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A B S T R A C T

Mangrove forests play a vital role in climate regulation, carbon storage, and biodiversity conservation, yet their 
capacity to meet ecological demands remains poorly quantified. The Sundarbans, the world’s largest contiguous 
mangrove ecosystem, faces escalating environmental pressures that threaten its biocapacity—the ability of 
ecosystems to provide renewable resources and absorb human-generated waste. This study evaluates biocapacity 
and ecological deficit/reserve at local, national, and global scales by integrating key environmental drivers, 
including salinity, stand structure, and climate variables. Data were collected from 54 georeferenced plots 
covering 54 management compartments, and analyses were conducted at plot-level, compartment-level, and 
broader regional scales. Results reveal significant spatial variability, with the oligohaline zone supporting the 
largest ecological reserve (1.87 ± 0.164 gha/person), followed by the mesohaline (1.13 ± 0.167 gha/person), 
whereas polyhaline regions exhibit the lowest reserve (0.48 ± 0.1 gha/person). Globally, polyhaline zones face 
severe ecological deficits (− 1.11 ± 0.1 gha/person), highlighting their vulnerability to environmental stressors. 
Biocapacity correlates with salinity (r = − 0.39), temperature (r = − 0.42), precipitation (r = 0.32), and elevation 
(r = 0.35), while structural attributes such as tree height (r = 0.33) and wood density (r = 0.34) further shape 
ecosystem capacity. To strengthen environmental management, biocapacity assessments should be integrated 
into policy and conservation planning frameworks for sustainable resource allocation. As climate change alters 
temperature and salinity regimes, proactive mitigation strategies, ecosystem-based adaptation, and sustainable 
management practices are essential for maintaining ecological balance, reducing biodiversity loss, and ensuring 
the stability of mangrove ecosystem services.

1. Introduction

Rapid resource exploitation and growing demands driven by 

population and economic pressures have severely impacted forest bio
capacity (Kumar et al., 2022; Sarkodie, 2021). This has intensified the 
need for sustainable frameworks, as biocapacity—reflecting the capacity 

** Corresponding author.
* Corresponding author.

E-mail addresses: rezaul.karim@mail.utoronto.ca (M.R. Karim), khan-for@sust.edu (M.A.S. Arfin-Khan). 

Contents lists available at ScienceDirect

Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

https://doi.org/10.1016/j.jenvman.2025.127815
Received 9 March 2025; Received in revised form 1 October 2025; Accepted 25 October 2025  

Journal of Environmental Management 395 (2025) 127815 

Available online 30 October 2025 
0301-4797/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-1003-3602
https://orcid.org/0000-0002-1003-3602
https://orcid.org/0009-0004-5046-0395
https://orcid.org/0009-0004-5046-0395
https://orcid.org/0000-0003-3341-2493
https://orcid.org/0000-0003-3341-2493
https://orcid.org/0000-0001-6955-2469
https://orcid.org/0000-0001-6955-2469
mailto:rezaul.karim@mail.utoronto.ca
mailto:khan-for@sust.edu
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2025.127815
https://doi.org/10.1016/j.jenvman.2025.127815
http://creativecommons.org/licenses/by/4.0/


of ecosystems to generate renewable resources and absorb wastes—is 
increasingly strained (Niccolucci et al., 2012). To address this, 
ecosystem-based management (EBM) and global initiatives like REDD+
are essential for mitigating ecological degradation, reducing the global 
ecological footprint, and enhancing biomass carbon storage (Angelsen 
et al., 2018; Zaman, 2022; Patel et al., 2024). Central to this context are 
the concepts of biocapacity, introduced by Wackernagel and Rees, 
(1996) as a measure of an ecosystem’s regenerative ability, and the 
ecological footprint, which quantifies human demand on that capacity. 
The relationship between these two metrics is crucial for understanding 
sustainability (Monfreda et al., 2004; Dworatzek et al., 2024).

Among forest ecosystems, mangroves are particularly significant, 
covering approximately 14.5 million hectares globally (Jia et al., 2023). 
Growing in intertidal zones, mangroves provide a range of wood and 
non-wood products while performing essential environmental functions 
(FAO, 2020). Mangroves provide critical ecological services, including 
biodiversity, stabilize shorelines, filter water, and sequester carbon, 
collectively underpinning key ecosystem services critical to human and 
ecological well-being (Donato et al., 2011). Biomass productivity, which 
largely drives these services, increases with age but is highly sensitive to 
environmental factors such as climate, soil conditions, and stand struc
tures (Barr et al., 2013; Zheng and Takeuchi, 2022; Zheng et al., 2023; 
Panda et al., 2024).

These vital ecosystems are shaped by two dominant and inter
connected drivers: climate change and human activities (Maina et al., 
2021). Climate change intensifies challenges by shifting hydrological 
regimes, altering species distributions, increasing storm frequency, and 
causing sea-level rise, which exacerbates salinity intrusion (Akber et al., 
2018; Banerjee et al., 2017; Friess et al., 2022; Chowdhury et al., 2024). 
Simultaneously, human-induced pressures, primarily deforestation for 
agriculture and aquaculture and unsustainable resource extraction, 
fragment habitats, diminish biomass, and accelerate ecological degra
dation (Sahavacharin et al., 2022; Guild et al., 2025). Increased salinity 
directly inhibits mangrove growth and biomass accumulation, reducing 
the ecosystem’s capacity to generate renewable resources and absorb 
ecological impacts, thereby decreasing biological carrying capacity 
(Ahmed et al., 2022). Extreme weather events further damage canopy 
structure and alter hydrological regimes, compounding these effects on 
biocapacity (Howe et al., 2025). The severity of these combined pres
sures is underscored by the global decline of mangrove areas by 1.04 
million hectares between 1990 and 2020, highlighting the urgent need 
for conservation efforts (Bunting et al., 2022).

