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Permafrost soils store large amounts of carbon. Warming can result in carbon 35 

release from thawing permafrost, but it can also lead to enhanced primary 36 

production, which can increase soil carbon stocks. The balance of these fluxes 37 

determines the nature of the permafrost feedback to warming. Here we assessed 38 

decadal changes in soil organic carbon stocks in the active layer – the uppermost 39 

30 cm – of permafrost soils across Tibetan alpine regions, based on repeated soil 40 

carbon measurements in the early 2000s and 2010s at the same sites. We 41 

observed an overall accumulation of soil organic carbon irrespective of 42 

vegetation type, with a mean rate of 28.0 g C m-2 yr-1 across Tibetan permafrost 43 

regions. This soil organic carbon accrual only occurred in the subsurface soil, 44 

between depths of 10 and 30 cm, mainly induced by an increase of soil organic 45 

carbon concentrations. The upper active layer of Tibetan alpine permafrost 46 

currently represents a substantial regional soil carbon sink in a warming climate, 47 

implying that carbon losses of deeper and older permafrost carbon might be 48 

offset by increases in upper active layer soil organic carbon stocks. 49 

 50 

Permafrost region soils, as the largest carbon (C) stock of terrestrial ecosystems, 51 

contain vast quantities of soil organic carbon (SOC; ~1320 ± 200 Pg)1, 2. Even small 52 

losses from this large stock would result in significant fluctuations in atmospheric 53 

carbon dioxide (CO2) concentrations, and further intensify global warming3. The 54 

exposure of permafrost soil organic matter (SOM) to microbial decomposition and the 55 

subsequent release of C into the atmosphere due to warming-induced thawing have 56 
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been previously reported3, 4, 5. However, it remains unclear how SOC stocks across 57 

permafrost regions have responded to the climatic warming over recent decades. The 58 

regional-scale evidence for the dynamics of permafrost SOC stocks has come mainly 59 

from modelling studies with widely varying predictions6, 7, 8 (e.g. simulated changes 60 

of permafrost SOC stock in the Northern Hemisphere ranged from 1.4 to 20.6 g C m-2 61 

yr-1 between 1960 and 20096). Much of the uncertainty in these predictions has 62 

originated from limitations in model parameterization due to scarce observational data 63 

(e.g. pool- and flux-based data sets)3, 9. It has been shown that broad-scale soil 64 

resampling studies, based on sufficent replication of sites, can detect regional-scale 65 

SOC changes over time10, 11, 12. But such studies have been lacking for permafrost 66 

regions, where direct observations of changes in permafrost SOC stocks over time are 67 

confined to site-level experiments13, 14. This data limitation has so far precluded any 68 

observation-based quantification of decadal SOC dynamics across permafrost regions 69 

under climate warming. 70 

 71 

The Tibetan Plateau has the largest extent of alpine permafrost in the world15. The 72 

plateau has experienced pronounced warming16, wetting17, and permafrost thawing18 73 

over recent decades. The substantial environmental changes and alterations of 74 

ecosystem C processes could lead to changes in soil C stock. Such changes may be 75 

caused by C-gain due to stimulated vegetation productivity19 and C-loss due to 76 

accelerated decomposition of SOM20. Here we performed a broad-scale soil 77 

resampling campaign to evaluate changes in upper active layer SOC stock across 78 
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Tibetan alpine permafrost regions. We obtained a dataset which is composed of two 79 

parts separated by a decade of time, i.e. the 2000s and the 2010s subsets. The 2000s 80 

subset, including 135 site-level observations, was derived from field investigations 81 

during 2001-200421. The 2010s subset, including 103 sites resampled from the 82 

original sampling sites (76% of 135 original sampling sites), was collected in 83 

2013-2014 (Supplementary Fig. 1). At each site, three replicate soil pits were 84 

excavated and sampled. The resampling soil pits were located adjacent to the original 85 

soil pits (Supplementary Fig. 2). Both datasets are based on identical field and 86 

laboratory procedures for determining SOC concentration (SOCC) and bulk density 87 

(BD) at depths of 0-10, 10-20, and 20-30 cm (Supplementary Table 1). A notable 88 

difference to previous studies11 is that the BD at different soil depths was repeatedly 89 

measured for the two periods rather than obtained through pedo-transfer functions. 90 

