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cycle. However, the greenhouse gas production from deep permafrost soils is not well understood.
Here, using soils collected from 5-m deep permafrost cores from meadow and wet meadow on the
northern Qinghai-Tibetan Plateau (QTP), we investigated the effects of temperature on CO, and N,0
production under aerobic incubations and CH, production under anaerobic incubations. After a 35-
day incubation, the CO, N,O and CH, production at —2°C to 10 °C were 0.44~2.12 mg C-CO,/g soil

C, 0.0027~0.097 mg N-N,0O/g soil N, and 0.14~5.88 ug C-CH,/g soil C, respectively. Greenhouse gas
production in deep permafrost is related to the C:N ratio and stable isotopes of soil organic carbon
(SOCQ), whereas depth plays a less important role. The temperature sensitivity (Q,) values of the CO,,
N,O and CH, production were 1.67-4.15, 3.26-5.60 and 5.22-10.85, without significant differences
among different depths. These results indicated that climate warming likely has similar effects on gas
production in deep permafrost and surface soils. Our results suggest that greenhouse gas emissions
from both the deep permafrost and surface soils to the air will increase under future climate change.

High-mountain environments experience more rapid changes in temperature than those at lower elevations!'. In
the past decades, permafrost degradation accompanying climate warming has been widely detected in mountain
permafrost regions as well as in the high-latitude Arctic regions. This degradation is evident from the deepening
of the active layer thickness?®, ground temperature increases**, and thermokarst terrain formations®. Permafrost
thaws accelerate the rates of carbon and nitrogen released by the soil into the atmosphere and cause a significant
positive climate-change feedback’. A large amount of soil organic carbon is stored in mountainous permafrost
regions, and the carbon pools of these regions are very sensitive to temperature increases®’.

Soil organic matter (SOM) decomposition in permafrost-affected soils is controlled by a complex interplay
of environmental parameters such as temperature, soil water content, oxygen and nutrient availability'’. In par-
ticular, temperature has a strong positive effect on aerobic and anaerobic soil respiration rates in permafrost
regions''2 Since permafrost degradation typically presents as a gradual increase in soil temperature from below
0°C, to near 0°C and then to above 0°C, incubation experiments using permafrost soils at colder (<0°C) and
warmer temperatures (10°C)'?"'° can provide insights into the changes of greenhouse gas release that accompany
permafrost degradation.

The Qinghai-Tibetan Plateau (QTP) is the largest low-latitude mountainous permafrost area and has special
thermal characteristics; e.g., the ground temperature is considerably higher than that in high-latitude regions,
often being near 0 °C2. The soil organic carbon (SOC) pools of the QTP have been estimated to approximately 28
Pg in the upper 2 m of soil and approximately 160 Pg for the upper 25 m soils. More than half of the SOC is stored
in the soils under meadow and wet meadow!®. Therefore, obtaining an understanding of greenhouse gas release
under these two land cover types is important. The soil respirations in the upper soils, such as the upper 10 cm,
has been shown to vulnerable to decomposition and to have a high sensitivity to temperature'”. However, few
studies have been performed to determine the CO, emissions of the deep permafrost on the QTP®. Furthermore,
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#A 98.9627 38.9548 4153 —1.71 Southeast | PS Meadow 2.0 0.464
#B 98.9630 38.9030 3970 —1.64 Northeast | PSP Meadow 2.3 0.512
#C 100.9163 37.9979 3691 —0.70 (19m) | North PS Wet meadow 1.4 0.791

Table 1. Summary of Borehole Site details. MAGT = mean annual ground temperature; PS = piedmont slope;
PSP = piedmont sloping plain; The above ground biomass was measured in August 2014 using the harvesting
method, and the active layer thicknesses were determined based on monitoring the ground temperatures of the
drill holes from 2013 to 2015.
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Figure 1. Study area and locations of deep permafrost cores (#A, #B and #C) on the northern Qinghai-Tibetan
Plateau. The map was created using ArcGIS 9.3 (https://www.esri.com/en-us/home).

the deep permafrost produces unknown amounts of CH, and N, O, which are also important greenhouse gases
that can be released into the atmosphere’.

