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Abstract: Soil organic carbon (SOC) is composed of carbon components with different
stabilities, which is affected by wetland degradation. Understanding the impact of wetland
degradation on SOC dynamics provides a basis for the sustainable utilization of wetlands. Here,
soils were collected from different degraded areas of the Bayinbuluk alpine wetland—including
one non-degraded (ND), one slightly degraded (SD), and one heavily degraded region
(HD)—and the effects of degradation on SOC and its components were measured using
the sulfuric acid oxidation method (a modified Walkley–Blak method) with different
concentrations. The results showed the following: (1) At 0–100 cm of soil, the average total
SOC in the ND area was 93.45 g/kg, while that in the SD and HD areas was decreased by
48.7% and 82.0%, respectively. (2) Under ND, SD, and HD, the contents of the very labile
OC component (F1) were 29%, 28% and 14%, respectively; those of the labile OC component
(F2) were 8%, 8% and 8%, respectively; those of the less labile OC component (F3) were
6%, 7% and 15%, respectively; and those of the recalcitrant OC component (F4) were 57%,
57% and 63%, respectively. (3) There are significant correlations between organic carbon
(OC) and its components (p < 0.01), and the proportions of F2, F3, and F4 in SOC are 31%,
7%, 4%, and 58%, respectively. Meanwhile, F4 is the main component in three areas, and
the proportion of unstable organic carbon components increases with the aggravation of
degradation. Therefore, wetland degradation affects the SOC content and its components,
as well as reducing the SOC stability.

Keywords: degraded wetland; SOC fractions; carbon management index; SOC stability

1. Introduction
Wetlands store about 20–30% of soil carbon, thus playing an important role in reducing

CO2 and CH4 emissions [1]. In recent years, influenced by natural and anthropogenic
factors, the ecological function and ecosystem stability of alpine wetlands have faced serious
threats [2]. Bayinbuluk alpine wetland, as an area of world natural heritage, plays a key
role as an ecological barrier in arid areas of Central Asia and is an extremely important “air
wet island” [3]. However, from 1986 to 2021, the degraded area of Bayinbuluk Grassland
reached 39.49% [4].
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Due to the natural hydrothermal conditions, alpine wetlands store significant amounts
of organic carbon [5,6]. Considering the direct relationship with the atmospheric C pool, a
slight change in the wetland soil C pool has a positive feedback effect on global warming [7].
Hence, it is significant to analyze the change in SOC content and its influencing factors
in order to study regional environmental change and carbon cycles [8]. The change in
soil moisture is the most intuitive phenomenon associated with wetland degradation. A
decrease in soil moisture (SM) content will significantly change the vegetation coverage
and biomass, directly affecting the SOC content [9–12]. Some scholars conducted a dynamic
study on the SOC content of a wet meadow in Gahai Wetland Nature Reserve (in the eastern
part of Qinghai–Tibet Plateau) and came to the conclusion that, due to serious water and
vegetation degradation, the SOC loss rate of the wet meadow is as high as 50%, resulting
in serious damage to the carbon sink capacity of the wetland [13]. This indicates that the
degradation of wetlands is a key factor affecting the balance between SOC input and loss.
Compared with research on the change in total OC, the change in OC composition helps us
to better understand the response mechanism of OC to degradation [14–16]. The ratio of
active OC to total OC is very small, but its sensitivity to changes in the soil environment
is higher than that of total OC. The stable OC composition is an important index of the
soil C pool, which can determine the storage of OC [17,18]. In addition, when vegetation
coverage was reduced by 81% in an alpine region, the active OC content in the topsoil was
reduced by 38.40–86.70% [19,20]. However, few studies have focused on the response of
stable carbon fractions to wetland degradation. Given the feedback effects of SOC and its
fraction changes on global warming and their importance in improving the sustainability
of wetlands, it is particularly important to understand their changes at different levels
of degradation.

