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Abstract: Soil organic carbon (SOC) concentration is closely related to soil quality and climate
change. The objectives of this study were to estimate the effects of contemporary land use on SOC
concentrations at 0–20 cm depths, and to investigate the dynamics of SOC in paddy-field soil and
dry-land soil after their conversion from natural wetlands (20 and 30 years ago). We investigated
the dissolved organic carbon (DOC), light fraction organic carbon (LFOC), heavy fraction organic
carbon (HFOC), and other soil properties (i.e., moisture content, bulk density, pH, clay, sand, silt,
available phosphorous, light fraction nitrogen, and heavy fraction nitrogen) in natural wetlands,
constructed wetlands, fishponds, paddy fields, and soybean fields. The results indicated that the
content of DOC increased 17% in constructed wetland and decreased 39% in fishponds, and the
content of HFOC in constructed wetland and fishponds increased 50% and 8%, respectively, compared
with that in natural wetlands at 0–20 cm. After the conversion of a wetland, the content of HFOC
increased 72% in the paddy fields and decreased 62% in the dry land, while the content of DOC and
LFOC decreased in both types. In the paddy fields, LFOC and HFOC content in the topmost 0.2 m of
the soil layer was significantly higher compared to the layer below (from 0.2 to 0.6 m), and there were
no significant differences observed in the dry land. The findings suggest that the paddy fields can
sequester organic carbon through the accumulation of HFOC. However, the HFOC content decreased
22% after 10 years of cultivation with the decrease of clay content, indicating that paddy fields need
to favor clay accumulation for the purpose of enhancing carbon sequestration in the paddy fields.

Keywords: dissolved organic carbon; heavy fraction organic carbon; light fraction organic carbon;
paddy field; wetland

1. Introduction

Fossil fuel combustion and land use change are the two main factors that lead to increased
atmospheric carbon dioxide (CO2) concentrations [1]. Lal, [2] estimated that land use changes,
including deforestation, conversion of natural ecosystems to agricultural land, drainage of wetlands,
and soil cultivation, have contributed 78 ± 12 Pg of carbon (C) to the atmosphere. Besides, paddy soil
is one of the most important anthropogenic sources of atmospheric methane (CH4) emission. Knox,
Matthews, and Wassmann, [3] estimated that annual global CH4 emissions from paddy fields are about
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10–26 Tg (CH4). Soil labile organic matter fractions perform a key role for the source and sink of CO2

and CH4 [4,5]. Dissolved organic carbon (DOC) is mainly composed of organic acids and water-soluble
carbohydrates and is an important labile fraction of organic carbon (OC) as it is the main energy source
for soil microorganisms [6]. DOC is regarded as a sensitivity index to measure the effects of land use
on soil organic matter quality [7]. Based on the density of the soil organic carbon (SOC), light fraction
organic carbon (LFOC) (density ≤ 1.7 g cm−3) and heavy fraction organic carbon (HFOC) (density ≥
1.7 g cm−3) are separated [8]. LFOC consists of lipids, lignin monomers, dimers, and alky-aromatic
compounds and mainly originates from partially decomposed plant debris and animal residues [9,10],
which is representative of the active component of SOC [11,12]. HFOC forms as a collection of soil
aggregates and particles, whose structure is complicated but relatively stable to external environmental
conditions [13]. As reported by Freixo, Machado, Santos, et al. [14], HFOC can account for 78–96%
of SOC.

Wetland ecosystems act as a significant reservoir of OC [15]. Compared with other terrestrial
ecosystems, wetlands have the highest carbon storage per unit area, which is three times more than
tropical forests [16]. More than 90% of the stocked carbon in wetland ecosystems is stored in the soil [17].
With their vast reserves of stored carbon, natural wetlands provide a potential sink by offsetting
the release of atmospheric carbon [18]. However, due to climatic change and human interference,
the natural wetlands are rapidly decreasing worldwide. Wetland reclamation is an essential way to
obtain new land in the world, and this results in converted wetlands becoming a source of greenhouse
gases (GHGs) [19]. Understanding the dynamics of SOC after wetland reclamation at different periods
and depths is meaningful for estimating soil carbon accumulation. Satellite imagery was used to
confirm the land-use history and was precise enough to monitor land-use changes or conversion over
time [20]. In some studies, reclamation duration had positive effects on SOC accumulation [21–24].
In contrast, a decreasing trend of SOC concentrations was presented after reclamation in several
studies [25,26]. Thus, further research is necessary to understand these differences.

