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Alpine wetland plays an important role in the global carbon balance but are

experiencing severe degradation under climate change and human activities.

With the aim to clarify the effect of alpine wetland degradation on carbon

fluxes (including net ecosystem CO2 exchange, NEE; ecosystem respiration,

ER; gross ecosystem productivity, GEP, and CH4 flux), we investigated 12

sites and measured carbon fluxes using the static chamber method in the

Zoige alpine wetland during August 2018, including undegraded wetland

(UD), lightly degraded wetland (LD), moderately degraded wetland (MD), and

severely degraded wetland (SD). The results showed that carbon sink strengths

differ among the Zoige wetlands with different degradation stages during the

growing season. From UD to LD, the rate of carbon sequestration (mean

value of NEE) increased by 25.70%; however, from LD to SD, it decreased by

81.67%. Wetland degradation significantly reduced soil water content (SWC),

soil organic carbon (SOC), microbial biomass carbon (MBC), and microbial

biomass nitrogen (MBN). NEE was significantly correlated with MBC and MBN,

while ER was positively correlated with ST but negatively correlated with SOC

(P < 0.01). Among all measured environmental factors, GEP was positively

correlated with pH (P < 0.01), while CH4 flux was most closely correlated

with SOC, SWC, MBC, MBN, and ST (P < 0.001), and was also affected by

pH and NO3
− content (P < 0.01). These results suggest that the capacity of

carbon sequestration in the Zoige wetlands reduced with intensification of

the degradation. This study provides a reference for sustainably managing and

utilizing degraded wetlands under climate change.
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Introduction

Wetlands are one of the most important natural ecosystems
on earth and are formed from the interaction between terrestrial
and aquatic ecosystems (Li Y. et al., 2021). Wetlands account
for only 5–8% of the land surface area but store 25–30% of
soil organic carbon (SOC) in the terrestrial ecosystem (Mitsch
and Gosselink, 2011). Wetlands are sensitive to climate change
and human activities (Yan et al., 2022), and play pivotal roles
in flood prevention, runoff regulation, pollution control, climate
regulation, and sustaining ecosystems and global carbon balance
(Spieles, 2022). Located on the Qinghai-Tibet Plateau, alpine
wetland accumulates a large amount of herbaceous litter with a
slow decomposition rate, resulting in higher soil carbon density
than other ecosystems (Yarwood, 2018). Meanwhile, these alpine
wetlands also contain large amounts of SOC (Wang et al., 2002).
However, the increase in temperature, drainage, and overgrazing
in recent years has led to the degradation of alpine wetland
(Zhu et al., 2022), which have become alpine meadows (Li et al.,
2018). Therefore, the carbon cycle changed with the degradation
of the alpine wetland (Rui et al., 2011). Degradation changes
the hydrothermal conditions in alpine wetland, which directly
affects the complex physical, chemical, and biological factors of
wetland soil, thereby changing the physiological characteristics
of wetland plants. The contents of SOC, nitrogen, phosphorus,
and water decrease with intensification of the alpine wetland’s
degradation. The distribution of plant functional groups is
more sensitive to variations in soil water content (SWC), total
nitrogen (TN) content, and other factors. Vegetation cover and
richness are also affected by the degradation of alpine wetland
(Wang et al., 2015; Yuan et al., 2020), which leads to variations in
root exudates and soil litter, and affects the carbon and nitrogen
conversion rate by soil microorganisms.

Many studies have investigated the changes in carbon fluxes
in alpine wetland during different seasons, and most studies
have shown that alpine wetland are significant carbon sinks
in summer (Zhao et al., 2005; Shi et al., 2006). However,
flux observations in the Luanhaizi and Haibei alpine wetlands
showed that alpine wetlands are CO2 sources (Zhao et al., 2010;
Zhu et al., 2020). Moreover, atmospheric methane (CH4) also
plays a key role in climate change and the carbon cycle. Natural
CH4 emissions from wetlands are the largest single source in
the global CH4 budget (Ringeval et al., 2010), whereas wetland
CH4 emissions dominate the interannual variability in the global
CH4 source (Walter et al., 2001; Bousquet et al., 2006). Some
researchers have reported that degradation of the Zoige peatland
due to drainage has greatly reduced CH4 emissions (Zhang et al.,
2019). Degradation not only affects net ecosystem CO2 exchange
(NEE) but also affects ecosystem respiration (ER) (Chen et al.,
2013). Furthermore, previous studies have reported that gross
ecosystem productivity (GEP) is significantly higher in slightly
degraded than in severely degraded land (Peng et al., 2015). The
rates of NEE are significantly lower in degenerated wetlands