Permafrost cores can contain a broad range of soil water contents from the active layer to the permafrost table
and to the deep permafrost-affected soils®. In the permafrost regions on the QTP, the SOM has been well pre-
served due to the low decomposition rates. Climate warming can stimulate microbial decomposition of the SOM
and lead to greenhouse gas emissions under both aerobic and anaerobic conditions. We hypothesized that 1) the
production of greenhouse gas, including CO,, CH, and N,0, of the different permafrost layers is comparable to
that in high-latitude permafrost regions throughout the deep soils; 2) the production of greenhouse gas in the
deep permafrost is sensitive to temperature increases independent of depth; and 3) the production of greenhouse
gas is related to the water-extractable organic carbon (WEOC) content. To test these hypotheses, we collected
~5m long soil cores from meadows and wet meadows in the permafrost region of the QTP (Table 1) and then
measured the greenhouse gas emissions of the soils sampled at different depths of these cores. Soil incubation
experiments were conducted under aerobic (to measure CO, and N,O production) and anaerobic (to meas-
ure CH, production) conditions at temperatures of —2°C, 5°C and 10°C, and the relationships among the soil
parameters of the deep permafrost were examined.

Results

Carbon and nitrogen characteristics. Soil samples from three deep cores were collected and analyzed
(Fig. 1). The deep cores of #A, #B and #C exhibited considerable variations in soil water content, TN, SOC,
WEOC and PC-SOC%o (Fig. 2). Soil water content, TN and SOC content were higher in core #C, which was
taken in a wet meadow, than in the cores from meadow (cores #A and #B). Soil water content in cores #A, #B and
#C had ranges of 14.7-45.7%, 4.9-58.7%, and 51.2-91.0%, respectively.

The highest values of SOC content among the three cores were observed for wet meadow (4.12-11.6%). The
SOC contents of cores #A and #B had ranges of 0.29-1.51% and 0.19-0.72%, respectively. TN content showed
patterns similar to those of SOC, with the highest TN content values recorded for wet meadow (0.53-1.72%).
For cores #A and #B, the TN contents were typically lower than 0.1%. WEOC content showed patterns dif-
ferent from those of SOC and TN; cores #A, #B and #C had ranges of 0.33-4.29mgg*, 0.36-5.54mg g, and
0.57-4.51 mgg™', respectively. Regarding the stable isotope signatures, the *C-SOC%o values of deep cores
#A (—22.9~—28.0%0) and #B (—22.8~—27.8%o) showed greater vertical changes than did those of core #C
(—25.2~—26.3%).
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Figure 2. Distribution of soil water content, total nitrogen (TN), soil organic carbon (SOC), water extractable
organic carbon (WEOC) and stable carbon isotopes (*C-SOC%o) at different depths in #A (a~e), #B (f~j) and
#C (k~o0).
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Greenhouse gas emissions and their temperature sensitivities. After a 35-day incubation, there
were similar trends in the CO,, N,O and CH, emissions with depth at temperatures of —2°C, 5°C and 10°C
(Fig. 3). The production of greenhouse gas was obviously higher at 10°C than at 5°C or —2°C. For core #A, the
highest CO, production was 4.86 mg C-CO,/g soil C, which was recorded at a depth of 0.3 m. Below this depth,
CO, production was typically lower than 2 mg C-CO,/g soil C. The highest CO, production was 6.58 mg C-CO,/g
soil C, observed in soil core #B. For cores #B and #C, the mean CO, production at 10°C was 2.12 and 1.32 mg
C-CO,/g soil C, respectively. N,O production at the three temperatures showed similar patterns. At 10°C, the
mean values were 0.097, 0.062, and 0.017 mg N-N,O/g soil N for cores #A, #B and #C, respectively. The CH, pro-
duction at —2°C and 5 °C was similar, but the values increased considerably at 10°C. The CH, emissions of core
#C were lower than those of cores #A and #B. At 10 °C, the mean CH, emissions for cores #A, #B, and #C were
3.36,5.88, and 1.64 ug C-CH,/g soil C.

