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A B S T R A C T   

Reclamation significantly affects the dynamics of soil carbon, including carbon sequestration, emissions, and 
storage. In this study, the impact of the reclamation time (exceeding 1000 years) and land-use types on the 
carbon sequestration capacity of soil in the coastal wetland of Hangzhou Bay was investigated. We found that 
both pH and electrical conductivity (EC) negatively correlated with reclamation time, which was closely related 
to the degree of maturation of the soil and its distance from the coastline. The total organic carbon (TOC) content 
of the surface soil exhibited an upward trend as reclamation time increased. Total nitrogen (TN) and TOC 
exhibited a positive correlation, with the maximum values observed during the reclamation period from 1000 to 
1500 CE. The land-use type had a significant effect on the TOC content of the surface soil. Surface soil TOC 
concentrations in different land-use types, in ascending order, were reed land, wastelands, vegetable fields, 
woodlands. This pattern suggests that the TOC of agricultural soil was higher than that of the soil from other 
land-use types. This increase in agricultural soil TOC was attributed to long-term fertilization. Soil organic 
carbon (SOC) content generally decreased with increasing soil profile depth. Therefore, in the early stages of 
reclamation, reasonable land management methods should be adopted to reduce SOC loss.   

1. Introduction 

Although wetlands account for less than 3% of the total land area on 
Earth, they store between 18% and 30% of biospheric soil carbon (Smith 
et al., 2004). Consequently, wetlands serve as crucial carbon stocks and 
sinks for atmospheric carbon dioxide (CO2) (Smith et al., 2004; Rogers 
et al., 2019). Approximately 25% of global CO2 emissions are derived 
from anthropogenic land-use activities, followed by fuel combustion (up 
to 40% in for instance in cities of Nordic countries) (Gray, 2007; Ciais 
et al., 2020). However, owing to land scarcity, coastal land reclamation 
has become a typical land-use model, which ultimately affects carbon 
pool dynamics and fluxes (Roberts, 2009; Han et al., 2014). Over 200 
years ago, in most European coastal areas, particularly in Spain, 
approximately half of the coastal areas were reclaimed to meet human 
needs (Li et al., 2014). China has the largest wetlands in Asia, which also 
account for approximately 10% of the global wetland area (Xiao et al., 
2019). Over the past five decades, 2190,000 ha of coastal wetlands, 

covering approximately 60% of the coastline, has disappeared or been 
degraded in China as a result of reclamation, industrial production, and 
other human activities (Ma et al., 2014). As important carbon sinks, 
coastal wetlands play a key role in mitigating global climate change 
(Mcleod et al., 2011; Yang et al., 2020). Therefore, quantifying wetland 
carbon balance, including carbon capture and storage, has become an 
important global issue (Lu et al., 2017). 

Soil health is defined as the soil’s ability to provide ecological ser-
vices, while soil fertility is inextricably linked to soil health (Wei et al., 
2022). On a global scale, soil fertility has been considered to increase 
with reclamation time because of the accumulation of soil organic car-
bon (SOC) and nutrients, which is significantly affected by various 
physical and chemical factors (Fernández et al., 2010; Sun et al., 2011; 
Cui et al., 2012). For example, in Jiangsu, China, the soil pH exhibited an 
increasing alkaline trend in the early stages of reclamation as a result of 
increased levels of HCO3

- and Ca2+ and decreased amounts of Na+ and 
Mg2+(Liu et al., 2018). However, after long-term agricultural use, 

* Correspondence to: 2318 Yuhangtang Road, Hangzhou 311121, China. 
E-mail address: wangfan@hznu.edu.cn (F. Wang).  

Contents lists available at ScienceDirect 

Agriculture, Ecosystems and Environment 

journal homepage: www.elsevier.com/locate/agee 

https://doi.org/10.1016/j.agee.2022.108209 
Received 20 March 2022; Received in revised form 29 September 2022; Accepted 8 October 2022   

mailto:wangfan@hznu.edu.cn
www.sciencedirect.com/science/journal/01678809
https://www.elsevier.com/locate/agee
https://doi.org/10.1016/j.agee.2022.108209
https://doi.org/10.1016/j.agee.2022.108209
https://doi.org/10.1016/j.agee.2022.108209
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agee.2022.108209&domain=pdf