The Nansi Lake, which is the largest freshwater lake in northern China, has experienced intensive
reclamation over the past 30 years. During the early 1980s, the Nansi Lake comprised primarily
of natural wetlands, with vegetation consisting mainly of reeds and lotus. Wetland drainage and
utilization via conversion of the wetlands to farmland, freshwater fishponds, and building land have
occurred since the 1980s. The area of marshes has decreased by 90% and that of tillage land increased
by 72% from 1987 to 2018 [27]. In this study, the DOC, LFOC, and HFOC content was determined
from the surface soil of the natural wetlands, constructed wetlands, fishponds, paddy fields, and dry
land at Nansi Lake, China. We hypothesized that different SOC fractions in surface soil (0–20 cm)
were affected by distinct land-use types. The objectives of this study were to (i) examine the effects of
contemporary land types on the DOC, LFOC, and HFOC content and to (ii) investigate the influence
of reclamation history and depths on the DOC, LFOC, and HFOC content in paddy-field soil and
dry-land soil after their conversion from natural wetlands.

2. Materials and Methods

2.1. Study Area

The study was conducted at Nansi Lake, located in Jining City, Shandong Province,
China (116◦34′–117◦21′ E, 34◦27′–35◦20′ N, Figure 1). The study area included Nanyang Lake,
Dushan Lake, Zhaoyang Lake, and Weishan Lake, from north to south covering approximately 1266
km2 with an average water depth of 1.5 m. The locations have identical climates, classified as temperate
monsoon with a mean annual precipitation of 700 mm. The mean annual maximum and minimum
temperatures vary from 26.8 ◦C in July to −1.7 ◦C in January [28]. The primary soil types in Nansi Lake
are Fluventic Ustochrept, Ustalf, Vertisols (United States Department of Agriculture soil taxonomy).
Land-use types in the study were divided into natural wetland (NW), constructed wetland (CW),
dry land (DL), paddy fields (PF), and fishponds (FP). The natural wetland represented an ecosystem that
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is undisturbed by anthropic activities, where reed (Phragmites australis) was the prevailing vegetation.
The constructed wetland in the study area is the Xinxue River Constructed Wetland. The Xinxue
River is one of the tributaries of Weishan Lake and the downstream section of it was utilized for the
fishponds and converted into the Xinxue River Constructed Wetland in 2007 to control the pollution of
the domestic sewage and industrial wastewater of cities [29]. The dominate wetland vegetation species
in the Xinxue River Constructed Wetland are Phragmites australis, Arundo donax, Nelumbo nucifera,
Typha orientalis and Alternanthera philoxeroides. The studied cropland was converted from natural
wetlands. The initial clearing of reed was performed by slashing and burning. All fields were prepared
for cropping by means of moldboard plow harrowing to a depth of 15–20 cm. Crop rotation was
practiced in the dry land and paddy fields. At the dry-land site, soybeans (Glycine max) were planted
each year in July and harvested in September, the residues were left on the ground and incorporated
into the soil, then the winter wheat (Triticum aestivum) was cropped. Chemical fertilizers were rarely
used in soybean fields. Urea, phosphorus pentoxide (P2O5), and potassium oxide (K2O) were used to
fertilize the wheat land. The paddy fields were used for rice (Oryza sativa) cultivation in summer and
wheat (Triticum aestivum) in winter. Chemical fertilizers including (NH4)2HPO4 and urea were applied
in the paddy fields. Pesticides such as methamidophos, dimehypo, and imidacloprid were applied in
the paddy, soybean, and wheat fields. The freshwater fishponds were used for aquaculture, including
crab and crayfish (Procambarus clarkii) and various species of freshwater fish.
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2.2. Soil Sampling and Analysis

