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Soil organic carbon and total 
nitrogen pools in permafrost zones 
of the Qinghai-Tibetan Plateau
Lin Zhao1, Xiaodong Wu  1, Zhiwei Wang  1,2, Yu Sheng1, Hongbing Fang1, Yonghua Zhao1, 
Guojie Hu1, Wangping Li3, Qiangqiang Pang1, Jianzong Shi1, Bentian Mo2, Qian Wang2, Xirui 
Ruan2, Xiaodong Li2 & Yongjian Ding1,4,5

There are several publications related to the soil organic carbon (SOC) on the Qinghai-Tibetan Plateau 
(QTP). However, most of these reports were from different parts of the plateau with various sampling 
depth. Here, we present the results from a systematic sampling and analysis of 200 soil pits. Most of the 
pits were deeper than 2 m from an east-west transect across the plateau. The SOC and total nitrogen 
(TN) pools of the 148 × 104 km2, the area of the permafrost zone, for the upper 2 m soils calculated from 
the vegetation map were estimated to be 17.07 Pg (interquartile range: 11.34–25.33 Pg) and 1.72 Pg 
(interquartile range: 1.08–2.06 Pg), respectively. We also predicted the distribution of land cover types 
in 2050 and 2070 using decision tree rules and climate scenarios, and then predicted SOC and TN pools 
of this region. The results suggested that the SOC and TN pools will decrease in the future. The results 
not only contribute to the carbon and nitrogen storage and stocks in the permafrost regions as a whole 
but most importantly, to our knowledge of the possible changes of C and N storage on the QTP in the 
future.

Soil carbon and nitrogen cycles are associated with terrestrial ecosystem succession and climate change. Small 
changes in the SOC pool could have dramatic impacts on the concentration of CO2 in the atmosphere1. Soil 
nitrogen is a key element controlling terrestrial ecosystems, and the decomposition of nitrogen may also produce 
an important greenhouse gas2. Spatial data for SOC and TN are extremely important because they are basic input 
parameters for many models, including land surface, vegetation, and greenhouse gas models3–5.Therefore, the 
size and dynamics of carbon and nitrogen pools are of great importance for recognizing the relationships among 
global change, terrestrial ecosystems, and the carbon cycles.

About half of the global SOC is stored in the permafrost regions6. Several studies on the SOC and TN in 
circum-Arctic permafrost regions7–9 indicated that large amount of greenhouse gases may be emitted from 
the decomposition of soil organic matter (SOM) in these regions due to permafrost degradation10,11. The larg-
est high altitudinal permafrost on earth is distributed in the Qinghai-Tibetan Plateau (QTP), which is called 
‘the Roof of the World’. Continuous permafrost underlies 1.06 × 106 km2 of the permafrost area, and the total 
permafrost-affected zone12, including the discontinuous and island permafrost zone, is about 1.48 × 106 km2 13. 
Due to the low latitude, degradation of the permafrost in this area has received more attention14 because the deg-
radation processes are more pronounced than in high latitude regions15.

The cold and arid grassland is the main ecosystem in permafrost zone on the QTP, and much more carbon is 
stored in soils than that in vegetation16. These soils contain a high proportion of labile SOM, which is mainly min-
eralizable17,18. A modelling study using the CENTURY (version 4.5) suggested that the SOC pools on the QTP, 
especially for the high temperature permafrost zones, are sensitive to environmental changes19,20. Under global 
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warming scenarios, permafrost degradation might lead to the land degradation and a rapid loss of labile SOM, 
and further affect the permafrost ecosystems21 as well as carbon cycle22,23.

Previous publications on SOC pools on the QTP were estimated mostly based on the data from either global 
soil database or China’s national soil survey, combined with sparse field samples24,25. Total SOC for the top 0.7 m 
was estimated as approximately 30–40 Pg in the grassland of the plateau with the area of 1.67 × 106 km2, which 
is much larger than the extent of permafrost zone24. The SOC pool in the permafrost regions was calculated as 
17.3 ± 5.3 Pg for the 0–1 m depth and 10.6 ± 2.7 Pg for the 1–2 m depth based on similar database26. However, the 
filed data used in these studies were mainly collected from the upper 1 m depth or even less than 1 m depth, and at 
limited numbers of sites in the permafrost regions. The most recent result showed that the SOC pool in the upper 
3 m soils was 15.31 Pg (with interquartile range of 13.03–17.77 Pg) based on a dataset from 342 soil cores27. The 
median and mean elevation of these cores was 4292 and 4124 m asl, while the average value of the lower limit of 
permafrost is higher than 4400 m asl14. In addition, these estimations were based on the 1:1,000,000 vegetation 
map of China28, which defined the land cover types as alpine steppe, meadow, and desert, without the consid-
eration of wet meadow or the barren land. In fact, wet meadow and barren land constitute 3.4% and 19% of the 
total area, respectively29, and the soils under these two land cover types have very different SOC and TN stocks 
compared to other land cover types30,31.

Increasing temperature will accelerate decomposition of SOM. On the other hand, it can enhance primary 
production as if the soil moisture met the requirement of plant growth32. Since permafrost degradation alters 
the soil temperature and moisture conditions33, even forms thermokarst terrains, such as thaw slump and 
thermokarst lake34–36, it would significantly affect the SOC pools37–40. Despite the uncertainties in the changes of 
SOM along with the climate, the close relationship between land cover and SOC and TN stocks has been widely 
recognized6,33,41,42. We hypothesized that such relationship could be used to estimate the changes of SOC and TN 
storage along with the changes of land cover types.

During 2009–2013, we performed a large-scale field-sampling programme covering representative perma-
frost zones from the bioclimatic gradient of the QTP, including a large unpopulated area with harsh natural 
conditions. A total of 200 soil pits (pedons) were excavated; most of these pits were deeper than 2 m. The median 
and mean elevation of these sampling sites were 4467 and 4521 m asl (supplementary materials dataset 1). Based 
on this dataset, we calculated the SOC and TN stocks at specific soil layers (0–30 cm, 30–50 cm, 50–100 cm, and 
100–200 cm). Then, we used a recently updated vegetation map (including the wet meadow and barren land in 
permafrost zone on the QTP) to assess the SOC and TN pools29. Finally, we projected the possible changes in SOC 
and TN pools according to changes of land cover using decision trees and the bioclimatic data for 2050 and 2070 
provided by IPCC5. The aim of this study was to provide information about SOC and TN pools in this permafrost 
region based on our original data and to show their possible changes in the future.