than in non-degraded wetlands (Xia et al., 2019). Xu et al.
(2022) reported that extremely land degradation significantly
decreases NEE and ER by 60.61% and 67.53%, respectively.
However, another study showed that the average ER flux of
degrading vegetation (218.04 ± 95.08 mg C m−2 h−1 in 2013
and 219.03 ± 140.96 mg C m−2 h−1 in 2014) is considerably
larger than that of healthy vegetation (163.78 ± 87.51 mg C
m−2 h−1 in 2013 and 143.91 ± 84.44 mg C m−2 h−1 in 2014)
(Ma et al., 2020). Thus, degradation has a variable effect on
carbon fluxes. Studies have shown that although degradation
affects carbon sequestration in alpine wetland, the degree of the
impact varies with the intensity of degradation (Pei et al., 2022).
Therefore, it is important to explore the impact of degradation
on carbon cycle variables (including CH4) in the Zoige alpine
wetland along four different degradation gradients.

The Zoige alpine wetland are the largest plateau peat swamp
in the world, located in the upper reaches of the Yellow River
in the northeastern Qinghai-Tibet Plateau (Jiang et al., 2017).
The unique climatic, geological and geographical conditions of
the Zoige alpine wetland provide the environmental conditions
for the survival of a large number of wetland wild animals
and plants and make it one of the huge SOC pools in China
(Huo et al., 2013). However, frequent extreme climate events
and overgrazing since the 1970s have caused serious degradation
of the Zoige alpine wetland (Qiu et al., 2009). Drainage and
ditching have aggravated the degradation of the Zoige wetlands
to varying degrees (Mei et al., 2012). Degradation leads to a
reduction in the area of alpine wetland and a drop in water
table, which in turn leads to accelerated peat decomposition
and carbon release (Moorcroft et al., 2008), thereby exacerbating
the global greenhouse effect (Rey et al., 2011). The aims of the
present study were to (1) measure the variation of NEE, ER,
GEP, and CH4 flux and determined the environmental factors
along different wetland degradation gradients; (2) analyze the
relationship between environmental factors and carbon fluxes;
and (3) clarify the effect of alpine wetland degradation on
carbon fluxes. This study will improve our understanding of
the degradation impacts on alpine wetland, and provide data
to support the theoretical basis for scientifically evaluating the
system carbon budget of degraded alpine wetland.

Materials and methods

Study site

The Zoige wetlands (33◦ 55′ 42′′ N, 102◦ 52′ 14′′ E) are
located in the northeastern Qinghai-Tibet Plateau with an
average altitude of 3,600 m above sea level (Figure 1). The
wetlands are in Zoige County, Aba Prefecture, Sichuan Province,
and represent the largest plateau peatland in the world (Chen
et al., 2009). The wetland area is 6,180 km2, accounting for
31.5% of the total area of the Zoige Plateau (Hao et al., 2011).
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FIGURE 1

Locations of the sampling sites in the Zoige Plateau. The left panel is the location of Zoige in Sichuan Province, and the right panel is the
location of the sampling point in Zoige. UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded wetland; SD, severely
degraded wetland.