Soil carbon is affected by soil physiochemical properties [21]. As such, soil moisture
has an important influence on the formation and mineralization of organic carbon [22–25].
It has been reported that, in Alaska, the carbon sink function of swamp wetlands increases
or decreases with an increasing or decreasing water level, respectively [26]. The study
also showed that the high porosity of sandy soil leads to reductions in the water and
salt contents, which accelerates the decomposition of SOC, while clay contributes to the
accumulation of OC due to its high water and salt contents [27]. Hence, it is significant to
determine the changes in soil C in order to further understand the carbon cycle for research
on carbon sink management for wetland ecosystems.

The stability of the soil C sink in Bayinbuluk alpine wetland plays an important role
in the stability of regional ecosystems. When considering the long-term storage of OC, the
stability of the C content in the soil is a key factor [28,29]. At the same time, understanding
the influence of the SOC content in different stability degradation areas will help us to
better understand the response of SOC to degradation [14,30]. To date, some scholars have
evaluated the stability of SOC from the perspective of the SOC continuum [31]. However,
it has not been confirmed whether the stability of organic carbon and its influencing factors
can be considered as a continuum in degraded alpine wetland soil in arid areas. In recent
years, the improved Walkley–Black method has been used to separate organic carbon, which
is regarded as a continuum of organic carbon, into four continuous fractions (i.e., very
labile, labile, less labile, and recalcitrant organic carbon), providing ideal results [14,30,31].
Based on this, the changes in SOC and its components in the Bayinbuluk wetland under
different degradation levels (non-degraded, slightly degraded, and heavily degraded)
were understood, and the stability of SOC was evaluated through these components. For
example, Yu et al. evaluated the influence of vegetation degradation on SOC stability
through the instability index and pointed out that grassland degradation influenced the
stability of soil SOC [30]. In this study, for the first time, we assessed the stability of SOC
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and its components in alpine wetland soils under different degradation levels in arid
regions using a modified Walkley–Black method, providing basic data for understanding
the cycle process of soil organic carbon in alpine wetland in the arid region of Central Asia.
Therefore, the primary objectives of this study were to (1) analyze the dynamics of total
SOC and its oxidizable fractions under different degradation areas, and (2) evaluate the
effect of wetland degradation on SOC stability.

2. Materials and Methods
2.1. Study Site

The research area is located in the Bayinbuluk Swan National Nature Reserve in
Xinjiang. The wetland covers an area of about 770 km2, is at an altitude of 2410 m, and
has an annual average temperature of −4.6 ◦C [9]. Precipitation is low (273 mm), while
evaporation is high (1250 mm). The dominant plant groups are ND: Carex tristachya;
Potentilla serices; SD: Festuca ovina; and HD: Leymus. According to the surface water,
vegetation types (total vegetation coverage, aboveground biomass, vegetation coverage
of Gramineae and Cyperaceae) and grazing intensity, alpine wetlands with varying degrees
of degradation are divided into swamps (ND), swamp meadows (SD), and desert (HD).
Table 1 and Figure 1 summarize the overall situation of wetland degradation in the area [9].

Table 1. Basic situation of study area.

Area
Plant

Coverage
(%)

Plant
Height

(cm)

Aboveground
Biomass
(g m−2)

Plant
Species

Richness

Grazing
Intensity

(Head hm−2)

Buluk
Density
(g cm−3)

Soil
Moisture

(%)

ND 85.00 48.60 107.33 ±
23.92 12 0.65 0.40 124.20

SD 70.00 8.20 55.73 ± 3.23 8 2.09 0.56 80.57
HD 15.00 5.50 10.20 ± 0.83 1 4.15 1.41 17.25
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Figure 1. Study area and sampling plots.

2.2. Soil Samples

Here, 3 large quadrats (50 × 50 m) were randomly set in each area, and 6 small
quadrats (1 × 1 m) were randomly selected from each large quadrat, for a total of 18 sub-
quadrats. After removing the surface plants and litter, soil samples from six depths (0–10,
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10–20, 20–30, 30–50, 50–70, and 70–100 cm) were collected within the quadrats using a
soil drill (d = 7 cm); see Figure 1. Five samples collected at the same depth were evenly
mixed, and 108 composite samples were obtained. The samples obtained were divided into
two sub-samples. After drying to remove plant residues and other impurities, they were
screened at 1 and 0.25 mm, then used to determine the OC and its fractions in soil. The last
sample was treated as a spare sample.

