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ABSTRACT

Urban-edge mangroves represent critical yet increas-
ingly vulnerable blue-carbon ecosystems, particu-
larly within rapidly urbanizing estuarine landscapes. 
However, integrated assessments linking vegetation 
structure, biomass carbon, soil organic carbon (SOC), 
and ecosystem service value at the municipal scale 
remain limited in India. Vegetation structure and 
species dominance were assessed using phytosocio-
logical indices within fixed-area quadrats along the 
Ulhas River–Vasai–Thane Creek estuarine system 
in the Kalyan–Dombivli Municipal Corporation 
(KDMC) region. Species-wise biomass and carbon 
stocks were estimated using growth-form–appro-
priate allometric equations, while SOC stocks were 
quantified for two depth intervals (0–15 cm and 
15–30 cm) using standard laboratory procedures. 
Relationships between species ecological importance 

and biomass carbon contribution were examined 
using descriptive graphical analysis. The mangrove 
assemblage was dominated by disturbance-tolerant 
shrubs and climbers, particularly Acanthus ilicifolius 
and Derris trifoliata, while canopy-forming trees 
(Avicennia officinalis and Sonneratia apetala) were 
less abundant but structurally significant. Biomass 
carbon storage was disproportionately governed by 
these canopy-forming species, whereas shrub and 
liana dominated components exhibited high eco-
logical dominance but comparatively low carbon 
contribution. SOC constituted the dominant and 
more stable carbon pool, with significantly higher 
stocks in subsurface layers (15–30 cm) than in surface 
soils, highlighting effective long-term carbon burial. 
Marked spatial variability in SOC stocks reflected 
differences in hydrological connectivity and distur-
bance intensity across sites. Urban-edge mangroves 
within KDMC function as ecologically resilient yet 
carbon-fragile systems, where sedimentary carbon 
pools play a critical role in long-term carbon storage. 
Species dominance alone is an insufficient proxy for 
biomass carbon sequestration without consideration 
of growth form and structural attributes. Protection of 
canopy-forming mangrove trees, maintenance of tidal 
connectivity, and prevention of sediment disturbance 
are essential to sustain blue-carbon functions in urban 
estuarine environments. This study provides a robust 
baseline for integrating urban mangroves into munici-
pal climate mitigation and coastal resilience planning.
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INTRODUCTION

Mangrove ecosystems represent one of the most 
carbon-dense coastal forest types globally and 
play a disproportionate role in climate regulation, 
shoreline stabilization, sediment trapping, nutrient 
cycling, and fisheries productivity (Donato et al. 
2011, Alongi 2014, Ouyang et al. 2017, Atwood et 
al. 2017, IPCC 2019, Alongi 2020, Kauffman et al. 
2020). Their capacity to sequester and store carbon 
in both biomass and sediments, commonly termed 
‘blue carbon’, far exceeds that of most terrestrial 
tropical forests on a per-unit-area basis (Komiyama 
et al. 2008, Brander et al. 2012, Atwood et al. 2017, 
Macreadie et al. 2021, IPCC 2019, Kauffman et al. 
2020). However, mangroves are undergoing rapid 
degradation worldwide due to coastal urbanization, 
land reclamation, aquaculture expansion, pollution, 
and hydrological modification (Salem and Mercer 
2012, Mukherjee et al. 2014, Taillardat et al. 2018, 
Getzner and Islam 2020, FSI 2021, Bandh et al. 2023). 
These pressures diminish floral diversity and stand 
structure and destabilize long-term carbon stores, 
posing a dual threat to biodiversity conservation 
and climate-change mitigation (Harris et al. 2010, 
Friess et al. 2016a, NCSCM 2017, Lee et al. 2014, 
Kannankai et al. 2022, Szafranski and Granek 2023).

In India, mangrove forests occupy approximately 
4,975 km² and are distributed along both the east and 
west coasts. Western Indian mangroves form narrow, 
fragmented belts embedded within estuarine and del-
taic systems (Kumar 2025). Over the last two decades, 
intensified coastal development, port expansion, 
urban sprawl, and infrastructure growth have exerted 
unprecedented pressure on west-coast mangroves, 
particularly within the Mumbai Metropolitan Region 
(MMR) (Curtis and McIntosh 1950, Rani et al. 2023, 
Singh et al. 2023). Recent studies from Kachchh 
(Gujarat), Pichavaram (Tamil Nadu), and the Indian 
Sundarbans demonstrate that rapid land-use change 
and anthropogenic stress can significantly alter man-
grove vegetation structure, carbon stocks, and ecosys-
tem service delivery, even when forest cover appears 
visually intact (Ghosh et al. 2022, Dutta et al. 2022, 
IPCC 2006, Thivakaran et al. 2020, Chaudhuri et al. 
2023). Despite these advances, urban-edge mangrove 
fragments embedded within rapidly expanding mu-

nicipal landscapes remain underrepresented in India’s 
blue-carbon literature, particularly in the context of 
municipal-scale planning.

The Kalyan–Dombivli Municipal Corporation 
(KDMC) region along the Ulhas River–Vasai–Thane 
Creek estuarine system is one of the fastest urbanizing 
coastal belts of the MMR. Mangroves within KDMC 
occur as narrow, discontinuous patches subjected to 
embankment construction, solid-waste dumping, 
informal settlements, hydrological obstruction, and 
shoreline hardening (Alongi 2015, 2022). Unlike rel-
atively intact mangrove landscapes, these urban-edge 
mangroves persist under chronic anthropogenic stress 
yet continue to deliver critical ecological functions 
such as sediment stabilization, flood buffering, nutri-
ent processing, and carbon sequestration. However, 
quantitative site-specific information on phytoso-
ciology, biomass carbon, soil organic carbon (SOC), 
and integrated ecosystem service valuation (ESV) for 
KDMC mangroves has been virtually absent.

Blue-carbon research in India has expanded in 
recent years, but most studies have focused on either 
floristics, remote-sensing-based area change, or iso-
lated carbon pool estimation (Satyanarayana et al. 
2002, Shindikar et al. 2009, Pachpande and Pejaver 
2015, Vinod et al. 2018, Kamruzzaman et al. 2018, 
Harishma et al. 2020, Panditrao 2020, Arathy et al. 
2022). Few investigations have integrated vegetation 
structure, biomass carbon, SOC stratification, and 
economic valuation within the same spatial frame-
work, especially for urban-edge mangrove systems 
where degradation trajectories differ fundamentally 
from those of protected reserves. Recent work empha-
sizes the need for such integrated baselines to support 
nature-based climate solutions, urban resilience 
planning, and India’s Nationally Determined Con-
tributions (NDCs) (Nagelkerken et al. 2008, Friess 
et al. 2016b, Singh et al. 2023, Sumarga et al. 2023).

