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The Qinghai– Tibet Plateau (QTP), which embodies the largest area of permafrost at
mid–low altitudes of the world, has been experiencing rapid permafrost degradation and
changes in freeze–thaw processes for the past decades. However, the responses and
potential feedbacks of the methane flux from peatlands on the QTP to changing
freeze–thaw cycles (FTCs) remain unknown. In this study, we collected peat soils from
the Zoîgé peatlands, the largest peatland complex on the QTP, to examine methane
emissions under simulated diurnal FTC scenarios. In incubation experiments of 15 days,
two freeze–thaw temperature ranges of −5 to 4°C (mild) and −15 to 4°C (intense) were
applied to two sets of peat soil samples, and each of them was characterized by 100% or
80% maximum water holding capacity (MWHC). The results showed that the peak of
methane emission from the peat soil occurred after the first freeze–thaw cycle (FTC1), with
the highest reaching a value of 0.103mg kg soil−1·h−1. Generally, the cumulative methane
emissions were elevated by FTCs, and relative higher rates of methane emissions were
found for the 2nd FTC to the 15th FTC, compared with those from low-altitude peatlands.
Methane emissions were significantly correlated to the export of dissolved organic carbon
(DOC) and the activities of β-D-cellobiosidase and phenol oxidase in various freeze–thaw
conditions. This study highlights the importance of FTCs in stimulating methane emissions
and implies that methane emissions during FTCs from high-altitude peatlands would
increase under a warmer climate in the future.
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INTRODUCTION

Since the Last Glacial Maximum, peatlands have accumulated more than 600 Pg organic
carbon (Yu et al., 2010). Peatlands are an important source of atmospheric methane,
accounting for about 10% of the global methane budget (Roulet, 2000; Frolking et al., 2011).
However, methane emissions from peatlands are sensitive and vulnerable to environmental
variations, and larger methane emissions when peatlands are subject to higher temperatures
(Schuur et al., 2015) as the soil organic carbon decomposition would be accelerated (Natali et al.,
2011).

Most of the peatlands are distributed in high latitude and high-altitude areas where the seasonal
freeze–thaw is a typical surface process (Zhang and Armstrong, 2001). During the seasonal
freeze–thaw periods, autumn freeze and spring thaw, with intensive diurnal freeze–thaw cycles

Edited by:
Huijun Jin,

Northeast Forestry University, China

Reviewed by:
Xinhou Zhang,

Nanjing Normal University, China
Ziming Yang,

Oakland University, United States

*Correspondence:
Dan Zhu

zhudan_m@cib.ac.cn

Specialty section:
This article was submitted to

Biogeoscience,
a section of the journal

Frontiers in Earth Science

Received: 07 January 2022
Accepted: 07 March 2022
Published: 31 March 2022

Citation:
Yang Z, Zhu D, Liu L, Liu X and Chen H

(2022) The Effects of Freeze–Thaw
Cycles on Methane Emissions From

Peat Soils of a High-Altitude Peatland.
Front. Earth Sci. 10:850220.

doi: 10.3389/feart.2022.850220

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8502201

ORIGINAL RESEARCH
published: 31 March 2022

doi: 10.3389/feart.2022.850220

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.850220&domain=pdf&date_stamp=2022-03-31
https://www.frontiersin.org/articles/10.3389/feart.2022.850220/full
https://www.frontiersin.org/articles/10.3389/feart.2022.850220/full
https://www.frontiersin.org/articles/10.3389/feart.2022.850220/full
http://creativecommons.org/licenses/by/4.0/
mailto:zhudan_m@cib.ac.cn
https://doi.org/10.3389/feart.2022.850220
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.850220


