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Introduction: Mangroves are the main carbon sinks in tropical regions and have 
high capabilities for carbon sequestration. Protection and restoration of mangroves 
are necessary to reduce carbon emissions and fight climate change. While the 
Qinzhou Bay as the main area of national mangrove restoration plan in the future, 
studies on its carbon pools, especially assessment of the carbon sink enhancement 
effect of restored mangroves along forest chronosequence, are lacking.

Methods: This study aimed to quantify the changes in restored mangrove soil 
carbon stock, vegetation and root carbon stocks along the forest age sequence 
in Qinzhou Bay through field survey.

Results: The results revealed that the carbon stocks of vegetation and roots 
significantly increased with the developing forest age. Only in the soil layer 
above 30  cm, the soil carbon storage apparently increased with the developing 
forest age in non-cofferdam area, and then decreased slowly after reaching 
the peak (at 6  ~  8  years). Moreover, the soil carbon storage of mangroves was 
greater in the cofferdam area than in the non-cofferdam area.

Discussion: This implied that the cofferdam restoration efforts may be  more 
effective in enhancing blue carbon storage, during the initial stages of the 
restoration process. The results of this study suggested that mangrove restoration 
has substantial potential capacity in carbon storage and nutrient cycling, providing 
a reference for the protection and restoration efforts concerning mangroves.
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1 Introduction

Mangrove forests are pivotal coastal ecosystems in subtropical and tropical regions, 
providing numerous environmental services and crucial ecological functions that affect both 
coastal and oceanic resources (Giesen et al., 2007; Zhu et al., 2014; Castillo et al., 2017). They 
coexist with adjacent ecosystems such as coral reefs, seagrass beds and estuaries through 
physical, biochemical, and biological activities while remaining isolated (Lugo and Snedaker, 
1974; Cooray et al., 2021a). Mangroves have developed a distinctive habitat because of their 
unique evolutionary process, providing a range of ecosystem services for fish and crustaceans, 
e.g., serving as nursery, breeding or feeding grounds, as well as providing protection from 
storms and tsunamis (Donato et al., 2011; Hilmi et al., 2017; Satyanarayana et al., 2017; Cooray 
et al., 2021a). Moreover, mangroves are highly productive and significantly contribute to 
carbon (C)storage (Bouillon et al., 2008; Donato et al., 2011; Hapsari et al., 2020).
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Mangrove forests are the main carbon sinks in tropical regions 
and have high capabilities for carbon sequestration (Nellemann et al., 
2009; Donato et  al., 2011; Kauffman et  al., 2011), about 50 times 
greater than that of many other tropical forests (Sandilyan and 
Kathiresan, 2012). Research has confirmed that coastal mangroves 
represent only 0.7% of global tropical forest cover but can store as 
much as 20 Pg C, which is approximately 2.5 times of the current 
annual global greenhouse gas emissions (Kauffman et al., 2017; Zhu 
and Yan, 2022). This remarkable carbon storage capability is attributed 
to the high levels of belowground biomass and considerable organic 
carbon storage in mangrove sediment soils (Sandilyan and Kathiresan, 
2012), which could potentially mitigate rising atmospheric CO2 
concentrations. Unfortunately, this vital ecosystem is under threat 
from various human activities, land-use change and natural calamities. 
According to statistics, global mangrove forests disappeared at a rate 
of 0.66% per year during the period of 2000–2005 (FAO, 2007). About 
35% of the world’s mangroves were lost during 1980–2000 
[Millennium Assessment (MA), 2005]. Even worse, it is predicted that 
existing mangroves may be  seriously threatened by the relative 
sea-level rise (Gilman et al., 2008). If the current situation persists, 
mangroves could vanish within the next 100 years (Duke et al., 2007; 
Sandilyan and Kathiresan, 2012).