Soil sampling was conducted during July 2018. Eight replicated plots were established at each type
of land use for soil sampling. At each sample site, the litter was removed and three soil cores (4.8 cm
diameter) from topsoil (0–20 cm) were taken by a soil sampler within a 5 m radius and composited
into one sample. To account for the effects of factors other than time on soil properties, the dry-land
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site and the paddy-field site from the same reclamation year were adjacent to each other. Land-use
history was confirmed using satellite imagery (Landsat MSS/TM/OLI) and by reviewing local historical
documents. Satellite imagery that was available for the study area was obtained from the United States
Geological Survey, the Geospatial Data Cloud, and the University of Maryland [30]. Soil samples
were collected from dry land that had been converted from natural wetlands to dry land 20 years ago
(DL-20y) and 30 years ago (DL-30y). Soil samples were collected from paddy fields that had been
converted from natural wetlands to paddy fields 20 years ago (PF-20y) and 30 years ago (PF-30y).
To study the effects of long-term cultivation on SOC at different depths, the DL-30y and PF-30y sites
were selected. We dug out soil to a 60 cm depth and collected samples along the soil vertical profile
(0–20, 20–40, and 40–60 cm). A total of fifty-six soil samples were collected. Each of the soil samples
were split up into two subsamples. One subsample was stored at 4 ◦C for DOC analysis. The other
sample was later air-dried for LFOC, HFOC, and other soil property analyses.

All samples were passed through a 2 mm sieve to remove coarse debris for DOC analysis.
The dissolved organic carbon (DOC) was determined using the methodology of Jones and Willett [31]
and Dittmar, Koch, Hertkorn et al. [32]. Soil samples (10.00 g) were mixed with potassium chloride (2 M,
50 mL), and then shaken for 1 h at 20 ◦C. All the supernate was filtered through a 0.45-µm filter into
separate vials. The concentration of DOC was measured by a total-C analyzer (TOC-L CPN, Shimadzu,
Japan) using a non-purgeable OC analysis procedure. To estimate HFOC and LFOC for different
land uses, soil samples were measured using the modified gravity method [11,33]. All samples were
air-dried and sieved through a 0.9 mm mesh. In this way, we could enlarge the specific surface area of
soil samples, which made them get a better contact with the reagents. Soil samples were separated into
light fractions (LF) and heavy fractions (HF) utilizing a 1.70 g mL−1 sodium iodide solution. The LF was
filtered into 0.043 mm brass sieves, and then the LF was washed using calcium chloride solution and
distilled water. The HF was washed 6 times by adding calcium chloride solution and distilled water
until all I− reactions ceased. The content of LFOC and HFOC was examined by an elemental analyzer
(Vario EL III, Elementar Analysensysteme, Germany). At the same time, the content of light fraction
nitrogen (LF-N) and heavy fraction nitrogen (HF-N) was also obtained. To obtain the bulk density
and moisture content, we collected soil cores at the same site using a 97 cm3 cylinder. The samples
were oven-dried at 105 ◦C until a constant weight was achieved, and the bulk density was calculated
according to the standard procedures described in the work of Anderson and Ingram [34]. Available
phosphorous (AP) was extracted with 0.5 M NaHCO3 and examined by colorimetry. Soil texture,
including the percentages of clay, sand, and silt fractions was measured using a modified micro-pipette
method with 0.5 M sodium hexametaphosphate solution as a dispersant [35]. The values of pH were
determined by the suspension of 4 g soil powder in 10 mL deionized water using a glass electrode.

2.3. Data Analysis

SPSS (version 23.0) was used to calculate descriptive statistics, including the mean and standard
deviation (SD). The Kruskal-Wallis test was utilized as a non-parametric method to detect significant
differences between DOC, LFOC, HFOC, and other soil characteristics, i.e., the moisture content,
bulk density, pH, clay, sand, silt, available phosphorous, LF-N, and HF-N. Redundancy analysis
(RDA) was utilized to explore the impact of soil properties on DOC, LFOC, and HFOC concentrations.
Pearson correlation analysis was implemented to determine the possible relationships among DOC,
LFOC, HFOC, and some soil properties, i.e., the moisture content, bulk density, pH, clay, sand, silt,
available phosphorous, LF-N, and HF-N. Origin 9, ArcGIS 10.2, and CanoDraw 4.14 were used to draw
the figures.
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3. Results

