primarily due to deforestation for urban operations and sea-levelrrise, still making
them vulnerable and potentially leading to a disrupted ecosystem, including
carbon release in the atmosphere. This study will assist in the formulation of
mangrove conservation and management strategies, whereas future research
can explore the potentials of land surface temperature (LST) and
evapotranspiration in combination to the NDVI for an in-depth analysis of the
health status of mangroves.
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mangrove extent mapping, mangrove health mapping, Sustainable Development Goal-
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1 Introduction

Halfway toward the 2030 Agenda for Sustainable Development,
countries—including developed and developing—have been in a
continuous struggle to confront the challenges in the way to achieve
the 17 Sustainable Development Goals (SDGs), which demands an
urgent call for action from all the nations worldwide to transform
the world into a fully sustainable global partnership (Ferreira et al.,
20205 Sustainable Development Goals, 2023). Among the developing
countries, Pakistan was one of the very first countries to embark on
its commitment toward the 2030 Agenda for Sustainable
Development by adopting the 17 SDGs as part of the Parliament
of Pakistan’s national development agenda in 2016 (Brollo et al.,
2021; SDGs in Pakistan, 2023; Federal SDGs Support Unit, 2023).
While Pakistan has shown progressive behavior in the past few years
in the implementation of the measures designed to achieve the full
potential of the 2030 Agenda for Sustainable Development, its
performance still lags far behind in critical SDG sectors (Brollo
et al., 2021; Sachs et al., 2023).

SDG-14’s target 14.2 directly demands to protect, conserve, restore,
and sustainably manage the global mangroves (the salt-tolerant plants
that have adapted to survive in brackish and saline water found in
tropical and sub-tropical zones (Liao et al.,, 2019; UN-DESA, 2020; Sun
et al, 2023)). Thoroughly examining the targets of SDG-14 implies that
mangroves serve as a lens to analyze SDG-14 (Friess et al,, 2019; UN-
DESA, 20205 Sasmito et al., 2023), providing vital ecosystem services
toward SDG-14 including heavy metal filtration (Yan et al, 2017),
coastal erosion protection (Xiao et al, 2020), exceptional carbon
sequestration (Tang et al, 2018), and support to marine life
(Whitfield, 2017). The conservation and sustainable consumption of
marine resources, ie., the implementation of SDG-14, undeniably
influences and supports the other SDGs, including SDG-1, -2, -6, -8,
-12, and -13 (Liao et al., 2019; Horan, 2020; Chen et al,, 2023). The
diverse role of mangroves in the ecosystem highlights their potential to
fight against climate change, offering support to both adaptation and
mitigation strategies (Heumann, 2011; Liao et al, 2019; Reithmaier
et al, 2023; Chen and Kirwan, 2024). However, at the same time,
mangroves have turned out to be severely vulnerable, facing an acute
decline in the past century (Lovelock et al., 2015; Cinco-Castro and
Herrera-Silveira, 2020; Bhowmik et al., 2022). In the previous decades,
an increased number of mangroves have been lost due to anthropogenic
activities of farming and aquaculture rather than natural disasters
(Ahmed and Glaser, 2016; Liao et al, 2019; Bhowmik et al., 2022;
McSherry et al,, 2023). An estimated 35% of the global mangrove cover
was lost by the end of the 1990s, while approximately 3,400 km* of
mangrove cover was lost between 2000 and 2016 with a 62%
(approximately 2,100 km?) of this loss due to anthropogenic causes
(Goldberg et al.,, 2020; Jessica Merzdorf, 2020). A recent review study
reported an 8,600 km? loss of global mangrove cover between 1990 and
2020, pointing to farming and aquaculture as the predominant drivers,
with the highest decline found in South and Southeast Asia,
ie., 3,870 km? (Bhowmik et al., 2022).

The status of Pakistan’s mangrove cover was declared to be
“protected forest” under Pakistan Forest Act 1927 (Saeed et al,
2019). In addition to the literature suggesting loss in mangroves
worldwide, studies regarding mangroves in Pakistan revealed an
increasing trend. Since the beginning of the 21st century, mangrove
restoration and conservation campaigns have been conducted by
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various government and non-government organizations. The
legendary forester Tahir Qureshi spent his life dedicated to the
restoration and conservation of Pakistan’s mangroves and is known
for planting millions of mangroves in Pakistan (IUCN, 2021). Green
Pakistan Program, Billion Tree Tsunami, and Ten-Billion Tree
Tsunami are plantation initiatives taken by Pakistan in the
previous few years (Saced et al, 2019). Pakistan was awarded by
the Guinness World Records (GWR) in 2009 and again in 2013 for
planting more than half a million mangrove saplings per day and
850,000 saplings per day, respectively (Mahar et al., 2020; Gilani
et al, 2021). In the previous few decades, remote sensing satellite
data and methodologies have become widely accepted tools in
providing spatiotemporal information related to mangrove forest
mapping and landscape-level changes (Pastor-Guzman et al., 2018).
Only few remote sensing-based studies exist in Pakistan; however,
only a limited number of those studies address national-level
mangroves. Gilani et al., 2021 provided and claimed a national-
level comprehensive mangrove ecosystem change analysis spanning
3 decades from 1990 to 2020. Utilizing a Google Earth Engine (GEE)
web-based geoprocessing tool to apply the random forest (RF)
imagery,
Hammad et al. revealed that the mangrove area across the nation
in 1990 and 2020 was 477.2 km* and 1,463.59 km’, respectively,
suggesting an increasing trend. Along with this, by far, the most

classifier over medium-resolution Landsat satellite

comprehensive remote sensing-based mangrove assessment of
Pakistan’s mangroves, the currently existing global land use land
cover (LULC) maps mapping global mangrove distribution
including ESA WorldCover 10 m v100 (Zanaga et al., 2021), ESA
WorldCover 10 m v200 (Zanaga et al., 2022), HGMF_2020 (Jia et al.,
2023), and GMF30_2000-2020 (Liao, 2022) have all found to
overlook and does not capture all the mangrove sites along
Pakistan’s national coastline.