The protection and restoration of mangroves is a necessary way to 
reduce carbon emissions and fight climate change. Therefore, the 
evaluation of carbon storage in restored mangroves plays a pivotal 
guiding role in the implementation of mangrove restoration and 
conservation actions, and can also serve as a key indicator for assessing 
the effectiveness of mangrove restoration. However, the majority of 
recent studies predominantly concentrate on evaluating carbon 
storage within various natural mangrove ecosystems (Kauffman et al., 
2014; Marchand, 2017; Wang et al., 2020), with only limited attention 
directed towards restored mangrove ecosystems (Song et al., 2023). 
Besides, the researches on the total carbon stocks of mangroves are 
very absent. Previous field studies of mangrove carbon storage were 
mainly restricted to a specific carbon storage component (vegetation 
biomass carbon or soil carbon) (Meng et al., 2021). More monitoring 
was conducted on the carbon stocks of mangrove vegetation biomass 
due to the convenience of the field survey (Hutchison et al., 2014; Hu 
et al., 2020; Wang et al., 2020), the estimation of belowground carbon 
stock remains uncertain. Existing studies have used allometric growth 
model to estimate the aboveground biomass carbon (AGC) and 
belowground root carbon (BRC) pools (Gunawardena et al., 2016; 
Perera and Amarasinghe, 2017, 2018; Cooray et al., 2018, 2021b; Wang 
et  al., 2020). Nevertheless, the application of allometric biomass 
assessments, especially for belowground root biomass, may lead to 
substantial errors when extrapolated to sites characterized by 
environmental conditions divergent from those for which the models 
were initially developed (Cooray et  al., 2021b). This discrepancy 
introduces a notable degree of uncertainty in local mangrove carbon 
storage estimations (Adamea et  al., 2017). So, it is necessary to 
quantitatively estimate mangrove belowground root biomass carbon 
through field sampling to enhance the accuracy and reliability of 
carbon storage evaluations in diverse mangrove ecosystems.

Previous studies have indicated that both abiotic and biotic factors 
interactively drive the restoration efficiency and carbon sequestration 
capacity of mangroves. These factors include forest origin, forest age 
(Alongi et al., 2004; Song et al., 2023), soil condition, forest type and 
position in the tidal level (Alongi et al., 2005; Bouillon et al., 2008; 
Cooray et al., 2021b). The community-based research demonstrated 

that land-use changes in Puttalam Lagoon brought about a net carbon 
loss of 191,584 t C, which accounted for 75.5% of total carbon loss, 
mainly due to mangroves being converted into shrimp farms 
(Bournazel et  al., 2015). In the worldwide deforested mangrove 
regions, reforestation in all sites with feasible habitat conditions might 
promote global absorption of 671.5–688.8 Tg CO2-eq globally over a 
40-year period (Song et al., 2023). Furthermore, studies have indicated 
an increase in organic carbon storage of mangroves in the pedogenetic 
horizon in direct proportion to forest age. The range observed was 
from 4 to 107 Mg C ha−1 in the pioneering and aging stages, 
respectively (Marchand, 2017). Whereas, a meta-analysis showed that 
the carbon stock of mangroves was nonlinear with forest age because 
the AGB carbon accumulation rate first increased with age, peaked 
around 10 to 15 years, and then decreased (Song et al., 2023). The 
factors affecting the maximum carbon sequestration potential of 
mangroves were explored broadly. Nevertheless, a few studies focused 
on the change in the carbon storage in monoculture mangroves along 
the forest age gradient, and there are few studies to explore the 
differences in the total carbon storage of mangroves under different 
restoration ways, especially in Qinzhou Bay.

In this study, we conducted a field survey to determine how the 
soil C stocks of restored mangroves compare with the breeding tidal 
flats, and quantified the different carbon pools, including aboveground 
biomass carbon (AGC), belowground root biomass carbon (BRC), 
and soil carbon to a 1 m depth from 5 restored mangroves along forest 
age sequence. This study aimed (1) to estimate aboveground vegetation 
biomass carbon, root biomass carbon, and soil carbon stocks of 
restored mangroves at different forest ages; and (2) to analyze the 
impact of restoration ways, vegetation and soil attributes on mangrove 
aboveground and belowground carbon storage.

