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Abstract

Mangroves are globally significant ecosystems known for their carbon storage and nutrient cycling capabilities. Sundarbans is the largest
contiguous mangrove forest in the world and is located in the south-west of Bangladesh. This study examines the carbon and nutrient (nitrogen,
phosphorus, potassium) dynamics in the soil profile of the Sundarbans, the largest mangrove forest, focusing on pioneer and non-pioneer stands.
Soil samples (n=150) from 30 sites were analysed for organic carbon and nutrients at 0-100cm depths. Results showed no significant (p>0.05)
variation in carbon and nutrients (nitrogen, Phosphorus and Potassium) concentration across soil layers and stands. Significant (p<0.05)
relationships between nutrient stocks and increasing depth were observed. The statistical models for the stock of carbon, nitrogen, phosphorus,
and potassium were y = 1.0859*X + 39.184, R? = 0.65; y = 1.5455*X%%%?, R2=0.58; y = 0.0386x + 1.0606; R* = 0.89; and y = 1.1992x + 17.332; R?
= 0.97 respectively. Within the top 1 m of soil, total stocks of carbon, nitrogen, phosphorus, and potassium were estimated at 212.21t/ha, 8.25t/
ha, 5.88t/ha, and 104.65t/ha, respectively. These findings underscore the Sundarbans’ role in carbon sequestration and nutrient cycling, which
is vital for mitigating climate risks and sustaining ecosystem functions. The study highlights the need for comprehensive assessments beyond 1
m depth to capture total ecosystem carbon and nutrient stocks accurately.
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Introduction

Mangroves are important forest ecosystems in the tropical and
subtropical sheltered intertidal zones, forming 15 million hectares
of forests worldwide that provide habitat for rich biodiversity,
ranging from bacteria, fungi, and algae to invertebrates, birds, and
mammals [1]. Itis one of the most productive ecosystems in terms
of net primary productivity worldwide [2]. Mangroves can store
much carbon deep in the soil profile [3]. Complex root structures,
high sedimentation rates, waterlogged soils, and anoxic soils
in mangroves influence C burial and higher turnover rate [2,4].
They can store carbon more rapidly than other ecosystems [5].
Mangroves occupy less than 1% of the continental surface area
but have a major contribution to soil carbon storage globally [3].
Mangrove habitats stocked an average of 693t Corg ha which
is 15-24% of tropical coastal ocean carbon burial rate of 184g
Corg m™ yrand is higher than the carbon stock in rain forests
(241t C ha™), peat swamps (408t C ha™!) salt marshes (593t C
ha™') and seagrasses (142.2t C ha™?) [6]. The growing recognition

of mangroves as an efficient natural carbon sink is driving
researchers to discover the state of soil carbon storage in the
mangrove.

The variation of soil organic carbon (SOC) in a specific site
largely depends on species composition [7] and stand age [8].
Mangrove plant species have high productivity due to the sink of
organic C and the influence of available essential nutrients [2].
Nutrient content in the soils and their availability is one of the
major factors influencing mangrove forest composition, structure,
and productivity [9]. Nutrients availability varies spatially and
temporarily in mangroves and also within a mangrove stand [9].
A variety of biotic and abiotic factors (tidal inundation, elevation
in the tidal frame, soil type, nutrient input and output sources,
redox status and microbial activities of soils, plant species, tree
architecture, litter production, and decomposition) control the
availability of nutrients to mangrove plants [2]. Considering the
adaptive capacity of mangrove species with salinity, waterlogged
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conditions, luxury consumption of nutrients, and withstand
cyclones, it is a well-suited plant community in the tropical and
sub-tropical coastal zone. Nutrient uptake and nutrient-use
efficiency vary with significant differences in species’ response to
nutrient [4,10]. Therefore, assessing an ecosystem’s carbon and
nutrient dynamics may help to understand the function of the
ecosystem.

