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Abstract: The Sundarbans is the world’s largest contiguous mangrove forest with an area of about
10,000 square kilometers and shared between Bangladesh and India. This world-renowned mangrove
forest, located on the lower Ganges floodplain and facing the Bay of Bengal, has long served as a
crucial barrier, shielding southern coastal Bangladesh from cyclone hazards. However, the Sundarbans
mangrove ecosystem is now increasingly threatened by climate-induced hazards, particularly tropical
cyclones originating from the Indian Ocean. To assess the cyclone vulnerability of this unique ecosystem,
using geospatial techniques, we analyzed the damage caused by past cyclones and the subsequent
recovery across three salinity zones, i.e., Oligohaline, Mesohaline, and Polyhaline. Our study also
examined the relationship between cyclone intensity with the extent of damage and forest recovery. The
findings of our study indicate that the Polyhaline zone, the largest in terms of area and with the lowest
elevation, suffered the most significant damage from cyclones in the Sundarbans region, likely due to its
proximity to the most cyclone paths. A correlation analysis revealed that cyclone damage positively
correlated with wind speed and negatively correlated with the distance of landfall from the center of the
Sundarbans. With the expectation of more extreme weather events in the near future, the Sundarbans
mangrove forest faces a potentially devastating outlook unless both natural protection processes and
human interventions are undertaken to safeguard this critical ecosystem.

Keywords: Bay of Bengal; climate change; extreme weather events; natural hazards; NDVI; salinity
zones; sea-level rise; tropical cyclone

1. Introduction

Mangrove forests, found along the coastal edges of many countries worldwide, cover
an estimated 137,760–152,308 km2 globally [1]. These ecosystems provide significant mone-
tary value, contributing approximately $1.6 billion annually to the global economy through
various ecosystem services [2,3]. Beyond their economic importance, mangroves are highly
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valued for their ecological benefits [4,5], particularly in protecting coastal areas from natural
hazards and mitigating the effects of sea-level rise by keeping pace with erosion [6,7]. A
recent study suggests that the global cyclone protection value of mangroves is worth about
USD 1.8 million/km2 per year [8]. However, despite their immense importance, mangrove
ecosystems are declining worldwide due to various natural and human-induced threats
including infrastructure development, aquaculture, and land conversion [9,10].

Tropical cyclones are significant natural disturbances that cause both short- and long-
term changes in mangrove forests [11]. According to Sippo et al. [12], approximately 45%
of reported mangrove disturbances and losses can be attributed to tropical cyclones. In
addition, mangroves are more likely to be affected by tropical cyclones than other forests
due to their location on the coast and exposure to higher wind energies during cyclones [13].
In mangrove ecosystems, in the short term, cyclones often lead to forest fragmentation
and alterations in the landscape [12]. Over longer periods, these disturbances impact the
succession, site productivity, and structural complexity of the forest [14]. Some countries
like Bangladesh, Australia, and Myanmar are particularly vulnerable to cyclones, as they
are frequently affected by tropical cyclones [11].

The Sundarbans in Bangladesh, the largest contiguous mangrove forest on Earth [15],
face regular threats from sea-level rise, a consequence of global warming [16], and increas-
ingly frequent and intense tropical cyclones over recent years [17]. By 2100, global sea
levels are projected to rise by around 1 m or more [16], which is expected to impact the
Sundarbans by altering the species composition of plants in different saline zones [18] and
disrupting the natural habitats of various animal species [19].

Tropical cyclones originating in the Bay of Bengal continue to adversely affect the structure
of the Sundarbans mangrove forest, despite a decrease in their overall number [17]. The
damage caused by these cyclones, both short- and long-term, is making this unique ecosystem
increasingly vulnerable to subsequent natural hazards. Therefore, it is crucial to analyze the
damage from past cyclones to gain insights into the resilience of this ecosystem. Moreover,
the Sundarbans is located at the estuary of the Ganges–Brahmaputra River, where salinity
plays a vital role in shaping its ecosystem [20]. The forest is divided into three saline zones—
Oligohaline (5–15 ppt), Mesohaline (15.1–25 ppt), and Polyhaline (>25 ppt)—based on soil
salinity levels [21–23]. These zones significantly influence the spatial distribution of both flora
and fauna within the mangrove forest [24]. Analyzing past and future disturbances across these
zones is essential for understanding the resilience of this world-famous mangrove ecosystem.