2 Methods

2.1 Study site description

This study was conducted in Qinzhou Bay situated in the south of 
the Guangxi Province (Figure 1), facing the Beibu Gulf. The area of 
the Bay in 2020 was 380 km2, with beaches accounting for 
approximately 200 km2 of the total area (Li et al., 2022). The zone had 
an obvious maritime climate with annual average precipitation of 
1,600 mm and annual average temperature of 22°C, ensuring warm 
and humid conditions throughout the year. The annual evaporation 
was 1,498 mm, the relative humidity was 79% ~ 84%, and the frost-free 
period was 329 ~ 354 days. The study sites were identified between 
latitudes of 21°65′45″ ~ 21°70′85″ N and longitudes of 
108°69′85″ ~ 108°73′27″ E. All six sites were established across 
Qinzhou Bay (Figure 1), including one oyster-breeding tidal flat (there 
are no mangroves in this area) and five restored mangroves (a 3-year-
old mangrove in cofferdam area and 4 mangroves of different ages in 
non-cofferdam areas) with Aegiceras corniculatum as the sole 
constructive species.

2.2 Field survey

Most of the mangrove forests in the identified study area were 
dominated by Aegiceras corniculatum. Besides, the mangroves were 
formed on tidal flats through natural and artificial regeneration. 
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We estimated aboveground vegetation biomass and collected root 
and soil samples along a chronosequence of restored mangroves at 
various ages. Among the six sites where field sampling was 
conducted for carbon storage calculation, three 20 m × 20 m plots 
were established at each site. Banded quadrats located at high tide 
levels. The field survey and sampling were conducted in late May 
2023. All the mangrove trees (Diameter at breast height (DBH) 
≥2.5 cm), saplings (DBH < 2.5 cm and/or 30 cm < height < 130 cm) 
and seedlings (height ≤ 30 cm) in each plot were enumerated, and 
their respective species were recorded (Cooray et  al., 2021a). 
Subsequently, the aboveground vegetation attributes, stand basal 
area (BA) and stand density index (SDI) were estimated for 
each plot.

2.3 Field sampling and analyses

We collected root and soil samples in each plot to analyze their 
physical–chemical properties in the laboratory. The soil samples were 
collected from four depth intervals: 0–10 (topsoil), 10–30 (midsoil), 
30–60 (subsoil), and 60–100 cm (deepsoil) after removal of surface 
litter at each plot (Castillo et al., 2017) (Figure 2). Soil bulk density 
(SBD) was estimated by the cutting ring method consistent with the 
soil layers (Dai et al., 2018). Samples were taken from three separate 
0.3 m × 0.3 m quadrats and homogenized according to the different soil 

layers at each plot. Soil layers were measured at the actual depth if the 
total soil depth was less than 100 cm. Similar to soil sampling, fine root 
samples were collected using a steel soil corer (3.8 cm in diameter) 
within a 1-m range from the main trunk.

Each fine root sample was washed through a 1-mm sieve and all 
dead and live roots were picked out. These fine roots were oven-dried 
at 65°C to attain a constant weight. Meanwhile, all soil samples were 
dried at 105°C until they reached a constant weight. Subsequently, 
animal residues were removed from the soil samples using a 2-mm 
sieve. Later, partial root and soil samples were ground with a grinder 
and passed through a 100-mesh sieve for laboratory analysis (Hatton 
et al., 2015). The organic C and total nitrogen content were determined 
using an elemental analyzer (Flash 2000, Thermo Fisher Scientific Inc., 
Waltham, MA, United States).

2.4 Aboveground biomass carbon

The AGB of mangroves was calculated by the following allometric 
Eq. (1) for Aegiceras corniculatum (Tam et al., 1995), and aboveground 
carbon stock (AGC) was estimated using the Eq. (2) (Cooray 
et al., 2021b).

 
AGB DBH H= ∗( )0 4325 2 0 465

.
.

 
(1)

FIGURE 1

The location of sampling sites (Tf: Breeding tidal flat; 3  yr.: 3-year-old mangroves; 3  yr-co: 3-year-old mangroves in cofferdam area; 6  ~  8  yr.: 
6  ~  8-year-old mangroves; 14  ~  16  yr.: 14  ~  16-year-old mangroves; 20  ~  23  yr.: 20  ~  23-year-old mangroves).
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 AGC = AGB∗ 0 48.  (2)

Where, AGB and AGC is in kg, DBH is in cm, H (height) is in m.

