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Both livestock grazing and soil freeze-thaw cycles (FTCs) can affect the soil-atmosphere
exchange of greenhouse gases (GHGs) in grasslands. However, the combined effects of
grazing and FTCs on GHG fluxes in meadow steppe soils remain unclear. In this study,
we collected soils from paired grazing and enclosed sites and conducted an incubation
experiment to investigate the effect of grazing on soil GHG fluxes in the meadow
steppes of Inner Mongolia during three FTCs. Our results showed that FTCs substantially
stimulated the emissions of soil N2O and CO2 and the uptake of CH4 in the meadow
steppes. However, compared with enclosure treatments, grazing significantly reduced
the cumulative N2O, CO2 and CH4 fluxes by 13.3, 14.6, and 26.8%, respectively, during
the entire FTCs experiment. The soil dissolved organic carbon (DOC) and nitrogen
(DON), NH4

+-N and NO3
−-N, significantly increased after three FTCs and showed

close correlations with N2O and CO2 emissions. Structural equation modeling (SEM)
revealed that the increase in NO3

−-N induced by FTCs dominated the variance in
N2O emissions and that DOC strongly affected CO2 emissions during thawing periods.
However, long-term grazing reduced soil substrate availability and microbial activity and
increased soil bulk density, which in turn decreased the cumulative GHG fluxes during
FTCs. In addition, the interaction between grazing and FTCs significantly affected CO2

and CH4 fluxes but not N2O fluxes. Our results indicated that livestock grazing had
an important effect on soil GHG fluxes during FTCs. The combined effect of grazing
and FTCs should be taken into account in future estimations of GHG budgets in both
modeling and experimental studies.

Keywords: grazing, freeze-thaw cycles, nitrous oxide, carbon dioxide, methane, meadow steppe

INTRODUCTION

Greenhouse gases (GHGs), including carbon dioxide (CO2), methane (CH4) and nitrous oxide
(N2O), can significantly promote climate warming on Earth. Upland soils normally serve as a
major source of N2O and CO2 but a sink for CH4 to atmosphere (Holst et al., 2008). Recent
studies have reported that soil GHG fluxes vary substantially both spatially and temporally
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(Wagner-Riddle et al., 2017; Congreves et al., 2018), which
is attributed to the crucial biophysical processes in soil and
their responses to external environmental factors (Smith et al.,
2018; Jalaludin et al., 2020). For example, short-term N2O pulse
emissions triggered by fertilization, soil freeze-thaw events or soil
rewetting can dominate the annual GHG budget in a variety of
terrestrial ecosystems (Wolf et al., 2010; Kostyanovsky et al., 2019;
Gu et al., 2021).

Freeze-thaw cycles (FTCs), which occur predominantly in
the soils of some temperate and most high-latitude and high-
altitude regions, can greatly affect soil-atmosphere exchange of
GHGs in the soil (Smith et al., 2018; Li et al., 2021). Previous
studies have observed increased emissions of N2O and CO2 and
uptake of CH4 during soil FTCs both in field investigations
and laboratory incubations (Goldberg et al., 2010; Wu et al.,
2020). For instance, researchers have reported that more than
50–70% of the annual cumulative N2O emissions may originate
from FTCs (Goldberg et al., 2010; Wu et al., 2014a). Several
mechanisms can potentially explain the release of soil GHG fluxes
during FTCs: the release of previously generated gases from the
unfrozen parts of the soil during soil thawing (Congreves et al.,
2018), the increased available carbon and nitrogen substrates (de
Bruijn et al., 2009) and the changes in the microbial community
during FTCs (Hu et al., 2015). However, the contribution of the
mechanisms to the soil GHG exchanges is not well quantified
(Congreves et al., 2018).

Grasslands cover nearly 26% of the global land area and
account for a large proportion of the global terrestrial carbon
and nitrogen pools (Wu et al., 2014a). Grazing is the main
anthropogenic management practice applied to grasslands. It
has important impacts on various grassland ecological processes,
mainly through animal feed intake, excreta deposition and grass
trampling (Liu et al., 2021). Field investigations have found that
grazing could reduce annual N2O and CO2 emissions and CH4
uptake from grassland soils, which might attribute to the decrease
in gas diffusion and the reduction in the microbial biomass,
organic carbon and nitrogen contents of the soil, especially for
long-term and heavy grazing (Wolf et al., 2010; Chen et al., 2011;
Abdalla et al., 2018). Although a large proportion of grasslands
worldwide suffered from freeze-thaw events (Holst et al., 2008;
Chen et al., 2021), the effects of grazing on the soil-atmosphere
exchange of GHGs during FTCs are not well understood.