The Sundarbans is the world’s largest contiguous natural
mangrove forest and one of the oldest managed mangrove forests
in the world. A wide range of salinity (0.5-30 ppt) with a seasonal
fluctuation might have influenced the hosting of more plant species
in the Sundarbans [11]. The forest types of the Sundarbans are
Heritiera, Excoecaria, Ceriops, Son-neratia, Heritiera-Excoecaria,
Heritiera-Xylocarpus/Heritiera-Xylocarpus-Bruguiera, Ex-
coecariaCeriops, Excoecaria-Heritiera, Ceriops-Excoecaria,
Xylocarpus-Bruguiera-Avicennia [12]. The Sundarban mangrove
plays a pivotal role in soil carbon storage, which is important in
mitigating climate risks [13]. So, carbon accounting in mangroves
is important to reduce the impact of climate change. Recent
studies have documented above-ground carbon stock in the
Sundarbans [14-16]. Bangladesh Forest Department quantified
carbon stock (Above and below-ground ground) during 2009-
2010[17] and 2020 [13] in the Sundarbans of Bangladesh. Zaman
et al. [18] evaluated carbon stock based on dominant species and
provided comprehensive information about ecosystem carbon at
the species level. However, assessing the soil carbon and nutrient
dynamics at different depths along with vegetation types is vital
for understanding ecosystem processes and guiding sustainable
management practices.

Soil carbon is a key component of global carbon cycles,
significantly influencing climate change mitigation through
its sequestration potential [19]. The distribution of nutrients
across soil depths varies due to plant uptake, microbial activity,
and litter decomposition, with dis-tinct patterns evident under
different vegetation types [20]. Moreover, vegetation influences
soil properties by contributing organic matter through litterfall
and root exudates, shaping nutrient cycling and microbial
communities [21]. Depth-specific assessments are essential
for identifying the storage potential of deep soil carbon and
nutrients, which remains underexplored despite its importance
in long-term carbon sequestration [22]. Therefore, this study
aimed to assess the variation of carbon and nutrient content and
stock at different depth ranges of soil up to 1 m depth in pioneer
species-dominated stands and non-pioneer species-dominated
stands of the Sundarbans. It is believed that the findings of this
study provide more insights into carbon and nutrient cycling
within Sundarbans mangrove systems, which support their
productivity and resilience against environmental stressors such
as salinity, flooding, and anthropogenic impacts. Moreover, the
knowledge gained will help understand how different mangrove
species influence soil properties and guide species selection for
resto-ration projects, ensuring their ecological and functional
sustainability.

Materials and Methods
Study site

The study was conducted in the Sundarbans, which lies
between 21°27'30" and 22°30'30” N and 88°02'00"” and
89°00'00" E, in the southwest of Bangladesh (Figure 1). The forest
comprises of 4,120km? of forest area and 1,897km? of water body
which represents the 6,017 km? of Bangladesh part [23]. The
rainfall pattern of the Sundarbans varies with the season and
location. Maximum rainfall is observed in monsoon (80%) and
the coast region (2790 mm) of the Sundarbans while 1800mm at
Khulna region. Beside this, the temperature also varies with the
seasons such as 26-34°C occur in the March to June and 12-25°C
in December to February. The topography of Sundarbans is also
different in forest and coastal area and the ground is about 0.9 to
2.11m elevated than the mean sea level. Silty clay loam soil with
different layers makes the unique characteristics of the soils of
Sundarbans where the annual relative humidity is about 70-80%
with semi-diurnal tides (2-4m) [11, 24]. The Sundarbans is rich in
both floral and faunal diversity, and it is the home to 22 families
of plant species which represent 30 genera. Heritiera fomes,
Excoecaria agallocha, Ceriops decandra, and Sonneratia apetala
are the foremost plant species where Rhizophora mucronata,
R.apiculata, Bruguiera gymnorrhiza, and Avicennia officinalis are
also present with distinct pattern [25]. Depending on site quality,
Sonneratia apetala and Avicennia officinalis are commonly found
as pioneer tree species, and Heritiera fomes, Excoecaria agallocha,
Ceriops decandra alone or in a mixture develop next seral
community that are considered as non-pioneer.

