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Nitrogen additions increase N2O emissions but reduce soil respiration and
CH4 uptake during freeze–thaw cycles in an alpine meadow
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Freeze-thaw cycles (FTCs) and increasing nitrogen (N) availability may aﬀect soil carbon (C) and N turnover and
thus stimulate greenhouse gas (GHG) emissions in cold regions. However, the combined eﬀects of FTCs and
increased N availability on GHG ﬂuxes remain unexplored, especially in high-altitude alpine meadows. We
conducted an incubation study to investigate the eﬀects of diﬀerent forms and levels of N additions on soil trace
gas ﬂuxes during three FTCs in an alpine meadow on the Qinghai-Tibetan Plateau. Our results showed that the
N2O and CO2 emissions as well as CH4 uptake substantially increased during FTCs. N additions generally enhanced the freeze–thaw-related soil N2O emissions but inhibited soil respiration and CH4 oxidation. NO3–-N
additions induced signiﬁcantly higher cumulative N2O emissions during FTCs than NH4+-N additions. The soil
respiration rates were signiﬁcantly reduced with increasing levels of N additions and were positively correlated
with the soil DOC and MBC contents. Soil CH4 uptake was substantially inhibited by increasing levels of NH4+-N
additions, but was signiﬁcantly reduced only by high levels of NO3–-N additions. Our results indicate that N
addition plays an important role in aﬀecting soil GHG ﬂuxes during FTCs. The eﬀects of diﬀerent forms and
levels of N additions on soil GHG ﬂuxes should be considered in future estimations of GHG budget in alpine
meadows under a changing climate.
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1. Introduction
Freeze-thaw cycles (FTCs) in soils are a common phenomenon in
regions at mid to high latitudes as well as high elevations, and approximately 55% of the total land area in the Northern Hemisphere
experiences seasonal soil freezing (Kreyling et al., 2008; Song et al.,
2017). Increased N2O and CO2 emissions as well as CH4 uptake have
often been observed during soil FTCs in a variety of ecosystems based
on both ﬁeld (e.g. Holst et al., 2008; Wu et al., 2010; Wagner-Riddle
et al., 2017) and laboratory experiments (e.g. Goldberg et al., 2008; Yao
et al., 2010; Wu et al., 2014). Moreover, more than 50–70% of annual
cumulative N2O emissions may result from freeze-thaw events
(Goldberg et al., 2010; Wu et al., 2010; Abalos et al., 2016). Several
potential mechanisms have been proposed to explain the FTC-induced
stimulation of greenhouse gas (GHG) ﬂuxes: physical trapping and the
release of previously produced gases in unfrozen parts of the soil when
ice or snow cover thaws (Teepe et al., 2001; Goldberg et al., 2010),
enhanced anaerobiosis and substrate availability (de Bruijn et al., 2009;
Risk et al., 2013), and/or changes in the soil microbial community
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structure and enzyme activity (Wertz et al., 2013; Hu et al., 2015).
Despite a growing number of studies, there are still large uncertainties
regarding the mechanisms and important factors related to these increased ﬂuxes (Matzner and Borken, 2008; Kim et al., 2012).
Anthropogenic nitrogen (N) deposition, which mainly originates
from intensive fertilizer application and fossil fuel combustion, has
increased more than 5-fold in the past century and is expected to increase in the near future (Basto et al., 2015). Numerous studies have
demonstrated that increased N addition could signiﬁcantly inﬂuence a
variety of soil biogeochemical cycles (Du et al., 2014; Vankoughnett
and Henry, 2014) and GHG ﬂuxes (Liu and Greaver, 2009; Zhao et al.,
2017), which in turn will contribute to global warming. However, the
response of GHG ﬂuxes to N addition in both magnitude and direction
might vary signiﬁcantly across ecosystem types. Generally, N addition
depresses soil respiration and CH4 consumption but increases N2O
emissions (Wei et al., 2014; Yan et al., 2016; Zhao et al., 2017), although contrasting eﬀects and a lack of response have also been observed (Ambus and Robertson, 2006; Chen et al., 2019). These diﬀerences are primarily due to variations in the forms and levels of N
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the PVC tubes, the tubes were carefully driven into the soil with the
simultaneous cutting and removal of the surrounding soil. Additionally,
40 soil samples were also collected from each sampling site using a soil
sampler (120 in total, 5 cm diameter and 10 cm height) for destructive
soil chemical and microbial analyses. The average gravimetric soil
water content during sampling period was 26.7%. All the collected
intact soil cores and samples were transported to the laboratory and
stored at a constant temperature of 4.0 °C for 2 weeks until the start of
the freeze–thaw experiments to allow the soil microbiome to adapt to
cold temperatures. The soil moisture conditions for all soil cores and
samples were maintained throughout the following experimental period
by daily rewetting of the soil cores and samples and replacing weight
losses with water solution.