(FTCs), were known as the “shoulder season” (Arndt et al., 2019;
Pirket al., 2015). Recent studies from the northern region have
reported considerable methane emissions during the periods of
spring thaw (e.g., Song et al., 2012; Tokida et al., 2007) and
autumn freeze (Bao et al., 2021; Raz-Yaseef et al., 2017; Pirk et al.,
2015; Mastepanov et al., 2008). A significant increase of methane
emissions during freeze–thaw periods has been observed from a
peatland of the Sanjiang Plain, Northeast China (Yang W. et al.,
2006). A large amount of methane was found to be released
during the spring thaw period with great spatiotemporal
heterogeneity from a peatland in Hokkaido, Japan (Tokida
et al., 2007). One study even found that methane emissions
during spring thaw accounted for 80% of the annual budget
(Song et al., 2012). On the contrary, three to four times higher
contributions of methane emissions during the autumn freeze
than that of the spring thaw were observed from a tundra
ecosystem in Alaska, United States (Bao et al., 2021). Another
study found a methane emission burst in the early winter from
tundra regions as well (Mastepanov et al., 2008). The field
monitoring on a peatland of the Qinghai–Tibet Plateau (QTP)
showed that methane emissions during FTCs accounted for 11 to
27% of the annual budget, and methane emissions of the autumn
freeze period were higher than those of the spring thaw period
(Chen et al., 2021), with the underlying mechanism remaining
unknown.

The average thickness of peat in the northern region is 2.3 m
(Gorham, 1991), and FTCs mainly occur in the surface soil (Jin
et al., 1999; Song et al., 2006). Studies show that the FTC
primarily changes the physical structure of soil by shifting the
thermal and hydrological conditions, and then affects the
related biological processes, including changes in plant root
activities, soil enzyme activities, and microbial community
composition, which consequently affect the methane
production and emission (Freeman et al., 2001; Herrmann
and Witter, 2002; Wang et al., 2007; Sorensen et al., 2018).
Cellulose and lignin are the two most abundant soil organic
compounds, and the microbial-mediated decomposition of
these substances provides the main substrates for soil
respiration. Among them, the hydrolysis of cellulose and
hemicellulose is mainly catalyzed by cellulose, such as β-D-
cellobiosidase, and the oxidation and degradation of phenolic
recalcitrant-like compounds are catalyzed by ligninase, such as
phenoloxidase (Chen et al., 2018).

In high altitude regions, due to the stronger diurnal
temperature variations in the cold season (Dong and Huang,
2015), the seasonal freeze–thaw processes are characterized by a
short period of freeze-up and long shoulder seasons of ground
freezing and thawing than their counterparts in high latitudes
(Yang M. et al., 2006). Under such conditions, FTCs are expected
to have a similar or even stronger impact on methane emissions
(Xiang et al., 2009; Wang et al., 2011). Despite the large areal
extent of peatlands in the mountain regions of the world (Xu
et al., 2018), there have been limited attempts to quantify their
methane emissions during FTCs. Therefore, in this study we
aimed to test 1) whether FTCs will enhance methane emissions
from high-altitude peatlands; 2) the relationships between
methane emissions and influencing factors of FTCs.

MATERIALS AND METHODS

Study Site and Sample Collection
We selected the Zoîgé peatlands on the northeastern QTP as our
study site. With an area extent of 4.6 × 103 km2, the Zoîgé
peatlands are the largest high-altitude peatlands of the world
and account for about 44% of the total peatland area of China (Liu
et al., 2012; MeiWang et al., 2014). The sampling plot was located
at a peatland developed on a fluvial–pluvial fan in the interior of
the Zoîgé peatlands (33o04′06″N, 102o34′31″E; 3428 m a.s.l.)
(Figure 1). The thickness of the peat of the sampling plot
was 2–3 m.

The climate in the Zoîgé peatlands belongs to cold temperate
continental climate with alternating summer and winter
monsoons. During the period of 2013 to 2017, the highest
monthly mean air temperature ranged from 9.1 to 11.4°C in
July, while the lowest one ranged from −10.9 to −8.2°C in January
(Liu, 2021). The range of mean annual precipitation was
approximately 656 mm, 86% of which occurred between April
and October. According to field observation at 5 cm in soil (Liu,
2021), spring ground surface thawing occurred between February
to April, whereas autumn ground surface freezing occurred
between September to December. During the autumn ground
surface freezing periods, the mean soil freezing temperature was
around −5°C, while spring ground surface thawing temperature
was around 4°C. Moreover, the minimum daily mean soil
temperature was around −15°C. The vegetation plant species
of the sampling plot were dominated by Kobresia tibetica and
Carex muliensis.