This dataset enabled us to assess changes in soil BD, SOCC, and SOC density (SOCD, 91 

SOC stock per unit area, kg C m-2) from the 2000s to 2010s. The dataset also allowed 92 

us to separate changes by soil depths (0-10, 10-20, and 20-30 cm) and major 93 

vegetation types (alpine steppe, AS and alpine meadow, AM) (see Methods). Based on 94 

this dataset, we test the hypothesis that environmental changes over the last decade 95 

has resulted in SOC accumulation across near surface soils of the Tibetan alpine 96 

permafrost regions. 97 

 98 

Overall soil C accumulation since the 2000s 99 

Consistent with our hypothesis, we found that SOC stock in the top 30 cm across 100 
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Tibetan permafrost regions exhibited a significant increase from the 2000s to 2010s 101 

(Likelihood ratio test, P < 0.001; Fig. 1 and Supplementary Table 2). The mean 102 

SOCD changed from 4.33(± 0.20 s.e.) to 4.63(± 0.20) kg C m-2 over the past decade, 103 

and the mean increase rate was estimated to be 28.0 g C m-2 yr-1, with the 95% 104 

confidence interval (CI) of 15.2 to 40.8 g C m-2 yr-1. The relative change rate (relative 105 

to the mean SOCD over the study period) was estimated to be 0.6% yr-1 (95% CI: 0.3 106 

to 0.9% yr-1; Table 1). This overall increasing trend was observed in both the alpine 107 

steppe (n = 64, P < 0.001) and the alpine meadow (n = 39, P < 0.01; Fig. 1 and 108 

Supplementary Table 2). The mean increase rates were 20.6 and 40.3 g C m-2 yr-1 and 109 

the relative increase rates were 0.7 and 0.6% yr-1 for the alpine steppe and alpine 110 

meadow, respectively (Table 1). The gross regional-scale changes of SOC stock in the 111 

upper 30 cm was equal to 32.0 Tg C yr-1 (95% CI: 17.4, 46.7, 1 Tg = 1012 g) for the 112 

entire Tibetan alpine grassland area (Table 1), demonstrating that soils in the upper 113 

active layer across Tibetan alpine permafrost regions have acted as a significant C 114 

sink over the last decade. 115 

 116 

Depth-dependent soil C dynamics 117 

To test whether the change in SOCD was depth-dependent, we explored the rates of 118 

SOCD change by soil depth. We found that the significant SOCD increase only 119 

occurred in the subsurface soils (10-20 and 20-30 cm; P < 0.001), whereas surface 120 

SOCD (0-10 cm) showed no detectable changes during the last decade (Fig. 2 and 121 

Supplementary Table 2). The mean increase rates of SOCD were estimated at 19.8 122 
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and 14.5 g C m-2 yr-1 (Fig. 2a), and the relative increase rates were 1.3 and 1.4% yr-1 123 

for depths of 10-20 and 20-30 cm, respectively (Fig. 2b). The significant increase in 124 

SOCD of the subsurface layers occurred in both the alpine steppe and the alpine 125 

meadow (Fig. 2 and Supplementary Table 2). This pattern of increases observed only 126 

in the subsurface soil can be linked to shifts in root biomass allocation towards deeper 127 

soil under a changing climate22, 23. It may also be related to the depth-dependent 128 

response of soil C-loss processes to climate change. Previous studies have suggested 129 

that C-turnover of the surface soil is more likely to be driven by climatic changes24. 130 

However, in subsurface soil horizons, the influence of climate warming and wetting 131 

on SOM turnover may be limited by a higher degree of protections of SOM in soil 132 

aggregates, SOM-mineral interactions25, 26, 27, and more severe limitations of 133 

nutrition28, 29, 30. 134 

 135 

To investigate the relative contributions of SOCC and BD to SOCD increases, we 136 

further analysed the changes in SOCC and BD by sampling depth and grassland type. 137 

Our results revealed a general stability of BD except for significant decreases in 138 

subsurface layers of the alpine meadow (P < 0.05; Fig. 3a and Supplementary Table 139 

2). The reduction in BD observed in the alpine meadow likely reflects a 140 

vegetation-driven process (see Supplementary Discussion). Our results also 141 

demonstrated significant increases in SOCC of subsurface layers (P < 0.001), whereas 142 

no significant change was observed for the surface soil (Fig. 3b and Supplementary 143 