addition and speciﬁc environmental and edaphic factors (Liu and
Greaver, 2009).
The Qinghai-Tibetan Plateau (QTP) covers nearly one-quarter of the
land area of China and represents one of the largest areas of alpine
grasslands in the world (Chen et al., 2013). The QTP is characterized by
a high altitude, low temperature and frequent soil FTCs (Kou et al.,
2017; Ade et al., 2018). Although N deposition is relatively low on the
QTP (< 2 g N m−2 yr−1) compared to other regions of China, there is
an increasing trend from the northwestern to the southeastern areas of
the plateau (Lu and Tian, 2007). Alpine meadow is one of the dominant
vegetation types, covering approximately 35% of the entire QTP (Cao
et al., 2008), and this vegetation type is highly sensitive to climate
change and human activity (Wei et al., 2014; Xu et al., 2018). However,
most previous studies of GHG ﬂuxes in alpine meadows on the QTP
either focused on the growing season exclusively (e.g., Jiang et al.,
2010; Wei et al., 2014) or were conducted with a coarse temporal resolution in the cold winter season (e.g., Zhao et al., 2017; Yan et al.,
2018). Relatively few observations of GHG ﬂuxes in alpine meadows on
the QTP have been taken during the non-growing season, particularly
during soil FTCs, which might hinder our understanding of the biogeochemical C and N cycles and GHG budgets in this typical ecosystem.
Moreover, although the eﬀect of FTCs on soil trace gas ﬂuxes and the
eﬀect of N addition on GHG ﬂuxes have been investigated, respectively,
the combined eﬀects of FTCs and increased N availability on GHG
ﬂuxes still remain unexplored, especially in high-altitude alpine meadows.
To better understand the eﬀects of diﬀerent forms and levels of N
additions on soil GHG ﬂuxes during FTCs, intact soil cores were collected from a typical alpine meadow on the QTP and subjected to
several subsequent FTCs. The main objectives of this study were to
quantify the changes in GHG ﬂuxes due to diﬀerent forms and levels of
N additions under several FTCs and to identify the crucial edaphic
factors that inﬂuence GHG ﬂuxes during FTCs. The following hypotheses were tested: 1) N additions will enhance freeze–thaw-related
soil N2O emissions but inhibit soil respiration and CH4 oxidation; and 2)
diﬀerent forms and levels of N additions might inﬂuence the GHG
budgets during FTCs.

2.2. Soil incubation experiments
All incubation experiments were performed in incubators (JYH412F, Jiayu Instrument Co. Ltd., China) to maintain constant temperature levels and simulate FTCs. The air within each incubator was
exchanged with the outside air with a pump to avoid gas accumulation
inside the incubators. The sidewalls and bottoms of the soil cores were
covered with 2.0 cm thick insulating material to mitigate the intensive
temperature ﬂuctuations from sidewalls and bottoms, which might far
exceed those observed for sub-surface soil in the ﬁeld (Henry, 2007).
The incubation experiments were started at a temperature of 5.0 °C for
3 days to activate the microorganisms and to ensure that GHG ﬂuxes
were constant. Thereafter, the 15 intact soil cores and 120 soil samples
were equally separated into 5 groups of 3 soil cores and 24 soil samples
each to investigate the eﬀects of diﬀerent forms and levels of N additions on soil GHG ﬂuxes during FTCs. The treatments included (1) no N
addition (CK); (2) low ammonium chloride addition (LAC;
5 mg N kg−1, representing a low N addition of 0.96 g N m−2); (3) high
ammonium chloride addition (HAC; 10 mg N kg−1, representing a high
N addition of 1.92 g N m−2); (4) low sodium nitrate addition (LSN;
5 mg N kg−1); and (5) high sodium nitrate addition (HSN;
10 mg N kg−1), according to the N deposition on the QTP. Nutrient
solutions were evenly sprayed onto the surfaces of the soil cores several
hours before the measurements. Likewise, the soil N2O, CO2 and CH4
ﬂuxes were measured for 5 days to ensure that the GHG ﬂuxes were
constant. Subsequently, three FTCs were simulated to investigate the
eﬀects of sequential FTCs on soil GHG ﬂuxes in the diﬀerent treatments.
The temperature in each FTC was set to −5°C for 5 days followed by
+5 °C for 5 days based on the ﬁeld conditions in the study area.
The same incubation scheme was applied in parallel for the 120 soil
samples used for destructive analysis. The concentrations of soil dissolved organic carbon (DOC), NH4+ and NO3– as well as microbial
biomass carbon (MBC) and nitrogen (MBN) were determined by the
destructive harvesting of triplicate soil samples at deﬁned time intervals
(days 2, 6, 11, 16, 21, 26, 31 and 36) throughout the entire incubation
period (Fig. 1) to identify the controls of GHG ﬂuxes.

2. Materials and methods
2.1. Study area and soil sampling
The study area was located in Maqin County, Qinghai Province
(34°28′N, 100°12′E, 3734 m a.s.l.), which is in the northeastern part of
the QTP. This area is subjected to a typical frigid, humid monsoon
climate with 516 mm of mean annual rainfall, of which approximately
70% falls from June to September. The mean annual air temperature
was −1.6 °C from 1990 to 2010, with a maximum monthly mean
temperature of 26.6 °C in July and a minimum of −31.9 °C in January.
The topsoil generally starts to freeze in October and thaws in April.
Previous studies in adjacent regions showed that soil GHG ﬂuxes were
signiﬁcantly aﬀected by FTCs (Zhao et al., 2017; Zhang et al., 2018).
The typical vegetation is alpine meadow, accounting for approximately
70% of the study area, and is dominated by Kobresia pygmea, Stipa capillata and Kobresia humilis. The investigated soil in the study area is a
typical subalpine meadow soil with a pH of 6.35 and bulk density of
0.96 g cm−3. The topsoil (0–10 cm) consists of 18% sand, 65% silt and
17% clay, with a soil organic carbon (SOC) content of 50.5 mg g−1 and
a total nitrogen content of 5.3 mg g−1.
In late September 2016, three randomly selected sampling sites
were chosen to account for spatial heterogeneity. Five intact soil cores
(15 cm inner diameter and 20 cm height) were taken from each sampling site using PVC tubes (15 in total, 15 cm inner diameter and 30 cm
height) following the removal of surface litter and vegetation. This
approach ensured that 10 cm of headspace remained above the soil
cores after sampling. To reduce disturbances and soil compaction inside

