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• Ecosystem responses to salinity gradients
were studied in the Bangladesh
Sundarbans.

• Increasing salinity significantly impedes
forest growth and ecosystem functions.

• Nutrients and leaf area index had a posi-
tive impact on functional variables.

• The power law explains the consistent de-
cline of functional variables with salinity.

• High nutrient availability and leaf area are
likely to buffer the salinity impacts.
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Mangroves continue to be threatened across their range by a mix of anthropogenic and climate change-related stress.
Climate change-induced salinity is likely to alter the structure and functions of highly productive mangrove systems.
However, we still lack a comprehensive understanding of how rising salinity affects forest structure and functions be-
cause of the limited availability of mangrove field data. Therefore, based on extensive spatiotemporal mangrove data
covering a large-scale salinity gradient, collected from the world's largest single tract mangrove ecosystem – the
Bangladesh Sundarbans, we, aimed to examine (QI) how rising salinity influences forest structure (e.g., stand density,
diversity, leaf area index (LAI), etc.), functions (e.g., carbon stocks, forest growth), nutrients availability, and func-
tional traits (e.g., specific leaf area, wood density). We also wanted to know (QII) how forest functions interact (direct
vs. indirect) with biotic (i.e., stand structure, species richness, etc.) and abiotic factors (salinity, nutrients, light avail-
ability, etc.). We also asked (QIII) whether the functional variable decreases disproportionately with salinity and ap-
plied the power-law (i.e., Y = a Xb) to the salinity and functional variable relationships. In this study, we found that
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rises in salinity significantly impede forest growth and produce less productive ecosystems dominated by dwarf species
while reducing stand structural properties (i.e., tree height, basal area, dominant tree height, LAI), soil carbon (organic
and root carbon), and macronutrient availability in the soil (e.g., NH4+, P, and K). Besides, species-specific leaf area
(related to resource acquisition) also decreased with salinity, whereas wood density (related to resource conservation)
increased. We observed a declining abundance of the salt-intolerant climax species (Heritiera fomes) and dominance of
the salt-tolerant species (Excoecaria agallocha, Ceriops decandra) in the high saline areas. In the case of biotic and abiotic
factors, salinity and salinity-driven gap fraction (high transmission of light) had a strong negative impact on functional
variables, while nutrients and LAI had a positive impact. In addition, the power-law explained the consistent decline of
functional variables with salinity. Our study disentangles the negative effects of salinity on site quality in the
Sundarbans mangrove ecosystem, and we recognize that nutrient availability and LAI are likely to buffer the less
salt-tolerant species to maintain the ability to sequester carbon with sea-level rise. These novel findings advance our
understanding of how a single stressor—salinity—can shape mangrove structure, functions, and productivity and
offer decision makers a much-needed scientific basis for developing pragmatic ecosystem management and conserva-
tion plans in highly stressed coastal ecosystems across the globe.
1. Introduction

Mangrove forests are among the most dynamic and distinctive coastal
ecosystems, ranging mostly in the tropics and subtropics (covering 0.7 %
and 0.1 % of tropical and world forests, respectively) (Friess et al., 2019;
Giri et al., 2011; Thomas et al., 2017). They are among the most carbon-
rich forests on earth, storing up to five times more carbon per unit area
than any other forested ecosystem (Donato et al., 2011; Friess, 2019). Man-
groves provide an array of ecosystem services, including protection from
extreme weather events, regulating global climate, as well as livelihoods
and aesthetic values for millions of coastal people by providing food, build-
ing materials, and ecotourism (reviewed in Friess et al. (2020)).

However, mangrove forests have been severely degraded, defaunated,
and fragmented globally in recent decades due to anthropogenic threats
such as deforestation for land conversion and timber, resource over-
exploitation, and pollution (Friess et al., 2019). Importantly, climate
change-induced biophysical pressures on mangroves, such as cyclones, ero-
sion, sea-level rise, salinization, etc., have increased since the early 21st
century (Carugati et al., 2018; Goldberg et al., 2020; Hamilton and Casey,
2016; Lee et al., 2021; Richards and Friess, 2016). Specifically, increasing
salinity due to sea-level rise makes mangrove forests more vulnerable in
many tropical regions (Kirwan and Megonigal, 2013). Due to remaining
at the interface of land and sea, salinity is recognized as one of the key eco-
system controlling factors in mangroves (Chen andWang, 2017). Similarly,
the Sundarbans mangrove forest (SMF) is located at the interface of land
and sea in an active delta (i.e., Ganges-Brahmaputra) and largely exposed
to the sea where sedimentation is still occurring (Mukhopadhyay et al.,
2018), which makes SMF more vulnerable to increasing salinity. For
example, Sarker et al. (2019a) predicted that the SMF is becomingmore ho-
mogeneous by losing species under constant habitat deterioration. Alarm-
ingly, Sarker et al. (2021) predicted a 50 % salinity increase by 2050
could reduce overall ecosystem productivity by 30 %. Such large increases
in salinity are possible, as there has been a 90% reduction in freshwater dis-
charge into the SMF since 1975 due to upstream dam construction (Aziz
and Paul, 2015), encouraging salt-tolerant species to survive (Banerjee
et al., 2017). Although few studies have shown that mangrove species
typically display inherent eco-physiological resilience against deteriorated
environments through acclimatisation (Begam et al., 2020; Ellison, 2015).
But, the information how overall mangrove ecosystemwill react to salinity
and climate change is scarce.

There is a strong body of evidence that rapid changes in salinity can neg-
atively impact mangrove forest distribution, productivity, and growth
(Peters et al., 2020; Yoshikai et al., 2021). The impact may vary depending
on meteorological variables, light intensity, species-specific physiological
responses, and soil conditions. For example, higher salinity may force the
forest to homeostasis collapse by restricting normal functional processes
of the forest (Chowdhury et al., 2019) by limiting the release of nutrients
by inhibitingmicrobial decomposers, whichmay further alter species distri-
bution and composition (Alongi, 2018). A recent study conducted in the
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SMF showed that soil salinity, pH, and siltation are the major mangrove
biodiversity-restricting factors (Sarker et al., 2019b), but the underlying
mechanisms of how they reduce forest functions are poorly understood.
In addition to salinity, several biotic and abiotic factors can influence forest
functions. To illustrate, nutrient availability largely controlled mangrove
growth and the biotic and abiotic factor interactions (e.g., direct vs indirect)
(Reef et al., 2010) and species diversity enhances carbon stocks (Rahman
et al., 2021a). Indeed, species richness is closely related to the productivity
and nutrient cycling of an ecosystem (Ratcliffe et al., 2017; Tilman et al.,
1997). In addition, structural diversity such as variation in height enhances
our ability to better predict ecosystem functions under stress (LaRue et al.,
2019; Tilman et al., 1997) and is further linked to diversity productivity re-
lationships through niche complementarity and light-capturing (Zheng
et al., 2019). Hence, uncovering the relationships between these factors
may enhance our understanding of how the ecosystem functions (Huang
et al., 2018) to stress. These complex interactions between the biotic and
abiotic factors with forest functions and their relative importance in man-
groves incorporating salinity are not well documented or rarely focused.