We collected 20 cylindrical peat blocks (diameter, 9 cm;
height, 20 cm) from the surface layer (0–20 cm) in October,

FIGURE 1 |Map of the Zoîgé Plateau with the sample site location in the
Ruokeba peatland. The green part of China map is QTP.
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2018. Each peat soil sample was divided into two halves: one was
analyzed for physical and chemical properties, while the other for
incubation experiments.

Determination of Peat Samples
The pH was measured with an electronic pH meter (Sartorius
P10). Total carbon and nitrogen were measured with an element
analyzer (Isoprime 100, Elementar). The total organic carbon
(TOC) of the soil was measured with a TOC analyzer (Vario
TOC). The maximum water holding were calculated according to
the procedures described in Rey et al. (2005).

Incubation Experiments
Two freeze–thaw intensities (freezing at −5°C for 12 h, then thawing
at 4°C for 12 h, and freezing at −15°C for 12 h, then thawing at 4°C
for 12 h. Named as mild FTCs and intense FTCs hereafter,
respectively) were introduced into the incubation and two water
content gradients, maximum water holding capacity of 100% (100%
MWHC) for one half of the soil sample and the other half to 80%
(80% MWHC). A set of control samples was incubated at 4°C
(control) for reference. Therefore, the 20 peat soil samples that were
collected from the fieldwere divided into five groups, i.e., mild+100%
MWHC, mild+80%MWHC, intense +100%MWHC, intense+80%
MWHC and control, with four replicates in each group. For each
replicate, air-dried peat soil (55 g) was placed in 250mL flasks, all
samples were kept at 4°C for 5 days until they were incubated in an
adjustable temperature freezer.

Themethane fluxmeasurement for headspace gas samples was
collected at 10 min intervals after 0, 1st, 3rd, 5th, 10th, and 15th
FTCs (FTC0, FTC1, FTC3, FTC5, FTC10, and FTC15,
respectively). The gas samples were analyzed for methane
concentrations by flame ionization detection (FID) on a gas
chromatograph (GC, PE Clarus 500, PerkinElmer, Inc.,
United States), operating at 350°C and a 2 m porapak 80-100
Q column. The column oven temperature was 35°C and the
carrier gas was N2 with a flow rate of 20 cm3 min−1. The
minimum detectable concentration was 1 × 10−3 μL L−1 (ppb)
standard with a concentration of 4.9 μL L−1 (China National
Research Center for Certified Reference Materials, Beijing).

The formula for the gas emission rate is (Liu et al., 2016)

F � dc

dt
· V
V0

· P
P0

· T0

T
· M
m
, (1)

where F represents the gas emission rate (mg kg soil−1·h−1); dc/dt
(mol h−1) represents the rate of change in gas concentration; M
(mg mol−1) represents the molar mass of the gas; P (Pa)
represents the atmospheric pressure at the sampling site; T (K)
represents the absolute room temperature during the sampling
time; V (m3) represents the headspace volume of the culture flask;
m (kg) indicates the dry weight of the soil sample; and V0 (m

3), P0
(Pa), and T0 (K) represent the molar volume, atmospheric
pressure, and absolute temperature under standard conditions,
respectively.

The formula for cumulative gas emissions is (Wang, 2014)

CE � ∑n

i�1(
Fi + Fi+1

2
) · (Ti+1 − Ti) · 24, (2)

where CE represents the cumulative gas emission (mg kg soil−1); F
stands for the gas emission rate (mg kg soil−1·h−1); i represents the
times of gas collection; Ti +1-Ti represents the interval between
two adjacent gas collections; n represents the total number of gas
collections during the observation period; and 24 means 24 h in
1 day.