2.3. Gas and soil analyses
The soil N2O, CO2 and CH4 ﬂuxes were determined daily using the
static chamber method. The PVC tubes (soil cores) were sealed with
stainless steel lids, enclosing a headspace of ~0.8 l. The lids were
equipped with a circulating fan to ensure complete gas mixing in the
headspace and with a rubber stopper for gas sampling. Five 10 ml gas
samples from the headspace of each chamber were taken with gas-tight
syringes 0, 10, 20, 30, and 40 min after the lid was closed. The gas
samples were analyzed within 8 h using a gas chromatograph (Agilent
7890 A, California, USA) equipped with an electron capture detector for
N2O detection and a ﬂame ionization detector for CO2 and CH4 detection. The DN-Ascarite and DN-CO2 methods described by Yao et al.
(2010) were used for the N2O analysis. When there were less than ﬁve
valid observations of gas concentrations within a chamber enclosure or
2
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Fig. 1. Dynamics of the soil DOC (a), NH4+ (b) and NO3– (c) contents and microbial biomass C (d) and N (e) during the freeze–thaw cycles of diﬀerent treatments.
The gray areas indicate freezing periods, and the arrows indicate N additions.

relationships between the trace gas ﬂuxes and soil properties from the
eight timepoints (days 2, 6, 11, 16, 21, 26, 31 and 36) were evaluated
using linear regression models. SPSS 20.0 statistical software (IBM Co.,
New York, USA) was used to conduct the statistical analyses. The ﬁgures were prepared using Origin 2017 software (Origin Lab
Corporation, USA).

there was no detection of signiﬁcant non-linearity, the linear regression
was used to calculated the ﬂuxes. Whereas, if a signiﬁcant non-linearity
with a higher determination coeﬃcient than the linear ﬁtting was detected, the non-linear model following Kroon et al. (2008) was used for
calculating ﬂuxes. The cumulative gas ﬂuxes were sequentially computed as a sum of daily ﬂuxes during one speciﬁc or three FTCs.
The soil water content was determined gravimetrically by drying
the soil samples at 105 °C for 24 h. The soil pH was measured at a soilto-water ratio of 1:5 using a pH meter (PHS-25, Shanghai, China). The
soil texture was measured by laser diﬀraction using a Mastersizer 2000
particle size analyzer (Malvern Instruments, Malvern, England). 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., 2014).

3. Results
3.1. Soil characteristics in the diﬀerent treatments during FTCs
The dynamics of the soil DOC, NH4+, NO3–, MBC and MBN contents
during the entire incubation experiment are shown in Fig. 1. During the
freezing periods, the soil DOC, NO3– and NH4+ concentrations were
relatively low, with no signiﬁcant diﬀerences among the diﬀerent
treatments. However, all treatments showed signiﬁcant increases in the
soil DOC, NO3– and NH4+ concentrations following thawing
(P < 0.01, Fig. 1). Although both the MBC and MBN contents increased substantially after soil thawing, no statistically signiﬁcant differences in the MBC/MBN ratio were found between the frozen and
thawing soil. Generally, the soil DOC and MBC concentrations and
MBC/MBN ratio were not signiﬁcantly aﬀected by the N additions, irrespective of the diﬀerent forms and levels (Table 1). Both the ammonium chloride and sodium nitrate additions signiﬁcantly increased
(P < 0.05) the soil NO3– contents, while only the ammonium chloride
additions signiﬁcantly elevated the soil NH4+ concentrations
(P < 0.05, Table 1). N addition with diﬀerent forms and levels generally had a positive eﬀect on the soil MBN contents, but signiﬁcant
diﬀerences (P < 0.05) were only observed in the HSN treatment
(Table 1).

2.4. Statistical analyses
All data are presented as the mean and standard error of the mean
unless otherwise stated. The data were checked for normality using the
Kolmogorov-Smirnov test and for homogeneity of variances using the
Levene test. Analysis of variance (ANOVA) was used to examine differences in the soil properties among the diﬀerent treatments.
Signiﬁcant diﬀerences in the GHG ﬂuxes among the diﬀerent FTCs and
treatments were determined using one-way ANOVA (with the LSD
method). The eﬀects of FTC, N addition form and level, and their interactions on GHG ﬂuxes were examined using three-way ANOVA. The
3
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Table 1
Average soil dissolved organic carbon (DOC) and inorganic N contents, and microbial biomass C and N in the diﬀerent treatments.
Treatment

DOC
(mg C kg−1 dry soil)

CK
LAC
HAC
LSN
HSN

125.30
127.02
127.02
127.36
129.88

±
±
±
±
±

3.40a
1.11a
0.36a
1.57a
0.68a

NH4+-N
(mg kg−1 dry soil)
3.57
5.62
6.52
3.65
4.06

±
±
±
±
±

0.27a
0.11b
0.19c
0.23a
0.09a

NO3–-N
(mg kg−1 dry soil)
3.77
4.60
4.85
5.58
6.86

±
±
±
±
±

Microbial biomass C
(mg C kg−1 dry soil)

0.18a
0.24b
0.10b
0.16c
0.14d

468.57
475.88
489.92
485.91
495.50

±
±
±
±
±

19.63a
4.64a
18.09a
7.01a
14.89a

Microbial biomass N
(mg N kg−1 dry soil)
29.99
30.56
33.50
29.64
35.29

±
±
±
±
±

0.77a
1.78a
0.79ab
1.02a
0.91b

Microbial biomass C/N ratio

16.34
16.13
14.95
16.78
14.23

±
±
±
±
±

0.32a
1.05a
0.79a
0.73a
1.22a

Values are the means with standard errors from the seven timepoints (days 6, 11, 16, 21, 26, 31 and 36). Diﬀerent letters indicate signiﬁcant diﬀerences among the
ﬁve treatments (P < 0.05, N = 3).