Results
SOC and TN pools. According to the SOC and TN stocks at different depths and sites (Supplementary 
Table 1), we calculated the SOC and TN densities for the different layers. The alpine wet meadow (AWM) and 
alpine meadow (AM) were mainly distributed in the eastern part, whereas the alpine desert (AD) and barren land 
(BL) were distributed in the western part of the plateau (Fig. 1). The highest SOC densities occurred in the soils 
of AWM at the 0–30 cm layer (51.57 kg m−3), followed by the AWM at 30–50 cm (40.19 kg m−3). In the soils under 
alpine steppe (AS), the SOC densities at different layers were about half of those of meadow. For the soils of BL, 
the SOC densities were the lowest. SOC densities largely decreased with depth, except for the soils of BL, which 

Figure 1. Distribution of soil pits and land cover types in the permafrost zone of Qinghai-Tibetan Plateau by 
using ArcGIS 9.3. The dataset of land cover types in permafrost regions of Qinghai-Tibetan Plateau was cited 
from the literature of Wang et al.29. The grey area is non-permafrost zone and was not studied.
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showed similar values at different layers. The TN densities showed similar patterns to those of SOC, i.e., the high-
est TN densities were recorded in the soils under AWM, and the lowest values under BL (Fig. 2).

The vegetation map of the QTP permafrost zone covered an area of 148 × 104 km2. The AWM, AM, and AS 
accounted for 3.4%, 39.3%, and 22.4%, respectively. The AD and BL covered 15.8% and 19.0% of the total area, 
respectively. Using these areas and the SOC and TN stocks at different depths, the SOC and TN storages could 
be calculated according to land cover types (Table 1). For the different layers, both the SOC and TN showed 
similar spatial patterns (Supplementary materials dataset 1). The uncertainty ranges for SOC and TN stocks 
increased markedly along with the depth, indicating that the SOC and TN stocks varied greatly. Overall, the SOC 
and TN storages for the upper 200 cm soils in the permafrost regions on the QTP were 17.07 Pg (interquartile: 
11.34–25.33 Pg) and 1.72 Pg (interquartile: 1.08–2.06 Pg), respectively. The median values of C/N ratios ranged 
from 8.13 to 15.00 (with an average value of 12 for all the median values) in the upper 200 cm soils under all land 
cover types. The upper soil layers (0–50 cm) showed higher values than lower soil layers.

Changes of SOC and TN pools in 2050 and 2070. Through analysis of the bioclimatic data using the 
decision tree rules, the land cover types showed different changes in areas (Supplementary material dataset 2); 
and the changes of SOC and TN for different climate scenarios derived from the different GCMs varied con-
siderably at 2050 and 2070 (Supplementary material Figs S1–S4). Most of the results suggested that the SOC 
and TN pools would decrease under four representative concentration pathways (RCPs), although those from 
HadGEM2-ES and MRI-CGCM3 suggested increases of SOC and TN pools for 2050 and 2070. For 2050 and 
2070, 72% and 72.5% of the GCMs showed decrease in the SOC pools, and 62.5% and 67.5% of the GCMs showed 
decrease in the TN pools.

The statistical results of the changes of SOC and TN storages from the GCMs are shown in Fig. 3. The SOC 
under the four RCPs decreased by approximately 3% for both 2050 and 2070. TN pools showed a decrease of 
approximately 2%.

Discussion
Although altitude affects the distribution of SOC on the QTP43, the land cover types have the most important 
effects on SOC since the altitude has been included as an input parameter in the mapping of the land cover on 
the QTP29. The AWM and AM contained over 10 times the SOC and TN stocks of BL, and 4 to 5 times those of 
AD and AS. The SOC and TN stocks were significantly different among land cover types, which fit the pattern of 
land cover types affecting the SOM density42,44. The AWM, which is usually accompanied by high SOM due to 
high primary production and favourable conditions for perseverance of SOM such as high moisture content45, 
only covers small areas in the eastern permafrost region, while it contributes large amounts of SOC relative to its 

Figure 2. Soil organic carbon (a) and total nitrogen densities (b) for different layers in the permafrost regions 
on the Qinghai-Tibetan Plateau. The boxes are shown as 25th, 75th percentiles, and the lines within the 
boxes show the median values. The small boxes are the mean values. The whiskers indicate the 90th and 10th 
percentile, and the asterisks indicate the outliers.
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covering area. The SOC stocks for AM and AD were comparable to those in previous reports on the northern and 
eastern part of the permafrost regions in the QTP33,46.

The circum-Arctic regions largely have high SOC stocks (15–50 kg.m−2) for 0–1 m soils47. The lower SOC 
stocks on the QTP could be explained by the pedogenesis, vegetation cover, moisture, and permafrost conditions. 
The QTP is overall characterized by a low vegetation cover and weak soil development48, leading to much lower 
carbon accumulation rates than that in circum-Arctic regions. In the western QTP that is mainly covered by AS 
and BL, the climate is arid and cold49, which results in thin A horizons and without O horizons. The eastern part 
of QTP is characterized by a subhumid climate. Therefore, the O and A horizons are thicker than the western 
QTP50. In our study, several soil pits reached to the bedrock within 2 m, and the SOC and TN stocks were only 
calculated within the solum layers. This caused the greater uncertainties in deeper soils (Table 1), suggesting that 
it is extremely important to map the soil thickness on the QTP in the future. In addition to the weak soil devel-
opment, the QTP is considered as “warm” permafrost and the active layers are usually deeper than 2 m except 
the AWM that has permafrost tables shallow than 2 m51,52. Thus, it would be reasonable to expect that the active 
layers are too deep to affect the SOM perseverance in the upper part of the soils53, which is a possible explanation 
for the lower SOC and TN stocks for the QTP. In many soils, the SOC and TN showed similar spatial distribution 
patterns under different land cover types54. In our study, the highest and lowest stocks of TN were observed in 
AWM and BL soils.