The semi-arid grasslands of Inner Mongolia cover more
than 20% of the total grassland area in China and are
representative of the Eurasian grassland belt (Wang et al., 2005).
Meadow steppe is one of the local major grassland types, which
covers approximately 11% of the Inner Mongolia grassland
(Han et al., 2008), and is highly sensitive to climate change
and anthropogenic activities (Wu et al., 2020). For example,
anthropogenic disturbances, such as over-grazing resulting from
the rapid growth in population and food demand in recent
decades, may have significantly affected soil carbon and nitrogen
turnover, and GHG fluxes. Moreover, previous field studies have
shown that soil FTCs are frequently observed in this region
from late October to April and have a strong influence on soil–
atmosphere GHG exchanges (Holst et al., 2008; Wolf et al., 2010).
Although the separate effects of livestock grazing and FTCs on

soil GHG fluxes have been well studied, the combined effect
of grazing and FTCs on soil GHG fluxes remains uncertain,
especially for the meadow steppes of Inner Mongolia.

Therefore, to better understand the effect of livestock grazing
on soil GHG fluxes during FTCs, we collected intact soil cores
from three paired grazing and enclosed sites in meadow steppes
in Inner Mongolia and then conducted three consecutive FTCs.
The main objectives of this study were to investigate the effect
of livestock grazing on soil GHG fluxes and to reveal the key soil
properties that determine GHG fluxes during FTCs. We proposed
three hypotheses: (1) soil FTCs will stimulate the emissions of
N2O and CO2 and the uptake of CH4 by meadow steppe soils;
(2) livestock grazing might reduce the soil-atmosphere exchange
of GHGs during FTCs; and (3) grazing and FTCs might have an
interactive effect on soil GHG fluxes.

MATERIALS AND METHODS

Study Area and Soil Sampling
Hulunbuir grassland (47◦05′–53◦20′ N, 115◦31′–126◦04′ E) is a
typical semi-arid grassland in Inner Mongolia, which is selected
as the research area. It is located in the western part of the
Greater Khingan Mountains. The topography is relatively flat,
with an altitude of 650–700 m above sea level. Chernozem and
Kastanozem are the main soil types in this region (Wu et al.,
2014b). The study area is dominated by Aneurolepidium chinense,
Stipa baicalensis, and Carex korshinskyi. The area experiences a
temperate continental monsoon climate, and the mean annual
precipitation is 339 mm, of which approximately 60% falls in
summer (June to September). The average annual air temperature
was –2.2◦C from 1980 to 2010, and the intra-annual range was
from –25.8◦C in January to 19.3◦C in July. Due to the low
temperature in winter, the topsoil normally begins to freeze in
mid-October and thaws in the following April.

In late September 2015, three sites with similar soil type,
land use history and plant species were chosen to account for
spatial heterogeneity in this region. At each site, plots were
established in pairs, that was a long-term free grazing plot and
a nearby enclosed plot (ungrazed since 2008). Before fencing in
2008, all sites had been continuously grazed with approximate
1–3 sheep unit hm−1 yr−1 over last decades according to local
farmers. The free grazing plots were continually grazed when
the soil was sampled. The distance between plots in each site
ranged approximately 100–200 m. All the paired plots have the
same soil type and similar physiographic conditions, including
slope degree, altitude and topography. The average ground covers
were about 40 and 85% for long-term grazing and enclosed
plots, respectively. The location and the main characteristics of
each site are shown in Supplementary Table 1. The dominant
vegetation in three enclosed plots was Aneurolepidium chinense.
The dominant species in free grazing plots were Carex pediformis
and Stipa baicalensis. The average bulk density of 0–10 cm
soil depth in enclosed plots and grazing plots was 1.13 g
cm−3 and 1.19 g cm−3, respectively. The size of each plot
was about 100 m × 100 m, and the internal plant community
was investigated by the line transect method. In each plot, we

