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Abstract: Land formation seriously disturbs coastal salt marsh wetland ecosystems, while its influ-
ences on soil organic carbon (SOC) under chronosequences remain unclear. In this study, the impacts
of the land formation time (from one to fourteen years) and soil properties on the chronosequences
changes of SOC in the nascent wetland of Hengsha Island were investigated. The study results
showed the following. (1) As the land-formation time extended, the SOC experienced a significant
increase, tripling after a period of 14 years. The changes in SOC occurred mainly in the surface
layer but not in the deep soil layer. Specifically, the surface layer’s average SOC reached 5.52 g·kg−1,
markedly higher than 3.17 g·kg−1 in the deeper layer. (2) Spearman correlation analysis revealed
that the ammonium nitrogen (NH+

4 -N), aboveground biomass (AGB), and soil water content (SWC)
were positively correlated with the SOC. Methane emissions (CH4) and SOC exhibited a negative
correlation. (3) The structural equation model (SEM) illustrated that the duration of soil deformation
directly impacted the vegetation growth and affected the distribution characteristics of the SOC by
modifying the soil environmental conditions. Changes in SOC following land formation influenced
the rapid succession of soil properties and vegetation, with the modification of carbon sinks in the
ecosystems.

Keywords: salt marsh wetland; land formation; soil organic carbon; chronosequence; SEM

1. Introduction

The increasing CO2 concentration in the atmosphere, mainly driven by frequent
anthropogenic activity (e.g., fossil fuel combustion), has caused a series of global climate
change events [1,2]. A crucial step in mitigating excessive CO2 concentrations is to bolster
the carbon sequestration capacity of ecosystems [3]. Notably, the soil carbon pool accounts
for about two-thirds of the total global soil carbon pool [4], which is 3.3 times larger than
the atmospheric carbon pool (760 Gt) and 4.5 times larger than the biogenic carbon pool
(560 Gt) [5]. Therefore, the storage of soil organic carbon (SOC) assumes critical importance
in regulating the carbon cycle and ameliorating climate change. Salt marsh wetlands, one
of the most vital blue carbon systems, store a large amount of soil organic carbon because
of the high net primary productivity and low soil organic matter decomposition rate [6,7].
According to research, the carbon burial rate in salt marshes is 30–50 times that of terrestrial
forests, and 50–90% of the carbon is stored in the soil [8]. Salt marsh wetlands play global
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important roles in the burial and storage of organic carbon at the land–ocean interface, and
may play a key part in climate regulation [9].

However, whether the nascent wetlands with rapid succession are carbon sources or
sinks has not been conclusively concluded. Soil organic matter and organic carbon increased
over time for coastal wetlands of different ages in North Carolina, USA [10]. A study of
restored wetlands in the Platte Valley found that aboveground biomass, belowground
biomass, soil organic carbon, and total nitrogen all increased with the number of years
of wetland development [11]. The study by Zhang et al. (2017) [12] on Chongming
Dongtan, China, found that with the evolution of wetland ecosystems, the soil water
content gradually increased, the soil bulk density decreased, and the soil organic carbon
and total nitrogen gradually accumulated. In the above studies, wetlands played the role of
a carbon sink. Another study of three urban tidal brackish wetlands in the Meadowlands,
New Jersey, found that these wetlands were all carbon sources in winter and recovered as
carbon sinks in summer [13], which suggests that wetlands were not always carbon sinks.

Wetlands in the early stages of development (1–3 years) have higher rates of carbon
and nitrogen accumulation than mature wetlands [14]. Organic carbon storage in nascent
salt marsh wetlands is primarily derived by endogenous plant photosynthesis or exotic
organic materials input [15]. Complex root systems and dense vegetation stems can also
allow salt marsh wetlands to capture more sediment and organic matter from tides, thus
enhancing carbon sequestration [16]. Carbon and nitrogen accumulation in nascent salt
marsh wetlands generally occurs in the early stages of wetland development, mainly
associated with the establishment of vegetation. However, organic carbon storage is
not only correlated with functions such as organic matter accumulation and nutrient
transformation [17,18], but also associated with soil properties such as soil salinity [19]. The
change in the SOC is also subject to decomposition. These differences in soil water content
(SWC) and plant composition in the emerging salt marsh wetlands significantly altered the
soil redox status, plant growth, and species [20], which in turn affected the soil respiration,
and ultimately, GHG emissions and carbon balance [21]. In particular, the SOC content is
affected by several factors including vegetation cover, hydrology, and the soil physical and
chemical properties [4,16]. Vegetation cover has also changed under the combined effect of
natural and anthropogenic factors, from pioneer saline plants to mesophytes [22,23]. The
succession of plant communities affects soil properties, which in turn has an effect on the
SOC [24].