The permafrost carbon pools on the QTP for the upper 2 m soils were 2~3% of that in circum-Arctic regions, 
whereas the permafrost region in the QTP was approximately 8% of that in circum-Arctic regions47. Since the AM 
is mainly distributed in the eastern part of the QTP, the eastern QTP area stores approximately 80% of the SOC. 
The biomass and net primary production is high in eastern but much lower in the western part55. The main rea-
son for the spatial distributions of SOC and land cover types is the annual precipitation. The higher precipitation 
favours to vegetation growth and development of permafrost, subsequently leading to high SOC and TN contents.

There are some reports regarding the SOC pools on the QTP and even the permafrost regions on the 
QTP24,27,56. However, it is difficult to cross-reference or compare the results and estimate SOC pools at specific 
depth intervals since previous studies were based on data from in which the SOC was measured with different 
methods (dichromate or loss on ignition) and different sampling depths. In the present study, sampling at all 
of the sites was conducted using the same procedure, and the SOC pools at different depths were provided at a 

Depths Vegetation SOC (kg/m2) TN (kg/m2) C/N ratios SOC storage (Pg) TN storage (Pg) Total SOC (Pg) Total TN (Pg)

0–30 (cm)

AWM 15.48 (14.15–17.09) 1.17 (1.11–1.21) 15.00 (14.62–15.61) 0.78 (0.73–0.86) 0.06 (0.05–0.06)

6.05 (5.74–6.39) 0.61 (0.58–0.65)

AM 7.25 (6.84–7.43) 0.77 (0.71–0.81) 10.39 (10.23–10.68) 3.81(3.60–3.99) 0.41(0.39–0.43)

AS 2.85 (2.77–2.91) 0.27 (0.25–0.34) 9.97 (9.83–10.09) 0.95 (0.92–0.97) 0.09 (0.09–0.11)

AD 1.27 (1.13–1.45) 0.12 (0.10–0.13) 10.71 (10.33–11.02) 0.30 (0.28–0.35) 0.03 (0.03–0.03)

BL 0.74 (0.73–0.76) 0.07 (0.06–0.08) 10.42 (10.11–11.25) 0.21 (0.21–0.22) 0.02 (0.02–0.02)

30–50 (cm)

AWM 8.04 (6.21–13.12) 0.73 (0.46–0.88) 14.94 (12.99–15.70) 0.41 (0.31–0.66) 0.04 (0.02–0.04)

2.81 (2.14–3.73) 0.26 (0.20–0.32)

AM 3.33 (2.98–3.58) 0.30 (0.28–0.33) 10.05 (9.66–10.27) 1.74 (1.47–1.92) 0.15 (0.14–0.16)

AS 1.07 (0.51–2.08) 0.16 (0.06–0.23) 9.34 (9.17–9.67) 0.36 (0.17–0.69) 0.04 (0.02–0.08)

AD 0.70 (0.40–1.17) 0.06 (0.04–0.11) 10.20 (10.05–10.95) 0.16 (0.10–0.28) 0.02 (0.01–0.02)

BL 0.50 (0.31–0.64) 0.04 (0.03–0.07) 10.36 (9.44–12.53) 0.14 (0.09–0.18) 0.01 (0.01–0.02)

50–100 (cm)

AWM 14.82 (7.03–19.01) 1.12 (0.53–1.90) 12.76 (10.64–14.96) 0.745 (0.36–0.96) 0.06 (0.03–0.10)

3.86 (1.84–7.10) 0.39 (0.19–0.71)

AM 3.49 (1.33–7.35) 0.41 (0.19–0.71) 8.99 (7.22–11.75) 1.80 (0.70–4.04) 0.21 (0.08–0.40)

AS 1.60 (0.82–3.36) 0.16 (0.10–0.33) 10.26 (7.60–11.47) 0.53 (0.28–1.12) 0.05 (0.03–0.11)

AD 1.90 (1.05–2.30) 0.17 (0.12–0.27) 10.10 (8.59–11.75) 0.45 (0.25–0.54) 0.04 (0.03–0.06)

BL 1.16 (0.89–1.54) 0.11 (0.07–0.14) 11.00 (9.79–12.16) 0.33 (0.25–0.44) 0.03 (0.02–0.04)

100–200 (cm)

AWM 9.04 (2.57–19.16) 0.82 (0.25–1.34) 12.97 (9.84–16.02) 0.46 (0.13–0.97) 0.04 (0.01–0.07)

3.57 (1.30–6.66) 0.35 (0.12–0.71)

AM 2.59 (0.05–6.19) 0.26 (0.01–0.73) 8.13 (6.56–11.76) 1.23 (0.02–2.71) 0.13 (0–0.34)

AS 1.99 (1.07–3.82) 0.19 (0.10–0.36) 9.25 (7.60–13.79) 0.66 (0.36–1.27) 0.06 (0.03–0.12)

AD 2.56 (1.11–4.15) 0.26 (0.18–0.42) 8.59 (7.86–10.95) 0.60 (0.26–0.97) 0.06 (0.04–0.10)

BL 2.21 (1.89–2.63) 0.21 (0.15–0.27) 11.29 (9.65–12.50) 0.62 (0.53–0.74) 0.06 (0.04–0.08)

0–200 (cm)

AWM 53.03 (26.27–66.12) 3.83 (2.19–5.53) 13.39 (11.45–15.15) 2.67 (1.32–3.32) 0.20 (0.11–0.28)

17.07 (11.34–25.33) 1.72 (1.08–2.06)

AM 17.49 (11.37–25.23) 1.83 (1.21–2.78) 9.90 (7.96–11.50) 8.79 (6.38–14.14) 1.00 (0.60–1.49)

AS 7.66 (4.80–13.13) 0.76 (0.52–1.35) 9.73 (8.45–11.42) 2.55 (1.60–4.26) 0.25 (0.17–0.44)

AD 7.40 (4.08–8.94) 0.63 (0.45–1.01) 9.89 (8.62–11.54) 1.74 (0.96–2.10) 0.15 (0.11–0.24)

BL 4.65 (3.80–5.34) 0.41 (0.33–0.54) 10.67 (9.89–12.82) 1.32 (1.08–1.51) 0.12 (0.09–0.15)

Table 1. SOC and TN stocks and storages (median values with interquartile range) in permafrost zones of 
the QTP under different land cover types. The detailed information of the SOC and TN stocks for each pit 
was shown in supplementary information (dataset S1). AWM: Alpine wet meadow (50260 km2); AM: Alpine 
meadow (583909 km2); AS: Alpine steppe (332754 km2); AD: Alpine desert (234828 km2); BL: Barren land 
(282657 km2). The land cover types were defined according to the field evidence including vegetation cover and 
the dominant species.
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resolution of 1 km × 1 km. We also provided the spatial distribution of permafrost N stocks and pool of QTP. This 
result forms a useful database for research such as land-surface processes modelling.

