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Abstract

Peatlands store large amounts of carbon (C) and actively exchange greenhouse gases (GHGs) with the atmosphere, thus

playing an important role in global C cycle and climate. Large uncertainty exists in estimating C and GHG budgets of the

alpine peatlands on Qinghai-Tibetan Plateau (QTP), as direct measurements of carbon dioxide (CO2) and methane (CH4)

fluxes are still scarce in this region. In this study, we provided ˜2.5-year continuous CO2 and CH4 fluxes measured using

the eddy covariance technique in a typical alpine peatland on the eastern QTP to estimate the net C and CO2-eq fluxes and

investigate their environmental controls. Our results showed that the mean annual CO2 and CH4 fluxes were -106 g C-CO2

m-2 yr-1 and 35 g C-CH4 m-2 yr-1, respectively. While considering the traditional and sustained global warming potentials of

CH4 over the 100-year time scale, the peatland acted as a net source of CO2-eq (918 and 1712 g CO2-eq m-2 yr-1, respectively).

The net CO2-eq emissions during the non-growing seasons contributed to over 40% of the annual CO2-eq budgets. We further

found that the net CO2-eq flux was primarily influenced by soil temperature and global radiation variations. This study was

the first assessment to quantify the net CO2-eq flux of the alpine peatland in the QTP region using long-term eddy covariance

measurements. Our study highlights that CH4 emissions from peatlands can largely offset the net cooling effect of CO2 uptake

and future climate changes such as global warming might further enhance their potential warming effect.

1
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Key Points: 17 

● CH4 emissions offset the net CO2 uptake from an alpine peatland on eastern QTP 18 

● The alpine peatland showed a net radiative warming effect 19 

● Soil temperature and global radiation were dominant abiotic controls of net CO2-eq flux 20 

variations  21 
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Abstract 22 

Peatlands store large amounts of carbon (C) and actively exchange greenhouse gases (GHGs) 23 

with the atmosphere, thus playing an important role in global C cycle and climate. Large 24 

uncertainty exists in estimating C and GHG budgets of the alpine peatlands on Qinghai-Tibetan 25 

Plateau (QTP), as direct measurements of carbon dioxide (CO2) and methane (CH4) fluxes are 26 

still scarce in this region. In this study, we provided ~2.5-year continuous CO2 and CH4 fluxes 27 

measured using the eddy covariance technique in a typical alpine peatland on the eastern QTP to 28 

estimate the net C and CO2-eq fluxes and investigate their environmental controls. Our results 29 

showed that the mean annual CO2 and CH4 fluxes were -106 g C-CO2 m-2 yr-1 and 35 g C-CH4 30 

m-2 yr-1, respectively. While considering the traditional and sustained global warming potentials 31 

of CH4 over the 100-year time scale, the peatland acted as a net source of CO2-eq (918 and 1712 32 

g CO2-eq m-2 yr-1, respectively). The net CO2-eq emissions during the non-growing seasons 33 

contributed to over 40% of the annual CO2-eq budgets. We further found that the net CO2-eq 34 

flux was primarily influenced by soil temperature and global radiation variations. This study was 35 

the first assessment to quantify the net CO2-eq flux of the alpine peatland in the QTP region 36 

using long-term eddy covariance measurements. Our study highlights that CH4 emissions from 37 

peatlands can largely offset the net cooling effect of CO2 uptake and future climate changes such 38 

as global warming might further enhance their potential warming effect. 39 

 40 

Keywords: Peatlands, radiative forcing, greenhouse gas fluxes, carbon budgets, eddy covariance, 41 

Qinghai-Tibetan Plateau  42 
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1. Introduction 43 

Carbon dioxide (CO2) and methane (CH4) are the two most important long-lived greenhouse 44 

gases (LLGHGs) and together contribute to over 80% of the radiative forcing caused by 45 

LLGHGs [WMO, 2018]. Peatlands cover only about 3% of the Earth’s land surface area but store 46 

over 500 Pg (1015 g) of carbon (C), accounting for one-third of the global soil C pool and about 47 

70% of the atmospheric C pool [Gorham, 1991; Loisel et al., 2017; Turunen et al., 2002; Yu et 48 

al., 2010]. It has been widely acknowledged that peatlands have played an important role in 49 

regulating the global C and GHG cycles and climate change [Friedlingstein et al., 2019; 50 

Frolking et al., 2011; Hopple et al., 2020]. Peatland ecosystems have the potential to mitigate 51 

climate change by sequestering CO2 from the atmosphere into biomass and soils [Baldocchi and 52 

Penuelas, 2019; Nugent et al., 2019; Stocker et al., 2017]; meanwhile, peatlands emit large 53 

amounts of CH4 to the atmosphere during the peatland forming and growing processes 54 

[Dommain et al., 2018; Kirschke et al., 2013], thus resulting in contrasting effects on radiative 55 

forcing. Both pathways are sensitive to climate change and anthropogenic activities [Chen et al., 56 