Frontiers in Ecology and Evolution | www.frontiersin.org 2 December 2021 | Volume 9 | Article 795203

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-795203 December 4, 2021 Time: 15:31 # 3

Wang et al. Grazing Reduces Freeze-Thaw-Related GHG Fluxes

selected three sampling subplots (1 m × 1 m) at a distance of
15 m along a random transect. Within each subplot, the surface
litter was carefully collected and then the aboveground biomass
was harvested by scissors. Subsequently, the root biomass was
collected from 3 sampling points to a depth of 30 cm in the
main rooting zone with a 5 cm diameter soil auger. Moreover,
three replicate intact soil cores (15 cm inner diameter and
20 cm height) were collected from each sampling plot by PVC
tubes (15 cm inner diameter of and 30 cm height, 3 sites × 2
treatments × 3 replicates = 18 in total) after removing surface
vegetation and litter. The top 10 cm of the PVC tubes was left
empty for the measurements of trace gas fluxes. The tubes were
carefully driven into the soil in order to alleviate inside soil
compaction. In addition, we also collected 21 intact soil samples
(7 measurements with three replicates, Figure 1) in each plot with
a soil sampler (5 cm diameter and 10 cm height, 3 sites × 2
treatments × 21 samples = 126 in total) for the continuous
analyses of soil chemical and microbial characteristics during
FTCs. The 18 intact soil cores and 126 soil samples were stored at
a constant temperature of + 4.0◦C in laboratory before the freeze-
thaw experiments to allow the adaption of soil microbiome to
cold temperatures.

Freeze-Thaw Incubation Experiments
All incubation experiments were conducted in incubators
(JYH-412F, Jiayu Instrument Co., Ltd., China), which can
periodically adjust the temperature to simulate FTCs. In order
to prevent the inside gas accumulation, a pump was used to
mix together the inside air and the outside air. The external
sidewall and bottom of each PVC tube were covered with
2.0 cm thick insulative material (Armaflex, Armacell GmbH,
Münster, Germany) to mitigate the temperature fluctuations
from sidewalls and bottoms. We set the beginning temperature
at 5.0◦C for 5 days to activate the microbes and to ensure
stable GHG fluxes. Subsequently, three FTCs were stimulated
to investigate the effect of livestock grazing on soil GHG fluxes
during sequential FTCs. According to the field observations
of the study area, the temperature in each cycle was set to –
10◦C for 7 days followed by + 5◦C for the next 7 days. Using
the sensors inserted through the 5 cm depth holes in the soil
cores, the soil temperatures were recorded hourly with a data
logger. The soil water content for all soil cores and samples
was maintained at the same level as in the field. The average
water-filled pore space (WFPS) of the grazing and enclosed
plots was 41.6 and 47.8%, respectively. Considering that the soil
water content would decrease due to evaporation during the
experimental period, we weighed the soil cores and samples daily
and compensated the lost weight by spraying deionized water on
the soil surface.

The parallel incubation was conducted in the same time for the
126 soil samples that were used for the analysis of chemical and
microbial characteristics. The concentrations of soil dissolved
organic carbon (DOC) and nitrogen (DON), NH4

+-N and
NO3

−-N, microbial biomass carbon (MBC) and nitrogen (MBN)
were determined by the destructive harvesting of triplicate soil
samples at day 3, 9, 16, 23, 30, 37, and 44 for GHG fluxes
measurements throughout the entire incubation period.