2.3. Laboratory Analysis

The SOC content was measured using the K2Cr2O7-H2SO4 oxidation method [30].
The OC of different oxidation conditions was determined using the improved Walkley–
Black method [15,32,33]. In this method, different concentrations of sulfuric acid (6, 9, and
12 mol/L) were used to determine the oxidizable C content [15]. According to the oxidation
capacity, OC can be divided into four groups: (F1) very labile OC, (F2) labile OC, (F3) less
labile OC, and (F4) recalcitrant OC (Figure 2).
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The carbon pool management index (CMI) is calculated as follows:

CPI(Carbon pool index) =
sample total OC (g/kg)

reference sample total C (g/kg)
(1)

LI(Lability index) =
Lability of C in sample soil

Lability of C in reference soil
(2)

Lability of SOC =
F1

Total SOC − F1
(3)

CMI = CPI × LI × 100 (4)

2.4. Statistical Analyses

We used SPSS 17.0, Sigma plot 10.0, and R (version 4.0.2) for statistical analysis and
plotting. At the 95% significance level, the LSD test was used to compare the average values
of different degraded areas, the soil depth, and the physiochemical properties of the soil,
and to test the normality and uniformity of variance. The relationships between organic
carbon and its fractions were determined through linear regression analysis.

3. Results
3.1. Distribution Characteristics of SOC in Different Degradation Areas

As shown in Figure 3, the content of SOC in the 0–50 cm soil layers decreased signifi-
cantly with the aggravation of degradation (p < 0.05), but there was no significant difference
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between the SD and HD areas at 50–70 cm (p > 0.05). In ND and SD areas, the SOC content
at a 20–30 cm depth was significantly higher than that in other soil layers; however, in the
HD area, the SOC content at a depth of 0–10 cm (20.64 ± 1.05 g kg−1) was significantly
higher than that at the other depths. Moreover, there was no significant difference in the
SOC content between the 10–20 (18.34 ± 0.98 g kg−1) cm and 20–30 (18.47 ± 1.45 g kg−1)
cm depths in the HD area, but it was significantly higher than in the 30–50 cm, 50–70 cm
and 70–100 cm soil layers. With increasing soil depth, the soil in the ND and SD areas
showed a trend of rising first and then falling, while the soil in the HD area showed a
gradual declining trend.
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Figure 3. Contents of SOC under different wetland degradation levels. At a 95% significance level,
there are significant differences in different degraded areas (uppercase letters) and different depths
(lowercase letters).

3.2. Distribution of OC Fractions Under Different Degradation Areas

With the aggravation of degradation, the organic carbon content of F1 decreased
significantly in all soil layers (p < 0.05), and the change in the SOC content of F2 in the
20–30 cm soil layers was significantly lower in HD areas than in ND and SD areas (Table 2).
All other soil layers decreased significantly with the aggravation of degradation (p < 0.05).
The F3 component increased significantly at first, then decreased significantly in the 0–10
cm soil layer, and decreased significantly in the 10–30 cm soil layer. The content of organic
carbon in the ND region in the 30–100 cm soil layer was significantly higher than that in the
SD and HD areas (p < 0.05). The F4 component in the ND and SD areas in the 0–10 cm soil
layers was significantly higher than that in the HD areas. Furthermore, the F4 component
in the 10–30 cm soil layers was significantly lower with the aggravation of degradation,
and the F4 component in the 30–100 cm soil layers was significantly higher than that in the
HD and SD areas (p < 0.05). In summary, the content of each component of SOC is affected
by wetland degradation and the soil depth (Table 2). Therefore, when studying the content
of SOC components in wetlands, it is necessary to comprehensively consider the impacts of
wetland degradation and soil depth to more fully understand the dynamic changes in SOC.
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Table 2. SOC content in soil layers from 0 to 100 cm. The results are expressed as the average value
(±SE). Different uppercase letters in the rows (degradation degree), lowercase letters in the columns (soil
depth), and Greek letters in the columns (SOC component) indicate significant differences at p < 0.05.

