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Abstract

Vegetation carbon storage in mangroves is an important component of the global carbon cycle, and its spatial
distribution plays a key role in the assessment of coastal blue carbon storage. However, there are substantial differences
in vegetation carbon storage among mangroves of different ages, introducing uncertainties into blue carbon
assessments. In this study, field samples of young, middle-aged, and mature Aegiceras corniculatum from the Maowei
Sea (MWS) were integrated with remote sensing imagery to investigate the effect of stand age on vegetation carbon
storage and its spatial distribution in 4. corniculatum. The results indicated that the carbon content in different organs of
young A. corniculatum followed the pattern stem > leaf > root, whereas in middle-aged and mature stands it shifted to
leaf > stem > root. Across all stand ages, carbon storage among organs in A. corniculatum consistently followed the
pattern stem > root > leaf. Meanwhile, the carbon storage of 4. corniculatum increased significantly with age. The
carbon storage of individual trees was (50.57 = 10.13) g, (4 837.69 + 1 234.03) g, and (6 534.07 = 874.59) g for young,
middle-aged, and mature stages, respectively. The total vegetation carbon storage of 4. corniculatum in the MWS was
47 829.97 t. Young, middle-aged, and mature stands accounted for 0.39%, 49.37%, and 50.24% of the total storage,
respectively, with vegetation carbon densities of (2.28 + 0.93) t/hm2, (52.04 + 7.75) t/hm?, and (56.49 + 12.57) t/hmZ.
Moreover, the introduction of Sonneratia apetala and human disturbance resulted in lower coverage of 4. corniculatum
in the Maoling River Estuary (MRE) but higher coverage in the Qinjiang River Estuary (QRE), leading to a spatial
distribution of vegetation carbon storage in the MWS characterized by higher values in the east and lower values in the
west. This study reveals the differences in vegetation carbon storage in A. corniculatum across ages, providing a
scientific basis for the sustainable management of mangroves worldwide.
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1 Introduction capacity for long-term natural carbon sequestration (Alon-
gi, 2014; Wang et al., 2023; Lovelock and Duarte, 2019).

Mangroves, widely distributed in the intertidal zones Despite covering a mere 0.5% of the global coastal area,

of tropical and subtropical coasts, are considered a vital mangroves store a disproportionately high 10%—15% of
component of blue carbon ecosystems due to their high the carbon sequestered in coastal ecosystems, playing a
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significantroleinthe global carboncycle (Duarteetal.,2005).
However, mangroves are facing the dual threats of human
activities and natural factors, leading to severe losses
(Thomas et al., 2017). Globally, mangroves are being lost
at an annual rate of approximately 0.16%—0.39%, which
results in carbon storage losses of up to 2.0-7.5 Tg/a (in
terms of C) (Hamilton and Casey, 2016). The vegetation
carbon storage of mangroves is more vulnerable to distur-
bance than soil carbon and exhibits greater interannual
variability (Li et al., 2025), posing significant challenges
for the accurate estimation of regional carbon storage.
Therefore, being concerned about how to accurately eval-
uate the vegetation carbon storage in mangroves has be-
come a focus of blue carbon research.

Vegetation carbon storage in mangroves is controlled
by age, plant density, tree species, human activities, and
species invasion (Harishma et al., 2020; Thomas et al.,
2017; Lu et al., 2014). Studies have shown that stand age
is the main driving factor of vegetation carbon storage in
mangroves (Li et al., 2025; Zakaria et al., 2023). Besnard
et al. (2025) showed that the vegetation carbon stock in
mangroves increases with forest age, with global young
mangroves containing 23.80 Mg/hm? (in terms of C),
while old mangroves reach 77.80 Mg/hm? (in terms of C).
Mangroves at different ages adjust the biomass allocation
among their organs according to physiological needs,
thereby altering the proportion of carbon distributed
among these organs (Zhu et al., 2021; Chen et al., 2025).
Plant density also plays a critical role in regulating vegeta-
tion carbon stock dynamics in mangroves. As succession
progresses, the self-thinning process leads to a decrease in
plant density, while the accumulation of biomass in sur-
viving individuals drives an increase in carbon storage per
unit area (Liao et al., 2025; Bai et al., 2021). In recent
decades, anthropogenic activities have had a dramatic ef-
fect on the vegetation carbon storage in mangroves (Guo
et al., 2024). Song et al. (2023) showed that artificial man-
groves planted for 40 years can reach carbon stocks of
127.7 Mg/hm? (in terms of C), substantially enhancing re-
gional carbon sequestration capacity (Besnard et al.,
2025). However, Richards et al. (2020) found that the
global carbon stock in mangroves declined by 158.4 Mt
over the past two decades due to land cover change. In ad-
dition, species invasion poses a threat to the carbon stock
of native mangroves. Feng et al. (2025) found that the in-
vasion of Sonneratia apetala led to the death of native
mangroves, significantly weakening the carbon accumula-
tion capacity of native mangroves. A similar outcome was
observed in China and India (Lu et al., 2014; Chakraborty,
2018).