Agriculture, Ecosystems and Environment 341 (2023) 108209

2

irrigation, and over-fertilization in this region, the soil pH significantly 
lowered making it acidic (<4), as demonstrated in North America and 
some parts of Europe (Portnoy and Giblin, 1997; Fernández et al., 2010). 
Reclamation also affected the electrical conductivity (EC) of the soil 
because of soil desalination. Several studies have revealed that soil 
salinity, primarily owing to the presence of KCl and NaCl, is the major 
factor limiting crop growth in coastal areas (Sparks, 2003; Li et al., 
2013), considering that high concentrations of Na+ and Mg2+ ions can 
damage plant cell structure and inhibit photosynthesis (Setia et al., 
2012). Soil salinity generally exhibits a downward trend with increasing 
reclamation time (Yang and Chui, 2016; Chen et al., 2018). However, a 
prolonged history of reclamation (>20 years), after converting wetlands 
to croplands, has resulted in an increase in soil salinity (Bai et al., 2013). 
Therefore, further investigation should be performed to elucidate the 
influence of pH and EC on the soil TOC in relation to reclamation time. 

Land-use conversion can lead to a considerable increase or decrease 
in soil carbon storage (Liu et al., 2016). In addition to wind erosion and 
human activities, reclamation activities significantly reduce the stability 
of the wetland soil structure and organic carbon (OC) content (Eynard 
et al., 2004; Cui et al., 2014). When natural soils are converted to 
agricultural land, soil TOC content decrease by approximately 60% in in 
temperate regions and by more than 75% in tropical regions (Lal, 2004). 
In the Guadalquivir River estuary in Spain, TOC decomposition occurred 
in cotton soils, and the OC content was only 4.95 g⋅kg− 1 in soil 18 years 
after reclamation, compared to 11.7 g⋅kg− 1 under natural conditions 
(Laudicina et al., 2009). However, the surface TOC content of reclaimed 
soil can also be increased through the application of organic and inor-
ganic fertilizers. For example, in India, the TOC content of paddy soils in 
coastal reclaimed land was up to 10 g⋅kg− 1 (Tripathi et al., 2005). In 
China, after a 50-year reclamation period, the SOC content of dry land in 
coastal areas was 7.46 g⋅kg− 1, whereas the natural SOC content was only 
4.06 g⋅kg− 1 (Wu et al., 2008). Therefore, improper land use can lead to 
soil nutrient loss in the form of CO2, which is ultimately released into the 
atmospheric carbon pool (Lal, 2010), aggravating the greenhouse effect. 

Hangzhou Bay, a typical tidal flat, is severely affected by human 
activities, particularly agricultural reclamation. The area has a recla-
mation history exceeding 1000 years, which is typical and illustrative of 
the global carbon cycle of coastal wetland reclamation. Thus, this study 
was undertaken to investigate soils with different reclamation histories 
and land-use types on the south bank of Hangzhou Bay, Cixi, Hangzhou, 
China. Specifically, we analyzed the current status and different factors 
influencing the OC distribution in the soil surface and profiles. The 
evolution of the SOC pool in a typical land-use type will also provide a 
basis for appropriate development and utilization of coastal wetlands. 

2. Materials and methods 

2.1. Study site and sampling 

The study site is located on the south bank of Hangzhou Bay 
(121◦09’132"E, 30◦19’74"N), on the coast of the East China Sea 
(Fig. S1). Hangzhou Bay, located on the southern bounds of the northern 
subtropical zone, has a monsoon climate. The average annual sunshine 
hours, temperature, and rainfall are 2038 h, 16.0 ℃, and 1272.8 mm, 
respectively. The soil types are roughly divided into saline, fluvo-aquic, 
and paddy soils extending inland from the coast. The history of recla-
mation is traceable to 1047 CE (Song Dynasty). The construction style of 
each seawall indicates the reclamation period, thereby providing a clear 
time series. 

Considering the different land-use patterns, representative soil 
samples were obtained via strip sampling along the reclamation time 
series. Five typical land-use patterns were identified: vegetable fields, 
rice fields, wastelands, woodlands, and reed fields. Soil samples were 
collected from six reclamation periods: 1000–1500 CE, 1500–1700 CE, 
1700–1800 CE, 1800–1900 CE, 1900–2000 CE, and 2000 CE (Fig. S1). 
Samples were collected in parallel using the same land-use method. At 

least two sample points per land-use type in each time period dispersed 
throughout the reclaimed area were selected. To eliminate the influence 
of environmental heterogeneity, points far from the reclamation area 
were randomly selected during sampling. In total, 93 points were 
selected for collecting surface (0–20 cm) soil samples, and a global 
positioning system (GPS) was used for precise positioning. Eighteen soil 
profile samples were collected. The soil layer depth ranged from 0 to 
100 cm, and samples were collected in five layers: 0–20 cm, 20–40 cm, 
40–60 cm, 60–80 cm, and 80–100 cm respectively. 