The temperature sensitivity (Q,,) values of the greenhouse gas emissions of cores #A, #B and #C exhibited
similar trends, with the Q,, values of the CH, emissions being higher than those of the N,O emissions and the
lowest values observed for the CO, emissions (Fig. 4). The Q,, values for the CO, emissions for cores #A, #B and
#C had ranges of 2.38~3.79, 2.26~4.15 and 1.67~3.93, respectively. The Q,, values of the N,O emissions for cores
#A, #B and #C had ranges of 3.26~4.44, 3.82~5.60 and 3.76~4.40, respectively. For the CH, emissions of cores #A,
#B and #C, the Q) values had ranges of 5.62~7.75, 5.22~9.82 and 5.69~10.85, respectively. For the same green-
house gas, there were no significant differences among the Q,, values at different depths (t-test, p > 0.05, n=3).

Factors influencing greenhouse gas production.  Across the three cores, there was no significant rela-
tionship between depth and production of any of the greenhouse gases. When the greenhouse gas emissions were
expressed using a dried soil base, all of the emissions were significantly correlated with soil water, SOC and TN
contents (Table 2, supplementary information Dataset 1). When the gas emissions were expressed using a soil
carbon base, CO, production was significantly positively correlated with WEOC content, which was negatively
correlated with depth. N,O and CH, production were both negatively correlated with soil water content, SOC
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Figure 3. Average CO, (a) and N,O (b) emissions during aerobic incubation and CH, (c) emissions during
the anaerobic incubation at different depths under —2°C, 5°C and 10 °C. The error bars showed the standard

deviations (n=3).

content, and TN content. N,O production was significantly correlated with the C:N ratio, and CH, production
was significantly correlated with CO, production (Table 2).

Discussion

Soil carbon and nitrogen in permafrost layers.

In most soils, the SOC and TN contents decrease with

depth. Vertical decreasing trends of SOM have been observed in the arid areas of the QTP'®. In this study, the
SOC and TN contents were negatively correlated with depth, but these negative correlations were not statistically
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Figure 4. Distributions of the temperature sensitivities (Q,,) of CO, (a), N,O (b) and CH, (c) emissions with
depth for cores #A, #B and #C. The Q,, values were calculated using the mean greenhouse gas emissions at
different incubation temperatures. The error bars showed the standard deviations (n=3).

Soil water 1.00

13C%o 0.00 1.00

SOC 0.84%* —0.06 1.00

TN 0.83%* —0.03 0.99%* 1.00

CN —0.31 —0.34 -0.29 —0.36 1.00

WEOC —0.16 —0.21 —0.19 —0.20 0.14 1.00

CO, —0.17 0.06 —0.23 —0.22 —0.15 0.463* 1.00

N,O —0.49%* 0.03 —0.64%* —0.67%* 0.68** 0.08 0.16 1.00

CH, —0.47* 0.38* —0.55%* —0.507%* —0.20 0.22 0.59%% 0.29 1.00

Depth 0.00 0.46* —0.16 —0.11 —0.02 —0.42% —0.34 0.27 0.09 1.00

Table 2. Relationships among soil variables and greenhouse gas emissions (for 10°C). “p < 0.05, **p < 0.01,
n=28. The greenhouse gas emissions were the mean values from the triplicate measurement during the
incubation.

significant. This result might be explained by the effects of permafrost on SOM: SOM content can be high in deep
soils when the SOM has been protected from microbial decomposition by permafrost'®. Cryoturbation processes
can also bury some organic layers in deep soils®.

The ¥C%o and WEOC showed significant relationships with depth. WEOC is typically characterized by low
molecular weight compounds, which can be directly transported across microbial cell membranes, and thus
mainly consists of labile fractions?'. In addition, the decomposition of organic matter fractionates the isotopic sig-
nal of the SOC since the respired CO, must be *C depleted**~**. For example, microorganisms may preferentially
respire CO, that is *C-depeted relative to the substrate?. Therefore, the remaining SOC in deep soils has a more
enriched *C-signature. The *C%o distribution over different depths might also be explained by the significant
correlation of WEOC with depth; i.e., the labile C pool (WEOC) decreased with depth, thus causing an increase
in 1*C-signature with depth. The significant relationships between soil water content and each of SOC and TN
reflect the fact that a high soil water content limits the decomposition of SOM because it reduces the oxygen
availability for microbial decomposition®®%.