In the early years, researchers primarily relied on field
quadrat surveys to develop allometric equations for esti-
mating vegetation biomass, which were then applied to as-
sess carbon storage and analyze its allocation characteris-
tics (Ahmed et al., 2021; Hadi et al., 2019). With the rapid
development of remote sensing technology, remote sens-
ing images have been widely used for mangrove mapping
and biomass estimation, enabling the assessment of vege-

tation carbon storage and the monitoring of its dynamics
at large spatial scales (Tang et al., 2018; Li et al., 2024;
Wang et al., 2025). Existing studies have largely focused
on the carbon density of mixed-species forests, carbon al-
location patterns among different mangrove species, and
the spatiotemporal dynamics and driving factors of car-
bon storage (Shi et al., 2024; Wu et al., 2022). However,
the role of forest age dynamics in species-specific carbon
storage remains insufficiently studied.

Aegiceras corniculatum, a pioneer mangrove species,
is widely distributed in estuarine tidal flats and has a re-
markable carbon sequestration capacity (Chen et al.,
2021). However, global climate warming and human ac-
tivities are driving the continued loss of mangrove forests
(including A. corniculatum), thereby undermining the car-
bon storage potential of blue carbon ecosystems (Richards
et al., 2020). Currently, there is a lack of age-specific
quantitative assessments of carbon storage dynamics for
this key pioneer species, particularly in the Beibu Gulf,
and no similar studies have been reported to date. This
knowledge gap constrains our accurate predictions of its
recovery trajectories and carbon gains. Therefore, explor-
ing the effects of stand age on vegetation carbon storage
and the spatial distribution of 4. corniculatum not only
helps scientifically assess its carbon storage capacity but
also provides scientific support for the conservation of
blue carbon ecosystems.

Maowei Sea (MWS), located in the northern part of
the Beibu Gulf, is characterized by the dominance of A.
corniculatum. The species covers approximately 46.00%
of the total A. corniculatum distribution area in the Beibu
Gulf (Tao et al., 2017). Therefore, in this study, A. cornic-
ulatum in the MWS was selected, and field observations
were integrated with remote sensing imagery to (1) ex-
plore the spatial distribution of vegetation carbon storage
in A. corniculatum stands at different ages, and (2) evalu-
ate vegetation carbon storage in A. corniculatum at differ-
ent ages in the MWS. The findings will provide a scientif-
ic basis for accurately assessing regional blue carbon po-
tential and for guiding mangrove management and ecolog-
ical restoration efforts.

2 Materials and methods

2.1 Study area

MWS is located in the northern part of the Beibu Gulf
in China (Fig. 1a). The region has a southern subtropical
monsoon climate, with an annual average temperature of
22.40°C and an annual average rainfall of 2 150 mm. The
tidal regime of this sea area is an irregular diurnal tide,
with an average tidal range of 2.50 m (Zhang et al., 2023).
As the main inflows into MWS, the Maoling River and
Qinjiang River carry large amounts of suspended sedi-
ments to the estuary under the combined influence of
runoff and tidal currents, forming extensive intertidal
mudflats that provide favorable habitat conditions for the
growth of local mangrove plants (Kang et al., 2022). The
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Fig. 1. The study area. a. Geographical location of MWS in Guangxi. b. Concentrated distribution area of A. cornicu-

latum is divided into QRE and MRE.

mangroves in the MWS are primarily composed of 4. cor-
niculatum, S. apetala, and Kandelia obovata. Since K.
obovata accounts for only 0.5%, it is excluded from this
study (Ma et al., 2019). Based on the geographical distri-
bution of the estuary, this study divided the MWS into the
Maoling River Estuary (MRE) and the Qinjiang River Es-
tuary (QRE), aiming to evaluate changes in the vegeta-
tion carbon storage of A. corniculatum in MWS (Fig. 1b).

2.2 Stand age classification

Due to their large tree crowns and high canopy densi-
ty, adult trees typically exhibit a continuous patchy distri-
bution in remote sensing imagery. They possess distinct
spectral characteristics that create a significant contrast
with other features, making them easy to identify and ex-
tract (Chi and Xu, 2025). In contrast, seedlings have
smaller crowns, and their spectral characteristics are not
distinct in the early stages. Additionally, they are suscepti-
ble to spectral interference from features such as tidal flats
and herbaceous vegetation, which makes them relatively
difficult to identify in remote sensing images. This study
used a confusion matrix to evaluate the accuracy of man-
grove extraction at different forest ages. When the overall
accuracy exceeds 80% and the kappa coefficient is greater
than 0.8, the classification results of mangroves of differ-
ent stand ages can be considered reliable (Hickey and
Radford, 2022). Furthermore, during the first five years of
growth, mangroves exhibit underdeveloped root and

canopy structures, resulting in low resource acquisition ef-
ficiency and limited biomass accumulation (Bourgeois
et al., 2024). As mangroves grow, stand structure be-
comes more complete, and photosynthetic nutrient use ef-
ficiency improves significantly, thereby promoting rapid
biomass accumulation (Sahu and Kathiresan, 2019; Ren
et al., 2010). When the stand reaches approximately 20
years of age, the community structure tends to stabilize,
biomass growth slows down, and the ecosystem enters the
mature stage (Li et al., 2025; Bourgeois et al., 2024).
Therefore, based on the growth patterns and remote-sens-
ing detectability of mangroves, this study divided them in-
to three stages: young stands (1—5 a), middle-aged stands
(6—19 a), and mature stands (= 20 a). Using 2023 as the
reference year, young stands were defined as those estab-
lished between 2019 and 2023, middle-aged stands as
those established between 2004 and 2018, and mature
stands as those established in or before 2003.