Table 2). These patterns held true in both the alpine steppe and the alpine meadow 144 
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(Fig. 3). Taken together, these findings suggest that the increase of soil C stock was 145 

mainly attributed to the increases of SOCC in the subsurface soil. 146 

 147 

Links between soil C accumulation and the enhanced vegetation growth 148 

Soil C accumulation across the Tibetan permafrost regions could be related to 149 

increased vegetation productivity over the past three decades. Despite of the absence 150 

of significant trend over the study period in the sampled biomass (Table 1), the 151 

increased productivity has been shown in long-term in-situ observational data 152 

(long-term biomass monitoring data and eddy-covariance observations of gross 153 

primary productivity, GPP; Supplementary Fig. 3), satellite-based vegetation index 154 

data (Supplementary Fig. 4), and multiple model outputs (Supplementary Table 3) 155 

This productivity increase has mainly been ascribed to an overall trend of warming 156 

and wetting (Supplementary Fig. 5, also see Supplementary Discussion) and the CO2 157 

fertilization effect31, 32. Although China’s national conservation policies could 158 

promote vegetation growth33, increases were visible before the policies were 159 

introduced (Supplementary Fig. 6). Moreover, most of the sampling sites (>90%) had 160 

not experienced changes in land management practices during the intra-sampling 161 

period. In addition, vegetation dynamics were reported to be dominantly driven by 162 

climate change rather than human activities in most areas (>90%) of the plateau34. 163 

Therefore, climatic changes were the main drivers of enhanced vegetation growth31, 164 

which increased C inputs to soils. 165 

 166 
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To reach a net accumulation of soil C, the climate-driven increase of vegetation C 167 

inputs must exceed any potential increases of soil C losses on the plateau. It is 168 

possible that climate change may stimulate SOM decomposition, mainly in surface 169 

soils35, through increased soil temperature and moisture (Supplementary Fig. 7). Such 170 

a deduction is supported by multiple model simulations20, 36 and a significant increase 171 

of △δ13C (the difference of 13C natural abundance values relative to the standard (δ13C) 172 

between surface soils and source plants; Supplementary Fig. 8; higher △δ13C values 173 

reflect greater decomposition37). However, site- and regional-scale evidence 174 

consistently showed that the increase in vegetation productivity was significantly 175 

larger than the increase in SOM decomposition. In a typical alpine meadow on the 176 

north-eastern plateau (Haibei Alpine Meadow Ecosystem Research Station), the 177 

increases in above- and below-ground biomass were observed to be 2.9 and 3.9% yr-1, 178 

respectively (Supplementary Fig. 3). This is significantly higher than the soil 179 

heterotrophic respiration (RH) rate (0.3% yr-1)38. The continuous C sink was 180 

confirmed by net ecosystem absorption of CO2 based on eddy-covariance 181 

measurements (Supplementary Fig. 3). At the regional scale, increases of net primary 182 

production (NPP) and RH across the Tibetan alpine grasslands were predicted to be 183 

1.0% yr-1 23 and 0.4% yr-1 36, respectively. The regional ecosystem C sink resulting 184 

from larger C inputs than C losses was also supported by a variety of modelling 185 

simulations20, 39, 40. Overall, the climate-driven increase of vegetation C inputs 186 

outweighed soil C losses, resulting in a significantly increased soil C stock. 187 

 188 
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In summary, based on a unique soil resampling dataset, this study explored SOC 189 

dynamics across Tibetan alpine permafrost regions over the last decade. The 190 

observational dataset can be used as a benchmark for Earth System Models exploring 191 

the effects of climate warming on soil C dynamics across permafrost regions. Our 192 

results revealed a mean C accumulation rate of 28.0 g C m-2 yr-1 in the top 30 cm soils 193 

across the Tibetan permafrost regions, mainly attributable to climate-driven increases 194 

in vegetation productivity. The significant soil C sink accounts for 80-89% of the total 195 

ecosystem C sink across the study area as simulated by process-based models20, 39, 196 

and also outpaces the potential C release from CH4 (32.0 vs 0.6 Tg C yr-1)39 or 197 

thawing permafrost (28.0 vs 5.9 g C m-2 yr-1)41 in this region. This implies that upper 198 