Several studies across the globe have already attempted to assess the
impact of salinity, mostly on blue carbon and stand structure of mangroves
(Alongi, 2022; Rahman et al., 2021a; Sarker et al., 2019b), but rarely
uncovered overall ecosystem reactions to climate change. A few studies
have examined salinity eco-zone impacts on forest structure (Ahmed and
Kamruzzaman, 2021; Kamruzzaman et al., 2017), above-ground carbon
stocks (Rahman et al., 2015), soil carbon (Rahman et al., 2021b), fine
root (Ahmed et al., 2021) in the SMF. However, we lack a comprehensive
quantitative understanding of how rising salinity may affect overall
mangrove structure and functions. This knowledge gap comes from the
limited fine-scale salinity data availability (rarely focused on a large-scale
salinity gradient) and its effect on species down to the community-level
(e.g., mangrove structure, functions, growth and productivity). The knowl-
edge gap limits our ability to better predict mangroves' structural and func-
tional dynamics under changing climates. Apart from this, the increasing
salinity trend may support our expected interactions with other forest fac-
tors, to illustrate, salinity negatively affects forest variables, and diversity
positively affects functions. To date, how salinitymediates the relationships
between productivity and other forest variables in mangrove forests is still
an open question specifically across a large-scale salinity gradient.

Moreover, it is well recognized that blue carbon is impacted by salinity
(Rahman et al., 2015; Rahman et al., 2021a), which raises new questions
about whether salinity-modified functional variables follow the power-
law (i.e., Y = a Xb or log Y = log a + b log X) or not, which is critical to
explain how one variable potentially impacts other variables (Duncanson
et al., 2015). Exploring these consistent patterns provides crucial key infor-
mation for understating forest dynamics (Farrior et al., 2016) and can be
linked with metabolic scaling theory (MST) predictions (i.e., various size
and shape should scale one another) (Jucker et al., 2022; Shenkin et al.,
2020). There are several examples in forest ecology that follow power-
law distribution such as tree height and diameter relationships (H∝D2/3)
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(Duncanson et al., 2015; Jucker et al., 2022), and tree-size distribution
(i.e., dominant and suppressed) (Farrior et al., 2016), but not commonly
seen to use in functional variables and in mangrove. We thus assume that
a consistent decline in functional variables (e.g., forest growth and carbon
pools) with rising salinity can be scaled by a power law as forest functions
largely defined by structure and thus related to MST. We aimed to simplify
the salinity and functional variables relationships in mangroves which may
help to better understand mangrove eco-physiological response, carbon
dynamics and MST predictions. Therefore, considering the determining
role of salinity together with other forest variables, we comprehensively
investigated the interactive effects of increasing soil salinity (a large-scale
salinity) on mangrove productivity and associated ecosystem functioning
(growth and carbon pools), by taking species differences in salinity
tolerance to accurately predict the mangrove biomass dynamics.

However, limited location specific data restricts our understanding of
mangrove dynamics (Dasgupta et al., 2019). Based on exhaustive spatio-
temporal mangrove data collected from the SMF, the overarching aim of
this study was to understand how rising salinity influences multiple funda-
mental aspects of a mangrove forest (i.e., structure, functions, growth, and
productivity). Therefore, we ask (QI) what are the responses of the forest
variables, functional traits, and growth patterns to the salinity gradient
and between the salinity ecozones (low vs. high magnitude of salinity)?
(QII) what are the relationships between abiotic (salinity, nutrients, etc.),
biotic factors (stand structure, species richness, etc.), and functional vari-
ables (forest growth and carbon stocks) along the salinity gradient? and
(QIII) does the power law apply to salinity-modified ecosystem functional
variables such as growth and carbon pools?

Precisely, we posed the following three hypotheses: (HI) salinity
impacts the forest variables negatively which is shown in Fig. 1 and shifts
the growth trend from positive to negative. (HII) Salinity would have direct
negative impacts on forest variables while species and structural diversity
and nutrients might have positive impacts and these relationships
may have varied across the salinity gradient and zones. (HIII) We hypothe-
sized that forest functional variables would decline consistently and
Fig. 1. Visualization of the link between salinity and forest variables (above and belo
functions is provided. The negative effects are indicated by the red arrow. Growth is d
Red lines indicate negative and green lines indicate positive impacts.
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proportionately with increasing salinity, implying that the power-law
would be supported.

To answer the questions and test the hypotheses, we evaluated forest
structure, species, and structural diversity, carbon pools (above and below-
ground), nutrient contents, and functional traits (specific leaf area and
wood density).
2. Materials and methods

2.1. Study site description

Located in the Gangetic delta between Bangladesh (60 % of the man-
grove forest area or 6017 km2) and India (40 %), and comprising nearly
half of the world's mangrove plant species, the Sundarbans serves as a
bio-shield and provides the livelihood for around 3.5 million people
(Abdullah et al., 2016; Hamilton and Casey, 2016; Rahman and Begum,
2011; Uddin et al., 2013). However, this global priority mangrove ecosys-
tem is severely imperilled by climate change and anthropogenic distur-
bances (Halder et al., 2021; Hamilton and Casey, 2016; Rahman, 2020).
Notably, Bangladesh's coastline is experiencing a higher rate of sea-level
rise (5.93 mm yr−1) than the rest of the world (1.0–2.0 mm yr−1) (Karim
and Mimura, 2008), as 50 % of the land remains 8 m below sea level
(Mörner, 2010). Thus, the Bangladesh Sundarbans mangrove forest (SMF)
ismore susceptible to salinity intrusion (Sarker et al., 2016)with alterations
in hydrological patterns (Wahid et al., 2007) and soil biogeochemistry
(Banerjee et al., 2017).

We conducted this study in the Sundarbans mangrove forest (SMF),
Bangladesh (21°30′–22° 30′ N, 89°00′–89°55′ E) (Supplementary Fig. 1,
and Islam (2001)). A river water salinity characterization classifies the eco-
system into three major unique ecological zones, namely, oligohaline,
mesohaline, and polyhaline with salinities of <14 ppt, 14–25 ppt, and
>25 ppt respectively (Islam and Gnauck, 2009). These salinity ecozones
strongly influence the plant communities in SMF (Ahmed and Iqbal, 2011).
wground). An inset depicting the relationship between biotic, abiotic, and forest
efined by a black, solid vertical line and the circle denotes wood density at 1.3 m.
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2.2. Tree inventory

