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Abstract: There is a huge carbon pool in the lakeside, which is sensitive to environmental changes
and can very easily be transformed into a carbon source as land from the lake is reclaimed. In
this paper, West Mauri Lake was employed as a case study to examine soil organic carbon (SOC)
and its controlling factors along the lakeside. Four transects of land use (i.e., vegetation) types
along the landward lakeside were identified as the fluctuation zone, the beach zone, the mesozoic
farmland rewetting zone and the xerophytic farmland rewetting zone. With the increase in soil
depth, SOC in the lakeside decreased significantly (p < 0.05). SOC had an obvious seasonal variation
(p < 0.001), ranking in order: winter (December) > spring (February) > summer (May). Among
the aforementioned transects, SOC density differed significantly (p < 0.05), showing a significant
increasing trend. Pearson correlation indicated that most soil physiochemical factors showed a
significant correlation with SOC (p < 0.01), except total chromium, total copper, total zinc and total
phosphorus. The relationship between SOC density and total nitrogen (N) has an obvious “S” curve,
and total N accounts for 81% of the variation of SOC, suggesting that total N is the main controlling
factor of SOC in the lakeside. The significant difference in SOC along the different vegetation (land
use) types implied that land use affects the SOC in the lakeside. The long-term accumulation of N
fertilizer after the man-made reclamation and aquaculture obviously controls SOC in the lakeside of
West Mauri Lake.

Keywords: transect; seasonal change; total nitrogen; vertical distribution; Hunan province

1. Introduction

Wetlands are a type of ecosystem located between water bodies and land and are
known as one of the three major ecosystems along with forests and oceans [1]. The
ecosystem service function of wetlands is currently declining, and wetland restoration has
thus become a hot topic [2,3]. The effective implementation of wetland restoration requires
an in-depth study of the ecological process of wetland systems. To our knowledge, little
information on the changes of soil physicochemical factors (including soil carbon pool) in
the process of ecological restoration projects is known. The carbon pool stored in wetlands
is one of the important links in the global carbon cycle [4–7]. Wetlands occupy about 2–6%
of the Earth’s land area, but store 20–30% of the Earth’s terrestrial soil carbon [8]. Global
wetland soil organic carbon (SOC) is about 202.0–535.0 Pg [9], and the Chinese wetland
carbon pool has been estimated to be about 5.0–6.2 Pg [10].

Despite the large carbon sequestration potential of wetland ecosystems, the system
(lakeside in particular) is often converted into a carbon source because it is more sensitive
to changes in environmental factors such as temperature, soil water content, and nutrient
concentration [9,11]; for example, the carbon emissions from natural wetlands are expected
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to increase by 37.5% with a temperature rise of 1.5 ◦C [12]. In addition, human activities
also affect wetland SOC [13,14]; previous studies have shown that when wetlands are
converted to other land use types, the SOC pool decreases [15–17]. In view of the large
wetland carbon pools and the impact of their changes on the global carbon cycle, changes
in wetland soil carbon pools during degradation or restoration and their influencing factors
have become one of the hot issues in wetland ecology [18–21].

As a part of Dongting Lake, the second largest freshwater lake in China, the cultivation
of fields, unreasonable use of chemical fertilizers and over-fertilization of aquaculture in
West Mauri Lake have led to a reduction in the water surface and a decline in the quality
of water bodies in the lake’s wetlands as well as serious ecological degradation. In this
paper, we employed West Mauri Lake as a case study and set up four transects along the
landward lakeside to analyze the changes in SOC and its influencing factors in the process
of ecological restoration of lakeside, so as to provide scientific references for the formulation
of wetland restoration and protection policies.

2. Site Description and Study Methods
2.1. Site Description

The research site is located in the West Mauri Lake National Wetland Park, in the
southeast of Jin City, Hunan Province (Figure 1), with 111◦51′08′′–111◦58′28′′ E and
29◦20′48′′–29◦29’40′′ N. West Mauri Lake is a part of Dongting Lake, the second largest
freshwater lake in China. The wetland covers an area of 6250 hm2 with a humid monsoon
climate zone. The annual mean precipitation and temperature are, respectively, 1164.3 mm
and 16.6 ◦C, with an extreme high and a low temperature of 40.5 ◦C and −13.5 ◦C. The
annual mean sunshine and frost-free period is 1770.6 h and 272 d. Such plant species as
Alternanthera philoxeroides, Glycine soia, Carex brevicuspis, Hydrilla verticillata, Ceratophyllum
demersum, Phalaris arundinacea, Trapa incisa, Ceralopteris pteriodoides, Ceratopteris thalictroides,
Ormosia henryi and Camptotheca acuminate are distributed in this area. Mauri Lake is sur-
rounded by hills with gentle slopes, with an altitude of 28–60 m. The soil is red soil, with a
high content of clay particles, a strong water-holding capacity, weak erosion resistance and
poor permeability of water and air.