2.2. Sample pretreatment 

The selected surface samples were separated into portions of 
approximately 1 cm3, spread onto clean kraft paper, and allowed to air- 
dry. After drying, the soil samples were passed through 2 mm and 100- 
mesh soil sieves prior to the analysis of the physical and chemical 
properties. 

2.3. Determination of physical and chemical properties 

2.3.1. a. Soil pH and EC 
Soil pH and EC were measured after mixing the soil with water at a 

ratio of 1:5. Each air-dried soil sample was passed through a 100-mesh 
sieve, and 5 g was placed in a 50 mL centrifuge tube with 25 mL of boiled 
and cooled deionized water. Sample tubes were shaken for 2 h and 
allowed to rest for 30 min. Soil EC and pH were determined using a 
portable EC meter (HACH A 420 C-01A, Thermo Orion, United States) 
and portable pH meter (HACH A 420 C-01A, Thermo Orion, United 
States), respectively. 

2.3.2. b. Determination of soil total nitrogen (TN) and total carbon (TC) 
Soil TN and TC were determined using an elemental analyzer (EURO 

EA, Elemental Analyzer, Italy) as previously described by other study 
(Wang et al., 2014). 

2.3.3. c. Determination of SOC content 
Soil was acidified with 1 mol/L HCl to remove all inorganic carbon 

and subsequently dried before measuring the TOC (Wang et al., 2020). 
Soil TOC was determined using a TOC analyzer (multiN/C 3100, Ana-
lytik Jena, Germany), at a combustion temperature of 1050 ◦C. 

2.4. Statistical analysis 

Preliminary data processing was performed using Microsoft Excel 
2007. The Statistical Package for the Social Sciences (SPSS) version 16.0 
was then used for statistically analyzing the processed data. 

Univariate analysis of variance (ANOVA) was performed to investi-
gate the effects of reclamation time and land-use patterns on the soil 
surface and profile SOC distribution. The Pearson correlation analysis 
was used to analyze the correlations between soil pH, EC, TC, and TN. 
The Origin7.5 program was used to create all figures. 

3. Results 

3.1. Physical and chemical properties of the surface soil in reclaimed 
wetlands 

The Cixi surface soil in the reclamation area was characterized by a 
pH > 7. The pH of the surface soil slightly increased from 8.07 to 8.49 
(Fig. 1A) with increasing reclamation time. The surface soil had low pH 
(8.07) during the period of 1000–1500 CE (Fig. 1A). The pH slightly 
increased to 8.18, 8.26, and 8.20 in the 1500–1600 CE, 1700–1800 CE, 
and 1800–1900 CE periods, respectively (Fig. 1A). The pH value reached 
a peak at 8.49 in the 1900–2000 CE period, (Fig. 1A). In the most recent 
period (after 2000 CE), the pH exhibited no significant difference from 
that of 1900–2000 CE. 
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The soil EC in the reclamation area substantially varied, ranging 
from 131.53 to 956.2 mS⋅m− 1 (Fig. 1B). In the reclamation period of 
1000–2000 CE, the EC values exhibited no significant increase, ranging 
from 131.53 to 213.03 mS⋅m− 1 (Fig. 1B). However, after 2000 CE, the 
EC of the surface soil was 7.27 times that of the maximum value (213.03 
mS⋅m− 1) of the 1000–2000 CE period (Fig. 1B). 

3.2. Spatial variations in the surface soil TC, TN, and TOC 

The spatial distribution of the surface soil data was overlaid on the 
land-use map shown in Fig. 2. The study area TC varied between 6.43 
and 19.97 g⋅kg− 1, exhibiting an evident stratification phenomenon 
(Fig. 2A). High TC values (>13.35 g⋅kg− 1) were sporadically observed in 
the 1000–1500 CE and 1900–2000 CE periods, occupying the center of 
the reclamation area (Fig. 2A). 

Similarly, the TN content of the surface soil exhibited evident strat-
ification with the reclamation time. From the earlier to the older 
reclamation periods, the TN concentrations exhibited an increasing 
trend from 0.46 to 8.20 g⋅kg− 1 (Fig. 2B). Notably, the maximum TN 
value was observed in the 1000–1500 CE period, whereas the minimum 
value was detected in the most recent reclamation area. The surface soil 
TN exhibited an increasing trend with an increasing number of recla-
mation years. 