To evaluate forest variables and carbon stocks, we established 60 perma-
nent sample plots (PSPs). Each plot measured 0.01 ha and 20 PSPs were
established in each of the salinity eco-regions by adopting a stratified random
sampling technique across the SMF in April 2018. The plots represented the
forest types (Iftekhar and Saenger, 2008) in the oligohaline (Heritiera fomes,
H. fomes – Excoecaria agallocha, and E. agallocha – H. fomes), mesohaline
(H. fomes – E. agallocha, and E. agallocha – H. fomes) and polyhaline
(E. agallocha – Ceriops decandra and the C. decandra – E. agallocha) eco-
regions (Supplementary Fig. 1). We identified and tagged all the trees with
DBH (diameter at breast height – 1.3 m from the ground) ≥ 4.6 cm with
an aluminium tag and also measured tree heights using an electrical
Dendrometer (Criterion RD 1000, Laser Technology Incorporation, USA).
Because of the sluggish growth pattern ofmangroves especially aboveground,
we adopted the criterion (4.6 cm) that has been used since the 1900s
(Iftekhar and Saenger, 2008). Trees with DBH ≤ 4.6 cm were marked as
seedlings or regeneration and counted by species name by establishing a
2m×5mplot at the center of each PSP (Supplementary Fig. 2).We revisited
all the PSPs in November 2020 andmeasured DBH and heights of all trees (in
total 1378) tagged in 2018 to evaluate growth (biomass changes over time)
and changes in growth dominance pattern with salinity. We acquired five
elevation readings (above mean sea level) from each PSP using the estab-
lished digital elevation model developed by (IWM, 2003) for the SMF (verti-
cal accuracy at pixel level: ±1 m) and then averaged these readings to
minimize the error associated with the digital elevation model.

2.3. Stand structure, species, and structural diversity

We used all measured (DBH≥ 4.6 cm) trees to calculate stand charac-
teristics such as stand density (stems ha−1); mean tree height (m), qua-
dratic mean diameter at breast height (DBH) (or at 130 cm), stand basal
area (m2/ha), and the mean height of top tall 20 % trees of the plot
i.e., dominant height (m). To characterize species diversity, we used
Shannon's index because this index gives similar weights on both species'
frequency and dominancy, thus not favoring any species disproportionately
(Hortal et al., 2010; Jost, 2006; Liu et al., 2018). In terms of structural diver-
sity (size class distributions) (vertical and horizontal), we again used
Shannon's index by replacing species with height classes (1 m interval)
and DBH classes (2 cm interval), respectively.Wemeasured LAI and canopy
gap fraction (the amount of the sky visible from beneath the canopy and
indicates the fraction of canopy foliage cover) using the CI-100 plant
canopy analyzer (CID Bio-Science, USA). To account for plot-level variabil-
ity, we obtained five LAI and gap fraction/Transmission Coefficient
readings from each PSP and averaged the readings.

2.4. Above ground biomass and carbon estimation

We used a non-destructive method (e.g., allometry equations) to esti-
mate tree aboveground biomass. We obtained local allometric equations
for dry biomass estimation of all tree species that were recently proposed
by Rahman et al. (2021c) (see Supplementary Table 1) and later converted
into aboveground carbon (i.e., multiplying by 0.5) following Gifford
(2000).

2.5. Soil carbon and nutrients

We employed a soil sample design to account for within-plot spatial var-
iability in soil properties, below-ground nutrients, and carbon (soil and
root) (Supplementary Fig. 2a) and collected a total of nine soil samples
from each PSP at varying depths (15 cm for nutrients and properties;
50 cm for root and soil organic carbon (SOC)) (Supplementary Fig. 2a).
We collected one sample from the center of each PSP to analyze soil texture
(Supplementary Fig. 2a).We used the hydrometer method to determine the
soil texture (% of sand, silt, and clay) (Gee and Bauder, 1986) and observed
almost identical patterns up to 15 cm of soil depth (Supplementary Fig. 3).
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We used a soil conductivity meter (Extech 341350A-P Oyster) to determine
in situ soil salinity (as electrical conductivity-EC) in a 1: 5 distilled water:
soil dilution (adopted from Sarker (2017)) once the tidal water level stabi-
lized to avoid tidal effect on salinity. Later, we measured in-field soil pH
using a digital soil pH meter.

Denitrification transforms nitrate into ammonia, making ammonium
the most abundant nitrogen source in mangroves (reviewed in Reef
et al. (2010)). Therefore, we selected andmeasured soil NH4

+ concentra-
tion following the Kjeldahl method (Bremner and Breitenbeck, 1983).
The molybdovanadate method was used to quantify total phosphorus
(P) using a spectrophotometer. Sulphide (S) concentrations were mea-
sured using an UV–Vis Spectrophotometer. We used a hollow cathode
lamp (HCL) and the automatic mode in an atomic absorption spectro-
photometer (AA-7000) to quantify potassium (K) concentrations.
Besides, magnesium (Mg), iron (Fe), zinc (Zn), and copper (Cu) concentra-
tions in soil were measured using the atomic absorption spectrophotometer
at the soil chemistry laboratory of the Civil and Environmental Engineering
Department at the Shahjalal University of Science and Technology,
Bangladesh. Overall nutrients analyses were adopted from Sarker (2017).
We collected a total of 120 samples for soil and root carbon (two from each
plot), one sample from the center of each plot for soil properties analysis
while 240 samples collected (four from each plot) were samples for nutrient
analysis.

2.5.1. Soil organic carbon
Mangroves are among the most dynamic carbon-rich coastal ecosys-

tems, storing up to five times more soil carbon per unit area than any
other forested ecosystem (Donato et al., 2011; Friess, 2019). The river-
dominated Sundarbans ecosystem receives organic matter from both
allochthonous (e.g., riverine loadings) and autochthonous sources
(e.g., mangrove litter, above-ground roots, benthic vegetation, etc.) (Ray
et al., 2018). Most of the areas in the Sundarbans is washed by the tide
twice a day. While such tides transport sediments and high allochthonous
input in the regularly inundated areas (i.e., near-sea southern and western
Sundarbans), the relatively elevated areas (i.e., species-rich northern and
north-eastern Sundarbans) which are only inundated by spring tides foster
autochthonous SOC (Rahman et al., 2021b).

We estimated Soil Organic Carbon (SOC) following the methods
described by Howard et al. (2014). We collected two soil samples per plot
(total 120) by an auger (open-faced, diameter 5.6 cm and length 1.2 m),
and divided them into four soil depths classes (0–10, 10–20, and
20–50 cm) following. Soil subsamples (2 cm) were taken from the middle
of each class, transferred into plastic zipper bags after removing all stones,
visible roots, branches, and twigs, and finally stored in a temperature-
controlled (lower 10 °C) thick plastic box to avoid further oxidation and
microbial decomposition, before sending them to the laboratory for the
analysis. In the laboratory, around 50 mg of soil was passed through the
elemental analyzer (Thermo 215 Scientific Flash 2000-NC Soil Analyzer)
and inorganic carbon was separated to derive SOC following the protocols
recommended for standard titration methods (Rahman et al., 2021b).

