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Distribution of SOCD 
along different offshore distances 
in China’s fresh‑water lake‑Chaohu 
under different habitats
Xiaojie Yao1,2, Jingjing Wang3, Xinyun Xie2, Dan Jiang2 & Xiaoniu Xu1*

Carbon storage in wetland ecosystems is an important part of the carbon cycle of terrestrial 
ecosystems and provides important ecosystem services. Chaohu Wetland is a typical freshwater 
lake wetland in China. In this study, soil and plant samples were collected every 500 m through 
three sample lines of different vegetation habitats (estuarine banks, woodlands and shrub beaches) 
and different offshore distances, revealing the spatial distribution characteristics of soil organic 
carbon density (SOCD) in Chaohu wetland. The overall SOCD of Chaohu wetland was low, with 
different habitats ranking as Woodland > Estuary and riverside > Shrub and beach. SOCD of different 
offshore distances had no obvious law, and the SOCD decreased significantly with soil depth. The 
plant biomass was significantly higher at the woodland habitat than at other habitats. Most of soil 
nutrient indicators were the highest at the woodland habitat, while the estuary‑riverside habitat 
had the highest N and P contents. Soil and plant nutrients at different offshore distances had no 
obvious change patterns. The contents of soil K, Ca, Mg, and N were significantly positively correlated 
with SOCD, but soil bulk density and pH were significantly negatively correlated with SOCD, and 
vegetation P content was significantly negatively correlated with SOCD. The spatial pattern of SOCD 
changes in this lake coastal wetland was determined by the combined effects of plant nutrients, 
biomass, and soil physical and chemical properties. Our results indicate Chaohu wetlands may have 
been experiencing serious degradation. The SOCD of Chaohu wetland is lower than that of other 
wetlands in China, which is mainly affected by human activities. Different offshore distances and 
habitat heterogeneity are the main factors affecting the soil carbon cycle of the wetland.

Wetlands account for only 5–8% of Earth’s terrestrial area, but they store about 30% of the carbon (C) pool of 
the global terrestrial  ecosystem1. Because of the huge reserves of organic C, small changes of C pool in wetlands 
can greatly affect the atmospheric  CO2  concentration2. Therefore, dynamic changes in wetland C storage have 
a significant impact on the global C cycle and climate  change3,4. In addition, the increasing global warming will 
contribute to the sink-source transformation due to increased soil organic carbon (SOC) decomposition. There-
fore, both reducing emissions and increasing the C sequestrations in the ecosystems are the important measures 
to alleviate excessive atmospheric  CO2  concentrations5. Having strong C accumulation capability and high SOC 
 storage5,6, wetlands have been paid more and more attention for the potential to mitigate climate  change7.

Wetlands are the most ecological valuable ecosystems in the world, providing carbon  sink4,5, biodiversity 
conservation, water purification, flood mitigation, coastal protection, and erosion  control8–10. However, due to 
human disturbances, approximately half of wetlands in the world have been lost or  degraded11. The major threats 
to wetlands are agricultural cultivation and urbanization, which have significantly reduced their SOC stocks and 
even resulted in loss of their ecological  functioning12,13. Therefore, it is necessary to call for immediate attention 
to the restoration of wetland  ecosystems8,12.

Soil C sequestration is one of the important functions of wetlands. Ecological restoration of wetlands has 
been conducted worldwide, which is considered as an effective measure to regain SOC lost as a result of human 
 disturbances4,7,14,15. In the past few decades, great efforts were made in evaluation of soil C storages and their C 
sequestration potentials in the different wetland  ecosystems4,7,14. The spatial distribution pattern of wetland SOC 
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is influenced by a great number of factors, such as soil properties, climate, vegetation, hydrology, and land use 
 patterns7,16,17. These factors and their interactions are extremely complex in wetlands  ecosystems18. Therefore, 
there is a remarkable lack of understanding regarding the most influential factors determining SOC changes 
across various conditions. It is essential to conduct further studies on spatiotemporal patterns of SOC storage 
for different types of wetland ecosystems.

