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Plain Language Summary: 41 

 42 

Cold region ecosystems store vast amounts of soil organic carbon (SOC), which upon warming and 43 

decomposition can affect the net carbon balance and potentially change these ecosystems to become a 44 

source of carbon dioxide (CO2) to the atmosphere. We have measured year-round CO2 fluxes over 10 45 

years from an alpine steppe-ecosystem on the Tibetan Plateau. The results show that the region has 46 

experienced pronounced warming during the study period and that the resulting near-surface soil 47 

warming is a key parameter for explain why the ecosystem over 10 years have changed from being a net 48 

sink to become a net source of CO2 to the atmosphere. Measurements year-round demonstrate that the 49 

shift in the CO2 balance is mainly due to a marked increase in decomposition of SOC during the non-50 

growing-season. Furthermore, observations reveal several high-emission events at the end of the non-51 

growing season and early in the growing season, which have increased in importance during the study 52 

period. The results are important to improve our understanding of the sensitivity of cold ecosystem 53 

respiration to warming and to highlight the importance of winter processes and emissions events on the 54 

annual ecosystem carbon budget. 55 

  56 
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Three main key points: 57 

 

(1) Warming of the Tibetan Plateau has consequences for the net carbon balance 
 
 
(2) Significant warming has resulted in a net carbon loss from soil respiration 
 
 
(3) The steppe-ecosystem has changed from being a sink to a source of CO2 to the atmosphere 
 58 

 59 

 60 

  61 
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Abstract 62 

Cold region ecosystems store vast amounts of soil organic carbon (C), which upon warming and 63 

decomposition can affect the C balance and potentially change these ecosystems from C sinks to 64 

carbon dioxide (CO2) sources. We quantified the decadal year-round CO2 flux from an alpine 65 

steppe-ecosystem on the Tibetan Plateau using eddy covariance and automatic chamber 66 

approaches during a period of significant warming (0.13°C per 10 years; and 0.18°C in the non-67 

growing season alone: 1
st
 October to next 30

th
 April). The results showed that ongoing climate 68 

change, mainly warming within the topsoil layers, is the main reason for the site’s change from a 69 

sink for to a source of CO2 in the atmosphere. Non-growing-season ecosystem respiration 70 

accounted for 51% of the annual ecosystem respiration and has increased significantly. The 71 

growing seasons (1
st
 May to 30

th
 September) were consistent CO2 sink periods without 72 

significant changes over the study period. Observations revealed high-emission events from the 73 

end of the non-growing season to early in the growing season (1
st
 March to 15

th
 May), which 74 

significantly (p < 0.01) increased at a rate of 22.6 g C m
−2

 decade
−1

, ranging from 14.6 ± 10.7 g 75 

C m
−2

 yr
−1

 in 2012 to 35.3 ± 12.1g C m
−2

 yr
−1

 in 2017. Structural equation modelling suggested 76 

that active layer warming was the key factor in explaining changes in ecosystem respiration 77 

leading to significant changes in net ecosystem exchange over the period 2011-2020 and 78 

indicated that these changes have already transformed the ecosystem from a CO2 sink into a 79 

source. These results can be used to improve our understanding of the sensitivity of ecosystem 80 

respiration to increased warming during the non-growing period. 81 

  82 
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1. Introduction 83 

The Northern Hemisphere permafrost region stores carbon (C) as soil organic C equal to roughly 84 

twice the amount present in the atmosphere (Hugelius et al., 2013). The net ecosystem exchange 85 

of carbon dioxide (CO2) depends on the balance of decomposition of soil C reserves and the 86 

fixation of atmospheric CO2 by vegetation (Euskirchen et al., 2017; Davidson & Janssens, 2006). 87 

Warming of the active layer (AL, defined as the portion of the soil profiles thawing each 88 

summer) and thawing of previously-frozen soils can stimulate soil organic matter decomposition 89 

and thus increase ecosystem heterotrophic respiration, leading to a positive feedback in terms of 90 

atmospheric CO2 concentration (Schuur et al., 2009; Elberling et al., 2013; Plaza et al., 2020). In 91 

contrast, wetter conditions and changes in oxygen availability in the soil may lead to reduced 92 

respiration rates and consequently increased protection of the soil C reserves (Elberling et al., 93 

2013; Schuur et al., 2021). Moreover, the combination of warming, increasing soil moisture and 94 

higher atmospheric CO2 concentrations can also increase net primary production (NPP) through 95 

enhancing plant productivity (Epstein et al., 2012) and change the plant community composition 96 

(Zhu et al., 2016; Bjorkman et al., 2018).  97 

There is still no consensus among observational and modelling studies with respect to 98 

permafrost-affected ecosystems functioning as a net CO2 sink or source (Celis et al., 2017; 99 

Zhang et al., 2018). Most studies agree that tundra ecosystems over the past 100-1000 years have 100 

functioned as net CO2 sink areas (Prik et al., 2017; Min et al., 2021). However, site-specific 101 

studies have shown that tundra can function as either a net CO2 source or sink under recent 102 

climate warming (Oechel et al., 2000; Schuur et al., 2015; Lupascu et al., 2014; Wickland et al., 103 

2020). A recent review demonstrated that across 148 terrestrial high-latitude sites, the net 104 

ecosystem exchange (NEE) in the period 1990--2015 indicated that the region was on average an 105 
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annual CO2 sink although uncertainty remains high (Vikkala et al., 2021). All of these studies 106 

mainly focus on the Arctic (high-latitude) permafrost region and are rarely extended to high 107 

altitudes (Ding et al., 2016). Therefore, it remains unclear whether the underlying mechanisms 108 

and processes found at high latitudes also apply to high-altitude regions (Yun et al., 2018).  109 

The Tibetan Plateau has the largest extent of high-altitude permafrost in the world (Chen et al., 110 

2015) and has experienced pronounced warming, wetting and permafrost degradation over recent 111 

decades (Yao et al., 2016). The environmental changes and alteration of ecosystem C processes 112 

could lead to changes in CO2 flux (Yun et al., 2018; Wei et al., 2021). This study examined the 113 

temporal variations and trends of ecosystem CO2 exchange by combining plot-scale (< 1 m
2
 by 114 

automatic chambers) and landscape (> 10,000 m
2
 by EC) CO2 measurement data at an 115 

experimental site in the Tibetan Plateau. The site is known to be a C sink area (Piao et al., 2019) 116 

but is currently subject to marked warming (Wu et al., 2015). The present study is based on the 117 

following hypotheses: (1) ecosystem respiration will be controlled by both warming and changes 118 

in soil moisture. Therefore, an increase in ecosystem respiration is expected during warm periods 119 

if changes in soil moisture are not limiting the availability of water (too dry) or oxygen (too wet); 120 