active layer soil C accumulation is quantitatively important for the terrestrial C cycle, 199 

triggering a negative rather than a positive regional feedback to climate warming. Our 200 

results also demonstrated that the enhanced vegetation inputs were more likely to be 201 

accumulated in the subsurface soils, highlighting the importance of incorporating 202 

deeper soil C dynamics when predicting C-climate feedback and the necessity to 203 

identify SOM stabilization and destabilization mechanisms at depth, where a 204 

significant quantity of SOC is stored. 205 

 206 
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Figure legends 338 

Figure 1 | Changes in soil organic carbon density (ΔSOCD) at 0-30 cm depth 339 

from the 2000s to 2010s across Tibetan permafrost regions. Relative change rate in 340 

SOCD (in unit of % yr-1, colored in blue) was calculated as the ratio of the absolute 341 

change rate (in unit of g C m-2 yr-1, colored in red) to the mean SOCD over the study 342 

period. AS, alpine steppe; AM, alpine meadow. Error bars represent 95% confidence 343 

intervals (CI). 344 

 345 

Figure 2 | Changes in soil organic carbon density (ΔSOCD) at different soil 346 

depths from the 2000s to 2010s across Tibetan permafrost regions. Relative 347 

change rate in SOCD (in unit of % yr-1, b) was calculated as the ratio of the absolute 348 

change rate (in unit of g C m-2 yr-1, a) to the mean SOCD over the study period. AS, 349 

alpine steppe; AM, alpine meadow. Error bars represent 95% confidence intervals 350 

(CI). 351 

 352 

Figure 3 | Changes in bulk density (ΔBD) and soil organic carbon concentration 353 

(ΔSOCC) from the 2000s to 2010s across Tibetan permafrost regions. AS, alpine; 354 

AM, alpine meadow. Error bars represent 95% confidence intervals (CI). 355 
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Table 1 | Changes in soil organic carbon density (SOCD) and soil organic carbon (SOC) stock at 0-30 cm depth, and biomass and carbon 356 

(C) concentrations of aboveground plants (with 95% confidence interval) from the 2000s to 2010s across Tibetan permafrost regions, as 357 

derived from linear mixed models. 358 

Vegetation type 
Area 

(103 km2) 

Mean SOCD (±SE) 
(kg C m-2) 

Change in 
biomass 
(g m-2) 

Change in plant 
C concentration 

(g kg-1) 

Change in SOCD 
Change in SOC 
stock (Tg C yr-1) 

2000s 2010s g C m-2 yr-1 % yr-1 

Alpine steppe 
(AS) 

640 
2.71  

(± 0.15) 
2.95   

(± 0.15) 
-3.3 

 (-12.5, 5.8) 
48.1       

(31.4, 64.8) 
20.6     

(9.0, 32.2) 
0.7    

(0.3, 1.1) 
13.2       

(5.8, 20.6) 

Alpine meadow 
(AM)  

504 
6.96   

(± 0.30) 
7.37    

(± 0.34) 
-5.4 

 (-16.9, 6.2) 
52.5       

(39.6, 65.4) 
40.3     

(12.8, 67.8) 
0.6    

(0.2, 0.9) 
20.3 

(6.5, 34.2) 

All grasslands 1144 
4.33   

(± 0.19) 
4.63    

(± 0.20) 
-4.1 

(-11.3, 3.1) 
49.7       

(38.5, 61.0) 
28.0      

(15.2, 40.8) 
0.6     

(0.3, 0.9) 
32.0       

(17.4,  46.7) 

  359 
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Methods 360 

Study area. The Tibetan Plateau, with the average elevation above 4000 m, has 361 

1.73×106 km2 area underlain by permafrost (Supplementary Fig. 1), accounting for 75% 362 

of the Northern Hemisphere's alpine permafrost42. The mean active layer thickness 363 