Lake Chaohu, located in the lower reach of the Yangtze River, is one of the five largest freshwater lakes in 
China. It is a shallow, eutrophic lake, with a surface area  of19 780  km2, The ecological restoration and protection of 
Chaohu coastal wetland have been the important research issues for the past dozen  years20–22. However, the field 
investigation data of SOC for the coastal wetland of Lake Chaohu are very  limited23. This results in a remarkable 
lack of understanding regarding the most influential factors controlling SOC changes across various conditions. 
Such an understanding is especially important for managing restored wetlands for the purpose of SOC recovery. 
In this study, our objectives are to (1) reveal the spatial distribution pattern of SOC density, (2) determine the 
key influential factors controlling SOC changes, and (3) provide theoretical support for managing and utilizing 
wetlands with the aim of increasing soil C sequestration.

Materials and methods
Study area description. Lake Chaohu (117° 16′ 54″–117° 51′ 46″ E, 30° 25′ 28″–31° 43′ 28″ N) is located 
to the north of the lower Yangtze River, with a drainage area of 9258  km2 and a replenishment coefficient of 12. 
The replenishment water makes up 98% of the total runoff into the lake, while precipitation over the lake only 
accounts for 2%. The entire basin is covered by 33 rivers, 760  km2 of lake area, and 28.56  km2 of beach area. This 
region is located in the northern subtropical zone and is characterized by a monsoon-influenced humid sub-
tropical climate. The average annual precipitation is 1000–1158 mm. The average annual temperature is 15.9 °C. 
Soils in the region are primarily derived from river and lake sediment and mountain river alluvium and consist 
of largely paddy soil and fluvo-aquic soil in the lowlands, calcareous soil, yellow–brown soil and purple soil in 
the uplands.

Sample collection. According to the vegetation types around Lake Chaohu, a total of 3 transects (estuary-
riverside habitat, woodland habitat, and irrigation beach habitat) are set up perpendicular to the Lake Chaohu 
shoreline, with a distance of 2500 m between the transects, as shown in Fig. 1. According to the distribution of 
plants and different water level gradients, 11 plots with a total length of 5000 m are set up for each sample line at 
500 m intervals. There are 3 samples of 1 m × 1 m in each plot, a total of 99 samples. Plant samples are collected 
from all the above-ground parts of the herbaceous plants in the sample frame, mixed and weighed to calculate 
the vegetation biomass, and part of the plant samples are taken to determine plant nutrients. The soil samples of 
0–20 cm and 20–40 cm soil layers were collected respectively, and the samples were mixed at 3 points to deter-
mine the physical and chemical properties of the soil.

Plant and soil sample measurements. The collected soil samples were air-dried, crushed, and sifted 
with a 2 mm sieve. Thoroughly mixed samples were sealed in sample bags for future use. The plant samples were 
dried at 70 °C to constant weight, crushed, and sifted with a 100-mesh sieve. The samples were stored in sealable 
sample bags. To measure soil pH  (H2O), distilled water and soil samples were mixed in a 2.5:1 ratio (volume 
: mass), shaken well, and left undisturbed for 30 min. Measurement was then performed with a pH meter. To 
measure soil conductivity, distilled water and soil samples were mixed in a 5:1 ratio (volume : mass), shaken 
well, and left undisturbed for 1 h. Measurement was then performed with an Extech II conductivity meter and 
a pH meter. The organic carbon and total N in plant and soil samples were quantified by combustion using an 
EA3000 elemental analyzer (Vector, Italy). The total P in plants and soil was determined by nitric acid-perchloric 
acid digestion and molybdenum-antimony anti-spectrophotometry. Available P was extracted with hydrochlo-
ric acid-ammonium fluoride extractant, whereas ammonium nitrogen and nitrate nitrogen were extracted with 
2 mol·L−1 KCl solution, all of which were measured using a FIA Star 5000 flow injection analyzer (FOSS, Den-
mark). Soil dissolved organic carbon (DOC) and total dissolved nitrogen (DN) were extracted with 2 mol·L−1 
 K2SO4 solution, determined by a Multi 3100 C/N analyzer (Jena, Germany).The soil bulk density is determined 
by the ring knife method. K, Na, Ca, and Mg in soil and plant samples were extracted by nitric acid-perchloric 
acid digestion and measured by atomic absorption spectroscopy (TAS-990 AFG, Beijing Persee General Analyti-
cal Instruments, China)24.