Figure 1. Schematic diagram of the four transects established along the landward lakeside of West
Mauri Lake.
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2.2. Study Methods
2.2.1. Experimental Design

The water level obviously affects the vegetation distribution and composition in the
lakeside [22,23]; fluctuation in the water level often leads to a belt-like distribution of the
vegetation in the lakeside [24]. Therefore, for this article a combination of sample transects
and sample squares was used to collect soil samples. Along the lakeside of West Mauri
Lake, four sample transects (i.e., land use types or vegetation types) were set up according
to the water level and vegetation type, namely, the fluctuating zone (Transect 1), the beach
(Transect 2), the mesophytic farmland rewetting zone (Transect 3) and the xerophytic
farmland rewetting zone (Transect 4). Each transect was 30.00 m long, and a sample square
(1.00 m × 1.00 m) was set up every 3.00 m to collect soil samples.

2.2.2. Soil Sampling

Soil samples were collected, respectively, in spring (February), summer (May), and
winter (November) in 2015, through the soil profile in the four transects. Along each
transect for each season, three soil profiles were excavated, all in the location where the
same covered vegetation type and the soil with a similar color were found. The columnar
soil samples were layered according to 0–2 cm, 2–5 cm, 5–10 cm, 10–20 cm, 20–40 cm,
40–60 cm, and the soil in the same layer in the same square was evenly mixed into one
sample. A total of 72 soil samples (3 profiles × 4 gradients × 6 soil layers) was obtained
for each season. After the visible roots and litter had been removed, all the soil samples
were sealed in a plastic bag and taken to a laboratory. Soil samples were divided into two
parts; one was air-dried for basic property determinations, and the other was used for
chemical analysis.

2.2.3. Determination of Soil Physiochemical Properties

To estimate the SOC and analyze the influencing factors of SOC, soil physiochemical
properties such as soil bulk density, moisture content, organic matter, nutrients (N, P
and K), and heavy metals (including total Cd, Pb, Cr, Cu and Zn) were measured. Soil
bulk density and moisture content were determined using the ring knife and oven-dry
method. Soil organic matter was determined by the potassium dichromate-sulfuric acid
method [25]. Total N content was determined by the potassium dichromate-sulfuric acid
digestion method [26]. Samples of 5 g soil were soaked, shaken for 1 h, and soil nitrogen
was extracted through the addition of 5.0 mL of conc. H2SO4 and selenium catalyst, then
distilled with NaOH and titrated against 0.1 mol HCl. Total P content was determined
by the sulfuric acid and perchloric acid decoction method [27]. In short, total P was
determined by inductively coupled plasma-optical emission spectroscopy after 5 mL of
the sieved supernatants were digested in a H2SO4–HClO4 mixture. The chemical shifts
were recorded relative to an 85% H3PO4 standard. Analysis of the aforementioned heavy
metal in soil samples was carried out as follows. The digestion was carried out with 1 g
of sample in a glass digestion tube of 250 mL along with 15 mL of HNO3 at 140 ◦C. The
content was evaporated to dryness, and the dried sample treated by 3 mL of HClO4 for
further oxidation from the sample solution for 30 min at 245 ◦C. After digestion to cool the
content, filter and made up to 100 mL with distilled water, heavy metals were determined
with the help of an atomic absorption spectrometer (Hitachi, Tokyo, Japan) [28]. Repeated
measurements of soil samples have a coefficient of variation of less than 5%.

2.2.4. Statistical Analysis

Soil organic carbon density (SOCD) was calculated using the following equation:

SOCD =
n

∑
i=1

[SOMi × 0.58× BDi × (1−Vi)× 100]
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where SOCD is soil organic carbon density (kg/m2), SOM is organic matter content (g/kg),
0.58 is the Bemmelan coefficient for conversion of organic matter to organic carbon content,
BD is soil bulk density (g/cm3), V is gravel content greater than 2 mm (V, %), and i
represents the soil layer.