Gas and Soil Analysis
Static chamber method was used to determine the soil N2O, CO2
and CH4 fluxes at daily resolution. The PVC tubes were sealed
with stainless steel lids to enclose a headspace of about 1.8 L.
Each lid was equipped with a circulating fan to completely mix
the gas in the headspace and a rubber stopper was used for
sampling gases. At 0, 10, 20, 30, and 40 min after the lid was
closed, five 10 mL gas samples were collected from the headspace
of chamber with gas-tight syringes. The gas samples were
analyzed within 8 h using a gas chromatograph (Agilent 7890 A,
California, United States). N2O was detected by electron capture
detector, and CO2 and CH4 were detected by flame ionization
detector. The DN-Ascarite and DN-CO2 methods described by
Yao et al. (2010) were utilized for N2O analysis. The fluxes were
calculated according to the change rate of the gas concentration
in the headspace of enclosed chamber with time. When the
valid measurement value of gas concentration was fewer than
five times, or significant non-linearity was not detected, linear
regression was used to calculate the fluxes. Otherwise, the non-
linear model (Ct = k1/k2 + (C0 - k1/k2) × exp(-k2t), where
C0 is the N2O concentration at the beginning of the enclosure,
and k1 and k2 are the fitting parameters) proposed by Kroon
et al. (2008) was used. The cumulative gas fluxes during each
FTC and all three FTC periods were then calculated as the sum
of daily fluxes.

The soil water content was determined by weight loss method
and dried the soil samples at 105◦C for 24 h. The soil pH was
measured using a pH meter (PHS-25, Shanghai, China) with
soil:water ratio at 1:5. The soil TN and SOC contents were
determined using an automated C and N analyzer (Elementar,
Hanau, Germany). Soil ammonium (NH4

+-N) and nitrate
(NO3

−-N) were extracted from 20 g of fresh soil with 1 M KCl
(soil: water = 1:5 w/v) and quantified colorimetrically using a flow
injection analyzer (Seal AA3, Norderstedt, Germany). The MBC
and MBN contents in the soil samples were measured using the
chloroform fumigation-extraction method (Wu et al., 2014a).

Statistical Analyses
All data are presented as the mean and the standard error of the
mean unless otherwise stated. The data were tested for normality
(Kolmogorov-Smirnov test) and homogeneity (Levene’s test)
before analysis. Pearson correlations and analysis of variance
(ANOVA) of soil properties and GHG fluxes following the
Student-Newman-Keuls (SNK) test were performed in SPSS
21 (IBM, Armonk, NY, United States). One-way ANOVA
was performed to examine the effect of FTCs on the basis
of the soil properties before and after the complete FTC
experiment. Two-way ANOVA was conducted to test the
effect of grazing, FTCs and their interaction on the fluxes
of the three gases. In addition, one-way ANOVA was used
to test the effect of grazing on the total cumulative fluxes
of the three gases during the FTC experiment. Differences
were considered statistically significant at P < 0.05. Scatter
diagrams and bar plots were generated in OriginPro 2018
(Origin Lab Corporation, United States). The joint statistical
analysis of the GHG fluxes and soil properties in the form
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FIGURE 1 | The dynamics of soil DOC (A), DON (B), NH4
+-N (C), and NO3

--N (D) contents and microbial biomass C (E) and microbial biomass N (F) during FTCs
(mean ± SE, N = 9). The gray areas indicate the freezing periods.

of scatterplots and structural equation modeling was matched
according to the same sampling time. The scatterplot matrix
was mapped with scatterplotMatrix function in the “car” package
using R3.4.3. Structural equation modeling (SEM) was used
to examine the direct and indirect effects of grazing, FTCs
and soil properties on the daily GHG fluxes. The structural
equation models were constructed and analyzed using R3.4.3
with the sem.fit and sem.lavaan functions in the “lavaan” and
“piecewiseSEM” packages.

RESULTS

Effect of Freeze-Thaw Cycles and
Grazing on Plant and Soil Characteristics
The aboveground, litter and belowground biomass were
significantly lower in the grazing treatments than in the enclosed
treatments, but the soil bulk density in the grazing treatments
was significantly higher (Supplementary Table 1). There
was no significant difference in pH between the grazing and
enclosed treatments. Soil DOC and DON were significantly
lower (P < 0.05) in grazing treatments than those in enclosed
treatments before the FTCs (Supplementary Table 2). However,
the NH4

+-N, NO3
−-N, MBC, and MBN contents showed

no significant differences between grazing and enclosed
treatments before the FTCs. As shown in Figure 1, in the
first FTC, the contents of DOC, DON, NH4

+-N, NO3
−-N,

MBC, and MBN increased in both the freezing and subsequent
thawing periods compared to those in the pre-incubation
period, whereas in the second and third FTCs, the contents
of the above soil chemicals declined during soil freezing but
increased in the following thawing period. In general, after
three consecutive FTCs, the contents of DOC, DON, NH4

+-N,
and NO3

−-N were significantly increased in both the grazing
and enclosed treatments (Table 1). The contents of MBC and
MBN increased only slightly after three FTCs compared with
those at the beginning of the experiment, and the changes were
not significant.