Greenhouse gas emissions. Temperature is one of the important controls of organic matter decomposi-
tion®. In this study, greenhouse gas emissions increased with temperature during both the aerobic and anaerobic
incubations. The greenhouse gas emissions in our study were comparable to those observed in circum-Arctic
regions and northern China peatlands (Table 3). Based on these findings, the potential release of greenhouse
gas via the decompositions of SOM in the QTP can be inferred to be similar to that of high-latitude permafrost
regions, although the QTP has lower SOM contents than those in circum-Arctic regions®. However, there have
been considerable changes in the emissions of greenhouse gas in the QTP, indicating that factors such as temper-
ature®”??, soil water content® and the chemical characteristics of the SOM?! play important roles in the emission
of greenhouse gas in permafrost regions. Future studies are needed to determine the quantitative relationships
between these factors and greenhouse gas emissions.
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SOC/TN Incubation

Area content temperature Reported emissions 35 day production® References

CO, emissions | Siberian tundra 5-11% SOC | 4°C 3.5-15 mg C-CO,/g C /60 days 2.0-8.8 mg C-CO,/gC Walz et al., 2017
Alaskan tundra 1-16% SOC | 15°C 1-3.5 mg C-CO,/g C /500 days 2.0-9.0 mg C-CO,/g C Leeetal., 2012
Northern China peat 22-41% SOC | 5°C,15°C 0.5-8 mg C-CO,/kg soil/h 1.5-22 mg C-CO,/g C Wang et al., 2014
Qinghai-Tibet Plateau wet meadow | 4-12% SOC 5°C 0.25-2 mgC-CO,g C/7days 1.3-10 mg C-CO,/g C Mu et al., 2016
Our study 0.3-11% SOC | —2°C,5°C, 10°C 0.22-6.6 mg C-CO,/gC

CH, emissions | Alaskan tundra 1-16% SOC 15°C 0.0007-0.58 mg C-CH,/g soil /500 days | 0.049-4.06 mg C-CH,/g C | Lee et al., 2012
Siberian tundra 5-11% SOC | 4°C 0.05-0.3 g C-CH,/g C/60 days 0.03-0.175 mg C-CH,/g C | Walz et al., 2017
Our study 0.3-11% SOC | —2°C,5°C, 10°C 0.14-5.88pug C-CH,/g C

N,O emissions | Greenland wetland 0.05-0.2% TN | 7°C 1-6 ugN-N,0 /kg soil/h 1-3 mgN-N,O/gIN Elberling et al., 2010
Northern China peat 1.4-1.9% TN | 5°C, 15°C 0.05-1.5 ugN-N,0 /kg soil/h 0.004-0.1 mgN-N,0/gN | Wang et al., 2014
Our study 0.02-1.5% TN | —2°C, 5°C, 10°C 0.003-1.35 mgN-N,0O/g N

Table 3. Greenhouse gas emissions of previously published works and our study. “The 35 day emissions were
calculated from the reported emissions with the assumptions that the production rates were constant. The
emissions expressed using the SOC and TN bases were calculated according to the reported SOC and TN
contents when the reported emissions were expressed for dry soil weights.

The Q, values in our study confirm that the greenhouse gas production is sensitive to increased tem-
perature. For deep permafrost soils, the average Q,, values of the CO, and N,O emissions were 2.9 and 4.3,
respectively. These values are higher than those (2.0-2.2) observed in the high-latitude peat and fen per-
mafrost regions of northern China?. The Q,, values of the CO, emissions were similar to those (3.4-6.1)
observed in Siberian tundra soils™. The Q,, values of N,O production in our study were in the range (1.5-6.9)
of those reported for Canadian agricultural soils®>. The Q,, values of CH, are generally higher than those of
CO, although there is large variation (ranging from 1.7 to 28) among different temperature conditions®>. In
an experiment using paddy soils, the Q) value of CH, was approximately 7.4 times higher than that of CO,*.
In this study, the Q,, values of CH, production ranged from 5.22 to 10.85 and were higher than the values
observed for CO, and N,O production. The high Q,, values of CH, likely result from several mechanisms.
First, CH, oxidation is less sensitive to temperature than is methanogenesis due to its lower optimum temper-
ature such that the CH, emissions show high Q, values®*. Second, the solubilities of CH, and O, decrease with
increased temperature, further limiting the oxidation of methane®. Third, higher temperatures promote micro-
bial activity and thus provide more substrates for CH, production®”. Increasing temperature might also shift
the composition of the archaeal community and the pathways of methanogenesis towards hydrogenotrophic
methanogenesis®®. Overall, the greenhouse gas emissions of the deep permafrost soils of the QTP are sensitive
to temperature increases.