Due to the high altitude, the air pressure is low at about 668.8
hPa. The region is in the humid climate of the plateau cold
temperate zone, with a short spring and autumn, and annual
average temperatures of about –1.7–3.3◦C (Kang et al., 2018).
The annual average rainfall is 650–750 mm, and the rainy
season is warm and humid (May to September), whereas the
dry season is cold and dry (October–April) (Liu et al., 2020a;
Kang et al., 2022). The dominant species are Kobresia tibetica,
Carex lasiocarpa, Stipa capillata, and other marsh plants (Liu
et al., 2020b). The soil type in the study area was mainly
meadow soil, and the vegetation type was mainly alpine meadow
vegetation. The depth of the peat in the vertical profile of the
Zoige alpine wetland is 2–5 m (Gao et al., 2011) with dry weight
of 2.9 Pg and pH of 6.8–7.2 (Chen et al., 2014; Yan et al.,
2021). Since the 1960s, the peatland has experienced artificial
drainage and expanded pasture (Xiang et al., 2009), which has
drained nearly 41% of the total area of the Zoige peatland and
has changed the plant community, vegetation cover, and soil
properties (Wu et al., 2017).

Experimental design

We investigated 12 sites including four degradation grades,
i.e., undegraded wetlands (UD), lightly degraded wetlands (LD),
moderately degraded wetlands (MD), and severely degraded
wetlands (SD) in the Zoige Plateau during August 2018. Three
sites were selected for each degradation gradient, and three
0.5 m × 0.5 m quadrats representing replicates were randomly
selected within each site. We investigated the VC in the quadrats,
collected soil samples, and measured CO2 and CH4 fluxes in situ
during the growing season. The degradation gradients of the
alpine wetland were determined according to the vegetation

cover (VC) referred from the classification of alpine wetland
degradation grade by Ma et al. (2002). The basic information
of each degradation gradient is shown in Table 1.

Measurement of carbon fluxes

The carbon fluxes included NEE, ER, GEP, and CH4. The
NEE, ER, and CH4 fluxes were measured using the static
chamber method (Niu et al., 2010) carried out between 9:00
and 16:00 on a clear and cloudless day. Acrylic materials with
light transmittance > 95% were used to make the cubic chamber
(size = 0.5 m × 0.5 m × 0.5 m). Two fans were installed on
the inner side of the chamber to ensure the uniform mixing of
gases in the chamber, and the chamber had an air pipe connected
with an LGR-ICOS groove portable greenhouse gas analyzer
(UGGA-30p, LGR, United States) to measure the net exchange
rate of the CO2 and CH4 at the different degraded sampling
sites (Supplementary Figure 1). The base of the cubic chamber
was an aluminum alloy bottom groove of 0.5 m × 0.5 m,
which vertically hit the ground at 5 cm and maintained the base
level. A water seal was used to ensure air tightness inside the
cubic chamber during measurements. The cubic chamber was

TABLE 1 Evaluation grade standard for degraded alpine wetlands.

Degradation degree Vegetation cover (%)

UD 80∼100

LD 70∼80

MD 50∼70

SD < 50

UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded
wetland; SD, severely degraded wetland.

Frontiers in Ecology and Evolution 03 frontiersin.org

https://doi.org/10.3389/fevo.2022.980441
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-980441 August 10, 2022 Time: 15:4 # 4

Yang et al. 10.3389/fevo.2022.980441

buckled on the bottom of an aluminum alloy tank, and counting
began after the system stabilized. The instrument recorded the
concentrations of CO2 and CH4 with the frequency of 1 Hz
for 120 s continuously. According to the variations in the CO2

and CH4 concentrations during the measurement period (5–
118 s), the change in the slopes of CO2 and CH4 with time was
calculated, and the CO2 and CH4 fluxes in the cubic chamber
per unit time were determined by combining the slope with
air temperature, water pressure, and air pressure during the
measurement period (Equation 1). The NEE (a positive value
is CO2 emissions, a negative value is net CO2 uptake by the
ecosystem, and the following methods for measuring ER and
CH4 fluxes were the same) and CH4 was determined under
the lighting conditions. The ER fluxes were measured with the
cubic chamber covered with a dark opaque cloth. The NEE, ER,
and CH4 fluxes were calculated from Equation 1. GEP was the
difference between ER and NEE.