Dissolved organic carbon (DOC) measurement fresh peat soil
(5 g) was passed through a 100-mesh sieve and was placed in a
centrifuge tube. 50 ml of deionized water was added and shaken
for 30 min. The supernatant was taken and passed through a
0.45- μm organic filter membrane. The concentration was
determined with a TOC analyzer. We adopted the procedures
of Zhang et al. (2006).

The formula for cumulative DOC output is (Wang, 2014)

CD � ∑n

i�1(
Di +Di+1

2
) · (Ti+1 − Ti), (3)

where CD represents the cumulative output of DOC (g kg soil−1);
D represents the output of DOC (g kg soil−1); i represents the
number of FTCs; Ti+1-Ti represents the time interval between two
measurements; and n represents the total number of
measurements in the observation period.

β-D-cellobiosidase and phenoloxidase activity measurement
fresh peat soil (2 g) was placed in a 250 ml beaker, and 200 ml of
acetic acid buffer was added to make a suspension. A fluorescence
plate was used for the determination of the β-D-cellobiosidase
activity (with 4-MUB-β-d-glucoside and 4-MUB-β-d-cellobiosid
as substrates), and a white board was used for the phenoloxidase
activity (with L-DOPA as substrates). β-D-cellobiosidase was
reacted for four h and the phenoloxidase substrate was reacted
for 20 h at 25°C. Finally, 20 μL of sodium hydroxide was added to
the fluorescent plate for comparing the color at the absorbance of
365 nm/450 nm and at the absorbance of 460 nm for the white
plate (Blagodatskaya et al., 2016; Dunn and Freeman, 2018;
Sorensen et al., 2018).

Statistical Analysis
The variations of the methane emission rate and methane
cumulative emission, DOC, and enzyme activity under different
ground surface freezing and thawing conditions were examined by a
one-way analysis of variance (ANOVA). The correlation between
DOC, enzyme activity, and the methane emission rate were
examined by the Pearson correlation. The effects of the number
of FTCs, freeze–thaw intensity, peat water content, and their
interactions with the methane emission rate, DOC, and enzyme
activity were tested by a multi-factor analysis of variance
(MANOVA). The significant difference and extremely significant
difference were indicated by p < 0.05 and p < 0.01, respectively.
Statistical analyses were conducted using SPSS 17.0.

RESULTS

Methane Emission
The methane emission rate showed significant peaks (p < 0.05)
after the first freeze–thaw cycle (FTC1) in all the treatments. In
terms of the emission rate of FTC1, the sequence was mild
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+100% MWHC > intense +100% MWHC > mild +80%
MWHC > intense +80% MWHC, with their rates ranged
from 0.060 to 0.103 mg kg soil−1·h−1, and mild +100%
MWHC was approximately 2.5 times as control, yet FTC0,
3, 5, 10, and 15 showed no significant differences with control
(Figure 2).

The cumulative methane emissions increased after all the
FTCs compared with the control (△> 0). Similar to the
emission rate of FTC1, the sequence of cumulative methane
emissions was mild +100%MWHC > intense +100%MWHC >
mild +80%MWHC > intense +80%MWHC, with their amounts
ranged from 8.407 to 14.671 mg kg soil−1. Notably, under the 80%

MWHC condition, the difference between mild and intense FTCs
was significant (p = 0.031). The cumulative methane emission
under 100% MWHC is higher than that under 80% MWHC,
regardless of the freeze–thaw intensity (intense, p = 0.032; mild,
p = 0.206) (Figure 3).

DOC Output
The DOC content reached its peak at FTC1in all the four
treatments. Intense +80% MWHC and mild +100% MWHC
showed a significant peak (p < 0.05) after FTC1. However, no
significant differences were observed among the other two FTC
treatments and control groups (p > 0.05). Furthermore, the DOC
content of mild+80%MWHC decreased after FTC1 (Figure 4).

