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A B S T R A C T   

Ecosystem respiration (Re) and methane (CH4) fluxes are two important soil-atmosphere carbon exchange 
processes that have been well documented at the local scale. However, the spatial patterns and controlling factors 
of these processes remain unclear in the Tibetan alpine permafrost region at the watershed scale. We conducted a 
two-year field monitoring study of Re and CH4 fluxes at three altitudinal positions on shady and sunny slopes in a 
Tibetan alpine grassland to determine the spatial variability in the two processes and to identify their underlying 
mechanisms. The microbial factor had a controlling effect on Re spatial variability in alpine grassland water-
sheds. The lower soil temperature and soil organic matter content at the upper slope positions on the shady 
slopes inhibited Re because they reduced the soil microbial activity. We found that the alpine grassland to be a 
net sink of atmospheric CH4, and the average CH4 flux rates exhibited large spatial variance ranging from − 1.60 
to − 10.48 µg CH4 m− 2 h− 1 within the watersheds. The spatial variability in soil volumetric water content 
explained 76% of the variation in CH4 fluxes within the watersheds. We suggest that the influence of permafrost 
on hydrologic conditions may increase the spatial variability of soil moisture (measured as soil volumetric water 
content and water-filled pore space) in alpine grassland watersheds, and generally form poorly drained landscape 
at the lower slope position where Re and CH4 uptake are inhibited. Our results highlight the indirect effects of 
terrain and permafrost on Re and CH4 fluxes through their effects on biophysiochemical factors. We recommend 
that the spatial variability in Re and CH4 fluxes at the watershed scale of Tibetan alpine grassland should be 
given more attention in earth system models, especially the variability of CH4 fluxes with altitudinal position.   

1. Introduction 

Covering approximately 24% of the global land area, mountains are 
complex ecological systems that have unique structures and functions 
(Rahbek et al., 2019). In mountains, the terrain redistributes heat and 
moisture, which affects soil nutrient status and plant species and forms 
different landscapes. For example, within watersheds, hillsides are 
typically eroded and dry, whereas the lowlands accumulate fertile soil 
and are moist (Fan et al., 2019; Philben et al., 2020). Given the high 
spatial variability that exists in mountainous areas, ecological experi-
ments should consider microclimatic components by synthesising proxy 

variables, such as the slope aspect and altitudinal position (Carletti et al., 
2009; Fan et al., 2019). 

Carbon dioxide (CO2) and methane (CH4) are two major greenhouse 
gases that contribute to total radiative forcing (IPCC, 2013), and 
ecosystem respiration (Re) is a major pathway for CO2 efflux from 
ecosystem to the atmosphere. Permafrost regions represent one of the 
largest soil organic carbon pools globally (Schuur et al., 2015). Recently, 
the dynamics, magnitudes, and controlling factors of Re and CH4 fluxes 
in permafrost regions have received particular attention owing to the 
rapidity of climate change and large carbon stocks (Xue et al., 2016; Oh 
et al., 2020; Mu et al., 2020; Turetsky et al., 2020). 
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The Tibetan Plateau, with about 1.06 × 106 km2 permafrost areas 
(Zou et al., 2017), accounting for more than half of the total area of 
alpine permafrost in the Northern Hemisphere (Yang et al., 2010; Ding 
et al., 2019). Due to its high altitude (> 4000 m a.s.l), this region is 
considered as one of the most susceptible regions to climate change 
(Yang et al., 2019; Mu et al., 2020). Approximately 60% of the Tibetan 
Plateau area are covered by mountains (Cao et al., 2011). Niu et al. 
(2017) reported that slope aspect and altitudinal position could alter the 
spatial distribution of soil temperature, soil moisture, and vegetation 
composition in an alpine grassland on hills, which may cause spatial 
variability in Re and CH4 fluxes at the landscape scale (Treat et al., 2018; 
Philben et al., 2020). Although high-precision data of the slope aspect 
and altitudinal position can be readily obtained from digital elevation 
model imagery, the spatial patterns and controlling factors of Re and 
CH4 fluxes on the Tibetan Plateau remain unclear at the watershed scale. 
This limits the accurate assessment of carbon exchange, which is prob-
lematic because watersheds are fundamental geomorphological units of 
the Tibetan Plateau. Consequently, studying the spatial variability and 
controlling factors of Re and CH4 fluxes in Tibetan alpine grassland 
within watershed areas is required for accurate assessment of Tibetan 
Plateau permafrost carbon exchange. 