Ongoing extensive research has focused on mangrove ecosystem 
services, carbon stocks, and productivity (Gilang Qur’ani et al., 2024; 
Gouvêa et al., 2022; Sharma et al., 2023; Tasneem and Ahsan, 2024; 
Twilley et al., 2017). However, despite increasing recognition of these 
threats, a critical knowledge gap remains. Lacking are comprehensive 
and integrated assessments that explicitly quantify the combined im
pacts of climate change and human-induced drivers on mangrove bio
capacity and ecological deficits across different spatial scales. This gap is 
significant because such assessments are essential for informing 
ecosystem-based management and sustainability strategies under future 
environmental scenarios (Zheng et al., 2023).

This research gap is particularly evident in the Sundarbans, the 
largest contiguous mangrove forest globally, where existing studies 
primarily address carbon storage, biodiversity, and ecosystem services 
with limited attention given to biocapacity and ecological footprint 
(Bera et al., 2022; Iqbal, 2020; Islam et al., 2018).

Spanning over 10,000 km2 in India and Bangladesh, the Sundarbans 
is a UNESCO World Heritage Site that constitutes 38.12 % of the forest 
area in Bangladesh (BFD, 2017). Rich in biodiversity, the Sundarbans 
hosts about 50 % of the world’s mangrove plant species and supports 
approximately one million people who rely on it for resources such as 
fuelwood and fishing (Aziz and Paul, 2015; Mahmood et al., 2021). It 
also plays a critical role in protecting coastal communities from tidal 
surges and cyclones while preventing coastal erosion (Akber et al., 2018; 

Hale et al., 2019). Despite its significance, the Sundarbans faces ongoing 
pressures from land conversion for agriculture and aquaculture, rising 
sea levels, and increased salinity due to climate change (Chowdhury and 
Hafsa, 2022; Roy et al., 2024). These environmental stressors reduce 
mangrove productivity and ecosystem functioning, directly impacting 
biological carrying capacity and resource provision. Extreme weather 
events have further damaged mangrove areas, leading to a decline in 
biocapacity (Mandal and Hosaka, 2020). Nevertheless, the Sundarbans 
remains vital for regional economic stability and ecosystem health 
(Mahmood et al., 2021; Sarker et al., 2019).

Given the Sundarbans’ critical role in carbon sequestration, coastal 
protection, and economic livelihoods, understanding its biocapacity is 
vital for developing effective conservation and management strategies at 
regional and global scales. Therefore, clarifying how climate change and 
human activities interactively drive changes in biocapacity and 
ecological reserve status can provide essential knowledge for safe
guarding this vulnerable ecosystem. This study aims to fill this knowl
edge gap by assessing (a) the spatial response patterns of biocapacity to 
ecological footprint pressures across local, national, and global scales, 
and (b) the influence of soil conditions, stand structures, and climatic 
factors on biocapacity, along with its ecological reserve or deficit status. 
By integrating ecological footprint accounting with spatial modeling and 
statistical analyses, including spatial interpolation, principal component 
analysis, and regression modeling, the study provides a robust meth
odological framework. The expected outcomes will provide precise 
scientific evidence for developing zoning protection strategies, such as 
prioritizing the restoration of high-deficit hypersaline areas, and for 
guiding ecosystem-based adaptive management in the Sundarbans.

2. Methods

2.1. Study area

The Sundarbans, the largest contiguous mangrove forest in the 
world, spans the India Bangladesh border along the northern coastline of 
the Bay of Bengal. The Bangladesh portion, located between 89◦00′ and 
89◦55′E and 21◦30′–22◦30′N (Fig. 1), covers 599,330 ha, representing 
approximately 62 % of the forest, with the remainder (426,300 ha) in 
West Bengal, India (Borrell et al., 2016). The Sundarbans is globally 
recognized as one of the most diverse and productive ecosystems, 
providing critical protection against cyclones, tidal flooding, erosion, 
and other natural disasters (Payo et al., 2016). During cyclones Sidr 
(2007), Aila (2009), and Amphan (2020), the Sundarbans acted as a 
buffer, safeguarding coastal populations (Mishra et al., 2021). The forest 
comprises approximately 200 islands separated by 400 tidal rivers and 
canals, with strong gradients in salinity, tidal influence, and soil prop
erties, providing habitat complexity relevant to ecological assessments 
(Sen and Ghorai, 2019). Notable species include sundari (Heritiera 
fomes), goran (Ceriops decandra), gewa (Excoecaria agallocha), golpata 
(Nypa fruticans), keora (Sonneratia apetala), passur (Xylocarpus mekon
gensis), baen (Avicennia officinalis), and garjan (Rhizophora mucronata) 
(Islam et al., 2014). The Bangladesh portion of the Sundarbans is home 
to 45 % of the country’s mammals, 42 % of its birds, 46 % of its reptiles, 
and 36 % of its amphibians with several endangered species, including 
the Bengal tiger (Panthera tigris), jungle cat (Felis chaus), estuarine 
crocodile (Crocodylus porosus), irrawaddy dolphin (Orcaella brevirostris), 
northern river terrapin (Batagur baska), and rock python (Python molu
rus) (Ahmed and Rahman, 2023). Approximately 2.5 million people live 
around the Sundarbans and rely directly on its resources for fuelwood, 
fishing, and small-scale agriculture (Gopal and Chauhan, 2018). These 
human pressures, together with climate change impacts such as rising 
sea levels and increasing salinity, reduce habitat quality and underscore 
the importance of assessing ecological deficits and surpluses across 
different zones.
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2.2. Plot selection and sampling design