3.1. Soil Organic Carbon Content in Different Land-Use Types

Long-term cultivation has strongly changed the DOC and HFOC content (p < 0.05) compared
with the natural wetlands (Figure 2a,c). The dry land (0.035 ± 0.01), paddy fields (0.057 ± 0.01),
and fishponds (0.041 ± 0.01) showed a decrease of about 47%, 13%, and 39% of DOC, respectively,
while in the constructed wetland (0.077 ± 0.04) the DOC content increased by 17%. For the mean
HFOC, the constructed wetland (17.64 ± 6.16), paddy fields (20.26 ± 3.63), and fishponds (12.78 ± 3.86)
showed an increase of approximately 50%, 72%, and 8%, respectively, whereas the dry land (4.51 ±
1.48) showed a decrease of 62%. Although the LFOC content was not significantly different across the
soil types (p = 0.08), the average content of LFOC decreased by about 61% compared with the natural
wetland (Figure 2b).

3.2. Soil Organic Carbon in Different Soil Depths and Reclamation Histories

Figure 3 shows a clear vertical differentiation of DOC, LFOC, and HFOC content between the
paddy fields and dry land in the study area. For the paddy field profiles, the DOC content was not
significantly affected by different depths (p = 0.276), whereas the LFOC and HFOC concentrations in
the topmost 0.2 m of the soil layer were significantly higher compared to the layer below (from 0.2 to
0.6 m) and decreased with an increasing soil depth (p < 0.05). For the dry-land profiles, there were no
significant differences observed between the different depth intervals.
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wetland (CW), dry land (DL), paddy field (PF), fishpond (FP)) for 0–20 cm soil depth. (a) Dissolved
organic carbon (DOC) content for land-use type for 0–20 cm soil depth. Different letters indicate
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The DOC, LFOC, and HFOC content in the paddy fields and dry land with a different reclamation
history are shown in Figure 4. In the dry-land and paddy-field sites, the DOC concentrations decreased
from 9.03 and 13.23 mg g−1 to 4.82 and 9.66 mg g−1, respectively, with reclamation duration (p < 0.05).
A significant (p < 0.05) decreasing trend in LFOC content from 0.441 to 0.004 mg g−1 was seen in the
dry land. The HFOC content in the dry land was not significantly affected by the reclamation history
(p = 0.149), whereas the HFOC content in the paddy fields had lost 22% after 10 years of cultivation
(p < 0.05).

3.3. Soil Characteristics

Descriptive statistics for moisture content, bulk density, soil pH, soil texture, available phosphorous,
LF-N, and HF-N in different land-use types are presented in Table 1. These environmental variables
were indirectly associated with OC through microbial activities or vegetation productivity [36,37].
Significant differences of moisture content were found in different land-use types (p < 0.01), and bulk
density showed no differences between land-use types. The pH ranged from 7.63 to 8.12 and differed
significantly (p < 0.01) in the following order: constructed wetland < natural wetland < paddy
fields < fishponds < dry land. The clay content was in the range of 4.32%−22.15% in all soil samples
(p < 0.01), the highest value was found in the paddy fields, while the paddy fields had the lowest
value in the sand content (p < 0.01). The ascending sequence of available phosphorous in various soils
showed as follows: fishponds (3.30 ± 2.66 mg kg−1) < natural wetland (4.06 ± 2.61 mg kg−1) < dry land
(4.48 ± 3.36 mg kg−1) < constructed wetland (5.24 ± 2.32 mg kg−1) < paddy fields (13.84 ± 5.65 mg
kg−1). The concentrations of HF-N were higher in the paddy fields than those of other land-use types,
and the dry land had the lowest HF-N contents (p < 0.01). The information on the soil properties of
different soil depths and reclamation histories for the paddy fields and dry land are given in Tables S1
and S2, respectively.
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Table 1. Soil properties of different soils in Nansi Lake, China. 

Figure 4. SOC content for different reclamation histories for 0–20 cm soil depth. Dry-land cultivation
20 years (DL-20y); dry-land cultivation 30 years (DL-30y); paddy-field cultivation 20 years (PF-20y);
paddy field cultivation 30 years (PF-30y). (a) DOC content for different reclamation histories for 0–20 cm
soil depth; (b) LFOC content for different reclamation history for 0–20 cm soil depth; (c) HFOC content
for different reclamation histories for 0–20 cm soil depth.