2.5 Belowground carbon stocks

Soil bulk density was calculated as the mass of the oven-dried soil 
per volume of soil (Keller and Håkansson, 2010), and the soil organic 
carbon (SOC) stock of the four layers was estimated using the 
following Eq. (3):

 
S D C H St t t t= × × ×( )−10 2 /

 
(3)

Where, St is the soil organic carbon stocks at depth t (kg C ha−1), 
t is the tth layer; Dt is the SBD (g cm−3); Ct is the SOC concentration 
(g kg−1); and Ht is the thickness of the tth soil layer (cm).

The dried weights of mangrove roots were multiplied by 0.39 
Eq. (4) (Kauffman and Donato, 2012; Cooray et al., 2021b) to obtain 
corresponding root carbon stocks.

 BRC ODWroot= ∗0 39.  (4)

Where, BRC is the belowground root carbon; ODW root is the 
oven-dried weight of mangrove roots.

2.6 Statistical analyses

Excel 2019, the SPSS 20, and R statistical software (R v3.6.1) were 
used for statistical analyses. The effect of mangrove restoration on blue 
carbon storage was analyzed by comparing the total carbon storage of 
breeding tidal flats and restored mangroves. By comparing the 
mangroves carbon stocks in non-cofferdam areas, the impacts of forest 
age on carbon storage from different component carbon pools were 

estimated. The mangrove carbon stocks in cofferdam areas were 
compared with those in non-cofferdam areas to analyze the impacts 
of restoration ways on carbon stocks of mangrove ecosystems. The 
relationship between forest age and carbon stock is analyzed by taking 
the middle value within the range of forest age. One-way ANOVA was 
used to test the significant differences among variables, followed by 
post hoc comparisons using the least significant difference (LSD). The 
average carbon stocks of belowground and total culms in all sampling 
sites were calculated. Spearman’s rank correlation analysis was 
employed from the R “corrplot” package to preliminarily examine the 
covarying environmental factors and the relationship between all 
environmental variables and carbon storage in different components 
(Huang et al., 2022). Linear regression analysis was used in this study 
to analyze the relationships between the environmental variables and 
carbon stocks in different components.

3 Results

3.1 Stand properties and aboveground 
carbon stock

Stand density index, stand basal area, AGB and AGC stock all 
increased with the developing forest age (Table 1). AGB of mangrove 
forests ranged from 481.35 to 8445.69 kg C ha−1, and AGC ranged from 
231.05 to 4101.93 kg C ha−1 (excluding tidal flat). The aboveground 
vegetation biomass and carbon storage of mature mangroves (forest 
age ≥ 14 yr) were much greater than those of other sites.

3.2 Soil carbon stocks

The SOC stocks ranged from 8266.5 to 15,834.2, 21,756.0 to 
40,932.4, 25,253.3 to 59,277.4, and 36,342.0 to 41,409.6 kg C ha−1 in 
the 0–10, 10–30, 30–60 and 60–100 cm soil layers, respectively 
(Figure  3; Table  2). In the soil layer above 30 cm, the soil carbon 
storage of mangroves restored in the non-cofferdam area increased 

FIGURE 2

The schematic diagram of root and soil samplings.
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slightly with the forest age, peaked in about 6–8 years, and then 
decreased. However, this trend was not significant in the soil layer 
below 30 cm (Figure 3). The SOC storage of 3-year-old mangroves 
restored in the cofferdam area was greater than that in other sites at all 
soil layers, with a total soil carbon storage of up to 188040.62 kg C ha−1 
(Table 2). Overall, the SOC stocks were significantly different across 
the soil depth (F = 267.07, p < 0.0001) and increased with the soil depth 
at all sites (Table 2).