A total of 54 plots were established within the Bangladesh Sundar
bans, covering 54 forest compartments (the standard administrative and 
management units designated by the Bangladesh Forest Department) 
(Fig. 1). A systematic sampling design stratified by compartment was 
employed, with one plot established per compartment to ensure even 
spatial representation across the full extent of the study area. Within 
each compartment, plot locations were determined based on field 
accessibility, with all plots positioned at least 20 m inland from the 
nearest river channel to minimize edge effects associated with tidal in
fluence and to ensure consistency in sampling terrestrial forest condi
tions. Plots were distributed systematically across salinity zones and 
elevation gradients to capture ecological variability, ensuring repre
sentativeness for multi-scale analysis. This placement also reflected 
practical considerations of field safety and logistical feasibility in a 
challenging mangrove environment. Each plot was standardized to 20 
m × 20 m (400 m2) in size, following established protocols for vegeta
tion and ecological assessments in mangrove ecosystems.

2.3. Field data collection

Fieldwork was conducted from December 2021 to February 2022, 
during the most suitable period following the monsoon season, when 

vegetation remains actively growing and weather conditions are favor
able for safe and efficient field surveys. During this time, the general 
characteristics of all plots were documented. Geographic coordinates 
and elevation at plot centers were recorded using a handheld GPS device 
(Garmin GPSMAP 67 series, Garmin, Switzerland), which features GPS 
and GLONASS positioning systems. Tree biomass data were collected 
non-destructively following the guidelines provided by Pearson et al. 
(2007) from 28 species (Supplement 1). All individual trees within each 
20 m × 20 m plot with a diameter at breast height (DBH) ≥ 5 cm were 
censused, identified to species, and measured for DBH and height. For 
multi-stemmed trees, the diameter of each stem below breast height was 
measured separately. Tree height was determined using a Haga altim
eter (Haga GMBH & Co., Nuremberg, Germany) by using following 
formulae (Eq. 1), 

Treeheight=
(
(topcrownreading − bottomreading)×grounddistance

100

)

+1.6m
(Eq.1) 

Here, ground distance was calculated through meter tape. Wood 
cores were collected at breast height (1.3 m), avoiding knots, with one 
core per stem, and were dried at 105 ◦C for 24 h following international 
wood density testing standards (Flores and Coomes, 2011). Tree species 
abundance was quantified by counting the number of individual trees 

Fig. 1. Spatial distribution of study plots within the Sundarbans mangrove forest, southwestern Bangladesh. A total of 54 plots were established across 54 forest 
compartments, with representative imagery of key dominant species types: (a) Heritiera fomes (Sundri), (b) Sonneratia apetala (Keora), and (c) Excoecaria agallocha 
(Gewa) and/or Avicennia officinalis (Baen).
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within each 400 m2 plot. The count was then converted to a per hectare 
(ha) basis using the equation (Eq. 2), 

Abundance
(
individuals ⋅ ha− 1)

=
Number of individuals

400 m2

× 10,000 m2
/

ha (Eq. 2) 

Species richness, defined as the total number of species within each 
plot, was similarly standardized to a per ha basis. Canopy cover was 
assessed using a crown densiometer (Spherical concave densiometer, 
Forestry Suppliers, US). Measurements were taken at four points within 
each plot, and the average percentage of canopy cover was calculated to 
estimate overall canopy density.

2.4. Field sample analysis

Wood density, soil pH, electrical conductivity, bulk density, litter 
organic carbon, and soil organic carbon were measured (Supplement 2). 
A non-destructive method was employed to estimate above-ground 
biomass (AGB) in tons per hectare. The following allometric equation, 
adapted from Chave et al. (2014), was utilized (Eq. 3): 

AGB= exp
(
− 2.977+ ln

(
ρ ⋅ D2 ⋅ H

))
(Eq. 3) 

where AGB is the above-ground biomass (kg), ρ is the wood density (g/ 
cm3), D is the diameter at breast height (1.3m) in cm, and H is the height 
of the tree in meters.

The biocapacity of biomass production (BCB) was calculated using a 
modified equation (Eq. 4) from Monfreda et al. (2004): 

BCB =
YFB ⋅EQFB

P
(Eq. 4) 

where BCB represents the biocapacity of biomass production (global 
hectare) per person (gha/person), YFB is the yield factor, and EQFB is the 
equivalence factor for biomass production. The yield factor was derived 
as the ratio between local biomass production per hectare and the global 
forest biomass production, using data from the Global Forest Resources 
Assessment (FAO, 2020). The equivalence factor for biomass production 
was obtained from the National Footprint Accounts (FDF, 2023). The 
local plot wise population data, P was collected from the Government of 
Bangladesh Census Report (BBS, 2022).