Several studies have been conducted to assess disturbances in the Sundarbans man-
grove forest, with a primary focus on cyclonic events [25–28]. Most of the research concen-
trates on the damage caused by one or more cyclones in Bangladesh and the Indian part
of the Sundarbans [26,28–31]. Additionally, some studies have evaluated the Sundarbans’
vulnerability to various other natural hazards [13,32–35]. Research involving the three
saline zones of the Sundarbans has primarily focused on aspects such as tree diversity [18]
and soil organic carbon [36]. However, studies specifically examining the vulnerability of
these three saline zones in the Bangladesh Sundarbans to past cyclonic events are scarce.
Such research is also crucial for identifying the most affected and vulnerable areas of the
Sundarbans forest, guiding evidence-based future conservation efforts.

The present study investigates the impact of past major cyclonic disturbance events on
the vegetation structure across three distinct saline zones in Bangladesh Sundarbans. The
specific objective of the research is to determine the extent of vegetative areas disturbed by
cyclones within each saline zone. The findings of this study will provide stakeholders with
valuable insights into the distribution of cyclonic damage and the vulnerability of different
saline zones, supporting the development of effective conservation plans and initiatives.

2. Materials and Methods
2.1. The Study Area

The Bangladesh Sundarbans cover approximately 6017 km2, making up 60% of the
entire Sundarbans region [37]. This area is designated as a reserved forest and is man-
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aged by the Bangladesh Forest Department (BFD). Geographically, it is situated in the
world’s second-largest watershed system—the lower Ganges–Brahmaputra delta [38]. The
Sundarbans include three distinct wildlife sanctuaries: Sundarbans West WS (715 km2),
Sundarbans South WS (370 km2), and Sundarbans East WS (310 km2). Additionally, it is
recognized as a UNESCO World Heritage Site [39].

About 30% of the Sundarbans is interwoven with a complex network of rivers and
streams of varying widths and depths [40]. The forest’s elevation ranges from 0.5 m to
3.0 m above sea level, with 70% of the area lying below 1 m [19]. During regular tidal
floods, much of the vegetation is submerged twice daily [41]. The soil in the region is finely
textured, consisting primarily of silty clay loam [42].

The Bangladesh Sundarbans forest is divided into three zones based on soil salinity, i.e.,
Polyhaline, Mesohaline, and Oligohaline. The Oligohaline zone has low salinity (5–15 ppt),
the Mesohaline zone has moderate salinity (15.1–25 ppt), and the Polyhaline zone is highly
saline (>25 ppt) [21–23]. This mangrove forest represents a rich and diverse ecosystem,
home to over 300 plant species and 1760 animal species including the famed Bengal
tiger [15,43]. The predominant tree species include Heritiera fomes, Excoecaria agallocha, and
Ceriops decandra and E. agallocha and C. decandra mainly in the Polyhaline zone [1]. Another
climax species—H. fomes—is abundant in the Oligohaline zone [15].

2.2. Geospatial Analysis
2.2.1. Cyclone Dataset

The International Best Track Archive for Climate Stewardship (IBTrACS) dataset [44]
was used to gather cyclone information. This study analyzed data from 12 cyclones
(Figure 1) occurring between 2000 and 2020. From the IBTrACS dataset, we extracted and
calculated the maximum sustained wind speed (km/h), landfall locations (within 500 km
of the Bangladesh Sundarbans), cyclone paths, and the minimum distance (km) from the
Sundarbans’ center point (89.470445, 22.022068) (see Figure 1). Major cyclones of the last
25 years were investigated in the present study. The wind speed and the distance from the
Sundarbans’ central point of all the selected cyclones were gathered.
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Figure 1. Path of the studied cyclones in the Bangladesh Sundarbans and the coverage of three saline
zones (i.e., Polyhaline, Mesohaline, and Oligohaline) in the area. The red dot mark indicates the
center point of the Sundarbans mangrove forest.
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2.2.2. Earth Observation Dataset