We conducted a field experiment to measure the Re and CH4 fluxes 
on slopes with different aspects [north-facing (shady) and south-facing 
(sunny) slopes], and in different altitudinal positions (lower, middle, 
and upper slope positions) during two consecutive growing seasons 
(2017 and 2018). Our study aimed to elucidate the patterns of Re and 
CH4 fluxes and to quantify the relative contributions of abiotic and biotic 
factors in regulating Re and CH4 fluxes at the watershed scale of a Ti-
betan alpine grassland. 

2. Materials and methods 

2.1. Study area and experimental design 

The study area was located on Mt. Fenghuo (34◦40′–34◦46′ N and 
92◦50′–92◦62′ E; 4580–5410 m a.s.l.; Fig. 1a), which is a continuous 
permafrost region in the hinterland of the Tibetan Plateau. The slopes of 
the study area vary between 10◦ and 15◦. The mean annual air tem-
perature and precipitation from 1975 to 2005 were − 5.3 ◦C and 269.7 
mm, respectively (Wang et al., 2008b). In 2017 and 2018, the mean 
annual air temperature was − 4.6 ◦C and the mean annual precipitation 
was 383.5 mm (Fig. S1). The vegetation in the study area is predomi-
nantly alpine meadow (cold meso-perennial herbs), which covers 
approximately 70% of the land surface (Li et al., 2011), with the 
dominant alpine meadow plant species Kobresia humilis and K. pygmaea 
mostly distributed on the hillsides and uplands (Zhang et al., 2017). 
Alpine swamp meadow (hardy perennial hygrophilous herbs) that 
commonly occurs in river valleys, lakesides, and depressions (Wang 
et al., 2008b; Li et al., 2011), covers approximately 6.5% of the study 
area, with K. tibetica the dominant plant species. (Zhang et al., 2017). 
The study area soil type is classified as a Cryosol according to the World 
Reference Base for Soil Resources or a Gelisol using the United States 
Department of Agriculture classification system (Lessovaia et al., 2013; 
Bockheim and Munroe, 2014). The permafrost thickness in the study 
area is 60–120 m and the thickness of the active layer is 1.3–2.5 m under 
different terrain conditions (Fig. S2). The maximum depth of thawing is 
reached annually in October. 

In June 2017, 18 study plots (3 × 3 m) were set up at three altitudinal 
positions on shady and sunny slopes in two gullies on Mt. Fenghuo 
(Fig. 1b; Table 1). Of the 18 study plots, twelve were located in Gully 1 
and six in Gully 2. In Gully 1, two study plots, 80 m apart, were posi-
tioned at each altitude, whereas one study plot was located at per alti-
tudinal position in Gully 2 (Fig. 1b). Three replicate polyvinyl chloride 

Fig. 1. Location of the study area and plots in a Tibetan alpine grassland. (a) Tibetan Plateau vegetation-type map (Xu, 2019) showing the study area location. (b) 
Eighteen study plots at three altitudinal positions on two slope aspects in two gullies (the 3D topographic map was downloaded from Google Earth). (c) Alpine 
meadow on the hillsides. (d) Alpine swamp meadow at lower slope position on the sunny slope. 
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soil collars (diameter: 20.3 cm; height: 10 cm; and depth: 5 cm) were 
placed in each study plot to measure Re and CH4 fluxes. Therefore, we 
set up three study plots under the same terrain conditions in two gullies 
(replicated in Gully 1) and installed a total of 54 polyvinyl chloride 
collars across the 18 study plots. 

2.2. Measurement of ecosystem respiration and methane fluxes 

An ultra-portable greenhouse gas analyser (LGR-UGGA, ABB, Can-
ada) equipped with a measurement control system (PS-3000, LICA 
United Technology Limited, China) and a portable automatic dark 
chamber (SC-11, LICA United Technology Limited, China) was used to 
measure the Re and CH4 fluxes (Supplementary methods; Fig. S3). The 
instrument can simultaneously determine the soil temperature and soil 
volumetric water content at a depth of 10 cm directly adjacent the 
polyvinyl chloride collar using a sensor (CS655, Campbell Scientific, 
USA) while measuring Re and CH4 fluxes. We measured the Re and CH4 
fluxes during the growing seasons (June to October) of 2017 and 2018, 
approximately once every 30 days. Based on the methodology used in 
previous studies conducted at sites near our study area (Yu et al., 2013; 
Wei et al., 2015a; Peng et al., 2019; Li et al., 2020), the Re and CH4 
fluxes were measured between 10:00 a.m. and 11:30 a.m. (UTC +8) to 
represent the daily average rates of Re and CH4 fluxes. Specifically, we 
measured the Re and CH4 fluxes of the study plots at all three altitudinal 
positions on one slope on one day and completed the measurements for 
all 18 study plots within four days. 