2013; Frolking et al., 2011]; for examples, drought caused by both peatland drainage and low 57 

precipitation [Fenner and Freeman, 2011; Swindles et al., 2019], peatland wildfires and burning 58 

[Turetsky et al., 2015], and conversion for agricultural uses [Carlson et al., 2013; Dommain et 59 

al., 2018] can shift the peatlands from net GHG sinks to sources. However, it should be noted 60 

that the historical, current, and future contributions of peatlands to the global C budget and 61 

radiative forcing are still uncertain due to limited knowledge of the synergistic feedbacks of CO2 62 

and CH4 to climatic perturbation and anthropogenic activities [Luan et al., 2018; Petrescu et al., 63 

2015; Stocker et al., 2017]. 64 
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The uncertainty in CO2 and CH4 stoichiometry of peatlands could be attributed to a 65 

variety of sources, such as the lack of reliable global peatland area estimates [Chaudhary et al., 66 

2017; Xu et al., 2018; Yu et al., 2010], difficulties in quantifying terrestrial anaerobic or 67 

oxidative sources and sinks [Bridgham et al., 2013; Loisel et al., 2017; Poulter et al., 2017], and 68 

the scarcity of both CO2 and CH4 flux measurements, especially from low-latitude and high-69 

altitude peatlands [Bridgham et al., 2013; Kirschke et al., 2013; Schaefer et al., 2016; Yu et al., 70 

2010]. To date, most of the peatland C fluxes have been measured in the northern high-latitude 71 

(45-70°N) [Loisel et al., 2017; Turetsky et al., 2014]. Recent studies show that wetland 72 

ecosystems in the subtropical and tropical regions have acted as C sinks, but their CH4 emissions 73 

can offset net CO2 uptake under warm scenarios, thus contributing to a positive radiative forcing 74 

[Dalmagro et al., 2019; Dommain et al., 2018; Liu et al., 2020]. Considering peatlands in the 75 

low-latitude regions have a sizeable amount of C stocks and higher CH4 emissions and C 76 

sequestration rates compared to the northern peatlands [Loisel et al., 2017; Nilsson et al., 2008; 77 

Yu et al., 2010], the lack of C flux measurements from these areas could lead to large uncertainty 78 

in the global peatland C and GHG budget estimations [X Liu et al., 2019; Schaefer et al., 2016; 79 

Turetsky et al., 2015]. Therefore, more monitoring is needed to reveal the dynamics in peatland-80 

atmosphere C exchanges and dynamics. 81 

The Ruoergai peatland in the eastern margin of the Qinghai-Tibetan Plateau (QTP) is the 82 

largest consecutive alpine peatland in the world, covering a total area of 4600 km2 at an average 83 

elevation of 3400 meters above sea level [Chen et al., 2014; Xiang et al., 2009; Yao et al., 2011]. 84 

The climate of the eastern QTP is influenced by the Asian monsoons and characterized by short, 85 

warm, and wet summer with high solar irradiation and long, cold, and dry winter, which 86 

promotes the growth of herbaceous plants and preserving of peat or organic material rich soils 87 
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[Hong et al., 2005; Peng et al., 2015]. The mean annual temperature in the QTP region has been 88 

rapidly increasing at a rate of 0.27 ℃ per decade during 1961-2005, whereas global mean 89 

surface temperature has risen only by 0.85 ℃ since 1880 [Tang et al., 2018; You et al., 2016]. 90 

Due to the rapid warming, glacier melting and retreats have provided more water for peatland 91 

formation despite precipitation in the QTP region has not changed dramatically [Yao et al., 92 

2012]. As the biogeochemical processes regulating the CO2 and CH4 flux magnitudes are 93 

temperature-dependent and sensitive to water availability [Hopple et al., 2020; Peichl et al., 94 

2014; Yuan et al., 2011; Yvon-Durocher et al., 2014], both fluxes have significantly been altered 95 

due to climate change in the QTP region [Chen et al., 2013; Yang et al., 2014]. 96 

Temporal patterns of CO2 or CH4 fluxes and their dominant environmental controls have 97 

been recently but separately explored over the Ruoergai peatland [Chen et al., 2021; X Liu et al., 98 

2019; Peng et al., 2019]. However, studies into ecosystem-level net CO2 equivalent flux (net 99 

CO2-eq flux, i.e., summing up CO2 and CH4 fluxes weighted by different global warming 100 

potential metrics of CH4) and its overall environmental controls are still rare in this region. In 101 

this study, we compiled ~2.5-year (32 months) continuous eddy covariance (EC) measurements 102 

of CO2 and CH4 fluxes at a typical alpine peatland on the eastern QTP to (a) characterize the 103 

temporal variations of net ecosystem exchanges of CO2, CH4, and their CO2 equivalents between 104 

the alpine peatland and the atmosphere; (b) investigate the biophysical drivers of the net CO2-eq 105 

fluxes at different temporal scales; and (c) assess the overall net radiative forcing arising from 106 

sustained CH4 emissions and concurrent net CO2 uptake from the alpine peatland on the eastern 107 