In the upper 1 m soils, the median values of C/N ratios showed decreasing trends with depth in different land 
cover types57. We found the C/N ratios decreasing from the upper to lower soil layers in many pits (Table 1 and 
supplementary materials dataset 1), which indicates an increased degree of decomposition58,59. For the different 
land cover types, the highest mean values appeared at different depths. This was caused by the high SOM content 
in some pits where cryoturbation existed as in most AWM and AM soils; these layers usually had high contents 
of SOC with low decomposition rates and large weights in the calculation of the mean C/N ratios. The C/N ratios 
for different vegetation types showed a similar pattern to that of SOM content, indicating that SOM stored in the 
AWM had the lowest decomposition rate, followed by that in the AM and AS. The BL showed higher C/N ratios 
than those of AS and AD, which could be explained by the fact that the BL was mainly distributed in higher 
altitude regions characterized by lower temperature and thus lower microbial decomposition rates. The BL areas 
were usually higher than 4900 m asl, whereas the AWM, AM, AS and AD were usually distributed in the areas 
between 4600–4800 m asl.

The predicted losses of SOC and TN in permafrost regions will be 3% and 2%, respectively, till 2070 in 
assumption of that the relationship between land cover type and SOM content is unchanged under global warm-
ing scenarios. In fact, global warming significantly affects the SOM contents via multiple processes. The rising 
temperature can increase the decomposition of SOM. Meanwhile, climate warming can enhance plant growth and 
increase primary production, and thus provide more input of carbon to soils5. In permafrost regions, this process 
is more complicated because there is the interaction between SOM and permafrost: permafrost can prevent the 
decomposition of SOM and translocate the surface SOM to deeper soil by cryoturbation60,61. On the QTP, deep-
ening of active layer can decrease soil water content in upper soils and further decrease vegetation biomass62. 
Therefore, permafrost degradation affects the litter input to soils, which is a main pathway for the SOM forma-
tion. In this study, we primarily showed the possible changes of SOC and TN according to the land cover. Due 
to the great differences in bioclimatic data produced by different GCMs, the predicted land cover types varied 
greatly (supplementary material dataset S2), but the predicted SOC and TN storage showed overall decreasing 
trends under global warming scenarios. This result was in agreement with the findings from experimental warm-
ing in permafrost ecosystems63–65.

In conclusion, the present study estimates the SOC and TN stocks and storages in permafrost regions of the 
QTP using data from soil pits. For all land cover types, the SOC and TN pools for the upper 2 m were 17.07 Pg 
(interquartile range: 11.34–25.33 Pg) and 1.72 Pg (interquartile range: 1.08–2.0 6 Pg), respectively. There are wide 
uncertainties in the SOC and TN storages in the permafrost zone on the QTP because the soil thicknesses varied 
greatly under different topographic conditions. The SOC and TN were mainly distributed in the eastern part of 
the plateau. Approximate 51.5% of SOC and 58.1% of TN were stored in the soils under the meadow. Based on 

Figure 3. Changes of (a) soil organic carbon and (b) total nitrogen pools (%) according to land cover changes 
under different emission scenarios. The boxes are shown as 25th, 75th percentiles, and the lines within the 
boxes show the median values. The small boxes are the mean values. The whiskers indicate the 90th and 10th 
percentile, and the asterisks indicate the outliers.
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bioclimatic data provided by the IPCC5, the total SOC and TN pools would decrease under global warming sce-
narios. These results will update the global carbon and nitrogen database and provide a basis for further research 
on global warming and greenhouse emission, as well as ecology succession studies.

Methods
Sampling and Analysis. The field work was performed between 2009 and 2013. A total of 200 soil pits were 
excavated. Seventy-two soil pits were manually dug in 2009, and 128 soil pits were excavated using a hydraulic 
excavator (Doosan 331) in 2010 and 2011. In our study, the active layer thickness is deeper than 2 m at most of 
sampling sites, but there were still some pits encountered the permafrost within 2 m. For these sites, we used a die-
sel rig to drill boreholes and collected the permafrost samples. Most of the pits were deeper than 2 m, unless rock 
layers were detected. As shown in Fig. 1, the sampling sites were distributed both in eastern and western parts of 
the plateau. It has been shown that SOC stocks in permafrost areas varied greatly with depths and soil samples 
should be collected according to soil horizons66. On the QTP, the soils have weak pedogenesis and the organic 
layers were only found in the AWM areas30,45. In the eastern part, where the soil horizons were thinner than the 
depth increments, we collected soil samples according to the soil horizons and then calculated the SOC and TN 
stocks for different depths. For the soil pits which had simple horizons, we collected soil samples at depth inter-
vals as 0–10 cm, 10–20 cm, 20–30 cm, 30–50 cm, 50–100 cm, and 100–200 cm. The entire profiles were collected 
using a spade. At each depth, at least 1 kg soils (dried weight) were collected from the bottom layers to upper 
layers. The SOC and TN pools according to depth interval were reported in this study. In addition, since many 
permafrost areas on the QTP have active layers deeper than 2 m, we did not separate the SOC and TN pools in the 
active layers and permafrost layers. The land cover types were defined according to the field evidence including 
vegetation cover and the dominant species. These study areas covered the typical land cover types and permafrost 
conditions (different active layer thickness, different ground temperature) on the QTP. The vast area of the plateau 
could be divided into eastern and western parts, according to the land cover types. The eastern part was predom-
inantly alpine meadow and wet meadow, whereas the western was alpine steppe and desert steppe. According to 
precipitation data from the China Meteorological Administration (http://data.cma.cn/data/cdcdetail/dataCode/
SURF_CLI_CHN_MUL_DAY_V3.0.html), the eastern parts were characterized by a sub-humid climate and the 
western part was composed of arid and semi-arid regions. Thus, our sampling sites could be representative of 
the eastern and western parts of the plateau. In fact, our dataset probably reached the maximum representation 
possibility in this area under present conditions because most parts of the permafrost regions are considered “no 
man’s land,” with harsh natural conditions and limited road access.