Soil Depth Non-Degradation (ND) Slight Degradation (SD) Heavy Degradation (HD)

(cm) (g kg−1)

Fraction 1 (F1: Very labile organic carbon fraction)
0–10 21.89(±1.46) Adβ 17.28(±0.79) Bcβ 4.44(±0.40) Caβ

10–20 27.40(±1.01) Acβ 22.52(±0.54) Bbβ 3.04(±0.56) Cbβ
20–30 31.38(±0.67) Aaβ 24.72(±1.17) Baβ 2.94(±0.48) Cbβ
30–50 28.79(±1.28) Abβ 6.05(±0.99) Bdβ 2.01(±0.65) Ccβγ
50–70 27.02(±0.67) Acβ 4.66(±0.75) Beα 1.11(±0.18) Cdγ
70–100 26.76(±0.80) Acβ 4.08(±0.70) Beα 0.82(±0.36) Cdγ

Fraction 2 (F2: Labile organic carbon fraction)
0–10 13.84(±1.81) Aaγ 4.83(±0.74) Bbδ 2.28(±1.07) Caγ

10–20 12.86(±1.57) Aaγ 6.43(±1.22) Baγ 1.65(±0.73) Cabγ
20–30 5.32(±0.71) Acdγ 5.96(±1.38) Aaγ 1.01(±0.23) Bbcγ
30–50 6.16(±1.49) Acδ 2.86(±0.83) Bcγ 1.06(±0.65) Cbcγ
50–70 4.80(±0.64) Acdγ 1.92(±0.38) Bcβ 1.03(±0.49) Cbcγ
70–100 4.02(±0.89) Adγ 1.86(±0.49) Bcγ 0.68(±0.33) Ccγ

Fraction 3 (F3: Less labile organic carbon)
0–10 4.04(±1.13) Bcδ 7.58(±1.43) Aaγ 3.77(±0.79) Baβ

10–20 5.28(±1.54) Abδ 3.59(±1.22) Bbδ 1.36(±0.77) Ccγ
20–30 6.07(±0.33) Abγ 3.08(±1.28) Bbcδ 1.64(±0.60) Cbcγ
30–50 9.04(±0.67) Aaγ 2.84(±0.82) Bbcγ 2.80(±1.29) Babβ
50–70 4.15(±0.69) Acγ 1.85(±0.68) Bcβ 2.77(±0.95) Babβ

70–100 4.09(±0.71) Acγ 1.95(±0.80) Bcγ 2.42(±1.00) Bbcβ
Fraction 4 (F4: Recalcitrant organic carbon)

0–10 52.54(±2.42) Abcα 51.45(±1.67) Aaα 10.16(±1.44) Bcα
10–20 53.41(±3.59) Abα 43.46(±1.06) Bbα 12.28(±0.88) Cabα
20–30 65.66(±2.43) Aaα 50.68(±2.37) Baα 12.88(±1.13) Caα
30–50 53.79(±2.27) Abα 10.37(±1.51) Bcα 11.14(±1.69) Bbcα
50–70 50.02(±2.03) Abcα 4.81(±0.97) Cdα 10.33(±1.90) Bcα

70–100 40.02(±1.50) Adα 3.06(±0.63) Ceβ 6.89(±1.03) Bdα

3.3. Relationship of SOC with Four SOC Fractions

Considering the four fractions, the regression coefficient between the SOC content
and F4 (R = 0.96, t = 24.49) was higher than that for F1 (R = 0.93, t = 16.56), F2 (R = 0.72,
t = 8.32), and F3 (R = 0.38, t = 4.38) (Figure 4). In addition, based on the Pearson correlation
analysis (Table 3), the SOC in the Bayinbuluk alpine wetland was significantly positively
correlated with the four OC fractions. Of these four fractions, only F2 and F3 presented no
significant difference.
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Table 3. Pearson correlation analysis between SOC with SOC fractions. Note: * and ** denote 95%
and 99% significance levels, respectively.