(ALT) of the plateau is 2.0 m, with a range of 0.9-3.2 m (Supplementary Fig. 7). The 364 

mean annual air temperature (MAAT) on the plateau ranges from -3.1 to 4.4 °C, and 365 

mean annual precipitation (MAP) ranges from 103 to 694 mm. During the past three 366 

decades, the plateau has experienced significant increases of MAAT by 0.5 oC per 367 

decade (Supplementary Fig. 5) and associated soil temperature by 0.6 and 0.5 oC per 368 

decade at 10 and 20 cm depths, respectively (Supplementary Fig. 7). The precipitation 369 

and associated soil moisture on the plateau also showed upward trends in fluctuation 370 

over the last three decades (Supplementary Fig. 5, 7). Warming-induced permafrost 371 

thawing was reported during the past decade18. Active layer thickening is the major 372 

form of permafrost thaw on the plateau, with a mean increasing rate of 3.6 cm yr-1 373 

(Supplementary Fig. 7). Alpine steppe (AS) and alpine meadow (AM) are the two 374 

major vegetation types, accounting for 34% and 27% of the total area of the plateau, 375 

respectively2,16. The alpine steppe is dominated by cold-tolerant xerophytic herbs, 376 

such as Stipa purpurea and Carex moorcroftii, while the alpine meadow is dominated 377 

by cold-tolerant mesophytic herbs, such as Kobresia pygmaea, K. humilis, and K. 378 

tibetica2. Following the World Reference Base for Soil Resources classification, major 379 

soil types are Xerosols for the alpine steppe and Cambisols for the alpine meadow43. 380 

 381 
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Field resampling. To detect changes in soil organic carbon (SOC) stock across 382 

Tibetan alpine permafrost regions, we compiled a broad-scale repeated-sampling 383 

dataset based on two multi-year field campaigns in 2001-2004 and in 2013-2014, 384 

respectively. Both the two field campaigns were conducted during the mid-growing 385 

season (either July or August). The sampling sites were set along a more than 3000 386 

km transect to cover broad climatic gradients and major grassland types across the 387 

study area. The mean distance between adjacent sampling sites was c. 42 km. Due to 388 

practical constrains (e.g. road rebuilding and human disturbance), 103 389 

perfectly-matched resampling sites were obtained (Supplementary Fig. 1), accounting 390 

for 76% of the 135 sites investigated in 2001-200421. The mean and median SOCD of 391 

the 103 resampling sites showed no significant differences from those of the 135 392 

original sites, indicating that the resampled sites are representative of the original sites 393 

(Supplementary Fig. 9). The second sampling campaign was accomplished with the 394 

assistance of GPS information and the participants who had been engaged in field 395 

samplings during the 2000s, and the original sample sites could thus be precisely 396 

relocated with a decimetre precision (Supplementary Fig. 2). To avoid the bias 397 

introduced by different methodologies, soil samples were collected following exactly 398 

the same sampling scheme. Specifically, we set up five 1×1 m2 quadrats located at 399 

each corner and the centre of a 10×10 m2 plot for each site. After the harvest of 400 

aboveground biomass, three pits were excavated within three quadrats along the 401 

diagonal line of the plot (Supplementary Fig. 2). A ruler was put inside along the 402 

profile, steel cylinders with a fixed volume size of 100 cm3 were then pushed into the 403 
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soil profile with the cylinder centre aiming at the centre depth of each target soil layer 404 

(i.e. 5, 15, and 25 cm depth)21. Soil samples were collected from the top 10 cm depth 405 

(surface soils, generally an A-horizon), and subsequently for the soil layers of 10-20 406 

and 20-30 cm. In the case of the existence of big stones (less than 5 of 103 sites), we 407 

horizontally moved the cylinder (for all layers) till successful collection of the 408 

samples for the whole profile achieved. It should be noted that topography, plant 409 

community composition and management strategies of the resampling sites had not 410 

changed during the intra-sampling period. 411 

 412 

Laboratory measurements. The same methodology was used to determine the soil 413 

variables for both the 2000s and 2010s sub-datasets21. Bulk density samples were 414 

dried at 105 oC to a constant weight, weighed, and then subjected to the calculation of 415 

the ratio of the oven-dried soil mass to the steel cylinder’s volume (100 cm3). The soil 416 

samples used to determine natural abundances of 13C and C concentrations were 417 

air-dried indoors, sieved through 2 mm to remove coarse roots, handpicked to remove 418 

fine roots, and ground/homogenized. Biomass samples were oven-dried and then 419 

ground. The C concentrations of plant were determined using an elemental analyser 420 

(Vario EL III, Elementar, Germany). The 13C natural abundance of plant and surface 421 

soils was measured using an isotope ratio mass spectrometer (Flash EA1112; Thermo 422 