In this paper, the differences in SOC in different soil layers, different seasons and
different gradients in the lakeside of West Mauri Lake were compared separately using
a one-way analysis of variation (ANOVA) with the help of SPSS software. When the
differences reached a level of significance (α = 0.05) or became highly significant (α = 0.01),
the differences between the two were compared by using a multiple comparison method.
To study the influencing factors of SOC in wetlands, Pearson correlation was used to
investigate the relationship between SOC and water content, N, P, K or heavy metals.

To more accurately quantify the relationship between SOC and total N, we fitted
the two with the nine most commonly used functional forms provided by SPSS software,
such as linear, composite, inverse proportional, logarithmic, power, exponential, logistic,
growth and “S”-type. The estimated standard deviation was used to screen the optimal
fitted equation.

3. Results
3.1. Vertical Distribution of SOC on the Lakeside of West Mauri Lake

One-way ANOVA indicated that a significant difference in SOC density was found
in different depths in the lakeside of West Mauri Lake (p = 0.008 < 0.01) (Figure 2). The
maximum organic carbon density was found in 0–2 cm (20.66 kg/m2) and the minimum
in 40–60 cm (7.90 kg/m2). The organic carbon in soil surface (0–2 cm) was just twice that
in 5–10 cm (10.25 kg/m2) and three times the size in the deep layer (20–60 cm). With the
increase in soil depth, SOC density decreased continuously and significantly.

Figure 2. Vertical distribution of soil organic carbon along the lakeside of West Mauri Lake.

3.2. Seasonal Dynamics of SOC in the Lakeside of West Mauri Lake

Similarly, one-way ANOVA also showed that SOC in the lakeside of West Mauri
Lake differed significantly (p < 0.001) in February, May and November (Figure 3), which
increased as the month progressed. Multiple comparisons showed that SOC density in
November (i.e., winter) (28.41 kg/m2) was significantly greater than that in February (i.e.,
spring) (9.03 kg/m3) and May (i.e., summer) (9.64 kg/m2), indicating a more than twofold
difference in SOC among seasons.
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Figure 3. Seasonal variation of soil organic carbon in the lakeside of West Mauri Lake.

3.3. Change in SOC along the Lakeside of West Mauri Lake

One-way ANOVA was also used to compare SOC among different vegetation types
(transects) along the landward lakeside of West Mauri Lake (Figure 4). It was found that
SOC density varied significantly (p = 0.017 < 0.05) in outward direction from the lake surface
and showed a significant increasing trend along the landward lakeside. The SOC density in
the fluctuating zone (Transect 1) was the smallest, only 3.63 kg/m2; the SOC density in the
mesophytic farmland rewetting zone (Transect 3) and the xerophytic farmland rewetting
zone (Transect 4) was much larger, about 19.51 kg/m2 and 20.59 kg/m2, respectively.

Figure 4. Soil organic carbon density and its variation in four transects (vegetation types) along the
lakeside of West Mauri Lake.

3.4. Analysis of Influencing Factors of SOC in the Lakeside of West Mauri Lake

In order to analyze the influencing factors of SOC density in the lakeside of West Mauri
Lake, correlation analysis was conducted between SOC density and soil physiochemical
factors such as soil organic matter, bulk weight, water content, total N, total P, total K, total
Cd, total Pb, total Cr, total Cu, and total Zn (Table 1). The results showed that SOC density
had highly significant correlations (p < 0.001) with soil physiochemical factors, except for
total Pb, total Cr, total Cu, total Zn, and total P. The correlation coefficients between SOC
and soil organic matter, total N, total K, and total Cd, were all greater than 0.700, implying
that SOC density in the lakeside of West Mauri Lake was strongly influenced by these
four factors. In addition, the correlations of total N with organic matter and total Cd were
highly significant and the correlation coefficients were all greater than 0.700 (the correlation
coefficient with organic matter even reached 0.983), implying that total N was most likely
the main influencing factor in SOC density in West Mauri Lake.
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The further curve fitting results showed that there was a clear “S”-shaped curve
between SOC density and total N (Figure 5), and total N explained 81% of the variation in
SOC (R2 = 0.81).