Accordingly, the present study addresses four 
critical research gaps in the KDMC mangroves: i) 
lack of detailed phytosociological characterization of 
urban-edge mangroves under chronic disturbance, ii) 
limited biomass and species-level carbon estimates 
for structurally dominant shrubs, lianas, and trees in 
urban mangrove systems, iii) insufficient station-wise 
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SOC stock data for both shallow and subsurface soil 
layers in municipal mangrove landscapes, and iv) 
absence of benefit-transfer–based ecosystem service 
valuation explicitly linked to blue-carbon stocks in 
KDMC.

The specific objectives of this study were to: i) 
quantify species composition, diversity, and structural 
attributes of urban-edge mangroves using standard 
phytosociological indices, ii) estimate aboveground 
biomass (AGB), belowground biomass (BGB), and 
associated carbon fractions using allometric rela-
tionships, iii) determine SOC concentrations and 
SOC stocks at 0–15 cm and 15–30 cm depths across 
representative stations, and iv) derive a first-order 
benefit-transfer-based valuation of ecosystem ser-
vices (with uncertainty bounds) associated with the 
mangrove blue-carbon stock.

By integrating vegetation structure, biomass 
carbon, SOC, and ecosystem service valuation with-
in a unified framework, this study provides the first 
integrated, policy-relevant blue-carbon baseline for 
the urban-edge mangroves of the Kalyan–Dombivli 
region. The findings offer critical scientific inputs 
for municipal climate-action planning, coastal zone 

management, and the fulfillment of India’s NDCs.

MATERIALS AND METHODS

Study area

The investigation was conducted along urban-edge 
mangrove stretches fringing the Ulhas River–Va-
sai–Thane Creek estuarine system, within the ad-
ministrative limits of KDMC, Maharashtra, India. 
The mangrove extent of this area was mapped to 
be approximately 200 ± 20 ha (Fig. 1). The KDMC 
region forms a rapidly urbanizing segment of the 
Mumbai Metropolitan Region and is characterized by 
intense land-use transformation driven by residential 
expansion, industrial development, transportation in-
frastructure, and shoreline modification. The climate 
is humid tropical monsoonal, with annual rainfall 
~2,500 mm concentrated between June and Sep-
tember and a mean annual temperature of ~27.5 °C. 
Tidal regimes are semidiurnal and strongly influence 
salinity gradients, sediment deposition, and nutrient 
exchange across the mangrove belt. Geomorphol-
ogy is dominated by low-lying intertidal mudflats, 
tidal creeks, and reclaimed lands. Mangroves occur 
as narrow, highly fragmented belts bordering the 

Fig. 1. Spatial extent and distribution of mangrove vegetation along the Ulhas River estuarine system.  



135

 

estuarine channels and are subjected to continuous 
anthropogenic pressures, including embankment 
construction, solid-waste dumping, sewage inflow, 
shoreline encroachment, and restricted tidal flushing.

Phytosociological assessment

Sampling design and quadrat layout

Vegetation sampling was conducted using a stratified 
quadrat-based approach to capture the full range 
of disturbance intensities and tidal zonation across 
the KDMC mangrove belt. Stratification criteria 
included: (i) proximity to urban infrastructure and 
waste-disposal zones, (ii) frequency of tidal inun-
dation, and (iii) apparent canopy condition. Ten rep-
resentative urban-edge mangrove sampling stations 
were selected to encompass a gradient of hydrological 
connectivity, pollution intensity, sediment texture, and 
urban disturbance.

Within each station, a 15 m×15 m quadrat 
(225 m²) was established using constrained random 
placement, accounting for accessibility and safety 
on soft mud substrates, waterlogging, and waste 
accumulation. The relatively large quadrat size was 
chosen to capture the vertical and horizontal struc-
tural variability of these degraded mangroves, which 
include scattered tree individuals, dense understory 
shrub thickets (primarily Acanthus ilicifolius), and ex-
tensive liana networks (Derris trifoliata) that smaller 
quadrats might underestimate. In total, 10 quadrats (n 
= 10) were sampled. Within each quadrat, all woody 
individuals with girth at breast height (GBH) ≥ 10 
cm were enumerated and identified to species level 
using standard regional floras.

Measurement of dendrometric variables

For tree species, GBH was measured at 1.3 m above 
ground using a diameter tape, avoiding buttress swell-
ings and major branch junctions. For shrubby species 
like Acanthus ilicifolius and liana species like Derris 
trifoliata, basal stem diameter was measured at 30–50 
cm above ground (depending on the point of first stem 
consolidation). In entangled liana mats, individual 
ramets were distinguished based on discrete rooting 
points, and each measurable climbing stem was re-

corded separately to avoid overestimation. Tree height 
was measured for all structurally dominant species 
using a clinometer and graduated pole method (Mar-
tin 2022) along a clear line of sight. For shrubs and 
lianas, total stem length was measured using flexible 
measuring tapes along the primary climbing axis.

Computation of phytosociological parameters

Standard phytosociological parameters were com-
puted for each species (Curtis and McIntosh 1950, 
Mueller-Dombois and Ellenberg 1974): Frequency 
(F), Density (D), Basal Area (BA), Relative Fre-
quency (RF), Relative Density (RD), and Relative 
Dominance (RDo). Basal area was calculated from 
stem circumference (assuming circular cross-sec-
tions). Relative dominance was derived from each 
species’ BA contribution and was not conflated with 
density. The Importance Value Index (IVI) for each 
species was calculated as the sum of RF, RD, and 
RDo. Species were classified as true mangroves or 
mangrove associates based on established floristic 
criteria. Vegetation diversity was evaluated using the 
Shannon–Wiener diversity index (H′) and Simpson’s 
dominance index (D),

where:

Shannon–Wiener diversity index (H′):

                         H′= –∑(pi ln pi)

Simpson’s dominance index (D):

                                      ni (ni – 1)
                         D ∑  (                  )      
                                     N (N– 1)

where pi is the proportional abundance of species i., 
ni is the number of individuals in the ith species, and 
N = the total number of individuals. As D increases, 
diversity decreases and Simpson index is therefore 
usually expressed as 1-D or 1/D. These indices were 
interpreted as integrative measures of richness–even-
ness structure and dominance, not as direct measures 
of species richness alone.

Biomass and carbon estimation

Selection of species and dendrometric dataset

Biomass estimation was performed for all structurally 
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dominant woody shrub, and liana species contributing 
significantly to total stand IVI. These included Avicen-
nia officinalis, Sonneratia apetala, Derris trifoliata, 
Acanthus ilicifolius, Excoecaria agallocha, Brugui-
era cylindrica, Pithecellobium dulce, Bombax ceiba, 
Morinda citrifolia, and Leucaena leucocephala. In 
total, 177 individuals (n = 177) were measured and 
included in the biomass estimation dataset.