For most soils, the field bulk density was determined using metal-ring method. For the permafrost samples, 
which were collected from the drilling method, the bulk density was measured using core sampler method67. The 
rock fragment (mineral particles > 2 mm) content was calculated from the oven-dried samples in a field labora-
tory using a sieving method. The SOC and TN were measured with K2Cr2O7—H2SO4 and the micro-Kjeldahl 
method, respectively31.

Vegetation map. The areas which were underlain by permafrost are smaller than the areas of permafrost 
zone since permafrost free areas are common in the discontinuous and sporadic zones (https://ipa.arcticpor-
tal.org/publications/occasional-publications/what-is-permafrost). In our study, we used the areas of permafrost 
zone on the QTP since the permafrost carbon in the circum-arctic regions refers to the areas of the permafrost 
zone47. The most updated vegetation map for the permafrost regions on the QTP29 was applied in the present 
study. In short, a decision tree classification algorithm was constructed using the field monitoring data to classify 
alpine grassland types with the statistical software See 5.0 (http://www.rulequest.com). The results from analysis 
of the EVI (Enhanced Vegetation Index, MOD13A2, 2009–2013), LST (Land Surface Temperatures, MOD11A2, 
2009–2013), and DEM (Digital Elevation Model) datasets with 1 km × 1 km resolution, which were obtained 
from NASA (National Aeronautics and Space Administration) (https://ladsweb.modaps.eosdis.nasa.gov/ or ftp://
ladsweb.nascom.nasa.gov/) and the EESDC (Environmental and Ecological Science Data Centre for West China) 
(http://westdc.westgis.ac.cn/), were used to build the vegetation map. The new vegetation map contained more 
detailed information about the vegetation distribution than the 1:1,000,000 vegetation map of China28 and also 
included the wet meadow and barren land types29. Based on the rules of this decision tree, the vegetation distri-
butions in 2050 and 2070 were mapped using the bioclimatic data (BIO1-BIO19) provided by IPCC 5 (http://
www.worldclim.org/cmip5_30s). Bioclimatic data from GCMs, including BCC-CSM1-1,CCSM4, GISS-E2-R, 
HadGEM2-AO, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM, MIROC5, MRI-CGCM3, and NorESM1-M, 
were selected to predict the changes in land cover areas and to calculate the SOC and TN pools. Note that the 
areas of the land cover types from the current bioclimatic data have some differences with that we used to report 
the SOC and TN storages. We reported the SOC and TN storages based on the land cover types from Wang et 
al. (2016) because this map is more accurate by the validation29. We used the land cover areas from the current 
bioclimatic data to predict the future changes of SOC and TN storages since the data were produced by same 
procedure and thus it is possible to predict the changes in the areas of different land cover types. The land cover 
areas used in the GCMs were shown in supplementary materials dataset 2.

SOC and TN calculation. All of the analyses were carried out in triplicate using subsamples. Total SOC 
stocks per square metre were calculated as:

∑= − × −P r H b g(1 ) 10 (1)i i i i
3

where P (kg m−2) was the SOC stock at the given soil layer, r was the soil bulk density (kg m−3), H was the mean 
soil layer thickness (m) and b was the mean organic carbon content (g kg−1), g was the rock fragment content 

http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html
http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html
https://ipa.arcticportal.org/publications/occasional-publications/what-is-permafrost
https://ipa.arcticportal.org/publications/occasional-publications/what-is-permafrost
http://www.rulequest.com
https://ladsweb.modaps.eosdis.nasa.gov/
http://westdc.westgis.ac.cn/
http://www.worldclim.org/cmip5_30s
http://www.worldclim.org/cmip5_30s
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(%), and i was the depth interval being analysed. The stock of TN was determined using the same calculation 
but by substituting TN in place of SOC content. The SOC and TN stocks were calculated for following intervals: 
0–30 cm, 30–50 cm, 50–100 cm, and 100–200 cm.

The data are presented as median values. The uncertainty analysis was conducted using the Percentile Method, 
and we used a quartile confidence interval to find the range of SOC and TN stocks and storages for different soil 
layers. All the data analysis was performed using R statistical software (version 3.3.3, www.r-project.org).

References
 1. Kirschbaum, M. U. Will changes in soil organic carbon act as a positive or negative feedback on global warming? Biogeochemistry 

48, 21–51 (2000).
 2. Vitousek, P. M. & Farrington, H. Nutrient limitation and soil development: experimental test of a biogeochemical theory. 

Biogeochemistry 37, 63–75 (1997).
 3. Koven, C. D. et al. Permafrost carbon-climate feedbacks accelerate global warming. Proceedings of the National Academy of Sciences 

108, 14769–14774 (2011).
 4. Mishra, U., Torn, M. S. & Fingerman, K. Miscanthus biomass productivity within US croplands and its potential impact on soil 

organic carbon. GCB Bioenergy 5, 391–399 (2013).
 5. Todd-Brown, K. et al. Changes in soil organic carbon storage predicted by Earth system models during the 21st century. 