Sample Collection

A total of 150 soil samples were collected from 30 sites from
the Sundarbans using purposive stratified sampling representing
different vegetation types (pioneer stand and non-pioneer stand).
Three soil core (0 to 100cm) samples were collected from each
site for determination of carbon concentration and nutrient
concentration at the following depth (0 to 20cm, 20 to 40cm, 40 to
60cm, 60 to 80cm, and 80 to 100cm) by using open face (diameter
5cm) soil auger. The collected samples were then labelled and
packed in an airtight plastic container for transportation to the
laboratory for further analysis.

Sample processing

The collected soil samples were air dried at a temperature of
about 30-35 2C and samples were crushed, sieved through 2mm
mesh and stored in air-tight plastic container according to Allen
[26] for further analysis.

Determination of carbon and nutrients (N, P and K)

Organic carbon concentration in samples was determined by
loss on ignition method [26]. Micro Kjeldahl digestion for Nitrogen
and tri-acid (H,SO,, HCIO, and HNO3) digestion for Phosphorus
and Potassium according to Allen [26]. Nitrogen and Phosphorus
in the sample extract were measured calorimetrically according
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to the Baethgen & Alley [27] and Timothy et al. [28], respectively,
using UV-visible Recording Spectrophotometer (HITACHI,
U-2910, Japan). Potassium concentration in the sample’s extract
was measured by Flame Photometer (PFP7, Jenway LTD, England).

Determination of carbon and nutrient stock

Bulk density of the corresponding layers and carbon and
nutrients (N, P and K) stock in soil was estimated from their
concentration of the respective layers. However, the bulk density
of the different depths of the Sundarbans soil was taken from the
database of Bangladesh Forest Department [13].

Statistical Analysis

The carbon and nutrients (N, P and K) in different layers of
the pioneer species dominated species and non-pioneer were
compared by two-way ANOVA analysis. The variation in carbon
and nutrient concentration within different layers in a single
and two different stands were evaluated by unpaired t-test using
SAS statistical software. Different statistical equations (linear,
logarithmic, exponential, and power) were tested to get best fit
models for carbon and nutrients (N, P and K) stock in different
layers (0-20cm, 20-40cm, 40-60cm, 60-80cm and 80-100cm) of

soil profile. The level of significance adjusted R? value, and the
model types and trends were evaluated individually for carbon,
nitrogen, phosphorus, and potassium using SAS (University
edition) statistical software.

Results
Organic carbon

Carbon concentration in pioneer species dominated stand
and non-pioneer species dominated stand ranged between 1.88-
2.06% and 1.67-1.79% respectively. While comparatively higher
concentration (2.06%) was detected at the 0-20cm layer and
lowest (1.88%) for the 80-100cm depth of pioneer stand. In case of
non-pioneer stand, comparatively higher concentration (1.79%)
was found at 0-20cm depth and lowest carbon concentration
(1.67%) was found at 20-40cm layer. However, the organic carbon
concentration did not vary significantly (p>0.05) among the
different depths. (Figure 2a). Highest carbon stock (45.22t/ha)
was observed for the depth of 60-80cm and lowest (40.38t/ha)
was for 20-40cm depth. Total carbon stock for the depth of 1 m
was 212.21t/ha (Figure 2b). The carbon stock showed significant
linear positive relationship (y = 1.0859*X + 39.184; R? = 0.65,
p<0.05) with the increasing the depth of soil profile.
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Figure 1: Location map of the Sundarbans with sample collection points.
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Nitrogen stands were 0.73-0.84mg/g to 0.58-0.70mg/g respectively. A