2.5. Estimation of the ecological footprint of biomass production

The ecological footprint of biomass production was assessed at both 
local and national level. For local biomass, the following equation (Eq. 
5) was applied: 

EFB(L) =

(
PB(L)

YB

)

⋅EQFB (Eq. 5) 

where EFB(L) is the Ecological Footprint of local biomass (global hectare) 
per person (gha/person), PB(L) is the average local biomass harvest, YB is 
the global average yield of harvestable biomass, and EQFB is the 
equivalence factor. Local footprint biomass data were sourced from the 
local government inventory report (GoB, 2019), while the national 
(EFB(N)) and global (EFB(G)) average was derived from the updated 
dataset of Global Footprint Network (GFN) database (Lo et al., 2025).

2.6. Estimation of the ecological deficit/reserve on local, national and 
global level

Estimation of ecological deficit and reserve at local, national, and 
global levels was conducted using a subtraction method. The net 
ecological reserve or deficit was calculated by subtracting the ecological 
footprint of biomass production from the biocapacity (gha/person) at 

each respective scale. The calculation was performed using the 
following equation (Eq. 6): 

Ecological deficit/reserve = BCB − EFB(L)
/
EFB(N)

/
EFB(G) (Eq. 6) 

In this equation, a positive value indicates an ecological reserve, while a 
negative value signifies an ecological deficit.

2.7. Spatial biocapacity mapping using ordinary kriging

Biocapacity data were collected at the plot level from 54 locations 
across the Sundarbans mangrove forest, and ecological deficit and 
reserve data were compiled and analyzed at local, national, and global 
scales. Spatial dependence was evaluated through variogram modeling, 
with the variogram fitted using a linear model and specific adjustments 
made for partial sill, range, and nugget parameters to accurately capture 
spatial correlation. This approach facilitates precise spatial assessments 
critical for ecosystem monitoring and management. The entire work
flow, encompassing variogram modeling, kriging, and visualization, was 
automated using a custom function based on the methodology outlined 
by Oliver & Webster (2014) using a 400×400 grid, ensuring detailed 
spatial coverage. The study area boundaries were defined using a 
shapefile, and all interpolations were masked to prevent extrapolation 
beyond these boundaries. Spatial operations were executed using the 
‘gstat’, ‘sf’, ‘raster’, and ‘sp’ libraries in R version 4.4.1 (R Core Team, 
2024). Visualization of the interpolated results was performed with 
ggplot2, employing a custom color scale to enhance clarity. 
High-resolution maps, displaying the spatial distribution of biocapacity 
(in global hectares per person), were generated and saved as PNG files. 
This methodological approach provided a comprehensive spatial anal
ysis of biocapacity and ecological deficit/reserve within the Sundarbans, 
offering insights into the spatial variability and the influence of envi
ronmental and anthropogenic factors on this critical ecosystem.

2.8. Salinity zone and related climatic data collection

The study encompassed 54 plots distributed across three major 
salinity zones. Based on soil salinity distribution from our electric con
ductivity soil parameters, three distinct zones were identified: oligoha
line (salinity <2 mS cm− 1), mesohaline (salinity 2–4 mS cm− 1), and 
polyhaline (salinity >4 mS cm− 1) (Siddique, 2001). Detailed of the plot 
number and associated salinity zone are provided in Supplement 3. In 
addition, climatic data, including mean annual temperature (◦C), total 
annual precipitation (mm), and mean annual wind speed (m/s), were 
obtained from the WorldClim version 2.1 dataset at a 1 km spatial res
olution. This dataset provides high-resolution gridded climate surfaces 
based on 30 years of interpolated data and is widely used for ecological 
and environmental studies (Fick and Hijmans, 2017).

2.9. Statistical analysis

All statistical analyses were performed using R version 4.4.1 (R Core 
Team, 2024). Bar graphs with post hoc Tukey tests were generated using 
the ggplot2 package, with Tukey’s Honestly Significant Difference (HSD) 
test applied through TukeyHSD. Salinity classification was treated as a 
numerical variable in the ANOVA (1 for oligohaline, 2 for mesohaline, 
and 3 for polyhaline zones). Scatterplots and regression analyses were 
conducted using the linear model function (lm) in R. We note that 
principal component analysis and regression models identify statistical 
associations but cannot establish causal relationships. This study was 
designed to evaluate spatial patterns of biocapacity and identify key 
environmental drivers rather than to infer causality. Establishing causal 
pathways will require longitudinal or experimental datasets, and future 
work may benefit from approaches such as structural equation modeling 
(SEM) once such data are available.
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3. Results

3.1. Spatial distribution of biocapacity and ecological deficit/reserve on 
local, national and global level

The spatial distribution of biocapacity (gha/person) and ecological 
deficit/reserve across the Sundarbans is shown in Fig. 2. Locally, mean 
biocapacity was highest in the north (1.87 gha/person; 0.64–4.37), 
moderate in the center (1.22 gha/person; 0.20–2.48), and lowest in the 
south (0.59 gha/person; 0.04–1.85) (Fig. 2a).