Fc =
dc
dt
×

M
V0
×

P
P0
×

T0

T
× H (1)

Where Fc is the gas flux (mg·m−2
·h−1). where dc/dt is the

slope of the linear regression for gas concentration gradient
through time; where M and V0 are the molar mass of the gas
(g mol−1) and the standard molar volume is 22.4 L mol−1,

respectively; P and P0 are the measured atmospheric pressure
and the standard atmospheric pressure, respectively; T and T0

(◦C) represent the average value and the absolute temperature
of the air temperature in the chamber, respectively; and H (cm)
is the height of the static chamber.

Environmental factors

Soil temperature (ST) at a depth of 5 cm was measured in
each sample plot with a portable digital thermometer (JM624,
Jinming Institute Co., Tianjing, China), and SWC at a depth
of 5 cm was determined with a TDR300 moisture meter
(Spectrum Technologies, Inc., Aurora, IL, United States). Three
soil samples at a depth of 5 cm were randomly collected from
each sample plot and stored at 4◦C until the soil properties
were determined. The soil samples were passed through a 2 mm
sieve to divide the soil into two parts. Ammonia (NH4

+), nitrate
(NO3

−), microbial biomass carbon (MBC), microbial biomass
nitrogen (MBN), and dissolved organic carbon (DOC) were
determined in fresh soil samples. Soil pH, SOC, and TN were
determined in air-dried samples. Soil pH was measured with a
pH electrode in a slurry solution with a ratio of soil to water
of 1:2.5 (PHS 29, China). SOC and TN were analyzed by a C/N

FIGURE 2

Environmental factors at the different degradation gradient sites. (A–J) Represent the trends of SWC, pH, ST, SOC, DOC, MBC, TN, MBN, NH4
+,

and NO3
− content with degradation gradient, respectively. Different lowercase letters indicate significant differences at the P < 0.05 level (error

bars indicate standard errors). UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded wetland; SD, severely
degraded wetland; SWC, soil water content; ST, soil temperature at the 5 cm depth; SOC, soil organic carbon; MBN, microbial biomass
nitrogen; MBC, microbial biomass carbon; DOC, dissolved organic carbon; NO3

−, nitrate; NH4
+, ammonia; TN, total nitrogen.
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analyzer (multi-N/C 3100, Analytik Jena AG, Jena, Germany).
Soil NH4

+ content was analyzed using the salicylic acid-sodium
nitroprusside method with a spectrophotometer (PharmaSpec
UV1700, Shimadzu, Tokyo, Japan), and soil NO3

− was analyzed
using a Technicon automated analyzer and by the cadmium
reduction method with a 2 M KCl solution. Soil MBC and soil
MBN were measured by the chloroform fumigation extraction
technique with a fumigation time of 20 h and a 25 mM K2SO4

extract. Soil DOC was extracted by adding 50 mL of 0.5 M
K2SO4 to 12.5 g of a homogenized subsample followed by
stirring on a 120 rpm orbital shaker for 1 h. The filtrate was
subjected to a total organic carbon analyzer (multi-55 N/C 3100,

Analytik Jena). After digestion with perchloric acid, soil TN was
determined by the Kjeldahl method.

Statistical analysis

The effects of the degradation gradient on the NEE, ER,
GEP, and CH4 fluxes were tested by one-way analysis of
variance. The LSD (least significant difference) post-test was
applied to test for differences among the degradation gradients.
Additionally, redundancy analysis (RDA) was used to explore
the relationships between the different degradation gradients

FIGURE 3

The NEE (A), ER (B), GEP (C), and CH4 (D) fluxes in the alpine wetlands degraded to different degrees. Different lowercase letters indicate a
significant difference at the P < 0.05 level (error bars indicate the standard errors). UD, undegraded wetland; LD, lightly degraded wetland; MD,
moderately degraded wetland; SD, severely degraded wetland; NEE, net ecosystem CO2 exchange; ER, ecosystem respiration; GEP, gross
ecosystem productivity; CH4 flux, methane flux.
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and environmental factors in the Zoige alpine wetland. The
heatmap was prepared to show the relationships between the
carbon fluxes and environmental factors. All analyses were
conducted in R v4.2.0 software (R Core Team, 2020).