2.3. Plant and soil analyses 

Two subplots (50 × 50 cm) at each study plot were demarcated for 
collection of aboveground biomass. This was accomplished by clipping 
all plants in each subplot to soil surface level in early September 2018. 
Below-ground (root) biomass was collected from each subplot in four 
separate layers (0–10, 10–20, 20–30, and 30–40 cm) using a soil corer 
(5 cm in diameter). The harvested above- and below-ground plant 
biomass was oven-dried at 60 ◦C for 48 h and weighed. 

In mid-August 2018, samples from the top 10 cm of the soil at each of 
the 18 study plots were collected using a soil drill (3 cm in diameter). 
Three soil cores were collected from three random locations at each 
study plot and mixed to provide one composite soil sample per plot. All 
soil samples were passed through a 2 mm sieve in preparation for further 
analysis. Each composite soil sample was divided into two subsamples. 
One subsample from each plot was air-dried to enable analysis of soil 
organic matter and pH. The air-dried samples were sieved through 0.15 

mm sieves, inorganic carbon was removed using HCl, and the concen-
trations of soil organic carbon and soil total nitrogen were measured 
using an elemental analyser (Vario Macro Cube, Elementar, Germany). 
The pH of the soil was determined using a pH electrode (HASH, HQ30D, 
America) in a 2.5:1 soil/water suspension (w/v). In addition, the soil 
bulk density was determined based on the method described by Chang 
et al. (2015). Bulk density values were used to calculate the soil 
water-filled pore space following the method of Yang et al. (2018). 

The other subsamples were stored at 4 ◦C and transported to a lab-
oratory as quickly as possible for further analysis. Dissolved organic 
carbon was extracted by mixing 10 g of fresh soil with 2 mol L− 1 KCl for 
1 h at a soil: solution (w/v) ratio of 1: 5 (Jones and Willett et al., 2006). 
The extract was then filtered through a 0.45-μm PTFE membrane and 
analysed using a liquid carbon and nitrogen analyser (Vario TOC Select, 
Elementar, Germany). Microbial biomass carbon and microbial biomass 
nitrogen were determined using the chloroform fumigation-extraction 
method (Wu et al., 1990), with a 1: 4 soil: solution for extraction with 
0.5 mol L− 1 K2SO4. The extraction coefficients were 0.45 and 0.54 for 
microbial biomass carbon and microbial biomass nitrogen, respectively 
(Beck et al., 1997; Riggs and Hobbies 2016). The soil saccharase activity 
was determined by colorimetry using 3,5-dinitrosalicylic acid as a sub-
strate, after Guan et al. (1986). The concentrations of NH4

+-N and NO3
− -N 

were determined from extracts obtained by mixing 10 g of fresh soil with 
50 mL of KCl solution (1 mol L− 1) that were analysed using a flow in-
jection analyser (AutoAnalyser3, Seal, Germany). 

2.4. Data analysis 

We analysed the data in three steps. First, we established a mixed 
linear model to examine the differences in Re and CH4 fluxes under the 
different terrain conditions of the two gullies. The slope aspects (two 
levels: shady and sunny slopes), altitudinal positions (three levels: 
lower, middle, and upper slope positions), and their interactions were 
treated as fixed factors; the sampling date and polyvinyl chloride collars 
(replicates) were treated as random factors. The Re and CH4 fluxes were 
compared with respect to slope aspect and altitudinal position using 
Tukey’s honestly significant difference (HSD) test. The mixed linear 
model was established using R (version 3.5.1) with the lme4 package 
(Bates et al., 2015). In addition, two-way analysis of variance with 
Tukey’s HSD test and the Kruskal–Wallis test with Dunn’s test were 
performed to compare the differences among the abiotic and biotic 
factors across the gullies. 

Second, ordinary least squares regression was applied to explore the 
relationships of the Re and CH4 fluxes with influencing factors; specif-
ically, we used mean values of Re and CH4 fluxes, soil temperature, and 
soil volumetric water content determined by interpolating the daily 
average values between sampling dates (Zhang et al., 2017), as well as 
the mean values of other factors recorded in August 2018. We selected 
the equation with the lowest Akaike information criterion score as the 
fitted equation. 