Allometric equations and parameterization

Aboveground biomass (AGB) was estimated using 
species-specific mangrove allometric equations where 
available (Komiyama et al. 2008, Chave et al. 2014, 
Kusmana et al. 2018). Species-appropriate models 
were prioritized to ensure accurate representation 
of mangrove architecture and biomass allocation 
patterns. For non-arborescent growth forms, specifi-
cally shrubs (Acanthus ilicifolius) and lianas (Derris 
trifoliata), shrub- and climber-specific allometric 
equations (Schnitzer et al. 2006) were applied cau-
tiously, to minimize the overestimation bias known to 
occur when tree-based models are applied to non-tree 
vegetation (Chave et al. 2014).

Komiyama et al.’s (2008) allometric equations 
for mangrove species in Southeast Asia were em-
ployed for AGB and belowground biomass (BGB) 
as follows:

AGB = 0.251 ρ D2.46

BGB = 0.199 ρ0.899 D2.22

where ρ is species-specific wood density (g cm⁻³) 
and D is stem diameter (cm). Wood density values 
for each mangrove species were obtained from global 
databases (Chave et al. 2009). Estimated AGB and 
BGB per individual were summed to derive total 
biomass per quadrat, which was then scaled to tonnes 
per hectare (t ha⁻¹).

Biomass carbon content was calculated by mul-
tiplying individual biomass by a carbon conversion 
factor of 0.5, following IPCC (2006) guidelines. 
Understory vegetation (seedlings and herbaceous 
components) was excluded from ecosystem-level 
carbon stock estimation due to its negligible contri-
bution in mangroves (Kauffman and Donato 2012, 

Vinod et al. 2018). For any non-mangrove tree species 
encountered (e.g., Pithecellobium dulce, Leucaena), 
a generalized allometric equation was used:

                      AGB= a × (ρ × D2 × H)b

where ρ is wood density (g cm⁻³), D is stem diameter 
(cm), H is total height (m), and a and b are empiri-
cally derived model coefficients. BGB for these was 
estimated using species-appropriate root-to-shoot 
ratios. Species-level wood density values were used 
when available, otherwise, genus-level mean values 
were substituted, with such cases noted as potential 
sources of uncertainty.

All field and derived measurements were cross-
checked for unit consistency (e.g., cm to m conver-
sions, cm² to m² for area) to prevent scaling errors. 
Biomass carbon stock per quadrat was also expressed 
in carbon dioxide equivalent (CO₂e) by multiplying 
C mass by 44/12 (the ratio of molecular weight of 
CO₂ to carbon). All biomass, carbon stock, and CO₂e 
estimates are reported with two-decimal precision for 
consistency and comparability.

Soil Organic Carbon (SOC) sampling and analysis

Sampling scheme

Soil organic carbon was assessed at the 10 mangrove 
stations following standard protocols (FAO 2006, 
IPCC 2019). At each station, soil samples were col-
lected from two ecologically relevant depth intervals: 
0–15 cm and 15–30 cm, reflecting the surface organ-
ic-rich layer and the immediate subsurface. Multiple 
subsamples per depth at each site were composited 
to account for within-quadrat heterogeneity. Sam-
ples were taken in waterlogged conditions typical 
of mangrove sediments, and care was taken to avoid 
compaction during sampling.

Laboratory analysis

Samples were air-dried and sieved (2 mm) before 
SOC analysis using the Walkley–Black wet oxi-
dation method (Walkley and Black 1934), which 
involves oxidation of organic carbon with potassium 
dichromate and sulfuric acid, followed by titration. 
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A correction factor of 1.33 was applied to adjust for 
incomplete organic carbon oxidation inherent in the 
Walkley–Black method. SOC concentration (as % 
of dry soil) was converted to SOC stock (t C ha⁻¹) 
by multiplying by bulk density (BD) and the depth 
interval (15 cm). Bulk density was determined from 
the dry mass of a known-volume soil core. SOC stock 
was computed using the standard equation:

           SOCstock=SOC (%)×BD×Depth (cm)×0.1

Statistical analysis

Statistical analyses were conducted using Microsoft 
Excel and R (R Core Team 2023). Descriptive statis-
tics (mean, median, standard deviation, interquartile 
range) were computed for all major variables. Data 
normality was tested with the Shapiro–Wilk test. 
Relationships between variables were evaluated 
using Pearson’s correlation for normally distributed 
data and Spearman’s rank correlation for non-para-
metric assessment. Inter-station differences were 
tested with one-way ANOVA (for parametric data) or 
Kruskal–Wallis tests (for non-parametric). Statistical 
significance was evaluated at α = 0.05 unless stated 
otherwise. Correlation coefficients (r), test statistics 
(e.g., t or F), degrees of freedom, and p-values are 
reported where relevant.

Spatial analysis and uncertainty characterization

Mangrove areal extent was mapped via on-screen 
digitization of recent high-resolution Google Earth 
imagery in a GIS environment. Given the challenges 
of delineating patchy mangrove fragments, an uncer-
tainty range of ±10–20 ha (~±10%) was applied to 
the area estimate to account for geolocation error and 
interpreter bias. All point locations (e.g., sampling 
stations) were recorded with a handheld GPS (WGS 
84 datum).

Ecosystem Service Valuation (ESV)

Mangrove ecosystem service value was estimated 
using a benefit-transfer approach (Brander et al. 2012, 
Salem and Mercer 2012, Getzner and Islam 2020). A 
global average ecosystem service value per unit area 
for mangroves (in US$ ha⁻¹ yr⁻¹) was applied to the 

KDMC mangrove area (~200 ha) to estimate total 
annual ESV. Three scenarios were considered: a con-
servative lower bound (using the lower 25th percentile 
of global mangrove values), a global mean scenario, 
and an upper bound (using the 75th percentile). A 
sensitivity analysis was conducted by varying the unit 
value by ±25% and the area by ±10% to gauge the 
robustness of the ESV estimate against uncertainties 
in both the economic coefficients and mapped area. 
All monetary values are reported in US$ per year, 
and results are rounded to three significant figures.

RESULTS

Species composition, structural attributes, and 
dominance pattern

A total of ten woody and shrubby species (eight 
families) were recorded in the KDMC urban-edge 
mangrove belt (Table 1). The flora comprises both true 
mangrove species (Avicennia officinalis, Sonneratia 
apetala, Bruguiera cylindrica, Excoecaria agallocha) 
and mangrove associates (Acanthus ilicifolius, Der-
ris trifoliata, Pithecellobium dulce, Bombax ceiba, 
Morinda citrifolia, Leucaena leucocephala), indi-
cating a structurally mixed, disturbance-influenced 
assemblage.