Biogeosciences 11, 2341–2356 (2014).
 6. Ping, C., Jastrow, J., Jorgenson, M., Michaelson, G. & Shur, Y. Permafrost soils and carbon cycling. Soil 1, 147–171 (2015).
 7. Bockheim, J. G., Everett, L. R., Hinkel, K. M., Nelson, F. E. & Brown, J. Soil organic carbon storage and distribution in Arctic Tundra, 

Barrow, Alaska. Soil Science Society of America Journal 63, 934–940, https://doi.org/10.2136/sssaj1999.634934x (1999).
 8. Li, X. et al. Cryospheric change in China. Global and Planetary Change 62, 210–218, https://doi.org/10.1016/j.gloplacha.2008.02.001 

(2008).
 9. Dutta, K., Schuur, E., Neff, J. & Zimov, S. Potential carbon release from permafrost soils of Northeastern Siberia. Global Change 

Biology 12, 2336–2351 (2006).
 10. Schuur, E. A. et al. Vulnerability of permafrost carbon to climate change: Implications for the global carbon cycle. BioScience 58, 

701–714 (2008).
 11. Hoffmann, U., Hoffmann, T., Johnson, E. & Kuhn, N. J. Assessment of variability and uncertainty of soil organic carbon in a 

mountainous boreal forest (Canadian Rocky Mountains, Alberta). Catena 113, 107–121, https://doi.org/10.1016/j.
catena.2013.09.009 (2014).

 12. Brown, J., Ferrians O. Jr, Heginbottom, J. & Melnikov, E. Circum-Arctic map of permafrost and ground-ice conditions. (US Geological 
Survey Reston, VA, 1997).

 13. Zou, D. et al. A new map of permafrost distribution on the Tibetan Plateau. The Cryosphere 11, 2527–2542, https://doi.org/10.5194/
tc-11-2527-2017 (2017).

 14. Zhao, L., Wu, Q., Marchenko, S. & Sharkhuu, N. Thermal state of permafrost and active layer in Central Asia during the International 
Polar Year. Permafrost and Periglacial Processes 21, 198–207, https://doi.org/10.1002/ppp.688 (2010).

 15. Qin, Y. et al. Using ERA-Interim reanalysis dataset to assess the changes of ground surface freezing and thawing condition on the 
Qinghai–Tibet Plateau. Environmental Earth Sciences 75, 826, https://doi.org/10.1007/s12665-016-5633-2 (2016).

 16. Ni, J. Carbon storage in grasslands of China. Journal of Arid Environments 50, 205–218, https://doi.org/10.1006/jare.2001.0902 
(2002).

 17. Mu, C. et al. Stable carbon isotopes as indicators for permafrost carbon vulnerability in upper reach of Heihe River basin, 
northwestern China. Quaternary International 321, 71–77, https://doi.org/10.1016/j.quaint.2013.12.001 (2014).

 18. Daniel, J. H. et al. The impacts of recent permafrost thaw on land?atmosphere greenhouse gas exchange. Environmental Research 
Letters 9, 045005 (2014).

 19. Zhang, Y. Q., Tang, Y. H., Jie, J. & Yang, Y. H. Characterizing the dynamics of soil organic carbon in grasslands on the Qinghai-
Tibetan Plateau. Science in China Series D: Earth Sciences 50, 113–120 (2007).

 20. Dorfer, C., Kuhn, P., Baumann, F., He, J. S. & Scholten, T. Soil organic carbon pools and stocks in permafrost-affected soils on the 
Tibetan plateau. PloS one 8, e57024, https://doi.org/10.1371/journal.pone.0057024 (2013).

 21. Wang, W. Y., Wang, Q. J. & Lu, Z. Y. Soil organic carbon and nitrogen content of density fractions and effect of meadow degradation 
to soil carbon and nitrogen of fractions in alpine Kobresia meadow. Science in China Series D: Earth Sciences 52, 660–668 (2009).

 22. Wang, G., Li, Y., Wang, Y. & Wu, Q. Effects of permafrost thawing on vegetation and soil carbon pool losses on the Qinghai–Tibet 
Plateau, China. Geoderma 143, 143–152, https://doi.org/10.1016/j.geoderma.2007.10.023 (2008).

 23. Genxu, W., Yibo, W., Ju, Q. & Qingbo, W. Land cover change and its impacts on soil c and n in two watersheds in the Center of the 
Qinghai-Tibetan Plateau. Mountain Research and Development 26, 153–162, https://doi.org/10.1659/0276-4741(2006)26[153:LCC
AII]2.0.CO;2 (2006).

 24. Genxu, W., Ju, Q., Guodong, C. & Yuanmin, L. Soil organic carbon pool of grassland soils on the Qinghai-Tibetan Plateau and its 
global implication. Science of the Total Environment 291, 207–217 (2002).

 25. Ding, J. et al. Decadal soil carbon accumulation across Tibetan permafrost regions. Nature Geoscience 10, 420–424, https://doi.
org/10.1038/ngeo2945 (2017).

 26. Aerts, R., Verhoeven, J. T. A. & Whigham, D. F. Plant-mediated controls on nutrient cycling in temperate fens and bogs. Ecology 80, 
2170–2181, https://doi.org/10.1890/0012-9658(1999)080[2170:PMCONC]2.0.CO;2 (1999).

 27. Ding, J. et al. The permafrost carbon inventory on the Tibetan Plateau: a new evaluation using deep sediment cores. Global Change 
Biology 22, 2688–2701, https://doi.org/10.1111/gcb.13257 (2016).

 28. Zhang, X., Sun, S., Yong, S., Zhou, Z. & Wang, R. Vegetation map of the People’s Republic of China (1:1000000). (Geological Publishing 
House, 2007).

 29. Wang, Z. et al. Mapping the vegetation distribution of the permafrost zone on theQinghai-Tibet Plateau. Journal of Mountain Science 
13, 1035–1046, https://doi.org/10.1007/s11629-015-3485-y (2016).

 30. Hu, G. et al. Soil carbon and nitrogen in the active layers of the permafrost regions in the Three Rivers’ Headstream. Environ Earth 
Sci 72, 5113–5122, https://doi.org/10.1007/s12665-014-3382-7 (2014).

 31. Shang, W. et al. Seasonal variations in labile soil organic matter fractions in permafrost soils with different vegetation types in the 
central Qinghai–Tibet Plateau. CATENA 137, 670–678, https://doi.org/10.1016/j.catena.2015.07.012 (2016).

 32. Lupascu, M. et al. High Arctic wetting reduces permafrost carbon feedbacks to climate warming. Nature Climate Change 4, 51–55 
(2014).

 33. Wu, X. et al. Soil organic carbon and its relationship to vegetation communities and soil properties in permafrost areas of the Central 
Western Qinghai-Tibet Plateau, China. Permafrost and Periglacial Processes 23, 162–169, https://doi.org/10.1002/ppp.1740 (2012).