Fig. 2. Dynamics of the N2O (a), CO2 (b) and CH4 (c) ﬂuxes (N = 3) during the freeze–thaw cycles of diﬀerent treatments. The gray areas indicate freezing periods,
and the arrows indicate N additions.

3.2. Dynamics of N2O ﬂuxes subjected to N additions during FTCs

N2O emissions that were signiﬁcantly higher than those in the CK only
in the high-level addition treatment (HAC, Table 2). The three-way
ANOVA analysis showed that each of the FTC, N addition form and N
addition level exhibited signiﬁcant eﬀect on soil N2O ﬂuxes during the
three FTCs (P < 0.05), whereas their interactions had no signiﬁcant
eﬀects on N2O ﬂuxes (Table 3).

The incubation of intact soil cores during FTCs revealed considerable variability in the N2O ﬂuxes among the diﬀerent N addition
treatments (Fig. 2a). The addition of N before the soil FTCs resulted in a
substantial increase in N2O emissions for all soils, irrespective of the
diﬀerent forms and levels. The N2O emissions in the freezing periods
were signiﬁcantly reduced compared to those in the pre-freezing periods. However, all soils showed a signiﬁcant increase in N2O emissions
during the ﬁrst thawing periods (P < 0.05), but the emission peaks
gradually decreased with successive cycles (Fig. 2a). As expected, the
cumulative soil N2O emissions during the sequential FTCs were signiﬁcantly enhanced with increasing NO3–-N addition levels. The N2O
emissions during the three FTCs in the HSN treatment totaled
6.62 mg N m−2, which was more than 1.6 times higher than the level in
the CK (Table 2). However, the NH4+-N additions induced cumulative

3.3. Dynamics of soil respiration and CH4 ﬂuxes subjected to N additions
during FTCs
The alpine meadow soils in all the treatments exhibited similar soil
respiration patterns during the incubation experiment. No signiﬁcant
CO2 emission peak was observed when diﬀerent forms and levels of N
were applied before the soil FTCs. Similar to N2O, the soil respiration
rates decreased substantially during the freezing periods, and no signiﬁcant diﬀerences were found among the diﬀerent treatments
4
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Table 2
Cumulative soil N2O, CO2 and CH4 ﬂuxes during freeze–thaw cycles in the diﬀerent treatments.
Treatments

CK
LAC
HAC
LSN
HSN

Cumulative N2O ﬂux (mg N m−2)
Cycle 1
Cycle 2
Cycle 3
Aa

Aa

Ab

1.44
1.72ABa
2.15Ca
1.87Ba
2.24Ca

1.52
1.65Aa
1.94Ba
2.00Ba
2.54Ca

Three cycles
A

1.09
1.00Ab
1.40Bb
1.50Bb
1.84Cb

Cumulative CO2 ﬂux (g C m−2)
Cycle 1
Cycle 2
Cycle 3
Aa

4.05
4.37A
5.49B
5.36B
6.62C

Ab

12.44
12.16Aa
10.42Ba
11.02Ba
9.69Ca

Ac

9.66
9.47Ab
8.98ABb
10.35Ca
8.35Bb

8.84
7.80Bc
7.46BCc
8.54Ab
7.24Cc

Three cycles
A

30.94
29.42B
26.86C
29.91AB
25.29C

Cumulative CH4 ﬂux (mg C m−2)
Cycle 1
Cycle 2
Cycle 3

Three cycles

−1.99
−1.80ABa
−1.42Ba
−1.88ABa
−1.66ABa

−6.06A
−5.60B
−4.44C
−5.90A
−5.15B

Aa

−1.90
−1.61ABb
−1.38Ba
−1.88Aa
−1.72ABa
Aa

−2.16
−2.19Aa
−1.63Ba
−2.14Aa
−1.77ABa
Aa

Values are the means with standard errors. Uppercase letters indicate signiﬁcant diﬀerences among the diﬀerent treatments. Lowercase letters indicate signiﬁcant
diﬀerences among the diﬀerent freeze–thaw cycles (P < 0.05, one-way ANOVA, LSD).

were signiﬁcantly reduced with the HSN addition (P < 0.05). However, the soil CH4 uptake activity during the three FTCs was signiﬁcantly inhibited in both the LAC and HAC treatments (P < 0.05,
Table 2). When all the measurements were analyzed by three-way
ANOVA, signiﬁcant eﬀect on soil CH4 ﬂuxes was only observed by the N
addition level (P < 0.05, Table 3).

Table 3
Results (P-values) of three-way ANOVA on the eﬀects of freeze–thaw cycle
(FTC), N addition form (Form), N addition level (Level) and their interactions
on soil N2O, CO2 and CH4 ﬂux rates.