Data analysis. SigmaPlot 14.0 was used to analyze the frequency distribution of SOC density in Lake 
Chaohu wetlands and to plot the histograms. Multi-factor analysis of variance and multiple comparisons were 
performed with SPSS 25.0 to find the degree of influence of habitat, offshore distance, and soil depth on SOCD. 
Linear regression models of SOCD vs. each variable (plant nutrients and soil physicochemical properties) were 
established using scatter plots and correlation analysis. Furthermore, a structural equation model was estab-
lished based on soil physicochemical properties, plant nutrients, and plant biomass indicators, and the conver-
sion factors that significantly affected SOCD were  screened25.

The calculation formula of SOCD is as  follows26:

In the formula, SOCDi is the soil organic carbon density of the ith layer (kg/m2); Ci is the soil organic carbon 
content of the ith layer (g/kg); Pi is the soil bulk density of the ith layer (g/cm3); Hi is the profile depth (cm);  10–2 
is the unit conversion factor.

(1)SOCDi = Ci×Pi×Hi × 10
−2
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Results
Content characteristics of SOCD, soil physicochemical properties, plant nutrients and bio‑
mass. As shown by the multi-factor analysis of variance (Table  1), all of habitat (p = 0.005), offshore dis-
tance (p = 0.002) and soil depth (p = 0.027) had significant influence on soil organic carbon in wetlands. The 
estuary-riverside habitat had the lowest average SOCD (2.29 kg/m2), while the woodland habitat had the highest 
(2.59 kg/m2). Comparing the SOCD at different offshore distances, the average SOCD at 0 m offshore was the 
lowest (0.70 kg/m2), and it was the highest at 4000 m offshore (2.88 kg/m2). The average SOCD of soil depths at 
0–20 cm (2.28 kg/m2) significantly higher than 20–40 cm (1.80 kg/m2) (Fig. 2).

In different habitats, the soil nutrient content in woodland habitat was the highest, and there was no obvious 
rule in the change of soil nutrient content at different offshore distances (Table 2). The plant biomass and carbon 
content in woodland habitat were the highest, the N and P content in estuary-riverside habitat were the highest, 
and the change of offshore distance of plant nutrients was not obvious (Table 3).

Correlation among SOCD, soil physicochemical properties, plant nutrients and biomass. As 
shown by Fig. 3, contents of K (p = 0.0057), Ca (p = 0.001), Mg (p = 0.0001), N (p < 0.0001), C/P (p < 0.0001), N/P 
(p = 0.0003) and TOC (p = 0.0004) in soil were significantly positively correlated with SOCD while soil bulk den-
sity (p = 0.0321) and pH (p = 0.0078) showed significant negative correlation with SOCD (p < 0.05). Among the 
plant nutrients, only P (p = 0.0007) showed a significant negative correlation with SOCD (Fig. 4).

Figure 1.  Location and distribution of sampling points in the Lake Chaohu wetland. Figure created with 
WeMap Version 3.9.1. http:// www. river map. cn/ index. html.

http://www.rivermap.cn/index.html
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Table 1.  Between-subjects effects of different variables on soil organic carbon density (SOCD, kg·m−2). 
R2 = 0.354 (Adj  R2 = 0.261).

Source Degree of freedom F Significance

Dependent variable: soil organic carbon density (kg·m−2)

Modified model 13 3.830  < 0.001

Intercept 1 407.891  < 0.001

Habitat 2 5.666 0.005

Offshore distance 10 5.053 0.002

Soil depth 1 5.053 0.027

Error 91

Total 105

Total after correction 104

Figure 2.  SOCD content of different types of soil.

Table 2.  Variation characteristics of soil nutrients.