(2) warming and changes in soil moisture will similarly regulate plant growth and thereby 121 

influence NEE; (3) the net effect of plant growth and respiration on NEE is expected to vary 122 

from year to year and only measurements made across multiple years will allow a sensitivity 123 

analysis of NEE with respect to environmental factors as well as robust measures of current CO2 124 

sink/source capacity. Answering these questions will help us to understand how alpine steppe 125 

ecosystems respond to climate-induced warming on the Tibetan Plateau, and ultimately to predict 126 

the potential changes in ecosystem carbon balance.  127 

 128 
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2. Methods 129 

2.1. Site descriptions and setup 130 

This study was conducted near the Beilu’He research station located in a representative  131 

permafrost region (Niu et al., 2019) on the Tibetan Plateau (34°0906'N, 92°0257E; 132 

Supplementary Fig. S1), with an altitude of about 4670 m. From 2010 to 2020, the mean annual 133 

temperature varied from -3.1 to -2.3°C, the mean annual precipitation ranging between 287.4 and 134 

440.8 mm and the Palmer aridity index ranging from 0.4 to 0.6 (Ding et al., 2017). The dominant 135 

vegetation type is alpine steppe with the following corresponding dominant species: Carex 136 

moorcroftii Falc. ex Boott, Kobresia tibetica Maxim androsace tanggulashanensis, and Rhodiola 137 

tibetica. The mean plant height was 13.7 ± 4.6 cm and the mean rooting depth was 21.2 ± 5.4 cm. 138 

Two dwarf deciduous shrubs (Potentilla parvifolia Fisch. ex. Lehm. and Myricaria prostrata 139 

Hook. f. et Thoms. ex Benth) were first identified in 2013 (Yun et al., 2018). The aboveground 140 

and belowground (0-100 cm) biomasses ranging from 108.2 ± 30.8 to 124.5 ± 42.5 g m
-2

 and 141 

2427.0 ± 61.9 to 2710.3 ± 47.1 g m
-2

, respectively. The main soil type is Inceptisol (Soil 142 

Taxonomy; USDA, 1999) or Cambisol (World Reference Base for Soil Resources; IUSS 143 

Working Group WRB, 2014). The main body of the permafrost was formed during the late 144 

Pleistocene Last Glaciation Maximum (26,500-19,000 years BP; Zhou et al., 2000), but 145 

experienced extensive degradation after the warming period during the Holocene (8,500-4,000 146 

years BP; Jin et al., 2007). Subsequently, new permafrost formed during the Neoglaciation 147 

period (4,000-1,000 years BP; Jin et al., 2007). Currently, the average active layer thickness is 148 

~1.9 m (Cheng et al., 2019) and increased at a rate of >1.3 cm yr
-1

 from 1995 to 2007 (Wu & 149 

Zhang, 2010). 150 
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The EC-based CO2 fluxes were measured from July 2010 to December 2020. The CO2 fluxes 151 

were simultaneously measured at the plot level (100 cm × 100 cm) using automatic chambers, 152 

with the first measurement beginning in May 2012. The automatic chamber plots were located 153 

just outside the tower fetch, within the EC footprint area with a similar vegetation community 154 

and similar soil and climatic conditions. 155 

 156 

2.2. Environmental Monitoring 157 

A Campbell weather station (Campbell, Salt Lake City, USA) was used to monitor the 158 

environmental parameters and was installed on a 10 m mast and placed about 1.3 km away from 159 

the EC tower. Air temperature, air pressure and air humidity were measured 3 m above the 160 

ground, with precisions of ± 0.1 °C and 0.1%, respectively (HMP45C, Vaisala Inc., Finland). 161 

Incident and net radiation were monitored by a four-component net radiometer (Rn; CNR-1, 162 

Netherlands), mounted on the tower 3 m above the soil surface. The wind direction and wind 163 

speed were measured 3 m above the ground with a propeller anemometer (P2546, Campbell, Salt 164 

Lake City, USA). Half-hourly interval data were automatically recorded with a data logger 165 

(CR3000, Campbell, Salt Lake City, USA). Soil heat flux was monitored by two pre--calibrating 166 

soil heat flux sensors (HFP01, Netherlands) and inserted 5 and 15 cm below the ground. Air 167 

pressure was measured by a CS100 barometer (CS100, Campbell, Salt Lake City, USA). 168 

The temperature of the permafrost was continuously monitored using two permafrost boreholes 169 

by constantan-copper thermocouples at 50 cm intervals to a total depth of 50 and 100 m and 170 

adjacent to the EC tower. Soil temperature and soil water tensions were monitored near the 171 

micrometeorological tower with a group of pF-meter sensors (soil temperature and soil water 172 

tension precision were ± 0.25°C and ± 0.05, respectively; GEO -Precision, Germany), at 10 cm 173 



10 
 

resolution in the upper 100 cm and 50 cm intervals to a depth of 550 cm. An additional 10 cm 174 

resolution was obtained near the former permafrost table from 150 to 300 cm depth. Precipitation 175 

was monitored with a TE525MM rain gauge (precision is ± 0.1 mm; Texas Electronics Inc., 176 

USA). All data were measured every 5 minutes and averaged at half-hour intervals, recorded 177 

with data logger CR3000 (Campbell, Salt Lake City, USA). Soil temperature data from two 178 

different sensors were calibrated by the Meteorological Data Service Center, the State Key 179 

Laboratory of Frozen Soil Engineering, China. 180 

Soil physical and chemical properties of 240 soil and sediment samples collected within 100 m 181 

of the EC tower were analysed at the State Key Laboratory of Frozen Soil Engineering, China. 182 

Topsoil samples (0-100 cm) were sampled using a soil corer (5 cm diameter) at 10 cm intervals. 183 