Ecological deficits and reserves exhibited clear spatial gradients 
(Fig. 2b–d). At the local scale, reserves in the north ranged from 0.17 to 
3.90 gha/person (mean 1.40), the center from − 0.26 to 2.01 gha/person 
(mean 0.75), and the south from − 0.43 to 1.38 gha/person (mean 0.12). 
Reserves concentrated in central and northeastern areas, while southern 
and southwestern zones consistently faced deficits. Similar patterns 
were observed nationally. Northern reserves ranged from − 0.06 to 3.67 
gha/person (mean 1.17), central reserves from − 0.50 to 1.78 gha/per
son (mean 0.52), and southern areas showed deeper deficits (− 0.66 to 
1.15 gha/person; mean − 0.11) (Fig. 2c). At the global scale, deficits 
intensified, particularly in saline southern zones. Southern deficits 
ranged from − 1.56 to 0.25 gha/person (mean − 1.01), central from 
− 1.40 to 0.88 gha/person (mean − 0.38), while northern reserves varied 
from − 0.96 to 2.77 gha/person (mean 0.27) (Fig. 2d).

These findings highlight a progressive increase in ecological imbal
ance from local to global scales, with southern regions more vulnerable 

due to higher salinity and environmental stress.

3.2. Effects of salinity zone on biocapacity and ecological deficit/reserve 
on local, national and global level

Biocapacity declined significantly across salinity zones, with the 
oligohaline zone showing the highest mean biocapacity (1.87 ± 0.16 
gha/person), followed by mesohaline (1.13 ± 0.17) and polyhaline 
(0.48 ± 0.10) zones (R2 = 0.35, p < 0.001; Fig. 3a). Post hoc Tukey tests 
confirmed significant differences among all zones.

Similarly, local ecological reserves decreased from oligohaline (1.40 
± 0.16 gha/person) to mesohaline (0.66 ± 0.17) and polyhaline (0.02 
± 0.10) zones relative to the local footprint (R2 = 0.32, p < 0.001; 
Fig. 3b), with all pairwise differences significant. At the national scale, 
ecological reserves were positive in oligohaline (1.17 ± 0.16) and 
mesohaline (0.42 ± 0.16) zones but negative in the polyhaline zone 
(− 0.21 ± 0.10 gha/person), indicating a significant downward trend 
across salinity zones (R2 = 0.29, p < 0.001; Fig. 3c), confirmed by Tukey 
tests. Globally, reserves persisted in the oligohaline zone (0.26 ± 0.16 
gha/person), while mesohaline (− 0.47 ± 0.16) and polyhaline (− 1.11 
± 0.10) zones exhibited escalating deficits (Fig. 3d), with significant 
differences confirmed at both national and global levels (Fig. 3c and d).

3.3. Multiple driver effects on biocapacity

In the three-dimensional Principal Component Analysis (PCA) 

Fig. 2. Spatial distribution of the a) Biocapacity in global hectares per person (gha/person), b) Ecological deficit/reserve (D/R) local level, c) Ecological deficit/ 
reserve national level, and d) Ecological deficit/reserve global level.
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(Fig. 4), 15 drivers explained 51.8 % of the total variation in Sundarban 
biocapacity (gha⋅person− 1). PC1 accounted for 27.3 % of the variation, 
while PC2 and PC3 explained 14.6 % and 9.9 %, respectively. Among 
climatic factors, mean annual temperature (r = − 0.42) and electrical 
conductivity (r = − 0.39), a proxy for soil salinity, exhibited the stron
gest negative correlations with biocapacity. In contrast, stand structure 
factors, including mean plot tree height (r = 0.33) and average wood 
density per plot (r = 0.34), showed the highest positive correlations with 
biocapacity (Fig. 4).

3.4. Climatic, environmental and topographic factors

Regression analysis was conducted to evaluate the relationship be
tween biocapacity (gha⋅person− 1) and selected climatic, environmental 
and topographic factors. A significant negative relation was identified 
between biocapacity and mean annual temperature (◦C) (R2 = 0.18, p <
0.001) (Fig. 5a). In contrast, biocapacity was found to be positively 
related with both annual precipitation (mm) (R2 = 0.10, p < 0.001) and 
elevation (m) (R2 = 0.18, p < 0.001) (Fig. 5b and d). No statistically 
significant relationship was detected between biocapacity and mean 
wind speed (m⋅s− 1) (R2 = 0.04, p = 0.22) (Fig. 5c). ANOVA results 
further supported these findings. A significant negative association was 
confirmed between biocapacity and mean annual temperature (R2 =

0.16, F = 11.23, p < 0.001) (Fig. 5a–Table 1). Biocapacity also showed 
significant positive relations with annual precipitation (R2 = 0.054, F =
4.04, p < 0.001) and elevation (R2 = 0.12, F = 8.76, p < 0.001) (Fig. 5b 
and d; Table 1). No significant relation was observed between 

biocapacity and mean wind speed (R2 = 0.006, F = 1.33, p = 0.25) 
(Fig. 5c).