2.3 Extraction of A. corniculatum areas at differ-
ent ages

This study used multi-source remote sensing images,
combined with field surveys and the 2000—2023 S. apeta-
la dataset in the MWS, to quantify the spatial distribution
area of A. corniculatum across different stand ages. The
remote sensing data include 30 m resolution Landsat im-
agery from 2004, as well as 10 m resolution Sentinel-2
imagery from 2019 and 2023. All selected images met the
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criteria of having less than 30% cloud cover and exposed
tidal flats, ensuring the completeness of mangrove extrac-
tion. To enhance the spectral differentiation between man-
groves and other land cover types, Normalized Difference
Vegetation Index, Enhanced Vegetation Index, Land Sur-
face Water Index, and Mangrove Vegetation Index in-
dices were further integrated into the imagery. Subse-
quently, the support vector machine algorithm was ap-
plied for mangrove extraction. To improve extraction ac-
curacy and validation, high-resolution QuickBird and
WorldView images (0.5—0.6 m resolution) from 2004 and
2019 were used for auxiliary verification (Sentinel-2 im-
agery was used for 2023). In this study, the overall accu-
racy exceeded 90% and the Kappa coefficient was greater
than 0.90, indicating that the mangrove extraction was
highly reliable (Table 1). Since the age classification of A4.
corniculatum 1is based on multi-temporal mangrove ex-
traction results, the high extraction accuracy provides a re-
liable guarantee for the age classification of 4. cornicula-
tum.

To obtain the spatial distribution data of 4. cornicula-
tum, this study combined field surveys of A. corniculatum
with the 2000—-2023 S. apetala dataset for the MWS de-
veloped by Xie et al. (2025). Spatial analysis methods
such as Intersect and Erase in ArcGIS 10.8 were applied
to remove S. apetala from the mangrove distribution range
in 2004, 2019, and 2023. Through this process, the spatial
distribution of A. corniculatum was obtained. Finally, the
spatial distribution of A. corniculatum at different ages
was determined through overlay analysis, providing area
data support for the subsequent calculation of vegetation
carbon storage in 4. corniculatum at each forest age.

2.4 Vegetation observations and samplings

Based on the spatial distribution of A. corniculatum at
different stand ages derived from remote sensing imagery,
five survey sites were evenly distributed within the 4. cor-
niculatum distribution area in MWS for community inves-
tigation and sampling. At each survey site, one 5 m X 5 m
quadrat was set up in the young, middle-aged, and mature
forests, respectively. The total number of plants was
counted in each plot, and 10 A. corniculatum individuals
were selected as sample trees using a five-point sampling
pattern. The basal diameter (D), diameter at breast height
(DBH), and plant height () of sample trees were mea-
sured for the estimation of biomass of 4. corniculatum at
different ages (Table 2) (Fig. 2). Meanwhile, samples of
new and old leaves, stems, and roots were collected from
the sample trees at each plot, with each sample having a
fresh weight of at least 30 g. Subsequently, organs of the
same type were mixed to form homogenized composite

Table 1. Extraction accuracy

Time Overall accuracy/% Kappa coefficient
2004 0.96 0.95
2019 0.95 0.95
2023 0.97 0.96

Table 2. Stand characteristics of 4. corniculatum at dif-
ferent ages

Stand Plant Diameter Stem Crown Plant
ages/a height/ at breast diameter/ width/  density/
m height’em cm cm  (stands-hm2)
Young forests 0.69 - 2.09 13.11x 43 800
(1-5) 12.93
Middle- 2.66 422 - 107.21 x 13900
agedforests 106.14
(6-19)
Mature forests 3.63  9.82 - 130.84 x 8 600
(=20) 103.80

Fig. 2. Measurement of A. corniculatum. a. Measure-
ment of diameter at breast height. b. Measurement of plant
height.

samples of roots, stems, and leaves, which were used to
determine the carbon content of each organ across differ-
ent stand ages.

2.5 Estimation of biomass and vegetation car-
bon storage

The allometric equation, as a non-destructive method
for estimating biomass, has been widely applied in the es-
timation of mangrove plant biomass due to its conve-
nience and efficiency (Indrayani et al., 2021). Therefore,
this study applied species-specific allometric equations for
A. corniculatum to estimate its biomass at different ages,
providing essential data for the subsequent calculation of
vegetation carbon storage. In addition, due to the relative-
ly short height of young forests, their growth characteris-
tics differ significantly from those of middle-aged and
mature forests. Using a general allometric equation to esti-
mate the biomass of young forests may result in estima-
tion errors (Hu et al., 2025). Therefore, this study adopted
an allometric equation suitable for the young stage of A.
corniculatum to calculate its biomass, aiming to improve
the accuracy of the estimates (Table 3). The allometric
equations used in this study were derived from the Beibu
Gulf region of China, which shares a high degree of simi-
larity with the study area in terms of latitude, climatic
conditions, and species composition. Since these equa-