2.5.2. Soil root (coarse and fine) carbon
We sampled the living tree roots from the top 50 cmof soil depth using the

soil-core method to estimate belowground root carbon. The soil-core method
is recommended for its cost-effectiveness, accuracy, and less time and labor re-
quirements (Addo-Danso et al., 2016). The depth of 30 cm is considered the
most active soil layer for most mangrove root processes (Castañeda-Moya
et al., 2011; Komiyama et al., 1987). A stainless-steel corer (internal diameter
12 cm and length 57 cm) was used to gather two soil cores (total 120) within
each sample plot (Supplementary Fig. 2a). Itwas promptly rinsedwith 0.3mm
steel mesh and with river water then stored in polythene zipper bags for lab
analysis. In the laboratory, the washed roots were soaked in fresh water
while flowing through different steel sieve meshes at the same time to sepa-
rate the root into size classes, such as >2 mm (fine root) and >20 mm (coarse
root). We followed the protocol of (Ahmed et al., 2021), using bare hands to
distinguish living roots from deposited dead roots, as well as their
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appearances. We weighed roots before and after oven-dried at 650C for 48 h,
and all root biomass values were converted into carbon following Gifford
(2000) and expressed as Mg C ha−1.

2.6. Functional traits

Plant functional traits are crucial in terms of observing environmental
changes (Damptey et al., 2022). Thus, along with other forest variables,
we measured a few key functional traits: plant height, specific leaf area
(SLA – leaf area per unit leaf mass), and wood density (WD – dry mass
per unit volume of wood) (Conti and Díaz, 2013). Height, a whole-plant
trait, is central to the carbon sequestration capacity of trees (Moles et al.,
2009). SLA, a key trait of the “leaf economic spectrum” (Wright et al.,
2005) regulates relative tree growth (Nicotra et al., 2010). WD is an impor-
tant trait of the “wood economic spectrum” (Chave et al., 2009) that
regulates tree hydraulics, architecture, defense, and growth potential
(Poorter et al., 2010). Denser wood offers mechanical support to tree
stems, thus increasing trees' capacity to survive under acute salinity stress
(Lasky et al., 2014; Lawson et al., 2015). All functional variables were mea-
sured following the standard protocols developed by (Perez-Harguindeguy
et al., 2013). A total of nine tree species from different zones were selected
for trait measurement (see the full list and species-specific number of
samples in Supplementary Table 2). Sample size varied due to the availabil-
ity ofmature tree species within plots as we only coredmature trees (DBH>
8 cm). For each tree, we collected a wood sample and at least three mature
leaves from sun-exposed branches for laboratory measurements. For SLA,
(a) all the leaves were immediately weighed in the field after collection to
obtain the fresh weight and then stored in a uniquely remarked polythene
zipper bag, (b) photographed the leaves (by a digital Camera-Nikon
D5500) to measure fresh leaf area (cm2) (Adobe Photoshop CS6),
(c) oven-dried the leaves for 72 h at 70 °C and measured dry mass
(g) with a digital balance (precision level 0.001 g), and (d) calculated SLA
as fresh leaf area (cm2)/dry mass (g). For WD, we collected wood cores
using an increment borer and calculated fresh wood core volume (cm3)
(V = r2l, where r = core radius, and l = core length), oven-dried the
wood cores for 72 h at 103 °C, followed by dry mass (g) measurement,
and finally, estimated WD as dry mass/fresh wood volume.

2.7. Salinity and meteorological data

Wemeasured plot-level soil salinity in five random samples in each plot
(60 plots) during April (early rainy season), and November (early winter or
dry season) each year throughout the study period (2018–2020) to avoid
seasonal effects on salinity. In addition, we collected salinity data for the
last 10 years (2011−2021) from the Bangladesh Forest Department
(BFD). The BFD collected salinity data from their established 30 PSPs across
different salinity eco-regions during April andNovember each year as a part
of the national forest inventory (which were within the 500 m range from
our PSPs). We took the advantage of it to check how salinity changed
over the last decade. Additionally, we acquired meteorological data (rain-
fall, temperature, and air relative humidity) for the last 10 years from the
Bangladesh Meteorological Department, Khulna branch, which is the
nearest meteorological station to the SMF. Meteorological variables were
measured every hour and averaged for days and months. Here we have
only presentedmonthlymean climatic data (Supplementary Fig. 4). Overall
rainfall and humidity remained constant while temperature showed a
slightly increasing trend over recent decades (Supplementary Fig. 4 a-c)
but salinity increased sharply (Supplementary Fig. 4d). This increase of sa-
linity could happen due to the combined effect of sea-level rise and lower
upstream water flow, and in the near future, salinization will be intensified
(The_World_Bank, 2022).

2.8. Statistical analysis

Statistics for testing HI: to test the first hypothesis i.e., the salinity gradi-
ent and eco-regional (high vs. low magnitude of salinity) impacts on forest
5

variables, we compared the variation of all the parameters among the salin-
ity eco-regions performing one-way ANOVA (analysis of variances)
followed by a post-hoc Tukey HSD test. The normality of the parameters
was assessed by the Shapiro–Wilk test. Log transformed data was used
when the datawas not normally distributed (Zhang and Chen, 2015). In ad-
dition, we conducted bivariate regression analyses to assess the individual
forest variable(s) response to salinity. Through bivariate relationships, we
also checked the growth response to forest biotic and abiotic variables.

Statistics for testing HII: to understand the complex direct and indirect
relationships and their interactions between salinity-modified forest vari-
ables, we developed a structural equation model (SEM) using the ‘Lavaan’
package in R (Rosseel, 2012). SEMwas chosen for its ability to depict direct
and indirect relationships (Grace et al., 2012).

Statistics for testing HIII: finally, to test the third hypothesis which is to
check whether the functional variables decrease disproportionately and
consistently with the salinity, we applied and fitted the power-law
(i.e., Y= a Xb or log Y= log a+b log X) by using the ‘poweRlaw’ package
in R (Gillespie, 2014).

All statistical analysis and visualizations were performed in the R envi-
ronment (version 4.1.1) (www.cran.r-project.org).
3. Results

3.1. Salinity impacts on forest variables

All stand structural variables except stand density showed significant
variation across salinity eco-regions (Fig. 2A). Mean tree height, mean
DBH, tree basal area, and species vertical and horizontal diversity showed
a decreasing pattern along the salinity eco-regions with the lowest values
at the polyhaline or strong saline eco-region (Fig. 2A, a1-a6). In contrast,
the Shannon species diversity index showed a significantly (p < 0.05)
higher value under polyhaline conditions (Fig. 2A, a7). Moreover, all
carbon stock-related variables significantly varied across the salinity eco-
regions and decreased with higher salinity (Fig. 2B). The highest stock of
soil organic carbon and root carbon was found in the oligohaline or less
saline eco-region (Fig. 2B, b3-b7). Also, major soil nutrients such as NH4

+,
P, Zn, and S decreased significantly in higher saline areas (Fig. 2C, c1-c2,
c5-c6), whereas magnesium (Mg) increased (Fig. 3C, c4), and K, and Fe
showed no significant responses (Fig. 2C, c3, c7) to salinity changes. High
salinity (i.e., polyhaline zone) significantly lowered the LAI (leaf area
index) (Fig. 2D, d1) while the canopy gap fraction showed an increasing
pattern with increased salinity (Fig. 2D, d2). The highest number of small
trees was observed in the oligohaline or mesohaline eco-regions, and the
reserved J-shaped curve implied a higher number of large trees in these
eco-regions than in the polyhaline eco-region (Supplementary Fig. 5). All
salinity ecoregion-wise values are represented as mean with standard devi-
ation in Supplementary Table 3 and plot-wise summaries are presented in
Supplementary Fig. 6.