Third, we used variation partitioning analysis with vegan package 
(Oksanen, 2011) to determine the relative importance of the factors that 
influence Re of the alpine grassland at the watershed scale. Negative 
values in variation partitioning analysis indicate that the explanatory 
variables account for less variation than the random normal variables 
(Legendre, 2008). The group that has negative value in variation par-
titioning analysis could be explained by the fact that the variation in Re 
was interpreted as zero (Legendre, 2008; Chen et al., 2019). Further-
more, we conducted structural equation modelling with piecewiseSEM 
package (Lefcheck, 2016) to evaluate the direct and indirect relation-
ships between Re and the influencing factors. Principal component 
analysis was conducted to create a multivariate functional index because 
the soil organic matter (soil organic carbon and total nitrogen) and 
microbial factors (represented by microbial biomass carbon and nitro-
gen and soil saccharase activity) groups were closely correlated 
(Fig. S4). The first component (PC1), which explained 76–98% of the 

Table 1 
Selected characteristics and rates of ecosystem respiration (Re) and methane 
(CH4) fluxes on two slope aspects at three altitudinal positions in a Tibetan 
alpine grassland. The Re and CH4 fluxes are averages for two growing seasons 
(2017 and 2018).  

Slope 
aspect 

Altitudinal 
position 

Elevation 
(m) 

Re (g 
CO2 

m− 2 

d− 1) 

CH4 fluxes 
(µg CH4 

m− 2 h− 1) 

Dominant 
species 

Shady 
slope 

Lower 4745 7.32 ±
1.06 

− 3.37 ±
0.66 

Kobresia 
humilis 

Middle 4810 6.46 ±
0.37 

− 10.48 ±
0.78 

K. humilis and 
K. pygmaea 

Upper 4875 4.57 ±
0.49 

− 7.29 ±
0.92 

K. pygmaea 

Sunny 
slope 

Lower 4745 6.02 ±
0.53 

− 1.60 ±
0.88 

K. tibetica and 
K. humilis 

Middle 4810 6.18 ±
0.45 

− 7.31 ±
0.72 

K. humilis and 
K. pygmaea 

Upper 4875 6.21 ±
0.62 

− 8.48 ±
0.62 

K. pygmaea 
and Oxytropis 
sp  

Y. Li et al.                                                                                                                                                                                                                                        



Agricultural and Forest Meteorology 306 (2021) 108451

4

total variance in soil organic matter and microbial factors, was intro-
duced as a new variable in the subsequent structural equation modelling 
analysis (Table S1). When a variable followed a significant linear 
regression with the average Re (p < 0.05), it could enter the variation 
partitioning analysis and structural equation modelling. All data were 
shown as the mean ± 1 standard error. 

3. Results 

3.1. Abiotic and biotic factors 

The soil temperature exhibited an evident seasonal variation, peak-
ing at 11.9 ◦C in July, whereas the soil volumetric water content showed 
limited seasonal fluctuation except for a marked decrease in October 
(Fig. S5). The soil temperature was higher on the sunny than on the 
shady slope, whereas the soil volumetric water content exhibited limited 
differences between the two slopes (Table S2; Fig. S6a, b). Soil tem-
perature and soil volumetric water content were significantly higher at 
the lower than at the middle and upper positions on both slopes 
(Fig. S6a, b). 

The plant biomass and soil biophysiochemical factors (including soil 
organic carbon, soil total nitrogen, dissolved organic carbon, microbial 
biomass carbon, microbial biomass nitrogen, and saccharase activity) 
were not significantly different between the shady and sunny slopes 
(Table S2; Fig. S7). Although the altitudinal position significantly 
affected the concentration of dissolved organic carbon only on the sunny 
slope, other factors had relatively higher values at the lower slope po-
sitions compared to the other altitudinal positions (Fig. S7). 

3.2. Seasonal variation in ecosystem respiration and methane fluxes 

During both growing seasons, all study plots generally showed 
negative CH4 fluxes, suggesting CH4 sinks and net CH4 uptake 
(Fig. 2d–f), with an average of − 6.42 ± 0.78 µg CH4 m− 2 h− 1. Both the 
Re and net CH4 uptake rates increased from June to August and 
decreased in September and October (Fig. 2). The seasonal variation in 
Re was mainly related to soil temperature (Fig. S8), whereas the sea-
sonal variation in net CH4 uptake rates showed a positive correlation 
with the soil temperature, but a negative correlation with soil volu-
metric water content (Fig. S9). 