Xie Xiaowen et al. Acta Oceanol. Sin., 2026, Vol. 45, No. 6, P. 1-14 5

Table 3. Biomass equations for 4. corniculatum of different ages

Stand ages

Allometric equation

References

Young forests

Wy, =0.011 97(D?H)0-88578
Wy, = 0.004 44(D2H)0-64479

Hu et al., 2025
Ning et al., 1996

W,, = 0.008 4(D2H)0-958

Middle-aged/Mature forests

Log AS,,= 1.198 + 0.464 Log(DBH2H)

Tam et al., 1995

Log ALy, = 0.967 + 0.303 Log(DBH2H)
Log 4B, = 0.393 + 0.475 Log(DBH2H)

Note: In the young forests, W, W,,, and W, indicate the biomass of stems (kg), leaves (kg), and roots (kg), respectively. In the
middle-aged and mature forests, A4S, 4B, and AL, indicate the biomass of stems (kg), leaves (kg), and roots (kg), respectively. D,
DBH, and H indicate the basal diameter (cm), diameter at breast height (cm), and tree height (m).

tions were developed under similar ecological environ-
ments and stand structure conditions, they are considered
applicable for accurately estimating the biomass of A. cor-
niculatum across different forest ages, thereby ensuring
high applicability and reliability in this study.

The collected plant samples of 4. corniculatum were
oven-dried to constant weight and then weighed to obtain
their dry weight, which represents plant biomass. Subse-
quently, the samples were ground and sieved, and the car-
bon content of each organ across different stand ages was
determined using the loss-on-ignition method (He et al.,
2018). Thereafter, the carbon storage of the sample tree
was calculated using the following formula:

Cst = Croot X Broot + Cstem X Bytem + Cleaf X Bleat, (1)
where C is the total carbon storage of the sample tree
(kg); c.oor 1s the carbon content of the roots (%); cy,, 1S
the carbon content of the stems (%); ¢, is the carbon
content of the leaves (%); B, is the biomass of roots
(kg); By, is the biomass of stems (kg); and B, is the
biomass of leaves (kg).

Vegetation carbon density refers to the total amount of
carbon stored in the vegetation (including both above-
ground parts and roots) per unit area, while plant density
represents the number of individuals per unit area and is
key parameters for calculating vegetation carbon density.
The calculation formula is as follows:

1 n NP;
PD_;Zi:l a; ’

)

where PD is plant density(stands/hm?); NP; is the num-
ber of plants in the sample plot; a; is the sample area
(hm?); and # is the number of sample plots.

_ z=1n
Sa

i=1

Cd > (3)

where C, is the vegetation carbon density of 4. cornicula-

tum (t/hm?), C; is the carbon storage of the sample tree in
the i-th sample plot (t), NV, is the number of plants in the i-
th sample plot, g, is area of the i-th sample plot (hm?), and
n is the number of sample plots.

The formulas for calculating vegetation carbon stor-
age (including aboveground and root carbon storage) and
the total vegetation carbon storage of 4. corniculatum at
different stand ages are as follows:

VCS = A xCy, 4
where VCS is the carbon storage of different ages (t); and

A is the area of A. corniculatum in different stand ages
(hm?).

TVCS = > A;xCq, (5

3
i=1

where TVCS is the total vegetation carbon storage, among
them, i = 1 (young forests), 2 (middle-aged forests), 3
(mature forests).

3 Results

3.1 Characteristics of carbon content and car-
bon storage in A. corniculatum

311 Characteristics of carbon content in A. cornicula-

lum

No significant differences in carbon content were ob-
served among different stand ages of A. corniculatum or
among its organs (Table 4). Specifically, the carbon con-
tent of individual trees ranged from 40.86% + 2.82% to
44.46% =+ 2.20%. The roots had the lowest carbon content,
ranging from 38.14% + 1.25% to 42.00% =+ 1.14%. The
carbon content of stems and leaves ranged from 41.58% +
3.40% to 45.24% + 0.80% and 42.76% =+ 3.65% to
45.08% + 0.84%, respectively.

3.1.2 Characteristics of carbon storage in A. cornicula-
tum

Carbon storage of 4. corniculatum increased with age.

There was no significant difference in carbon storage be-
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Table 4. Carbon content of A. corniculatum at different ages

Stand age Root/% Stem/% Leaf/% Individual tree/%
Young stage 38.14+1.25a 45.24 +0.80a 45.08 £ 0.84a 43.30+0.42a
Middle-aged stage 42.00+ 1.14a 44.68 +2.51a 45.00+ 1.61a 44.46 +2.20a
Mature stage 38.72+£2.07a 41.58 £3.40a 42.76 £3.65a 40.86 £2.82a

Note: Values are presented as mean + standard error of the mean. Different lowercase letters denote significant differences

between values in the same column (P < 0.05).

tween the middle-aged and mature stages, but both show
significantly higher carbon storage than the young stage
(Table 5). Specifically, the carbon storage of an individu-
al tree significantly increased from (50.57 = 10.13) g/ind.
in the young stage to (4 837.69 £ 1 234.03) g/ind. in the
middle-aged stage. When the mangrove reached the ma-
ture stage, the carbon storage of an individual tree reach-
es (6 534.07 = 874.59) g/ind., which is approximately 1.5
times higher than that of the middle-aged stage. The re-
sults showed that the most rapid increase of carbon stor-
age occurred between the young and middle-aged stages,
and slowed after the middle-aged stage.