Bivariate analyses revealed that forest growth and belowground carbon
(i.e., soil organic carbon and root carbon), tree height, DBH, and dominant
height of the top 20 % of trees, LAI, and nutrients (NH4

+, P, and
K) significantly decreasedwith higher salinity (Fig. 3, a-f, h, j-l). Separately,
species richness and canopy gap fraction significantly increased with salin-
ity (Fig. 3, g, i; p > 0.05). Forest structural diversity (horizontal and verti-
cal), and stand density had no significant association with plot-level soil
salinity (Supplementary Fig. 7, a-c).

We observed functional traits (i.e., specific leaf area and wood
density) varied between salinity eco-regions at species levels with few
exceptions (i.e., remained almost unchanged) (Fig. 4a, b). Overall, the
wood density of all the tree species increased, while specific leaf areas
(SLA) showed a decreasing trend with increasing salinity (Fig. 4b).
The compositional percentage of the early successional (S. apetala) and late-
successional climax species (H. fomes) substantially declinedwhereas the con-
tribution of the disturbance specialists (i.e., E. agallocha, C. decandra)
considerably increased in the polyhaline eco-region (Fig. 4c). In terms of

http://www.cran.r-project.org


Fig. 2. The variation of forest variables across the three salinity eco-regions in the Sundarbans mangrove forest: oligohaline, mesohaline and polyhaline. (A) the stand's
structural properties: (a1) average DBH (cm), (a2) horizontal diversity or Shannon DBH class richness, (a3) basal area (m2/ha), (a4) mean tree height (m), (a5) dominant
height of the top 20 % of trees (m), (a6) vertical or Shannon height class diversity, (a7) species richness or Shannon species richness, (a8) stand density (tree/ha).
(B) Carbon stocks: (b1) total carbon; TC, (b2) above ground carbon; AGC, (b3) total belowground carbon; BGC, (b4) belowground soil organic carbon; BGSC, (b5)
belowground total root carbon; BGRC (20 mm) (BGCRC + BGGRC), (b6) belowground coarse root carbon; BGCRC (220 mm), (d) belowground fine root carbon; BGFRC
(2 mm). (C) Nutrient contents: (c1) ammonium (NH4), (c2) phosphorus (P), (c3) potassium (K), (c4) magnesium (Mg), (c5) zinc (Zn), (c6) sulfur (S), (c7) iron (Fe).
(D) leaf properties: (d1) leaf area index (LAI), (d2) gap fraction transmission coefficient (GFTC). Oligo, meso, and poly indicate low, medium, and high saline zones,
respectively. The results of one-way ANOVA and the level of significance (p < 0.05) are shown in the inset.
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natural regeneration success, E. agallocha outperformed all other species by
contributing the highest counts of seedlings in all eco-regions (Fig. 4 d-e).

Biomass production over the ~2.5-year measurement period was signifi-
cantly lower at higher salinities (Fig. 5a). In addition, the cumulative growth
curve of living biomass changes throughout themeasurement period (Fig. 5b)
shows that when salinity rises, the biomass growth curve flattens, depicting
the significant impact of rising salinity in slowing the growth in the
polyhaline zone. Negative growth dominance patterns were identified across
higher saline regions (Fig. 5c, d). Trees in oligohaline regions, on the other
hand, mostly displayed positive growth dominance (Fig. 5c, d). Growth dom-
inance patterns reveal that large tree growth was restricted but small-sized
tree growth continued in higher saline ecozones and gradients (Fig. 5c and d).

Moreover, forest growth increasedwith tree height, DBH, stand density,
leaf area index, and nutrient availability (i.e., N; P, K) (Supplementary
Fig. 8 a-d, f-h). In contrast, increasing the canopy gap had a negative influ-
ence on forest growth (Supplementary Fig. 8e). However, horizontal and
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vertical structural diversity, and species diversity had no significant
influence on forest growth across the different salinity eco-regions (Supple-
mentary Fig. 7a-c).

3.2. Interactions between forest functions and abiotic and biotic factors

SEMs show the interactive relationships between soil salinity, growth,
and other forest variables (Fig. 6, Supplementary Fig. 9). Overall, data
showed that soil salinity had a negative effect on overall carbon pools, LAI,
and nutrients (Fig. 6). Forest variables such as mean DBH, height, stand den-
sity, and salinity showed indirect associations (Fig. 6, Supplementary Fig. 9a).
However, no direct significant associations were observed between soil salin-
ity and growth, while salinity indirectly affected growth through the lens of
leaf area index, carbon, nutrients, and canopy gap fraction (Fig. 6). Associa-
tions between soil salinity and other stand variables such as height, DBH, den-
sity, LAI, etc. largely varied among salinity zones (Supplementary Fig. 9c-d).



Fig. 3. Bivariate relationships between soil salinity and forest variables. (a) biomass increment, (b) soil carbon, (c) root carbon, (d) mean DBH, (e) mean height, (f) dominant
height of top 20% of tress, (g) species richness, (h) leaf area index, (i) canopy gap fraction, (j) NH4

+, (k) Phosphorus (p), and (l) Potassium (k). Each colored point represents a
sampling plot, while the black solid line indicates the fitted regression line (with R2 value). The shaded area denotes the 95% confidence interval. The rug plot along the axis
margin displayed the distribution of the data with zero width bins. The p-value indicates the significance level at the 0.05 level. Colored points define the data from different
salinity eco-regions: green, blue, and orange denote data from oligohaline, mesohaline, and polyhaline salinity eco-regions, respectively.
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For example, in the oligohaline eco-region, salinity had a significant negative
influence on total carbon only (Supplementary Fig. 9b). In the mesohaline
eco-region, LAI was lower in areas of higher salinity (Supplementary
Fig. 9c). However, in the polyhaline eco-region, salinity had an indirect
negative influence on DBH (Supplementary Fig. 9d). Details about the non-
significant and indirect associations are reported in Supplementary Fig. 9.

3.3. Power-law scaling to salinity modified functional variables

We found that salinity-driven ecosystem functional variables such as
forest growth and carbon pools follow a power-law distribution (Fig. 7a-
d, upper row). In addition, power-law fit curves denote functional variables
decline consistently with increasing salinity (Fig. 7 e-h; p < 0.01).

4. Discussion

4.1. Salinity effects on mangrove forest structure, nutrients, functional traits, and
functions

Our study found salinity to have multiple ecosystem consequences
including the reduction of structural variables such as tree height, DBH,
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stand basal area, leaf area, nutrients, growth, productivity, etc. which sup-
ports our first hypothesis. We observed low nutrients (N, P, and K) in high
saline areas (Fig. 2C a-c), which ultimately reduces site quality and makes
the sites poor. This might happen due to limited microbial activities in
high saline eco-regions as salinity restricts nutrient release by limiting mi-
crobial activities (Alongi, 2018). However, salinity impacts are more
evident in salinity ecozones when considering the distribution of forest
variables as high salinity reduced most of the forest variables (Fig. 2). We
demonstrated strong evidence that several forest ecosystem functions are
restricted under high salinity and low nutrient ecozone or sites (i.e., poor
sites) (Figs. 2, 3). The finding of decreasing patterns of functional variables
(growth and carbon pools) with increased salinity has also been evidenced
by other studies conducted in various mangrove forests. For example,
Banerjee et al. (2017) observed salinity reduced above ground biomass of
H. fomes in the Indian Sundarbans.