The TOC content in the soil is an important indicator of soil fertility. 
The TOC content of the surface soil in the reclamation area ranged from 
0.41 to 11.74 g⋅kg− 1 (Fig. 2C), with significant differences between the 
reclamation periods. As shown in Fig. 2C, the trend of the TOC content in 
the surface soil was similar to that of the TN. The soil TOC content 
substantially increased, by up to 66.21%, from the most recent recla-
mation period to the 1000–1500 CE period. 

3.3. Variations in surface soil pH and EC in relation to land-use 

The pH values determined for the different land-use types in the 
reclamation area were slightly alkaline. The pH of the reed fields (8.61) 
was the highest with 0.36 units higher than the woodland pH (8.25), 
which was the lowest; however, this difference was not statistically 
significant (Fig. 3A). Land-use type had a substantial impact on surface 
soil EC. Owing to the adoption of soil improvement measures, such as 
long-term fertilization and greening, soil EC decreased in ascending 
order in wastelands, reed fields, woodlands, and vegetable fields, indi-
cating that agricultural reclamation is an effective method of soil desa-
lination (Fig. 3B). 

3.4. Spatial variations in soil surface TC, TN, and TOC for different land- 
use types 

The average TC concentrations ranged from 5.74 to 9.23 g⋅kg− 1 

(Fig. 4A), with no significant variation across the different land-use 
types. Woodlands had the highest TC content at 9.23 g⋅kg− 1 (Fig. 4A), 
whereas vegetable fields had the lowest. The TC content of the reed 
fields and wastelands ranked second and third, with values of 7.23 and 
6.32 g⋅kg− 1, respectively (Fig. 4A). 

Different land-use types exerted significant impacts on soil TN con-
tent. The amount of TN decreased in descending order in woodlands, 
vegetable fields, wastelands, and reed fields (Fig. 4B), with the highest 
TN content observed in woodlands (0.47 g⋅kg− 1) (Fig. 4B), which was 
consistent with the TC content. Vegetable fields had the second highest 
TC among the four land-use types, accounting for 0.33 g⋅kg− 1 (Fig. 4B). 
The TN content of reed fields and wastelands was approximately two- 
thirds and half of that of vegetable fields at 0.21 and 0.16 g⋅kg− 1 

(Fig. 4B), respectively. 
The soil TOC exhibited a trend similar to that of the TN, with 

woodlands having the highest values and reed fields having the lowest 
(Fig. 4C). Neither the soil TOC of the vegetable fields and woodlands nor 
the value obtained by comparing the wastelands and reed fields was not 
statistically significant. Compared to that of the woodlands, the TOC 
content of the wastelands and reed fields decreased by approximately 
60% (Fig. 4C). Land use had a significant effect on the TOC, as 
demonstrated by ANOVA. 

3.5. Variations in basic physical and chemical properties of the soil profile 

In each reclamation period, the pH slightly fluctuated across the 
0–100 cm soil profiles, ranging between 8.14 and 8.75 (Fig. 5A). How-
ever, the soil reclaimed after 2000 CE had a slightly high pH in the 
0–80 cm profiles. For the 1700–1800 and 1900–2000 CE periods, the pH 
exhibited an overall increasing trend with profile depth; however, the 
increase was lower than 0.5 (Fig. 5A). During the reclamation period of 
1800–1900 CE, the pH was stable in the 0–80 cm profiles and slightly 
increased from 8.14 to 8.38 in the 80–100 cm profile (Fig. 5A). 

After 1800 CE, the EC of the surface soil was observed to be lower 
than that of the layer beneath it. Thus, soil EC gradually increased with 
soil depth. For example, it was observed that the soil EC in the recla-
mation time period from 1700 to 1800 CE decreased with increasing soil 
depth (Fig. 5B); however, ANOVA revealed that soil depth had no sig-
nificant effect on EC. Notably, the soil EC variation in each layer was 
similar; however, there was a distinct decreasing trend with the increase 
in the reclamation time frame. 

Fig. 1. Variation of surface soil pH (A) and EC (B) with reclamation period.  
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3.6. Spatial variations in the SOC of the soil profile 

The TC content in the 20–100 cm soil layers was between 5.72 and 
12.86 g⋅kg− 1, with an average value of 9.59 g⋅kg− 1, which was signifi-
cantly lower than that in the surface soil (Fig. 6A). Except for the 

1800–1900 CE period, all reclamation periods exhibited similar trends 
above the 60 cm profiles, that is, first a decrease followed by an increase. 
However, beyond 60 cm, these three periods exhibited different trends. 
The TC increased to 10.75 g⋅kg− 1 in the 2000 CE reclamation period 
(Fig. 6A). 