With increasing stand age, the carbon storage in each
organ showed an increasing trend (Table 5). Carbon stor-
age in all organs was higher in the mature and middle-
aged stages than in the young stage, and the order among
organs was stem > root > leaf. Further analysis indicated
that there are differences in the proportion of carbon stor-
age of each organ to the total carbon storage of an individ-
ual plant with increasing stand age. The proportion of car-
bon storage in the leaves decreased from 18.41% to
5.82%. Meanwhile, the proportion of carbon storage in the

stem significantly increased, from 55.78% to 66.77%. The
proportion of carbon storage in the roots remained rela-
tively stable, increasing from 25.81% in the young stage
to 31.33% in the middle-aged stage, and then decreasing
to 27.41% in the mature stage.

3.2 Vegetation carbon density and carbon stor-
age of A. corniculatum

The vegetation carbon density of 4. corniculatum fol-
lowed the pattern: mature forests > middle-aged forests >
young forests (Fig. 3A). The vegetation carbon density of
the young forests was the lowest, which was only (2.28 +
0.93) t/hm?, and the middle-aged forests rapidly increased
to (52.04 + 7.75) t/hm?2, approximately 23 times higher
than that of young forests. The vegetation carbon density
of the mature forests increased slightly to (56.49 +
12.57) t/hm?.

The vegetation carbon storage in young, middle-aged,
and mature forests was 186.16 t, 23 611.77 t, and
24 032.04 t, respectively, accounting for 0.39%, 49.37%,
and 50.24% of the total vegetation carbon storage (Fig.
3B). Specifically, in the total vegetation carbon storage of

Table 5. Carbon storage and its distribution characteristics of 4. corniculatum at different stand ages

Stand age Root/g

Stem/g

Leaf/g Individual tree/g

Young stage 13.05 +2.88b (25.81%)

28.21 + 5.89b (55.78%)

9.31+1.04b (18.41%) 50.57 £10.13b

Middle-aged stage 1 515.82 +293.87a(31.33%) 3 062.65 = 866.73a (63.31%) 259.22 + 74.87a (5.36%) 4 837.69 +1234.03a

Mature stage

1791.04 +173.18a (27.41%) 4362.27 + 645.90a (66.77%) 380.77 + 56.01a (5.82%)

6 534.07 + 874.59a

Note: Values are presented as mean + standard error of the mean. Different lowercase letters indicate significant differences

among values within the same column (P < 0.05). Values in parentheses represent the percentage contribution of each organ to the

total carbon stock.
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the roots, the young, middle-aged, and mature forests ac-
counted for 0.34%, 52.72%, and 46.90%, respectively. In
the vegetation carbon storage of the stems, they account-
ed for 0.35%, 48.07%, and 51.58%, respectively. In the
vegetation carbon storage of the leaves, they account for
1.13%, 46.92%, and 51.95%, respectively. Results indi-
cated that the middle-aged and mature forests contributed
most to the total vegetation carbon storage of A. cornicu-
latum, and that the carbon storage in their roots, stems,
and leaves also accounted for relatively high proportions
within these organs (Fig. 3B).

3.3 Spatial distribution of vegetation carbon
storage in A. corniculatum

The area of A. corniculatum in the MWS was
1 018.43 hm?, with a total vegetation carbon storage of
47 829.97 t, showing a spatial distribution pattern with
higher values in the east and lower values in the west (Fig.
4a). The eastern high-value region (QRE) is dominated by
mature stands, contributing 53.17% of the total regional
carbon stock, while the western low-value region (MRE)
is dominated by middle-aged stands, accounting for
64.06% of the regional total (Figs 4b and c).

The area of A. corniculatum in the QRE was
825.14 hm?, with vegetation carbon storage of 40 101.66 t,
accounting for 83.84% of the total vegetation carbon stor-

age in the MWS. The spatial distribution of vegetation
carbon storage exhibited an aggregated pattern, represent-
ing a concentrated region for the vegetation carbon stor-
age of A. corniculatum in the MWS. In this area, the ma-
ture forest covered 377.40 hm? and hm?s a carbon storage
of 21 321.89 t, which exhibited a relatively uniform distri-
bution. The area of the young and middle-aged forests
was 358.58 hm? and 89.16 hm?2, with vegetation carbon
storage of 119.12 t and 18 660.65 t, respectively. They are
mainly concentrated in the central part of the estuary
(Fig. 4¢). In contrast, the 4. corniculatum at the MRE
covered 193.29 hm2, with the vegetation carbon storage of
only 7 728.31 t, exhibiting a fragmented distribution pat-
tern. The areas of young, middle-aged, and mature forests
were 50.18 hm?2, 95.14 hm?2, and 47.97 hm?, respectively,
with corresponding carbon storage of 67.04 t, 4 951.12 t,
and 2 710.15 t. They were primarily distributed in the
northern part of the estuary (Fig. 4b).