Relationships between greenhouse gas emissions and soil variables. The greenhouse gas emis-
sions expressed using a soil mass base were significantly correlated with soil water, SOC and TN contents, indi-
cating that more substrates supply favors the greenhouse gas production®'”. We mainly focused on the CO,
emissions expressed using a SOC base because these emissions can potentially be used to estimate greenhouse
gas emissions based on the global permafrost carbon pools. Consequently, the CO, emissions expressed by a soil
C base were negatively correlated with the SOC contents. Although the WEOC represents a labile carbon pool
SOC¥, there was no significant relationship between WEOC content and greenhouse gas production. This result
confirms that the mechanisms of microbial decomposition are very complicated!”*.

There was a significant positive correlation between CH, production and '*C%o, which can potentially be
attributed to the different effects of soil depth on CH, production and *C%o. *C%o was significantly positively
correlated with depth (**C becomes increasingly enriched with depth), whereas CH, production showed no
decreasing trend with depth. Additionally, the acetoclastic hydrogenotrophic pathways of methanogenesis allow
for microbial activities that are more independent of the *C%o values of SOM*!. Previous studies suggested that
the availability of labile substrates is one of the limiting factors for methanogenesis'>*2. In our study, WEOC was
not significantly correlated with CH, production, indicating that methanogenesis can be affected by several fac-
tors such as pH, temperature, and sulfate accumulations*.

The N,O emissions expressed using a dried soil base were significantly correlated with soil water, SOC and
TN contents (Table 2). These correlations can be attributed to the SOC’s provision of energy and a matrix for
denitrifying bacteria, and ammonium nitrogen and nitrate nitrogen are the substrates of nitrification and deni-
trification**. SOC, TN and soil water contents are typically closely associated with each other*#°. In the present
study, when the N,O emissions were expressed by a soil N base, they were found to be significantly and negatively
correlated with SOC, TN, and soil water contents since soil N was set as the denominator. The C:N ratio and N,O
production were significantly positively correlated with each other, likely because the substrates with high C:N
ratios in permafrost regions allow for better SOM preservation such that more biodegradable nitrogen*~*° is
available for nitrification and denitrification®.

In conclusion, this study showed that, for the upper 5m of soil, the SOM, as expressed by the SOC and TN
contents, exhibited no clear decreasing trend with depth. Furthermore, the CO,, CH, and N,O emissions in the
deep permafrost soils were comparable to those in high-latitude permafrost regions, and the greenhouse gas
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emissions were affected by the labile fractions of SOM. The temperature sensitivities of the CO, emissions ranged
from 2.9 to 4.3 across the soil cores, suggesting that the production of CO, in the soils beneath the meadows
and wet meadows of permafrost regions is sensitive to temperature increases. The sensitivity of CH, production
to temperature was considerably greater than that of CO,, which is consistent with previous studies of many
soils**>%¥. The temperature sensitivity of N,O production was within the range of sensitivity values observed for
circum-Arctic regions. The greenhouse gas emissions in deep permafrost regions are related to the C:N ratio and
stable isotopes of SOC, whereas depth plays a less important role. Our results also showed the SOM below 2 m can
contribute to global greenhouse gas emissions in permafrost regions.