Contrary to regular desktop-based processing, this research has
utilized a cloud-based geospatial platform GEE to assess the
potential of an advanced RF machine learning algorithm for
classifying mangroves and other land covers through scripting a
comprehensive source code in order to access and process Sentinel-2
satellite imagery. The emergence of the GEE has significantly
enhanced the convenience of processing the remote sensing data
(Liu et al, 2023). LULC change assessment was done in order to
analyze the spatiotemporal transition of various LULC classes
present along the national coastline of Pakistan throughout the
period studied, particularly transitions involving mangroves. The
monitoring of LULC changes is beneficial for decision-making to
efficiently plan the strategies for achievement of SDGs (Waleed et al.,
2023). Spatiotemporal national-level mangrove health is mapped by
analyzing the changes in a widely used vegetation health indicator,
Normalized Difference Vegetation Index (“NDVI”) of mangrove
cover in Pakistan (Ruan et al., 2022). Moreover, significant Sen’s
slope analysis of mangrove-NDVT rasters was done on the basis of
significance from the Mann-Kendall trend test (p < 0.05).

In order to measure the progress toward sustainable
management and protection of mangrove ecosystems in Pakistan
and actions for their restoration, ie., SDG target 14.2, the current
research aims to achieve the following objectives: 1) identifying and
mapping the present-day status of Pakistan’s national-level extent of
mangrove cover along with 8-year long (2016-2023) spatiotemporal
changes in it and 2) identifying and mapping the changes in the
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FIGURE 1

Study area map showing the mangrove sites along the coastline of Pakistan.

health
spatiotemporal trends in the NDVI of Pakistan’s mangrove

status of mangrove cover through analyzing the
ecosystems. To this end, the current study is an attempt to
bridge the gap by mapping not only the largescale mangrove
covers of Pakistan but smaller mangrove patches as well, which
were being overlooked in previous studies. This is conducted by
utilizing 10-m high-spatial resolution Sentinel-2 satellite imagery to
understand the actual trend dynamics of mangrove extent in
Pakistan. Moreover, previous remote sensing-based studies of the
study area have revealed the quantification, distribution, and
spatiotemporal changes in the mangrove cover. However, the
current study has carried out the NDVI-based assessment for
identifying and mapping the changes in the health status of
national-level mangrove cover as well. The NDVI is one of the
mostly used optimal indicators for remotely sensed ecological
monitoring (Liu et al., 2024). The proposed methodology and the
produced results will assist the decision-makers in the formulation
of mangrove conservation and management strategies on national as
well as local scales. Moreover, the study establishes a benchmark for
future research for exploring the potentials of land surface
temperature (LST) and evapotranspiration in combination with
NDVI for an in-depth analysis of the health status of mangroves.

2 Materials and methods

2.1 Study area

The current research is interested in the national-level mangrove
cover that is present along the southern border of Pakistan, which
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itself is a 990-km-long national coastline (Ali and Dinshaw, 2016;
Aslam et al,, 2019). Starting from the Indian border in the east
(23.97° N, 68.75" E) and extending in the westward direction, this
through
Balochistan and Sindh, finally reaching the Iranian border in the
west (25.18°N, 61.62° E). Figure 1 provides the map of the study area
considered for the current research. A minimum bounding polygon,

coastline  traverses two administrative provinces

in order to encompass the entire national coastline and including all
the distinct mangrove sites, was delineated as the study area
boundary with reference to previous studies (Abbas et al., 2013;
Gilani et al., 2021; Xu et al., 2023).

2.2 Data source

2.2.1 Sentinel-2 imagery and cloud
probability dataset

To accurately map and monitor mangroves, high-spatial
resolution Sentinel-2 Level-1C (Top of Atmosphere/TOA)
time-series imagery from 2016 to 2023 was incorporated. All
the 10-and 20-m spectral bands of 12,000+ Sentinel-2 multi-
spectral instrument (MSI) images were accessed and processed by
harnessing the powers of web-based cloud-computing geospatial
platform GEE. The GEE satellite imagery catalog provides
Sentinel-2 imagery in 100 x 100 km ortho images, known as
granules or tiles, in UTM/WGS1984 projection (Traganos et al.,
2018; Corbane et al., 2020; Google For Developers, 2024). Access
to the GEE is possible through an internet-based application
programming interface (API) to control and enable users to
perform their own geospatial analyses.
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FIGURE 2
Schematic framework of the proposed methodology.

The S2 cloud probability dataset, provided by the GEE satellite
imagery catalog corresponding to every image captured by Sentinel-
2 since 2015, was employed as auxiliary data in order to mask out the
clouds from Sentinel-2 time-series imagery, which is based on
Sentinel Hub’s s2cloudless cloud detection algorithm.

2.2.2 ESA WorldCover 2020 land cover product

ESA WorldCover 2020, a 10-m global LULC map developed by
the European Space Agency featuring 11 land cover classes (Duarte
et al., 2023; ESA, 2024), was accessed from GEE Data Catalog and
reclassified to merge into five classes (mangroves, water, built-up,
barren, and other vegetation) before collecting training samples out
of it. In addition, 15,000 training points were automatically
generated from ESA WorldCover 2020 using a random stratified
sampling algorithm. This sampling method ensured the random
distribution of points within each class, and the number of points
was proportional to the relative area of each class (Sadaiyandi
et al.,, 2023).