For the analysis of cyclones from 2000 to 2020, surface reflectance datasets (Collec-
tion 2 Tier 1) from Landsat 5 and Landsat 8 were accessed via the Google Earth Engine
(GEE) platform. The datasets used were identified by the image collection IDs LAND-
SAT/LT05/C02/T1_L2 for Landsat 5 and LANDSAT/LC08/C02/T1_L2 for Landsat 8.
These surface reflectance datasets were atmospherically corrected using the LEDAPS (Land-
sat Ecosystem Disturbance Adaptive Processing System) for the Landsat 5 TM (Thematic
Mapper) sensor [45] and LaSRC (Landsat 8 Surface Reflectance Code) for the Landsat 8
OLI (Operational Land Imager) sensor [46]. GEE automatically selected all images that
intersected with the boundary of our study area.

2.2.3. Earth Observation Image Preprocessing

To assess the impact of cyclones, we followed the procedures outlined in Figure 2.
To detect forest disturbances caused by cyclones and to evaluate recovery afterward, we
calculated the Normalized Difference Vegetation Index (NDVI) [47] for two consecutive
years: the year of the cyclone, representing the pre-cyclone NDVI, and the following year,
representing the post-cyclone NDVI. Prior to data analysis, several preprocessing steps
were performed to accurately measure the effects of cyclones. Cloud and cloud shadows
were masked using the Quality Assessment (QA) band of the datasets. Additionally, a
water mask was created using Global Hansen Data [48] to exclude water bodies from the
study area images, ensuring that the NDVI analysis focused solely on vegetation, thereby
yielding more accurate results [49].

To calculate pre- and post-cyclone NDVI, surface reflectance datasets were filtered
according to specific date ranges for each cyclone (Table S1), creating image collections.
These date ranges were chosen to produce image composites with minimal or no cloud
cover and shadows [50]. The image collections were further filtered by cloud cover per-
centage, applying a threshold of 10%, except for cyclone Aila (40%) and Rashmi (50%), to
generate cloudless composites for all cyclone analyses. The filtered image collections for
pre- and post-cyclone periods were then reduced to a single image using the GEE function
ee.Reducer.median(). These image composites represent pixel-wise median values from
all images in the collection [50]. Consequently, two composites were produced for each
cyclone, which were used to derive the pre- and post-cyclone NDVI. This approach has
also been employed to analyze annual vegetation cover changes in the Sundarbans [29].

2.2.4. NDVI Classification

The pre- and post-cyclone NDVI images were calculated using the following equation:

NDVI =
ρNIR − ρRed
ρNIR + ρRed

where ρNIR and ρRed represent near-infrared and red surface reflectance, respectively.
The pre- and post-cyclone NDVI images were each classified into four categories based

on their NDVI values. Class 1, representing bare ground surfaces, included NDVI values
ranging from 0 to 0.2 [51]. Class 2, with an NDVI range of 0.2 to 0.4, was assigned to
areas with sparse or non-healthy vegetation, such as grass or shrubs. Class 3 and Class 4
corresponded to NDVI ranges of 0.4 to 0.6 and greater than 0.6, respectively, representing
moderate and very dense vegetation. This NDVI classification follows the guidelines
established by Kaplan and Avdan [52] and Idrees et al. [53].