The ranges of mean concentration of total nitrogen for
different depths of soil layers of pioneer and non-pioneer

comparatively higher nitrogen concentration (0.84mg/g) was
detected in 20-40cm and 80-100cm depth of pioneer stand.
For non-pioneer stand, a comparatively higher concentration
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(0.70mg/g) of nitrogen was observed for 0-20cm depth. The
mean nitrogen concentration among the depths and stand types
did not vary significantly (p>0.05) (Figure 3a). Comparatively
higher stock (1.74t/ha) of nitrogen was detected at the lowest
layer (80-100cm), while a lower amount (1.53t/ha) was observed

for 0-20cm depth. However total nitrogen stocks up to 1m depth
was 8.25t/ha (Figure 3b). While nitrogen stock at different depths
of soil profile showed significantly powered positive relationship
(y = 1.5455*X0.0669, R2=0.58, p<0.05) with the increasing depth
of soil layers.
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Figure 2: a) Carbon concentration (%) in soil layers of pioneer and mature stand and b) Mean carbon stock (t/ha) in soil of the Sundarbans.
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Figure 3: a) Nitrogen concentration (%) in soil layers of pioneer and mature stand and b) Mean nitrogen stock (t/ha) in soil of the Sundarbans.
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Phosphorus concentration among the depths and stand types did not vary

The mean total phosphorus concentration ranged between
0.47 to 0.51mg/g and to 0.51 to 0-0.55mg/g respectively for
pioneer and non-pioneer stands at different depths of soil layers.
Comparatively higher phosphorus concentration (0.51mg/g)
was detected at 40 to 60 and 60-80cm depths of pioneer stand. A
comparatively higher phosphorus concentration (0.55mg/g) was
observed at 40-60 and 80-100cm depths. The mean phosphorus

significantly (p>0.05) (Figure 4a) in case of non-pioneer stand. A
comparatively higher phosphorus stock (1.24 t/ha) was detected
at 60-80 cm depth, while a lower (1.1t/ha) stock was observed at
0-20cm depth. However, total phosphorus stock was 5.88t/ha up
to 1m depth (Figure 4b). Phosphorus stock showed a significant
linear positive relationship (y = 0.0386x + 1.0606; R* = 0.89,
p<0.05) with the increasing depth of soil profile.
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Figure 4: a) Phosphorus concentration (%) in soil layers of pioneer and mature stand and b) Mean phosphorus stock (t/ha) in soil of the
Sundarbans.
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Figure 5: a) Potassium concentration (%) in soil layers of pioneer and mature stand and b) Mean potassium stock (t/ha) in soil of the

Sundarbans.
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Potassium linear positive relationship (y = 1.1992x + 17.332; R? = 0.97,

The mean total potassium concentration of pioneer and
non-pioneer stands ranged between 8.11 to 9.65mg/g and 8.99
to 9.68mg/g respectively at different depths of soil layers. A
comparatively higher potassium concentration (9.65mg/g) was
detected at 80-100cm depth in the pioneer stand. A comparatively
higher potassium concentration (9.68mg/g) was observed at
80-100cm depth of the non-pioneer stand. The mean nitrogen
concentration among the depths and stand types did not vary
significantly (p>0.05) (Figure 5a). Higher potassium stock
(23.39t/ha) was detected at the lowest layer (80-100cm), while
a lowest stock (18.85t/ha) was observed at the topmost layer
(0-20cm). However, the total stock of potassium up to 1m depth
was 104.65t/ha (Figure 5b). Potassium stock showed a significant