Although salinity reduced the forest parameters such as height, DBH,
etc. and site conditions, species diversity showed reverse patterns, meaning
it increased with salinity, which is consistent with the findings of Sarker
et al. (2019b). This might be explained by the analogous findings of co-
occurrence of several high salt-tolerant species (i.e., E. agallocha, C.
decandra, etc.) that occupied the higher salinity eco-regions. This species



Fig. 4. Species-level variations in functional traits [(a) specific leaf area, (b) wood density], (c) tree-specific compositional percentage and regeneration success, [(d) mean
seedling density (collar diameter, CD > 3 cm) and (e) mean seedling density (collar diameter 3– 4.5 cm)] across the salinity eco-regions. In subpanels a, b, d and e, green,
blue and orange horizontal lines indicate the range (95 % confidence interval), and the circle denotes the mean values, while red point defining the mean values for
specific species. Green arrows indicate an increasing trend, while red arrows indicate a decreasing trend in (c). Different letters are adopted from the post-hoc Tukey test.
Similar letters denote no significant differences. Colored letters denote difference between zones, and black letters indicate differences between species.
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patterns can also be linked with nutrient availability as nutrient can alter
species distribution and their composition (Alongi, 2018). Additionally,
we recorded that a few salt-intolerant species such asH. fomes largely disap-
peared from the high salinity and low nutrient areas which has already
been evidenced by Sarker et al. (2016). They explained that H. fomes abun-
dances decreased with increasing salinity, whichmay bemaking this forest
more homogeneous (Sarker et al., 2019a) and affect the forest functions.
Another study in the Indian Sundarbans observed that salinity restricted
the distribution of several less salt-tolerant species including H. fomes and
favored widespread colonization of generalist species such as E. agallocha
(Chowdhury et al., 2019). We thus envisage that if the increasing salinity
pattern continues, site quality will be declined (high salinity and low nutri-
ents), and future canopy cover will be dominated by highly salt-tolerant
generalist species such as E. agallocha or C. decandra. Our prediction
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could be supported by higher salt-tolerant seedling abundance in high sa-
line areas, as we observed greater regeneration or seedlings of these
species in higher salinity ecozones (Fig. 4d, e). This unequal species distri-
bution across site gradients (variations in salinity and nutrients) might have
a critical impact on tree functional traits such as leaf area.

Moreover, we observed that tree functional traits are highly responsive
to site conditions such as salinity and nutrients. To illustrate, leaf area (LAI),
specific leaf area (SLA, related to resource acquisition) of almost all species
showed declining trend with salinity, while about all species showed a
plastic enhancement of wood density (WD, resource conservation) with
increasing salinity (Figs. 2D d1, 4a, b). We also identified strong influences
of site quality on dominant height (Fig. 3e). Above mentioned functional
variables are crucial as specific leaf area (SLA) and dominant height are
growth-promoting features that describe the site condition and the plant's



Fig. 5. Variations in growth and growth dominance (GD) patterns across the different salinity eco-regions and salinity gradients: (a) Variations in growth across salinity eco-
regions; (b) cumulative growth patternswith cumulative salinity; (c) growth dominance patterns across the salinity eco-regions; and (d) growth dominance pattern across the
salinity gradient. (c) and (d) were developed by arranging the values smallest to largest, as proposed by Binkley et al. (2006). Colored lines above the black solid straight lines
(1:1) denote negative growth dominance, lines below the 1:1 solid line signify positive growth dominance, and identical lines 1:1 represent zero growth dominance. Different
letters show significant differences, i.e., adopted from the Tukey Post hoc test. Blue solid line in (a) denotes the growth trend and values are shown in the inset. GD is defined
as the tree growth distribution across tree sizes. For example, if large trees in a stand shared higher growth than biomass, indicating positive or strong GD (seemore in Binkley
et al. (2006)).
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resource-acquisition strategy (Poorter et al., 2006; Tao et al., 2016). Height
regulates the light acquisition ability (Poorter et al., 2006) while SLA re-
flects the light capture efficiency of the leaf (Perez-Harguindeguy et al.,
2013), thereby regulating the plant's growth. In contrast, wood density
(WD) largely controls plant architecture and growth (Putz et al., 1983). Spe-
cies in the poor sites (high salinity and low nutrients) showed lower SLA,
Fig. 6. Structural equation models (SEMs) showing the diverse associations with gro
(a) Developed SEM model goodness of fit tests, χ2 = 11.33, p = 0.254, with a compa
root mean square residual (SMMR = 0.043) indicating had no significant deviation fr
pathways of positive and negative effects between covariates, respectively. Arrows w
variables. Numbers with the above boxes indicate their explained variance (coefficie
predictors. The adjacent path values indicate the standardized path coefficients indic
0.05). Only significant relationships are shown. Please see Supplementary Fig. 9 for non
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denoting less photosynthetic activity in poor site conditions and thereby
lower growth. It further highlights that poor sites strongly modify func-
tional traits (i.e., WD, SLA, etc.) and have a greater impact on ecosystem
functions. Besides, trees in polyhaline eco-regions are largely exposed to
the sea, which might have increased WD (plastic enhancement) to survive
against strong winds. This exposing feature, i.e., being exposed to the sea,
wth, total carbon pools (aboveground and belowground), and stand structures.
rative fit index (CFI) close to one (CFI = 0.99) (Bentler, 1990) and standardized
om model datasets at 9 degree of freedom. The green and red arrows indicate the
ith numbers indicate the standardized association of predictors with dependent
nt of determinant: R2 indicates the proportion of variance explained) by all the
ated with their significance level (asterisk signs) (***p < 0.001; **p < 0.01; *p <
-significant and indirect relationships.



Fig. 7. Power law distributions of ecosystem functional variables. P(x) defines complementary cumulative distribution of functional variables (upper row, a-d) and red line
fits power law with logarithmic line. Lower row denotes different functional variables and power law fits with salinity (e-h).
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may have resulted in frequent inundation with saline water and forced the
polyhaline mangrove region to act as a fringing mangrove (different from
low saline forest areas as they are not directly exposed to the sea)
(i.e., shown in Fig. 1). This critical factor could make the ecosystem
(i.e., especially associated with high saline areas in SMF) more vulnerable
and less productive, as described in Ward et al. (2016). These unfavorable
conditions could also have enhanced tree mortality in poor site conditions
and thereby the canopy gaps, as we observed higher gap fractions in the
polyhaline zone (Fig. 3i). However, wewere unable to quantify the inunda-
tion effect on ecosystem functions and its role in creating canopy gaps.
Therefore, future research should focus on how inundation frequency and
durability effects affect mangrove ecosystems functions and functionality.