4 Discussion

4.1 /mpact of stand age on carbon storage in A.
corniculatum

The biomass and vegetation carbon storage in man-
groves continuously accumulate with growing stand age
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Fig. 4. Spatial distribution of vegetation carbon storage in A. corniculatum in the MWS (a), vegetation carbon storage
of A.corniculatum in the MRE (b), vegetation carbon storage of 4. corniculatum in the QRE (¢).
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(Song et al., 2024; Conroy et al., 2025). However, studies
have shown that the growth rate of vegetation carbon stor-
age in mangrove species such as K. obovata, Avicennia
marina, S. apetala, and Rhizophora stylosa gradually de-
clines with age (Li et al., 2025; Zheng et al., 2025; Car-
nell et al., 2022; Ren et al., 2010), which is consistent
with the findings for A. corniculatum in this study (Fig. 5).
In the early growth stage, mangroves experience rapid
growth and a swift accumulation of biomass, leading to a
fast increase in carbon storage. As biomass gradually sta-
bilizes, the rate of carbon accumulation slows down.
However, a decline in the rate of carbon accumulation
does not necessarily indicate that mangroves have reached
carbon saturation in the short term. Mature mangroves
generally have a larger diameter at breast height, greater
tree height, and higher canopy height, which hold more
biomass (Islam et al., 2023; Rahman et al., 2015; Walck-
er et al., 2018). Studies have shown that the vegetation
carbon storage of mature mangroves worldwide will con-
tinue to increase in the coming decades, although the car-
bon accumulation rate has shown a declining trend (Bour-
geois et al., 2024). It suggests that A. corniculatum in the
MWS maintains a sustained capacity for vegetation car-
bon storage.

In addition, mangroves adjust their biomass allocation
according to their needs at different growth stages, there-
by influencing carbon allocation ratios. In the young
stage, mangroves typically increase the proportion of leaf
biomass to enhance photosynthesis (Simpson et al., 2017).
As mangroves develop, biomass gradually concentrates in
the stem to enhance structural stability and stress resis-
tance in the harsh intertidal environment, while the pro-
portion of leaf biomass decreases (Yang et al., 2017; Hos-
sain et al., 2016). Chen et al. (2025) confirmed that the
proportion of biomass and carbon storage in the stem of
mangroves increases with age and remains dominant,
while the proportion in the leaves shows a declining trend.
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Fig. 5. The relationship between carbon storage and age
in A. corniculatum.

Compared with the marked variations in carbon alloca-
tion to stems and leaves during individual development,
the proportion of carbon allocated to roots remains rela-
tively stable (Table 4). This suggests that carbon alloca-
tion in mangrove roots is more susceptible to regulation
by environmental factors such as soil salinity, nutrient
availability, and tidal dynamics, rather than being solely
determined by forest age.

As the forest stands mature, resource competition
among plants intensifies, leading to density reduction, and
this process is known as self-thinning (Kamara and Kam-
ruzzaman, 2020). Previous studies have shown that dur-
ing the self-thinning process, the decline in stand density
promotes the accumulation of biomass in surviving indi-
viduals, thereby enhancing overall vegetation carbon den-
sity (Bai et al., 2021; Liao et al., 2025), which is consis-
tent with the results of this study (Fig. 6). In young stands,
plants are smaller and have lower demands for resources
such as light and nutrients, allowing for a higher stand
density per unit area (Rofi’I et al., 2021). However, due to
the limited biomass of individual plants, the overall vege-
tation carbon density remains relatively low. As the stands
become mature, limited space and resources intensify in-
traspecific competition, leading to the mortality of weak-
er individuals (Liao et al., 2025; Analuddin et al., 2009;
Bai et al., 2021). Surviving trees obtain more resources,
promoting biomass accumulation and consequently en-
hancing the vegetation carbon storage of 4. corniculatum.
Higher vegetation carbon density in mature mangroves
compared to younger mangroves has also been observed
in Bangladesh and Zhejiang Province, China (Islam et al.,
2023; Zhou et al., 2025). However, the average vegeta-
tion carbon density of A. corniculatum in MWS is
36.84 t/hm2, which is 7.85 t/hm? higher than in China (Liu
et al., 2014), but still lower than the global average [(115 +
7) Mg/hm2, in terms of C] (Kauffman et al., 2020). Com-
pared with other mangrove species worldwide, the vege-
tation carbon density of the A. corniculatum in MWS

@}
80} Q
£
<
s (O}
£ 60 @
5
=
g @) ® y=0.09 — 1.44x +5.96
£ -
5 a0l R=052P<0.05
=]
S
: % /
()
en
2 20f ©
Q.00 . .
2x10¢ 4x10* 6x10°

Plant density/(stands-hm )

Fig. 6. The relationship between plant density and vege-
tation carbon density in 4. corniculatum.
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is also lower than that of the Avicennia [(56.70 =+
9.50) Mg/hm?2], Sonneratia [(113.30 + 8.30) Mg/hm?], and
Laguncularia [(75.20 £ 10.60) Mg/hm?] (Kauffman et al.,
2020). It indicates that although the self-thinning process
driven by forest age growth promotes carbon accumula-
tion, carbon storage remains constrained by factors such
as species characteristics and regional environmental con-
ditions.