Results

Environmental factors

The environmental factors were classified into soil physical
properties (including SWC, pH, and ST; Figures 2A–C),
soil carbon content (including SOC, DOC, and MBC;

Figures 2D–F), and soil nitrogen content (including TN, MBN,
NH4

+, and NO3
−; Figures 2G–J). Degradation significantly

altered SWC, ST, SOC, MBC, and MBN in the alpine wetland
(Figure 2). SWC decreased with degradation severity, from
82.35% in UD to 26.59% in SD (Figure 2A). The pH at
the UD sites was significantly lower than that at the other
three degradation gradient sites (Figure 2B). In contrast,
ST was significantly higher at the MD and SD sites than
that at the UD and LD sites, with the highest value of
20.53◦C in the SD and the lowest value of 16.16◦C in the
UD (Figure 2C). SOC, MBC, and MBN were in ranges
of 49.43–348.33 g·kg−1, 314.53–513.10 mg·kg−1, and 52.20–
84.49 mg·kg−1, respectively, and all decreased significantly with

FIGURE 4

Heatmap of the correlations between NEE, ER, GEP, and CH4 and the environmental factors. A blue square indicates that the correlation
coefficient is positive, and a red circle indicates that the correlation coefficient is negative. The correlation coefficient decreased as the color
became lighter and the size became smaller. NEE, net ecosystem CO2 exchange; ER, ecosystem respiration; CH4 flux, methane flux; SWC, soil
water content; ST, soil temperature at the 5 cm depth; SOC, soil organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass
carbon; MBN, microbial biomass nitrogen; TN, total nitrogen; NH4

+, ammonia; NO3
−, nitrate; “∗” and “∗∗” represent significant differences at the

0.01 and 0.001 levels, respectively.
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the degradation gradient (Figures 2D,F,H). SOC at the LD,
MD, and SD sites decreased by 31.53%, 59.34%, and 85.81%,
compared with that at the UD sites, respectively. The MBC and
MBN decreased by 38.70% and 38.22%, respectively, from UD to
SD with the degradation of the wetlands. DOC content was the
highest in LD, with a value of 448.58 mg·kg−1, but it decreased
significantly from LD to SD (Figure 2E). TN decreased from UD
to MD and increased from MD to SD (Figure 2G), and ranged
from 10.47 to 17.20 g·kg−1. NH4

+content was not significantly
different among the four degradation gradients (Figure 2I).
NO3

− content was lowest in UD, while it was much higher at
the sites where degradation occurred (Figure 2J).

Variations in the ecosystem carbon
fluxes

The NEE of the Zoige alpine wetland ranged from –
216.31 to –1,180.24 mg CO2 m−2

·h−1, with an average of
–747.53 ± 102.24 mg CO2 m−2

·h−1, indicating a carbon sink
(Figure 3A). NEE weakened from LD to SD with increased
wetland degradation. ER increased with degradation severity,
the increase in alpine wetland degradation, ranging from 567.96
in UD to 1,524.60 mg CO2 m−2

·h−1 in MD, with an average
value of 1,067.90 ± 95.70 mg CO2 m−2

·h−1. The ER values of
LD, MD, and SD increased by 66.50%, 168.44%, and 117.17%
compared with the UD, respectively (Figure 3B). GEP ranged
from 1,449.73 to 2,125.86 mg CO2 m−2

·h−1 and reaching the

maximum value in LD, although the difference among the four
degrees of degradation was not significant (Figure 3C). The
alpine wetland acted as a strong CH4 source in UD (Figure 3D).
The UD had a strong CH4 source (38.09 ± 5.02 mg CH4

m−2
·h−1). However, CH4 flux at the LD, MD, and SD sites

were only 0.37, 1.62, and –0.06 mg CH4 m−2
·h−1, respectively,

and no significant differences were observed among the LD,
MD, or SD sites.