To summarize, most of these studies assessed carbon stocks through field sampling
and carbon flux monitoring [25], or assessed factors related to soil carbon stocks based
on experimenting and monitoring changes in the water level, salinity, and nitrogen de-
position [26,27]. Despite increasing attention to the relationship between environmental
conditions and soil organic carbon [28], less is known about carbon dynamics and its
mechanisms in dynamically developing nascent wetlands under a time chronosequence.
Hengsha Island in the Yangtze estuary is a typical salt marsh wetland with rapid succession
and nascent development in the presence of artificial interventions [29], which is most sus-
ceptible to anthropogenic activities and sea–land interactions. At present, Hengsha Island
is a transitional habitat type between natural tidal flats and land formation [30]. During the
silt promotion process, large areas of nascent wetlands were gradually formed on Hengsha
Island with the blowing and filling of sediments on the flats [31]. The rapid development
of wetland plants on Hengsha Island gradually formed a composite habitat consisting of
artificial woodland, aquatic plants, submerged plants, water, and light beach [32]. Hengsha
Island is a saltwater confluence greatly affected by tidal currents and waves. Its surface
salinity and vegetation growth are significantly differentiated spatially, which provides
an excellent example for studying vegetation growth, soil environment changes, and their
impact on the carbon sequestration capability of wetlands [33]. Therefore, studying the
variation patterns of the SOC and its influencing factors in the new salt marsh wetland
on Hengsha Island holds great value for correctly interpreting the ecological impact of
land formation activities and thoroughly understanding the mechanism of wetland carbon
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storage. Here, the nascent wetland of Hengsha Island in the Yangtze River estuary was
investigated according to soil age, with the aim to: (1) determine the dynamic pattern of
soil organic carbon in the new wetland during rapid succession, and (2) understand the
key influencing factors of soil organic carbon in the new salt marsh wetland at the Yangtze
River estuary. Results would provide scientific evidence for the ecological restoration of
salt marsh wetlands and the management of nascent wetlands.

2. Materials and Methods
2.1. Study Area

The study was conducted in an extensive salt marsh on Hengsha Island, which is located at
the easternmost point of the Yangtze River estuary, Shanghai, China (121◦58′–122◦20′ E, 31◦36′–
31◦51′ N). It is an alluvial island created by sediment discharged from the Yangtze River
near the river mouth and subsequently deposited onto the water surface. A land formation
project was conducted on the east coast of Hengsha Island from 2003 to 2020 [34], which
constructed dikes on nascent wetlands and controlled the water level in them. The project
was segmented into four primary phases, scheduled for completion in 2008, 2015, 2017,
and 2020, respectively. Hengsha Island and the beach are shaped like a tongue from west
to east. Following project completion, the island’s area has significantly expanded from the
original 52 square kilometers to 155 square kilometers. The climate in this area is a typical
subtropical monsoon climate. The mean annual temperature is 15.4 ◦C, with an average
of 24.5 ◦C in summer and 4.3 ◦C in winter. In this region, the annual precipitation varies
greatly, mainly occurring from June to October, totaling approximately about 1100 mm per
year. The highest tide level is at 5.9 m and the lowest at −0.27 m. Due to the short history
of the shoals, the soil type is original and simple, predominantly consisting of saline-alkali
clay and sandy loam. Soil pH ranges from 7.55 to 9.68, and soil salinity is about 0.38–5.33‰.
The primary vegetation types on Hengsha Island are Phragmites australis, Scirpus mariqueter,
Suaeda glauca Bunge, and so on.