Fig. 2. Inverse distance weighted (IDW) interpolation map of surface soil TC (A), TN (B) and TOC (C) in the study area, Cixi.  
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The soil TN of the 1700–1800 CE period was approximately 1.5 times 
that of the 1800–1900 CE and 1900–2000 CE groups and 3 times that of 
the 2000 CE group in the 0–20 cm soil profile (Fig. 6B). Therefore, a 
positive correlation was observed between TN and the reclamation 
period. The TN in the 0–60 cm soil profiles in the 1700–1800 CE 
reclamation period was significantly higher than that of the other 
reclamation periods (Fig. 6B). The stratification of the soil TN content 
was not evident with increasing soil depth. 

As shown in Fig. 6C, with the exception of the soil reclaimed after 
2000 CE, the OC of the surface soil was significantly higher than that of 
the bottom soil layer. Moreover, with increasing reclamation time, 
evident stratification of OC was observed (Fig. 6C). In addition, the 
decreasing trend of TOC in the 0–60 cm soil layers was evident, and the 
decreasing rate of TOC in the deeper (60–100 cm) soil layers was 
insignificant and remained stable. 

Fig. 3. Variation of pH (A) and EC (B) concentrations of surface soil with land-use types.  

Fig. 4. Variation of TC (A), TN (B) and TOC (C) concentrations of surface soil with land-use types.  
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3.7. Changes in basic physical and chemical properties of soil profiles 

The vegetable field soil pH significantly increased from 8.20 to 8.50 
with increasing soil depth, which differed from that of the other land-use 
types (Fig. 7A). Unlike that of the vegetable fields, the pH of the 
wastelands, reed fields, and rice fields did not follow any pattern with 
increasing soil depth (Fig. 7A). Although the pH of the reed fields and 
rice fields fluctuated irregularly, the average pH of 8.74 and 8.65, 
respectively, were higher than that of the vegetable fields and wasteland 
soils at 8.36 and 8.23, respectively (Fig. 7A). 

In contrast to that of rice fields, the EC of vegetable fields was 
significantly lower in the surface soil than the bottom layer (Fig. 7B). 
Soil EC in the rice fields decreased from 307.17 to 164.72 mS⋅m− 1 in the 
0–20 cm profile and then remained stable at approximately 
164.72–182.10 mS⋅m− 1 in the 20–100 cm profiles (Fig. 7B). Overall, the 
EC of the wastelands, vegetable fields, and reed fields increased by 74.07 
mS⋅m− 1 from 377.33 to 451.40 mS⋅m− 1, by 120.89 mS⋅m− 1 from 198.75 
to 289.64 mS⋅m− 1, and by 141.72 mS⋅m− 1 from 98.17 to 259.88 
mS⋅m− 1, respectively (Fig. 7B). However, only the vegetable fields 
maintained a continuous increase, with the wastelands and reed fields 

Fig. 5. Variation of pH (A) and EC (B) in soil profiles with different reclamation periods.  

Fig. 6. Variation of TC (A), TN (B) and TOC (C) concentrations in soil profiles with different reclamation periods.  
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decreasing in the 20–40 cm (377.33–309.29 mS⋅m− 1) and 60–80 cm 
(243.15–158.35 mS⋅m− 1) profiles (Fig. 7B). 

3.8. Spatial variations in SOC in the profiles of different land-use types 

The TC of the vegetable field soil decreased with increasing soil layer 
depth, from 10.89 to 8.83 g⋅kg− 1 (Fig. 8A). The wasteland soil TC 
exhibited a fluctuating trend, with variations above or below 

3.31 g⋅kg− 1. The reed fields and vegetable fields had a similar TC trend 
up to 80 cm. However, the reed field TC increased from 8.83 to 
10.31 g⋅kg− 1 in the 80–100 cm profile (Fig. 8A). The TC of the rice field 
surface layer was higher than that of the other layers; however, the TC 
content of the 20–100 cm soil layers increased with soil layer depth. In 
general, soil depth had no significant effect on TC in similar land-use 
types. 

Soil depth had no significant effect on the soil TN content in 

Fig. 7. Variation of pH (A) and EC (C) concentrations in soil profiles with different land-use types.  