Correlations between the
environmental variables and carbon
fluxes

The heatmap shows that NEE was significantly correlated
with MBC and MBN, respectively (Figure 4). ER was positively
correlated with ST (r2 = 0.58), and negatively correlated with
SOC (r2 = –0.57, P < 0.001). However, no correlation was
detected between GEP and the measured environmental factors
in this study, except pH (r2 = 0.47, P < 0.01). CH4 flux has
significantly positive relationships with SOC, SWC, MBC, and
MBN (P < 0.001). A negative correlation was observed between
CH4 and ST with NO3

− (P < 0.001). A negative correlation
was detected between CH4 and ST and pH with correlation
coefficients of –0.54 and –0.52, respectively. In addition to
CH4, the carbon flux components of the Zoige alpine wetland
under different degradation succession gradients sites were not
correlated with TN, NH4

+, or NO3
− (P > 0.05, Figure 4).

FIGURE 5

(A) Ordination plots of the redundancy analysis (RDA) for all plots and environmental factors across all sites and (B) a histogram of the
explanatory rates of the different environmental factors for carbon fluxes. UD, undegraded wetland; LD, lightly degraded wetland; MD,
moderately degraded wetland; SD, severely degraded wetland; SWC, soil water content; ST, soil temperature at a depth of 5 cm; SOC, soil
organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; TN, total nitrogen; NH4

+,
ammonia; NO3

−, nitrate; “∗” and “∗∗” represent significant differences at P < 0.01 and P < 0.001, respectively.
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The RDA results showed that the ten environmental
factors explained 73.76% of the variation in the carbon
fluxes (Figure 5A). SOC, MBN, MBC, and SWC were
the main factors affecting the change in gas fluxes in the
different degradation succession gradients, and they were highly
correlated. The correlation coefficients between the four soil
properties and the carbon fluxes under the different degradation
succession gradients were 0.67, 0.67, 0.64, and 0.70, respectively
(Figure 5B). ST and TN were correlated with the carbon fluxes
of the four degradation gradients in the Zoige alpine wetland
(P < 0.01).

Discussion

Effects of degradation on the
environmental factors

The environmental factors were different under the different
degradation gradients. As the degree of degradation intensified,
the water table level in the Zoige alpine wetland decreased, and
SWC decreased significantly (Figure 2A). The lack of water
inhibits plant growth and affects nutrient absorption by the
plants (Vargas et al., 2020). Therefore, the lower SWC resulted
in inadequate growth conditions, which further degraded the
alpine wetland. As an indicator of soil properties, SOC is
a mixture of plant, animal, and microbial remains, excreta,

secretions, their partial decomposition products, and soil humus
(Piñeiro et al., 2010). Here, wetland degradation significantly
reduced SOC content (Figure 2D). Some studies (Tang et al.,
2010) have shown that simple vegetation composition and low
diversity reduce the number of aboveground vegetation residues
entering the soil; thus, resulting in lower SOC content. We
found the same pattern for MBC and MBN (Figures 2F, H).
Soil MBC and MBN contents increase in areas where plants
grow well and decrease in areas where plants do not grow
(Yan et al., 2012). When alpine wetland degrades to the severe
degradation stage, the soil organic matter, MBC, and MBN are
lost in large quantities.

Temperature is a key factor promoting the changes in root
distribution and stock (Shen et al., 2016). The soil surface
temperature of the Zoige alpine wetland increased gradually as
degradation of the wetlands increased. Previous studies have
shown that soil surface temperature, bulk density, and other
properties increase with increasing alpine wetland degradation
gradients (Li C. Y. et al., 2021). The reason may be that the
high-altitude Zoige alpine wetland have stronger solar radiation,
which makes the temperature of the soil with low water
content increase rapidly, so the more severe the degradation,
the higher the surface temperature (5 cm). Meanwhile, another
reason for the increase of soil surface temperature may be
the reduction of vegetation coverage caused by degradation,
which increases the bare soil area and water loss through
evaporation (Cui et al., 2005). Due to less vegetation cover
and the “heat island” effect of bare land, the soil surface

FIGURE 6

Carbon budget and environmental factors in the Zoige alpine wetlands under different degradation gradients. UD, undegraded wetland; LD,
lightly degraded wetland; MD, moderately degraded wetland; SD, severely degraded wetland; SWC, soil water content; ST, soil temperature at
the 5 cm depth; SOC, soil organic carbon; MBN, microbial biomass nitrogen; MBC, microbial biomass carbon; VC, vegetation cover.
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temperature (5 cm) increases with the degradation gradient
(Cao et al., 2004).