The correlation between OC and the environmental variables (i.e., moisture content, bulk density,
pH, clay, sand, silt, available phosphorous, LF-N, and HF-N) are presented in Table 2. The moisture
content, LF-N and HF-N was positively correlated with the DOC while the bulk density and pH was
negatively correlated with the DOC. The LFOC was only positively correlated to the LF-N. In addition,
the moisture content, clay, available phosphorous, and HF-N played significantly positive roles on
the concentrations of HFOC, while the pH and silt had negative correlations with the HFOC content.
Redundancy analysis between the SOC concentrations and soil properties was conducted using Canoco
5. As indicated by Figure 5, axes 1 and 2 explained 82% of the total variation. The HF-N and moisture
content explained 49% and 19%, respectively, of the DOC, LFOC, and HFOC concentrations.
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Table 1. Soil properties of different soils in Nansi Lake, China.

Natural
Wetland

Constructed
Wetland Dry Land Paddy Field Fishpond Significant

Moisture content % 0.60 ± 0.24 0.79 ± 0.46 0.22 ± 0.06 0.57 ± 0.12 0.49 ± 0.05 **
Bulk density g cm−3 0.76 ± 0.21 0.68 ± 0.26 0.80 ± 0.21 0.81 ± 0.17 0.80 ± 0.13

pH 7.88 ± 0.08 7.63 ± 0.10 8.12 ± 0.07 8.04 ± 0.05 8.09 ± 0.05 **
Clay % 8.76 ± 6.06 8.65 ± 4.08 4.32 ± 1.53 22.15 ± 7.10 12.37 ± 1.23 **
Sand % 11.45 ± 5.68 9.10 ± 5.21 3.90 ± 1.03 3.61 ± 1.57 2.40 ± 1.01 **
Silt % 79.79 ± 8.30 82.26 ± 5.50 91.78 ± 2.11 74.25 ± 7.82 85.24 ± 1.90 **

AP mg kg−1 4.06 ± 2.61 5.24 ± 2.32 4.48 ± 3.36 13.84 ± 5.65 3.30 ± 2.66 **
LF-N mg g−1 0.0290 ± 0.03 0.0120 ± 0.01 0.0242 ± 0.03 0.0326 ± 0.01 0.0097 ± 0.01 *
HF-N mg g−1 0.5815 ± 0.35 1.9620 ± 0.66 0.1370 ± 0.15 2.2808 ± 0.51 1.0981 ± 0.78 **

Note: The values are means ± standard deviation. ** Correlation is significant at the 0.01 level (2-tailed); * Correlation
is significant at the 0.05 level (2-tailed).

Table 2. Pearson correlation analysis among SOC and the soil properties in different land-use types.

Moisture
Content

Bulk
Density pH Clay Sand Silt AP LF-N HF-N

DOC 0.772 ** −0.478 ** −0.536 ** 0.007 0.371 * −0.233 0.213 0.423 ** 0.395 *
LFOC 0.179 −0.267 −0.072 −0.057 0.235 −0.091 0.139 0.841 ** −0.020
HFOC 0.546 ** −0.117 −0.389 * 0.586 ** 0.271 −0.712 ** 0.409 ** 0.132 0.902 **

Note: ** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).
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Figure 5. Redundancy analysis (RDA) of the relationships between SOC content in soil (red lines) and
soil property variables (green lines) using Canoco 5. AP = available phosphorous; DOC = dissolved
organic carbon; HFOC = heavy fraction organic carbon; HF-N = heavy fraction nitrogen; LFOC = light
fraction organic carbon; LF-N = light fraction nitrogen.