For samples below 100 cm we used a motorized drill to collect samples at 50 -cm intervals to a 184 

depth of 500 cm in the middle of September every year from 2008 to 2020. The samples were 185 

collected using a stainless--steel ring cutter with three replicates. The permafrost table was 186 

determined by the ice content of the core sampling. All samples were marked and sealed in a 100 187 

ml steel aluminium box, weighed, frozen at -15 °C, and brought back to the laboratory. The SOC 188 

of the air-dried soil samples was analysed using the wet combustion method, Walkley-Black 189 

modified acid dichromate digestion, FeSO4 titration and an automatic titrator. TN was measured 190 

by an elemental analyser (Vario EL Three, Elementar, Germany). The soil C:N ratio was then 191 

calculated as the quotient of the SOC and the TN concentration. The soil pH level was 192 

determined by amperometry (DJS-1C, Leizi, Shanghai, China). 193 

 194 

 195 

  196 
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2.3. Carbon dioxide flux measurements 197 

Net ecosystem exchange (NEE) was monitored by the automatic chambers at the plot scale and 198 

by the eddy covariance tower (EC) at the landscape scale. Here, the positive (+) and negative (-) 199 

values of the CO2 fluxes represent net ecosystem carbon emission and net carbon uptake, 200 

respectively. 201 

 202 

2.3.1 Automatic chamber setup 203 

The ecosystem NEE (μmol C m
−2

 s
−1

) and respiration (Reco, μmol C m
−2

 s
−1

) were measured 204 

using three translucent chambers and three dark chambers equipped with an automated CO2 flux 205 

chamber system (Li-Cor 8100 extended by Li-Cor 8150, USA) at six different locations. From 1
st
 206 

May to 30
th

 September, the chamber was set to measure at a rate of 5 min h
−1

 and from 1
st
 207 

October to 30
th

 April, it was set to measure at 10 min h
−1

. Air temperature, air pressure, moisture 208 

and CO2 concentrations within the chamber and CO2 concentrations in the atmosphere were 209 

recorded using a Li-Cor 8100.  The chamber NEE data were expresed as μmol CO2 m
−2

 s
−1

 using 210 

the plot-specific chamber air pressure, air temperatures and chamber volume.  The flux data were 211 

then screened for any equipment failure, power outage and/or any unsuitable environmental 212 

conditions producing erratic fluxes (such as wind speeds exceeding 10 m s
−1

). After screening, 213 

about 83% of total flux measurements were used for further analysis. A more detailed description 214 

of the data processing can be found in Mauritz et al. (2017). 215 

 216 

2.3.2 Eddy covariance setup 217 

The NEE was also directly measured by the EC tower. The EC system was mounted at a 3 m 218 

height, including a sonic anemometer (CSAT3, Campbell, Salt Lake City, USA) and an open 219 
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path infrared gas analyser (LI-7500A, LI-COR Biosciences, USA). In July 2017, the open path 220 

infrared gas analyser was updated to LI-7500RS (LI-COR Biosciences, USA). The data for wind, 221 

CO2, water vapour and air temperature were recorded by the LI-COR 7550 analyser (LI-COR 222 

Biosciences, USA). The measurements with the LI-7500A and LI-7500RS analysers, including 223 

CO2, water vapour and dew point, were calibrated by the China Land-Atmosphere Coordinated 224 

Observation System.Fluxes were computed from the covariance of CO2 and vertical wind speed 225 

using Eddypro 6.2.0 (Li-Cor Biosciences, USA) and reported as an average over 30-minute 226 

intervals. 227 

The tilt correction algorithm was adopted for the correction of wind resulting from any sonic 228 

anemometer misalignment in terms of local wind streamlines (Wilczak et al., 2001).  Here, the 229 

fluxes were corrected using the wind axis double ration method (Aubinet et al., 1999) and then 230 

corrected by time lag with covariance maximization, air density, frequency loss and sensor 231 

separation according to Burba et al. (2012), with statistical testing following Vickers and Mahrt 232 

(1997), including accepted spikes at a threshold of ≤ 1% and if spikes > 1%, they were excluded 233 

and replaced with new data by linear interpolation. The plausible ranges of wind were five 234 

standard deviations (SD), whereas those for water (H2O) and CO2 were 3.5 SD. Post-field data 235 

processing included data (1) that contained any missing data points, (2) where friction velocity 236 

(U*) was smaller than 0.10 m s
−1 

(Goulden et al., 1996), or (3) where standard deviation of the 237 

orthogonal wind components was greater than one sigma from the mean. In contrast to LI-7500, 238 

the two analysers used here, LI-7500A/RS, did not need any corrections to account for additional 239 

instrument-related sensible heat flux according to the instruction manual for Eddypro 9.0.  240 

Data QA/QC flagging was based on developed turbulence tests and steady states, giving three 241 

levels of data quality, where 0 indicated high (58% in this study), 1 indicated intermediate (19%) 242 

https://www.licor.com/env/support/EddyPro/topics/references.html#Wilczak
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and 2 indicated poor quality data (18%, not including missing data, which accounted for 5% of 243 

the total data), which were discarded when calculating the yearly and seasonal C budgets (Belshe 244 

et al., 2012; Yun et al., 2018). The footprint of the EC tower ranging from 115 to 172 m, 245 

estimated based on the method of Kljun et al. (2015), which covered a similar vegetation and 246 

permafrost state. The surface energy balance ratio (EBR) was calculated based on the method of 247 

Wilson et al. (2002). The mean EBR value was about 0.68, which is within the range given by 248 

the global FLUXNET (from 0.34 to 1.69; Wilson et al., 2002).  249 

 250 

2.4. Gap filling and budget calculations 251 

Based on growing degree days (GDD) and phenology recorded from 1975 to 2020, Beilu’He 252 

Station’s growing season starts around 10
th 

 May and ends on 30
th

 September. Thus, the 253 

subsequent non-growing season starts around 1
st
 October and ends on 9

th
 May. In order to enable 254 

comparison with other studies, the growing season is in the following defined as the period 255 

between 1
st
 May and 30

th
 September while 1

st
 October to 30

th
 April is considered the non-256 

growing season.  257 

Missing data from the EC tower due to harsh weather conditions and power issues represent 23% 258 

of the data gathered over the entire study period, which were subsequently filled using growing 259 

season- and non-growing season-specific models (Tovi Data Analysis software, Li-Cor 260 