2.2. Study Design and Sample Collection

In order to understand the influences of soil age and environmental factor on the
SOC in salt marshes, we implemented a field experiment in 2022. The space-for-time
substitution approach was used to investigate the SOC in artificial wetlands at different
developmental stages [35]. Based on the analysis of the vegetation distribution results on
Hengsha Island from 2008 to 2022 using remote sensing, five distinct soil development
ages with characteristic differences were identified. Specifically, the salt marsh wetlands in
Hengsha Island were divided into five stages of land formation (1, 3, 6, 8, and 14 years),
and the sampling plot distributions are shown in Figure 1. There were 11 sampling plots in
the experimental area. On each sampling plot, three subplots (50 × 50 cm) were randomly
set as replicates for the plant and soil samples. All aboveground litter and plant detritus
were removed by sickle at each subplot. In mid-August, soil samples were collected at
depths of 0–10, 10–20, 20–30, and 30–50 cm with a column sampler using the five-point
sampling method and sealed in labeled plastic bags.
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2.3. Plant Biomass, Soil Characteristics, and Soil Respiration Measurements

The soil samples were dried naturally, ground, and sieved (80 mesh). A portion of the
soil samples were acidified by 1 M HCl, and washed with distilled water to neutral after the
inorganic carbon in the samples had reacted sufficiently, and dried by oven (not more than
60 ◦C) for the SOC measurement. The determination of the total soil nitrogen (TN) content
was carried out by an elemental analyzer (Elementar, Langenselbold, Germany). Within
each sample plot, the soil pH was determined with a portable soil pH meter (SoilStik,
Spectrum, Haltom City, TX, USA). The soil water content (SWC) was determined through
fresh soil samples oven-dried at 80 ◦C until a constant weight was achieved. NO−

3 -N
and NH+

4 -N were analyzed by a fully automated continuous flow analyzer (AA 3, Seal,
Germany). Soil from the corresponding soil layer was collected with a ring cutter, and later
calculated to obtain the soil bulk weight. Polyvinyl chloride (PVC) soil respiration rings,
20 cm in diameter and 12 cm in height, were embedded in each parallel plot at a depth
of 10 cm into the soil, with the upper end 2 cm above the ground, and the rate of CO2
production was determined using an automated soil respiration system (LI-8100, LI-COR
Inc., Lincoln, NE, USA). A portable micro soil flux measurement system (N2OM 1-919) was
used to determine the CH4. The measurement time was chosen between 10:00 and 12:00
on a sunny day. The measurement frequency was 1 HZ, and one measurement cycle was
5 min, which was repeated three times. At the same time, all of the aboveground tissues of
the plants (included litter and detritus) in the sample plots were harvested and brought
back to the laboratory where the roots and leaves were sorted out, rinsed, dried, and then
weighed for aboveground biomass.

2.4. Statistical Analysis

Two-way ANOVA and Tukey’s HSD were employed to assess the significant variations
in the soil organic carbon content and environmental factors in the salt marsh wetlands
(p < 0.05). Additionally, Pearson correlation analysis was performed to examine the rela-
tionships between the soil physical and chemical properties and soil organic carbon content.
In this case, the soil depth was divided into surface (0–20 cm) and deeper (20–50 cm) layers
to be considered. Furthermore, a structural equation model (SEM) was employed to ana-
lyze the impact of environmental factors on the change in soil organic carbon using the R
version 4.0.5 software (R Core Team 2017). A general linear regression was used to fit AGB,
SAL, SWC, CO2, CH4, and land formation time. Statistical analyses were performed with
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SPSS 23.0 (SPSS Inc., Chicago, IL, USA) and Origin 2023 statistical software was utilized
for drawing.

3. Results
3.1. Changes in Plant Community Distribution and Aboveground Biomass

The distribution of plant communities in this study area is complex and did not follow
the natural succession process of salt marshes from aquatic to terrestrial (Table 1). In the
early stage of land development, the main plant species on the east beach of Hengsha
Island was Achnatherum splendens. After 8 years of land formation, a large amount of salt
marsh vegetation such as Phragmites australis, Suaeda glauca, and Scirpus mariqueter emerged.
When salt marshes had developed over a 14-year period, the most dominant species was
Phragmites australis, which covered more than 90% of the plant community. Additionally,
a highly salt-tolerant tree species, Tamarix chinensis (Table 1), appeared in the 14 year land
formation area. The plant aboveground biomass (AGB) showed an obviously positive
relationship with the development time of salt marshes (p < 0.001, Figure 2). The highest
content of AGB was in the 14-year period (2.64 ± 0.53 kg·m−2), and approximately twice
than that of the 1 year salt marsh (1.32 ± 0.33 kg·m−2).