SOC Fraction 1 Fraction 2 Fraction 3

Fraction 1 0.959 ** - - -
Fraction 2 0.642 ** 0.518 ** - -
Fraction 3 0.609 ** 0.529 * 0.223 -
Fraction 4 0.992 ** 0.938 ** 0.596 ** 0.592 **

3.4. SOC Stability and CMI Under Different Degradation Areas

Degradation had a great influence on the stability of the CMI (Figure 5a) and SOC
(Figure 5b). The CMI at 10–20 cm and 30–50 cm was significantly higher than that in the SD
area (p < 0.05). At 50–100 cm, there was no significant difference in the CMI between the
ND and HD areas (p > 0.05). On average, the CMI of the SD and HD areas at the depth of
0–100 cm was 50.35 and 56.15, respectively. The lability of soil organic carbon at depths of
0–10 cm and 50–70 cm for different degradation levels significantly differed (p < 0.05).
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4. Discussion
4.1. Changing Trend and Driving Factors of SOC Under Wetland Degradation

Vegetation litter, root exudates, and microbial residues are the main sources of SOC.
The amount and quality of organic matter input into the soil through litter from different
vegetation communities differ, which affects the soil carbon pool [34]. The SOC content has
a strong depth dependence under different degrees of degradation, and the SOC content at
a depth of 0–30 cm is higher than that at a depth of 30–100 cm (Figure 3). This is because the
dominant plant community in the ND area is Carex, and its root biomass and litter input
are significantly higher than Leymus species in the HD area, resulting in higher organic
carbon accumulation in the surface soil [30]. The degradation of wetland significantly
affects the vertical distribution of SOC, and the SOC content at different depths decreases
significantly with the degradation of wetland (Figure 3). Related research results show
that, compared with the original swamp wetland, the total organic carbon content of
slightly and severely degraded soil in the Zoige alpine wetland (Qinghai–Tibet Plateau)
was decreased by 34.13% and 61.41%, respectively [35,36]. This shows that with a decrease
in the primary productivity of vegetation, the SOC content decreased significantly [37].
As such, Table 1 shows that degradation leads to a decrease in vegetation coverage and
aboveground biomass, which directly weakens the input of organic carbon [15]. Grazing
disturbance and soil erosion will also aggravate the degradation of wetlands. In Table 1, the
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grazing intensity in the HD area increased to 6.4 times that in the ND area, which directly
led to a 70% decrease in vegetation coverage. In addition, grazing affects surface soil, gas
emission and water conduction, increases the area of exposed soil and the intensity of wind
erosion and rain erosion, and promotes SOC loss [26]. Degradation significantly impacts
soil moisture and microbial activities [9]. Degradation leads to a decline in the soil water
content, and the evaporation of soil water is increased to enhance oxygen penetration,
thus accelerating the mineralization rate of organic carbon by microorganisms [35]. To
sum up, degradation leads to the vertical redistribution of SOC by reducing the vegetation
carbon input (e.g., roots and litter) and increasing the carbon output (e.g., erosion and
mineralization), thereby exacerbating deep carbon loss [38,39].