3.3 Belowground carbon stock

The total root carbon storage ranged from 4.29 kg C ha−1 in 3-year 
non-cofferdam area to 243.23 kg C ha−1 in 20 ~ 23-year area (Table 2). 
Total root carbon storage of 3-year-old mangroves (except for 
breeding tidal flat) was markedly lower than that at other sampling 
sites, with values of 4.29 and 7.37 kg C ha−1, respectively. In the vertical 
direction, combining all sampled sites, the soil depth was shown to 
be a highly conspicuous predictor of root carbon stock (F = 522.2, 
p < 0.0001). Almost 50.45% ~ 72.16% of the root carbon stock was 
concentrated in the 10–30 cm soil layer.

Carbon stock estimation for the whole belowground of mangroves 
(sum of root carbon and soil carbon) ranged from 95197.10 kg C ha−1 
in 20 ~ 23 yr. area to 188044.91 kg C ha−1 in 3-yr cofferdam area 
(Table 2). At the same time, the total belowground carbon stock at 3-yr 
cofferdam zone, of 188044.91 kg C ha−1, was notably greater than that 
at other sites (p < 0.05), excluding 6 ~ 8 yr. site (p > 0.05) (Table 2).

3.4 Total carbon stock

For all sites, the total carbon stocks of mangroves were 112,243.70, 
130,681.20, 188,308.29, 162,922.53, 145,837.51, and 99,392.85 kg C 
ha−1 in the tidal flat, 3-year, 3-year-cofferdam, 6 ~ 8 year, 14 ~ 16 year 
and 20 ~ 23 year sites, respectively (Figure 4). Besides, the total carbon 
stock of mangroves at 3-year cofferdam area was dramatically greater 
than that at other sites (p < 0.05), except in 6 ~ 8 year site (p > 0.05). The 
soil carbon pools dominated in their contribution to total carbon 
storage with 95.53 to 99.85% of the total ecosystem carbon storage of 
the sampled mangrove sites, while the contribution of aboveground 
vegetation and root biomass carbon stocks ranged from 0.14 to 4.22% 
and from 0.006 to 0.24%, respectively.

3.5 Relationship between above- and 
below-ground carbon stock and various 
variables

Spearman’s rank correlation analysis showed that the stand 
attributes were positively correlated with AGC and RGC (Figure 5). 
Further linear regression analysis confirmed that the AGC was 
positively related to SDI (Radj

2 = 0.97, p < 0.001; Figure 6A) and forest 
age (Radj

2 = 0.98, p < 0.001; Figure 6B); meanwhile, root biomass carbon 
stocks significantly increased with the development of AGC 
(Radj

2 = 0.41, p < 0.001; Figure 6C) and forest age (Radj
2 = 0.37, p < 0.001; 

Figure 6D).

TABLE 1 Summary of aboveground characteristics of mangroves studied.

Sites Above-ground biomass 
(kg C ha−1)

Above-ground carbon 
stock (kg C ha−1)

Stand-density index 
(trees ha−1)

Stand basal area 
(m2 ha−1)

3 yr 481.35 ± 26.49d 231.05 ± 12.72d 8.72 ± 0.87d 0.06 ± 0.00d

3 yr-co 549.79 ± 7.78d 263.90 ± 3.73d 11.44 ± 0.30d 0.10 ± 0.003d

6 ~ 8 yr 1402.05 ± 20.89c 672.98 ± 10.03c 41.72 ± 0.16c 0.54 ± 0.006c

14 ~ 16 yr 4880.51 ± 47.70b 2342.64 ± 22.90b 93.89 ± 0.96b 3.10 ± 0.032b

20 ~ 23 yr 8445.69 ± 20.04a 4101.93 ± 9.62a 136.60 ± 0.28a 4.57 ± 0.012a

Different letters at different sites are significantly different (p < 0.05) among the variables. There are no mangroves in the breeding tidal flats, and relevant data are not included; 3 yr.: 3-year-old 
mangroves; 3 yr-co: 3-year-old mangroves in cofferdam area; 6 ~ 8 yr.: 6 ~ 8-year-old mangroves; 14 ~ 16 yr.: 14 ~ 16-year-old mangroves; 20 ~ 23 yr.: 20 ~ 23-year-old mangroves.