Fig. 8. Variation of TC (A), TN (B) and TOC (C) concentrations in soil profiles with different land-use types.  
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vegetable fields. The TN content of the vegetable fields fluctuated be-
tween 1.53 and 1.95 g⋅kg− 1, with no significant differences (Fig. 8B). 
The TN in the wasteland, reed fields, and rice fields exhibited an overall 
decreasing trend. Among the different land-use types, the TN of the rice 
fields decreased the most, reaching 1.73 g⋅kg− 1 (Fig. 8B). 

The TOC content of the vegetable field, wasteland, and rice field soils 
decreased with increasing soil depth. The OC content in the different 
land-use type soils also decreased with increasing soil depth, exhibiting 
an evident stratification pattern; however, the reed fields exhibited an 
opposite pattern. Specifically, in the reed fields, the TOC content 
increased from 0.83 to 1.33 g⋅kg− 1 in the surface layer (Fig. 8C). These 
findings show that, within the same land-use type, soil depth had a 
significant effect on soil TOC content. 

3.9. Correlation analysis 

The correlation analysis of pH, EC, TC, TN, and TOC for the surface 
soil and soil profiles is shown in Fig. 9. In the surface soil, except pH, EC, 
and TC, which showed no significant correlation, the indicators 
exhibited evident positive or negative correlations. As shown in Fig. 9A, 
pH and EC were negatively correlated with TC, TN, and TOC, with 
correlation coefficients of − 0.290, − 0.264, − 0.267, and − 0.536 for 
pH and TOC, EC and TC, EC and TN, and EC and TOC, respectively. 
Moreover, significant positive correlations were observed between TN 
and TOC, TC and TOC, and TC and TN, with correlation coefficients of 
0.590, 0.561, and 0.379, respectively (Fig. 9A). 

The correlation between the indicators was significantly lower in the 
soil profiles than in the surface soil. The 0–20 cm and 60–80 cm profiles 
exhibited similar correlation analysis results, with a negative correlation 
between pH and TOC with a correlation coefficient of − 0.584 and 
− 0.566, respectively, and a positive correlation between TN and TOC 
with a correlation coefficient of 0.564 and 0.509, respectively. In the 
20–40 cm profile, TN and TC were significantly negatively correlated, 
with a correlation coefficient of − 0.606. No significant correlation was 
observed between physical and chemical indicators in the 40–60 cm 
profile. At the bottom of the profile, TC and TOC exhibited a significant 
positive correlation, with a correlation coefficient of 0.525. 

4. Discussion 

4.1. Influence of reclamation period on surface soil 

Following thousands of years of reclamation, the Cixi tidal flats have 
undergone significant changes in soil physicochemical properties owing 
to long-term improvements, including planting salt-tolerant crops, 
storing freshwater, and nourishing greens (Fu et al., 2014). Long-term 
planting of salt-tolerant crops and the application of organic fertilizers 
have accelerated the soil maturation process, thereby reducing soil pH 
(Álvarez, 2010). With the change from alkaline to neutral conditions, 
the reclaimed soil is conducive to the growth of plant leaf and roots 
which in turn promotes the accumulation of plant litter, which is also a 
primary source of soil SOC. Therefore, pH and TOC would be negatively 
correlated, with a correlation coefficient of − 0.288 with a significance 
level of p < 0.05 (Fig. 9A). In addition, the soil salinity has been reduced 
as a result of these improvements (Li et al., 2014). Several studies have 
revealed that soil salinity can be directly reflected by EC with a positive 
correlation (Bogunovic et al., 2017; Nabiollahi et al., 2018). Although it 
is considered that high soil salinity can inhibit microbial activity and 
reduce the rate of SOC decomposition, soil salinity still exerts an overall 
inhibitory effect on SOC owing to the restriction of plant growth that 
reduces exogenous carbon input (Setia et al., 2012). This study has 
confirmed this, as evidenced by the negative correlation values obtained 
for EC and TOC (Fig. 9A). 

Iost and Makeschin, 2007 and Li et al. (2014) reported that when the 
soil reclamation period reached 30 years, the soil physical and chemical 
properties reached a stable stage of evolution (Lost and Makeschin, 

2007; Li et al., 2014). However, their findings have not been fully 
corroborated by the present results. In this study, the TC, TN, and TOC of 
the surface soil exhibited an evident positive correlation (Fig. 9A) and 
apparent stratification with the reclamation period. Moreover, the level 
of soil nutrient indicators in the reclamation areas is also considered to 
be affected by structural and stochastic factors, which is consistent with 
earlier conclusions from other reports (Sun et al., 2011). The major 
factors contributing to this observation can be summarized as follows: 
(1) the accelerated planting of salt-tolerant crops and the increase in the 
freshwater storage capacity of the soil promoted the accumulation of 
organic matter and decreased salinity, which significantly improved soil 
fertility (Sun et al., 2011); (2) crop residues and the remaining plant root 
material produced a large amount of organic matter through microbial 
decomposition; and (3) the use of artificial and organic fertilizers led to 
an increase in the degree of soil maturation. Although there was unin-
terrupted mineralization and decomposition in the soil, the input was 
sufficient to compensate for the output caused by mineralization; thus, 
the total amount of soil TOC continued to increase. 