QTP. To our knowledge, this study was the first to present a multi-year continuous dataset of 108 

ecosystem-scale CO2 and CH4 fluxes over alpine peatlands on QTP, providing key information 109 

for understanding the role of alpine peatlands in the global C balance and net radiative forcing. 110 
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 111 

2. Methods 112 

2.1. Site description 113 

The study site is at the Hongyuan Peatland Carbon Flux Monitoring and Research Station 114 

(32°46’ N, 102°30’ E, 3510 m.a.s.l.) operated by the Institute of Geochemistry, Chinese 115 

Academy of Sciences. The site is located in a valley on the eastern side of the Bai River in 116 

Hongyuan County, Sichuan Province, China (Figure 1). The Hongyuan peatland has an area of 117 

1.1 km2 and the deepest peat deposition is around 6.5 m. It is a part of the Ruoergai wetland, 118 

which covers 15% of the Ruoergai Basin area on the eastern QTP [Peng et al., 2019; Yao et al., 119 

2011] and stores approximately 0.48 Pg C, some of which have been formed since 15,000 years 120 

ago [Chen et al., 2014]. The long-term (1981-2010) meteorological data from the National 121 

Benchmark Climate Station in Hongyuan (http://data.cma.cn/) showed that the mean annual 122 

temperature and precipitation are 1.8 °C and 746 mm, respectively. The highest monthly mean 123 

air temperature is typically observed in July (11.2 °C on average), whereas the lowest is in 124 

January with a 30-year mean of -9.4 °C. More than 75% of annual precipitation usually occurs 125 

during the growing season from May to September each year. The dominant plant species in 126 

Hongyuan peatland are Carex mulieensis and Kobresia tibetica, and other abundant plant species 127 

include Caltha palustris, Gentiana formosa, and Trollius farreri. 128 
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 129 

Figure 1: Location of the eddy covariance flux tower at Hongyuan peatland on the eastern Qinghai-130 
Tibetan Plateau and its flux measurement footprint during daytime (orange lines) and nighttime (blue 131 
lines). The land cover data in panels (a) and (b) were retrieved from the Data Center for Resources and 132 
Environmental Sciences of the Chinese Academy of Sciences (http://www.csdb.cn). The footprint contour 133 
lines in panel (c) are shown in increments of 20% from 50% (inner circle) to 90% (outer circle). 134 
 135 

2.2. Eddy covariance and ancillary measurements 136 

The EC tower was installed in the center of Hongyuan peatland, where the terrain is flat and the 137 

average peat depth is 3.3 m. The flat area has a diameter of > 300 m, which provides a 138 

homogeneous upwind fetch for the EC flux measurements (Figure 1). The EC sensors were 139 

mounted at 2.5 m above the ground, consisting of a 3-D ultrasonic anemometer (WindMaster 140 

Pro, Gill Instruments Limited, UK) for measuring wind components, an open-path infrared gas 141 

analyzer (LI-7500A, LI-COR Biosciences, USA) for measuring carbon dioxide and water vapor 142 

densities, and an open-path gas analyzer (LI-7700, LI-COR Biosciences, USA) for measuring 143 

CH4 concentrations. The LI-7500A was tilted 10° in the main wind direction to avoid water 144 
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accumulation on the lens. The raw EC data were recorded at 10 Hz using the LI-7550 data logger 145 

(LI-7700, LI-COR Biosciences, USA). Other ancillary environmental measurements, including 146 

global radiation (Rg), air temperature (Tair) and relative humidity (RH), precipitation (PPT), soil 147 

temperature (Tsoil) at three depths (10, 25, and 40 cm below the ground), and soil water content 148 

(SWC) at a depth of 10 cm, were recorded by a HOBO U30 weather station installed near the EC 149 

tower (Figure 1). Vapor pressure deficit (VPD) was calculated using the Tair and RH 150 

measurements. The EC tower was powered by solar panels during daytime and lead-acid 151 

batteries during nighttime or when solar radiation was low. A more detailed description of 152 

instrumentation is presented in Peng et al. [2019]. 153 

 154 

2.3. Flux data processing and radiative forcing calculation 155 

The 10 Hz EC raw data were processed using the express mode in EddyPro® software (Version 156 

5.1.1, LI-COR Biosciences, USA) to obtain the half-hourly averaged fluxes of CO2 and CH4. A 157 

detailed description of raw flux calculation was presented in Peng et al. [2019] and thus was not 158 

repeated in this study. In brief, double rotation [Wilczak et al., 2001], block average [Gash and 159 

Culf, 1996], and covariance maximization [Fan et al., 1990] were applied in the EddyPro 160 

settings. Flux data were corrected for spectral attenuations [Moncrieff et al., 2004; Moncrieff et 161 

al., 1997] and density fluctuations [Webb et al., 1980]. The 30-min CO2 and CH4 flux data were 162 

filtered according to the EddyPro “0-1-2” quality check flagging policy [Mauder and Foken, 163 