Under intense FTCs, the cumulative DOC output increased
by 0.257 and 0.337 g kg soil−1 in 80% MWHC and 100%
MWHC, respectively (△>0). Under mild FTCs, the
cumulative DOC decreased by 0.603 and 0.399 g kg soil−1 in
80% MWHC and 100% MWHC, respectively (△<0). The
cumulative DOC output under 100% MWHC was higher
than that of 80% MWHC, and this was significant under
the mild FTC (p = 0.029) (Figure 5).

Enzyme Activity
The β-D-cellobiosidase activity decreased significantly after
FTC1 and remained stable until the end of 15 FTCs under mild
freeze–thaw conditions, the mild +80% MWHC decreased
significantly compared with FTC0 (Figure 6A), and the
mild +100%MWHC increased significantly at FTC1
(Figure 6B) (p < 0.05). Moreover, the β-D-cellobiosidase

FIGURE 2 | Methane emission rate in freeze–thaw cycles. (A) The
methane emission rates of 100%MWHC peat; (B) the methane emission rates
of 80%MWHC peat. Mild means freeze–thaw cycle at −5~4°C; intense means
freeze–thaw cycle at −15–4°C; *, there is a significant difference between
freeze–thaw peat and control group (p < 0.05).

FIGURE 3 | Cumulative methane emission. Mild means freeze–thaw
cycle at −5~4°C; intense means freeze–thaw cycle at −15–4°C. Triangles (△)
indicate the difference of cumulative methane emission between the target
setting condition and next sequence setting condition.

FIGURE 4 | DOC content in freeze–thaw cycles. (A) The DOC outputs of
100%MWHC peat; (B) the DOC outputs of 80%MWHC peat. Mild means
freeze–thaw cycle at −5~4°C; intense means freeze–thaw cycle at −15–4°C; *,
there is a significant difference between the freeze–thaw peat and control
group (p < 0.05).
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activity fluctuated and reached its minimum in FTC5 under
intense FTC (Figure 6).

Under intense +80% MWHC, the phenol oxidase activity
decreased significantly after FTC1, and dropped to the lowest
value after FTC3, whereas it remained stable in mild +80%
MWHC (Figure 7A). Under intense +100% MWHC, the
phenol oxidase activity was the highest in FTC1 while it
increased significantly after FTC1 and FTC3, and was the
highest after FTC3 under mild +100%MWHC (Figure 7B).

Effects of FTCs on Methane Release, DOC
Output, and Enzyme Activity
The methane emission rate was significantly affected by FTCs
in different freeze–thaw patterns. Under 80% MWHC
condition, the number and intensity of FTCs and the
interaction between the two significantly affected the
methane emission rate (p = 0.003, 0.000, 0.003), while the
number of FTCs significantly affected the methane emission

rate under 100% MWHC condition (p = 0.000). Furthermore,
the number of FTCs and its interaction with water content
significantly affected the methane emission rate (p < 0.05)
under a mild FTC condition, while the number of FTCs and
water content had extremely significant impacts under the
intense FTC condition (p = 0.001, 0.000).

The intensity of FTCs affected the DOC under 100% MWHC
condition (p = 0.000), and the number of FTCs had a significant
effect on the DOC (p = 0.003). Under the mild FTC condition, the
number of FTCs, water content, and the interaction between the two
significantly affected the DOC concentration (p < 0.05).

The β-D-cellobiosidase activity was significantly affected by the
number of FTCs and their interaction with intensity under 100%
MWHC condition (p = 0.000; p = 0.000). Both the β-D-
cellobiosidase (p = 0.015) and phenoloxidase (p = 0.025) activities
were significantly affected by the interactions between the number of
FTCs and intensity under 80%MWHC condition. Moreover, the
number of FTCs and their interaction with water content
significantly affected the β-D-cellobiosidase activity (p = 0.000;
p = 0.001). However, the intense FTC condition did not show
obvious effects on the DOC, β-D-cellobiosidase activity, and
phenoloxidase activity (p > 0.05) (Table 1).