Different 
conditions

Indicators of soil nutrients

Bulk density 
(g·cm−3) P (g·kg−1) K (g·kg−1) Ca (g·kg−1) Mg (g·kg−1) N (g·kg−1) C/N C/P N/P

Habitat conditions

Shrub-beach 1.02 0.12 3.55 1.13 3.58 1.17 9.38 157.52 15.95

Woodland 1.00 0.20 5.69 2.07 4.50 1.90 7.56 73.20 10.58

Estuary-riverside 0.85 0.17 5.15 1.12 2.39 0.93 13.15 74.13 6.26

Offshore distance

0 1.04 0.16 2.32 1.66 2.65 0.22 18.85 22.76 1.45

500 0.95 0.13 3.74 0.93 2.24 0.90 12.63 76.68 6.63

1000 0.96 0.19 5.03 1.19 3.34 1.04 10.39 52.65 6.12

1500 0.99 0.14 4.30 1.12 2.76 1.04 9.74 70.36 7.80

2000 0.90 0.15 4.63 1.97 3.21 1.27 10.90 115.57 11.34

2500 0.88 0.12 5.71 0.90 3.39 1.37 9.75 120.89 12.63

3000 0.85 0.17 5.03 0.93 3.00 1.18 9.02 59.44 7.23

3500 1.00 0.17 6.01 1.73 3.51 1.28 11.05 86.64 8.89

4000 0.83 0.13 4.09 1.63 3.01 1.78 9.98 211.88 20.66

4500 0.84 0.22 6.76 1.21 3.21 1.58 10.51 108.27 10.67

5000 0.84 0.25 6.34 1.34 3.40 1.50 10.29 112.97 10.59
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Controls of wetland SOCD pattern. The best structure equation model (SEM) explained 42% of the 
variations in SOCD spatial heterogeneity (Fig. 5). Vegetation biomass (standardized effect size: 0.06), but not 
plant nutrient parameters positively contributed to SOCD spatial heterogeneity. However, soil nutrient param-
eters (standardized effect size: − 0.56; p < 0.01) and other parameters (pH) (standardized effect size: − 0.11) nega-
tively contributed to SOCD spatial heterogeneity. The offshore distance was significantly negatively related to 
vegetation biomass (standardized effect size: − 0.86; p < 0.001), and soil other parameters (standardized effect 
size: − 0.52; p < 0.01).

Discussion
The distribution of soil organic carbon in the coastal wetlands of Lake Chaohu showed a significantly vertical 
decrease with soil depth, which was consistent with the previous  studies27,28. The vertical distribution of SOC is 
dominantly affected by the primary productivity of plant community, litter yield and decomposition  rate29. The 
source of SOC is mainly from belowground root turnover and aboveground litter input of vegetation, which 
mainly exist in the topsoil. This makes the SOC have characteristics of surface  aggregation30,31.

Our results showed significant differences in SOCDs and SOC contents among the different habitats. This is 
due to the differences in plant community structures with different habits and photosynthetic fixation capacity, 
resulting in different quantity and quality of litter that has different effects on the carbon sink/source function 
of wetland  soil32. The distinct differences in growth form, amount of aerenchyma, rooting depth, or timing and 
magnitude of primary production of different vegetation types have substantial influences on the spatial heteroge-
neity of SOCD in  wetlands33. The spatial distribution of SOCD and accumulation of SOC in wetland ecosystems 
is a complicated process and is controlled by multiple factors, of which vegetation is regarded as one of the key 
 factors33,34. In addition, the hydrologic regime has been considered as the driving force in C cycling in wetland 
ecosystems, which directly changes the wetland physicochemical properties, especially oxygen availability that 
controls decomposition of organic  matter35,36. Furthermore, multiple environmental variables including soil 
properties, climate, and terrain have important impacts on the spatial distribution of  SOC35,36. Diversity of micro-
topography in natural wetland systems also plays an important role in affecting spatial distribution of  SOC33,36.

Based on the optimal structural model, the offshore distance was a key factor influencing SOCD at our site. 
It could be mainly caused by the change of soil nutrient, pH, and vegetation biomass. Factually, to a certain 
extent, offshore distance reflects the changes of hydrological regime. As water-controlled ecosystems, wetland 
vegetations respond to the water level fluctuation. It has been well illustrated a close relationship between SOC 
and altitudinal  gradient36,37. Zhao et al. reported that pH has a significant correlation with the SOC  content35. 
It is in agreement to our results.