3.5. Stand structure and soil properties factor

Biocapacity exhibited significant positive relationship with several 
stand structure factors. Mean plot tree height (m) was positively asso
ciated with biocapacity (R2 = 0.11, p < 0.05), indicating that taller trees 
contribute to higher biocapacity (Fig. 5e–Table 1). Similarly, average 
wood density (g⋅cm− 3) showed a positive relation with biocapacity (R2 

= 0.12, p < 0.05) (Fig. 5g). Other structural parameters, including mean 
plot basal area (cm2) (Fig. 5f), species abundance (individuals⋅ha− 1) 
(Fig. 5h), and species richness (species⋅ha− 1) (Fig. 5i), did not show 
significant relationships with biocapacity (p > 0.05). Canopy cover (%) 
displayed a modest but significant positive association with biocapacity 
(R2 = 0.07, p < 0.05) (Fig. 5j). Among the soil factors, electrical con
ductivity (mS⋅cm− 1), a proxy for soil salinity, exhibited a strong negative 
relation with biocapacity (R2 = 0.15, p < 0.01) (Fig. 5l–Table 1). Soil pH 
showed no significant association (p > 0.05) (Fig. 5k). Similarly, soil 
bulk density (g⋅cm− 3) (Fig. 5m), litter organic carbon (t⋅ha− 1) (Fig. 5n), 
and soil organic carbon (t⋅ha− 1) (Fig. 5o) were not significantly related 
with biocapacity (p > 0.05).

4. Discussion

The spatial distribution and environmental influences on biocapacity 
and ecological deficit/reserve in the Sundarbans mangrove forest reveal 

Fig. 3. Bar plot showing different salinity zone vs a) Biocapacity (gha/person), b) Ecological deficit/reserve local level, c) Ecological deficit/reserve national level, 
and d) Ecological deficit/reserve global level. Statistical significance (p < 0.05) among salinity levels was assessed using ANOVA followed by Tukey’s HSD test, with 
different letters indicating significant differences. Different uppercase letters above the bars indicate significant differences between salinity zones within each 
panel (a–d).
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intricate patterns of ecological balance influenced by both local and 
broader-scale factors.

4.1. Spatial distribution and regional variability

The biocapacity distribution across the Sundarbans shows a clear 
gradient, with higher values (up to 4.36 gha/person) in the northern and 
central regions and lower values (as low as 0.04 gha/person) in the 
southern zone. Our results demonstrate a clear gradient in biocapacity, 
corroborating earlier observations (Kamruzzaman et al., 2017; Tusar 
et al., 2023), but extend these findings by explicitly linking spatial 
variability to quantitative measures of ecological deficit/reserve, 
thereby providing new evidence on how salinity and hydrology shape 
ecosystem capacity in the Sundarbans. These results reinforce the 
recognized role of salinity gradients in mangrove productivity (Ahmed 
et al., 2023; Perri et al., 2023), while our study adds novel quantification 
of how these gradients influence biocapacity and ecological balance at 
multiple spatial scales.

In the Sundarbans, these patterns are likely influenced by factors 
such as salinity and inundation frequency, which regulate resource 
availability and ecological capacity. The central and northeastern re
gions, having higher biocapacity, may benefit from more favorable 
conditions for biotic productivity and ecosystem functioning. 
Conversely, the southern and southwestern parts face ecological deficits, 
potentially due to increased salinity, erosion and climatic hazards, 
which could exacerbate resource scarcity and ecological strain. Similar 
patterns have been reported in other mangrove systems globally. For 
example, Ahmed et al. (2022) found declining site quality along 
increasing salinity gradients in Sundarbans, and Zheng et al. (2023)
reported similar findings for China’s southern mangroves, where 
increased salinity and urban pressures reduce ecosystem productivity 
and biocapacity.

At the national and global scales, the trend persists, with significant 
ecological deficits observed in the southern and southwestern parts. This 
is consistent with broader observations of mangrove systems showing 
how local scale disturbances contribute to larger ecological balances 
(Duke et al., 2007). The assessed ecological deficits in the southern part 

at the global scale suggest a critical need for targeted conservation ef
forts in this region to address the imbalance between resource avail
ability and ecological demand.

4.2. Impact of salinity on biocapacity and ecological balance

Salinity is a key factor influencing the biocapacity and productivity 
of coastal wetlands, as it significantly regulates carbon allocation and 
overall ecosystem functioning (Alongi, 1998; Ball, 1988; Perri et al., 
2019). Tidal zonation, which affects species distribution and their suc
cession patterns in turn shapes the productivity and ecological balance 
of these ecosystems and is closely linked to salinity gradients (Perri 
et al., 2018; Perri and Molini, 2022). Managing coastal wetland eco
systems and maintaining their capacity to support biodiversity and 
essential ecosystem services requires a comprehensive understanding of 
the impacts of salinity on these dynamics.