Relationship Between Methane Emission
Rate and Variables
The methane emission rate was correlated significantly to the DOC
content under 100% MWHC condition (p = 0.002), whereas no
significant correlation was observed under 80%MWHC condition
(p = 0.410). Moreover, the DOC content was found to have
significant correlations with the methane emission rate under
both mild (p = 0.000) and intense (p = 0.023) FTCs under 100%
MWHC condition. Generally, the methane emission rate was
significantly correlated with β-D-cellobiosidase and phenoloxidase
activities, regardless of the freeze–thaw intensity and soil water
content (Table 2).

FIGURE 5 | Cumulative DOC output quantity. Mild means freeze–thaw
cycle at −5~4°C; intense means freeze–thaw cycle at −15–4°C. Triangles (△)
indicate the difference of cumulative DOC output quantity between the target
setting condition and next sequence setting condition.

FIGURE 6 | β-D-cellobiosidase activity changes during the freeze–thaw cycles. (A) the β-D-cellobiosidase activity of 80%MWHC peat; (B) the β-D-cellobiosidase
activity of 100%MWHC peat; mild means freeze–thaw cycle at −5~4°C; intense means freeze–thaw cycle at −15~4°C.
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DISCUSSION

Methane Emissions During the FTCs
It has already been shown that methane emissions are more
significant at the beginning of continuous FTCs (Wang, 2014;

Kurganova et al., 2007). As the number of FTCs increases,
methane emission rate tends to decrease (Wang, 2010; Wang,
2015; Hao et al., 2007; Prieme and Christensen, 2001). Our
result was consistent with the aforementioned studies. When
soil freezing and thawing occurs, the water phase changes, ice

FIGURE 7 | Phenol oxidase activity changes during the freeze–thaw cycles. (A) The phenol oxidase activity of 80%MWHC peat; (B) the phenol oxidase activity of
100%MWHC peat. Mild means freeze–thaw cycle at −5~4°C; intense means freeze–thaw cycle at −15~4°C.

TABLE 1 | MANOVA results of enzyme activity in different freeze–thaw patterns.

Methane emission rate DOC β-D-cellobiosidase Phenoloxidase

Different freeze–thaw intensity(100%MWHC) I 0.240 0.103 0.978 0.272
T 0.000 0.000 0.000 0.095
I×T 0.936 0.087 0.000 0.348

Different freeze–thaw intensity(80%MWHC) I 0.003 0.003 0.215 0.085
T 0.000 0.488 0.309 0.573
I×T 0.003 0.486 0.015 0.025

Different water content (−5–4°C) W 0.064 0.000 0.059 0.970
T 0.000 0.001 0.000 0.123
W×T 0.001 0.027 0.001 0.147

Different water content (−15–4°C) W 0.001 0.197 0.986 0.840
T 0.000 0.172 0.104 0.052
W×T 0.633 0.731 0.223 0.503

I, freeze–thaw intensity; T, freeze–thaw times; W, water content. Values are p values; bold indicates significant levels (p < 0.05) or extremely significant levels (p < 0.01).

TABLE 2 | The correlation between methane emission rate and DOC content.

Freeze–thaw condition DOC β-D-cellobiosidase Phenoloxidase

Different freeze–thaw intensity(100%MWHC) Pearson correlation 0.432a 0.518a 0.327b

p value 0.002 0.000 0.024
Different freeze–thaw intensity(80%MWHC) Pearson correlation 0.122 0.322b 0.345b

p value 0.410 0.042 0.016
Different water content (−5~4°C) Pearson correlation 0.497a 0.627a 0.017

p value 0.000 0.000 0.909
Different water content(−15–4°C) Pearson correlation 0.328b 0.046 0.470a