Biosciences, USA). For auto-chambers, there was a 17% data gap for CO2 fluxes over the whole 261 

period.  All CO2 fluxes were measured and gap-filled at 30-minute intervals and then aggregated 262 

to daily, seasonal and annual sums. 263 

Uncertainties regarding the gap-filled EC data were assessed by bootstrapping to determine the 264 

difference between measured mean value and standard deviation (SD). Correlation regression 265 
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studies were done to determine the difference between the gap-filled and measured EC data; the 266 

significance level was P < 0.05. In each category, artificial data sets were created by adding 267 

predicted model values to randomly drawn and replaced residuals and models were refit in order 268 

to gap-fill data. The 95% confidence interval was obtained from 1000 complete flux time series 269 

for seasonal cumulative fluxes. Auto-chamber uncertainties were based on SD of replicate plot 270 

measurements, n= 6. 271 

 272 

2.4.1. Growing season gap filling 273 

In daytime, the gaps in EC-based NEE data were filled using the hyperbolic light response 274 

equation when the PAR values were higher than 10 μmol m
−2

 s
−1

 (Thornley & Johnson, 1990). 275 

For the automatic chambers, hyperbolic light response curves were generated for each individual 276 

plot and were then used to gap-fill the NEE data on a monthly basis. For night-time NEE, the 277 

gaps (Reco, PAR < 10 μmol m
−2

 s
−1

) were filled using the exponential temperature response 278 

curves together with the soil temperature of 10 cm for the automatic chamber and the air 279 

temperature 3 m from the EC system. The Q10 value used for temperature responses of 280 

ecosystem respiration was 4.3 (Chen et al., 2016), derived from night-time NEE temperature 281 

responses. The correlation regression fit result show that the p < 0.01, R
2
 = 0.84, RMSE = 3.37 282 

(root mean square error) between mean value of model gap-filled data and EC measured data, 283 

whereas the p < 0.01, R
2
 = 0.91, RMSE= 1.57 for the automatic chamber. The gross ecosystem 284 

primary productivity (GPP) was estimated by subtracting Reco from NEE. 285 

 286 

 287 

 288 
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2.4.2. Non-growing season gap-filling 289 

Non-growing season gap-filling and cumulative CO2 flux assessment were divided into autumn 290 

(October), winter (November to -January) and spring (February to April). This study accounts for 291 

GPP in the autumn (October) and spring (February to April). Potential impacts from the 292 

lengthened growing season on the measured CO2 fluxes has previously been discussed (Ueyama 293 

et al., 2014; Zhu et al., 2020).  294 

In the autumn (October) and spring (February to April), for the chamber, NEE and Reco were 295 

fitted using response curves to weekly light and temperature. Reco in spring (February to April) 296 

was estimated using the winter model for both automatic chambers and EC, as soils were frozen. 297 

The NEE for spring (February to April) was analysed based on the sum of GPP and Reco (Webb 298 

et al., 2016). For the EC, autumn (October) and spring (February to April) NEE were computed 299 

weekly where GPP could be detected. Reco fluxes in winter (November to January) were gap-300 

filled based on the exponential relationship between NEE and soil temperature of 0-30 cm. The 301 

correlation regression fit result show that the p < 0.01, R
2
 = 0.87, RMSE= 2.65 between mean 302 

value of model gap-filled data and EC measured data, whereas the p < 0.01, R
2
 = 0.94, RMSE= 303 

1.18 for the automatic chamber.  304 

 305 

2.5. Data analysis 306 

The differences at annual, growing season and non-growing season time scale NEE/GPP/Reco 307 

were used bootstrapped to calculate the mean (95% confidence interval) to test for significant 308 

difference. For the auto-chamber, similar seasonal differenceshave been analysed using a post-309 

hoc Tukey test and ANOVA.  Bootstrapping, a post-hoc Tukey test, and ANOVA were 310 

implemented using R 3.6.3 (R Development Core team, 2020) and the significant level of alpha 311 
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tested based on an acceptable level of 0.05. Correlation analyses were conducted to examine the 312 

relationships between NEE and environmental factors, the thickness of the active layer and 313 

monthly soil properties during the growing season. Soil properties included soil organic carbon 314 

(SOC) content, carbon-to-nitrogen ratio (C/N) and soil pH. All of the above data of the Beilu’He 315 

station during the observation period were obtained from the State Key Laboratory of Frozen 316 

Soil Engineering and the measurement of the data was detailed in Yun et al. (2018) as well as the 317 

NEE of the non-growing season with the above-mentioned variables. All data are presented as 318 

mean values with standard deviations (SD) and the confidence interval is 95%. 319 

Structural equation modelling (SEM) was conducted to quantify the direct and indirect processes 320 

in regulating NEE at different seasonal intervals (annual, growing season and non-growing 321 

season). SEM is a multivariate statistical analysis technique and in the model, the hypothetical 322 

pathways of influence between different variables can be designed and tested based on our 323 

understanding of process interactions (Miao et al., 2009). This technique goes beyond traditional 324 

multivariate techniques by integrating knowledge-based interactions among different variables 325 

(Grace, 2006). 326 

To investigate seasonal differences in the underlying mechanisms that drive the interannual 327 

variations of NEE, two SEMs were constructed for the growing season and non-growing season 328 

separately. Model construction and model optimization were carried out to obtain the final SEM. 329 

In this study, driving variables were only included if they were significantly correlated with the 330 

response variable in the model, which was done through the correlation analysis between 331 

different driving variables and the response variable (NEE; Supplementary Table 1). 332 

Subsequently, different pathways between these driving variables and the response variable were 333 

designed. The CO2 flux uptake or release in the permafrost-affected ecosystem and permafrost 334 
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warming (i.e., the thickness of the active layer) were assumed to play direct roles in the NEE 335 

process. Furthermore, environmental factors (i.e., soil temperature and soil water content, air 336 

temperature, vapour pressure deficit, net radiation) can have a direct effect on NEE, as we 337 

presumed that soil properties can directly/indirectly impact NEE. Given that GPP and Reco were 338 

modelled by the NEE observation, the GPP and Reco were not used in the SEM calculations. 339 