 34. Mu, C. et al. Dissolved organic carbon, CO2, and CH4 concentrations and their stable isotope ratios in thermokarst lakes on the 
Qinghai-Tibetan Plateau. J. Limnol. 75, 313–319 (2016).

 35. Mu, C. et al. Carbon loss and chemical changes from permafrost collapse in the northern Tibetan Plateau. Journal of Geophysical 
Research: Biogeosciences 121, 1781–1791, https://doi.org/10.1002/2015JG003235 (2016).

http://www.r-project.org
http://dx.doi.org/10.2136/sssaj1999.634934x
http://dx.doi.org/10.1016/j.gloplacha.2008.02.001
http://dx.doi.org/10.1016/j.catena.2013.09.009
http://dx.doi.org/10.1016/j.catena.2013.09.009
http://dx.doi.org/10.5194/tc-11-2527-2017
http://dx.doi.org/10.5194/tc-11-2527-2017
http://dx.doi.org/10.1002/ppp.688
http://dx.doi.org/10.1007/s12665-016-5633-2
http://dx.doi.org/10.1006/jare.2001.0902
http://dx.doi.org/10.1016/j.quaint.2013.12.001
http://dx.doi.org/10.1371/journal.pone.0057024
http://dx.doi.org/10.1016/j.geoderma.2007.10.023
http://dx.doi.org/10.1659/0276-4741(2006)26[153:LCCAII]2.0.CO;2
http://dx.doi.org/10.1659/0276-4741(2006)26[153:LCCAII]2.0.CO;2
http://dx.doi.org/10.1038/ngeo2945
http://dx.doi.org/10.1038/ngeo2945
http://dx.doi.org/10.1890/0012-9658(1999)080[2170:PMCONC]2.0.CO;2
http://dx.doi.org/10.1111/gcb.13257
http://dx.doi.org/10.1007/s11629-015-3485-y
http://dx.doi.org/10.1007/s12665-014-3382-7
http://dx.doi.org/10.1016/j.catena.2015.07.012
http://dx.doi.org/10.1002/ppp.1740
http://dx.doi.org/10.1002/2015JG003235


www.nature.com/scientificreports/

8SCiEnTifiC REPORTS |  (2018) 8:3656  | DOI:10.1038/s41598-018-22024-2

 36. Mu, C. C. et al. Permafrost collapse shifts alpine tundra to a carbon source but reduces N2O and CH4 release on the northern 
Qinghai-Tibetan Plateau. Geophysical Research Letters, https://doi.org/10.1002/2017gl074338, (2017).

 37. Kokelj, S. V. & Jorgenson, M. T. Advances in Thermokarst Research. Permafrost and Periglacial Processes 24, 108–119, https://doi.
org/10.1002/ppp.1779 (2013).

 38. Tanski, G., Couture, N., Lantuit, H., Eulenburg, A. & Fritz, M. Eroding permafrost coasts release low amounts of dissolved organic 
carbon (DOC) from ground ice into the nearshore zone of the Arctic Ocean. Global Biogeochemical Cycles 30, 1054–1068 (2016).

 39. Grosse, G. et al. Vulnerability of high‐latitude soil organic carbon in North America to disturbance. Journal of Geophysical Research: 
Biogeosciences 116, G00K06 (2011).

 40. Olefeldt, D. et al. Circumpolar distribution and carbon storage of thermokarst landscapes. Nature communications 7, 13043, https://
doi.org/10.1038/ncomms13043 (2016).

 41. Ping, C. L. et al. High stocks of soil organic carbon in the North American Arctic region. Nature Geoscience 1, 615–619 (2008).
 42. Mu, C. et al. Controls on the distribution of the soil organic matter in mountain permafrost regions on the north Qinghai-Tibet 

Plateau. The Cryosphere Discuss. 2016, 1–19, https://doi.org/10.5194/tc-2016-65 (2016).
 43. Ohtsuka, T. et al. Soil organic carbon pools in alpine to nival zones along an altitudinal gradient (4400–5300 m) on the Tibetan 

Plateau. Polar Science 2, 277–285 (2008).
 44. Jobbágy, E. G. & Jackson, R. B. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecological 

Applications 10, 423–436, https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2 (2000).
 45. Wu, X. et al. A conceptual model of the controlling factors of soil organic carbon and nitrogen densities in a permafrost-affected 

region on the eastern Qinghai-Tibetan Plateau. Journal of Geophysical Research: Biogeosciences 122, 1705–1717, https://doi.
org/10.1002/2016jg003641 (2017).

 46. Liu, W. et al. Storage, patterns, and control of soil organic carbon and nitrogen in the northeastern margin of the Qinghai–Tibetan 
Plateau. Environmental Research Letters 7, 035401 (2012).

 47. Hugelius, G. et al. Estimated stocks of circumpolar permafrost carbon with quantified uncertainty ranges and identified data gaps. 
Biogeosciences 11, 6573–6593 (2014).

 48. Kaiser, K. et al. Turf-bearing topsoils on the central Tibetan Plateau, China: Pedology, botany, geochronology. CATENA 73, 300–311, 
https://doi.org/10.1016/j.catena.2007.12.001 (2008).

 49. Wu, X. et al. Environmental controls on soil organic carbon and nitrogen stocks in the high-altitude arid western Qinghai-Tibetan 
Plateau permafrost region. Journal of Geophysical Research: Biogeosciences 121, 176–187, https://doi.org/10.1002/2015JG003138 
(2016).

 50. Zheng, D., Zhang, R. & Yang, Q. On the natural zonation in the Qinghai-Xizang Plateau. Acta Geographica Sinica 34, 1–11 (1979).
 51. Cheng, G. & Wu, T. Responses of permafrost to climate change and their environmental significance, Qinghai‐Tibet Plateau. Journal 

of Geophysical Research: Earth Surface (2003–2012) 112 (2007).
 52. Wu, Q. & Zhang, T. Changes in active layer thickness over the Qinghai‐Tibetan Plateau from 1995 to 2007. Journal of Geophysical 

Research: Atmospheres (1984–2012) 115 (2010).
 53. Wu, X. et al. Environmental controls on soil organic carbon and nitrogen stocks in the high‐altitude‐arid western Qinghai‐Tibetan 

Plateau permafrost region. Journal of Geophysical Research: Biogeosciences, https://doi.org/10.1002/2015JG003138 (2015).
 54. Finzi, A. C. et al. Responses and feedbacks of coupled biogeochemical cycles to climate change: examples from terrestrial ecosystems. 