FTC
Form
Level
FTC × Form
FTC × Level
Form × Level
FTC × Form × Level

N2O

CO2

CH4

0.004
0.027
0.014
0.586
0.993
0.889
0.897

0.002
0.820
0.132
0.798
0.934
0.664
0.879

0.154
0.209
0.019
0.737
0.699
0.610
0.980

3.4. Correlations between soil properties and gas ﬂuxes
The correlation analyses demonstrated that the main soil properties
generally had signiﬁcant positive eﬀects on the mean N2O ﬂuxes during
the incubation experiment in the alpine meadow soils (P < 0.01,
Table 4). The correlation between the soil DOC contents and N2O ﬂuxes
was higher (r2 = 0.73, Fig. 3a) than the correlations with the other soil
properties. Both the soil NH4+ and NO3– concentrations were signiﬁcantly positively correlated with the mean N2O ﬂuxes, with r2 values
of 0.39 and 0.71, respectively (P < 0.01, Fig. 3). Stepwise multiple
regression analysis showed that soil DOC coupled with the NO3– and
MBC contents could explain 92% of the observed variability in the N2O
ﬂuxes (r2 = 0.92, P < 0.001, Table 4).
Similar to N2O, signiﬁcant positive correlations between soil CO2
ﬂuxes and the main soil properties were also observed (Table 4). The
correlations between the soil CO2 ﬂuxes and soil DOC (r2 = 0.79,
P < 0.01) as well as the MBC contents (r2 = 0.6, P < 0.01) were
higher than those with the other soil properties (Fig. 4). Stepwise linear
regression also indicated that the soil DOC and MBC contents were the
main contributing factors to the variations in the soil CO2 ﬂuxes
(Table 4). However, the CH4 ﬂuxes were only signiﬁcantly correlated
with the soil DOC (r2 = 0.23, P < 0.01) and MBC contents (r2 = 0.56,
P < 0.01). The stepwise multiple regression model showed that the
soil MBC and NO3– contents were signiﬁcantly correlated with the mean
CH4 ﬂuxes and could explain 67% of the temporal variance (r2 = 0.67,
P < 0.001, Table 4).

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

(Fig. 2b). However, the soil respiration rates remained at a relatively
low level (< 15 mg C m−2 h−1), indicating that microbial activity was
occurring in the frozen soil. The soil CO2 emissions in all treatments
were signiﬁcantly enhanced during the ﬁrst thawing period (P < 0.05,
Fig. 2b), but the cumulative emissions gradually decreased with successive cycles (Table 2). Cumulative soil respiration in the LAC and CK
treatments did not diﬀer signiﬁcantly in the ﬁrst two FTCs (P > 0.05),
while the cumulative soil CO2 emissions in the HAC treatment were
substantially reduced during the three FTCs (Table 2). Moreover, the
cumulative CO2 emissions were signiﬁcantly inhibited in both the LSN
and HSN treatments across the three FTCs (P < 0.05). During the
entire incubation experiment, the cumulative soil CO2 emissions were
signiﬁcantly reduced with increasing levels of N addition (P < 0.05),
whereas there were no signiﬁcant diﬀerences in cumulative soil respiration among the treatments with diﬀerent forms of N addition
(P > 0.05, Table 2). The three-way ANOVA analysis suggested that soil
CO2 ﬂuxes were only signiﬁcantly aﬀected by the FTC (P < 0.01), and
the interactions between FTC, the form and level of N addition had no
signiﬁcant eﬀects on CO2 ﬂuxes (Table 3).
During most of the incubation period, all the alpine meadow soils
functioned as a net sink for atmospheric CH4, although some occasional
weak CH4 emissions occurred when the soil froze. Similar to CO2, no
signiﬁcant changes in CH4 ﬂux were found due to the N additions before the soil FTCs, irrespective of the diﬀerent forms and levels.
Generally, the CH4 ﬂuxes decreased signiﬁcantly in the freezing periods
and enhanced substantially following thawing (P < 0.05, Fig. 2c),
though there was no signiﬁcant diﬀerence in the cumulative CH4 ﬂux
among the diﬀerent FTCs (Table 2). The cumulative CH4 ﬂuxes during
the three FTCs were not signiﬁcantly aﬀected in the LSN treatment but

4. Discussion
4.1. Eﬀects of N additions on N2O ﬂuxes during FTCs
Increased soil N2O emissions during FTCs have been reported in
both ﬁeld and laboratory experiments in croplands (Abalos et al., 2016;
Wagner-Riddle et al., 2017), forests (Goldberg et al., 2010; Wu et al.,
2010), grasslands (Holst et al., 2008; Yao et al., 2010), the Antarctic
tundra (Zhu et al., 2005), permafrost (Voigt et al., 2017) and wetlands

Table 4
Correlation analyses and stepwise linear regression of the greenhouse gas ﬂuxes and main soil properties.
Correlation analyses
DOC
NH4+-N
−2

−1

h )
N2O ﬂux (μg N m
CO2 ﬂux (mg C m−2 h−1)
CH4 ﬂux (μg C m−2 h−1)

**

0.85
0.89**
−0.48**

**

0.62
0.63**
−0.06

NO3– -N
**

0.84
0.52**
0.03

MBC
**

0.73
0.78**
−0.75**

MBN
**

0.55
0.38*
0.16

Stepwise linear regression
Equation
–

y = 0.09*DOC + 1.42*(NO3 -N) + 0.04*MBC – 30.14
y = 1.51*DOC + 0.18*MBC − 238.2
y = 1.85*(NO3–-N) − 0.2*MBC + 75.66

DOC: dissolved organic carbon, MBC: microbial biomass carbon, and MBN: microbial biomass nitrogen, *P < 0.05,
5

**

P < 0.01.

R2

P-value

0.92
0.82
0.67

< 0.001
< 0.001
< 0.001
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Fig. 3. Relationships between the N2O ﬂuxes in all treatments and the soil DOC (a), NH4+ (b), NO3– (c) and microbial biomass C (d) contents. Each data point
represents the mean value of triplicate measurements at the eight timepoints (days 2, 6, 11, 16, 21, 26, 31 and 36).