The model was iteratively optimized based on the measurement data over the same periods, 340 

following Colman and Schimel (2013), by gradually removing pathways with P > 0.05. The chi-341 

square statistic (χ
2
) and the root-mean-square error of approximation (RMSEA) were used to 342 

assess the overall goodness of each model (Grace et al., 2006; Asparouhov et al., 2018). A 343 

normal distribution test was performed using the Kolmogorov-Smirnov method for all the data 344 

and the unnormal distributed data were transformed to normal using a logarithmic function. SEM 345 

and related statistical analyses were performed using the software R version 3.6.3 with the ‘sem’ 346 

and ‘stats’ packages.  347 

 348 

3. Results 349 

3.1. Environmental conditions 350 

Annual mean air temperature measured at 3 m was −3.5 ± 1.7°C (result ± SD) for the 351 

measurement period (2010-2020), which is significantly higher than that for the period of 1975-352 

2020 (hereafter described as ‘long-term’, −4.2 ± 2.2°C) for this region (Table 1). Air 353 

temperatures during the growing seasons were of similar magnitude to the long-term mean for 354 

this region (4.0 ± 1.6 vs 3.9 ± 3.2°C). However, for the non-growing season, air temperature of 355 

the period 2010-2020 was significantly higher than the long-term mean. Mean air temperature 356 

warming was significant both for the non-growing season and annual in the period 2010-2020 357 
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(0.18°C and 0.13°C over 10 years, respectively), whereas the growing season showed no 358 

significant change (0.1°C per 10 years; P = 0.053). 359 

From 2010 to 2020, the mean annual precipitation (snowfall and rainfall) was 395 mm, which 360 

ranging from 276 mm in 2014 to 385 mm in 2019, and was higher than the long-term average 361 

(377 mm, P = 0.05). The relative length of the growing and non-growing seasons (2010-2020) 362 

was not significantly different from that of the long-term average, but the sum snowfall and total 363 

numbers of days with snow cover increased significantly from 2010 to 2020 (Supplementary Fig. 364 

S2) and were also higher than the long-term average (53.6 ± 18.3 vs 30.9 ± 16.3 cm for sum 365 

snowfall and 41.0 ± 15.0 vs 18.0 ± 11.0 days for snow cover time, respectively; Table 1). The 366 

mean annual soil temperature for 0-30 cm was −0.8°C in the period 2010-2020, higher than the 367 

long-term average of −1.2°C. The mean soil water content for 0-30 cm during the growing 368 

season was 11.3% from 2010 to 2020, which was not significantly different from the long-term 369 

average (10.8%). The mean active layer thickness (ALT) on Beilu’He was 185 ± 17 cm and 370 

significantly increased by a rate of 3.5 cm yr
−1

 in the period 2010-2020, resulting in a 371 

considerably deeper ALT than the long-term average (mean ALT was 132.0 ± 38.0 cm). 372 
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Table 1. Environmental variables measured at the site during growing season (Grow. Seas.), non-growing season (N-Grow. Seas.) and 373 

the reference period between 1
st
 March and 15

th
 June used as a proxy for the high carbon dioxide emissions at the end of the non-374 

growing season and at the start of the growing season. The values are reported for the decade 2010-2020 and the long-term 1975-2020. 375 

  2010-2020  Long-term (1975-2020) 

Environmental  

Variables 

 Grow. Seas. N-Grow. 

Seas. 

1
st
 March to 15

th
 

June 

 Grow. Seas. N-Grow. 

Seas. 

1
st
 March to 15

th
 

June 

Tair (°C)  4.0 ± 3.2 −8.9 ± 2.9 −3.5 ± 3.3   3.9 ± 1.6  −10.2± 5.1  −3.7 ± 2.2 

Rainfall (mm)  35.0 ± 26.0 23.0 ± 14.0 67.0 ± 18.0  316.0 ± 

20.0 

21.0 ± 11.0  40.0 ± 16.0 

Wind Speed (m 

s
−1

) 

 3.5 ± 2.7 5.1 ± 1.9 4.6 ± 1.8   3.3 ± 2.7  4.6 ± 4.1  4.2 ± 3.8 

Tsoil (°C)  4.3 ± 3.0 −4.4 ± 3.8 −2.3 ± 2.9  3.7 ± 3.2  −4.6 ± 3.6 −2.5 ± 2.1 

SWC (%)  14.4 ± 1.8          - 11.6 ± 2.0  15.0 ± 2.7         - 9.2 ± 7.3 

TSF (cm)  7.7 ± 3.4  65.5 ± 12.4 53.6 ± 18.3  6.5 ± 5.9 35.1 ± 22.6 30.9 ± 16.3 

SCD (d)  11.0 ± 10.0 47.0 ± 16.0  39.0± 15.0   13.0 ± 11.0  24.0 ± 13.0  18.0 ± 11.0 

ALT (cm)  185.0 ± 

17.0 

         -    36.0   132.0 ± 

38.0 

        - 32.0  

Note. Tair: air temperature at 3 m (°C); Rainfall: mm. The non-growing season rainfall does not include snow because the rainfall was 376 

measured by a rain gauge only. Data for the total snowfall and snow cover days were obtained from the Wudao-Liang meteorology 377 

service station, located 52 km away from the EC tower; Tsoil: soil temperature at 0-30 cm (°C); SWC: soil water content at 0-30 cm 378 

(%); TSF: total snowfall (cm); SCD: snow cover days (d); ALT: the thickness of the active layer (cm); Grow. Seas.: growing season, 379 

from 1
st
 May to 30

th
 September; N-Grow. Seas.: non-growing season, from 1

st
 October to the next 30

th
 April. Data  presented are given 380 

as means ± SD. 381 
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3.2 Temporal dynamics of ecosystem carbon dioxide flux 382 

Figure 1. Time series of carbon dioxide (CO2) flux from an alpine steppe in Beilu’He, northwest 383 

Tibetan Plateau using eddy-covariance (left column, solid symbols) and chamber-based (right 384 

column, open symbols) approaches. a and b: annual total of CO2 fluxes, c and d: CO2 fluxes for 385 

the growing season, e and f: fluxes for non-growing season. NEE: net ecosystem exchange (NEE, 386 

g C m−2
 yr−1

); Reco: ecosystem respiration (g C m−2
 yr−1

); GPP: gross primary production (g C m−2
 387 

yr−1
). The linear regression of annual total and growing season fluxes was based on the period 388 

2011-2020, as we only had the July measurement for 2010. For fluxes from the non-growing 389 

season, the linear regression was based on 2011-2019, because we lacked complete 390 

measurements for 2010 and 2020. Solid lines are used to mark significant (p < 0.05) changes, 391 

whereas dashed lines indicate non-significant changes (p > 0.05). Shading illustrates the 95% 392 

confidence intervals. 393 
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 394 