With increasing salinity and lowering nutrients, we foundWD in almost
all species increased, while Rahman et al. (2021a) discussed that salinity
lowered plot level WD, which is contradictory to our species-level study.
They further observed salinity lowered the canopy height at stand level,
which is identical to our study as we also observed sites with high salinity
and low nutrients reduced the height and dominant height of trees (top
20 % of trees) (Figs. 2A a4, a6; 3e, f), denoting the relative restrictiveness
of salinity and salinity-driven poor sites from stand to individual tree
level. Our results were further compared with Sarker et al. (2021), who
found increasing salinity reduced the LAI, SLA, and increased WD of man-
groves, although different species showed different responses towards sa-
linity. This diverse response of functional traits to salinity observed in
different studies could be occurred due to species sampled and site quality
variations in the study sites. This spatial variability can also be linked with
geomorphic and local environmental settings (e.g., stand to plot-level salin-
ity and nutrient variations) as the local environmental setting (nutrient
availability) can determine species and biomass distribution (Castañeda-
Moya et al., 2013; Simard et al., 2019), thereafter functional traits. In addi-
tion, a species' functional distinctiveness might have a significant impact on
functional traits (Rahman et al., 2021a). Here, we observed the tallest
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mangrove, species with low wood density, and high growth rate in a low
salinity ecozone, indicating the site conditions and local environmental set-
ting largely explain the mangrove species' attributes and functions. Besides,
the high carbon stocks (both above and below ground)were recorded in the
low saline ecozone. This could be the result of higher nutrients such as N, P,
and K availability (Fig. 2C) and nutrient-induced higher species growth
(Fig. 5a, b). These nutrients and their spatial variability could also be influ-
enced by the species, stand structure (such as height, DBH), and their func-
tions (Simard et al., 2019).

Furthermore, we observed a higher growth rate in the oligohaline zone
(Fig. 5a), which is supplemented by the cumulative growth curve, as the
higher the soil salinity, the flatter the growth curve (Fig. 5b). This is further
relatable tomangroves inMyanmar, whereWin et al. (2019) found that soil
salinity along with tidal inundation restricted mangrove growth rates. In
addition, growth dominance patterns observed in higher salinity zones
are quite distinctive from growth pattern in oligohaline or less saline
zone. We identified negative growth dominance patterns in higher saline
eco-regions (Fig. 5c, d), denoting larger tree growth was limited with
smaller trees having greater contributions to growth than biomass, which
can be explained by higher competition (Binkley, 2004; Binkley et al.,
2006). Negative GD patterns indicated that growth partitioning favored
small trees in high saline areas. On the contrary, trees in comparatively
lower saline regions mostly displayed positive growth dominance
(Fig. 5c, d), denoting minimal competition and suggesting growth
partitioning shifted towards large trees. These GD patterns might be
connected with the variation in site conditions (low nutrient, high salinity
vs. high nutrient, low salinity). In rich sites (high nutrient, low salinity),
large trees may get an over proportionate benefit (i.e., benefit of domi-
nance) from their size, but in poor sites (low nutrient, high salinity), they
may not do so as we observed large trees are losing growth due to higher
magnitude of salinity (see GD patterns in Fig. 5c-d). These diverse GD
patterns indicate higher structural diversity in rich sites (Binkley et al.,
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2006). An analogous finding, we observed in fewer saline or rich site areas
to demonstrate high DBH, height, and their variations (high nutrient and
low salinity) (Fig. 2A a1-a6; C c1-c3). Also, a continuous increase in
salinity patterns may not affect the growth of small trees but limit the
growth of large trees. This may suggest that the large trees are more saline
sensitive and may lose functions (e.g. growth) more rapidly than smaller
trees, implying that the biomass accumulation rate may be slowed with
rapid salinity changes when growth partitioning is skewed towards small
trees. This finding might be applicable for other mangroves growing in
different parts (i.e., where salinity is a major concern) of the world with
future global climate change.

4.2. Linking functional variables with biotic and abiotic factors

This study identified that biotic and abiotic factors critically influence
forest functions and growth dynamics either directly or indirectly and indi-
vidually or combinedly. To illustrate, salinity and salinity-driven canopy
gaps (evaluated through gap fraction) have a direct negative influence on
carbon stocks, nutrients, and LAI but no direct impact on growth but indi-
rectly affect growth by limiting LAI and nutrients (Fig. 6). We expected
species diversity could have a direct influence on functional variables
such as growth or carbon stocks, but SEM depicted no direct significant
influence on forest functions (Fig. 6; also see Supplementary Fig. 9). In con-
trast, previous studies claimed a positive influence of higher species rich-
ness on carbon stocks (Rahman et al., 2021a), but we were unable to
detect any significant effect of species richness or diversity on forest func-
tional variables, which leads to partial support for our second hypothesis.
The influence on growth and biomass or carbon stocks may be species
and geographic-specific. For example, high numbers of H. fomes could
largely affect the growth in a less saline zone but the abundance of salt-
tolerant dwarf species in high saline areas might decline the forest growth.
Another reason could be soil conditions; as high salinity along with low nu-
trients (Supplementary Fig. 10) makes the soil more anaerobic, resulting in
poor forest growth and declining species-specific forest structure, thereby
lower carbon pools in the high salinity eco-region in the Bangladesh
Sundarbans. As earlier studies reported that forest growth and forest struc-
ture in mangroves are controlled by site gradients (for example, nutrient
availability and salinity) (Twilley and Rivera-Monroy, 2009). In consis-
tence with that notion, our study demonstrated that forest growth was
largely determined by nutrients (N, P, and K), salinity, and stand structure
(such as height, DBH, leaf area, tree density, etc.) (Figs. 3a, 5, Supplemen-
tary Fig. 8). This relationship was also identified by the SEM model
(Fig. 6, Supplementary Fig. 9). Chowdhury et al. (2019) reported similar
findings for the Indian part of the Sundarbans illustrating soil with poor nu-
trients and higher salinity negatively modified forest structure and reduced
forest coverage from 98 % to 10 %. Here, we acknowledge that apart from
salinity, geomorphic and hydrological features (e.g., river bank erosion,
landforms, inundation duration, frequency and height, etc.) could also
play important roles in shaping mangrove structure and functions. There-
fore, we recommend for including important geomorphological and hydro-
period data as predictors in future SEM model as these data become
available.