FIGURE 3

Soil carbon stocks of mangroves across four soil layers (column), and the percentage of soil carbon stock at each soil layer relative to the total soil 
carbon storage of all soil layers (polyline) in different sample sites. Different letters in the same soil layer are obviously different at different sample 
points (p  <  0.05) (Tf: Breeding tidal flat; 3  yr.: 3-year-old mangroves; 3  yr-co: 3-year-old mangroves in cofferdam area; 6  ~  8  yr.: 6  ~  8-year-old 
mangroves; 14  ~  16  yr.: 14  ~  16-year-old mangroves; 20  ~  23  yr.: 20  ~  23-year-old mangroves) (Csoil) (kg C ha−1).
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4 Discussion

4.1 Aboveground biomass carbon stock 
increased with the development of forest 
age

Forest age was a primary factor in affecting the aboveground 
vegetation carbon stocks. AGB, AGC, SDI and BA all increased 

gradually with the developing forest age. This result was consistent 
with previous studies (Fonseca et al., 2011; Cheng et al., 2015; Adamea 
et al., 2017; Marchand, 2017; Song et al., 2023). Wang et al. (2017) 
suggested that the major determinant of vegetation carbon turnover 
times for all forest types was the forest age. Additionally, Xu et al. 
(2018) found that the second most important factor contributing to 

TABLE 2 The vertical distributions of belowground soil carbon and root carbon stocks of mangroves studied.

Carbon 
pool 
category

Soil 
depth

Sampling sites

Tf 3 yr 3 yr-co 6 ~ 8 yr 14 ~ 16 yr 20 ~ 23 yr

Root carbon 

storage (kg C 

ha−1)

0-10 cm 0.0005 ± 0.0 0.37 ± 0.002 0.29 ± 0.04 3.81 ± 0.04 31.83 ± 1.82 29.80 ± 3.44

10-30 cm 0 3.85 ± 0.05 2.54 ± 0.01 25.06 ± 0.70 105.34 ± 3.4 153.32 ± 3.65

30-60 cm 0 3.07 ± 0.06 1.39 ± 0.06 5.78 ± 0.06 69.02 ± 0.90 59.35 ± 0.83

60-100 cm 0 0.09 ± 0.001 0.08 ± 0.001 0.08 ± 0.001 2.60 ± 0.15 0.77 ± 0.01

Total 0e 7.37d 4.29d 34.73c 208.79b 243.23a

Soil carbon 

storage (kg C 

ha−1)

0-10 cm 8266.5 ± 732.9 10,232 ± 843.6 15834.2 ± 469 15536.8 ± 925.7 12265.2 ± 1097.5 8647.3 ± 494.8

10-30 cm 21756.0 ± 766.3 24005.3 ± 1080.3 40932.4 ± 1044.9 33409.6 ± 1262.6 27648.8 ± 1004.4 24711.2 ± 1,103

30-60 cm 40811.3 ± 1014.9 39350.9 ± 988.2 59277.4 ± 825.3 47470.5 ± 1743.7 44847.6 ± 1297.6 25253.3 ± 1419.6

60-100 cm 41409.6 ± 2461.6 56898.6 ± 1047.3 71996.6 ± 1844.3 65743.8 ± 1645.3 58,431 ± 2210.5 36342.0 ± 1546.7

Total 112243.39c 130486.74bc 188040.62a 162160.66ab 143192.59bc 94953.87c

Below-ground carbon storage 

(kg C ha−1)

112243.39c 130494.11bc 188044.91a 162195.39ab 143401.38bc 95197.10c

Mean ± Standard error of mean. Superscripted lowercase letters compare values down across rows. Values followed by different superscripted letters are significantly different at p < 0.05. Tf: 
Breeding tidal flat; 3 yr.: 3-year-old mangroves; 3 yr-co: 3-year-old mangroves in cofferdam area; 6 ~ 8 yr.: 6 ~ 8-year-old mangroves; 14 ~ 16 yr.: 14 ~ 16-year-old mangroves; 20 ~ 23 yr.: 
20 ~ 23-year-old mangroves.