p<0.05) with the increasing depth of soil profile.
Discussion

Carbon is a fundamental element indicating the biological and
physical health of the mangrove ecosystem. A significant fraction
of their soil carbon is plant derived [29]. Soil organic carbon
(SOC) in a mangrove ecosystem is affected by biotic and abiotic
components and their functions [30]. Variation of soil organic
carbon greatly depends on carbon source, mineral sediment
[31], age of vegetation [32], disturbance history [33], dominant
species [18], the depth of the organic soil, soil bulk-density, and
salinity [34]. Complete inventories of ecosystem components
show that carbon fixed within the forest and carbon imported
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from adjacent terrestrial and marine waters are stored as large
pools of soil carbon [35]. The study revealed that organic carbon
concentration did not vary significantly between pioneer and
non-pioneer stand and soil depths. Uniform distribution of carbon
content over depths was also reported by Suello et al. [36]. While
significant variation in carbon stock was reported between old
and young mangrove stands [36, 37]. Conversely, the structural
component of mangrove stands, and their related functions were
found to stabilize at the age of around 40 years, which is almost
similar in dynamics to the natural stands [38]. The age of the
studied pioneer-dominated, and non-pioneer species-dominated
stands were above 40 years; this could be another reason not
to find the variation in carbon content between the pioneer
and non-pioneer stands of the Sundarbans. Brunskill [39] also
mentioned slight variations or a small decline of organic carbon
concentrations with sediment depth (up to 2m) in the mangrove
soil. It is believed that soil physical characteristics, vegetation
communities, and microbial activities significantly influence the
carbon concentration and nature of mangrove soil [40, 41]. A
comparatively higher carbon stock was detected at the deeper
layers, while a lower amount was observed for 20-40 cm depth.
The similar trend was observed by different authors [34]. The
total carbon stock was 212.21t/ha, which is almost similar to
213.26t/ha that detected by GoB [13].

Nutrientsare considered one ofthe mostimportantparameters
of the mangrove ecosystem influencing growth, reproduction
and metabolic activities of biotic components. Nitrogen is one
of the key essential elements for the sustenance of plant and
animal life in the mangrove ecosystem [40]. Nitrogen fixation is
generally low in mangrove sediments, diminishing the potential
for nitrogen enrichment during decomposition [42], whereas the
larger nutrient pools provide a potential for bacterial nitrogen
incorporation directly from pore water pools [42]. Organic carbon
and nutrients content in forest soil correlates positively [2]. This
could be the reason to find similar pattern of carbon distribution
in soil profile of the pioneer-dominated stands and non-pioneer
dominated stands. A comparatively higher nitrogen stock at the
deeper layers and a lower amount the surface layers, this variation
may be related to the microbial immobilization, burial of organic
matter, in the deeper layers of soil and higher tidal export of litter
from the surface layer [18].

Phosphorus is one of the macro-nutrients which influence the
plant physiology and may other aspects [43]. Soil texture plays
an important role in nutrient retention. If the proportion of fine
particles is higher in soil, then its nutrient retention capability
becomes higher [44,45]. Being the Silty clay loam soil, mangrove
sediment can trap significant amount of different nutrients.
The Mangrove soil is a sink of high phosphorus quantity, and it
is proved by the several studies that the undisturbed and dense
mangrove forest contained higher amount of phosphorus which
directed that the plant litter may be the source of the presence of
higher amount of phosphorus in the soil [46].

Potassium is very leachable in saline conditions, and it could
be the reason to detect lower concentration of potassium at the
upper layers of soil. Conversely, higher potassium stock in the
deeper layers is related to the higher concentration and higher
bulk density of that layer. However, the variation in nutrient
stock may be the result of soil characteristics of forest stands,
sedimentation, bulk density, etc. among the soil layers and stand
types [44]. In mangrove forests, the nutrients are supplied by the
litterfall from trees and suspended materials from surface runoff
above ground, fauna activities and microbial decomposition [47].

Conclusion

This study provides valuable insights into the carbon and
nutrient distribution in the soil profiles of pioneer and non-pioneer
stands within the Sundarbans mangrove forest. The apparent
uniformity in the distribution of carbon, nitrogen, phosphorus,
and potassium across soil depths and stand types highlights the
influence of geomorphological settings, sedimentation patterns,
and the age of the studied stands. Notably, the findings emphasize
the carbon and nutrient stock of the Sundarbans ecosystem, with
considerable observation within the top 1m of soil. This study
cannot confirm 1m depth is enough for total ecosystem carbon
and nutrient assessment in the Sundarbans. However, this study
also underscores the need for further investigations beyond
1m depth to capture the complete picture of the Sundarbans’
ecosystem services. The results contribute to understanding
the functional roles of mangrove forests in carbon storage and
nutrient cycling, offering a basis for informed management and
restoration practices. This knowledge is vital for enhancing the
resilience and sustainability of mangrove ecosystems.
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