2004] that data with a flag of “2” were discarded. As spikes still occurred in the time series data, 164 

half-hourly CO2 and CH4 fluxes were further removed if they were outside the range of mean ± 165 

3×standard deviation over a moving window of 10 days. Moreover, the half-hourly CO2 and CH4 166 

fluxes measured during the calm and stable atmospheric conditions, indicated by low friction 167 
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velocity (u*) were discarded via the REddyProc online tool [Wutzler et al., 2018] following the 168 

procedures described in Papale et al. [2006]. The u* thresholds ranged from 0.082 to 0.147 m s-1 169 

at our site. 170 

Gaps in CO2 flux were filled using the marginal distribution sampling (MDS) method 171 

[Reichstein et al., 2005] implemented in the REddyProc online tool. The MDS look-up table 172 

variables include global radiation, air temperature, and vapor pressure deficit. As CH4 emissions 173 

are widely found to be controlled by soil temperature and water table level [e.g., Chen et al., 174 

2021; Rinne et al., 2018; Ueyama et al., 2020], the CH4 flux data were gap-filled by the 175 

regression fitting approach using soil temperature and soil water content as environmental 176 

drivers. More details are provided in our previous study [Peng et al., 2019]. The 177 

micrometeorological sign convention was used in this study that positive and negative fluxes 178 

indicated emission from and uptake by the peatland ecosystem, respectively. 179 

The net radiative forcing of Hongyuan peatland was computed as the sum of the vertical 180 

CO2 and CH4 fluxes in CO2 equivalents (defined as net CO2-eq flux) weighted by global 181 

warming potential (GWP) of CH4. We applied both the traditional and sustained GWP (SGWP) 182 

metrics, the latter of which has been recently used to determine the net radiative forcing of 183 

several ecosystems by considering their persistent GHG emissions rather than the isolated pulse 184 

emissions [e.g., Hemes et al., 2018; Hemes et al., 2019; Liu et al., 2020]. In this study, we chose 185 

the CH4 GWP of 28 CO2-eq (GWP-28) without the inclusion of climate-carbon feedbacks 186 

[Myhre et al., 2013] and the SGWP of 45 CO2-eq (SGWP-45) [Neubauer and Megonigal, 2015] 187 

over the 100-year time horizon. A positive net CO2-eq value indicates an overall climatic 188 

warming effect and vice versa. 189 

 190 
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2.4. Statistical and footprint analyses 191 

Principle component analysis (PCA) was performed on the time-series data at the temporal 192 

resolutions of 30-min (non-gapfilled), daily, and monthly to investigate the correlation structures 193 

of the CO2, CH4, and net CO2-eq fluxes with the environmental variables. Flux measurement 194 

footprint was estimated using the two-dimensional footprint parametrization [Kljun et al., 2015]. 195 

Roughness length (z0) and zero-plane displacement height (d) were estimated as 1/10 and 2/3 of 196 

the canopy height (0.1 m), respectively. Besides, other footprint model input includes wind 197 

direction, standard deviation of lateral wind component fluctuations, friction velocity, Monin-198 

Obukhov length, and atmospheric boundary layer height, i.e., 800 m and 200 m for daytime and 199 

nighttime condition, respectively, for the eastern QTP region [Slättberg and Chen, 2020]. 200 

 201 

2.5. Evaluation periods 202 

During the study period from December 2013 to July 2016, the annual period is defined as the 203 

calendar year, which is further divided into four seasons, i.e., soil thawing (ST), growing season 204 

(GS), soil freezing (SF), and winter (W) based on the approaches described in Aurela et al. 205 

[2002] and Lund et al. [2010]. The starting and ending dates for each season during the study 206 

period were listed in the supplemental materials (Table S1). 207 

 208 

3. Results 209 

3.1. Environmental conditions 210 

The environmental conditions showed distinct characteristics between the two full annual 211 

periods (Figure 2). As shown in Figure 2a, Tair did not differ much between the two years (p > 212 

0.05), but the mean Rg during 2015 was significantly larger than in 2014 (p < 0.05), especially 213 
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during the growing season. Compared to 2014, the year of 2015 was identified as a relatively 214 

drier year, with 182 mm less PPT occurring during the growing season. However, the cumulative 215 

PPT during the first half of the growing season (May-July) was similar in 2014 and 2015 (316 216 

vs. 334 mm), and thus the largely reduced PPT mainly occurred from August 2015 (Figure 2b). 217 

During the first half of the growing season, Tsoil at the depth of 10 cm decreased by 1.0 °C from 218 

2014 to 2015, forming a cooler and wetter soil condition over that period due to a slight increase 219 

in PPT. In contrast to the growing season, Tsoil at 10 cm deep was 1.8 times higher across the 220 

entire non-growing season in 2015 compared to 2014. As expected, SWC mainly varied with 221 