4.2 Factors affecting the carbon content of A.
corniculatum organs

The carbon content of A. corniculatum and its organs
did not significantly vary with stand age in this study.
This is consistent with findings from Zhejiang Province,
China, which reported no significant differences in the
carbon content of the same organs across different ages
(5—20 a) of K. obovata (Chen et al., 2025). Although for-
est age had no significant effect on carbon content, signif-
icant differences were observed among organs, with stems
and leaves exhibiting higher carbon content than roots.
Studies have shown that the differences in carbon content
among various organs of mangrove plants are closely re-
lated to their physiological characteristics and organ func-
tions (Rodrigues et al., 2015; Zheng et al., 2025; Adame
et al., 2024). As the main site of photosynthesis, leaves
absorb and fix atmospheric CO, into organic compounds.
While some of these compounds accumulate in the leaves,
they are also continuously translocated to the stems
through the vascular tissue (Perera et al., 2024). Mean-
while, as mangroves grow, stem moisture content gradual-
ly decreases while lignification increases, leading to rela-
tively higher carbon content in both the stems and leaves
(Liu et al., 2014). In contrast, the root system exhibits
lower carbon content, primarily due to the formation of
extensive aerenchyma tissue during the development of
prop roots, resulting in porous root structures with re-
duced carbon density (Perera et al., 2024). Moreover, a
large number of fine roots with a low degree of lignifica-
tion are present in the root system, which are prone to car-
bon release during decomposition, thereby limiting the ac-
cumulation of carbon content in the roots (Zheng et al.,
2025).

4.3 Anthropogenic activites

Human activities are important factors influencing
mangrove carbon storage and its spatial distribution, lead-
ing to the loss of 1.584 Mt of global carbon storage over
the past two decades (Dalimunte et al., 2025; Richards
et al., 2020; Liu et al., 2024). In the MWS, varying de-
grees of human disturbance have led to significant differ-
ences in the carbon storage of A. corniculatum between
the QRE and the MRE. Since the 1990s, continuous
coastal engineering and the construction of aquaculture
ponds in the MRE have greatly weakened the expansion
capacity of 4. corniculatum, resulting in its scattered dis-
tribution in the northern part of the estuary and lower car-

bon storage (Fig. 7a). In contrast, the QRE, which experi-
ences less human disturbance and benefits from nature
reserve management, has seen substantial expansion of
A. corniculatum and enhanced carbon storage capacity
(Fig. 7b). Furthermore, the impact of human activities on
the carbon storage of A. corniculatum is not uniform, and
its effects vary with age. Dredging projects carried out af-
ter 2010 damaged mangrove tidal flats in the northern and
southern parts of the QRE, thereby affecting the regenera-
tion of 4. corniculatum populations (Fig. 7c). Due to their
weaker root anchorage capacity, younger individuals of 4.
corniculatum are more sensitive to habitat disturbances
and have difficulty establishing on degraded mudflats,
whereas mature stands with well-developed root systems
show stronger resistance to external disturbances (Minch-
inton et al., 2019; Kibler et al., 2022). Consequently, the
areas occupied by young and middle-aged stands in the
northern and southern estuarine regions are relatively
small, resulting in correspondingly lower carbon storage
(Fig. 4a).

The artificial introduction of S. apetala between 2002
and 2007 exacerbated the disparity in vegetation carbon
storage of A. corniculatum across the MWS. Early human
disturbances weakened the regeneration capacity of A.
corniculatum populations in the MRE, creating condi-
tions for the invasion of S. apetala. After its introduction,
it quickly colonized the bare areas and released allelopath-
ic compounds, thereby inhibiting the germination of A.
corniculatum seeds and the establishment of seedlings,
thereby achieving niche pre-emption (Feng et al., 2025;
Fazlioglu and Chen, 2020). As S. apetala communities de-
veloped, their canopies gradually closed, which signifi-
cantly reduced understory light availability and suppress-
ed the photosynthesis and growth of A. corniculatum (Hu
et al., 2023; Zhu et al., 2022; Chen et al., 2013) (Fig. 7d).
Although mature 4. corniculatum can maintain relatively

establishment of
mangrove protected

dredging vessel :

nneratia apetala

Fig. 7. Influence of human activities on 4. corniculatum,
oyster farming destroys A. corniculatum (a), establish-
ment of Maowei Sea Mangrove Reserve (b), implementa-
tion of the dredging project (c), Sonneratia apetala in-
vades the habitat of A. corniculatum (d).
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high structural stability and resistance in the early stages
of competition, prolonged shading and resource competi-
tion gradually weaken their physiological activity and
growth functions (Peng et al., 2016, 2022; Zhu et al.,
2020). Persistent competitive pressure has reduced the
dominance of A. corniculatum within the community,
leading to fragmentation and a degradation trend, result-
ing in low carbon storage of A. corniculatum in the MRE.
Subsequent management can involve moderately thinning
S. apetala to improve understory light and replanting A.
corniculatum in suitable areas, thereby promoting the re-
covery of A. corniculatum and enhancing its carbon se-
questration capacity.