The average SOCD of the wetland in Chaohu is much lower than that of other wetlands in China 
(16.8 kg·m−2)38. Soil organic carbon pool is a dynamic equilibrium process and varies depending on input and 
output differences of carbon  sources39. Due to the high sensitivity of wetland soil carbon to the changes of the 
surrounding  environment40, Chaohu is a densely populated area with a rapidly developing located in the admin-
istrative territorial entity economy, this is an important reason for the decrease of wetland soil carbon storage. 
Human disturbances seriously affect the carbon sequestration capacity of Chaohu ’s ecosystems. Therefore, 
balancing the economic and ecological relationship is important for stabilizing the carbon cycle in the region 
around Lake Chaohu.

Table 3.  Variation characteristics of plant nutrients and community biomass.

Different conditions

Indicators of plant nutrients and community biomass

P (g·kg−1) C (g·kg−1) N (g·kg−1) C/N C/P N/P Biomass (kg·hm−2)

Habitat conditions

Shrub-beach 0.98 408.88 14.39 33.24 562.07 15.21 3503.40

Woodland 0.80 413.72 11.24 43.06 761.12 19.08 12,892.73

Estuary-riverside 1.42 395.69 17.73 29.83 862.21 29.95 2421.73

Offshore distance

0 2.56 361.36 18.55 24.62 256.93 8.72 3089.78

500 1.53 404.08 15.40 34.37 564.31 12.90 4492.22

1000 2.85 413.23 24.13 21.25 211.67 10.51 2690.33

1500 1.73 396.49 16.37 33.79 343.25 10.03 6598.56

2000 1.09 418.95 13.60 39.65 629.38 18.19 8199.33

2500 1.24 421.79 16.85 31.70 507.07 15.28 6857.34

3000 1.57 388.22 18.35 27.35 385.98 14.78 8603.22

3500 0.53 387.74 14.61 35.57 1989.73 64.65 6922.22

4000 0.46 424.15 16.82 30.89 1293.52 48.61 5552.33

4500 0.58 392.96 9.54 45.61 880.34 20.85 7022.50

5000 0.67 406.56 15.83 32.72 977.42 36.06 10,144.00
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Conclusions
The SOCD in coastal wetland of Lake Chaohu was significantly higher in topsoil than that in subsoil, which is 
mainly related to the distribution of litter and root system. SOCD was higher in woodland habitat than in the 
others. SOCD within 500-m offshore distance was lower than 500 m away. With the increase of offshore distance, 
SOCD increased nonlinearly that was related to soil pH, vegetation biomass and soil nutrients. There existed 
great spatial heterogeneity of soil organic carbon distributions in wetland of Lake Chaohu. However, its internal 

Figure 3.  Determine the soil organic carbon density (SOCD, kg·m−2) and soil nutrient factor content under 
each sample, and correlate between soil organic carbon density (SOCD, kg·m−2) and soil factors (mg·kg−1) 
(including Soil P, K, Ca, Mg, N, C/N, C/P, N/P, Bulk Density, pH, EC, TOC, TN,  NH4+–N and  NO3−–N) in the 
same space.
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driving mechanism is not entirely clear. Therefore further researches are needed on the factors affecting SOC 
distribution in this coastal wetlands.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 24 February 2022; Accepted: 8 August 2022

Figure 4.  Determine the soil organic carbon density (SOCD, kg·m−2) and plant nutrient factor content under 
each sample, and correlate the soil organic carbon density (SOCD, kg·m−2) with Plant P (g·kg−1), Plant C, Plant 
N, Plant C/N, Plant C/P, and Plant N/P in the same space.

Figure 5.  The construction of the best structure equation model (SEM), reveals the influence of various factors 
on soil organic carbon density (SOCD, kg·m−2). It is concluded that offshore distance further affects the change 
of SOCD through the inhibition of other factors (soil factor, biomass and soil pH).
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