The Relative Frequency values indicate a broad 
distribution for Avicennia officinalis, Sonneratia 
apetala, and Derris trifoliata (each 21.43%), reflect-
ing their presence across most quadrats. In contrast, 

Table 1. Phytosociological attributes of mangrove vegetation along 
the Ulhas River (KDMC).

Species                             Relative     Relative       Relative
                                         Frequency   Density   Dominance  IVI
                                            (%)             (%)             (%)

Acanthus ilicifolius	 14.29	 49.15	 33.460	 96.90
Avicennia officinalis	 21.43	 10.17	 32.716	 64.31
Derris scandens	 21.43	 24.86	 17.416	 63.70
Sonneratia apetala	 21.43	 7.91	 16.285	 45.62
Pithecellobium dulce	 4.76	 1.13	 0.023	 5.92
Bombax ceiba	 4.76	 1.13	 0.010	 5.90
Morinda citrifolia	 4.76	 1.13	 0.006	 5.90
Excoecaria agallocha	 2.38	 2.26	 0.047	 4.69
Bruguiera cylindrica	 2.38	 1.69	 0.035	 4.11
Leucaena leucocephala	 2.38	 0.56	 0.001	 2.95



138

Excoecaria agallocha, Bruguiera cylindrica, and 
Leucaena leucocephala had very low frequency 
(2.38% each), indicating highly localized occurrenc-
es. Relative Density showed a clear numerical domi-
nance of Acanthus ilicifolius (49.15%), followed by 
Derris trifoliata (24.86%) and Avicennia officinalis 
(10.17%), together these three accounted for over 
84% of all stems. Each remaining species contributed 
under 3% of total stem count.

Patterns of Relative Dominance (based on basal 
area) revealed that Acanthus ilicifolius (33.46%) 
and Avicennia officinalis (32.72%) were the prin-
cipal contributors to stand basal area, followed by 
Derris trifoliata (17.42%) and Sonneratia apetala 
(16.29%). All other species had minimal basal area 
contributions (<0.05% each). The combined effect 
of frequency, density, and dominance is reflected in 
the Importance Value Index (IVI): Acanthus ilicifo-
lius attained the highest IVI (96.90), confirming its 
overwhelming structural and numerical dominance 
in this urban-edge mangrove system. Avicennia offi-
cinalis (64.31) and Derris trifoliata (63.70) formed 
a co-dominant assemblage, while Sonneratia apetala 
(45.62) functioned as a sub-dominant canopy species. 
All other taxa had IVI < 6, signifying ecologically 
minor roles. The Shannon–Wiener diversity index (H′ 
= 1.23) and Simpson’s dominance index (D = 0.63, or 
1 – D = 0.37) depict a community of moderate species 
diversity but strong dominance by a few species, a 
pattern typical of disturbed urban-edge mangroves 
where evenness is reduced and certain tolerant species 
predominate.

Species-wise biomass distribution and biomass–
carbon sequestration

Biomass and carbon stocks for the inventoried 177 
individuals are summarized in Table 2. The total 
measured aboveground biomass (AGB) was 1,811.8 
t, and total belowground biomass (BGB) was 498.84 
t, yielding a combined stand biomass of ~2,310.65 t 
(across ~200 ha). This corresponds to an estimated 
biomass carbon stock of ~1,086.01 t C (≈3,981.29 t 
CO₂ equivalent). 

Among the true mangroves, Avicennia officinalis 
was the largest contributor to total biomass and car-
bon stock, with ~956.61 t AGB, 267.85 t BGB, and 
~575.50 t C (approximately 52% of the total biomass 
carbon pool). Sonneratia apetala ranked second 
with ~431.94 t AGB, 120.94 t BGB, and ~259.86 
t C (~24% of total biomass C). The climber Derris 
trifoliata (though a non-tree life form) contributed 
~205.85 t C (~19%), reflecting its high stem densi-
ty, while the shrub Acanthus ilicifolius contributed 
~43.94 t C (~4%). All remaining associate species 
together accounted for <1% of total biomass carbon, 
underscoring the disproportionate contribution of a 
few dominant taxa to overall carbon sequestration. 
The stand-level AGB:BGB ratio was ~3.85, indi-
cating about 20.6% of total biomass is allocated be-
lowground, substantial root biomass allocation even 
under degraded, urban-edge conditions.

Relationship between species importance (IVI) 
and biomass-carbon contribution

The relationship between species ecological impor-
Table 2. Species-wise biomass and carbon stocks in KDMC mangrove.

                                                                            Wood                                                      Total                 Carbon                    CO₂
Botanical Name                    Individuals           Density           AGB             BGB           Biomass            Fraction             Equivalent
                                                                           (kg/m³)             (t)                  (t)                (t)                      (t C)                        (t)

Avicennia officinalis	 18	 600.0	 956.61	 267.85	 1,224.46	 612.23	 2,109.77
Sonneratia apetala	 14	 550.0	 431.94	 120.94	    552.89	 276.45	    952.63
Derris trifoliata	 44	 450.0	 347.60	   90.38	    437.98	 218.99	    754.65
Acanthus ilicifolius	 87	 450.0	   74.20	   19.29	      93.49	   46.75	    161.09
Pithecellobium dulce	 2	 650.0	    0.57	     0.15	        0.72	     0.36	        1.23
Excoecaria agallocha	 4	 550.0	    0.38	     0.10	        0.48	     0.24	        0.83
Bruguiera cylindrica	 3	 690.0	    0.35	     0.09	        0.44	     0.22	        0.76
Bombax ceiba	 2	 330.0	    0.09	     0.02	        0.11	     0.06	        0.19
Morinda citrifolia	 2	 450.0	    0.04	     0.01	        0.05	     0.03	        0.09
Leucaena leucocephala	 1	 560.0	    0.02	     0.01	        0.03	     0.02	        0.05
Total	 177	                  1,811.80           498.84	 2,310.65          0,155.32	 3,981.29 
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Fig. 2. Relationship between species importance (IVI) and biomass–carbon contribution. 

tance (IVI) and their biomass-carbon contribution 
was strongly positive (Fig. 2). Dominant species with 
high IVI (Avicennia officinalis, Sonneratia apetala, 
Derris trifoliata, Acanthus ilicifolius) were also the 
largest contributors to biomass carbon storage. This 
pattern confirms that even in a structurally simpli-
fied, disturbed mangrove stand, phytosociological 
dominance is a reliable predictor of blue-carbon 

contribution. Minor associate species, despite being 
present, contributed negligibly to carbon storage due 
to their very low basal area and stem counts.