Fig. 4. Relationships between the CO2 ﬂuxes in all treatments and the soil DOC (a) and microbial biomass C (b) contents. Each data point represents the mean value
of triplicate measurements at the eight timepoints (days 2, 6, 11, 16, 21, 26, 31 and 36).
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during FTCs also provided supporting evidence of substrate availability
and microbial activity in relation to soil respiration.
Our results showed that N additions signiﬁcantly reduced soil respiration, especially in the high N addition treatments. These ﬁndings
were consistent with the results from previous studies in a forest (Mo
et al., 2008) and alpine grassland (Zhao et al., 2017) but contrasted
with those in a tropical forest, in which soil respiration signiﬁcantly
increased due to N addition (Cleveland and Townsend, 2006). Moreover, by conducting year-round ﬁeld measurements in a semiarid
grassland, Fang et al. (2018) found that N addition signiﬁcantly stimulated soil autotrophic respiration but inhibited heterotrophic respiration and thus had no signiﬁcant eﬀect on soil total respiration.
However, in most of the previous studies, a decrease in soil respiration
due to N addition generally occurred in the growing season (Mo et al.,
2008; Jiang et al., 2010), while our results showed that N additions
could inhibit soil respiration during FTCs. Yan et al. (2016) also indicated that moderate and high N additions could have a negative
impact on soil respiration due to a delay of spikes and the inhibition of
CO2 emissions during thawing. The inhibitory eﬀect of N addition on
soil respiration might partly be ascribed to the fact that high soil N
concentrations could inhibit microbial activity and biomass during the
early stages of FTCs (Yan et al., 2016).

(Wang et al., 2013). In the present study, enhanced N2O emissions
following soil thawing were also observed in an alpine meadow on the
QTP. Nevertheless, several studies have demonstrated that N2O production and emissions could be limited by low temperatures and low N
turnover rates in some high-latitude ecosystems (Gao et al., 2018). A
year-round study in an alpine grassland by Li et al. (2012) indicated
that only 6.6% of the annual N2O ﬂux was observed during the spring
thaw, which was attributed to the low temperature and soil moisture
limitation for denitriﬁcation. However, neither soil temperature nor
moisture seemed to restrict the N2O pulse emissions during the FTCs in
our study. Enhanced N2O emissions during FTCs were considered to be
mainly caused by stimulated microbial metabolism due to the substrate
supply and various physical mechanisms (Matzner and Borken, 2008;
Kim et al., 2012). However, some studies have indicated that the
emission peaks during thawing were too high to be explained by the
physical release of trapped and accumulated N2O alone (Wu et al.,
2014). Our results suggest that the enhanced N2O emissions during
FTCs might result mainly from newly produced gases induced by increased substrate availability, as indicated by the elevated inorganic N
contents following thawing. Nevertheless, the signiﬁcant eﬀect of FTC
on N2O ﬂuxes suggest that the gradually decreased N2O emissions with
repeated FTCs might as a result of a limited pool of labile substrates.
Soil N availability for microorganisms has been considered one of
the most important requirements for N2O pulse emissions during FTCs
(Risk et al., 2013; Gao et al., 2018). Our results clearly showed that,
except for the LAC treatment, diﬀerent forms and levels of N addition to
alpine meadow soils signiﬁcantly enhanced N2O emissions, irrespective
of the diﬀerent FTCs (Tables 2 and 3). These ﬁndings agree with our
general understanding that N additions enhance soil microbial activity
and N2O production. The stimulation of N2O emissions in the NO3–-N
addition treatments was higher than that in the NH4+-N addition
treatments, indicating that denitriﬁcation is the dominant process
contributing to N2O emissions during FTCs. Lindau et al. (1994) demonstrated that NO3–-N addition resulted in signiﬁcantly higher N2O
emissions than NH4+-N addition in a forested wetland because very
little of the added NH4+-N was denitriﬁed due to the severe nitriﬁcation restrictions of the reduced soil condition. Moreover, a high soil
NO3– content has been found to inhibit N2O reduction to N2, which
could result in high N2O emissions and N2O/N2 ratios (Dalal et al.,
2003). Therefore, the potential mechanisms for the positive eﬀect of N
additions on N2O emissions during FTCs could be the following: (1)
substrate additions of inorganic N promote denitriﬁcation activity and
N2O production; (2) soil FTCs after N additions trigger a priming eﬀect
that further stimulates the release of available C and N (Teepe et al.,
2001; Zhang et al., 2013); and (3) soil inorganic N could be assimilated
and stored during freezing periods but released following thawing,
providing suﬃcient nutrients for denitrifying microbes (Müller et al.,
2003; Cui et al., 2016).

4.3. Eﬀects of N additions on CH4 ﬂuxes during FTCs
In the present study, the alpine meadow soils predominantly functioned as sinks for atmospheric CH4, which agreed with the ﬁndings of
previous studies (Jiang et al., 2010; Zhao et al., 2017). In general, soil
CH4 uptake was signiﬁcantly reduced during freezing periods but substantially enhanced following thawing in all treatments, which was
consistent with earlier studies in diﬀerent ecosystems (Ding and Cai,
2007; Wu et al., 2014). The potential mechanisms for the changes in
CH4 ﬂux during FTCs are complicated because they include the responses of both methanotrophy and methanogenesis to changes in soil
physicochemical properties. In addition to aﬀecting soil microbial activity and substrate availability, soil freezing may also limit the transport of gases by creating diﬀusion barriers (Kim et al., 2012). Increased
CH4 ﬂuxes during thawing might be partly explained by enhanced
methanotrophy and reduced methanogenesis at low temperatures (Ding
and Cai, 2007). However, some other studies suggested that the moist
soils resulting from melting snow could favor CH4 production and inhibit methanotrophy (Wu et al., 2014). Therefore, the mechanisms responsible for the various responses of CH4 to FTCs have not been clearly
explored (Kim et al., 2012), and further work is necessary to reduce the
associated uncertainties and identify the mechanisms of CH4 production and consumption during soil FTCs.
Although numerous studies have reported that both CH4 consumption and production are aﬀected by N addition, the direction and
magnitude of these eﬀects varied considerably (Liu and Greaver, 2009).
Zhao et al. (2017) indicated that N addition generally stimulated CH4
consumption in an alpine steppe soil, which might possibly be due to
the high N immobilization capacity of alpine soil protecting methanotrophs from exposure to the added N. However, our results showed that
NH4+-N addition substantially decreased CH4 uptake during FTCs in
alpine meadow soils, while NO3–-N signiﬁcantly reduced CH4 consumption only at the high N addition level, which was in agreement
with previous studies (Jiang et al., 2010; Wei et al., 2014). Several
potential mechanisms could explain the inhibitory eﬀect of N addition
on CH4 uptake during FTCs: 1) osmotic stress induced by added nitrogenous salts has been shown to suppress methanotroph activity
(Saari et al., 2004); 2) N additions generally resulted in a decrease in
soil pH, which might weaken the ability of methanotrophs to oxidize
CH4 (Chen et al., 2019); 3) NH4+-N could reduce CH4 consumption by
acting as a competitive inhibitor for monooxygenase (Liu and Greaver,
2009); and 4) hydroxylamine and nitrite that are produced by methanotrophic ammonia oxidation and nitriﬁcation/denitriﬁcation are toxic