To assess the impact of different cyclones, we compared the pre- and post-cyclone
classified NDVI images, analyzing the transitions between NDVI classes after the cyclonic
events using the ee.Reducer.frequencyHistogram() function in GEE. Forest gain was iden-
tified when areas transitioned from Class 1, Class 2, or Class 3 to Class 4, while forest
loss was noted when areas moved in the opposite direction. For example, if a 10 km2

area transitioned from Class 3 to Class 4, it was considered a forest gain. Conversely, a
15 km2 area transitioning from Class 4 to Class 1 was considered a forest loss. This concept
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was similarly applied to other class transitions to determine overall forest loss or gain.
Additionally, analyses were conducted by saline zone to determine forest loss and gain in
Polyhaline, Mesohaline, and Oligohaline zones.
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2.3. Statistical Analysis

A one-way ANOVA was conducted to determine if there were significant differences
in forest damage and recovery across the three saline zones. Tukey’s HSD test was subse-
quently performed to identify the specific zones with significant differences. Prior to the
ANOVA, the normality of the data for each saline zone was assessed using the Shapiro-Wilk
test, and log transformation was applied as necessary to meet the assumptions.

We calculated the percentage of damaged area (damage%) and recovered area (re-
covered%) and analyzed the statistical relationship between damage% and other cyclone
variables (wind speed and distance). Pearson’s correlation, a non-parametric test, was used
to measure these relationships after testing the assumptions of the correlation test, with log
transformation applied where needed [54]. All statistical analyses were conducted using R
software (version 4.4.0) [55]. For correlation analysis and visualization, the ‘ggstatplot’ and
‘corrplot’ packages were used [56,57].



Forests 2024, 15, 1722 6 of 16

3. Results
3.1. Cyclones in the Sundarbans
3.1.1. Class Transition of Mangrove Forest Vegetation

Due to distinct cyclone events, the Sundarbans forest in Bangladesh experienced signifi-
cant shifts in various pre- and post-cyclone NDVI classes, which contributed to both forest
loss and gain. Our results on class transitions indicate that all four NDVI classes underwent
considerable changes after specific cyclones, with Sidr in 2007 being the most devastating
(Figures 3 and 4; Table S2). Following the devastating Category 5 cyclone Sidr in 2007, only
2056.26 km2 of the area (62.93 km2 in Class 1, 85.08 km2 in Class 2, 1641.96 km2 in Class 3,
and 266.29 km2 in Class 4) remained unchanged, the lowest among all the cyclones studied,
while 1999.89 sq. km were destroyed (Figures 3 and 4; Table S3). After Sidr 2007, the most
significant NDVI transitions occurred following the Unnamed Cyclone of 2006, where the
majority (1405.09 km2) of the transitions involved the conversion from pre-cyclone NDVI
Class 4 to post-cyclone NDVI Class 3. In contrast, Cyclone Komen in 2015 had the least impact
on the vegetation of the Sundarbans, with only minor transitions between NDVI classes and
3826.10 km2 of the area remaining unchanged after the event (Figures 3 and 4; Table S2). The
other nine cyclones showed varying degrees of NDVI class conversions.
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3.1.2. Damaged Areas of Mangrove Forest Vegetation

Based on the measured NDVI class transitions, we calculated the loss and gain of
forest coverage. Among the 12 cyclones analyzed in our study, only Cyclone 2007 (Sidr)
caused significant damage, resulting in a 48.18% (1999.89 km2) loss of the forested area in
the Sundarbans (Table 1; Figure 5). The unnamed cyclone of 2006 was the second most
damaging, impacting 35.54% of the forest area (Table 1; Figure 5). Each of four other
cyclones—2004 (Unnamed), 2008 (Rashmi), 2009 (Aila), and 2020 (Amphan)—led to more
than a 10% reduction in vegetation cover in the Sundarbans mangrove forest in Bangladesh.
In contrast, the remaining six cyclones—2000 (Unnamed), 2005 (Unnamed), 2015 (Komen),
2016 (Roanu), 2017 (Mora), and 2019 (Fani)—caused less than a 10% loss of vegetation
(Table 1; Figure 5).

Table 1. Date of occurrence, distance from the center of Bangladesh Sundarbans, wind speed,
damaged and recovered area for each studied cyclone.