4.2. Effects of the different land-use types on the soil surface OC 

In the case of climate, hydrological and geological conditions, soil 
matrix, and regional scale, the TOC of the soil is primarily affected by 
the type of vegetation coverage (Post et al., 1982; Grünzweig et al., 
2004). Other studies have revealed that soil TOC decreases in 
vegetation-rich areas, such as corn fields and pastures (Shepherd et al., 
2001; Tan and Kang, 2009), which is inconsistent with the present 
findings. In this study, the highest TOC content of the surface soil in the 
reclamation areas was woodlands, followed by then vegetable fields, 
wastelands, and finally reed fields. 

Anthropogenic cultivated land (vegetable fields and woodlands) and 
natural land (reed fields and wastelands) exhibited an evident diver-
gence in nutrient distribution, which is consistent with previous in-
vestigations on the spatial differentiation of soil surface nutrients and 
soil salinity under different land-use patterns (Barreto et al., 2009). 
These studies revealed that a decrease in pH is a characteristic of soil 
maturation. In this study, we observed that the alkaline environment of 
the reed fields and wastelands accelerated the degradation of soil TOC. 
In addition, high EC is not conducive to crop growth (Sparks, 2003; Bai 
et al., 2013). Additionally, reeds have been harvested as an environ-
ment- friendly material; thus, there was little accumulation of surface 
litter, further reducing the surface soil TOC. Moreover, compared to the 
reed fields, wastelands had less vegetation cover, and soil ventilation 
was improved owing to low moisture content. In addition, with suffi-
cient oxygen, aerobic activity was enhanced, which further enhanced 
the decomposition of soil organic matter. 

Human activities, particularly agricultural activities, have the 
greatest impact on soil properties (Sun et al., 2011), which is consistent 
with the present results. The TOC of rapeseed oil, wheat, and broad bean 
fields was significantly higher than that of tidal flats. In this study, 
vegetable fields and woodlands under intensive agricultural manage-
ment, with various human disturbances such as crop rotation and tillage, 
exhibited high TOC content, which was contrary to the reed fields and 
wastelands. This is likely because organic fertilizers have been repeat-
edly applied to maintain soil fertility (Bárcena et al., 2014), whereby C 
to N ratio decreased with a high amount of nitrogen fertilizer but was 
still higher than the soil optimum C and N ratio (25). Therefore, this 
action can inhibit microbial activity and limit the decomposition of 
organic matter. The higher TOC content in the woodland soil ecosystem 
indicates further enhancement of the soil carbon sequestration capacity. 
In contrast, the surface soil TOC was maintained without frequent 
tillage, which decreased the mineralization of the organic matter of the 
surface soil (Cui et al., 2012). Furthermore, the decomposition rate of 
OC of vegetable fields is accelerated owing to the enhancement of soil 
respiration (Sigua et al., 2009). In contrast, vegetable harvesting 
reduced the source of soil organic matter and directly affected the soil 
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Fig. 9. Correlation analysis of physical and Chemical indexes in surface soil and profiles. The size of the circle represents the importance of the variable (ie, the 
proportion of explained variability calculated by multiple regression models and ANOVA). Colors represent Spearman correlations. 
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TOC content. In addition, differences in fertilization, crop rotation, and 
irrigation of different vegetables may cause imbalances in OC distribu-
tion. In woodlands, the organic acid produced by microbial activity in 
the soil has a cementing effect, which binds the fine soil particles into 
large microaggregates. In addition, the surface was covered with weeds 
and litter, which resulted in accumulation of surface TOC. 