Besides, faster tree growth addsmore aboveground biomass (Temmerman
et al., 2012), whereas SEM identified their (i.e., biomass or carbon stocks
and growth) direct linkage, denoting higher tree growth adding more
biomass and carbon to the ecosystem in thismangrove forest. Furthermore,
organic carbon is a well-recognized soil fertility indicator (Begam et al.,
2020), and high salinity or poor sites may beworking against SOC accumu-
lation in themangrove soil (Kida et al., 2017). SOC is also linkedwith forest
growth, as higher biomass growth specifically root growth contributes to
soil carbon in soil substrate (Rogers et al., 2019). We observed higher
growth and soil carbon in less saline eco-regions (Figs. 2B b4 and 5a, b),
while both are positively associated with each other, evidenced by the
SEM model (Fig. 6 and Supplementary Fig. 9a). This may indicate that
forest growth contributes soil carbon through producing roots and their
decomposition or vice versa. However, high salinity and low nutrients
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might reverse this relationship from positive to negative in high saline re-
gions (Supplementary Fig. 9d), as low biomass growth and carbon stocks
in polyhaline areas were observed. However, we could not explain how
salinity influences the load of allochthonous and autochthonous organic
matter input into the Sundarbans due to data scarcity, thus suggesting the
need for new studies on this. In addition, we found higher aboveground
carbon than belowground soil carbon stocks (Fig. 2B b2-b3), similar results
reported in the previous study by Rahman et al. (2021b), where they also
found low soil organic carbon than aboveground carbon. This could have
happened due to sampling depth (only 50 cm in our case) and stand age
(young type of forest as DBH distribution showed a reserve J shape curve,
see Supplementary Fig. 5) as with stand age soil carbon stocks increase
(Adame et al., 2013). Low soil carbon burial could be another reason for
low SOC in high saline areas, as sea-level rise reduces decomposition by
increasing salinity, thereby influencing soil carbon burial (Spivak et al.,
2019). Thus, we can conclude that mangrove forest functions largely
depend on site quality (nutrients and salinity) and associated stands,
i.e., species compositions and their structure, although the overall site
and stand structure depend on the magnitude of salinity stress.

4.3. Power-law scaling to functional variables

We found, in support of our hypothesis three, that the salinity-driven
functional variables can be generalizable by the power-law. We observed
forest ecosystem functions disproportionately declined with rapid changes
in salinity and followed the power-law distribution (Fig. 7). Although our
overarching hypothesis was that data from high salinity eco-regions may
only support the power law as functional variable distributions well fitted
with lower distribution data (Fig. 7a-d), this could be varied from the global
dataset but may also be consistent with our finding. We expect a universal
power-law relationship exists between salinity and forest functions across
mangrove forests around the world, specifically where salinity is the most
restrictive factor. However, this study only evaluated power-law behaviors
to salinity and functional variable relationships (as salinity is the recog-
nized restricting forest variable), but future studies would be interesting if
they added nutrient and site quality to power-law scaling.

4.4. Implications for forest management and future directions

Due to rapid changes in the climate, sea-level rise has been projected to
increase and is considered a major threat to mangrove ecosystems world-
wide (Ward et al., 2016). The projected sea-level rise in the Sundarbans
(which is highest on the Indian coast compared to the global projection)
(Karim and Mimura, 2008; Trivedi et al., 2016), and its severity especially
on the plant community (Rahman, 2020) denotes Sundarbans will likely
face adverse sea-level rise pointing to more salinity effects in the future.
This may increase mortality leading to an increase in the forest gap and
changes in the forest structure. If the sea-level rising pattern continues,
inundation periods with high saline water will be prolonged as the
Sundarbans mangrove forest is situated at the interface of land and sea
and active delta (Mukhopadhyay et al., 2018). Hence, we hypothesized
that inundation could be permanent all year long, not only in the
Sundarbans mangrove forest but also in mangrove forests throughout the
world due to remaining at the interface of land and sea. This will radically
affect the mangrove forest’s structure and ecosystem functioning at both
regional and global levels which may further reduce the sequestering
capability of highly productive mangrove forests. As discussed in the
“Introduction” section, declining upstream water discharge enhances soil
salinity. Therefore, maintaining freshwater discharge may be beneficial to
reducing salinity and preserving less salt-tolerant species such as H. fomes
and their compositions. This may again aid in maintaining the overall
ecosystem functions, necessitating strong policy implications.

In addition, to avoid the functional collapse of mangroves, restoring the
habitats of threatened species such as H. fomes in forest gaps that occurred
due to salinity-induced fragmentation (as we observed a higher gap in high
salinity ecozone) (see Figs. 2 Dd2 and 3i) could be an efficient way of
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minimizing the impacts of salinity. However, we need comprehensive base-
line information related to restoration feasibility (cost- benefit analysis),
particularly species and site selections (Dasgupta et al., 2019; Rahman
and Mahmud, 2018; Saenger and Siddiqi, 1993). Thus, we propose to com-
pile a comprehensive database for a better understanding the power-law
scaling behavior and MST predictions to mangrove tree size and shape in-
cluding forest functions at a global level. This global understanding is crit-
ical as trees tree structure (i.e., shape and size) largely impacted by growing
condition (Jucker et al., 2015).

Besides, our fitted power-law distributions expressed consistent and
proportional decline of functional variables with rising salinity. Future
analysis could test the power law in climate-driven functional variables in
diverse mangrove forests. This is despite the fact that we tested the
power-law pattern with limited datasets, such as data from only 60 perma-
nent plots. But our initial results could be supplemented with the universal-
ity of power-law distributions and relationships between salinity and forest
functional variables in natural and planted mangroves to generalize the
concept, gaining global attention. However, this study produces a unique
dataset comprising, fine-scale species, habitat, functional traits, and growth
data. This offers the opportunity for others to build on this dataset, collect
new data to test different ecological hypotheses (that we couldn’t-test
here such as verifying the power-law universality in climate-driven func-
tional variables in different mangrove forests throughout the world), and
may also help to develop mechanistic models for projecting mangrove
structure and functions under changes in a local environment and global
changes in climate. We are expecting a critical understanding of complex
ecological patterns that will expand our knowledge to incorporate silvicul-
tural practice and help us better manage the mangrove forest to promote
adaptability to climate change (Fahey et al., 2018).

5. Conclusions

This study revealed that salinity negatively shapes the forest by limiting
the stand structure, ecosystem functional variables such as growth and
carbon pools, and nutrient availability. In addition, functional traits such
as specific leaf area declinedwhile wood density increasedwith rapid salin-
ity change for all observed species which denotes salinity affecting tree to
community-level functions. Salinity modified variables showed different
types of associations (i.e., positive or negative and direct or indirect) across
salinity eco-regions. Furthermore, salinity-driven ecosystem functional var-
iables tightly followed the power-law distribution, revealing that functional
variables declined consistently and proportionately with a rapid change in
salinity. This study demonstrated salinity as a strong restrictive factor that
shrinks the mangrove forest ecosystems and their associated functions.
This trend will further lead to less productive ecosystems with dwarf spe-
cies and a reduced ability to sink more carbon. Our comprehensivefindings
suggest that maintaining low salinity may improve the ecological stability
of the mangrove ecosystem in the face of climate change by buffering the
influence of salinity. Almost all forest variables performed better in low sa-
linity eco-regions than in high salinity areas. However, we still lack proper
documentation of the prolonged inundation effects on mangrove ecosys-
tems, which needs to be understood. Our findings have great implications
for forest management decision-making to conserve and maintain the
unique mangrove ecosystems in Bangladesh. This comprehensive informa-
tion can also be complemented and useful for understanding the growth
patterns, ecosystem functioning, and conservation of global mangroves
under future climate change.
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