Table 1. The main vegetation distribution and aboveground biomass on Hengsha Island at various times.

Soil Age Species AGB (kg·m−2)

1 year Achnatherum splendens, Herba Aeluropi Sinensis, Wild grass 1.32 ± 0.33

3 years Achnatherum splendens, Herba Aeluropi Sinensis, Leptochloa
chinensis, Wild grass 1.52 ± 0.18

6 years Herba Aeluropi Sinensis, Leptochloa chinensis, Wild grass 1.64 ± 0.34
8 years Phragmites australis, Suaeda glauca Bunge, Scirpus mariqueter 1.90 ± 0.47

14 years Phragmites australis, Suaeda glauca Bunge, Scirpus mariqueter,
Tamarix chinensis Lour 2.64 ± 0.53
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Hengsha Island during land formation.

3.2. Variations in Soil Physicochemical Properties of Soil Formation Time and Depth

On Hengsha Island in the Yangtze estuary, the soil environmental factors changed
rapidly over the years of wetland development. The soil pH was found to be greater
than 7, initially increasing and then decreasing as the land formation time progressed with
a recorded range of 8.21–9.02 (Figure 3). The soil pH between 0 and 20 cm increased with
depth. The soil water content (SWC) increased significantly as the land formation time
extended (p < 0.001), and the highest value of SWC was observed in the 14-year period.
Notably, the surface soil had a higher SWC than deep soil (p < 0.05, Table 2). Soil salinity
exhibited a decreasing trend during the period of 3–14 years with a range of 0.02% to 0.08%.
The lowest mean value of soil salinity was recorded in the 14-year period. In addition,
among the various time groups, the most significant difference in soil salinity was observed
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in the 0–20 cm soil layer (Figure 3). The soil salinity exhibited a slight decrease compared
to that of the early stage after 8 years. During the period of 6–14 years, the soil bulk density
decreased (Figure 3). Meanwhile, the ANOVA analysis revealed a significant interaction
between the land formation time and soil depth (p < 0.05), which implies that both had a
distinct effect on the soil physical properties (p < 0.001, Table 2).
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Table 2. The main impacts of land formation time (A) and soil depth (D) on the soil characteristics
properties and their interactive effects in two-factor ANOVA.

pH SAL WC BD NH+
4 -N NO−

3 -N TN SOC

A 238.55 *** 104.53 *** 85.79 *** 150.56 *** 11.97 *** 42.23 *** 11.35 *** 333.23 ***
D 22.18 * 35.56 *** 20.94 * 93.68 *** 0.86 21.96 *** 0.69 152.49 ***

A × D 8.82 * 11.61 *** 8.71 * 7.42 *** 1.11 25.71 *** 0.68 4.52 ***

Note: Figures are F-values from ANOVA. Significance level of differences: * p < 0.05; ** p < 0.01; *** p < 0.001.

As shown in Figure 4, the soil nitrogen content of the nascent wetland initially de-
creased and then increased as the land formation time progressed, with the lowest soil
nitrogen content observed in the 6-year period. Soil ammonium nitrogen (NH+

4 -N) ranged
from 46.58 to 105.33 mg·kg−1 (Figure 4). The highest content of soil NH+

4 -N was recorded
in the 14-year period, showing a slight increase compared to the early stage. Soil nitrate
nitrogen (NO−

3 -N) ranged from 147.47 to 178.75 mg·kg−1. Similarly, the mean content of
NO−

3 -N at the 14-year period of land formation was remarkably higher than that in the
early stage. Additionally, the ANOVA analysis indicated a significant interaction between
land formation time (p < 0.001, Table 2). The mean range of the total nitrogen (TN) content
varied from 246.03 to 360.68 mg·kg−1 at different land formation times (Figure 4). Table 2
shows that the TN content in the 0−20 cm soil layer at the 14-year period was significantly
higher than that in other land formation time and soil depths (p < 0.01).
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3.3. Variations in Soil Respiration in Relation to Land Formation Time