Soil Organic Carbon (SOC) concentration and 
stock distribution

Depth-wise SOC concentrations and stocks for the 
Table 3. SOC (% and t C ha⁻¹) and Organic Matter (%) at two depths across stations.

Station               Coordinates              %SOC             %OM                SOC                   %SOC              %OM                   SOC
                           (WGS 84)             (0–15 cm)       (0–15 cm)    (t ha⁻¹, 0–15 cm)      (15–30 cm)      (15–30 cm)     (t ha⁻¹, 15–30 cm)

MQ-01	 19°11′58.94″ N,	 10.15	 7.50	 197.93	 8.51	 14.66	 331.89
	 73°04′13.13″ E
MQ-02	 19°12′12.44″ N,	 11.52	 19.87	 224.64	 13.44	 23.18	 524.16
	 73°04′29.69″ E
MQ-03	 19°12′21.37″ N,	 11.52	 19.87	 224.64	 10.15	 17.50	 395.85
	 73°04′22.34″ E
MQ-04	 19°12′46.69″ N,	 17.29	 29.80	 337.16	 17.83	 30.75	 695.37
	 73°04′10.17″ E
MQ-05	 19°14′08.39″ N,	 14.54	 25.07	 283.53	 12.35	 21.29	 481.65
	 73°04′25.25″ E
MQ-06	 19°12′06.54″ N, 	 17.56	 30.27	 342.42	 15.09	 26.02	 588.51
	 73°03′47.46″ E
MQ-07	 19°12′11.39″ N, 	 9.88	 17.03	 192.66	 9.60	 16.56	 374.40
	 73°04′06.02″ E
MQ-08	 19°14′22.91″ N, 	 7.13	 12.30	 139.04	 7.41	 12.77	 288.99
	 73°04′44.92″ E
MQ-09	 19°14′05.35″ N, 	 14.27	 24.60	 278.27	 14.54	 25.07	 567.06
	 73°05′38.21″ E
MQ-10	 19°12′30.41″ N, 	 12.62	 21.76	 246.09	 13.44	 23.18	 524.16
	 73°04′05.08″ E
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ten stations are presented in Table 3. At 0–15 cm 
depth, SOC concentration ranged from 7.13% to 
17.56%, while at 15–30 cm it ranged from 7.41% to 
17.83%. Quadrat MQ-4 and MQ-6 had the highest 
SOC stocks at both depths, indicating superior carbon 
retention under comparatively lower disturbance 
and enhanced sediment retention. MQ-5 and MQ-9 
showed intermediate SOC stocks, whereas MQ-7 
and MQ-8 consistently had the lowest SOC at both 
depths, reflecting severe anthropogenic disturbance, 
restricted tidal exchange, and sediment compaction at 
those sites. Across all stations, SOC stock was higher 
in the 15–30 cm layer than in the 0–15 cm layer, high-
lighting the importance of long-term carbon burial in 
deeper sediment horizons.

SOC distribution and depth-wise variation

Descriptive statistics of SOC and related variables 
across the ten quadrats are summarized in Table 4. 

Table 4. Summary statistics of SOC and related variables (n = 
10 quadrats).

Variable                                  Mean       SD        Min          Max

%C (0–15 cm)	 12.65	 3.31	 7.13	 17.56
OM% (0–15 cm)	 21.81	 5.71	 12.30	 30.27
SOC (t ha⁻¹, 0–15 cm)	 246.64	 64.60	 139.04	 342.42
%C (15–30 cm)	 12.24	 3.27	 7.41	 17.83
OM% (15–30 cm)	 21.10	 5.64	 12.77	 30.75
SOC (t ha⁻¹, 15–30 cm)	 477.20	 127.46	 288.99	 695.37

SOC stock in the 0–15 cm layer ranged from 139.04 to 
342.42 t ha⁻¹ (mean 246.64 ± 64.60 t ha⁻¹), indicating 
substantial surface carbon accumulation. At 15–30 cm 
depth, SOC stocks increased markedly, ranging from 
288.99 to 695.37 t ha⁻¹ (mean 477.20 ± 127.46 t ha⁻¹). 
The boxplot comparison (Fig. 3) clearly demonstrates 
the pronounced increase in SOC storage with depth. A 
paired t-test confirmed that SOC stocks at 15–30 cm 
were significantly higher than those at 0–15 cm (t = 
9.81, df = 9, p < 0.001), highlighting the dominance 
of subsurface sediments in total soil carbon storage.

Relationship between surface and subsurface 
SOC pools

Stations with the highest surface SOC also tended to 
have the highest subsurface SOC. Notably, quadrats 
MQ-4 and MQ-6 were at the upper end of SOC 
for both depths, suggesting localized conditions 
favorable for carbon retention (e.g., finer sediments, 
reduced oxidation, high litter and root inputs, or 
sheltered hydro-geomorphic settings). Conversely, 
MQ-8 had the lowest SOC at both depths, implying 
lower organic inputs and/or more exposed sediment 
conditions with greater turnover. Surface and subsur-
face SOC stocks showed a strong positive correlation 
(r = 0.904, p < 0.001), indicating coherent vertical 
coupling of carbon accumulation across the upper 30 
cm of soil. This relationship is illustrated in Fig. 4. 
sites with higher surface SOC also exhibit elevated 
subsurface SOC, suggesting that local controls on 

Fig. 3. Depth-wise distribution of soil organic carbon stocks (t ha⁻¹).
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organic matter input and sediment deposition operate 
consistently through the soil profile.

Role of carbon concentration and organic matter

SOC stocks at both depths increased proportionally 
with soil carbon concentration (%C) and organic 
matter content (%OM) (see Table 3 and Fig. 5). Giv-

Fig. 4. Relationship between surface and subsurface SOC stocks.

en that SOC stock was calculated directly from %C 
(multiplying by bulk density and depth), these rela-
tionships simply reflect the quantitative dependence 
of SOC storage on carbon concentration, rather than 
independent ecological correlations. Nonetheless, 
the tight correspondence between %OM, %C, and 
SOC stock confirms that organic matter accumulation 
is the primary driver of carbon storage in KDMC 

Fig. 5. %C vs SOC stocks at 0–15 cm and 15–30 cm depths. 
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Fig. 6. Representative anthropogenic disturbances in KDMC mangroves along the Ulhas River–Vasai–Thane Creek corridor.

mangrove soils.

Field-observed anthropogenic stressors

Field observations documented severe anthropo-
genic pressures in the KDMC mangroves (Fig. 6). 
Key stressors include solid-waste dumping, sewage 
discharge, embankment construction, shoreline 
encroachment, and intertidal land filling. These dis-
turbances have resulted in smothering of pneumato-
phores, truncation of tidal channels, sediment harden-
ing, and reduced seedling recruitment. We observed 
that localized canopy thinning and the dominance of 
shrubs and climbers were strongly associated with 
zones of intense disturbance.