3.3. Variation in ecosystem respiration and methane fluxes at the 
watershed scale 

The average Re ranged from 4.57 to 7.32 g CO2 d− 1 across the gullies 

(Table 1). There was no significant difference in Re between the shady 
and sunny slopes (Fig. 2g). On the sunny slope, Re was similar at 
different altitudinal positions, whereas on the shady slope, the Re at the 
lower slope positions were significantly higher than at the upper slope 
positions (Fig. 2g). 

The average CH4 flux rates ranged from − 1.60 to − 10.48 µg CH4 
m− 2 h− 1 across the gullies (Table 1). The middle and upper slope posi-
tions on the shady and sunny slopes showed no significant differences in 
CH4 fluxes (Fig. 2h); however, the middle and upper slope positions net 
CH4 uptake rates were higher than those at the lower slope positions 
(Fig. 2h; Table 1). 

3.4. Relationships of ecosystem respiration and methane fluxes with 
biophysiochemical factors at the watershed scale 

Ecosystem respiration increased linearly with an increase in soil 
temperature, soil organic carbon, soil total nitrogen, microbial biomass 
carbon, microbial biomass nitrogen, and saccharase activity (Fig. 3). 
However, Re increased and then decreased with an increase in soil 
volumetric water content and concentration of dissolved organic carbon 
(quadratic relationship, Fig. 3b, e). In addition, there was no relation-
ship between Re and plant biomass across the gullies (Fig. 3i). Variation 
partitioning analysis revealed that the microbial factor was the primary 
contributor to the spatial variability in Re at the watershed scale (47.0%, 
indicated as C + AC + BC + ABC), followed by soil organic matter 
(31.8%, B + AB + BC + ABC) and soil temperature (18.1%, A + AB + AC 
+ ABC). These three groups accounted for 45.0% of the variation 
(Fig. 4a). Noticeably, the interactive effects of the three groups 
accounted for a much greater proportion of Re variance than the effect of 
each independent factor (Fig. 4a). Furthermore, structural equation 
modelling showed that the microbial factor had a direct effect on Re, 
whereas soil organic matter and soil temperature indirectly affected Re 
by altering the microbial factor (Fig. 4b). 

The net CH4 uptake rates decreased with increasing soil volumetric 
water content (r2 = 0.76, p < 0.01; Fig. 5b) and water-filled pore space 
(r2 = 0.60, p < 0.01; Fig. 5c). Moreover, there was a close positive 
correlation between soil volumetric water content and water-filled pore 
space (r = 0.77, p < 0.01; Fig. S10a). Conversely, CH4 fluxes showed a 
nonlinear quadratic relationship with soil temperature (r2 = 0.51, p <
0.01; Fig. 5a). In our study area, the concentrations of NH4

+-N and NO3
− - 

N had limited effects on the CH4 fluxes of the alpine grassland across the 
gullies (Fig. 5d, e). We did not find a significant relationship between 
CH4 fluxes and Re (Fig. S10b). 

Fig. 2. Tibetan alpine grassland watershed 
scale seasonal variation in the rates of 
ecosystem respiration (Re) (a–c) and methane 
(CH4) fluxes (d–f) and their ranges (g and h) 
during two growing seasons. In panels (a)–(f), 
the bars represent the standard error of each 
mean. In panels (g) and (h), Total represents 
data for all three altitudinal positions for same 
slope aspect. In the boxplots, the outer edges 
and horizontal lines are the 25th, 75th, and 
50th quantiles, respectively. The whiskers and 
black circles represent a range of 1.5 times 
within the interquartile range and outliers, 
respectively. The different uppercase letters 
represent significant differences (P < 0.05) 
between the shady and sunny slopes at the 
same altitudinal position. The different lower-
case letters represent significant differences 
among different altitudinal positions for the 
same slope aspect.   
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Fig. 3. Relationships between ecosystem respiration (Re) and biophysiochemical factors across watersheds in a Tibetan alpine grassland. The asterisk (*) represents 
0.01 < p < 0.05 and the double asterisks (**) represents p < 0.01. 