 395 

During 2011-2020, the mean annual ecosystem carbon exchange (NEE) rate measured by EC 396 

was 1.4 ± 15.5 g C m
−2 

yr
−1

 (ranging from −28.1 ± 20.0 g C m
−2 

yr
−1

 of 2012 to 18.6 ± 17.59 g C 397 

m
−2 

yr
−1

 of 2017), lower than the value of 4.9 ± 13.5 g C m
−2 

yr
−1

 which was measured by the 398 

automatic chamber for the period 2013-2020 (ranging from -10.8 ± 17.0 g C m
−2 

yr
−1

 for 2014 to 399 

21.9 ± 13.8 g C m
−2 

yr
−1

 for 2017) (Figs. 1a and b). The ANOVA results indicate that the NEE 400 

rates measured by both EC and the automatic chamber significantly increased during the study 401 

period (p < 0.01). During the growing season (1
st
 May to 30

th
 September), the ecosystem was a 402 

consistent CO2 sink, while for the non-growing season (1
st
 October to 30

th
 April), the ecosystem 403 

was a consistent CO2 source over the entire study period. Specifically, the mean NEE rates of the 404 

growing season were −34.7 ± 11.4 g C m
−2

 yr
−1

 (ranging from −50.9 ± 14.8 in 2013 to −21.0 ± 405 

24.6 g C m
−2 

yr
−1

 in 2011) and −39.2 ± 8.4 g C m
−2

 yr
−1

 (ranging from −52.5 ± 18.5 g C m
−2

 yr
−1

 406 

in 2016 to −23.9 ± 12.7 g C m
−2

 yr
−1

 in 2019), measured by EC and the automatic chamber, 407 

respectively. For the non-growing season, the mean NEE rate measured by EC was 33.3 ± 6.9 g 408 

C m
−2

 yr
−1

, with a clear increase of about fivefold from 9.3 ± 17.6 g C m
−2

 yr
−1 

of 2011 to 49.5 ± 409 

26.5 g C m
−2

 yr
−1 

of 2020.  410 

Surprisingly, several high CO2 emission events were noted at the end of the non-growing season 411 

and at the start of the growing season, which covered 1
st
 March to 15

th
 June (Fig. 2). From 2011 412 

to 2020, the mean CO2 emission rate of this period was 15.4 g C m
−2

 yr
−1

, ranging from 14.6 ± 413 

10.7 g C m
−2

 yr
−1 

in 2012 to 35.3 ± 12.1 g C m
−2

 yr
−1

 in 2017. Emissions significantly increased 414 

over the period 2011-2020, with an average rate of 22.6 g C m
−2

 decade
−1

 (Supplementary Fig. 415 

S3), which accounted for annual emissions of 23.2% and 25.8%, respectively. 416 

Fig. 1 indicates that the mean annual Reco based on EC was 81.3 ± 14.1 g C m
−2

 yr
−1

, slightly 417 



22 
 

lower than that measured by the automatic chamber (84.3 ± 10.3 g C m
−2

 yr
−1

). The highest 418 

annual Reco was found in 2019 for EC, whereas it occurred in 2017 for the automatic chamber 419 

method. In addition, the minimum values of Reco occurred in 2013 for both the EC and automatic 420 

chamber measurements. 421 

From 2011 to 2020, the annual EC-measured Reco showed a significant increase at a rate of 26.3 422 

g C m
−2

 decade
−1

, ranging from 55.2 ± 13.8 g C m
−2

 yr
−1

 to 100.8 ± 12.6 g C m
−2

 yr
−1

 (the 423 

automatic chamber increased at a rate of 32.9 g C m
−2

 decade
−1

, ranging from 67.5 ± 27.6 g C 424 

m
−2

 yr
−1

 to 98.0 ± 15.6 g C m
−2

 yr
−1

). During the growing season, the mean Reco was 36.2 ± 8.2 g 425 

C m
−2

 yr
−1

 with EC, which is very similar to the automatic chamber measurement (31.1± 7.3 g C 426 

m
−2

 yr
−1

). There were no significant changes in the Reco of the growing period in both the EC and 427 

automatic chamber measurements. For the non-growing season, Reco accounted for more than 428 

half of the total annual Reco (55.9% for EC and 62.9% for the automatic chamber). 429 

The mean annual GPP was −78.4 ± 8.1 g C m
−2

 yr
−1

 for both the EC and automatic chamber and 430 

showed no significant interannual variability (p > 0.05; Fig. 1). The growing season accounted 431 

for 87.6% and 86.1 of the annual GPP for the EC and automatic chamber measurements, 432 

respectively. The non-growing season contributed relatively little to the annual GPP (−18.4 ± 433 

12.4 to −0.4 ± 20.7 g C m
−2

 yr
−1

 for the EC and automatic chamber measurements, respectively) 434 

and no significant change was found over time with either method. 435 

 436 
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red 457 

by 458 
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edd460 

y covariance (EC, blue line) and automatic chamber (red line). Grey-shaded areas depict the 461 

period with high carbon dioxide (CO2) emissions from the end of the non-growing season to the 462 

early growing season. The start and end time of the CO2 flux high emission events are marked as 463 

grey dotted lines. Here, if the CO2 emission was 5 times the mean CO2 flux of winter for 3 464 

successive days, it was defined as the start day of the ‘high emission period’. When the CO2 465 

emission was equal to the mean CO2 flux of winter for 3 successive days, it was defined as the 466 

end day of the ‘high emission period’.  467 
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3.3 Drivers of carbon dioxide flux 468 

Figure 3. Structural equation modelling (SEM) with considered variables (in coloured ellipses) 469 

and potential relationships (arrows) for net ecosystem exchange (NEE, green box) over (a) the 470 

growing season and (b) the non-growing season using data from EC and the automatic chamber. 471 

The double-headed arrows represent the covariance between the two variables. The single-472 

headed arrows indicate the direction of the linkage. The arrow width is proportional to the 473 

strength of the path coefficients. The numbers are standardized path coefficients, which reflect 474 

the importance of the variables within the model (Colman & Schimel, 2013). ‘Environmental’ 475 

includes air temperature at 3 m (Tair), thawing degree days (TDD), net radiation (Rn), rainfall, 476 

vapour pressure deficit (VPD), total snowfall and snow cover days. ‘Active layer warming’ 477 

includes soil temperature of 0-30 cm (Tsoil), weekly active layer depth (weekly; ALT) and soil 478 

water content of 0-30 cm (SWC); ‘soil property’ for 0-30 cm depth includes soil organic carbon 479 