Our analysis of biocapacity and ecological deficit/reserve across 
different salinity zones highlights the fundamental role of salinity in 
shaping ecological outcomes. Oligohaline zones, characterized by lower 
salinity, exhibit the highest biocapacity, indicating that reduced salinity 
supports higher primary productivity and resource availability in 
mangrove ecosystems. While previous studies identified salinity as a key 
limiting factor for biomass and carbon stocks (Adame et al., 2021; 
Bathmann et al., 2021; Perri et al., 2023; Yoshikai et al., 2022), our work 
explicitly demonstrates how salinity gradients translate into spatial 
patterns of biocapacity and ecological deficits in the Sundarbans, 
providing more direct evidence for ecosystem management. The sig
nificant decline in biocapacity from oligohaline to polyhaline zones re
flects the detrimental effects of elevated salinity through impeding 
biotic performance and reducing ecological resilience (Ahmed et al., 
2022). At the local level, oligohaline regions demonstrate robust 
ecological reserves, while polyhaline regions exhibit near-zero ecolog
ical balance (Ahmed et al., 2023) reported the higher abundance of 
small-sized trees in polyhaline zones of the Sundarbans and indicated 
the impact of salinity on tree growth of mangroves, implying lower 
productivity of this zone. Nationally, the gradual decline of ecological 
reserves from oligohaline to polyhaline regions is evident. But globally, 

Fig. 4. Three-dimensional principal component analysis (PCA) illustrating the relationship between biocapacity and: a) climatic factors, including mean annual 
temperature and total annual precipitation; b) environmental and topographic factors, encompassing mean annual wind speed and elevation; c) stand structure 
characteristics, such as mean plot tree height, mean plot basal area, average wood density, species abundance, species richness, and canopy cover; and d) soil 
properties, including soil pH, electrical conductivity, soil bulk density, litter organic carbon, and soil organic carbon. Here, corr = correlation values.
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Fig. 5. Scatter plots showing the relationship between biocapacity biomass (gha⋅person− 1) and climatic factors, including a) Mean annual temperature (oC) and b) 
Total annual precipitation (mm); environmental and topographic factors, c) mean annual wind speed (m⋅s− 1) and d) elevation (m); stand structure characteristics, 
such as e) mean plot tree height (m), f) mean plot basal area (cm2), g) average wood density (g⋅cm− 3), h) species abundance (per ha), i) species richness (per ha), and 
j) canopy cover (%); and soil properties, including k) soil pH, l) Electrical conductivity (mS⋅cm− 1), m) soil bulk density (g⋅cm− 3), n) litter organic carbon (t⋅ha− 1), 
and o) soil organic carbon (t⋅ha− 1).
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polyhaline regions face significant ecological deficits. Though estab
lishing a direct connection between salt stress and ecological balance at 
the global scale is challenging, our observations provide an explicit 
impact of salinity on ecological balance across scales.

4.3. Drivers of biocapacity in the Sundarbans

Identifying factors driving the biocapacity of globally important 
mangroves is crucial for management and conservation. Our study 
focused on natural factors—climate, environment, stand structure, and 
soil properties— which explained 51.8 % of the biocapacity variation in 
the Sundarbans, underscoring their critical role in sustaining ecological 
and human needs. We acknowledge that 48.2 % of the variation remains 
unexplained, typical in complex ecosystems due to unmeasured vari
ables, natural variability, and system complexity (Legendre and Legen
dre, 2012).

Climate, especially temperature and precipitation, were significant 
drivers of biocapacity. Climatic factors regulate physiological processes, 
productivity, carbon sequestration, and species distribution (Fu et al., 
2017; Mao et al., 2022; Zhou et al., 2016). Temperature limits mangrove 
range and biodiversity; we found a negative correlation between bio
capacity and mean annual temperature, suggesting potential declines 
under warming scenarios (Duke et al., 1998; Osland et al., 2016; Riv
era-Monroy et al., 2017). Conversely, biocapacity positively correlated 
with precipitation, supporting mangrove expansion and productivity via 
enhanced sediment and nutrient delivery through river discharge 
(Donato et al., 2011; Eslami-Andargoli et al., 2009; Rasquinha and 
Mishra, 2021; Sanders et al., 2016). These dynamics emphasize the 
vulnerability of this mangrove ecosystem in the context of future climate 
change.

Soil properties were selected based on their ecological relevance and 
prior studies identifying soil chemistry as a key driver in mangroves 
(Alongi, 2021). We included pH, electrical conductivity (EC), organic 
carbon, nitrogen, and phosphorus to represent soil chemical conditions 
affecting plant growth and carbon storage. EC, a proxy for salinity, was 
the only significant soil correlate, reflecting salinity’s dominant role in 
limiting mangrove productivity (Wang et al., 2018; Ahmed et al., 2022), 
while other soil variables showed weaker or non-significant relation
ships, consistent with previous findings.

Sundarbans’ low elevation influences topography, tidal inundation, 
soil salinity, and species survival, making it vulnerable to sea-level rise, 
which will likely reduce biocapacity as inundation regimes shift (Kumari 
et al., 2020a). Elevation also affects soil pH and nitrogen, both crucial 
for mangrove growth and carbon sequestration (Huang et al., 2023; 
Meng et al., 2022). Stand structure also impacts biocapacity; positive 

relationships between tree height, wood density, and biocapacity indi
cate taller, denser trees enhance ecosystem capacity. This supports 
conserving and restoring healthy forest structure to sustain the Sun
darbans productivity.

Recognizing climate, salinity, and stand structure as key drivers, 
conservation strategies should integrate dynamic, data-driven manage
ment. This study supports ecosystem-based adaptation (EbA), 
combining predictive modeling with stakeholder engagement to build 
resilience. Findings from the Sundarbans provide a foundation for 
adaptive policies applicable to mangrove systems globally, promoting 
scalable climate mitigation and biodiversity conservation. Future 
research should employ advanced modeling techniques, such as ma
chine learning, to further unravel complex ecological interactions with 
climatic and anthropogenic factors.