FIGURE 4

Total carbon stocks in six sampling sites. Different lowercase letters 
indicate significantly different at p  <  0.05 (Tf: Breeding tidal flat; 3  yr.: 
3-year-old mangroves; 3  yr-co: 3-year-old mangroves in cofferdam 
area; 6  ~  8  yr.: 6  ~  8-year-old mangroves; 14  ~  16  yr.: 14  ~  16-year-old 
mangroves; 20  ~  23  yr.: 20  ~  23-year-old mangroves).

FIGURE 5

Pairwise correlations among all variables (Age: forest age; SDI: stand 
density index; BA: stand basal area; TN: soil total nitrogen content; 
AGC: aboveground carbon stock; RGC: root biomass carbon stock; 
Csoil: soil carbon stocks). Asterisks indicate that the correlations are 
significant, **p  <  0.01, ***p  <  0.001. The digit of the square is 
proportional to the correlation coefficient.
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vegetation carbon storage in subtropical forests was forest age. Many 
previous studies supported this finding, attributing it to the increase 
in the aboveground vegetation biomass with forest age caused by the 
growth in individual tree mass (Alongi, 2002; Analuddin et al., 2009; 
Deshar et al., 2012; Walcker et al., 2018; Estrada-Villegas et al., 2020). 
Moreover, massive accumulation of AGB would contribute much 
more leaf litter to the sediment in reforestation sites (Song et al., 2023). 
Compared with the breeding tidal flat, mangrove reforestation thus 
obviously may be  an effective strategy for carbon sequestration, 
supporting climate change mitigation actions.

4.2 Influencing factors and vertical 
distribution of root biomass carbon stock

The belowground root biomass carbon stock of mangroves 
dramatically increased with the development of the stand age, but 
decreased with soil depth. Alongi and Dixon (2000) reported that the 
root biomass of mangrove forest restored in 5-year-old was 23.1 t ha−1, 
which increased to 35.6 t ha−1 in 25-year-old. Similarly, the root 

biomass of 6-year-old plantation was 7.5 t ha−1, which increased to 
24.9 t ha−1 in 12-year-old (Tamooh et al., 2008; Adamea et al., 2017). 
The potential for root biomass growth largely depends on the 
development of aboveground vegetation.

In northern Australian mangroves, 80% of the root biomass was 
concentrated in the upper layer of soil (Boto and Wellington, 1984). 
The findings of this study revealed that 57.30% ~ 83.13% of the fine 
root biomass carbon storage was mainly distributed at the 0–10 cm 
and 10–30 cm soil layer. This vertical distribution pattern of the fine 
root biomass carbon stock may be attributed to the higher soil nutrient 
concentration in the surface soil as opposed to the deeper soil layers 
(McKee, 2011; Adame et al., 2014). In this study, SOC and the total 
nitrogen content decreased memorably with depth at all sites 
(Supplementary Table S1). The distributions of fine root biomass in all 
sites were consistent with those of soil nitrogen across the soil depth, 
which was attributed to the fact that nitrogen had been implicated as 
the nutrient most likely to limit growth in anoxic soil conditions (Reef 
et al., 2010). Furthermore, we observed a predominant distribution of 
aerial roots and noted the presence of dense crab burrows in the 
topsoil during the field investigation. Arnaud et al. (2021) thought that 

FIGURE 6

Relationships between aboveground vegetation attributes and aboveground carbon stocks (A,B) and root carbon stocks (C,D). Shaded areas show the 
95% confidence intervals of the fitted lines.
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the shallowest soil layer is more aerobic than the deeper layer due to 
the radial loss of oxygen by roots and oxygenation of the soil through 
animal burrows is another possible explanation for the variation in the 
soil depth of the mangrove root biomass carbon storage. It has also 
been suggested that an opportunistic distribution of mangrove fine 
roots might occur at shallow profiles to enhance the absorption of 
precipitation originating fresh water (Reef and Lovelock, 2015).