Ecosystem service valuation 

Based on a mapped mangrove extent of ~200 ± 20 ha 
and globally derived unit ecosystem service values, 
the annual ESV of the KDMC mangroves is estimated 
at approximately US$ 4.22 million yr⁻¹ under the 
global mean scenario. Sensitivity analysis yields a 

range of roughly US$ 3.0–6.0 million yr⁻¹, reflecting 
uncertainties in mapped area and in the benefit-trans-
fer valuation coefficients. When combined with the 
biomass carbon (~195 t C ha⁻¹) and mean SOC (~272 
t C ha⁻¹) stock estimates, the total blue-carbon pool 
of KDMC mangroves is on the order of ~467 t C 
ha⁻¹. This underscores that, even in a urban-edge 
context, these mangroves represent a significant car-
bon reservoir embedded within a densely populated 
metropolitan landscape.

DISCUSSION

Structural reorganization of urban-edge man-
grove vegetation

The phytosociological structure of the KDMC 
mangroves reflects a disturbance-regulated system 
in which shrub and liana components have progres-
sively replaced the late-successional, tree-dominated 
mangrove stands. This pattern is increasingly docu-
mented in degraded urban-edge mangroves (Alongi 
2015, 2022, Chen et al. 2021, Zhang et al. 2021). The 



143

 

overwhelming dominance of Acanthus ilicifolius and 
Derris trifoliata, together with the co-dominance of 
Avicennia officinalis, indicates a shift from classical, 
tall-canopy mangrove forests toward a structurally 
simplified, disturbance-tolerant assemblage. Similar 
vegetation shifts have been reported in urban man-
groves of Thane Creek and Mumbai Harbor, and 
in industrial estuaries of western India, where em-
bankments, land filling, and restricted tidal flushing 
selectively suppress slow-growing canopy species 
(Nagelkerken et al. 2008, Shindikar et al. 2009, Friess 
et al. 2016a, NCSCM 2017, Lee et al. 2014, Alongi 
2022, Kannankai et al. 2022, Szafranski and Granek 
2023, Kumar 2025).

The very low IVI values of late-successional 
species like Bruguiera cylindrica and Excoecaria 
agallocha in KDMC suggest that hydrological trun-
cation, propagule dispersal limitations, and substrate 
compaction disproportionately disadvantage these 
structural foundation species. Similar declines in 
Bruguiera and Excoecaria have been noted in the 
semi-arid mangroves of the Gulf of Kachchh under 
industrial saline stress and tidal restrictions (Thiva-
karan et al. 2020). Likewise, in fringe mangroves 
of the Indian Sundarbans experiencing altered flow 
regimes, early-stage replacement of canopy trees by 
disturbance-tolerant shrubs and mangrove associates 
has been observed (Chaudhuri et al. 2023). Thus, the 
dominance-skewed community structure (moderate 
Shannon diversity but high Simpson dominance) of 
KDMC mangroves is typical of urban-edge systems 
under sustained anthropogenic stress (Mukherjee et 
al. 2014, Friess et al. 2016a, IPCC 2019).

Ecological drivers of shrub and liana dominance

The ascendancy of the liana Derris trifoliata in 
KDMC is a clear biological signal of chronic can-
opy disruption and the creation of canopy gaps. 
Lianas are highly competitive in environments 
where vertical forest structure is repeatedly opened 
by disturbance; their rapid clonal expansion allows 
them to capture light and physical support effectively. 
Similar liana-dominated post-disturbance mangrove 
assemblages have been documented in Southeast 
Asia and urban-edge Sri Lankan estuaries, where 
recurrent disturbance suppresses tree regeneration and 

promotes climber proliferation (Satyanarayana et al. 
2002, Schnitzer 2005, Schnitzer and Bongers 2011). 

The numerical dominance of Acanthus ilicifolius 
reflects this species’ extraordinary tolerance to salinity 
fluctuation, nutrient enrichment, periodic desiccation, 
and mechanical disturbance of sediments. Dense 
Acanthus thickets can enhance surface sediment 
trapping but simultaneously inhibit the recruitment 
of canopy-forming mangrove propagules, effectively 
locking the system in an arrested successional state. 
This feedback mechanism has been observed in 
disturbed mangroves of Thane Creek and in the East 
Kolkata Wetlands (Lee et al. 2014, Sumarga et al. 
2023). Consequently, the current Acanthus–Derris 
dominated configuration in KDMC is a distur-
bance-adapted but carbon-fragile vegetation state, 
capable of short- to medium-term biomass retention, 
yet vulnerable to rapid collapse under intensified 
physical stress.

Biomass-carbon dynamics in context of other 
Indian mangroves

The species-wise urban-edge mangrove biomass esti-
mates from KDMC underscore the functional primacy 
of the structural dominants (Avicennia officinalis, 
Sonneratia apetala, Derris trifoliata, and Acanthus 
ilicifolius) as the principal contributors to both above- 
and belowground biomass carbon pools. The total 
biomass carbon stock (~1,086 t C, or ~3,981 t CO₂e) 
indicates a moderate carbon sequestration capacity 
relative to other degraded urban mangroves in western 
India (Vinod et al. 2018, Harishma et al. 2020, Singh 
et al. 2023). The strong positive IVI–biomass–carbon 
relationship confirms that species dominance via 
frequency, density, and basal area disproportionately 
governs stand-level carbon storage, aligning with core 
ecological theory that links structural dominance to 
carbon allocation.

On a per-area basis, the KDMC biomass carbon 
stock (~195 t C ha⁻¹) places this system in an inter-
mediate carbon-density class among Indian man-
groves. Degraded industrial mangroves in the Gulf of 
Kachchh often have <150 t C ha⁻¹ (Thivakaran et al.  
2020), whereas structurally intact Sundarbans forests 
can exceed 300–350 t C ha⁻¹ due to sustained sedi-
ment accretion and multi-tiered canopies (Chaudhuri 
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et al. 2023). Pichavaram mangroves similarly sustain 
higher biomass stocks under well-connected tidal re-
gimes and mature stand structure (Ghosh et al. 2022). 
Within this national context, KDMC represents an 
intermediate, disturbance-stabilized system in which 
residual canopy trees (primarily Avicennia officinalis 
and Sonneratia apetala) continue to drive biomass 
accrual despite pronounced structural simplification.