The CO2 fluxes in the salt marsh wetland ranged from 3.86 to 11.55 µmol·m−2·s−1

(Figure 5), with significant differences between the different periods (p < 0.001), and the
CO2 fluxes increased as the land formation time progressed. The largest average value
of the soil CO2 fluxes was measured in the 14-year period. However, the smallest value
of CO2 flux was measured in the 1-year period. Soil CH4 fluxes in the study area varied
from 6.35 to 22.84 nmol·m−2·s−1, and the CH4 flux decreased with the increase in the
land formation time (p < 0.001). The mean soil methane emission at the beginning of land
formation was the highest among all of the sample sites, nevertheless, the soil CH4 fluxes
at 14 years was lower than that of all the other years.
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at different times of land formation. R2 indicates the degree of fit between the land formation time
and gas fluxes. (a–d) indicates the results of the significant difference analysis, with different letters
representing significance at p < 0.05.

3.4. Spatial Variations in SOC with Soil Formation Time and Depth

The results showed that the SOC content varied from 2.12 to 9.53 g·kg−1 and increased
with soil formation time from six to fourteen years (Figure 6), and the trend of the SOC
content in different soil ages was similar to that of the soil water content. Notably, the aver-
age SOC content was lowest in the early stage of land formation and reached its highest
level in the 14-year period, which increased by 350% compared with the early stage of
land formation. The greatest difference in the SOC at various times of land formation
was observed in the 0–20 cm soil layer (Figure 6). The SOC content in the surface layer
(0–20 cm) ranged from 2.74 to 11.80 g·kg−1 with a mean of 5.52 g·kg−1, and the deeper layer
(20–50 cm) SOC ranged from 1.42 to 9.82 g·kg−1 with a mean of 3.17 g·kg−1. Therefore, the
mean SOC content in the surface layer was higher than that in the deeper layer (Figure 6).
Additionally, the ANOVA analysis revealed that the land formation time and soil depth
had a strong effect on the SOC (p < 0.001, Table 2).
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3.5. Effects of Plant Growth and Soil Characteristics on SOC

The correlations between the soil environmental factors and SOC in the 0–20 and
20–50 cm soil profiles were analyzed in Figure 7. In the 0–20 cm soil surface profile, AGB
and SWC showed significant positive correlations with the SOC (p < 0.001, Figure 7),
with correlation coefficients of 0.49 and 0.78, respectively. Soil NH+

4 -N and TN showed a
positive correlation with the SOC (p < 0.05). Soil bulk density and CH4 fluxes showed a
significant negative correlation with the SOC (p < 0.01). However, the correlations between
the indicators in the 20–50 cm profile were higher than in the surface profile. Significant
positive correlations were found between the SWC (p < 0.01), NH+

4 -N (p < 0.05), and SOC,
with correlation coefficients of 0.57 and 0.50, respectively. Soil bulk weight and CH4 fluxes
were significantly negatively correlated with the SOC (p < 0.05). Moreover, AGB was
significantly negatively correlated with soil salinity (p < 0.01) and the SWC (p < 0.05).
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The results of the redundancy analysis (RDA) between the SOC and soil environmental
factors are shown in Figure 8a. Soil salinity and CH4 emissions were the main driving
factors influencing the initial SOC variation. Soil pH, NO−

3 -N, and AGB were the main
driving factors for the difference between the SOC and other soil characteristics from the
middle of land formation. AGB, SWC, and NH+

4 -N were the main factors influencing
the difference between the SOC and other soil characteristics at the latter stage of land
formation (Figure 8a). As shown in Figure 8b, the results of the structural equation modeling
revealed the effects of land formation time, plant growth, and soil characteristics on the
SOC. In particular, AGB showed a significant increase with land formation time (p < 0.001,
Figure 8b), with a consequent indirect effect on the SOC levels. On the one hand, the
increase in AGB led to a significant increase in SWC (p < 0.001), and the higher SWC
contributed to a significant reduction in soil salinity (p < 0.01), ultimately leading to an
increase in the SOC (p < 0.001). On the other hand, the increase in AGB showed a significant
decrease in soil salinity (p < 0.001), which subsequently acted on the increase in SOC levels
(p < 0.001). Furthermore, AGB was found to influence the SOC accumulation by influencing
the soil NH+