Soil pH affects the absorption of soil nutrients by plants
(Ma et al., 2017), and plant growth and physiological and
biological characteristics affect soil pH in turn. In this study, soil
pH did not change significantly with the degradation gradient.
However, the pH values in the LD, MD, and SD degraded
areas were higher than those in the UD area, indicating that
wetland degradation reduces soil acidity. The more serious the
degradation, the less the vegetation cover (Li C. Y. et al., 2021),
and the less vegetation cover interferes with the soil pH (Li
et al., 2008), so the soil becomes neutral. However, the specific
effects of soil pH and the different degradation gradients in the
Zoige alpine wetland remain unclear; thus, further research is
necessary on the specific mechanism.

Effects of degradation on carbon fluxes

Significant differences in CO2 fluxes were observed in the
Zoige alpine wetland with different degrees of degradation,
except GEP (P > 0.05), and NEE and GEP reached their
maximum values at the LD sites (Figure 3A). The water table
level at the UD sites was high and flooded, which led to low
coverage and low photosynthetic capacity. However, a drop in
the water table level reduced the flooding stress for plants at
the LD sites and increased biomass and photosynthetic capacity.
Therefore, the NEE and GEP values at the LD sites were
higher than those at the UD sites, suggesting that the carbon
sequestration capacity in the wetlands improved under the non-
flooded LD condition (Supplementary Figure 2). However, the
NEE and GEP rates decreased gradually with the increase in
the degradation gradient (Figures 3A,C). The rate of carbon
sequestration increased by 25.70% from UD to LD but decreased
by 81.67% from LD to SD. The reason was attributed to the
factors affecting photosynthesis. The photosynthetic ability of
an ecosystem is closely related to environmental factors, such
as light intensity, soil moisture, air humidity, air temperature,
and atmospheric CO2 concentration (Moore et al., 2006).
Photosynthetic ability is also affected by the vegetation type,
coverage, and leaf area index (Feng et al., 2008). When the
alpine wetland is transformed into an extreme degradation
stage, the plant community becomes smaller and sparse, the
compositional structure changes, the coverage decreases, grass
yield decreases, and the number of species and the amount of
fine forage grass decrease (Zhou et al., 2005). The environmental
conditions deteriorated rapidly, which made the photosynthetic
rate of the community decrease rapidly, and the NEE and GEP
also decreased. ER showed a trend of increasing first and then
decreasing (Figure 3B) and was positively related to the degree
of degradation. As the soil surface temperature of the degraded
alpine wetland is high, the higher surface temperature led to
an increase in microbial activity, which enhanced ER. As a

result, ER was stronger and NEE was weaker and the more
severe the degradation of the alpine wetland, the lower the GEP
of its ecosystem.

CH4 flux is closely associated with soil moisture (Yu et al.,
2013). The SWC at the UD sites was sufficient and the water
table level was high; thus, the CH4 flux was very significant and
the UD sites were an extremely important source of CH4. In
contrast, at the LD, MD, and SD sites, the decline in the water
table level resulted in a significant decrease in CH4 flux. Soil
organic matter (crop straw of previous crop and photosynthetic
products of the current season) is decomposed into methane
by methanogenic bacteria (Conrad, 2007), and the high-water
table level at the UD sites in this study created the conditions
for generating methane. The Zoige alpine wetland exhibited a
transformation from a CH4 source to a CH4 sink at the sites
with a low MD to SD water table level, but the rate was extremely
low. The CO2-eq net flux of CH4 was shown in Supplementary
Figure 3. The Zoige alpine wetland had carbon absorption
potential in the different degradation stages, and its carbon sink
capacity varied with the degree of degradation (Figure 6), which
was consistent with previous studies. Our study shows that the
carbon sink function gradually weakened with the increase in
the degradation gradient.