Year (Cyclone
Name) Date Distance

(km)
Wind Speed
(km/hour)

Damaged Area
(km2) Damage (%) Recovered

Area (km2) Recovery (%)

2000 (Unnamed) 25–29 October 50.46 68.69 409.19 9.85 33.43 0.8055
2004 (Unnamed) 14–19 May 309 120 419.88 10.11 55.17 1.32
2005 (Unnamed) 1–3 October 110.12 142.14 311.93 7.51 312.72 7.53
2006 (Unnamed) 30 June–5 July 250 140 1475.11 35.54 64.49 1.55
2007 (Sidr) 10–16 November 44.4 259.28 1999.89 48.18 97.58 2.35
2008 (Rashmi) 24–27 October 38.4 83.34 415.24 10.005 647.63 15.60
2009 (Aila) 22–26 May 133.68 120.38 671.47 16.17 220.42 5.31
2015 (Komen) 26 July–2 August 100.28 74.28 155.61 3.74 172.02 4.14
2016 (Roanu) 17–22 May 117.095 115 348.06 8.38 127.57 3.073
2017 (Mora) 27–30 May 258.136 110 307.15 7.40 277.12 6.67
2019 (Fani) 25 April–4 May 150.6 200 300.36 7.23 111.64 2.69
2020 (Amphan) 16–21 May 121.51 220 532.21 12.82 90.78 2.18

A saline zone-wise analysis reveals that Cyclone 2009 (Aila) and Cyclone 2007 (Sidr)
caused the most damage in the Oligohaline zone (Figures 5 and 6; Table S3). The Meso-
haline zone experienced the most significant damage from Cyclone 2015 (Komen) and
the unnamed cyclone of 2005 (Figures 5 and 6; Table S3). The remaining eight cyclones
primarily affected the Polyhaline zone (Figures 5 and 6; Table S3).
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3.1.3. Recovery Areas of Mangrove Forest Vegetation

Despite the adverse impact of cyclones, some areas of the Sundarbans experienced
natural vegetation recovery following these events. As shown in Figure 5 and Table 1,
approximately 15.6% of the vegetation area recovered after Cyclone Rashmi in 2008, the
highest recovery among all the cyclones studied. Cyclones 2005 (Unnamed), 2009 (Aila),
and 2017 (Mora) also led to more than a 5% increase in vegetation cover (Table 1; Figure 3).
In contrast, the remaining eight cyclones resulted in less than a 5% recovery of vegetation
(Table 1; Figure 5).

Following Cyclones 2004 (Unnamed), 2005 (Unnamed), 2007 (Sidr), 2009 (Aila), and
2015 (Komen), the Polyhaline zone saw the most significant recovery (Figures 5 and 7; Table
S3). Meanwhile, Cyclones 2006 (Unnamed), 2008 (Rashmi), and 2016 (Roanu) primarily
triggered recovery in the Oligohaline zone (Figures 5 and 7; Table S3). The Mesohaline
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zone experienced significant recovery after the remaining four cyclones: 2000 (Unnamed),
2017 (Mora), 2019 (Fani), and Amphan (2020 (Amphan) (Figures 5 and 7; Table S3).
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3.2. Damage and Recovery of Mangrove Forest Vegetation in Three Saline Zones in
Bangladesh Sundarbans

The results of our ANOVA analysis indicated that although the Polyhaline zone
experienced greater damage compared to the other zones in Bangladesh Sundarbans, the
difference was not statistically significant (p = 0.121; Figure 8a). A similar trend was
observed in the analysis of recovered areas, where no significant difference was found
among the saline zones (p = 0.318). However, the Polyhaline zone had the largest amount
of recovered area compared to the other zones (Figure 8b).
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3.3. Correlation of Damage Percentage with Cyclone Variables

A correlation matrix was generated to examine the relationship between damage
percentage and cyclone variables, specifically wind speed and distance (Figure 9a). Un-
derstanding this relationship helps identify which variable should be prioritized when
predicting cyclone damage. Our results showed a positive correlation (r = 0.56) between
damage percentage and wind speed, although this relationship was not statistically signifi-
cant (p > 0.05) (Figure 9a,b). Similarly, a negative correlation (r = −0.01) was found between
damage percentage and distance, which was also not significant (p > 0.05) (Figure 9a,c).
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4. Discussion

Our 20-year cyclone analysis indicates that Cyclone 2007 (Sidr) has been the most
devastating event in the Bangladesh Sundarbans mangrove forest (Table 1). This finding
aligns with other multi-year cyclone hazard studies [11,17,26,35,58–61]. Hossain and
Begum [62] further documented the devastation, reporting the loss of a single tree for every
100 m2 due to the cyclone.