4.2. Decoupling of SOC Composition and Stability

Similar to the SOC content, the four SOC fractions at 0–100 cm in the ND area were
significantly higher than those in the SD and HD areas (Table 2). This may be related to
the aboveground vegetation and the supply of root biomass [15,19,40], as an increase in
aboveground vegetation biomass leads to increased litter input into the soil, which will
directly increase the input of soil carbon sources, promote the turnover of the soil carbon
pool, and increase the quantity of active organic carbon coming from plant residues and
leaves [10,41]. In addition, in the process of wetland degradation, plant growth is sparse
and the amount of litter returned is low, which will weaken microbial activities and slow
down the release of active OC [10]. Compared with the SD and HD areas, the four fractions
in the ND area changed little with the soil layers, indicating that the interference in the
ND area is low. However, the content of the F4 component in the 0–100 cm soil layers in
the SD and HD areas varies greatly with the depth of the soil layer, which indicates that
recalcitrant carbon will also be affected by wetland degradation. In our research, F1 in the
range of 0–100 cm accounts for 31% of SOC, which is lower than that of oxidizable organic
carbon in the soil of Songnen Plain (the proportion of F1 in SOC is more than 40%) [15], but
higher than that of F1 in the soil of the western Ganges Plain, India (24.8–28.9%) [42]. The
differences between these results are mainly related to differences in climate, management
measures, and soil properties [43,44]. In this study, the contents of F1 and F4 at a depth
of 0–100 cm in the ND area were significantly higher than those in the two other areas,
which may be due to unreasonable grazing having reduced the protection of soil aggregates
in soil C, ultimately reducing the stability of carbon [42,45]. In addition, the decline of
soil moisture in degraded wetlands increased the oxygen content, promoted the activity
of microorganisms, and preferentially decomposed F1 components, resulting in a sharp
decline in the activated carbon bank (Table 2, Figure 5b).

In addition, due to the close correlation between SOC and its fractions, the linear
relationship between SOC and its fractions is significant (p < 0.001; Figure 4). Based on Yu
et al. [30], Chan et al. [33] referred to the OC oxidized by 6 mol/L H2SO4 as a “very labile
organic carbon component”. The determination methods used in this study were similar
to those of Barreto et al. [19], Datta et al. [41], Yu et al. [15], and Liu et al. [31]. Consistent
with their research results, the proportion of the F1 component in total organic carbon in
this study was higher than the normal value recognized by researchers (<20%). At the
same time, Yu et al. [30] pointed out that, when using the improved Walkley and Black
(1989) [32] method, the organic carbon oxidized with low concentration of H2SO4 was less
than that oxidized with a high concentration, and its content was very close to the normal
value. Hence, when the improved determination method is adopted in future research, we
will also control the concentration of H2SO4 below 6.00 N.

CMI can reflect the differences in wetland soil quality under different degradation
conditions from the perspective of the organic carbon pool. Through calculating the CMI
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of the F1 component, it was found that the CMI of the 0–30 cm soil in the SD area and 30–
100 cm soil in the HD area was higher. This indicates that degradation had a negative effect
on the quantity and quality of low-level soil carbon in the SD area and surface soil carbon
in the HD area [15]. The lability of SOC can determine the OC stability and C loss [37].
Here, at 0–100 cm, the SOC lability in the ND and SD regions was higher than that in the
HD areas (Figure 5b). The higher stability of SOC indicates that the soil organic carbon
in this area is more stable than that in other areas [16]. Our previous research indicates
that wetland succession leads to a sharp decline in soil aggregates, thereby reducing the
protection of SOC [46]. In wetland ecosystems with a high water content, the reduction in
water content accelerates the rate of microbial decomposition in SOC and decreases the
stability of SOC [47,48].

5. Conclusions
Our results show that wetland degradation significantly reduced the contents of SOC

and its components during degradation from ND to HD in the Bayinbuluk alpine wetland.
Significant linear relationships were observed between the four organic carbon components
and the total organic carbon content, indicating that the total organic carbon is the main
determinant of the oxidizable organic carbon components. The regression coefficient of the
F4 components was rather high, indicating that the SOC in the study area was dominated
by a recalcitrant carbon fraction. Compared with the F1, F2 and F3 components, the F4
components vary greatly between different areas. Our results show that the recalcitrant
components may also be affected by wetland degradation. Wetland degradation had a
significant effect on the CMI and lability of SOC, indicating that wetland degradation
changed the stability of SOC and reduced the soil quality in the Bayinbuluk wetlands.
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