PPT throughout the study period (Figure 2c). 222 

 223 

Figure 2: Monthly means (or sums) of environmental variables during the study period from December 224 
2013 to July 2016 at Hongyuan peatland. (a) Monthly mean global radiation (Rg, red bars) and air 225 
temperature (Tair, red dots); (b) monthly precipitation sums (PPT, cyan bars) and monthly mean vapor 226 
pressure deficit (VPD, blue dots); and (c) monthly mean soil water content at a depth of 10 cm (SWC, 227 
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green bars) and soil temperature (Tsoil) at the depths of 10 cm (green dots), 25 cm (grey dots), and 40 cm 228 
(black dots). 229 
 230 

3.2. Temporal patterns of CO2 and CH4 fluxes 231 

The measurements of net CO2 and CH4 exchanges between Hongyuan peatland and the 232 

atmosphere extended across two full annual periods and ~2.5 growing seasons from December 233 

2013 to July 2016 (Figure 3). The peatland was a net CO2 sink from May or June to September 234 

each year but a net source of CH4 throughout the entire study period. Combining both CO2 and 235 

CH4 fluxes into CO2 equivalents using the GWP-28 metric, the peatland acted as a net source of 236 

CO2-eq fluxes for 10 and 11 months during 2014 and 2015, respectively. The peak net CO2-eq 237 

uptake concurred with the largest CO2 uptake in July each year, around which the highest 238 

monthly CH4 fluxes were also observed, i.e., in August 2014, July 2015, and July 2016. The 239 

peak net CO2-eq emission was observed at the end of the growing season each year, i.e., 240 

September 2014 and October 2015. While applying the SGWP-45 metric, the monthly net CO2-241 

eq fluxes were all positive throughout the entire measurement period, illustrating that the 242 

peatland was a net source of net CO2-eq consistently in each month (Figure S1). 243 

 244 
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Figure 3: Monthly sums of CO2, CH4, and net CO2-eq (GWP-28) fluxes over the study period from 245 
December 2013 to July 2016 at Hongyuan peatland. All flux components are in g CO2-eq m-2 month-1 246 
using CH4 traditional global warming potential of 28 (GWP-28). 247 
 248 

3.3. Seasonal, annual, and between-year variability of CO2-eq fluxes 249 

The net CO2-eq flux (GWP-28) during the soil freezing period accounted for >40% of the annual 250 

net CO2-eq value (GWP-28), exceeding the contribution from the growing season by 10-20% 251 

each year (Table 1). Moreover, the net CO2-eq (GWP-28) emission during the wintertime was 252 

17% and 21% of the annual CO2-eq sums during 2014 and 2015, respectively. In both years, the 253 

minimum contribution originated from the soil thawing period, which was also the shortest 254 

season (Table S1), were only 10% and 17% for 2014 and 2015, respectively. In contrast, the 255 

SGWP-45 metric showed the most significant net CO2-eq emissions occurring during the 256 

growing seasons, 54% and 44% during 2014 and 2015, respectively (Table 1). 257 

 258 

Table 1: Seasonal and annual CO2 and CH4 fluxes, and their CO2 equivalents at Hongyuan peatland 259 
  CO2 flux CH4 flux Net C or CO2-eq flux 

 Year g C m-2 g CO2 m-2 g C m-2 g CO2-eq m-2 
(GWP-28) 

g CO2-eq m-2 
(SGWP-45) 

g C m-2 g CO2-eq m-2 
(GWP-28) 

g CO2-eq m-2 
(SGWP-45) 

A* 2014 -146 -535 37 1381 2220 -109 846 1685 
2015 -66 -242 33 1232 1980 -33 990 1738 

ST 2014 14 51 0.8 30 48 15 81 99 
2015 33 121 1.3 49 78 34 170 199 

GS 2014 -209 -766 28 1045 1680 -181 279 914 
2015 -186 -682 24 896 1440 -162 214 758 

SF 2014 39 143 5.3 198 318 44 341 461 
2015 60 220 4.9 183 294 65 403 514 

W 2014 10 37 2.9 108 174 13 145 211 
2015 27 99 2.8 105 168 30 204 267 

* Abbreviations: annual (A), soil thawing (ST), growing season (GS), soil freezing (SF), and winter (W). 260 
 261 

For each annual period, Hongyuan peatland acted as a sink for atmospheric CO2 but a 262 

source of CH4 to the atmosphere (Table 1). While considering the GWP-28 of CH4, the annual 263 

CO2-eq flux was 846 and 990 g CO2-eq m-2 yr-1 during 2014 and 2015, respectively, which was 264 