Fig. 4. Variation partitioning analysis (a) and 
structural equation modelling (b) examining 
the multivariate effects of driving factors on 
ecosystem respiration (Re) across watersheds in 
a Tibetan alpine grassland. In panel (a), ST 
represents soil temperature and SOM repre-
sents soil organic matter. In panel (b), the solid 
arrows indicate significant relationships (p <
0.05); the dashed arrows indicate insignificant 
relationships (p > 0.05); and arrow width is 
proportional to the strength of the relationship. 
Multiple-layer rectangles represent the first 
component of the principal component analysis 
conducted for soil organic matter and the mi-
crobial factor; soil organic matter includes soil 
organic carbon (SOC) and soil total nitrogen 
(STN), and the microbial factor includes mi-
crobial biomass carbon (MBC), microbial 

biomass nitrogen (MBN), and saccharase activity (Table S1). The double asterisks (**) represent p < 0.01 and the superscript dot (̇) represents 0.1 < p < 0.05.   
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4. Discussion 

4.1. Growing season ecosystem respiration and methane fluxes 

The average Re over the growing seasons of 6.13 ± 0.29 g CO2 m− 2 

d− 1 in the alpine grassland in our study area was similar to that in the 
Dangxiong alpine meadow (from 3.99 to 10.68 g CO2 m− 2 d− 1 along an 
altitudinal gradient), but lower than that of 13.16 ± 1.14 g CO2 m− 2 d− 1 

in the Haibei alpine meadow (Jiang et al., 2010; Zhao et al., 2017). The 
fact that Re was greater in the Haibei alpine meadow might be attributed 
to a higher mean annual temperature at this location (Table S3; Zhang 
et al., 2017). The potential impact of soil temperature on Re is also re-
flected at a global scale, where the rate of Re in the Tibetan alpine 
permafrost region is close to that in the Arctic tundra (Tables S3 and S4), 
and lower than in temperate grasslands; these differences may be related 
to the lower soil temperatures in the Tibetan Plateau and the Arctic 
permafrost regions (Yuan et al., 2011). In our study, the seasonal pattern 
of Re was mainly determined by changes in soil temperature at all study 
plots (Fig. S8), which is consistent with most field observations (Luo 
et al., 2001; Li et al., 2015). 

In alpine grassland located near our study area, Chen et al. (2017) 
have recorded CH4 uptake rates with seasonal averages of − 12.12 ±
0.42 µg CH4 m− 2 h− 1 in alpine meadow and − 3.41 ± 1.08 µg CH4 m− 2 

h− 1 in alpine swamp meadow, which are consistent with our findings. 
However, compared to CH4 fluxes in other alpine meadows on the Ti-
betan Plateau, the higher soil volumetric water content and lower soil 
temperature in our study area may have caused the gully soils we 
studied to be weak sinks of atmospheric CH4 (Table S3; Wei et al., 
2015a). Research in the Arctic upland tundra supports this explanation, 
as it is reported that dry tundra with a lower soil volumetric water 
content and higher soil temperature has higher net CH4 uptake rates 
than moist tundra (Jørgensen et al., 2015). Warming and drying have 
been found to significantly increase the abundance of methanotrophic 
communities and CH4 oxidation (Zheng et al., 2012; Natali et al., 2015, 
2018), which further explains the greater net CH4 uptake rates associ-
ated with lower soil volumetric water content and higher soil temper-
ature that we observed in August in our study (Fig. 2d–f; Fig. S5). In the 
context of climate change, a synergistic increase in temperature and 

precipitation on the Tibetan Plateau would add uncertainty to the pre-
diction of CH4 fluxes in Tibetan alpine grassland (Wang et al., 2008a; 
Piao et al., 2019). 

4.2. Control of ecosystem respiration at the watershed scale 

Ecosystem respiration encompasses autotrophic respiration from 
plants and heterotrophic respiration from soil microbes (Natali et al., 
2014; Zhang et al., 2017). In our study area, autotrophic respiration and 
heterotrophic respiration account for 35% and 65% of the soil respira-
tion, respectively (Zhang, 2016). Meanwhile, considering that the root 
biomass of alpine grasslands account for 86–96% of total plant biomass 
(Li et al., 2011), we believe that Re mainly comes from heterotrophic 
respiration in our study area. The much lower percentage of autotrophic 
respiration may be the reason why we did not find a significant rela-
tionship between plant biomass and Re across the watersheds (Fig. 3i). 
On the other hand, the microbial factor, consisting of microbial biomass 
carbon and nitrogen and saccharase activity, were identified as the 
direct and primary control over the spatial variability in Re at the 
watershed scale (Fig. 4). The strong interactions between the microbial 
factor and soil temperature or soil organic matter (Fig. 4a), suggested 
that the effect of the microbial factors on Re depends on the soil tem-
perature and soil organic matter content (Treat et al., 2014; Shi et al., 
2017). It has been well documented that a high soil temperature and 
high soil organic matter content are favourable for greater microbial 
activity and thus the generation of larger Re (Xue et al., 2016; Chen 
et al., 2019). In relative to other positions, soil temperature is lower at 
the upper positions on the shady slopes; the soil organic matter content 
was also lower likely due to soil erosion caused by running water. As a 
result, the observed microbial activity and Re were lower at the upper 
positions on the shady slopes (Fig. 2g; Sommerkorn, 2008). 