p value 0.023 0.756 0.001

aExtremely significant correlation (p< 0.01).
bSignificant correlation (p< 0.05).
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crystal grows, and water migrates on soil particles and pores,
thus soil structure is damaged (Xie et al., 2015; Wang et al.,
2013), and gas trapped in soil gaps is squeezed out and
contributes to the increasing methane emission (Shindell
et al., 2009). As the soil temperature decreased during the
autumn freeze period, the thermal conductivity of peat soil
increased by 13 times in the process of changing from dryness
and positive temperature to ice saturation and freezing (Zhou
et al., 2000), resulting in the change in the heat capacity of the
soil and the heat exchange flux with the atmosphere.
Accompanied by the release of a biological activity
compound (Tan et al., 2012) and carbon dioxide (McLain
et al., 2002), with the impact of organic carbon (Tveit et al.,
2012; Wu et al., 2019) and enzymes (Jiaoyue Wang et al., 2014;
Kuttim et al., 2017; Chen et al., 2018) on gas emissions, the
methane emissions could be enhanced. In the field observation
adjacent to our sampling plot, higher methane emissions
during the autumn freeze period than those in the spring
thaw period was found with the emission peaks during the
early autumn freezing period as well (Chen et al., 2021).
Although our study only conducted simulation experiments,
it could be helpful for understanding the effects of the intensity
and number of FTCs on in situ high methane emissions in the
early autumn freezing period.

In terms of the source strength of the methane emission
induced by FTCs, our results were much lower than those
found from a low-altitude peatland, where the methane
emission peak ranged from 13.40 to 55.02 mg m−2·h−1, and it
was 4–19 times of the control (Wang, 2014). The incubation of
peat soil from the low latitude area set the FTCs as freezing at
−6°C for 2 days and thawing at 6°C for 5 days, resulting in high
emissions due to longer-term ground surface freezing and
thawing processes. Our incubation followed the FTCs in the
field and thus has more frequent daily FTCs (Chen et al., 2021).
Therefore, lower methane emission rates from this study could be
attributed to the different experimental settings.

Our study also showed the impact of the number of FTCs on
methane emissions in various freeze–thaw treatments. Generally,
the gas emission tends to decrease after the initial emission peak
(Prieme and Christensen, 2001; Hao et al., 2007; Wang, 2010,
2015). In our study, the cumulative methane emission under
mild+100%MWHC condition was 2.469 mg kg soil−1 during
FTC1 and 12.202 mg kg soil−1 from FTC2 to FTC15, which
were 3.74 and 2.61 times their counterparts in the control
group, respectively. Even under intense +80%MWHC
condition, the lowest increments among the four FTC
conditions, the cumulative methane emission was 1.430 mg kg
soil−1 during FTC1 and 6.977 mg kg soil−1 from FTC2 to FTC15,
which were 2.21 and 1.36 times of their counterparts in the
control group, respectively. In summary, under a variety of
freeze–thaw environmental conditions, the methane emission
induced by the whole FTCs was 1.45–2.75 times of that
without FTCs; The cumulative effect of the number of FTCs
in our study was stronger to that of the low-altitude areas (Wang,
2014; Zhang et al., 2018). Jiaoyue Wang et al. (2014) found that
the cumulative methane emission was about 1.35 times of that
without FTCs under mild FTCs (−6~6°C), whereas Zhang et al.

(2018) found that it was about 1.19 times and 2.85 times under
mild FTCs (−5~5°C) and intense FTCs (−15–5°C), respectively.
Therefore, our finding highlights the profound effect of the
number or duration of FTCs on methane emissions on the
peatlands, at least during the autumn freezing period at the
high altitudes. Furthermore, it indicates higher methane
emissions during shoulder seasons from those high-altitude
peatlands in the context of warmer climate and longer
shoulder seasons.