Dynamics of N2O Flux During
Freeze-Thaw Cycles and the Impact of
Grazing
The daily N2O flux ranged from 0.10 to 114.87 µg N m−2 h−1 in
the grazing treatments and from 1.04 to 127.80 µg N m−2 h−1

in the enclosed treatments during the whole incubation period
(Figure 2). In the freezing periods, the N2O emissions were
reduced compared to those in the pre-incubation period, and
N2O emissions were substantially promoted in the three thawing
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TABLE 1 | One-way ANOVA of the effect of FTCs on soil characteristics and microbial biomass carbon and nitrogen.

Treatment DOC DON NH4
+-N NO3

−-N MBC MBN

(mg C kg−1) (mg N kg−1) (mg N kg−1) (mg N kg−1) (mg C kg−1) (mg N kg−1)

Before FTCs Enclosed 163.02 ± 3.79 35.03 ± 1.45 3.15 ± 0.28 4.40 ± 0.31 549.34 ± 18.94 39.87 ± 2.41

After FTCs Enclosed 205.9 ± 3.45 83.53 ± 3.60 4.94 ± 0.22 9.69 ± 0.31 659.85 ± 18.38 46.00 ± 2.81

P-values (FTCs) < 0.001 <0.001 < 0.001 <0.001 0.001 0.138

Before FTCs Grazing 148.43 ± 3.83 28.81 ± 1.50 3.05 ± 0.25 4.57 ± 0.31 494.61 ± 23.15 37.21 ± 3.00

After FTCs Grazing 197.22 ± 4.27 57.02 ± 2.65 4.25 ± 0.22 8.15 ± 0.42 574.84 ± 29.16 42.33 ± 2.98

P-values (FTCs) < 0.001 <0.001 0.004 < 0.001 0.059 0.271

DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. Values are the mean of 9 soil
cores.

FIGURE 2 | The dynamics of soil temperature (A), N2O flux (B), CO2 flux (C)
and CH4 flux (D) during three FTCs (mean ± SE, N = 9). The gray areas
indicate the freezing periods.

periods. By comparison, the peak N2O emission value was
relatively low in the first thawing period, was highest in the
second thawing period and was lower in the third thawing period.
In addition, during the three thawing periods, the daily N2O
flux was lower in the grazing treatments than in the enclosed
treatments. After three FTCs, grazing significantly reduced the
total cumulative N2O flux by 13.3% (average 23.60 mg N m−2

in the grazing treatments and average 27.22 mg N m−2 in the
enclosed treatments) (P = 0.020, Figure 3). Two-way ANOVA
(Table 2) showed that FTCs had a significant effect on the daily
N2O flux (P < 0.001); however, the effect of grazing was not

significant (P = 0.284), nor was the interaction between grazing
and FTCs (P = 0.512).

Dynamics of CO2 Flux During
Freeze-Thaw Cycles and the Impact of
Grazing
The range of the daily CO2 flux was 3.03∼68.72 mg C m−2 h−1

in the grazing treatments throughout the incubation period;
among the enclosed treatments, the range was 2.07∼91.48 mg C
m−2 h−1 (Figure 2). Similarly, the daily CO2 flux was quite low
in frozen soils (< 15 mg C m−2 h−1) but significantly increased
during thawing periods. The peak value of CO2 emissions
occurred in the first thawing period, and CO2 emissions gradually
declined with the sequence of FTCs. The daily CO2 flux was
continuously lower in the grazing treatments than in the enclosed
treatments in the three thawing periods. Grazing significantly
reduced the total cumulative CO2 flux (by 14.6%), which was
19.7 g C m−2 in the grazing treatments and 23.09 g C m−2 in
the enclosed treatments (P = 0.01, Figure 3). According to the
two-way ANOVA (Table 2), FTCs had a significant impact on
the daily CO2 exchange (P < 0.001); grazing and the interaction
between FTCs and grazing also had significant impacts (P = 0.004,
P = 0.048).