Methods

Sampling and analysis. In 2012-2014, three permafrost boreholes of various lengths were collected using
machine drilling. The cores, #A, #B and #C, were located in the northern QTP, northwestern China (Fig. 1). The
area is characterized by an alpine semi-arid climate, has an annual mean precipitation of 433 mm and has a mean
annual evaporation of 1,080 mm?®. The three sites had alpine meadow and alpine wet meadow ground conditions;
the dominant species was Kobresia tibetica Maxim. The vegetation types, average ground temperatures and other
geomorphic features are shown in Table 1.

Cores of the active and permafrost layers, which were up to 4.0~5.3 m in length and had diameters of ~15cm,
were collected. The collected cores were wrapped, labeled, and stored in a freezer at —20 °C and transferred to the
laboratory. All frozen cores were cut in half lengthwise. Then, one-half of each core was analyzed for its physical
and chemical characteristics, and the other half was incubated under aerobic and anaerobic conditions.

The soil water content was determined by drying the soils at 105 °C for 8 h and measuring the soil weights
before and after drying. The SOC, total carbon, and total nitrogen (TN) of the pulverized homogenized samples
were quantified by dry combustion using a Vario EL elemental analyzer (Elementar, Hanau, Germany). For the
measurement of the WEOC, the soil samples were taken from the —20°C freezer and put into flasks. The flasks
were kept at 4°C for 24 h to thaw the soils. Then, the WEOC was determined by shaking 20 g of moist field soil
with 100 ml of deionized water for 5h; the suspension was then centrifuged and filtered®. The stable carbon iso-
topes in the SOC were analyzed using an OI Analytical Analyzer (Picarro, California, USA)°.

Incubation experiments. Frozen samples from cores #A, #B and #C were slowly thawed from —20°C
to —2°C in a refrigerator. The soil samples were incubated at constant temperatures of —2°C, 5°C and 10°C
under aerobic and anaerobic conditions. The samples used for the aerobic incubations were weighed, placed
into pre-weighed mason jars with airtight lids, and then placed in the incubator (Thermo, USA). For the anaer-
obic incubations, the headspaces of the anaerobic samples were filled with N,. The CO, and N,O emissions
under aerobic conditions and the CH, emissions under anaerobic conditions were calculated using the changes
in the headspace gas concentrations over time (adjusted for headspace volume)'*. The incubation experiments
were performed for 35 days at each temperature, and the gas concentrations were measured on days 7, 14, 21,
28 and 35.

The CO, concentrations were measured with a Licor-7000 infrared gas analyzer (Li-Cor, Lincoln, NE, USA)
with nitrogen used as the carrier gas. At each measurement point, three 20 ml headspace samples were collected
using a syringe through a rubber septum in the container lid over a 48-hour period and were analyzed for their
CO, concentrations. After each measurement, the mason jars were maintained in the open position for 12 hours
to allow the headspace CO, to equilibrate with the atmosphere. The CH, and N,0O concentrations were meas-
ured using a gas chromatograph (GC, Agilent 7890 A, Agilent Technologies Inc., Santa Clara, CA). The GC was
equipped with a flame-ionization detector (FID) and an electron capture detector (ECD). The FID, ECD and
column temperatures were held at 200°C, 330°C and 55 °C, respectively. High-purity nitrogen was used as the
carrier gas for the FID and ECD systems at a flow rate of 30 and 35 ml/min, respectively. After measuring the CH,
and N,O concentrations, the jars were flushed using N, for 4 hours to ensure aerobic conditions. During the incu-
bation period, the jars were weighed weekly to determine the amount of water lost through evaporation. When
necessary, water was added to bring the soil samples to their initial weights.

Statistical analysis. The values of Q,, were calculated by fitting Equation (1) to estimate of the temperature
sensitivities of the greenhouse gas:

P = AePT (1)

where P is the rate of greenhouse gas production, T is the temperature, e is an exponential function, A and B are
fitted parameters, and the Q,, was calculated as:

Q= ', (2)

The CO, and CH, emissions were expressed based on SOC, and N,O emissions were expressed based on
TN. We also calculated these greenhouses gas emissions based on dried soil weight (supplementary information
Dataset 1). The data analyses were performed in R.3.3.3 (https://www.r-project.org/). The greenhouse gas emis-
sions are presented as mean values and standard deviations, and a one-way ANOVA with post-hoc Tukey’s test
was used to compare the Q,, values at different depths.