14 

almost doubled when applying the SGWP-45 metric (Table 1). The increased annual net CO2-eq 265 

emission during 2015 corresponded with the largely reduced CO2 uptake and slightly lower CH4 266 

emission, compared to the year of 2014. 267 

 268 

3.4. Controlling factors of net CO2-eq flux 269 

During the study period, the net CO2-eq flux was dominantly varied with the CO2 flux 270 

component at half-hourly (r = 0.98, p < 0.001), daily (r = 0.86, p < 0.001), and monthly time 271 

scales (r = 0.77, p < 0.001), whereas little correlation existed between net CO2-eq and CH4 flux 272 

at all three temporal scales (Figure 4). The negative correlation between CO2 and CH4 fluxes, 273 

representing a positive correlation between CO2 uptake and CH4 emissions, increased from half-274 

hourly to monthly scales (Figure 4d-f). 275 

Among the six investigated environmental variables, Rg and Tsoil were the strongest 276 

controlling factor of the half-hourly CO2 and CH4 fluxes, respectively (Figure 4a&4d). At the 277 

coarser temporal resolutions, i.e., daily and monthly timescales, Tsoil became the most 278 

influencing abiotic control of both CO2 and CH4 fluxes (Figure 4b, c, e, f). Overall, Rg and Tsoil 279 

were the dominant environmental factors influencing net CO2-eq fluxes (GWP-28) at half-hourly 280 

and daily intervals; however, no significant environmental control was found for the monthly net 281 

CO2-eq flux (Figure 4f). Following the SWGP-45 metric, the correlation structures did not vary 282 

much from the GWP-28 metric, except that SWC was significantly correlated with the monthly 283 

net CO2-eq fluxes (Figure S2). 284 
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 285 

Figure 4: PCA loading plots (a-c) of the correlation structures of GHG (net CO2-eq, GWP-28), CO2, and 286 
CH4 (CO2-eq, GWP-28) fluxes, and measured environmental variables and their correlation matrix (d-e) 287 
at half-hourly, daily, and monthly temporal scales. Environmental variables include global radiation (Rg), 288 
air temperature (Tair), precipitation (PPT), vapor pressure deficit (VPD), and soil temperature (Tsoil) and 289 
soil water content (SWC) both at the depth of 10 cm measured during the study period from December 290 
2013 to July 2016 at Hongyuan peatland. Values in the correlation matrix are the correlation coefficients 291 
and significant correlations (p < 0.001) are labeled using the red fonts. 292 
 293 

During the growing season, bin-averaged responses of net CO2-eq fluxes to different Rg 294 

classes illustrated that the net CO2-eq uptake (negative CO2-eq flux) was significantly enhanced 295 

by the increasing Rg before reaching light saturation where Rg was around 500 W m-2 (Figure 296 

5a). Meanwhile, Tair (5-15 °C) and PPT positively affected the net CO2-eq uptake and emission 297 

rates, respectively (Figure 5b and 5c). The relationship between net CO2-eq flux and VPD 298 

showed that the net CO2-eq uptake quickly increased with VPD up to a threshold of ~0.66 kPa, 299 

beyond which the net CO2-eq uptake started to decrease (Figure 5d). Additionally, the net CO2-300 

eq flux during the growing season showed similar responses to Tsoil (> 5 °C) and SWC (> 0.44 301 

m3 m-3) as to Tair and PPT, respectively (Figure 5e and 5f). During the non-growing seasons, net 302 
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CO2-eq generally increased with Tsoil and the lower SWC range (e.g., 0.16-0.28 m3 m-3) (Figure 303 

5e and 5f). 304 

As the CO2 flux component was dominantly driving the variations in net CO2-eq fluxes, 305 

its sensitivity to the environmental parameters was similar to the responses of net CO2-eq flux 306 

(Figure S3). Whereas for CH4 flux, we observed that CH4 emissions during the growing season 307 

were linearly increasing with Tsoil and exponentially increasing with Tair, which were also 308 

inhibited at the high VPD range (> 1.7 kPa) (Figure S4). Moreover, CH4 emission sensitivities to 309 

Rg, Tsoil, and SWC were noted only during the soil freezing period. The environmental responses 310 

of net CO2-eq fluxes for the SGWP-45 metric did not differ much from the GWP-28 metric 311 

(Figure S5). 312 

 313 

Figure 5: Bin-averaged half-hourly net CO2-eq flux against environmental variables during the periods of 314 
winter (W), soil thawing (ST), growing season (GS), and soil freezing (SF) at Hongyuan peatland. The 315 
error bars show the standard errors of the bin averages. 316 
 317 

4. Discussion 318 
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4.1. CH4 emissions offset the net cooling effect of CO2 uptake 319 

On an annual basis, our CO2 and CH4 flux measurements demonstrated that Hongyuan peatland 320 

was a net sink for atmospheric CO2, a source of atmospheric CH4, and an overall net C sink. The 321 

mean annual net C sink strength (71 g C m-2 yr-1) during the study period was within the range of 322 