Dynamics of CH4 Flux During
Freeze-Thaw Cycles and the Impact of
Grazing
The flux of CH4 was consistently negative, meaning that CH4
was absorbed by the meadow steppe soil. In the grazing
treatments and enclosed treatments, the CH4 flux ranged from –
39.90 to –0.04 and from –49.39 to –0.13 µg C m−2 h−1,
respectively, during the whole incubation period (Figure 2).
The CH4 flux also decreased in freezing periods and increased
when the soil thawed, while the peaks of the CH4 uptake
rate gradually increased along the sequence of FTCs. The
daily CH4 uptake in thawing periods was consistently lower
in the grazing treatments than in the exclusion treatments.
Consequently, compared to that in the exclusion treatments,
the total cumulative CH4 uptake in the gazing treatments was
significantly reduced, by 26.8% (11.40 mg C m−2 compared
to 15.58 mg C m−2, P < 0.001, Figure 3). Two-way ANOVA
indicated that FTCs, livestock grazing and their interaction
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FIGURE 3 | Total cumulative fluxes of N2O (A), CO2 (B) and CH4 (C) during three FTCs (mean ± SE, N = 9). Symbol “*” indicate significant differences (P < 0.05)
and “**” indicate notable significant differences (P < 0.01) between grazing and enclosed treatments.

TABLE 2 | Two-way ANOVA of the effects of FTCs, grazing and their interaction
on soil N2O, CO2 and CH4 fluxes during FTCs.

P-values N2O CO2 CH4

FTCs < 0.001 <0.001 < 0.001

Grazing 0.284 0.004 < 0.001

FTCs * Grazing 0.512 0.048 < 0.001

Significant effects (P < 0.05) are highlighted in bold.

effect all had significant impacts on CH4 uptake (Table 2,
P < 0.001).

Effects of Grazing and Freeze-Thaw
Cycles on Soil Properties and
Greenhouse Gases Fluxes
In the scatterplot matrix (Figure 4), the correlation coefficients
between soil chemical and microbial properties and the daily
GHG flux are provided in the upper right corner, while the
subfigures in the lower left show the smooth fitting curves
between the two variables on the diagonal line. The correlations
between soil properties and the daily N2O and CO2 fluxes
were significant, but for CH4 uptake, the edaphic effects were
not significant.

SEM showed that the FTCs had a significant positive effect
on soil DOC and NO3

−-N (r = 0.64, P < 0.001; r = 0.58,
P < 0.001), thus stimulating the N2O flux (Figure 5A), but that
grazing had a negative effect on soil DOC, NO3

−-N and N2O
fluxes. The standardized total effect of NO3

−-N was the highest
(Figure 5B), which suggested that soil NO3

−-N dominated
the variance in N2O exchange during the FTCs (r = 0.71,
P < 0.001). FTe in grazing plots compCs significantly promoted
CO2 emissions by increasing the soil DOC and MBC contents
(r = 0.66, P < 0.001; r = 0.35, P < 0.001), while grazing had
negative effects on CO2 emissions (Figure 5C). DOC and MBC
were positive influencing factors on CO2 emissions (r = 0.28,
P < 0.001; r = 0.25, P < 0.001), with DOC playing a more

important role (Figure 5D). However, for CH4 uptake, the fitness
index (RMSEA = 0.192) failed to meet the requirements of SEM
(RMSEA < 0.08), indicating that the proposed soil chemical
factors could not explain the variation in CH4 fluxes during
FTCs (Figures 5E,F).

DISCUSSION

Effect of Grazing and Freeze-Thaw
Cycles on N2O Fluxes
Our study detected the stimulation of soil N2O emissions during
FTCs, which is consistent with the results of previous studies in
various ecosystems, including grasslands (Wang et al., 2005; Yao
et al., 2010), wetlands (Wang et al., 2013) and forests (Goldberg
et al., 2010). The substantial enhancement of N2O emissions
following soil thawing in the meadow steppe can be basically
explained by several physical factors. First, the expansion of
the WFPS leads to increased anaerobic volume, thus favoring
N2O production through denitrification (Bollmann and Conrad,
1998; Yin et al., 2020). Second, it has been well documented that
the N2O emission rate rises exponentially with soil temperature
(Yao et al., 2010; Smith et al., 2018). In addition, when soil
thaws, the substrate accumulated during the previous freezing
period may activate N2O-producing soil microbes (Chen et al.,
2021), which can be justified by the increased DOC and NO3