Figure 5. Relationship between soil organic carbon density and soil nitrogen content in West
Mauri Lake.

Table 1. Correlation of soil organic carbon with physiochemical factors in the lakeside of West
Mauri Lake.

Organic
Matter

Bulk
Density

Moisture
Content Total N Total P Total K Total Cd Total Pb Total Cr Total Cu Total Zn

SOCD
r 0.728 0.571 0.330 0.718 0.133 −0.768 0.721 0.264 −0.114 −0.167 −0.161

p <0.001 <0.001 <0.001 <0.001 0.139 <0.001 <0.001 0.009 0.269 0.105 0.116

Organic
matter

r −0.089 0.579 0.983 0.373 −0.081 0.731 0.210 −0.236 −0.212 −0.158

p 0.320 <0.001 <0.001 <0.001 0.270 <0.001 0.027 0.013 0.026 0.098

Bulk density
r −0.081 −0.092 −0.559 −0.883 −0.471 0.048 0.368 0.222 0.163

p 0.313 0.306 <0.001 <0.001 <0.001 0.639 <0.001 0.030 0.112

Moisture
content

r 0.559 −0.194 −0.249 0.580 0.221 0.011 −0.097 −0.055

p <0.001 0.015 0.002 <0.001 0.031 0.913 0.347 0.594

Total N
r 0.390 −0.118 0.730 0.249 −0.194 −0.159 −0.116

p <0.001 0.108 <0.001 0.009 0.041 0.096 0.224

Total P
r 0.434 0.381 0.546 0.311 0.277 0.110

p <0.001 <0.001 <0.001 0.001 0.003 0.250

Total K
r −0.467 −0.022 0.329 0.438 0.422

p <0.001 0.821 <0.001 <0.001 <0.001

Total Cd
r 0.377 −0.087 −0.011 −0.026

p <0.001 0.366 0.911 0.790

Total Pb
r 0.543 0.365 0.234

p <0.001 <0.001 0.013

Total Cr
r 0.487 0.404

p <0.001 <0.001

Total Cu
r 0.484

p <0.001

4. Discussion

Wetland anaerobic soil indicated a slow decomposition rate compared with terrestrial
ecosystems; this fact, coupled with the large amount of sediment accumulated in wetlands,
means that wetland ecosystems are important carbon pools in the global biogeochemical
cycle [9]. Changes in wetland carbon pools are influenced by environmental factors such as
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temperature [11], water level [29], and soil nutrients. Clarifying the magnitude and seasonal
variation of SOC and its main influential factors in the lakeside zone is of significance both
to accurately evaluate the role of wetland ecosystems in global climate change and to
deeply understand the mechanisms of carbon pool changes in wetland ecosystems [2].

4.1. Vertical Distribution of SOC in the Lakeside of West Mauri Lake

The present study on the vertical distribution of SOC showed that SOC decreased
continuously with the increase in soil depth (Figure 2), which is in full agreement with the
report by Qi et al. [13] and by Wang and Jiao [30] on the vertical distribution pattern of SOC
in coastal wetlands. According to Jobbagy and Jackson [31], SOC in terrestrial ecosystems
also has a similar vertical variation pattern. Therefore, although wetland ecosystems
and terrestrial ecosystems have obvious differences in terms of soil water content and
decomposition rate, the vertical distribution pattern of SOC decreases continuously with
increasing soil depth [31]. In terms of SOC content in the surface layer (0–10 cm), the
average organic carbon content of lakeside soils in West Mauri is about 6.68 g/kg, which
is slightly higher than the tidal wetland (6.45 g/kg) reported by Shao et al. [32], and
comparable to the size of desert shrubs and riparian forests in the dry zone of Xinjiang, but
significantly lower than wetland meadows (37.24–57.77 g/kg) [30].