4.3. Effect of soil utilization year on soil profile organic carbon 

The analysis of the different soil profiles revealed that the TOC of the 
0–20 cm profile was significantly higher than that of all other profiles 
examined. Most of the soil in the study area was agricultural land and 
woodland. Our findings are consistent with those of Liang et al. (2012) 
who also revealed that the extent of vegetable roots directly affects the 
vertical distribution of soil TOC (Liang et al., 2012). The accumulation 
of surface litter is also an important source of SOC (Hati et al., 2007; 
Liang et al., 2012). Following agricultural reclamation, the moisture and 
thermal conditions of the lower soil layers changed and aeration was 
enhanced, thereby strengthening the mineralization and decomposition 
of organic matter (Xu et al., 2018; Hou et al., 2021). However, the lower 
layers could not gain sufficient carbon input; thus, the OC content of the 
lower layer was significantly reduced. In addition, the application of 
chemical fertilizers by human compensated for the loss of surface soil 
TOC (Zhang et al., 2016), which was significantly higher than that of 
other layers. 

Based on the ANOVA results, the reclamation period had a significant 
effect on the surface and 40–60 cm soil layers, which is consistent with 
the results of previous studies (Steffens et al., 2008), which revealed that 
the soil tillage layer (0–40 cm) had the most evident response to the 
reclamation period. This may be because the extent of a plow is 
20–40 cm, resulting in the disturbance of this soil layer by different 
degrees of human activity. Meanwhile, most of the exogenous organic 
matter remains in the surface soil (Novara et al., 2015). Therefore, SOC 
in the 20–40 cm layer did not change with an increase in the reclamation 
time. The TOC content in the 40–60 cm layer was positively correlated 
with the TC content, indicating that the soil in this layer was less 
disturbed by external factors. A small portion of external carbon sources 
could migrate to the soil layer and maintain a certain accumulation rate 
over time. The 60–100 cm soil layer had the lowest OC input and was 
rarely turned over after soil improvement activities at the initial recla-
mation stage. Therefore, it was not affected by the external 
environment. 

4.4. Effects of the different land-use patterns on the soil profile OC 

The variation trend of the soil in the 20–60 cm layers under different 
land-use patterns was similar to that of the surface soil. The changes in 
land use can disturb the soil to varying degrees, allowing deep layers to 
acquire OC from the surface. Soil reportedly contains adhesive layers 
(John, 2005), implying that when the OC content of the surface soil 
continuously increases, it will eventually reach its retention capacity, 
and then the organic matter will settle at the bottom of the soil in the 
form of soluble OC. The lower layers have the capacity to absorb OC, 
which increases the TOC content of the whole vertical profile. However, 
a previous study (Tan and Kang, 2009) revealed that TOC decreased 
with increasing soil depth, which was not completely consistent with the 
present finding. Specifically, we observed that the soil TOC content of 
rice fields, wastelands, and vegetable fields exhibited a decreasing trend 
with increasing soil depth, and the surface TOC was significantly higher 
than that in the other soil layers. This suggests that the TOC content in 
the surface soil of the vegetable fields, wastelands, and rice fields 
significantly increased because of the relatively large amount of OC 
residues obtained; however, the soil did not reach saturation. This in-
dicates that the soil did not meet its adsorption capacity, and the SOC 
did not settle and could not sink to the lower profiles. In the reed fields, 
TOC did not exhibit an evident decreasing pattern. Conversely, the TOC 

in the bottom layer of the reed fields was higher than that in the upper 
layer. This may be because the roots of the reeds remained deep in the 
soil, and the disturbance of the surface layer was lower; thus, it did not 
affect the accumulation of OC in the bottom layer. Moreover, poor 
ventilation in the bottom layer may lead to weaker microbial activity, 
which inhibits the decomposition of OC. 

The combined effect of the reclamation period and land-use patterns 
changed the physical and chemical properties of the soil, such as water 
content, texture, and types of vegetation cover. This can further lead to 
changes in the spatial distribution of wetland SOC. Coastal wetlands 
typically have complex microtopographic patterns that are accompanied 
by random hydrological events and human disturbances. Therefore, the 
spatial distribution of organic matter in the soil is affected by multiple 
factors; however, the mode of influence and degree of interference of 
each factor require further investigation. 

5. Conclusion 

Reclamation of coastal wetlands has significant effects on soil 
development and carbon sequestration capacity. This study investigated 
that reclamation time and land use types were the primary impact fac-
tors on soil physical-chemical properties and soil carbon sequestration 
function in reclamation zones. The study found that as reclamation time 
increased, pH and EC significantly decreased, with the differential value 
increasing with distance from the coastline. At the same time, the ca-
pacity of soil to sequester TOC also increased concurrently with the 
lengthening of the reclamation process. According to the TOC of land 
use types, cultured land has higher TOC content than uncultured land. 
The surface soil TOC was higher than the bottom layer for various soil 
depths. These results can be extended to areas of coastal reclamation 
that are similar in spatial scales. 
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