Data availability. All relevant data are available from the corresponding author upon request.

SCIENTIFICREPORTS | (2018) 8:4205 | DOI:10.1038/s41598-018-22530-3 7


https://www.r-project.org/

www.nature.com/scientificreports/

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Pepin, N. et al. Elevation-dependent warming in mountain regions of the world. Nature Climate Change 5, 424-430 (2015).

Wu, Q., Hou, Y., Yun, H. & Liu, Y. Changes in active-layer thickness and near-surface permafrost between 2002 and 2012 in alpine
ecosystems, Qinghai-Xizang (Tibet) Plateau, China. Global and Planetary Change 124, 149-155 (2015).

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, D09107 (2010).

. Zhao, L., Cheng, G., Li, S., Zhao, X. & Wang, S. Thawing and freezing processes of active layer in Wudaoliang region of Tibetan

Plateau. Chinese Science Bulletin 45,2181-2187 (2000).

. 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 (2016).

. Mu, C,, Zhang, T., Zhang, X., Cao, B. & Peng, X. Sensitivity of soil organic matter decomposition to temperature at different depths

in permafrost regions on the northern Qinghai-Tibet Plateau. European Journal of Soil Science 67, 773-781, https://doi.org/10.1111/
ejss.12386 (2016).

. Schuur, E. et al. Climate change and the permafrost carbon feedback. Nature 520, 171-179 (2015).
. Mu, C. et al. Carbon and nitrogen properties of permafrost over the Eboling Mountain in the upper reach of Heihe River basin,

northwestern China. Arctic, Antarctic, and Alpine Research 47,203-211 (2015).

. 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/10.1002/2015]G003235 (2016).

Hobbie, S. E., Schimel, J. P., Trumbore, S. E. & Randerson, J. R. Controls over carbon storage and turnover in high-latitude soils.
Global Change Biology 6, 196-210, https://doi.org/10.1046/j.1365-2486.2000.06021.x (2000).

Dutta, K., Schuur, E., Neff, J. & Zimov, S. Potential carbon release from permafrost soils of Northeastern Siberia. Global Change
Biology 12, 2336-2351 (2006).

Treat, C. C. et al. Temperature and peat type control CO, and CH, production in Alaskan permafrost peats. Global Change Biology
20, 2674-2686, https://doi.org/10.1111/gcb.12572 (2014).

Treat, C. C. et al. A pan-Arctic synthesis of CH, and CO, production from anoxic soil incubations. Global Change Biology 21,
2787-2803 (2015).

Waldrop, M. P. et al. Molecular investigations into a globally important carbon pool: Permafrost-protected carbon in Alaskan soils.
Global Change Biology 16, 2543-2554 (2010).

Lupascu, M., Wadham, J. L., Hornibrook, E. R. C. & Pancost, R. D. Temperature sensitivity of methane production in the permafrost
active layer at Stordalen, Sweden: A comparison with non-permafrost northern wetlands. Arctic, Antarctic, and Alpine Research 44,
469-482, https://doi.org/10.1657/1938-4246-44.4.469 (2012).

Mu, C. et al. Organic carbon pools in permafrost regions on the Qinghai-Xizang (Tibetan) Plateau. The Cryosphere 9, 479-486
(2015).

Wu, X. et al. Mineralisation and changes in the fractions of soil organic matter in soils of the permafrost Region, Qinghai-Tibet
Plateau, China. Permafrost and Periglacial Processes 25, 35-44, https://doi.org/10.1002/ppp.1796 (2014).

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).
Ping, C., Jastrow, J., Jorgenson, M., Michaelson, G. & Shur, Y. Permafrost soils and carbon cycling. Soil 1, 147-171 (2015).
Bockheim, J. Importance of cryoturbation in redistributing organic carbon in permafrost-affected soils. Soil Science Society of
America Journal 71, 1335-1342 (2007).

Vonk, J. E. et al. Biodegradability of dissolved organic carbon in permafrost soils and aquatic systems: a meta-analysis. Biogeosciences
12, 6915-6930, https://doi.org/10.5194/bg-12-6915-2015 (2015).