4 -N and SWC. The land formation time also had an indirect effect on SOC
accumulation by affecting the soil salinity, or it may have had a direct positive effect on the
SOC content (p < 0.01, Figure 8b).
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Figure 8. (a) Redundancy analysis of the SOC content and environmental factors in the new salt
marsh wetland of Hengsha Island. (b) Structural equation modeling of the effects of plant growth
and soil properties on soil organic carbon (* p < 0.05; ** p < 0.01; *** p < 0.001). Black arrows represent
significant positive pathways. Red arrows represent significant negative pathways. Gray dashed
arrows indicate nonsignificant pathways.

4. Discussion

In this study, field experiments were conducted on Hengsha Island to characterize the
spatial distribution of the SOC content at various stages of land-formation using the spatio-
temporal substitution method. The aim was to unveil the significant factors influencing
SOC in nascent salt marshes. The results revealed a significant positive correlation between
the wetland development time and SOC changes. Additionally, a combination of vegetation
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succession and soil development found through correlation analysis may be responsible
for the above phenomenon.

It has been demonstrated that anthropogenic alterations to landforms can profoundly
affect soil properties, as observed in restored riparian wetlands [36], semi-arid soils [37],
and rice fields [38]. The implementation of land reclamation projects between 2003 and
2020 resulted in significant changes in the soil physicochemical properties on Hengsha
Island (Figure 8a). The soil texture of the salt marshes on Hengsha Island predominantly
consists of saline clay and sandy loam. With soil development in its nascent stages, the
growth of salt-tolerant plants, facilitated by the secretion of organic acids from the root
system, accelerates the soil maturation process, leading to a significant decrease in soil pH
with prolonged land formation time (p < 0.001, Figure 3) [39]. Soil salinity has emerged
as a critical factor limiting plant growth in coastal regions [40], as high concentrations of
Na+ and Mg2+ ions can impair plant cell structure and hinder photosynthesis, thereby
constraining plant growth [41]. Mature salt marsh wetlands typically exhibit lower salinity
levels compared to young salt marsh wetlands due to a combination of reduced tidal
frequency and the plant uptake of salt ions [42]. We observed a significant negative
correlation (p < 0.01) between the aboveground plant biomass and soil salinity, with the
lowest soil salinity (Figure 3) and highest plant biomass (Figure 1) found in the developed
salt marsh wetland (14 years). The process of siltation promotion leads to the accumulation
and deposition of significant amounts of nutrient salts and organic particulate matter in
the water column, attached to plant stems, thereby increasing the nitrogen inputs to the
developing wetland, resulting in an elevation in the soil nitrogen content [43]. Moreover,
thriving plants can augment nitrogen inputs to salt marshes through nitrogen fixation by
root microorganisms [44]. Consequently, soil nutrient contents (NH+

4 -N, NO−
3 -N, and TN)

varied significantly over the land formation time (p < 0.001, Figure 4, Table 2), with the
nitrogen content decreasing initially and increasing after the sixth year.