Effects of the environmental factors on
the carbon fluxes

Carbon fluxes in the Zoige alpine wetland were regulated
by a variety of factors. Temperature was the primary factor
controlling the ecosystem carbon fluxes (Figure 4). Previous
studies have shown that temperature is one of the main factors
affecting the respiratory rates of different soil use types (Hursh
et al., 2016), as variations in temperature control carbon flux
to a certain extent. Higher soil surface temperature stimulates
the activity of microorganisms, enhances soil enzyme activities,
and accelerates litter decomposition (Updegraff et al., 2001) so
ST was the dominant ER controlling factor. Notably, NEE had a
strong relationship with MBN, MBC, SOC, and SWC (Figure 4).
MBC and MBN represent microbial activity, which was directly
affected by soil fertility, water holding capacity, soil erosion
resistance, and soil bulk density. The variations in MBC and
MBN indirectly indicate the degree of wetland degradation, and
they have an important effect on soil respiration and carbon
balance in an alpine ecosystem. Therefore, MBC and MBN were
strongly correlated with the carbon flux (Figure 4), and the
carbon flux were high when MBC and MBN contents were
high. Moreover, vegetation degradation and soil degradation
are interrelated (Tang et al., 2015). One of the main reasons
for vegetation degradation in the Zoige alpine wetland was the
increase in grazing intensity and the increased rate of activities
on the plateau (Liu et al., 2020b). Grazing decreases vegetation
coverage and increases the amount of bare soil exposed to the
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air (Sun et al., 2011), which aggravates the weathering of surface
soil. At the same time, a large number of rodents invaded
the plateau. Soil quality continued to decline as the rodents
gnawed on the roots of plants and increased the number of
underground caves, which shifted the Zoige alpine wetland to
a severe degree of degradation. Ecosystem respiration decreases
when the vegetation becomes severely damaged. Therefore, the
carbon exchange rate of the ecosystem was lowest at the SD sites
(Figures 3A,D). Therefore, further research on the degradation
of the Zoige alpine wetland vegetation caused by grazing and
rodent activities should be conducted.

Emissions of the greenhouse gas CH4 account for 15%
of the total greenhouse effect (Soebandiono et al., 2021).
Here, our results show that CH4 emissions at the UD sites
were much higher than those at the LD, MD, or SD sites,
and CH4 flux was significantly correlated with SWC, ST,
SOC, MBC, and MBN (Figure 4). Studies have shown that
nitrates, sulfates, and others act as electron acceptors in wetland
sediments, where they promote the anaerobic oxidation of
CH4 and reduce CH4 emissions (Zhu et al., 2010). Moreover,
soil microorganisms, such as methane-oxidizing bacteria,
play an important role in inhibiting methane emissions.
pH is an important environmental factor affecting microbial
growth. Previous studies have reported that neutral and weak
alkaline environments are more conducive to growing such
microorganisms (Conrad, 2007). The pH of the soil in this study
was 5.7–7.1, which was slightly acidic at the UD sites and was
not beneficial for the survival of methane-oxidizing bacteria,
suggesting why the CH4 flux at this site was higher than the
other three sites.

However, carbon fluxes in alpine wetland are influenced by
many factors, such as climate conditions, vegetation type, and
soil conditions (Luo and Zhou, 2006). Single-factor analyses of
some main soil physical and chemical factors in this study only
explained part of the question. Therefore, other factors such as
climate conditions and vegetation types, should be considered
more in follow-up research, and their effects on carbon fluxes
in the alpine wetland should be comprehensively analyzed by
multiple factors.

Conclusion

In this study, we comprehensively investigated the
carbon fluxes and environmental factors under 12 sites
including four degradation grades in Zoige alpine wetland.
Our finding indicated that the carbon fluxes of the Zoige
alpine wetland during the growing season were closely related
to the successional degradation gradients, and Zoige alpine
wetland acted as a carbon sink under the four degradation
gradients. Meanwhile, we found that degradation changed the
environmental factors of alpine wetland, which weakened Zoige
alpine wetland carbon sequestration capacity. Considering

the complexity of the alpine wetland and the uncertainty of
global climate change, further studies on the mechanisms of
degradation on carbon sequestration in alpine wetland are
needed in the future.
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