Our study estimated that approximately 48.18% of the area was damaged by Cyclone
2007 (Sidr), a figure higher than those reported in other studies [13,60,61]. Since our analysis
considered class-wise transitions across four NDVI classes from 2000 to 2020, even the
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destruction of the smallest vegetation patches (grass, shrub) was counted as forest damage.
This comprehensive approach may have led to higher damage estimates compared to
other studies.

Cyclones 2004 (Unnamed), 2008 (Rashmi), 2009 (Aila), and 2020 (Amphan) each
accounted for about 10% of the damage to the Sundarbans mangrove forest in Bangladesh.
Cyclone Amphan (2020), while particularly devastating to the Indian Sundarbans, where it
affected a large portion of the forest (2400 km2), had a minimal impact on the Bangladeshi
side of the Sundarbans [30,63]. Our findings indicate that Cyclone Aila caused significant
damage across the entire Sundarbans forest, but most of its impact was concentrated in the
Indian portion, with less damage observed in Bangladesh [26].

Rahman et al. [64] further highlighted the destruction caused by Cyclone 2009 (Aila),
noting the uprooting and damage to several tree species, including Gewa (E. agallocha),
and a significant decrease in the number of individual trees in the Sundarbans. Cyclone
2008 (Rashmi), a relatively weaker storm that occurred after Cyclone 2007 (Sidr), primarily
caused vegetational damage through the transition from a very dense vegetation structure
to a moderate vegetation class (Figure 3; Table S3), indicating its lower destructive capacity
compared to other cyclones. Most of Cyclone Rashmi’s damage was concentrated in the
eastern part of the Sundarbans, where Dutta et al. [26] reported a 10% loss of vegetation.

Among the saline zones, the Polyhaline zone suffered the most significant damage
from cyclones during the study period from 2000 to 2020 (Figures 5 and 6; Table S3). Eight
out of the twelve cyclones studied caused severe damage to this zone compared to the Meso-
haline and Oligohaline zones. The cyclone paths (Figure 1) were primarily directed toward
the western part of the Sundarbans, making the Polyhaline zone particularly vulnerable
to cyclone damage [13,65]. Additionally, the Polyhaline zone’s large area and widespread
distribution (Figure 1) make it the largest saline zone in the Bangladesh Sundarbans [21,66].
As a result, any cyclone impacting the Bangladeshi portion of the Sundarbans is likely to
cause significant damage to the Polyhaline zone. The polyhaline zone is also situated in the
southwestern, southern, and southeastern parts of the Bangladesh Sundarbans, regions
that are particularly prone to cyclone damage originating from the North Indian Basin. Al-
though our statistical analysis did not show a significant difference in vegetational damage
across the saline zones, the Polyhaline zone still emerged as the most heavily damaged,
followed by the Mesohaline and Oligohaline zones.

Cyclones 2007 (Sidr) and 2009 (Aila) were particularly devastating for the Bangladesh
Sundarbans, especially for the Oligohaline zone, with 952.15 km2 and 475.75 km2 of this
zone heavily damaged by these cyclones, respectively. The Mesohaline zone, on the other
hand, experienced uniform damage throughout its extent from most of the cyclones studied.
While there was no significant statistical difference in the vegetational damage values across
the saline zones, the extent of damage varied by cyclone and zone.

The highest amount of recovery, at 15.6%, occurred after Cyclone 2008 (Rashmi),
which is notable compared to the other 11 cyclones. As previously mentioned, Cyclone
Rashmi was relatively weak [26,67] and did not cause significant vegetation damage or
disrupt normal ecological processes. Consequently, the recovery process from the previous
year’s damage caused by Cyclone 2007 (Sidr) was not hindered, allowing for substantial
vegetation regrowth.