2.3 Methods

The schematic framework followed in the proposed approach is
provided in Figure 2. A combination of web-based (GEE) and
desktop-based adopted.  The
methodological workflow comprised a few sections including

approaches  was entire

Sentinel-2 satellite imagery preprocessing, extraction of spectral
indices, RF classification and accuracy assessment process,
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Slope Analysis Trend Test

mangrove cover change detection, and mangrove cover health
assessment.

2.3.1 Preprocessing: cloud-masking, biannual
means, and spectral index extraction

Sentinel-2A Level-1C (TOA) time-series imagery from 2016 to
2023 has been accessed and filtered on the basis of cloud percentage,
i.e., images having clouds less than 10%. To remove the remaining
clouds from the filtered images, the S2 cloud probability dataset was
accessed and loaded into GEE. Fifteen biannual mean images have
been generated by processing a total of 12,882 images taken initially,
having two images per year covering the whole study area from
2016 to 2023. The detailed number of images processed in each of
the biannual periods is provided in Table 1.

To enhance the spectral properties of mangroves and other
LULC features in order to improve their identification and
classification accuracy (Hu et al, 2020; Kavhu et al, 2021),
several spectral indices, provided in Table 2, were derived for the
15 biannual mean images.

2.3.2 Mapping mangroves and other LULC classes

A pixel-based supervised machine learning RF classifier was
applied in order to map and classify the mangroves and other LULC
features. The RF classification algorithm is insensitive to input
variables, providing the flexibility of choosing the desired input
variables, as well as it can provide the relative importance of each
variable, making the approach substantially efficient and producing
accurate results (Belgiu and Dragut, 2016; Chen, 2020). Along with
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TABLE 1 Number of Sentinel-2 images processed in this research.

10.3389/fenvs.2024.1416450

Biannual mean image Season Time period Total number of images Number of images after 10% cloud filter
1 1 Jan-Jun 2016 290 224
2 2 Jul-Dec 2016 551 369
3 1 Jan-Jun 2017 285 208
4 2 Jul-Dec 2017 581 394
5 1 Jan-Jun 2018 980 802
6 2 Jul-Dec 2018 1,014 635
7 1 Jan-Jun 2019 1,019 691
8 2 Jul-Dec 2019 1,037 509
9 1 Jan-Jun 2020 1,006 696
10 2 Jul-Dec 2020 1,020 640
11 1 Jan-Jun 2021 1,028 839
12 2 Jul-Dec 2021 1,003 580
13 1 Jan-Jun 2022 1,002 842
14 2 Jul-Dec 2022 1,038 535
15 1 Jan-Jun 2023 1,028 691
Total 12,882 8,655
TABLE 2 Spectral indices extracted and incorporated in the current research.
Spectral index Formula Reference

NDV] = NIR - Red Tucker, (1979)

Normalized Difference Vegetation Index NIR T Red

NDBI = SWIRL - NIR

SWIRI + NIR Zha et al., (2003)

Normalized Difference Built-up Index

NDWI - = NIR = SWIRL Gao, (1996)

Normalized Difference Water Index-II NIR + SWIRL

NDWI — II = Green — NIR

Normalized Difference Water Index-II &
reen + NIR

MCcFEETERS, (1996)

BSI = SWIRL + Red) - (NIR + Red)

~ (SWIRI + Red) + (NIR + Red) Chen et al. (2004)

Bare Soil Index

NDTI = SWIRL = SWIR2

Normalized Difference Tillage Index SWIR T SWiis

Osgouei et al. (2019)

PSRI — ] = Red—Blue_ Hill (2013), Hu et al. (2020)

Plant Senescence Reflectance Index-I VegRedEdgel

PSRI — I = Red = Blue Hill (2013), Hu et al. (2020)

Plant Senescence Reflectance Index-1I VegRedEdge2

PSRI — III = Red — Blue_ Hill (2013), Hu et al. (2020)

Plant Senescence Reflectance Index-IIT VegRedEdged

Plant Senescence Reflectance Index-1V PSRI — IV = Red = Blue_ Hill (2013), Hu et al. (2020)

VegRedEdged

CMRI = NIR — Red _ NIR - SWIR1

NIR+ Red ~ NIR + SWIRT Gupta et al. (2018)

Combined Mangrove Recognition Index

the 10 spectral bands of Sentinel-2 (blue, green, red, the three
vegetation red edge bands, NIR, narrow NIR, and the two SWIR
bands), 11 spectral indices (Table 2) were used as input variables.
The hyperparameters governing the RF classifier were set to
150 number of trees and the default values for the rest of the
hyperparameters, i.e., variables per split: square root of the number
of input variables, minimum leaf population: 1 and bag fraction: 0.5.

Prior to running the classifier, a semi-automated methodology
was drawn and adopted to generate and validate 15,000 training

Frontiers in Environmental Science

samples based on random stratified sampling. Initially, these
samples were automatically derived from the ESA WorldCover
2020 global LULC map, which was pre-classified into five classes,
i.e., mangroves, water, built-up, barren, and other vegetation. These
samples were then manually verified by overlaying them onto the
corresponding 15 biannual mean images and removing the
incorrectly collected training samples individually from the
15 biannual mean images. The 15 vector layers containing the
training samples for 15 biannual mean images were employed
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afterward for classification. From the samples generated every time,
80% were used in training the classifier, whereas 20% were utilized in
assessing the accuracy of the classification. The error matrix method
(Foody, 2010) was incorporated to assess the accuracy of the
classified products by generating the percentage overall accuracy
(OA) along with the percentage Cohen’s Kappa coefficient value. A
value of >80% for both the factors is considered good accuracy
(Foody, 2010).