4. Discussion

4.1. Effects of Contemporary Land-Use Types on Soil Organic Carbon

Much work has been completed concerning the concentration of SOC in natural wetlands and
cultivated soil [22,38,39]. In this study we further investigated the HFOC of the constructed wetland
and fishponds. Compared with natural wetlands, higher HFOC content was found in the constructed
wetland, paddy fields, and fishponds, and lower HFOC concentrations were showed in the dry land.
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These differences were a reflection of the impact of human activities on HFOC dynamics in wetland
areas. The natural wetland had a lower input of carbon from anthropogenic sources [40]. In contrast,
the constructed wetland, paddy fields, and fishponds had large amount of carbon input, such as
following: industrial and domestic sewage, which contains nutrient-rich material, flowed into the
constructed wetland [41], and lush vegetation was planted into the constructed wetland, which would
increase carbon input through enhanced photosynthesis [42]. Yu, Zhang, Lu, et al. [43] presented that the
mean vegetation carbon density of the reed community was 2.35 kg m−2 and that of the lotus community
was 0.26 kg m−2 in Nansi Lake. The paddy fields accumulated carbon via agricultural activities such as
organic manure [24,44]. As showed in Table 2, the paddy fields had the highest available phosphorous
and HF-N content. Fishponds accumulated carbon via fish feed and excrement. The dry land had
the lowest HFOC content, which might be a result of decreased organic carbon mineralization and
increased decomposition under aerobic conditions compared to anaerobic ones [45,46].

The concentrations of DOC differed significantly among the land-use types (p < 0.01) in the
following order: constructed wetland > natural wetland > paddy fields > fishponds > dry land. Cao,
Wang, Chen, et al. [47] found that constructed wetlands have more taxa of microbes in sediments than
those of river wetlands. Fernandes, Almeida, Pereira, et al. [48] also found that constructed wetlands
have a particularly abundant microbe community. Our research showed that the DOC content of
constructed wetland was higher than that of natural wetland, suggesting that in the constructed
wetland, microbial utilization of DOC was higher. The reason is that the constructed wetland is planted
with vegetation, which is beneficial to the formation of microbial communities. Another potential
influencing factor may be nutrition content. Freeman, Fenner, Ostle, et al. [49] reported that nutrition
content could affect the release of DOC in different wetland types. The constructed wetland stores more
nutrients than the natural wetland, which is the reason why the constructed wetland has higher DOC
concentrations than the natural wetland. Although paddy fields have a significant source of nutrients
(Table 2), measured DOC content was low. The reason for this phenomenon is that the additional
acid anions, such as nitrate (NO3−), lead to DOC consumption during redox reactions [50]. Moreover,
long-term intensive cultivation would affect replenishment mechanisms, such as the exfoliation from
plant roots, hydrolysis of soil organic compounds, and dissolution from litter [51], which lead to lower
DOC content in the dry land and the paddy fields. In agreement, several authors have observed
higher DOC content in natural wetlands compared with farmland [38,52]. The content of DOC in the
fishponds was between those two cultivation types, which might be the result of the lack of vegetation
residue input [53]. In our study, DOC content was significantly negatively correlated with soil pH and
bulk density (Table 2). High soil pH can affect the DOC concentrations directly and can also influence
DOC concentrations by affecting microbial species [54]. High bulk density indicates low soil porosity,
which curbs the activity of soil biota and aerobic microbes [55], thus reducing DOC concentrations.
In this study, the LFOC of the five different sites did not show significant differences, but natural
wetlands had the highest LFOC content. The result suggests a significant plant residue, provided by
plant litter and roots in the natural wetland, compared with other land-use types.