4.2. Eﬀects of N additions on soil respiration during FTCs
In our study, enhanced soil respiration rates during FTCs were observed in all alpine meadow treatments, which agreed with previous
results in various ecosystems (Goldberg et al., 2008; Wu et al., 2010,
2014; Yan et al., 2016). Microbial activity and biomass recovered rapidly and were stimulated by substrates that accumulated during frozen
soil periods that become available following thawing (Wu et al., 2014;
Ade et al., 2018), which was evidenced by the increased DOC and MBC
contents during thawing periods. Moreover, FTCs could disrupt soil
aggregates, releasing protected organic matter and enhancing substrate
accessibility (Kim et al., 2012). However, the soil respiration rates were
generally highest in the ﬁrst thawing event and gradually decreased in
subsequent cycles in all treatments, indicating that successive FTCs
could reduce the microbial activity/biomass and labile substrate pools
(Goldberg et al., 2008; Wu et al., 2014). The dynamics of soil DOC and
MBC contents and their signiﬁcant correlations with CO2 emissions
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temperate grassland. Environ. Pollut. 252, 675–681.
Cui, Q., Song, C.C., Wang, X.W., Shi, F.X., Wang, L.L., Guo, Y.D., 2016. Rapid N2O ﬂuxes
at high level of nitrate nitrogen addition during freeze-thaw events in boreal peatlands of Northeast China. Atmos. Environ. 135, 1–8.
Dalal, R.C., Wang, W.J., Robertson, G.P., Parton, W.J., 2003. Nitrous oxide emission from
Australian agricultural lands and mitigation options: a review. Aust. J. Soil Res. 41,
165–195.
de Bruijn, A.M.G., Butterbach-Bahl, K., Blagodatsky, S., Grote, R., 2009. Model evaluation
of diﬀerent mechanisms driving freeze-thaw N2O emissions. Agr. Ecosyst. Environ.
133, 196–207.
Ding, W.X., Cai, Z.C., 2007. Methane emission from natural wetlands in China: summary
of years 1995–2004 studies. Pedosphere 17, 475–486.
Du, Y., Guo, P., Liu, J., Wang, C., Yang, N., Jiao, Z., 2014. Diﬀerent types of nitrogen
deposition show variable eﬀects on the soil carbon cycle process of temperate forests.
Glob. Chang. Biol. 20, 3222–3228.
Fang, C., Li, F., Pei, J., Ren, J., Gong, Y., Yuan, Z., Ke, W., Zheng, Y., Bai, X., Ye, J., 2018.
Impacts of warming and nitrogen addition on soil autotrophic and heterotrophic
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Gao, D., Zhang, L., Liu, J., Peng, B., Fan, Z., Dai, W., Jiang, P., Bai, E., 2018. Responses of
terrestrial nitrogen pools and dynamics to diﬀerent patterns of freeze-thaw cycle: a
meta-analysis. Glob. Chang. Biol. 24, 2377–2389.
Goldberg, S.D., Borken, W., Gebauer, G., 2010. N2O emission in a Norway spruce forest
due to soil frost: concentration and isotope proﬁles shed a new light on an old story.
Biogeochemistry 97, 21–30.
Goldberg, S.D., Muhr, J., Borken, W., Gebauer, G., 2008. Fluxes of climate-relevant trace
gases between a Norway spruce forest soil and atmosphere during repeated freezethaw cycles in mesocosms. J. Plant Nutr. Soil Sci. 171, 729–739.
Henry, H.A.L., 2007. Soil freeze-thaw cycle experiment: trends, methodological weakness
and suggested improvements. Soil Biol. Biochem. 39, 977–986.
Holst, J., Liu, C., Yao, Z., Brüggemann, N., Zheng, X., Giese, M., Butterbach-Bahl, K.,
2008. Fluxes of nitrous oxide, methane and carbon dioxide during freezing-thawing
cycles in an Inner Mongolian steppe. Plant Soil 308, 105–117.
Hu, H.W., Chen, D., He, J.Z., 2015. Microbial regulation of terrestrial nitrous oxide formation: understanding the biological pathways for prediction of emission rates. FEMS
Microbiol. Rev. 39, 729–749.
Jiang, C., Yu, G., Fang, H., Cao, G., Li, Y., 2010. Short-term eﬀect of increasing nitrogen
deposition on CO2, CH4 and N2O ﬂuxes in an alpine meadow on the Qinghai-Tibetan
Plateau, China. Atmos. Environ. 44, 2920–2926.
Kim, D.G., Vargas, R., Bond-Lamberty, B., Turetsky, M.R., 2012. Eﬀects of soil rewetting
and thawing on soil gas ﬂuxes: a review of current literature and suggestions for
future research. Biogeosciences 9, 2459–2483.
Kou, X., Jiang, L., Yan, S., Zhao, T., Lu, H., Cui, H., 2017. Detection of land surface freezethaw status on the Tibetan Plateau using passive microwave and thermal infrared
remote sensing data. Remote Sens. Environ. 199, 291–301.
Kreyling, J., Beierkuhnlein, C., Pritsch, K., Schloter, M., Jentsch, A., 2008. Recurrent soil
freeze-thaw cycles enhance grassland productivity. New Phytol. 177, 938–945.
Kroon, P.S., Hensen, A., van den Bulk, W.C.M., Jongejan, P.A.C., Vermeulen, A.T., 2008.
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measurements by static chambers. Nutr. Cycl. Agroecosyst. 82, 175–186.
Li, K., Gong, Y., Song, W., Lv, J., Chang, Y., Hu, Y., Tian, C., Christie, P., Liu, X., 2012. No
signiﬁcant nitrous oxide emissions during spring thaw under grazing and nitrogen
addition in an alpine grassland. Glob. Chang. Biol. 18, 2546–2554.
Lindau, C.W., Delaune, R.D., Pardue, J.H., 1994. Inorganic nitrogen processing and assimilation in a forested wetland. Hydrobiologia 277, 171–178.
Liu, L., Greaver, T., 2009. A review of nitrogen enrichment eﬀects on three biogenic
GHGs: the CO2 sink may be largely oﬀset by stimulated N2O and CH4 emission. Ecol.
Lett. 12, 1103–1117.
Lu, C.Q., Tian, H.Q., 2007. Spatial and temporal patterns of nitrogen deposition in China:
synthesis of observational data. J. Geophys. Res. 112, D22S05.
Matzner, E., Borken, W., 2008. Do freeze-thaw events enhance C and N losses from soils of
diﬀerent ecosystems? A review. Eur. J. Soil Sci. 59, 274–284.
Mo, J., Zhang, W., Zhu, W., Gundersen, P., Fang, Y., Li, D., Wang, H., 2008. Nitrogen
addition reduces soil respiration in a mature tropical forest in southern China. Glob.
Chang. Biol. 14, 403–412.
Müller, C., Kammann, C., Otow, J.C.G., Jäger, H.J., 2003. Nitrous oxide emission from
frozen grassland soil and during thawing periods. J. Plant Nutrient Soil Sci. 166,
46–53.
Risk, N., Snider, D., Wagner-Riddle, C., 2013. Mechanisms leading to enhanced soil nitrous oxide ﬂuxes induced by freeze-thaw cycles. Can. J. Soil Sci. 93, 401–414.
Saari, A., Rinnan, R., Martikainen, P.J., 2004. Methane oxidation in boreal forest soils:
kinetics and sensitivity to pH and ammonium. Soil Biol. Biochem. 36, 1037–1046.
Song, Y., Zou, Y., Wang, G., Yu, X., 2017. Altered soil carbon and nitrogen cycles due to
the freeze-thaw eﬀect: A meta-analysis. Soil Biol. Biochem. 109, 35–49.
Teepe, R., Brumme, R., Beese, F., 2001. Nitrous oxide emissions from soil during freezing
and thawing periods. Soil Biol. Biochem. 33, 1269–1275.
Vankoughnett, M.R., Henry, H.A.L., 2014. Soil freezing and N deposition: Transient vs.
multi-year eﬀects on extractable C and N, potential trace gas losses and microbial
biomass. Soil Biol. Biochem. 77, 170–178.
Voigt, C., Marushchak, M.E., Lamprecht, R.E., Jackowicz-Korczynski, M., Lindgren, A.,
Mastepanov, M., Granlund, L., Christensen, T.R., Tahvanainen, T., Martikainen, P.J.,
Biasi, C., 2017. Increased nitrous oxide emissions from Arctic peatlands after permafrost thaw. Proc. Natl. Acad. Sci. USA 114, 6238–6243.
Wagner-Riddle, C., Congreves, K.A., Abalos, D., Berg, A.A., Brown, S.E., Ambadan, J.T.,
Gao, X., Tenuta, M., 2017. Globally important nitrous oxide emissions from croplands
induced by freeze-thaw cycles. Nat. Geosci. 10, 279–283.