Moreover, to assess an independent accuracy of the classification
approach adopted in current study, the Jan-Jun 2023 classified
output (being the latest among all the outputs) was validated,
which involved an external reference data from very high-spatial
resolution Google Earth imagery. A total of 250 samples were
generated from Jan-Jun 2023 classified output using the stratified
random sampling method, hence being distributed randomly within
each class, where the number of points of each class is proportional
to its relative area. The error matrix method was incorporated to
generate the OA and percentage Cohen’s Kappa coefficient value
(Foody, 2010). In addition to the error matrix method applied on the
latest classified map of 2023, a qualitative assessment of the
performance of all the 15 produced maps was done visually by
overlaying

them on very high-spatial resolution Google

Earth imagery.

2.3.3 Spatiotemporal trends of national-level
mangrove extent and LULC change detection

The final 15 biannual classified products were exported from the
GEE to the desktop system for further spatial analysis, statistical
assessments, and cartography. Manual post-classification processing
was done based on visual image interpretation to remove the “salt-
and-pepper” noise, thereby improving the overall quality of the
classification (Parashar, 2023). Run charts were plotted on the basis
of area coverage, and linear trendline analyses based on least square
linear regression were conducted for mangrove cover as well as for
other LULC classes from 2016 to 2023. The transition matrix
method was employed to detect and compare the interchange
between the five LULC classes, and mangrove gain and loss on
the national level was recorded and reported. Considering that the
annual rate of change to be non-linear across the studied timeline,
the percentage annual rate of change in the mangrove area was
calculated based on compound interest law, i.e., Eq. 1 (Puyravaud,
2003), where T, and T, are the initial and final points of time for
which areas A; and A, were taken, respectively.

A,

.In == .100. 1
T,-T, A m

% Annual Rate of Change =

2.3.4 Mangrove cover health mapping and analysis

In this study, mangrove cover health was analyzed using the NDVI
as it is considered to be an optimal measure for the assessment of
vegetation health, showing a highly positive correlation (Wang et al,
2020; Parman et al., 2022). The classified products were used to mask
out pixels in the 15 biannual NDVT rasters having mangroves only for
the complete time series. The values of maximum and mean NDVT of
the pixels having mangroves in the whole study area were extracted and
fed into a spreadsheet for statistical analyses. Furthermore, in order to
assess spatiotemporal trends in the health of the mangrove cover, the
NDVT rasters having mangrove pixels only were subjected to the pixel-
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TABLE 3 OA and kappa coefficient is provided for each of the classified
product.

Time period OA (%) Kappa (%)
Jan-Jun 16 89 80
Jul-Dec 16 89 81
Jan-Jun 17 90 83
Jul-Dec 17 91 85
Jan-Jun 18 92 86
Jul-Dec 18 91 84
Jan-Jun 19 92 86
Jul-Dec 19 93 88
Jan-Jun 20 94 90
Jul-Dec 20 93 88
Jan-Jun 21 93 89
Jul-Dec 21 93 87
Jan-Jun 22 93 88
Jul-Dec 22 Onmitted Omitted
Jan-Jun 23 93 87

based nonparametric Sen’s slope estimation, and the significance of
Sen’s slope is judged through the Mann-Kendall trend test (Zhong
et al,, 2022).

3 Results

3.1 Accuracy assessment of the RF
classification for mangrove mapping

For each of the 15 seasonal maps produced from 2016 to 2023,
the OA and Cohen’s Kappa coefficient were reported in percentages.
For all the LULC maps in this study, >89% OA is obtained,
while >80% Cohen’s Kappa coefficient is obtained (Table 3). The
OA and Kappa values obtained here demonstrate the strong
potential of the adopted approach for detailed mapping of the
mangrove cover in Pakistan. The classified map of the mean
Sentinel-2 image of Jan-Jun 2023 was subjected to accuracy
validation involving external reference data from very high-
spatial resolution Google Earth imagery. The results of the
external validation are considered to be in good agreement
between the classified and ground truth value and similar to that
of the train-test split method adopted with reference to the same
satellite image, i.e., 93% and 87% for Jan-Jun 2023 (Table 4).

3.2 Change analysis of the national-level
mangrove extent of Pakistan

The values of the total areas of mangroves were computed from

the biannual mean classified LULC outputs from 2016 to 2023, and
the run chart was plotted (Figure 3). To study the trend in the
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TABLE 4 Accuracy assessment of the random forest classification with
reference to very high-spatial resolution Google Earth imagery.

Classified map

Overall accuracy (OA) (%) Kappa (%)

Jan-Jun 2023 90.4 85

randomly fluctuating extent of mangroves throughout the studied
period, the linear trendline based on least square linear regression
was drawn. It can be observed that the trendline neither depicts an
increasing nor a decreasing trend and moves horizontally at

10.3389/fenvs.2024.1416450

1,250 km> which is quite inconsistent with the previous studies,
where an increase in the extent of mangroves was recorded (Gilani
et al,, 2021; Xu et al,, 2023). This behavior leads to coping up the
situation by splitting the entire timeline based on two seasons,
ie, Jan-Jun (Season-1) and Jul-Dec (Season-2). Areas of
mangrove cover as well as of other LULC classes for the biannual
period of Jul-Dec 2022 were extremely inconsistent relative to
corresponding season values and disturbing the entire trend;
hence, the values are omitted considering them outliers.