Although the recovery in the Polyhaline zone was not significantly higher than in
other zones, it remained the most prominent zone for recovery after most cyclones. The
regeneration of a mangrove ecosystem after a catastrophic event depends on the availability
of regeneration pathways, such as propagules or sprouting [68]. According to Harun-or-
Rashid et al. [69], if a cyclone occurs near the fruiting season of mangrove species, the
disturbed area can be quickly recolonized and regenerated by these species. In contrast, cy-
clones occurring outside the seeding season may favor the establishment of non-mangroves
and mangrove associates, which are more tolerant to salinity and disturbances [70]. Addi-
tionally, disturbance- and saline-tolerant species like E. agallocha, which are fast-growing,
can quickly occupy degraded regions [69].
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Mangrove ecosystems have a remarkable ability to recover quickly [68,69,71], often
beginning within one to six months after a disturbance, provided the necessary conditions
are present in the ecosystem [68,69,72–74]. However, full recovery requires a much longer
period [69,75,76].

Our results indicate a positive correlation between wind speed and vegetation
damage. The force of cyclonic winds likely causes significant defoliation, uprooting,
and litterfall [13,17,26], leading to negative changes in NDVI in the affected areas.
This explains the positive relationship between wind speed and the extent of cyclone-
induced damage. However, some studies suggest that mangrove forests can withstand
cyclonic wind forces up to 101.86 km/h with minimal damage [13,26]. Beyond this
threshold, wind force causes significant damage to all types of vegetation [77].

In our analysis, the minimum distance between the cyclone path and the center of the
Sundarbans was a less influential factor. Nevertheless, major cyclones that made landfall
in the Sundarbans have caused substantial damage [11,13]. Additionally, our data show
that higher-magnitude cyclones, such as Cyclone Sidr (a Category 5 on the Saffir–Simpson
Scale), were more destructive to the Bangladesh Sundarbans than Cyclone 2020 (Amphan),
largely because Amphan’s path was farther from the Bangladeshi portion of the Sundarbans
compared to Sidr.

5. Conclusions

The Sundarbans mangrove forest in Bangladesh has long been a crucial defense for
coastal areas and their inhabitants, shielding them from natural disasters while also serving
as a vital source of income. This study found a positive correlation between wind speed,
an indicator of cyclone intensity, and the damage caused by cyclones. This is particularly
concerning for the Sundarbans, as recent reports indicate that while cyclone frequencies may
decrease in future climate scenarios, their intensity is expected to increase significantly. The
potential for more severe cyclones, combined with other natural hazards like sea-level rise,
could place the Sundarbans Mangrove ecosystem in an ecologically precarious position.

One potential strategy to mitigate cyclone damage is the planting of wind-resistant
trees to serve as coastal barriers in newly formed lands, degraded areas, and along the
coastline. However, this study has several limitations that may have influenced the results.
For instance, the impact of human disturbances was not considered in the analysis of NDVI
changes in the study area. Additionally, using a more up-to-date distribution of saline zones
could have yielded more accurate results. To better understand the regeneration process
after cyclones, future research should consider analyzing a longer time span and using
alternative vegetation indices, as NDVI has some limitations in assessing vegetation areas.

The findings of the present study will enhance our understanding of the potential
impacts of cyclones, one of the most anticipated climate hazards in Bangladesh, on the
Sundarbans mangrove forest ecosystem, particularly in relation to saline zones. This
knowledge will be valuable in developing strategies to mitigate and minimize these ef-
fects. Additionally, the study’s analysis of how each saline zone will be affected can help
authorities prioritize and plan their interventions in alignment with the natural processes
of ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15101722/s1, Table S1: Date range and cloud cover percentage used
in creating cloudless image composite for NDVI calculation of different cyclones; Table S2: Date of
occurrence, distance from the center of Bangladesh Sundarbans, wind speed, damaged and recovered
area for each cyclone; Table S3: Damaged and recovered area in different saline zones in sq. km unit.
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