Finnigan, Milan, Italy), and expressed as δ13C (the 13C natural abundance relative to 423 

the standard)44. The Δδ13C was calculated as the difference of δ13C values between 424 

surface soils and source plants44. Soil organic C concentration (SOCC) was measured 425 
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using the wet oxidation method45. Soil organic C density (SOCD) was then calculated 426 

according to Equation (1):  427 

                    =   ×  × × 1 −  100                                          1  

where SOCD, Ti, BDi, SOCCi, and Ci are SOC density (kg C m-2), soil layer thickness 428 

(cm), bulk density (g cm-3), SOC concentration (g kg-1), and volume percentage of the 429 

fraction > 2 mm at layer i, respectively21.  430 

 431 

Remote-sensing dataset. To explore the vegetation growth trend across the Tibetan 432 

alpine permafrost regions over the last few decades, we analysed the annual variations 433 

of the remotely sensed mean normalized difference vegetation index (NDVI) and 434 

enhanced vegetation index (EVI) at both site- and regional level on the Tibetan 435 

Plateau. The Global Inventory Modelling and Mapping Studies (GIMMS) NDVI 436 

dataset was derived from the Advanced Very High Resolution Radiometer (AVHRR) 437 

instrument on board the NOAA satellite series 438 

(http://noaasis.noaa.gov/NOAASIS/ml/avhrr.html), at a spatial resolution of 8 × 8 km2 439 

for every 16-day interval, over the period 1982-2011. The EVI dataset was obtained 440 

from the Moderate Resolution Imaging Spectroradiometer (MODIS) through the 441 

United States Geological Survey (USGS) (http://modis.gsfc.nasa.gov), with a spatial 442 

resolution of 250 × 250 m2 (resampled into 8 × 8 km2) for every 16-day interval, over 443 

the period 2001-2014. The maximum value composition (MVC) method46 was used to 444 

obtain the monthly composites. The monthly NDVI and EVI data were subsequently 445 

averaged over the growing season from May to September to generate seasonal values 446 
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of each year. 447 

 448 

Statistical analyses. To determine whether the changes in SOCD, SOCC, BD, Δδ13C, 449 

and biomass and C concentrations of aboveground plants were significant between the 450 

2000s and 2010s for different grassland types and soil depths, we constructed linear 451 

mixed models with sampling year as the fixed effect and the “site” and “replicate” 452 

(three replicates for soil sample and five replicates for biomass sample within each 453 

sampling site) as random effects. Specifically, we used a nested design of random 454 

effects in the linear mixed models. Both the slope and the intercept of the model were 455 

allowed to vary among sites and the intercept value varying among replicates within 456 

each site. P-values were obtained by likelihood ratio tests of the full model with the 457 

effect of sampling year against the model without the effect of sampling year47. The 458 

effects of sampling year were considered significantly different if P < 0.05. The 459 

homoscedasticity and normality of residuals were tested before the linear mixed 460 

modelling analyses and log-transformation was conducted when necessary. The ‘lme4’ 461 

package48 in the software R version 3.2.149 was used to perform the linear mixed 462 

effects modelling. The total change in SOC stock with 95% CI at 0-30 cm depth was 463 

obtained by multiplying absolute rate of SOCD change by vegetation area. 464 

 465 

To assess the effects of sampling month, we added sampling month as a random factor 466 

into the linear mixed models, and found no contributions of sampling month on soil 467 

organic carbon density (SOCD) change rates (P = 1.00). To account for the site 468 
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proximity effects (i.e. some sampling sites were located with adjacent distances less 469 

than 10 km), we merged sampling sites with adjacent distances within 10 km as one 470 

sampling site, and then conducted the linear mixed modelling analysis to assess the 471 

rate of SOCD change at 0-30 cm depth. No significant difference of SOCD change 472 

rate between the original and site-merged datasets was observed (P = 0.51), 473 

suggesting that our results had not been biased by sampling proximity. 474 

 475 

Data and code availability. The data (DOI: 10.6084/m9.figshare.4788559) and code 476 

(DOI: 10.6084/m9.figshare.4788811) that support the findings of the study are 477 

available in a persistent repository (https://figshare.com/).  478 

 479 
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