Similar to trendline analysis in the extent of mangrove cover, in
order to study the spatiotemporal change in the extent of other
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FIGURE 3

Trend analysis of national-level mangrove extent and other LULC classes from 2016 to 2023.
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FIGURE 4

Trend analysis of national-level mangrove extent of Pakistan by splitting the entire timeline based on two seasons: Jan—-Jun 2016-23 (left) and

Jul-Dec 2016-21 (right). Area of mangroves is given in km?.

LULC classes, individual run charts have been plotted for them as
well (Figure 3). An increase in the area of water as well as in the area
of other vegetation types was observed throughout the time period,
while a decreasing trend was shown in the extent of barren land. The
extent of built-up falling in the delineated study area boundary was
found to be very small throughout the time period as compared to
other four LULC classes, leading to the conclusion that its trend,
either increasing or decreasing, has a minimal impact on the overall
dynamics and hence can be ignored. Conversely, the large areas of
water and barren land are due to their substantial presence along the
country’s coastline and hence within the delineated study area
boundary. The coastline of Pakistan traverses through two
provinces, Balochistan and Sindh, where the former province is
predominantly characterized by desert landscapes and the latter
majorly comprises deltaic terrain.

3.3 Seasonal change analysis of the national-
level mangrove extent of Pakistan

The analysis of the trendline of the entire study period together
leads to conclude the splitting of the entire timeline by considering
the values of areas separately for two seasons, i.e., Jan-Jun and
Jul-Dec. Run charts were plotted, and linear regression trendlines
were drawn (Figure 4). During the studied time period of season-1
(Jan-Jun) from 2016 to 2023, the extent of mangrove area has shown
a net increase of 24 km? with 1,186 km?* in 2016 to 1,210 km? in 2023.
During the studied time period of season-2 (Jul-Dec) from 2016 to

Frontiers in Environmental Science

2021, again an overall increase is seen in the extent of
mangrove Cover.

The mangrove cover change detection assessment as well as
mangrove cover gain/loss assessment were conducted by
considering the first and last biannual mean images from the
studied period (Figures 5, 6). Comparing the
aforementioned two provinces of Pakistan, the coastline of

time

Pakistan is predominantly characterized by desert in Balochistan
Province, where a prominent landward growth of mangrove cover is
majorly documented. The local observations suggest that the
minimum anthropogenic activity because of comparatively
insignificant human presence in this deserted region can be the
potential reason behind this steady growth with the passage of time.
The mangrove cover of Sindh Province, on the other hand,
experienced a significant loss of mangroves at many places,
especially near Karachi Harbor. It has been found that the rate of
depletion in mangroves (mangrove loss) in the Indus Delta
potentially appears to counterweigh the rate of growing
mangroves (mangrove gain) due to natural processes as well as
human-driven mangrove restoration campaigns over the past few
decades. Moreover, the rise in the sea level caused coastal erosion at
the very edges of deltaic islands which are home to or otherwise
could be the potential site for mangroves to grow and
increase in area.

The LULC transition matrix method was applied in order to
detect the interchange between all five classes (mangroves, water,
built-up, barren, and other vegetation) from 2016 to 2023, and the
results are mapped along with plotting the chord diagram (Figure 7).
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FIGURE 5
Increase in the extent of mangroves is shown at four different sites along Pakistan’s national coastline.

Sawar Khor

N
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FIGURE 6

Mangrove gain/loss assessment is conducted taking the Jan—Jun 2016 and Jan—-Jun 2023 classified biannual mean images.
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LULC transition matrix method is applied to get the status of LULC class interchange from 2016 to 2023.

TABLE 5 Mangrove gain and mangrove loss from/to other LULC classes 2016—23. An increase of 24 km? in mangrove cover is found.

LULC class Mangrove gain (km?) Mangrove loss (km?) Net (km?)
Water 16 44 -28
Built-up 0 0 0
Barren 194 128 66
Other vegetation 13 27 -14
Total 223 199 24

During the time span of 8 years from 2016 to 2023, a net increase of
24 km? was detected in the mangrove cover. This expansion is
primarily due to conversion of barren land to mangrove cover,
i.e., 66 km” while no transformation is observed from built-up land
to mangroves (Figure 7; Table 5). Notably, a net mangrove cover of
28 km? and 14 km” is lost to water and other vegetation, respectively,
therefore offsetting the increase in mangrove area. The largest areas
of retrogressive transformation are the barren—water (495 km” net),
which aligns with the observation that the area of water in the
national coastal zone of Pakistan is increasing, while interestingly,
the largest progressive transformation is the barren—other
vegetation (303 km” net).

3.4 Spatiotemporal trends in mangrove
cover health

In this study, mangrove cover health was analyzed using an
optimal measure NDVI. The values of maximum and mean NDVI
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of the pixels having mangroves in the whole study area were
extracted, and a run chart is plotted (Figure 8). The consistently
declining trend of both the maximum and mean mangrove NDVI
values from 2016 to 2023 suggests a potentially increasing stress and
hence decreasing health. A closer inspection of the data for
maximum mangrove-NDVI reveals the biphasic recovery and
relapse response. Though a declining trend from 2016 to
2019 can be seen, a significant increase (12.95%) is observed in
2019, where values exceed 0.7, suggesting NDVI growth (Table 6).
However, this sudden uplift is followed by a moderate drop till
2021 but keeping all the values above 0.7 when suddenly a drastic
drop occurs (0.53) in Jan—Jun 2022 and decreases till 0.46 in Jan-Jun
2023. Closely examining the mean mangrove-NDVI data, a
declining  trend is  observed similar to  maximum
mangrove-NDVI data, but with a moderate rate this time. All
the time-series values are randomly fluctuating in between
0.2 and 0.3, except where the values drop below 0.2, ie., 0.19
(Jan-Jun 2022) and 0.16 (Jan-Jun 2023). The detailed standard

percentage rate of change in maximum and mean values of
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Maximum values of mangrove-NDVI (above) and mean values of mangrove-NDVI (below) from 2016 to 2023.