The dominance of Avicennia officinalis (>50% 
of total biomass C) mirrors patterns in other urban 
estuaries of the MMR, where Avicennia thrives under 
high salinity and nutrient enrichment (Kauffman et al. 
2020, Rani et al. 2023). Meanwhile, the substantial 
carbon contribution of Derris trifoliata, although 
atypical for undisturbed mangroves, reflects second-
ary carbon capture by lianas in the wake of repeated 
canopy disturbance. The stand AGB:BGB ratio of 
~3.85 is within the general tropical mangrove range 
(Komiyama et al. 2008, Alongi 2020), indicating 
that belowground allocation remains proportionate, 
supporting sediment stabilization and rhizosphere 
functioning (Donato et al. 2011). These findings 
emphasize that even structurally simplified shrub–
liana assemblages can retain substantial, if fragile, 
biomass carbon pools that merit protection under 
urban climate-mitigation frameworks.

SOC stratification in comparative framework

Our results reinforce that even in an urban-edge es-
tuary, mangrove soils retain a large, depth-structured 
SOC pool. The markedly higher SOC stocks at 15–30 
cm depth (mean ≈ 477 t ha⁻¹) compared to 0–15 cm 
(mean ≈ 247 t ha⁻¹) indicate that KDMC mangrove 
soils function as a significant long-term carbon sink, 
with carbon stabilized below the actively bioturbated 
surface layer. This is consistent with the known role 
of mangrove and estuarine sediments as effective car-
bon vaults due to waterlogging, anoxia, and mineral 
protection (Kristensen 2008, IPCC 2014, IPCC 2019, 
Sasmito et al. 2019, 2020).

The strong correlation between surface and sub-
surface SOC (r = 0.904) suggests that spatial controls 
on SOC (hydroperiod, sediment texture, organic mat-
ter input, stand structure) operate consistently through 
the upper soil profile. In mangroves, such coherence 

often reflects coupled processes: surface litter inputs 
and subsurface burial via sediment accretion and 
root turnover (Sasmito et al. 2019, 2020). The robust 
depth stratification observed confirms active carbon 
burial and preservation processes, which is central 
to blue-carbon accounting in coastal wetlands. The 
IPCC’s wetlands supplement emphasizes quantifying 
soil carbon in these ecosystems because soil pools can 
dominate total ecosystem carbon and are vulnerable 
to disturbances like excavation or drainage (IPCC 
2014, 2019). Deeper mangrove soil layers typical-
ly experience low oxygen, slower decomposition, 
greater mineral adsorption of organic matter, and 
continuous burial by sediment deposition and root 
accumulation. These mechanisms, well documented 
in mangrove carbon dynamics, explain the statistical 
depth differences we observed (Kristensen 2008, 
Sasmito et al. 2020).

A large fraction of SOC in KDMC is stored be-
low the surface, so activities such as dredging, bund 
construction, land reclamation, or canalization could 
rapidly expose this stable carbon to oxidation, con-
verting a carbon sink into a source. This aligns with 
national greenhouse gas inventory considerations 
for coastal wetlands (IPCC 2019). ‘Hotspot’ stations 
(e.g., MQ-4, MQ-6) that hold disproportionately high 
SOC should receive priority protection and monitor-
ing. Future assessments should extend to the full 0–30 
cm profile (and deeper where possible) to align with 
standard carbon accounting depths (FAO 2019) and 
to ensure long-term changes in these carbon stocks 
are detected.

Anthropogenic stressors and carbon-system de-
stabilization

The field-documented stressors in KDMC mangroves: 
solid waste dumping, sewage effluent, tidal restriction 
by embankments, shoreline hardening, and infilling 
provide mechanistic explanations for the observed 
vegetation and carbon patterns. Physical barriers like 
embankments truncate tidal flow, suppress sediment 
deposition, and raise soil redox potential, thereby 
accelerating organic carbon oxidation and loss (Lee 
et al. 2014). Plastic and construction debris smother 
aerial roots (pneumatophores) and inhibit gas ex-
change, altering sediment microbial processes and 
collectively destabilizing long-term SOC storage.
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Comparable urban-driven carbon loss trajectories 
have been observed in mangrove systems fringing 
major cities such as Manila Bay, Jakarta Bay, Lagos 
Lagoon, and the Pearl River estuary, where urban 
expansion has transformed persistent blue-carbon 
sinks into net carbon sources under episodic distur-
bances (Nababa et al. 2020, Wang et al. 2024). Taken 
together, our structural and visual indicators reinforce 
that degradation in the KDMC mangroves is not just a 
localized ecological issue but a broader socio-ecolog-
ical outcome of inadequate land-use regulation, weak 
enforcement of coastal buffer policies, and insufficient 
integration of mangroves into municipal planning.

Management implications

The findings highlight that KDMC’s mangroves are 
nearing a functional threshold beyond which carbon 
sink capacity, habitat quality, and resilience to sea-lev-
el rise could be irreversibly compromised. Protecting 
the remaining structurally dominant trees (especially 
Avicennia officinalis and Sonneratia apetala) and 
facilitating the recovery of other canopy species (Bru-
guiera cylindrica, Excoecaria agallocha) should be 
management priorities to re-establish vertical forest 
structure and long-lived biomass carbon pools. Equal-
ly critical is restoring tidal connectivity by removing 
or redesigning barriers and embankments, which 
would improve sediment delivery, maintain natural 
salinity regimes, and enhance propagule recruitment 
for forest regeneration.

Community-based monitoring and co-manage-
ment initiatives can complement formal regulations 
by engaging local stakeholders in surveillance against 
encroachment and in mangrove stewardship (Mukher-
jee et al. 2014, Bunting et al. 2018, Damastuti et al. 
2022, Damastuti et al. 2023). Targeted actions such 
as establishing waste-buffer zones, removing accu-
mulated debris, and enrichment planting with native 
mangrove species could incrementally rehabilitate 
these habitats. Given the documented blue-carbon 
value and ecosystem services of KDMC’s mangroves, 
they should be explicitly recognized and managed as 
vital urban green–blue infrastructure within municipal 
development and climate resilience plans.

Ecosystem-service valuation

The annual ESV of ~US$ 4.22 million for KDMC’s 

mangroves is consistent with valuations reported 
for other peri-urban wetlands like the East Kolkata 
Wetlands, Navi Mumbai’s mangroves, and Southeast 
Asian urban mangroves (Brander et al. 2012, Salem 
and Mercer 2012, Getzner and Islam 2020). Normal-
ized, this equates to roughly US$ 21,000 ha⁻¹ yr⁻¹, 
which lies within contemporary Indian mangrove 
value ranges (US$ 18,000–30,000 ha⁻¹ yr⁻¹). Recent 
cost–benefit analyses have shown that urban-adjacent 
mangroves yield exceptionally high economic returns 
relative to land conversion alternatives, especially 
when storm protection, carbon sequestration, and 
fishery support services are jointly considered (Yadav 
et al. 2024). The KDMC valuation remains deliber-
ately conservative, as it does not explicitly monetize 
cultural services, urban heat mitigation, or avoided 
property damage.