Frontiers in Ecology & the Environment 9, 61–67 (2011).
 55. Luo, T., Li, W. & Zhu, H. Estimated biomass and productivity of natural vegetation on the Tibetan Plateau. Ecological Applications 

12, 980–997 (2002).
 56. Mu, C. et al. Organic carbon pools in permafrost regions on the Qinghai–Xizang (Tibetan) Plateau. The Cryosphere 9, 479–486 

(2015).
 57. Yang, Y. H., Fang, J. Y., Guo, D. L., Ji, C. J. & Ma, W. H. Vertical patterns of soil carbon, nitrogen and carbon: nitrogen stoichiometry 

in Tibetan grasslands. Biogeosciences Discuss. 2010, 1–24, https://doi.org/10.5194/bgd-7-1-2010 (2010).
 58. Gregorich, E., Monreal, C., Carter, M., Angers, D. & Ellert, B. Towards a minimum data set to assess soil organic matter quality in 

agricultural soils. Canadian journal of soil science 74, 367–385 (1994).
 59. Xu, C., Guo, L., Ping, C. L. & White, D. M. Chemical and isotopic characterization of size‐fractionated organic matter from 

cryoturbated tundra soils, northern Alaska. Journal of Geophysical Research: Biogeosciences (2005–2012) 114 (2009).
 60. Ping, C. L. et al. Cryogenesis and soil formation along a bioclimate gradient in Arctic North America. Journal of Geophysical 

Research: Biogeosciences 113, G03S12, https://doi.org/10.1029/2008JG000744 (2008).
 61. Michaelson, G. J., Dai, X. Y. & Ping, C. L. in Cryosols (ed J. M. Kimble) Ch. 1, 463–477 (Springer-Verlag, 2004).
 62. Geng, Y. et al. Soil respiration in Tibetan alpine grasslands: Belowground biomass and soil moisture, but not soil temperature, best 

explain the large-scale patterns. PloS one 7, e34968, https://doi.org/10.1371/journal.pone.0034968 (2012).
 63. Biasi, C. et al. Initial effects of experimental warming on carbon exchange rates, plant growth and microbial dynamics of a lichen-

rich dwarf shrub tundra in Siberia. Plant and Soil 307, 191–205 (2008).
 64. Oberbauer, S. F. et al. Tundra CO2 fluxes in response to experimental warming across latitudinal and moisture gradients. Ecological 

Monographs 77, 221–238 (2007).
 65. Strebel, D., Elberling, B., Morgner, E., Knicker, H. E. & Cooper, E. J. Cold‐season soil respiration in response to grazing and warming 

in High‐Arctic Svalbard. Polar Research 29, 46–57 (2010).
 66. Siewert, M. B., Hugelius, G., Heim, B. & Faucherre, S. Landscape controls and vertical variability of soil organic carbon storage in 

permafrost-affected soils of the Lena River Delta. Catena 147, 725–741 (2016).
 67. Prihar, S. S. & Hundal, S. S. Determination of bulk density of soil clod by saturation. Geoderma 5, 283–286 (1971).

Acknowledgements
This work was financially supported by the National Natural Science Foundation of China (41721091, 91547119), 
the foundation of State Key Laboratory of Cryospheric Science (SKLCS-ZZ-2018). This work was also supported 
in part by National Natural Science Foundation of China (41601066, 41701077) and the Guizhou Academy of 
the Agricultural Sciences Foundation ([2016]0032). We also acknowledge Dr. Matthias Siewert and other three 
reviewers for their constructive comments and suggestions.

Author Contributions
L.Z. designed the study. L.Z., X.W., Z.W., Y.S., H.F., Y.Z., G.H., W.L., Q.P., J.S. performed the field work and data 
analysis and wrote the paper. B.M., Q.W., X.R., X.L. Y.D. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22024-2.
Competing Interests: The authors declare no competing interests.

http://dx.doi.org/10.1002/2017gl074338
http://dx.doi.org/10.1002/ppp.1779
http://dx.doi.org/10.1002/ppp.1779
http://dx.doi.org/10.1038/ncomms13043
http://dx.doi.org/10.1038/ncomms13043
http://dx.doi.org/10.5194/tc-2016-65
http://dx.doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
http://dx.doi.org/10.1002/2016jg003641
http://dx.doi.org/10.1002/2016jg003641
http://dx.doi.org/10.1016/j.catena.2007.12.001
http://dx.doi.org/10.1002/2015JG003138
http://dx.doi.org/10.1002/2015JG003138
http://dx.doi.org/10.5194/bgd-7-1-2010
http://dx.doi.org/10.1029/2008JG000744
http://dx.doi.org/10.1371/journal.pone.0034968
http://dx.doi.org/10.1038/s41598-018-22024-2


www.nature.com/scientificreports/

9SCiEnTifiC REPORTS |  (2018) 8:3656  | DOI:10.1038/s41598-018-22024-2

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Soil organic carbon and total nitrogen pools in permafrost zones of the Qinghai-Tibetan Plateau
	Results
	SOC and TN pools. 
	Changes of SOC and TN pools in 2050 and 2070. 

	Discussion
	Methods
	Sampling and Analysis. 
	Vegetation map. 
	SOC and TN calculation. 

	Acknowledgements
	Figure 1 Distribution of soil pits and land cover types in the permafrost zone of Qinghai-Tibetan Plateau by using ArcGIS 9.
	Figure 2 Soil organic carbon (a) and total nitrogen densities (b) for different layers in the permafrost regions on the Qinghai-Tibetan Plateau.
	Figure 3 Changes of (a) soil organic carbon and (b) total nitrogen pools (%) according to land cover changes under different emission scenarios.
	Table 1 SOC and TN stocks and storages (median values with interquartile range) in permafrost zones of the QTP under different land cover types.