to methanotrophs (Jiang et al., 2010). Moreover, a shift in the soil
bacterial community composition and a decrease in microbial operational taxonomic units caused by N addition during FTCs might also
contribute to the inhibition of CH4 oxidation (Zeng et al. 2016).
5. Conclusions
The results of our incubation study showed that soil FTCs and N
additions had signiﬁcant eﬀects on GHG ﬂuxes in an alpine meadow on
the QTP. N additions generally enhanced the freeze–thaw-related soil
N2O emissions but inhibited soil respiration and CH4 oxidation. The
stimulation of N2O emissions after NO3–-N addition was higher than
that after NH4+-N addition, indicating that denitriﬁcation was the
dominant process contributing to N2O emissions during FTCs. The soil
respiration rates were signiﬁcantly reduced with increasing levels of N
additions and were positively correlated with the soil DOC and MBC
contents, suggesting that high soil N concentrations could suppress soil
respiration by inﬂuencing microbial activity and biomass during FTCs.
Soil CH4 consumption was substantially inhibited by increasing NH4+N additions but was signiﬁcantly reduced only by high-level NO3–-N
additions. Overall, our results indicate that the eﬀects of diﬀerent forms
and levels of N additions on soil GHG ﬂuxes during FTCs are very important for accurately estimating regional GHG budgets in alpine
meadows in a changing climate.
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