TABLE 6 Standard formula of the percentage rate of change is applied to obtain the percentage rate of change in maximum mangrove-NDVI and mean
mangrove-NDVI.

Period % rate of change in maximum mangrove-NDVI % rate of change in mean mangrove-NDVI

Jan-Jun 2016 to Jul-Dec 2016 7.08 5.02
Jul-Dec 2016 to Jan-Jun 2017 -3.86 4.53
Jan-Jun 2017 to Jul-Dec 2017 -2.03 -3.08
Jul-Dec 2017 to Jan-Jun 2018 0.12 1.40
Jan-Jun 2018 to Jul-Dec 2018 -3.30 -15.93
Jul-Dec 2018 to Jan-Jun 2019 -3.19 16.28
Jan-Jun 2019 to Jul-Dec 2019 12.95 -9.56
Jul-Dec 2019 to Jan-Jun 2020 0.38 22.92
Jan-Jun 2020 to Jul-Dec 2020 —2.42 -8.02
Jul-Dec 2020 to Jan-Jun 2021 -0.89 -9.90
Jan-Jun 2021 to Jul-Dec 2021 -0.78 6.01
Jul-Dec 2021 to Jan-Jun 2022 —24.33 -17.58

Total -20.28 -7.91

mangrove-NDVI throughout the time period is provided in Table 6.
A decline of 20.28% and 7.91% is observed in maximum and mean
values of mangrove-NDVI, respectively, indicating a substantial
decline in health of the mangrove cover of Pakistan.

Furthermore, =~ mangrove health is assessed  through
mangrove-NDVI rasters by subjecting them to the pixel-based
nonparametric Sen’s slope estimation, and the Mann-Kendall trend
test is used to obtain the significance of Sen’s slope (Zhong et al., 2022).
Sens’s slope is calculated first, and then Mann-Kendall analysis is
conducted to get the p-values raster. Significant pixel raster is calculated
based on p < 0.05 (95% significance) and is superimposed with Sen’s
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slope raster to create significant Sen’s slope (Figure 9). To facilitate
detailed analysis, the mangrove-NDVT significant Sen’s slope raster was
classified into four thematic classes using manually defined breakpoints
based on data distribution: significantly increasing (0.1-1), weakly
increasing (0-0.1), weakly decreasing (0 to —0.1), and significantly
decreasing (—0.1 to —1). The results indicate that during the time span of
8 years from 2016 to 2023, 0.03% and 11.17% of areas of mangroves had
significant increases and weak increases, respectively. The area with a
weak decrease in mangrove-NDVTI is accounted for 88.79%, while
0.01% of the area is found to have a significant decrease. The area of
mangroves where mangrove-NDVI is observed to be weakly decreasing
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in the 8-year time period is mostly found near Karachi City and in the
northern part of the Indus Delta.

4 Discussion

4.1 Accuracy assessment of RF
classification results

In addition to computing accuracy based on the error matrix
method for the 80/20 train-test split method and for external
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validation data from very high-spatial resolution Google Earth
imagery, a comparison of the results of the classification with the
already established estimations from recent independent research
publications indicates that the methodology applied in the current
study delivered accurate mangrove discrimination. ESA
WorldCover 10 m v100 (74.4% OA) (Zanaga et al, 2021)
identified a total of 1,056 km® of mangrove cover along the
coastline of Pakistan in 2020 which is less than identified in the
current research, ie., 1,295.5 km* (mean 2020 mangrove cover).
However, being a global LULC map ESA WorldCover 10 m
v100 does not capture all the local sites of mangrove presence
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along Pakistan’s national coastline (Figure 10). Another global 30-m
spatial distribution of mangroves, GMF30_2000-2020 (88% OA)
(Liao, 2022) identified 610 km? (less than current research) of
mangrove cover in 2020 along Pakistan’s national coastline,
though again overlooking mangroves at various locations
(Figure 10). Gilani et al. (2021) performed a comprehensive
mangrove habitat change assessment from 1990 to 2020 and
revealed (greater than the current research) a national mangrove
cover of 1,463.59 km? in 2020. However, this research was based on
30 m medium spatial resolution, and the methodology adopted by
Gilani et al. (2021) was to classify three classes, i.e., mangrove, water,
and other vegetation. Comparatively, the lower spatial resolution
and creating no separate class for other vegetation possibly included

other vegetation pixels in the mangrove pixels.

4.2 Change assessment of Pakistan's
mangrove cover

During the timeline of season-1 (Jan-Jun) from 2016 to 2023,
the mangrove extent has shown a net increase of 24 km’ with
1,186 km? in 2016 to 1,210 km” in 2023. The average annual rate of
increase in area is 3.42 km* according to compound interest law
(Puyravaud, 2003). Table 7 shows the detailed percentage annual
rates of changes in areas of mangrove cover from 2016 to 2023 for
season-1. During the temporal period of season-2 (Jul-Dec) from
2016 to 2021, again an overall increase is seen in the extent of
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TABLE 7 Percentage annual rate of change in the area of mangroves for
season-1 and season-2.