Although not included as a variable for variation partitioning anal-
ysis and structural equation modelling due to the non-linear relationship 
between soil volumetric water content and Re (Fig. 3b), the Re was also 
influenced by soil volumetric water content at the watershed scale of 
this Tibetan alpine grassland. An excessive soil volumetric water content 
(> 40%) in the lower slope could reduce the diffusivity of oxygen in 
these soils, resulting in a reduced microbial decomposition and thus a 

Fig. 5. Relationships between methane (CH4) flux rates and soil temperature (a), soil volumetric water content (b), water-filled pore space (c), and the concen-
trations of NH4

+-N (d) and NO3
− -N (e) across watersheds in a Tibetan alpine grassland. The double asterisks (**) represents p < 0.01. 
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moderate Re (Xu and Qi, 2001; Hu et al., 2008), even at higher soil 
temperatures and soil organic matter content (Fig. S6 and S7). Low soil 
permeability in this permafrost region reduces the infiltration of mois-
ture into the soil, which generally leads to the formation of poorly 
drained landscapes at the lower slope positions (Metcalfe and Buttle, 
2001). On the sunny slope, the deeper upslope thawing depth may lead 
to more soil water flowing down the slope (Fig. S2), resulting in even 
higher soil volumetric water content in the lower slope position 
(Fig. S6b). The spatial variability in soil volumetric water content caused 
by terrain has also been identified as an important factor influencing Re 
in Arctic tundra (Grant et al., 2017). Differences in topography and 
active layer depth are known to change the upslope hydrological con-
ditions and form water tracks in upland tundra, which cause spatial 
variability in Re at the landscape scale (Chapin et al., 1988; Curasi et al., 
2016). Lower Re values have been recorded from the lower centres than 
from the higher rims in polygons in the Arctic landscape, mainly because 
the excessive soil volumetric water content suppressed Re in the lower 
landform centres (Zona et al., 2011; Vaughn et al., 2016). Our findings 
suggest that microbial activity is the primary control on Re, while 
terrain position determined soil volumetric water content, soil organic 
matter content and soil temperature interact with microbial factors to 
drive the watershed scale variability in Re in the alpine grassland we 
studied. 

4.3. Control of methane fluxes at the watershed scale 

The soil volumetric water content had a definite effect on the alpine 
grassland CH4 fluxes at the watershed scale (Fig. 5b). A similar effect of 
soil volumetric water content on CH4 fluxes has been observed at other 
spatial scales in Tibetan alpine grassland and in the Arctic tundra. For 
example, at a microtopography scale, Christensen et al. (2000) and Wei 
et al. (2015b) recorded distinct spatial heterogeneity of CH4 fluxes 
associated with hollow terrain and hummocks because of differences in 
the soil volumetric water content (Tables S3 and S4). On a regional 
scale, the net CH4 uptake rates display a decreasing trend from dry to 
wet sites with an increase in the soil volumetric water content 
(Emmerton et al., 2014; Jørgensen et al., 2015; McEwing et al., 2015; 
Zhang et al., 2019). As mentioned in the Section 4.1, the methanotrophic 
community prefers aerobic conditions; thus, net CH4 uptake rates 
decrease with an increase in the soil volumetric water content 
(Jørgensen et al., 2015; Wei et al., 2015a). Therefore, a higher soil 
volumetric water content at the lower slope positions may have reduced 
the abundance of the methanotrophic community and resulted in lower 
net CH4 uptake rates than those at the other altitudinal positions 
(Fig. 2h). Affected by global warming, the thickness of the active layer in 
the permafrost regions of the Tibetan Plateau continues to deepen 
(Cheng et al., 2019), which may lead to further reduction in soil volu-
metric water content in the topsoil of the upper mountain slopes 
(McGuire et al., 2002; Li, 2010; Cheng et al., 2019), and may further 
increase the difference in CH4 fluxes between the upper and lower slope 
positions. In the mid-region of the sunny slope, a higher soil bulk density 
may have caused an increase in the soil water-filled pore space, thereby 
reducing the oxidation of CH4 (Fig. S6c, d; Dunfield et al., 2007; Yang 
et al., 2018). This could account for why the net CH4 uptake rates at the 
middle altitudinal positions on the sunny slope were lower than at the 
same altitudinal position on the shady slope (Fig. 2h), although the 
difference was not significant (p > 0.05). 