We note that manual mapping of mangrove area 
and reliance on global average valuation coefficients 
introduce uncertainty; hence the ESV estimates 
should be viewed as indicative magnitudes rather than 
precise figures. Nevertheless, they provide a robust 
justification for prioritizing mangrove conservation as 
a cost-effective nature-based investment (Brander et 
al. 2012, Salem and Mercer 2012, Getzner and Islam 
2020, Alongi 2022).

Methodological uncertainties and constraints

Biomass and carbon stocks were estimated using 
species and growth-form appropriate allometric 
equations applied to inventoried individuals within 
fixed-area quadrats. While these models are widely 
accepted for mangrove ecosystems, uncertainties 
remain due to interspecific variability in wood den-
sity, architecture, and site-specific growth conditions, 
particularly for shrubs and lianas for which regionally 
calibrated equations are limited. Accordingly, bio-
mass estimates for non-tree growth forms should be 
interpreted as conservative approximations.

The biomass carbon values reported represent 
aggregated stand-level estimates derived from al-
lometric calculations and were not normalized to 
per-hectare units, as direct extrapolation from small 
sampled areas can lead to unrealistic overestimation. 
These values therefore reflect relative species contri-
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butions and overall stand-level carbon storage rather 
than absolute areal density.

Soil organic carbon (SOC) stocks were quantified 
for the upper 30 cm of the soil profile, capturing the 
most biologically active layer but excluding deeper 
sediments that may store additional long-term carbon. 
Composite sampling at each station may also mask 
fine-scale spatial heterogeneity. Mangrove area was 
delineated using high-resolution satellite imagery, 
which carries inherent positional uncertainty despite 
the application of uncertainty bounds. Ecosystem 
service valuation relied on a benefit-transfer approach 
and thus does not fully account for site-specific so-
cio-economic or non-market values.

Despite these constraints, the methodological 
framework provides a robust and internally consistent 
baseline for assessing vegetation structure, biomass 
carbon, and soil carbon dynamics in urban-edge 
mangrove systems.

Implications for urban coastal policy

KDMC’s mangroves constitute critical green–blue 
infrastructure embedded in a rapidly urbanizing es-
tuarine corridor. Their combined biomass–sediment 
carbon pool, moderate sequestration capacity, and 
high economic value argue for explicit inclusion in 
municipal climate-action plans (Akhand et al. 2023), 
disaster risk reduction strategies, and nature-based ad-
aptation frameworks. Priority management interven-
tions include restoring tidal connectivity, removing or 
modifying hydrological barriers, improving sediment 
quality (e.g., through pollution control and sediment 
supplementation if needed), establishing controlled 
waste-buffer zones to prevent dumping, and enrich-
ment planting with true mangrove canopy species 
to enhance structural diversity. If these urban-edge 
mangrove systems are not stabilized, there is a risk 
that a long-term blue-carbon sink will be transformed 
into a net carbon source, especially under the pres-
sures of ongoing urban expansion and sea-level rise.

CONCLUSION

This study provides an integrated assessment of veg-
etation structure, species dominance, biomass carbon, 

soil organic carbon (SOC), and ecosystem service 
value of urban-edge mangroves along the Ulhas 
River–Vasai–Thane Creek estuarine system within the 
Kalyan–Dombivli Municipal Corporation (KDMC) 
region. Despite persistent anthropogenic pressure, 
the mangrove assemblage continues to function as a 
measurable blue-carbon reservoir, although its struc-
tural integrity and long-term stability are increasingly 
constrained by urban disturbance.

Phytosociological analysis revealed a domi-
nance of disturbance-tolerant shrubs and climbers, 
particularly Acanthus ilicifolius and Derris trifoliata, 
coupled with the reduced prevalence of late-succes-
sional canopy species (Bruguiera cylindrica, Excoe-
caria agallocha) indicating the disturbance-stabilized 
state. Alongside a limited number of canopy-forming 
mangrove trees (Avicennia officinalis and Sonnera-
tia apetala) still account for the majority of stand 
biomass and carbon. The relationship between spe-
cies importance and biomass carbon contribution 
demonstrated that ecological dominance does not 
uniformly translate into carbon storage potential 
across growth forms. Canopy-forming tree species 
disproportionately governed biomass carbon pools, 
whereas shrub- and liana-dominated components, 
despite high IVI values, contributed relatively little 
to long-term carbon storage.

Soil organic carbon constituted the dominant 
and more stable carbon pool, with consistently higher 
stocks in subsurface layers compared to surface soils. 
This depth-wise stratification underscores the role 
of mangrove sediments as long-term carbon sinks 
and highlights the vulnerability of these stores to 
physical disturbance, hydrological alteration, and 
land-use change. Stations exhibiting greater hydro-
logical connectivity and reduced disturbance retained 
higher SOC stocks, emphasizing the importance of 
sedimentary integrity for blue-carbon preservation in 
urban mangrove systems.

The estimated ecosystem service value suggests 
that KDMC’s mangroves provide substantial annual 
socio-economic benefits at the municipal scale, even 
under conservative valuation assumptions. Neverthe-
less, this valuation carries high uncertainty due to 
manual area delineation, variability in global unit val-
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ues, and the incomplete monetization of non-market 
services. Thus, the ESV figures should be interpreted 
as policy-relevant ballpark values rather than precise 
economic totals.

The methodological framework adopted, com-
bining phytosociological assessment, allometric 
biomass estimation, and depth-specific SOC analysis, 
provides a robust baseline for evaluating carbon dy-
namics in urban-edge mangroves. However, biomass 
carbon estimates represent aggregated stand-level 
values rather than per-hectare densities, and SOC 
assessments were limited to the upper 30 cm of the 
soil profile. These constraints necessitate cautious 
interpretation of absolute magnitudes, while relative 
patterns and species-level contributions remain eco-
logically meaningful and policy-relevant.

Overall, the findings indicate that KDMC 
mangroves represent an ecologically resilient yet 
carbon-fragile system, where continued degradation 
could rapidly erode both biomass and sedimentary 
carbon stocks. Conservation and restoration efforts 
should therefore prioritize the protection and recovery 
of canopy-forming mangrove species, maintenance 
of tidal connectivity, and prevention of physical 
disturbances that destabilize sediment carbon pools. 
The baseline generated by this study offers critical 
scientific support for integrating urban mangroves 
into municipal climate mitigation strategies, coastal 
resilience planning, and long-term blue-carbon con-
servation frameworks.
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