Period Percentage annual rate of change

Season-2 (Jul-Dec)

Season-1 (Jan—Jun)

2016-2017 1.76 3.73
2017-2018 -20.33 -1.55
2018-2019 12.84 -1.73
2019-2020 7.56 4.59
2020-2021 -5.62 3.55
2021-2022 -5.77 —

2022-2023 11.55 —

mangrove cover. This finding not only aligns but also strengthens
the conclusions derived from season-1 data, providing further
evidence for an increase in the extent of mangrove cover in the
study area. Table 7 shows the detailed percentage annual rates of
changes (based on formula by Puyravaud, 2003) in areas of
mangrove cover from 2016 to 2021 for season-2. In order to
assess the trend of the percentage annual rate of change in the
extent of national-level mangrove cover, run charts were plotted and
linear regression trendlines were drawn (Figure 11). The increasing
trends suggest a potential acceleration in the annual rate of increase,
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i.e., a higher growth rate in later years compared to earlier years. A
similar accelerating increasing trend was observed by Gilani et al.
(2021). Since the beginning of the 21st century, mangrove cover
restoration campaigns have been conducted through various
government and non-government organizations, which can
potentially be the cause of this percentage annual rate of increase.

Pakistan, lying in the sub-tropical region, directly comes under
the significant influence of summer monsoon, resulting in
substantial precipitation every vyear starting from July to
September (Nawaz et al, 2020; Khan et al., 2022). These large
volumes of freshwater flowing through the rivers ultimately
discharge into coastal zones, potentially inundating the mangrove
habitats (Figure 12). In this study, notably, the increase in mangrove
areas observed in season-2 (Jul-Dec) compared to season-1
(Jan-Jun) is due to the seasonal influx of freshwater. Mangrove
productivity is highly correlated with the amount of freshwater
intake, which otherwise depends on saline water during season-1
when there is minimal availability of freshwater (Santini et al., 2015).
Pakistan was hit by the most devastating monsoon event of recent
times in 2022 where the exceptional influx of water from extreme
precipitation flooded almost the entire country, including the
(Ashfaq et al, 2023).
Consequently, the on-ground LULC patterns got perturbations,

inundation of the coastal zones

which were evident from the visuals of the satellite imagery as
well as the anomalies present in the data trends. Therefore, the
exclusion of the data for this particular time period (Jul-Dec 2022)
was essential. A dynamic temporal interplay is depicted between the
area of water and the area of barren land in the study area through a
12). The chart clearly
demonstrates that the season-2 (Jul-Dec) reading for the area of

run chart plotted together (Figure

water is greater than the corresponding season-1 (Jan-Jun) reading,
showing the consistency with the influx of freshwater from
substantial rainfall events during summer monsoon. Second,
through the linear trendlines drawn, it is evident that the area of
water in the national coastal zone of Pakistan is increasing, which
ultimately depicts the potential sea-level rise.

Mangrove gain/loss assessment was conducted in this study,
revealing 223 km’® of mangrove cover increase in these 8 years,
whereas 199 km? of mangrove cover loss occurred, counterweighing
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the overall gain to 24 km®. Results revealed that most of this conflict
takes place in the Indus Delta. Aeman et al. (2023) documented a
huge increase in the eastern part of the Indus Delta (629 km?) from
1990 to 2020, whereas, the western part of the delta and mid-western
and mid-eastern parts of the delta together have observed a loss of
70 km* and 14 km?, respectively. Abbas et al. (2021) reported a
mangrove cover increase of 117 km? in the western part of the Indus
Delta between 2000 and 2010 and an 89 km* mangrove cover loss
between 2010 and 2020. Investigations of the current research
revealed that an overall 66 km? of barren land was transformed
into mangrove area. This progressive transformation is due to the
natural regrowth of mangroves (Hina Masood et al., 2015; Abbas
et al., 2021). Previously, most of the research work focused on the
mangroves of Sindh Province, whereas the results of the current
research revealed this progressive natural growth of mangroves was
prominent in Balochistan Province, especially in Jiwani (Gwadar),
Shabi and Ankara Creeks, Sawar Khor, and Sahidi Khor.
Furthermore, this study found that 28 km® of mangrove area
underwent retrogressive transformation to water regions. This
transformation is due to coastal erosion and rise in sea-levels
(Ahsanullah et al, 2021; Aeman et al, 2023). Additionally, a
prominent mangrove cover loss is observed in Karachi Harbor in
the current investigation from 2016 to 2023. Ahsanullah et al. (2021)
reported a loss of 1.3 km” in Karachi Harbor from 2011 to 2020.

4.3 Effects of anthropogenic pressures on
mangrove cover in Pakistan

This study provides the mangrove health insights through
mapping the spatial and temporal distribution and trends of
NDVI along the national coastline of Pakistan (Ruan et al,
2022). In addition, 20.28% (slope = -0.01) and 7.91%
(slope = —0.003) declines are observed from 2016 to 2023 in
maximum and mean values of mangrove-NDVI, respectively. No
study investigating such trends in Pakistan was found. Ruan et al.
(2022) conducted a global-level investigation revealing the slowly
increasing trend (slope = 0.00289) of mean mangrove-NDVI
(2000-2018), however altogether for South Asian countries
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A dynamic interplay between areas of water and barren land from 2016 to 2023 in 15 biannual LULC maps (incrementing from left to right direction).

including Pakistan, India, Bangladesh, and Sri Lanka. Pixel-based
significant Sen’s slope analysis (p < 0.05 based on the Mann-Kendall
trend test) was conducted, revealing that 88.79% mangrove area
exhibited a decreasing trend of NDVI (slightly decreasing), whereas
only 11.17% exhibited an increasing trend (slightly increasing).
Further examination revealed that most of the area with a
decreasing trend is observed in the Indus Delta and Karachi
Harbor. The decline in NDVT trends of mangrove cover suggests
a decrease in mangrove health, leading to disrupted ecosystem
balance including carbon release (Ruan et al, 2022; Wang
et al., 2023).