−-
N content induced by FTCs and the strong positive correlation
between NO3

−-N content and N2O emissions during FTCs.
However, SEM showed that DOC had a weak negative effect
on N2O emissions. Denitrification normally starts to occur
at 60% WFPS and higher (Wu et al., 2020), thus leading to
N2O emissions. DOC, as the carbon source for heterotrophic
denitrifying bacteria, is widely considered to have a positive
effect on N2O emissions when the denitrification process is
dominant (Khalil et al., 2004). In this study, under WFPS levels
from 41.6 to 47.8%, nitrification and denitrification may occur
simultaneously and lead to N2O release; therefore, DOC did
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FIGURE 4 | Scatterplot matrix showing the Pearson correlation coefficients between the fluxes of N2O, CO2, and CH4 and soil characteristics during FTCs. The
upper right half of the matrix shows the correlation coefficients. The superscript “NS” next to the correlation coefficient indicates non-significance (P ≥ 0.05);
unmarked coefficients are significant (P < 0.05). The lower left half shows the scatterplots and smooth curves.

not show a significant effect on N2O emissions. Taken together,
physical mechanisms and the variations in substrate supply
are predominantly responsible for the increased N2O emissions
during soil FTCs (Kim et al., 2012).

The total cumulative N2O emissions were significantly lower
in the grazing treatments than in the enclosed treatments
during FTCs. As long-term grazing will reduce the aboveground
vegetation biomass, the resulting lower litter input into the soil
will reduce soil nitrogen availability (Liu et al., 2015). Moreover,
it has been revealed that long-term grazing will lead to NO3

−-
N leaching from soil more readily (Steffens et al., 2008). The
lack of substrate may limit soil microbial nitrification and
denitrification, thus reducing N2O exchange. This inference can
be justified by the SEM result showing that grazing had a negative
effect on N2O emissions through the mediating effect of DOC
and NO3

−-N. In addition, livestock grazing can increase the soil
bulk density (Steffens et al., 2008), as confirmed in this study.
Consequently, the relatively limited soil aeration may result
in the reduction of N2O emissions under grazing conditions
(Smith et al., 2018).

Effect of Grazing and Freeze-Thaw
Cycles on CO2 Fluxes
In this study, the soil respiration rates were also markedly
enhanced during FTCs, which agreed with the findings of
previous studies on grasslands (Chen et al., 2019; Wu et al.,

2020). The soil CO2 emissions were low in the freezing
periods and high in the subsequent thawing periods. A strong
positive correlation (r = 0.81) was observed because the soil
microbial respiration rate is driven mainly by soil temperature
(Wu et al., 2014a). In addition, during freezing periods, soil
aggregates are covered by a thin film of ice that reduces
gas diffusivity (Kim et al., 2012; Congreves et al., 2018) and
thereby inhibits soil respiration. Upon soil thawing, the release
of accumulated substrates can substantially stimulate microbial
respiration (Wu et al., 2020). Correlation analysis and SEM
revealed the significant impacts of soil DOC and MBC contents
on CO2 fluxes during FTCs. Therefore, the physical conditions
and increased DOC and MBC contents may explain the rising
CO2 emissions during FTCs in meadow steppe soils (Kim et al.,
2012; Wu et al., 2014a).

Similar to previous studies on meadow steppe soils (Wu et al.,
2020), we found reduced total cumulative CO2 emissions in
grazing treatments compared with those in enclosed plots during
soil FTCs. One potential reason for this finding is that grazing
had significantly reduced the aboveground and underground
biomass (Supplementary Table 1), which in turn would cause
a decline in soil labile carbon content as revealed by our
results (Supplementary Table 2). These will reduce substrate
availability for soil heterotrophic respiration (Yu et al., 2019).
According to a global meta-analysis, heavy grazing leads to a
10.3% decline in soil organic carbon (Tang et al., 2019). SEM also
confirmed that grazing can reduce CO2 emissions by negatively
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FIGURE 5 | Structural equation modeling (SEM) showing the effects of the combination of grazing and FTCs on soil chemical properties and GHG fluxes (sample
size = 126). (A) SEM of N2O emissions, (B) standardized total effects on N2O emissions, (C) SEM of CO2 emissions, (D) standardized total effects on CO2