4.3 Impact of environmental factors on soil 
carbon storage

In the soil layer above 30 cm, the soil carbon storage of mangroves 
restored in the non-cofferdam area apparently increased with the 
developing forest age, and then decreased slowly after reaching the 
peak. However, this trend was not significant in the soil layer below 
30 cm. Song et al. (2023) also found that the total soil carbon storage 
followed an increasing and then decreasing trend in a chronosequence 
of reforested mangroves. Perhaps due to the plant carbon sink capacity 
declines with stand age, and the soil carbon sequestration rate remains 
constant or even decreased over many years (Walcker et al., 2018). 
Besides, the soil pool size of most elements decreases with increasing 
stand age in the mature mangroves (Alongi et al., 2004). This trend 
mainly occurred at 0–30 cm soil layers, which could be due to the 
more aerobic surroundings in the shallow soil profiles (Kwon et al., 
2019), the microbial activity was more sensitive to elemental changes. 
In general, this pattern must be considered with caution owing to the 
limited number of samples at the same age, although current studies 
on many other forest ecosystems showed that the concentration of 
elements in tree components decreased with the stand age at the 
mature stage (Folster and Khanna, 1997; Song et al., 2023). It is still 
necessary to further explore the internal mechanism of microbial 
community changes.

For land-use changes, mangrove restoration could promote the 
potential ability of carbon storage in tidal flats. After the tidal flats 
were converted into mangroves, the vegetation and root biomass 
carbon storage significantly increased with the developing mangrove 
forests (Figure  6). The decomposition of leaf and fine root litter 
constitutes the primary pathway for mangroves to return the C to soils 
(Schlesinger, 1977; Guo et al., 2021). Mangrove carbon accumulation 
occurred at both the tree and litter layers, bringing about more organic 
carbon storage in soils. Recent studies indicated that removing 
mangrove forests undoubtedly reduced future storage capacity and 
may cause the partial or total loss of carbon sink (Bournazel et al., 
2015). Our study found that the total soil carbon stocks of 20 ~ 23-year-
old restored mangroves were markedly lower than other sites in the 
soil layer below 30 cm. This difference can be mainly attributed to the 
obvious presence of calcified hardening in the soil below 30 cm layers 
(the phenomenon was visibly observed in field sampling).

The soil carbon storage of mangroves in the cofferdam restoration 
area was notably greater than that in other sites, especially the total 
soil carbon storage of mangroves in 3-year-old cofferdam area was 
almost 1.4 times higher than that in the 3-year-old non-cofferdam 
area, indicating that the cofferdam restoration would predominantly 
improve carbon storage capacity. Current study proved that the loss of 
soil dissolved organic carbon increased with the enhancement of 
inundation frequency, and the soil dissolved organic carbon loss in the 
surface was significantly greater than that in the subsurface (Li et al., 

2020). Besides, the input of tidal organic carbon could accelerate the 
SOC mineralization in wetlands, thereby weakening carbon 
sequestration (Yan et  al., 2023). However, soil nutrients in the 
cofferdam area remain relatively unaffected by tidal inundation 
(Hasan et al., 2022), which likely accounts for the higher soil carbon 
storage in the cofferdam area compared with other sites. This study 
recommends that future studies should combine the microbial 
community structure and older forests in the cofferdam mangrove 
restoration area to assess whether cofferdam restoration will promote 
long-term carbon sequestration capacity.

5 Conclusion

Overall, the distribution trend of the mangrove total carbon 
storage at various sites was consistent with the distribution of total soil 
carbon storage. The aboveground vegetation and belowground root 
carbon stocks significantly increased with the developing forest age. In 
the soil layer above 30 cm, the mangrove soil carbon storage restored 
in the non-cofferdam area apparently increased with the developing 
forest age, and then it decreased slowly after reaching the peak (at 
6 ~ 8 years). But this trend was not significant in soil layer below 30 cm. 
Mangrove reforestation could obviously enhance carbon storage 
compared with maintaining breeding tidal flats. In addition, the soil 
carbon storage of mangroves in the cofferdam restoration area was 
greater than in the non-cofferdam restoration area, implying that 
cofferdam restoration may be more effective for improving blue carbon 
storage along the coastline at the initial stages of restoration. Therefore, 
it is recommended that future studies include older forests and 
cofferdam restoration sites of various ages to determine whether 
mangrove carbon storage will increase from a long-term perspective.
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