Unfortunately, a little less than 90% of Pakistan’s national-level
mangroves are found to be under health stress. Mangroves in the
neighborhoods of Karachi City as well as the northern edge of Indus
Delta touching with the city are the sites where mangrove-NDVT is
observed to be decreasing in the 8-year time period. This is a similar
finding as in the case of mangrove gain/loss mapping, where it was
found that most of the loss is observed near Karachi City. The
national coastline of Pakistan traverses through the two provinces of
Pakistan, Balochistan and Sindh, namely, Makran coast and Sindh
coast. The Makran coast is an arid to semi-arid coastal zone
dominating the western portion of country’s national coastline,
and it falls entirely within Balochistan Province. Occupied by
extensive stretches of mudflats, rocky cliffs, and sandy beaches,
the mangroves of Balochistan Province experiencing minimal to
negligible human-induced direct and indirect disruptions are not
only growing in extent, rather the health conditions are getting
improved. Whereas Sindh Province, home to the sixth largest
mangrove ecosystem “Indus Delta mangroves” along with the
Karachi Harbor mangrove ecosystem, owning a population of
50 million, is a major source of anthropogenic impacts over
mangroves of the Sindh coast. At the southern-most bank of
Sindh Province is the city of Karachi, which is the largest city in
Pakistan in terms of area and population both, i.e., 15 million plus
population (Pakistan Bureau of Statistics, 2024). The pressures from
the urban population and urban activities from Karachi City as well
as the other parts of the province seem potentially responsible for the
deterioration of mangrove cover (Abbas et al., 2021). Being the most
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populated city of an underdeveloped country as well as the largest
sea port of Pakistan, Karachi’s ongoing unplanned development as
well as other urban operations may pose several anthropogenic
threats to the surrounding mangrove habitat, and a comprehensive
assessment is crucial to cope up with these threats as soon as possible
in order to sustainably conserve the habitat. This deterioration is not
newly introduced but started emerging in the 1990s and has been
prevailing since then. Syed M. Saifullah’s work was included in a
book as a chapter with the title, “Management of Indus Delta
Mangroves” from 1997, which mentioned a decrease in
freshwater influx to mangrove habitat, harvesting and grazing
(fuel, fodder, and overfishing), urbanization, pollution, sea-level
rise, and socio-economic factors (poverty, illiteracy, and lack of
municipal services) to be the causes behind this continuous and
increasing deterioration and destruction of mangrove cover in the
Indus Delta (Saifullah, 1997). He further suggested deforestation,
dredging, channelization, soil erosion, and waste disposal to be the
core issues happening due to urbanization. The city of Karachi
alone, other than the province, is contributing 471 million gallons of
untreated waste water per day to the open sea in the surroundings of
mangrove areas, while 6,000 heavy industries in the city as well
discharge high-impact contaminants to the sea that directly
encounters and affects the mangrove cover of Karachi Harbor
and Indus Delta ([joabs An Open Access Journal and Abro, 2020).

5 Conclusion

Assessment of the progress the Islamic Republic of Pakistan has
made in protecting, conserving, restoring, and afforesting and
sustainably managing the country’s expanse of mangrove
ecosystems, the prerequisite to achieve SDG-14 necessitates a
comprehensive remotely sensed national-level investigation. The
findings of the current research revealed that 1,210 km? of the area is
covered with mangroves in Pakistan in 2023, whereas this was
1,186 km” in 2016; an average annual increase rate of 3.42 km’.
Mangrove cover gain/loss assessment was done, revealing a gain and
loss of 223 km? and 199 km?, respectively, in this 8-year duration,
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signifying a 24 km® net increase in the extent of mangrove cover in
Pakistan. National-level mangrove health condition is assessed by
providing insights into the spatiotemporal distribution and trends in
an optimal measure Normalized Difference Vegetation Index
(NDVI) of mangrove cover. In addition, 20.28% decline was
found in maximum mangrove-NDVI, whereas 7.97% decline was
found in mean mangrove-NDVT from 2016 to 2023. Additionally,
significant Sen’s slope assessment based on p < 0.05 (95%
significance) from the Mann-Kendall trend test indicated that
0.01% of the pixels having mangrove exhibited a significant
decrease in NDVI; 88.79% exhibited a weak decrease; 11.17%
exhibited a weak increase; and 0.03% in case of significant
increase. Extended analysis of the data at the local scales reveals
the most concerning declines in the mangrove extent and health to
be concentrated around Karachi Harbor and in the Indus
Delta mangroves.

Mangroves being the vulnerable ecosystems in the world, fortunately
an increasing trend in the mangrove extent has been found in Pakistan
depicting an impressive role of Pakistan toward the achievement of
SDG-14.2. However, despite sustainably managing and implementing
the mangrove afforestation activities, measures need to be taken in order
to comprehend and address Pakistan’s declining mangrove cover health
conditions. The proposed methodology and results will be helpful for
national and provincial forest departments and other corresponding
agencies of Pakistan in developing short- to long-term policies for
addressing the mangrove extent and health degradation issues. Being
part of the blue carbon ecosystem, mangroves are of great significance to
the Earth’s carbon cycle, which makes it necessary to study mangroves in
a more comprehensive way in order to conserve and restore them. The
often existence of Pakistan’s mangroves in the shape of narrow patches
(e.g, Sawar Khor), much smaller to be detected by 10-m spatial
resolution, limits the more exact identification and mapping of
mangroves in Pakistan. Further refinements beyond the available
resolutions are necessary. Future research can explore the potentials
of other parameters including LST and evapotranspiration in
combination with the NDVI for an in-depth analysis of the health
status of mangroves.
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