Plant carbon inputs to salt marshes have been consistently identified as directly
responsible for increases in the SOC, as evidenced by extensive previous research [45].
The accumulation of SOC after 14 years of land formation surpassed that at the onset of
land formation (Figure 6), typically attributed to heightened primary productivity and
reduced decomposition rates. In our study, we observed a remarkable 100.8% increase in
the aboveground biomass of salt marsh plants after 14 years of establishment compared
to 1 year of establishment (Figure 2). Elevated plant biomass signifies greater organic
matter inputs, thereby fostering a higher SOC content [46]. Similarly, our findings revealed
a significant positive correlation between AGB and SOC (p < 0.01, Figure 7). However,
this notable positive correlation was solely evident in the surface soil, with no significant
correlation detected in the deeper soil layers (Figure 7). Based on the study by Huang
et al. (2021) [47], we believe that the deep SOC in this area was influenced not only
by AGB, but also, to a greater extent, by factors such as plant roots and soil microbial
activities. As the soil depth increased, the SOC content tended to gradually decrease
(Figure 6, Table 2), with the SOC content in the 0–20 cm soil layer notably surpassing
that in other profiles, constituting over 50% of the total SOC in the 0–50 cm soil layer
(Figure 6). On the one hand, this phenomenon arises because carbon inputs from the
decomposition of aboveground plant residues outweigh those from belowground root
decomposition and secretions in emerging salt marsh wetlands [48–50]. On the other
hand, a significant negative correlation was observed between soil salinity and respiration
at depths of 30–50 cm (p < 0.001, Figure 7). The decrease in salinity led to increased
microbial respiration, potentially resulting in reduced SOC content [51]. Our findings align
with those of Wang et al. (2023) [52] in the coastal wetlands of Hangzhou Bay, where an
increase in the soil depth corresponded with a decrease in the SOC content. The trend
of the SOC content with depth was more pronounced in the later stages of salt marsh
formation compared to the pre-salt marsh formation phase (p < 0.001, Figure 6). This can
be primarily attributed to the higher aboveground biomass in salt marshes with longer
land formation times. Additionally, the surface layer of the soil is more susceptible to
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external environmental disturbances such as decomposing dead leaves, local hydrological
conditions, or trapped exogenous sediments, which may lead to disparities in surface SOC
content storage. Conversely, deep SOC content primarily depends on the conversion and
transport of organic matter to deeper soil layers by the plant root system [53].

Inglett et al. (2011) [54] observed a positive correlation between the soil organic matter
content and CH4 emissions across five different wetland types. In our study, the SOC
content exhibited a significant negative correlation with CH4 emissions (p < 0.05, Figure 7).
This trend may be attributed to the competitive inhibition of sulfate substrates, which
reduces CH4 synthesis and promotes SOC accumulation [55]. However, Li et al. (2020) [56]
reported a significant positive correlation between the soil organic carbon content and CH4
release at a geographic scale. The disparity in results could stem from differences in the
environmental conditions of the systems such as salinity [57]. Additionally, there was no
significant correlation between the soil CO2 emissions and SOC, suggesting that microbial
decomposition of the SOC accounts for only a small fraction [58]. In general, the carbon
and nitrogen cycling processes in ecosystems are coupled [59]. In our study, we observed
a significant positive correlation between changes in the SOC and soil NH+

4 -N and TN
(p < 0.05, Figure 7). Feng and Wang’s (2023) [60] study table unveiled the mechanism of
SOC formation, highlighting the role of the “microbial carbon pump”. Consequently, the
increase in nitrogen in the soil environment promoted plant growth and the addition of
organic matter to the soil, which added a further content of SOC [61]. Finally, the SEM
indicated that the rise in SOC with increasing salt marsh formation time resulted from
the combined effects of plant aboveground biomass, soil salinity, soil water content, and
ammonium nitrogen.

5. Conclusions

Understanding how soil chronosequence formation affects the SOC is a critical issue
regarding the carbon dynamics patterns of emergent wetlands in the Yangtze River estuary
under rapid succession. This study examined the relationship between soil chronosequence
formation and SOC dynamics by considering the soil environmental properties. The
findings revealed that as the wetland formation time increases, the soil salinity decreases,
while the AGB and SWC significantly increase. Additionally, there was a notable positive
correlation between the wetland development time and SOC dynamics. This correlation
may arise from the rapid habitat renewal dynamics in the new area. Plant carbon input
to the salt marsh wetland directly contributed to the SOC increase in the surface layer.
However, the SOC content in deeper layers was primarily influenced by soil respiration
and salinity, exhibiting a gradual decrease with increasing soil depth. The SEM indicates
that prolonged salt marsh development significantly impacts vegetation succession and
the soil physicochemical properties (e.g., soil salinity, soil water content, and ammonium
nitrogen), which were the main reasons for the increase in SOC. Therefore, reasonable land
management measures should be taken to minimize the soil organic carbon loss during the
early stage of wetland land formation. In the future, the spatial pattern of salt marsh carbon
storage and its influencing factors should be taken into consideration during salt marsh
protection and restoration efforts to better enhance the carbon sink and sequestration of
nascent salt marshes.
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