C accumulation rates (35-171 g C m-2 yr-1) during the recent decades for the alpine peatlands in 323 

the Ruoergai Basin [e.g., Hao et al., 2011; X Liu et al., 2019; Wang et al., 2015], which further 324 

confirms that the recent C accumulation rates of peatlands in this region are almost four times 325 

larger than their Holocene averaged values [Wang et al., 2015; Zhao et al., 2014]. Within the C 326 

balance, C loss via CH4 emissions was relatively lower compared to the magnitude of net CO2 327 

uptake. 328 

While considering the GWP and SGWP of CH4 over the 100-year time scale, CH4 329 

emissions have exceeded the net cooling effect of CO2 uptake by 2.5-4 times each year, resulting 330 

in the net positive radiative forcing and a potential warming effect of Hongyuan peatland. 331 

Moreover, considering the net positive radiative forcing is ~4 times stronger regarding the GWP 332 

and SGWP of CH4 over the 20-year time horizon (84 and 96, respectively), the GHG emissions 333 

from Hongyuan peatland would have a more substantial warming effect over a shorter time 334 

scale. The consistently positive annual net CO2-eq fluxes estimated using two different GWP 335 

metrics over both short- and long-time scales revealed that CH4 emissions from the alpine 336 

peatlands are a crucial land-atmosphere C exchange component in the net CO2-eq flux and 337 

greenhouse gas budgets. 338 

A large portion (~60% and 40% for GWP-28 and SGWP-45) of the annual net CO2-eq 339 

flux was observed during the soil freezing and winter periods when the environmental conditions 340 

were unfavorable for plant growth. During these cold periods, soil respiration was expected to be 341 
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the dominant process that released CO2 into the atmosphere [X Liu et al., 2019] and meanwhile 342 

the peatland was still emitting CH4 via anaerobic decomposition of soil organic matters [Peng et 343 

al., 2019]. Moreover, winter was not dormant in terms of CO2 and CH4 production, even though 344 

Tsoil at 10 cm depth and Tair dropped below zero for 98% and 76% of the wintertime of 2014 and 345 

2015, respectively. During the wintertime, CO2 and CH4 emissions from peatlands can still occur 346 

through the frozen or snow-covered soils via diffusion and transportation through the chimney 347 

effect led by dead plant tissues and ice cracks and also through the burst emissions caused by 348 

rapid soil thawing and freezing [Alm et al., 1999; Mastepanov et al., 2008; Song et al., 2020]. 349 

The important CO2-eq emission during the non-growing season was in accordance with previous 350 

studies, which have recently highlighted that the overall C and GHG budgets may be 351 

underestimated without an accurate assessment for the non-growing season [Aurela et al., 2002; 352 

Commane et al., 2017; Natali et al., 2019; Song et al., 2015]. 353 

 354 

4.2. Abiotic controls of net CO2-eq flux 355 

Compared to 2014, the largely enhanced annual CO2-eq source strength during 2015 was 356 

attributed to the elevated CO2-eq emissions during the non-growing season and slightly reduced 357 

net CO2 uptake during the growing season. Our PCA and sensitivity analyses revealed that 358 

global radiation and soil temperature were the primary influencing factors of net CO2-eq flux 359 

variabilities. More specifically, we found that clouds (indicated by low Rg) strongly reduced the 360 

net CO2-eq uptake by blocking the incoming solar radiation and thus primarily reducing 361 

photosynthesis [Alton, 2008]. Meanwhile, precipitation could also stimulate soil respiration 362 

during the drier years (e.g., 2015 in this study) due to the increased soil moisture and thus 363 

contributed to the overall reduced net CO2 uptake [Öquist et al., 2014; Yuan et al., 2014]. 364 
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Additionally, the higher SWC during the soil thawing and winter periods in 2015 could have 365 

stimulated CO2 and CH4 emissions from the peatland compared to the other two years (Figures 366 

S6&8). 367 

Low soil temperature was expected to slow down the processes of photosynthesis, 368 

ecosystem respiration, and CH4 production simultaneously in peatland ecosystems. However, the 369 

positive correlation between Tsoil and net CO2-eq uptake during the growing season indicated its 370 

primary role in enhancing photosynthesis relative to CO2 and CH4 emissions at the alpine 371 

peatlands in the QTP region [Hao et al., 2011]. This also explained the between-year variability 372 

of net CO2-eq uptake (Figures S6-9). Indeed, the observed positive effect of Tsoil on CH4 373 

emissions, which has been widely found in this region [e.g., Chen et al., 2008; Song et al., 2015] 374 

and worldwide [e.g., Dalmagro et al., 2019; Drollinger et al., 2019; Treat et al., 2014; Zhao et 375 

al., 2016], amplified the sensitivity of net CO2-eq emission to Tsoil during the non-growing 376 

season but did not switch the overall relationship between net CO2-eq and Tsoil during the 377 

growing season. 378 

Furthermore, the net CO2-eq uptake was inhibited under hot and dry conditions (i.e., high 379 

VPD) as a result of the declined CH4 emissions and net CO2 uptake (Figure S3-4). As CO2 and 380 

CH4 fluxes were tightly coupled at daily and monthly scales due to their strong connection in 381 

biogeochemical processes, we also found that higher CO2 uptake could lead to higher CH4 382 

production in peatland ecosystems, most likely due to the promoted root exudates [Hatala et al., 383 