emissions, (E) SEM of CH4 uptake, (F) standardized total effects on CH4 uptake. The numbers on the arrows are the standardized path coefficients; a positive value
represents a positive influence, and a negative value represents a negative influence. The “*” next to the path coefficient indicates the significant level of the path
coefficient, *P < 0.05; **P < 0.01, ***P < 0.001. R2 indicates the explanation degree of response variables.

affecting soil DOC and MBC. Another possible reason could be
the lower soil moisture in grazing plots compared to those in
enclosed plots. It is well documented that the grazing-induced
decrease in soil moisture could inhibit microbial activities,
leading to reduced soil CO2 emissions (Savadogo et al., 2007;
Tian et al., 2016).

Effect of Grazing and Freeze-Thaw
Cycles on CH4 Fluxes
The soil CH4 flux was consistently negative during FTCs,
confirming a previous finding that meadow steppes function
predominantly as a sink for atmospheric CH4 (Chen et al.,
2011). Similar to the CO2 and N2O fluxes, the soil CH4 flux
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was low during soil freezing and high during soil thawing,
which was also observed in previous studies (Wu et al.,
2014a). Soil-atmosphere CH4 exchange is controlled by two
opposite biological processes: methane oxidation induced by
methanotrophs and methanogenesis induced by methanogens
(Holst et al., 2008). However, because methanogens live mainly
under anaerobic conditions, methanogenesis was considered
negligible in this study. The CH4 exchange in frozen soil was
restricted mainly by low gas diffusivity, substrate availability and
soil microbial enzyme activity (Chen et al., 2011; Smith et al.,
2018). During soil thawing, the rising temperature and increased
soil water availability have a strong stimulatory effect on CH4-
oxidizing microbes, therefore increasing CH4 uptake in meadow
steppes (Wu et al., 2010). The correlation analysis did not find
a significant correlation between the contents of DOC, DON,
MBC, or MBN and CH4 fluxes during FTCs in our study area.
Therefore, we recommend further research to identify additional
potential factors that may drive microbial processes related to soil
CH4 oxidation during FTCs.

Compared to that in the enclosed treatments, the total
cumulative CH4 uptake in the grazing treatments was
significantly lower during the three FTCs. This may be partly
attributed to the lower soil gas diffusivity caused by animal
trampling, since the availability of substrate gases (O2 and CH4)
is essential for the soil microbial CH4 oxidation process (Liu
et al., 2007). Moreover, the biomass of CH4-oxidizing bacteria
may be lower in long-term livestock grazing sites due to the
reduced carbon inputs from plants (Tracy and Frank, 1998).
Considering that many soil characteristics can be markedly
changed by grazing through herbivore species selection, plant
rhizosphere exudation and animal excreta deposition (Clegg,
2006) but that only a few soil characteristics were measured in
this study, the potential causes of the difference in CH4 uptake
between grazed and enclosed grasslands during FTCs have not
yet been fully explained.

CONCLUSION

The results of our incubation experiments demonstrated that
livestock grazing and soil FTCs had significant effects on soil-
atmosphere exchange of GHGs in meadow steppes in Inner
Mongolia. Although soil FTCs could substantially stimulate
soil N2O and CO2 emissions and CH4 uptake, long-term
grazing significantly reduced the cumulative N2O, CO2 and CH4
fluxes by 13.3, 14.6, and 26.8%, respectively, during the entire
experiment. SEM revealed that the increase in NO3

−-N induced
by FTCs dominated the variance in N2O emissions and that

DOC strongly affected CO2 emissions during thawing periods.
These results suggest that the increase in substrate availability
induced by FTCs can largely explain the increase in GHG fluxes.
Moreover, long-term grazing reduced soil substrate availability
and microbial activity and increased soil bulk density, which
in turn decreased the cumulative GHG fluxes during FTCs.
Therefore, our results suggested that the combined effect of
grazing and FTCs should be taken into account for accurately
estimating regional GHG budgets in meadow steppes.
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