(SOC), pH and total nitrogen (TN) and the ratio of SOC to TN concentrations (C/N). The model 480 

for the growing season had χ
2
 = 6.83 and RMSEA = 0.08, whereas the model for the non-481 
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growing season had χ
2
 = 7.08 and RMSEA = 0.09.  482 

The Structure equation modelling (SEM) illustrates the direct and indirect links between net 483 

ecosystem exchange (NEE), environmental variables and the thickness of the active layer, soil 484 

temperatures of 0-30 cm and soil water content of 0-30 cm (Fig. 3). Here, important drivers of 485 

NEE in the growing season were identified: active layer warming and soil properties. The SEM 486 

model suggests that the active layer warming and soil properties could explain 78% of the NEE 487 

variations during the growing season and that active layer warming alone could explain 64% of 488 

the NEE in the non-growing season (Fig. 3).  489 

 490 

4. Discussion 491 

4.1 Ecosystem carbon budget for the alpine steppe ecosystem on the Tibetan Plateau 492 

Ten years of year-round carbon dioxide (CO2) flux measurements in the alpine steppe ecosystem 493 

of the Beilu’He region on the Tibetan Plateau show that the site has switched from being a net 494 

annual sink (or close to neutral) of CO2 to a net source of CO2 to the atmosphere (the shift was 495 

from -28.1 ± 20.0 to 21.9 ± 13.8 g C m
-2 

yr
-1

). The study site is dominated by the following plant 496 

species: C. moorcroftii Falc. ex Boott, K. tibetica Maxim, A. tanggulashanensis and R. tibetica, 497 

which represent an ecosystem type covering approximately 34% of the permafrost region on the 498 

Tibetan Plateau (the Tibetan Plateau area is 250×10
4
 km

2
 according to Ding et al. (2016)). Based 499 

on the 4.5 °C IPCC representative concentration pathway, this type of ecosystem will account for 500 

76% of the Tibetan Plateau in 2100 (Zhang et al., 2015).  501 

Long-term flux measurements carried out inthis type of ecosystem are rare (Li et al., 2015; Yun 502 

et al., 2018). Most of the reported Tibetan Plateau CO2 flux data have been collected for wet 503 



26 
 

tundra ecosystems (Zhang et al., 2018; Liu et al., 2019) or seasonal permafrost regions (Li et al., 504 

2016; Niu et al., 2017), in which larger annual rates for GPP and Reco were observed. In this 505 

study, annual NEE measurements from both EC and automatic chambers (-1.4 ± 15.5 vs 4.9 ± 506 

13.5 g C m
-2

 yr
-1

, respectively) were within the range of the results of other studies conducted on 507 

the Tibetan Plateau or in Arctic tundra upland ecosystems (Trucco et al., 2012; Li et al., 2016; 508 

Kim et al., 2016; Zhang et al., 2018).  509 

 510 

4.2 Interannual and seasonal variations of carbon dioxide fluxes 511 

The trends for interannual variations of the year-round NEE estimated using both EC and 512 

automatic chamber measurements revealed that the studied alpine steppe ecosystem has been in 513 

transition from being a net CO2 sink to a net CO2 source since 2010. This transition has primarily 514 

been driven by increasing ecosystem respiration and a corresponding increase in CO2 emissions 515 

during the non-growing season. Our results are in line with a previous meta-data analysis study 516 

by McGuire et al. (2012) and Belshe et al. (2013), which suggested that annual CO2 emissions 517 

could exceed CO2 uptake across the tundra biome, based on 40 years of CO2 flux data across 32 518 

sites at high latitudes. Our findings also agree with a more recent synthesis study by Natali et al. 519 

(2019), based on both process-based models and non-growing season (October-April) CO2 flux 520 

observations across the Pan-Arctic region, which indicates that enhanced soil CO2 loss as a result 521 

of winter warming may offset growing season carbon uptake in the future. 522 

The seasonal pattern of CO2 fluxes is characterized by considerable CO2 emissions from the end 523 

of the non-growing season to the early growing season (from 1
st
 March to 15

th
 June; Fig. 2). The 524 

high CO2 emissions were significantly correlated with total snowfall, snow cover days and soil 525 
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water content at 0-30 cm (Supplementary Fig. 4). The start time of high CO2 emissions was close 526 

to the first snow melt event in March (data not shown). The large CO2 fluxes can be explained by 527 

at least two sets of processes: one process related to CO2 production during winter and trapped 528 

CO2 within the pore space of soils during winter and released upon soil thawing (Elberling & 529 

Brandt, 2003; Raz-Yaseef et al., 2017). The second set of processes is related to potential 530 

accelerated microbial activities as well as increased availability of labile C in soils (Pirk et al., 531 

2017). Therefore, the recovery of microbial activity synchronous with the increasing substrate 532 

availability could be partly responsible for the relatively large CO2 emissions (bursts) at the end 533 

of the non-growing season and in the early part of the growing season (Liu et al., 2020). Future 534 

work is needed to differentiate these two explanations for the Tibetan Plateau study site. 535 

 536 

4.3 Key driver of the variation of seasonal carbon dioxide fluxes 537 

In this study, active layer warming was identified as one of the key drivers controlling NEE 538 

throughout both the growing and non-growing seasons, which is consistent with the findings of 539 

research conducted in Arctic regions (Trucco et al., 2012; Gerardo et al., 2017; Rodenhizer et al., 540 

2020). Increased NEE as a result of active layer warming is associated with increased nutrient 541 

availability for both plants and microorganism communities (Pries et al., 2015) and increased 542 

accessibility for microbes to deeper located labile soil carbon pools (Schuur et al., 2007; 543 

Elberling et al., 2010; Koven et al., 2015). It is beyond the scope of this study to quantify 544 

whether thawing permafrost has directly influenced the increased CO2 production. But we 545 

conclude that warming and accelerated near-surface SOC turnover alone can explain the 546 

observed shift of the ecosystem from being a sink to a source over the studied 10-year period. 547 
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From 2010 to 2020, GPP of the growing season as well as the non-growing season showed no 548 

significant increase in response to temperature rise, which contrasts with the findings for the 549 