4.2. Changes in SOC in the Lakeside of West Mauri Lake

In terms of seasonal variation, most studies have shown that SOC is highest in winter
(November) [33,34]. As the months of the year progressed, SOC density increased along
the lakeside of West Mauri Lake. SOC was significantly greater in winter than in other
seasons (Figure 3), which is more consistent with the results of previous studies. This may
be attributed to the inhibition effect of surface water on organic carbon decomposition.
The higher water level in winter can limit O2 exchange, which is largely dependent on
soil respiration and the decomposition process, and thus accumulates more SOC [35,36].
However, some studies have also pointed out that SOC was lower in winter than in summer
and spring [37]. Wang et al. [38] even divided the seasonal variation of soil microbial carbon
into three patterns of variation, namely high summer and low winter, low summer and
high winter, and alternating dry-wet seasonal cycles. Therefore, in the context of global
climate change, an accurate evaluation of global carbon balance requires further in-depth
studies on the seasonal changes of SOC and its mechanism.

The results of this paper showed that there were significant differences (p = 0.017 < 0.05)
in SOC density along the lakeside zone for different vegetation (land use) types (i.e.,
Transects 1–4) (Figure 4). In other words, land use type affects SOC in the lakeside zone.
The SOC density was greater in both the mesophytic and xerophytic farmland rewetting
restoration zone compared with the fluctuating zone and the beach, implying that the
soil surface organic carbon could be increased through wetland restoration projects. This
is similar to the conclusion presented by Jiao and Lu [39], who found that SOC in the
soil surface in Taihu lake increased from 0.71% after 2 years of restoration to 1.85% after
15 years of restoration. Li et al. [40] also found an increase in soil organic matter in the
Uygur River riparian wetland after 2 years of returning farmland to wetland. According to
Miao et al. [41], SOC increased continuously as the vegetation succession stage advanced.
The four types selected in this study, which were set along the lakeside from the lake surface
outward, can basically be regarded as different succession stages of a succession series.
After farmland has been returned to wetland, the intensity of human disturbance is reduced,
which is conducive to the restoration of the wetland ecosystem and the accumulation of
SOC. The results of this paper support the conclusion that wetland restoration projects are
often regarded as an important initiative to increase SOC in wetland restoration, and also
provide an empirical study showing the increase in SOC with positive results.
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4.3. Correlation between SOC and Influencing Factors in the Lakeside of West Mauri Lake

Correlation analysis between SOC and soil physiochemical factors in the lakeside
zone showed that most factors are closely related to SOC (p < 0.01; Table 1). However, the
fitted curve shows that total N explains 81% of the variation in SOC in the lakeside zone
(R2 = 0.81; Figure 5), suggesting that total N is the controlling factor leading the change in
organic carbon. Long-term fertilization experiments have shown that the application of
nitrogen fertilizer can increase SOC [7]. Is it right to increase the capacity to sequestercarbon
by applying excessive amounts of nitrogen fertilizer? Since the 1980s, China has encouraged
the application of chemical fertilizers in pursuit of high agricultural productivity; nowadays,
the amount of nitrogen fertilizer application in China accounts for 30% of the global
total [42,43]. West Mauri Lake is the granary of Tianjin City; the application of a large
amount of chemical and organic fertilizers in aquaculture has resulted in serious nitrogen
fertilizer and water pollution in West Mauri Lake. Therefore, it is not a scientific choice to
unilaterally increase soil carbon sequestration potential through fertilization. According to
the report by Kristek et al. [44], microbiological preparation is better than chemical fertilizers
and can reduce nitrogen fertilizers by 30%, suggesting that biofertilizers may be a good
option. In addition, effective nutrient management aimed at curbing phosphorus input has
cleaned up many lakes in the western world and successfully controlled cyanobacterial
blooms [45,46]. Can nutrient management help many lakes to recover from the effects of
nitrogen pollution? This is a topic worthy of further study. The fitted SOC and N in this
paper have an “S”-shaped relationship, which implies that the contribution of nitrogen
fertilizer to SOC under low N content is greater than the effect of nitrogen application
under high soil N content. However, there are few quantitative studies on how much
nitrogen fertilizer should be used to increase SOC, or the relationship between the amount
of nitrogen fertilizer and the rate of increasing SOC. Future research should focus on
providing theoretical guidance for vegetation restoration in the lakeside.

5. Conclusions

The SOC in the lakeside decreased significantly with the increase in soil depth, as
reported in the terrestrial ecosystem. The SOC density in the lakeside has obvious seasonal
changes, and differs among land use types, indicating that land use affects SOC in the
lakeside. The long-term accumulation of N fertilizer after the man-made reclamation and
aquaculture clearly controls SOC in the lakeside of West Mauri Lake.
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