2012; Shoemaker et al., 2012]. Therefore, it is critical to investigate the environmental controls 384 

on the net CO2-eq flux that integrated the soil biogeochemical and plant physiological processes 385 

and thus provided an overall view of how the changing environmental conditions in peatland 386 

ecosystems affected the net C and GHG balances. 387 
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 388 

4.3. C and GHG budgets of alpine peatlands on the QTP under global change 389 

The alpine peatlands on the QTP typically act as net C sinks considering the C gains and losses 390 

involved in the biogeochemical and physiological processes in the peatland ecosystem [Chen et 391 

al., 2014; X Liu et al., 2019]. However, peatlands can be strong sources of net CO2-eq and thus 392 

result in net positive radiative forcing while taking the GWP and SGWP of other greenhouse 393 

gases into account. As peatlands in this region could also be significant sources of N2O [e.g., 394 

Chen et al., 2013; H Liu et al., 2019; Marushchak et al., 2011], which has 265 times stronger 395 

GWP than CO2, the net positive radiative forcing of alpine peatlands on QTP would be further 396 

enhanced if combining N2O flux into the GHG budget. One recent model study also showed 397 

similar results to this study that the significant CH4 emissions from wetlands even offset the 398 

entire regional GHG balance on the QTP [Jin et al., 2015]. Therefore, the non-CO2 GHG 399 

emissions from peatlands play an important role in the regional GHG budgets by potentially 400 

switching the alpine peatlands from a radiative cooling to a warming effect. 401 

The C and GHG balances of the Ruoergai peatland are sensitive to the rapid climate 402 

warming on the QTP, which has been widely observed during the last decades [Yang et al., 2014; 403 

Yao et al., 2012; You et al., 2016]. As the warmer temperature has been found to accelerate CH4 404 

emissions from peatlands in the Ruoergai Basin by promoting both anaerobic and aerobic 405 

metabolisms [Cui et al., 2015; Yang et al., 2014], it is expected that the Ruoergai peatland will 406 

emit more CH4 to the atmosphere and result in more offsetting to both the radiative cooling 407 

effect and the carbon sink strength of peatland ecosystems in the warmer scenarios. In addition, 408 

glacier melting and permafrost thawing in response to the rising temperature could lead to more 409 
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peatland formations in this region [Luan et al., 2018; Yao et al., 2012], which will create more 410 

CH4 emission hotspots in the future. 411 

The Ruoergai peatland is also challenged by drainage resulting from both increasing 412 

human disturbances and intensified headward erosion of large numbers of tributaries. Many 413 

peatlands have been drained for animal husbandry or mined for fuels primarily due to the 414 

growing population (1.5 times larger) in the Ruoergai Basin since the 1960s [Yao et al., 2011], 415 

resulting in 18-31% of peatland degradation [Chen et al., 2014; Yao et al., 2011]. Besides, rapid 416 

increases in runoff have caused many river diversions and thus incised an extensive amount of 417 

peatlands, leading to enhanced peatland degradation [Li et al., 2015]. Drainage can further alter 418 

the GHG and C balances by affecting hydrology, soil, and vegetation composition in the 419 

degraded peatland ecosystems [Gyimah et al., 2020]. For example, the increased soil temperature 420 

and decreased soil water content associated with peatland drainage could reduce CH4 emissions 421 

and net CO2 uptake in the QTP region [Yang et al., 2014; Yang et al., 2017; Zhou et al., 2017], 422 

which would strengthen the positive radiative forcing of the alpine peatlands in this region. 423 

Therefore, investigations on the effects of peatland drainage and restoration are greatly needed to 424 

identify the role of alpine peatlands in regional and global C and GHG cycles under the 425 

circumstances of climate change and anthropogenic disturbances in the future. 426 

 427 

5. Conclusions 428 

During the study period, our 2.5-year continuous eddy covariance flux measurements showed 429 

that the typical alpine peatland on the eastern QTP acted as a net sink for atmospheric CO2, a net 430 

CH4 source, and an overall net C sink. When considering their potential influence on radiative 431 

forcing, the CH4 emissions considerably offset the radiative cooling effect of the peatland net 432 
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CO2 uptake, thus altering the peatland to a net CO2-eq source and causing a potentially warming 433 

effect. Our analysis further demonstrated that global radiation and soil temperature were the 434 

main environmental drivers that influenced the alpine peatland net CO2-eq flux variabilities from 435 

half-hourly to annual time scales. Besides, we found that both CH4 and CO2 emissions during the 436 

soil freezing and winter periods have contributed significantly to the annual net CO2-eq fluxes, 437 

suggesting that the non-growing season C emissions are extremely important for assessing the 438 

overall C and GHG budgets of the alpine peatlands in the QTP region, particularly in a warming 439 

climate. The extended long-term continuous GHG monitoring is advocated to further investigate 440 

the feedback between the alpine peatlands and global change. 441 
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