Arctic dry tundra that GPP has a higher temperature sensitivity based on open top chamber 550 

measurements (Welker et al., 2004) and EC monitors (Ueyama et al., 2014). This suggests that 551 

GPP can be affected by changes in vegetation properties, e.g., the leaf area index, stomatal 552 

conductance (Schädel et al., 2018; Grant et al., 2019; Chen et al., 2021) and other drivers of 553 

photosynthesis, e.g., air temperature, net solar radiation, soil water content and even the leaf C/N 554 

ratio (Oechel et al., 2014; Webb et al., 2016; Celis et al., 2017). On the Tibetan Plateau, 40 years 555 

of monitoring data indicates that significant changes in air temperature and precipitation took 556 

place mainly during winter (Yao et al., 2018). Fig. 1 suggests that neither the NEE, GPP nor Reco 557 

changed significantly during the growing season over the study period. However, the interannual 558 

variations in NEE and Reco and the observations during the non-growing season showed a 559 

significant increase, which was mainly explained by the increasing active layer warming over 560 

time. The response of increased air temperature during the non-growing season on GPP may 561 

however not be representative of other ecosystem types depending on the site-specific 562 

hydrological conditions (Welker et al., 2004).     563 

Interestingly, during the growing season, the soil temperature (5.9 °C) and soil water content 564 

(15%) measured at a 0-30cm depth interval were comparable to those observed in Arctic heath 565 

sites (soil temperature was 5.6°C and soil water content was 14.5% for 0-30 cm depth; Lund et al. 566 

(2012)). However, the mean daily NEE of alpine steppe on the Tibetan Plateau was -1.2 g C m
-2

 567 

d
-1

, as compared to -0.7 to -0.6 g C m
-2

 d
-1 

 at the Arctic heath site. In contrast, NEE measured in 568 

this study with EC was almost equal to the NEE measured in a high Arctic semi-desert site on 569 

Svalbard (-1.3 g C m
-2

 d
-1

, measured from 31
st
 July to 11

st
 August; Lüers et al. (2014)), with a 570 
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soil temperature at 0-50 cm depth interval of 6.1°C and SWC < 7%. This suggests that soil 571 

temperature and SWC may greatly influence the carbon cycle in permafrost-affected ecosystems, 572 

but also that regions may differ in terms of carbon sink and source activities despite similarities 573 

in the presence of permafrost or short growing seasons. Other environmental factors may control 574 

the overall carbon sink/source capacity, such as ALT (Peries et al., 2017), water table depth 575 

(Celis et al., 2020), even net radiation (Shen et al., 2015), or soil physical factors, e.g., the 576 

aggregate protection (Qin et al., 2019). 577 

 578 

4.4 Uncertainties and limitations   579 

In this study, during the winter (November to January) the ground was frozen and plants were 580 

dormant, but a CO2 uptake was still measurable and documented in data from both EC and the 581 

automatic chamber (data not shown) at noon time and low wind speed (< 2 m s
-1

) conditions. It 582 

remains unclear what might cause this uptake in winter. Some studies (e.g., Semikhatova et al., 583 

2009; Starr & Oberbauer, 2003) have linked CO2 uptake in the non-growing season with the 584 

photosynthetic activities of evergreen plants and soil crust plants (Starr & Oberbauer, 2003). In 585 

this study, we have taken a conservative approach and consider the CO2 uptake in winter to be 586 

negligible. This means there might be slight overestimations of winter CO2 release.  587 

 588 

5. Conclusions 589 

This study summarizes measured CO2 fluxes in a high alpine steppe site on the northwest 590 

Tibetan Plateau (Beilu’He) for the period 2010-2020 using eddy covariance and automatic 591 

chamber approaches. During 2010-2020, the study site switched from being a net annual sink of 592 
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CO2 or neutral to a net source of CO2 to the atmosphere. The structural equation model analysis 593 

revealed that active layer warming and soil properties were the most important direct drivers of 594 

variations in Reco during the growing season (2010-2020). It also showed that active layer 595 

warming was the major driver of the Reco changes in the non-growing season linked to changes 596 

in snow cover. GPP showed no significant trend corresponding to the warming (mainly during 597 

winter), which could be due to a lack of sufficient nutrients despite a warmer climate. Overall, 598 

these results imply that changes in NEE reflect several interacting processes regulated by both 599 

direct and indirect controls on active layer warming and soil properties. Our hypotheses will now 600 

be addressed in turn as follows: (1) ecosystem respiration has increased significantly due to 601 

increasing temperatures; mainly during the non-growing season; (2) increased precipitation has 602 

not resulted in major changes but has reduced the annual GPP due to a shorter growing season 603 

and potential loss of plant-available nutrients; and (3) despite warmer and wetter conditions, 604 

increases in plant growth were limited and no changes in GPP were noted during the study 605 

period. Thus,  this study reveals that the study site and possibly around a third of the Tibetan dry 606 

grassland have now switched from being a sink into a source of CO2 to the atmosphere.  607 

 608 
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Supplementary information 931 

1. Supplementary Table 1. Relationship between accumulated weekly net ecosystem exchange 932 

(NEE) and environment factors on annual, growing season, non-growing season (N-933 

Growing Season) across 2010-2020. 934 

2. Supplementary Figure S1 Geographic locations of Beilu’He on the Tibetan Plateau (a) and 935 

eddy covariance observation field (b), the inset shows the automatic chamber of Li-Cor 936 

8100.  937 

3. Supplementary Figure S2. Temporal changes in sum snowfall (a) and snow cover days (b) 938 

during the end of the non-growing season and the start of the growing season (1
st
 March 939 

to 15
th

 June) from 2011 to 2020. 940 

4. Supplementary Figure S3. Accumulative net ecosystem exchange (NEE) during the end of 941 

the non-growing season and the start of the growing season (1
st
 March to 15

th
 June) 942 

measured by eddy covariance from 2011 to 2020 (a) and automatic chamber from 2013 to 943 

2020 (b). 944 

5. Supplementary Figure S4. Relationship of net ecosystem exchange (NEE) with 945 

environmental properties, sum snowfall (a), snow cover days (b), Tsoil of 0-30 cm (c), 946 

SWC of 0-30 cm (d), VPD (e) and ALT (f) in the alpine steppe during the end of the non-947 

growing season and the start of the growing season (1
st
 March to 15

th
 June) from 2011 to 948 

2020. 949 