4.4. Global implications of the findings

Our study offers a comprehensive evaluation of the drivers that 
shape biocapacity in Sundarbans, the world’s largest mangrove forest, 
by providing critical insights into how variables such as climate, salinity 
and stand structure influence this globally vital ecosystem. Mangrove 
forests globally are recognized for their multifaceted ecological func
tions that include carbon sequestration, shoreline stabilization, and 
support for diverse marine and terrestrial species (Kumari et al., 2020b; 
Lee et al., 2014). However, our study findings highlight how the Sun
darbans facing increasing challenges from climate change, affecting its 
ability to sustain ecological balance.

Much like terrestrial ecosystem conservation strategies that must 
consider both local contexts and broader ecological dynamics, mangrove 
conservation requires an integrated approach. Exploration of bio
capacity drivers in our study uncovers how the local factors mirror 
global environmental patterns. For example, the negative impact of 
temperature aligns with broader climate change trends, suggesting that 
rising global temperatures may diminish the ecological capacity of 
mangroves worldwide. Conversely, the positive relationship of struc
tural factors like tree height, wood density reinforces the global 
importance of structurally diverse forests in maintaining ecosystem 
functions. Seasonal and interannual changes in water temperature, sea 
level, and salinity are fundamental drivers of mangrove distribution, 
productivity, and resilience. These hydrological factors interact with 
climate and geomorphology to shape resource availability, species 
turnover, and stress responses. Rising sea levels alter inundation, sedi
ment supply, and nutrient delivery, while fluctuations in water tem
perature affect physiology and reproduction, with lasting impacts on 
stability (Fu et al., 2025; Yao et al., 2025). Recognizing these controls 
provides a fuller understanding of ecological balance and emphasizes 
the need to integrate freshwater inflow management into conservation 
policy.

The observed ecological deficits in the southern and southwestern 
regions of the Sundarbans align with global patterns of mangrove under 
ecological stress, underscoring the need for comprehensive conservation 
strategies that address both local and global environmental challenges. 
The observed ecological reserves are located very close to local com
munities and are more vulnerable to anthropogenic disturbances sug
gesting planned protection and conservation. Failing to address local 
needs could undermine long-term conservation efforts.

Future research on global mangrove biocapacity could benefit from 
incorporating additional environmental factors such as seasonal water 
temperature and hydrometeorological dynamics, which are known to 
influence short-term physiological responses.

Finally, our study provides a framework for assessing the impacts of 
environmental changes on large-scale mangrove ecosystems and sug
gests that future research should continue to explore these dynamics to 
inform conservation strategies and enhance ecosystem resilience in the 
face of ongoing environmental changes.

Table 1 
One-way ANOVA of biocapacity (gha per person) associated with environmental 
factors and climatic variables in the Sundarbans.

Factor class Factors F 
value

p-value

Climate Mean annual temperature (◦C) 11.24 <0.01**
Total precipitation (mm) 4.042 <0.05*

Environment and 
Topography

Mean wind speed (m/s) 1.336 0.253
Elevation (m) 8.762 <0.01**

Stand structure Mean plot tree height (m) 6.482 <0.05*
Mean plot basal area (cm2) 1.52 0.223
Average wood density 
(g⋅cm− 3)

6.79 <0.05*

Species abundance (per ha) 0.003 0.957
Species richness (per ha) 1.272 0.265
Canopy cover (%) 4.144 <0.05*

Soil properties Soil pH 2.276 0.137
Electrical conductivity 
(mS⋅cm− 1)

9.462 <0.01**

Soil bulk density (g⋅cm− 3) 0.183 0.671
Litter organic carbon (t⋅ha− 1) 0.759 0.388
Soil organic carbon (t⋅ha− 1) 0.159 0.692
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5. Conclusion

This study provides a comprehensive assessment of the biocapacity 
and ecological balance of the Sundarbans, highlighting its spatial vari
ations at local, national, and global scales. It reveals that northern and 
central parts have higher biocapacity compared to the southern part, 
which struggles with ecological deficits. Unlike previous studies that 
focused solely on carbon storage or species diversity, this study uniquely 
links ecological provisioning directly with human needs, quantitatively 
coupling biological carrying capacity with salinity gradients and cli
matic factors. Salinity emerges as a key factor of biocapacity variation 
and ecological balance revealing the complex interaction between 
environmental factors and resource availability. Climatic variables, 
particularly mean annual temperature and annual precipitation, signif
icantly affect biocapacity, while wind speed has negligible effects. These 
findings enhance our understanding of the Sundarbans’ ecological dy
namics and emphasize the need for integrated conservation strategies. 
Future research should focus on integrating these findings with climate 
change models to develop predictive tools for policymakers in envi
ronmental management and coastal conservation planning. Globally, 
this study contributes valuable insights to inform broader conservation 
efforts for mangrove ecosystems, highlighting the Sundarbans as a 
model system for assessing the coupling of ecological capacity, envi
ronmental gradients, and human demand, thereby underscoring its 
innovative contribution to mangrove research.
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