In contrast to other studies (e.g., Zhang et al., 2018; Wang,
2014; Goldberg et al., 2008; Gao et al., 2015), this study found
the greater cumulative methane emission under mild FTC than
that under intense FTCs. Although a large amount of organic
carbon is released from the aggregates because of freezing
damage to the soil structure and more greenhouse gases will be
released in a more intense freezing state, soil biological
changes that induced by a higher temperature were more
effective for enhancing methane emissions in the mild
freezing-thawing mode. Furthermore, as plant roots have
degenerated during the autumn freeze period, substrates
retained in the soil for methanogenesis, whereas ammonium
and nitrate components were accumulated in the soil,
inhibiting methane oxidation (Groffman et al., 2006),
resulting in greater methane emissions. This indicated a
potential higher methane emission from high-altitude
peatlands under the mild FTCs in future climate scenarios.

Effect of DOC Content and Enzyme Activity
on Methane Emission
The DOC content first increased and then decreased throughout
the FTCs. Similar dynamics have also been presented in other
studies (Hao et al., 2007; Zhou et al., 2008; Wang, 2014). In
addition, the methane emission rate was significantly positively
correlated with the DOC in a variety of freeze–thaw
environments. The microbial community composition can
adjust the carbon utilization efficiency to the freeze–thaw
processes (Herrmann and Witter, 2002; Chen et al., 2018). At
FTC1, the microbial community composition changed
significantly, and then gradually returned to the state before
FTCs. Moreover, the active organic carbon in the aggregates
was gradually released at the beginning of FTCs (Groffman et al.,
2001; Bechmann et al., 2005; Wang et al., 2013), whereas the
original DOC in the soil was constantly being decomposed and
consumed by living microorganisms. Therefore, the DOC
content decreased after multiple FTCs (Herrmann and Witter,
2002; Wang et al., 2011), and this process is compatible with the
methane production.

Our study showed that the number of FTCs had
significantly impact on the β-D-cellobiosidase activity,
which was consistent with the results from an analysis on a
low-altitude peatland (Li et al., 2019). As a catalytic enzyme in
the final stage of glucose production, the activity of β-D-
cellobiosidase was greatly affected by the concentration of
the substrate from cellulose decomposition (Brouns et al.,
2016). Moreover, in the early stage of organic matter
decomposition, cellulose with a higher content was
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decomposed by FTCs preferentially, producing more
biodegradable substrates for eutrophic bacteria, such as
Pedobacter, a predominant bacterium in eutrophic water
(Zheng et al., 2015). Therefore, the β-D-cellobiosidase
activity was higher at the early stage of FTCs.

Phenol oxidase was the limiting factor for the
decomposition of soil organic carbon in peat soil (Chen
et al., 2018). The activity of phenol oxidase in peatlands is
found to be related to carbon storage and DOC release
(Freeman et al., 2001). The increase of phenolic compounds
will inhibit the decomposition of organic carbon in soil, thus
reduce the amount of substrates for methane production.
Therefore, the accumulation of phenolic compounds
inhibited the decomposition of DOC, resulting in the
increased cumulative release of DOC this ultimately leaded
to a declined methane emission, particularly under intense
FTCs. As the phenol oxidase activity is thought to be enhanced
under warmer climate in the future (Chen et al., 2018), the
effect of altered FTCs on methane emissions from peatlands
would be complicated. Therefore, more insights are needed to
obtain a better understanding on methane emissions
during FTCs.

CONCLUSION

Increased methane emissions were found after the simulated
FTCs from peat soils of a high-altitude peatland on the QTP.
Similar to other studies, the methane emission peak occurred
after the first FTC. The longer duration of the FTCs seems to have
a profound effect on elevating methane emissions in our study
compared with those from low-altitude peatlands. The incubated
soils with mild freeze–thaw intensity and higher water content
had a higher cumulative methane emission than that of their
counterparts. Furthermore, DOC, β-D-cellobiosidase, and phenol

oxidase were significantly correlated to methane emissions in a
variety of freeze–thaw environments. These results have
suggested a higher methane emission during the seasonal
freeze–thaw process from high-altitude peatlands under the
projected future climate scenarios, as both longer and warmer
shoulder seasons could be expected.
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