The CH4 fluxes we obtained showed a nonlinear quadratic relation-
ship with soil temperature at the watershed scale, which is inconsistent 
with the phenomenon that net CH4 uptake rates increase with an in-
crease in soil temperature at the locale scale (Jørgensen et al., 2015; 
Natali et al., 2015). This may be because higher soil moisture, which is 
synchronous with higher soil temperature in the topsoil of the lower 
slope positions, has a greater effect on the suppression of CH4 oxidation 
and restrained the effect of the soil temperature in our study area. 
Similarly, by performing a warming experiment on different alpine 

grassland types, Li et al. (2020) demonstrated that the effect of soil 
temperature on CH4 fluxes is related to the soil volumetric water con-
tent. Previous studies on the Tibetan Plateau have found that net CH4 
uptake rates are influenced by the concentrations of NH4

+-N and NO3
− -N 

(Peng et al., 2019). Specifically, the appropriate addition of nitrogen 
could increase the activity of methanotrophs, given that the Tibetan 
alpine permafrost region is a naturally N-limited region (Kou et al., 
2017, 2020). However, we did not observe a significant relationship 
between NH4

+-N or NO3
− -N and net CH4 uptake rates in our study, 

although the concentrations of NH4
+-N and NO3

− -N ranged widely across 
the gullies (Fig. 5d and e). Overall, we highlighted the significant effect 
of soil moisture in controlling alpine grassland CH4 fluxes at the 
watershed scale. 

Our study inevitably improves the understanding of watershed scale 
patterns and controlling factors of Re and CH4 fluxes in the Tibetan 
alpine permafrost region. However, some limitations still exist and need 
to be addressed in future studies. First, the monthly measurements of Re 
and CH4 fluxes do not capture the diurnal variations of Re and CH4 
fluxes of the study area. A highly time-resolved (e.g. diurnal) fluxes 
dataset can accurately describe temporary changes within watersheds 
and can be obtained using the continuous automated trace gas analyser 
with multiplexer. Second, as our experiments were conducted in 
growing seasons only, the patterns of Re and CH4 fluxes of the non- 
growing season were missing. Non-growing season Re was found to 
account for about 25% of annual Re (Zhang et al., 2015; Zhu et al., 2020) 
and non-growing season CH4 uptake contribute to about 13% of annual 
CH4 fluxes in an alpine grassland (Li et al., 2012; Li, 2013), suggesting 
that non-growing season fluxes should not be overlooked in future flux 
measurements. Finally, although dark chambers are frequently used to 
measure CH4 fluxes (Wei et al., 2015b; Peng et al., 2019), there are also 
studies showing that the absence of light under a dark chamber may 
influence CH4 fluxes by altering soil oxygen availability and the allo-
cation of recent photosynthate to belowground microorganisms (von 
Fischer et al., 2010; Li et al., 2016; Bao et al., 2020). 

5. Conclusion 

Our two-year Tibetan alpine grassland field study revealed that 
altitudinal position significantly affected CH4 fluxes owing to differ-
ences in soil moisture along the gully slopes within the watersheds. 
Abiotic and microbial factors interactively affected Re, and the micro-
bial factor had a direct and regulated effect on Re at the watershed scale. 
Our results show that the influence of permafrost on hill slope hydrology 
may further increase spatial heterogeneity of soil moisture, which can 
potentially alter the carbon exchange of alpine grassland at the water-
shed scale, especially considering the weaker CH4 net uptake rates at the 
lower slope positions than at the other slope positions. These findings 
have important implications for estimating carbon exchange in the 
mountains of the Tibetan permafrost regions. Given that mountains 
cover approximately 60.58% of the Tibetan Plateau, neglecting spatial 
variability in Re and CH4 fluxes at the watershed scale may mislead the 
assessment of carbon exchange. Hence, we recommend that spatial 
variability in Re and CH4 fluxes at the watershed scale should be 
considered in the earth system model to improve the evaluation of 
carbon exchange in Tibetan alpine grassland. 
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