4.2. Effects of the Conversion from Wetland to Paddy Fields and Dry Land on Soil Organic Carbon

In our research, when natural wetlands were converted to paddy fields or dry land, the contents of
HFOC in the paddy fields increased, while it decreased at the dry-land site. Zhang, Song, Yang, [56] also
reported that converting native marshland to soybean fields (1, 3, 5, 9, 15, and 35 years) resulted in a
rapid decrease in the HF-C concentration. Our research indicated that the paddy fields had a large
potential to sequester SOC compared with dry land through the accumulation in HFOC. This difference
between the two crop systems can be explained mainly by the following two reasons: on the one hand,
wetland drainage is one of the key factors in the topsoil (0–20 cm), affecting organic matter accumulation
by regulating the equilibrium of organic matter production and decomposition [57]. The changes in
the soil redox status will lead to soil organic matter mineralization and/or immobilization of stored
nutrients [45]. Organic matter decomposition in the dry land proceeded at speeds increasing from
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twofold [58] to threefold [46] faster than in paddy field conditions. Therefore, high carbon input
and the flooding condition of the paddy fields resulted in a higher amount of organic matter in the
soil and a slower decomposition rate, indicating the accumulation of carbon. On the other hand,
chemical protection—the binding with Fe/Al oxyhydrates—can facilitate soil C sequestration through
the large surface area [59]. As reported by Yan, Zhou, Zhu, et al. [60], paddy soil presented 26−220%
higher Fe oxyhydrates than dry-land soil. This result suggests that paddy fields can sequester more
carbon compared with dry land. Furthermore, we found that when natural wetlands were converted
to paddy fields or dry land, the content of DOC and LFOC was reduced. Previous studies in the
Sanjiang Plain of Northeast China also showed that higher DOC concentrations occurred in the topsoil
(0−20 cm) in the wetland compared with cultivated soils, while the differences were not obvious in the
subsoil (20−40 cm) [38]. Therefore, the effects of land-use on DOC were only detected in the topsoil.
In our research, the DOC content was not significantly affected by different depths at the paddy field
site, and the content of HFOC in the paddy fields showed a decreasing trend with increasing soil depth,
which further illustrates that HFOC was absorbed at 0−20 cm. The primary reason is that chemical
fertilizers are mainly applied in the plow layer (0−20 cm), and then gradually decrease with increasing
soil depth (Table S1).

The reclamation history was also used to illustrate that reclaimed soils have the capacity to
sequester organic carbon [24]. The paddy fields and dry land in this study are adjacent to each
other and have uniform parent materials under nearly identical climate conditions and landscape.
Our research showed that HFOC content was higher in PF-20y than in PF-30y and there was no
significant difference in the dry land. Cui, Liu, Li, et al. [22] reported that after 40-year cultivation,
the paddy fields slowly accumulated SOC. In our research, the reclamation duration may not be
long enough for us to find the accumulation of HFOC. Another reason for the different content of
HFOC in PF-20y and PF-30y mainly lies in the soil properties. Our results suggested that PF-20y
(28.4%) had higher clay content than PF-30y (15.9%) (Table S2). It is believed that soil with a high
clay content has a great capacity for SOC sequestration in soil with similar inputs of carbon [41,61,62].
Some studies also reported that paddy-field soil tends to lose clay materials [62]. Therefore, strict
management was required to favor clay accumulations for the purpose of enhancing the capacity of
the paddy fields’ carbon sequestration. Other studies also reported that the conversion of forests to
cereal-crop cultivation leads to SOC loss with increasing years of cultivation due to the downtrend of
the clay content and low activity of clay after cultivation [63,64]. Although the HFOC content was
not significantly different in the dry land, the DOC and LFOC content was significantly decreased
following the reclamation duration. For LFOC content, DL-20y was higher than DL-30y mainly because
DL-20y had amounts of residue supply, including wheat straw and soybean stalks. These results
indicated that crop harvesting decreases the organic matter returning into the soil, and the supply of
residue contributes to the accumulation of LFOC [65].

5. Conclusions

Our study found that contemporary land-use types and the long-term cultivation of wetlands to
paddy fields or dry land both have significant effects on the soil organic carbon fractions. The HFOC
increased in the constructed wetland, paddy fields, and fishponds compared with the natural wetland
due to the positive effects of carbon input from anthropogenic sources. The constructed wetland had
higher DOC content than the natural wetland, while the natural wetland had higher LFOC content than
the constructed wetland, indicating that in the constructed wetland microbial, the utilization of DOC
was higher and in the natural wetland, plant residue supply was abundant. In addition, the paddy
fields exhibited higher HFOC content in the topsoil (0−20 cm) than the adjacent dry land and showed a
decreasing trend with increasing soil depth, indicating that paddy fields have the capacity to sequester
more carbon than dry land through the accumulation of HFOC. However, it may not be a sustainable
carbon sink because the HFOC content decreased 22% after 10 years of cultivation with the decrease
of clay content. The conversion from wetlands to a paddy fields increases the sequestration of soil
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organic carbon while conversion from wetlands to dry land decreases the storage of soil organic carbon.
The study has implications for carbon accounting in wetlands and the management of wetlands for
mitigating CO2 emissions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/5/2094/s1,
Table S1. Soil properties in different soil depths for paddy field and dry land; Table S2. Soil properties in different
reclamation history for paddy field and dry land.
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