Therefore, the effects of human activities and species
invasion on the vegetation carbon storage of 4. cornicula-
tum are age-dependent, and the persistent disturbances
and competitive pressures constrain the regeneration and
expansion of A. corniculatum, resulting in the long-term
maintenance of low vegetation carbon storage in the
MRE.

4.4 Age-centered carbon dynamics in man-
groves

Stand age is a key factor influencing variation in vege-
tation carbon storage of A. corniculatum. It not only gov-
erns the internal carbon accumulation process but also
regulates the species’ responses to human activities and
invasive species, thereby shaping the spatial differentia-
tion pattern of vegetation carbon storage of 4. cornicula-
tum in the MWS.

(1) The competition for resources among young indi-
viduals of A. corniculatum is weak, and the stand density
is relatively high (Rofi’l et al., 2021). To enhance photo-
synthesis and energy acquisition, 4. corniculatum typical-
ly increases the proportion of leaf biomass (Simpson et al.,
2017). However, due to the immature structure of juve-
nile plants, their overall biomass and carbon storage re-
main low. During this period, 4. corniculatum is highly
sensitive to human activities and interference from inva-
sive species, which affect the early establishment of the
population and the development of its carbon sink capaci-
ty (Fig. 8a).

(2) As A. corniculatum grows, the demand for struc-
tural support increases, and biomass gradually shifts to-
ward the stem, resulting in a higher proportion of carbon
allocation to this organ (Yang et al., 2017; Hossain et al.,
2016). During this stage, competition among plants inten-
sifies. After self-thinning, the surviving individuals gain
greater access to resources and accelerate growth (Baietal.,
2021), leading to a continuous increase in carbon storage
per unit area. However, A. corniculatum still exhibits rela-
tive sensitivity to external disturbances at this stage (Fig.
8b).

(3) After reaching maturity, the community structure
of A. corniculatum becomes increasingly stable. Benefit-
ing from the large biomass of individuals, the stand main-

a. Young stage

A. corniculatun ’

biomass

carbon stock

destruction caused by
human activities

b. Middle-aged stage

invasion of Sonneratia apetala

c. Mature stage
neratia apetala

’w
@
2

Fig. 8. Vegetation carbon storage dynamics of 4, cornic-
ulatum. a. Young stage. b. Middle-aged stage. c. Mature
stage.

tains a high carbon density. Mature A. corniculatum ex-
hibits some resistance to external disturbances, but the on-
going invasion of S. apetala weakens its growth advan-
tage, leading to gradual displacement and limiting further
carbon accumulation (Fazlioglu and Chen, 2020; Hu et al.,
2023; Feng et al., 2025) (Fig. 8c). This phenomenon is
particularly prominent in the MRE. In contrast, the QRE
has not been affected by invasive species, with the com-
munity structure of 4. corniculatum remaining intact and
mature forests dominating, resulting in higher vegetation
carbon storage.

4.5 Uncertainty analysis and future work

The sampling plots in this study were established
based on the distribution of 4. corniculatum from remote
sensing imagery, which effectively reflected the spatial
pattern and variation characteristics of regional vegeta-
tion carbon storage. However, due to the limited resolu-
tion of the remote sensing imagery, other mangrove
species may also be included in or misclassified in the im-
agery. In addition, the relatively large standard deviation
in carbon content observed in this study may be attributed
to factors such as soil nutrient status and microtopograph-
ic heterogeneity. If remote sensing imagery with higher
resolution can be obtained in the future, more detailed
species classification and environmental factor analyses
can be conducted to improve the accuracy of vegetation
carbon storage estimation.
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5 Conclusions

The study, combining remote sensing imagery and
field survey data, is the first to explore the impact of for-
est age on the vegetation carbon storage and spatial distri-
bution of 4. corniculatum in the MWS. The main find-
ings of this study are as follows:

(1) The vegetation carbon storage of A. corniculatum
increased with age. There was no significant difference in
the carbon content of the same organs of A. corniculatum
at different stand ages. Furthermore, carbon storage was
higher in both the roots and stems than in the leaves.

(2) The total vegetation carbon storage of A. cornicu-
latum is dominated by middle-aged and mature forests,
which have a significantly higher vegetation carbon densi-
ty than young forests.

(3) The lower vegetation carbon storage of A. cornicu-
latum in the MRE compared to the QRE is attributed to
human disturbances and the introduction of S. apetala.

In conclusion, this study is the first to explore the ef-
fects of forest age on the vegetation carbon storage and
spatial distribution of 4. corniculatum in the MWS, pro-
viding important data support for the assessment of man-
grove carbon storage and the optimization of age-related
parameters in global blue carbon models, while also offer-
ing scientific evidence for the development of mangrove
management strategies with climate benefits. Future re-
search should improve spatial resolution, integrate ecolog-
ical factors such as climate and soil, and construct a glob-
al blue carbon dynamic model covering multiple tree
species and forest ages, to enhance the accuracy of man-
grove carbon storage assessment and carbon sink poten-
tial prediction, and provide scientific support for global
blue carbon protection and climate mitigation.
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