Manasypov, R. M., Pokrovsky, O. S., Kirpotin, S. N. & Shirokova, L. S. Thermokarst lake waters across the permafrost zones of
western Siberia. The Cryosphere 8, 1177-1193 (2014).

Abbott, B. W. et al. Using multi-tracer inference to move beyond single-catchment ecohydrology. Earth-Science Reviews 160, 19-42
(2016).

Macko, S. A. & Estep, M. L. F. Microbial alteration of stable nitrogen and carbon isotopic compositions of organic matter. Organic
Geochemistry 6, 787-790 (1984).

Bostrém, B., Comstedt, D. & Ekblad, A. Isotope fractionation and *C enrichment in soil profiles during the decomposition of soil
organic matter. Oecologia 153, 89-98 (2007).

Davidson, E., Belk, E. & Boone, R. D. Soil water content and temperature as independent or confounded factors controlling soil
respiration in a temperate mixed hardwood forest. Global Change Biology 4, 217-227 (1998).

Hansen, A. A. et al. Viability, diversity and composition of the bacterial community in a high Arctic permafrost soil from
Spitsbergen, Northern Norway. Environmental microbiology 9, 2870-2884 (2007).

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/10.1002/2015]G003138
(2016).

Wang, J. et al. Temperature sensitivity of soil carbon mineralization and nitrous oxide emission in different ecosystems along a
mountain wetland-forest ecotone in the continuous permafrost of Northeast China. CATENA 121, 110-118, https://doi.
org/10.1016/j.catena.2014.05.007 (2014).

Elberling, B., Christiansen, H. H. & Hansen, B. U. High nitrous oxide production from thawing permafrost. Nature Geoscience 3,
332-335(2010).

Lee, H,, Schuur, E. A. G, Inglett, K. S., Lavoie, M. & Chanton, J. P. The rate of permafrost carbon release under aerobic and anaerobic
conditions and its potential effects on climate. Global Change Biology 18, 515-527 (2012).

Clark, K., Chantigny, M. H., Angers, D. A, Rochette, P. & Parent, L. Nitrogen transformations in cold and frozen agricultural soils
following organic amendments. Soil biology & biochemistry 41, 348-356 (2009).

Hulzen, J. B. V,, Segers, R., Bodegom, P. M. V. & Leffelaar, P. A. Temperature effects on soil methane production: an explanation for
observed variability. Soil biology & biochemistry 31,1919-1929 (1999).

Huang, S., Sun, Y., Yu, X. & Zhang, W. Interactive effects of temperature and moisture on CO, and CH, production in a paddy soil
under long-term different fertilization regimes. Biology and Fertility of Soils 52, 285-294 (2015).

Das, S. & Adhya, T. K. Dynamics of methanogenesis and methanotrophy in tropical paddy soils as influenced by elevated CO, and
temperature interaction. Soil Biology and Biochemistry 47, 36-45, https://doi.org/10.1016/j.s0ilbio.2011.11.020 (2012).

Duc, N. T, Crill, P. & Bastviken, D. Implications of temperature and sediment characteristics on methane formation and oxidation
in lake sediments. Biogeochemistry 100, 185-196, https://doi.org/10.1007/s10533-010-9415-8 (2010).

Inglett, K. S., Inglett, P. W,, Reddy, K. R. & Osborne, T. Z. Temperature sensitivity of greenhouse gas production in wetland soils of
different vegetation. Biogeochemistry 108, 77-90, https://doi.org/10.1007/s10533-011-9573-3 (2012).

Noll, M., Klose, M. & Conrad, R. Effect of temperature change on the composition of the bacterial and archaeal community
potentially involved in the turnover of acetate and propionate in methanogenic rice field soil. FEMS microbiology ecology 73,
215-225 (2010).

Chantigny, M. H. Dissolved and water-extractable organic matter in soils: a review on the influence of land use and management
practices. Geoderma 113, 357-380 (2003).

SCIENTIFICREPORTS | (2018) 8:4205 | DOI:10.1038/s41598-018-22530-3 8


http://dx.doi.org/10.1111/ejss.12386
http://dx.doi.org/10.1111/ejss.12386
http://dx.doi.org/10.1002/2015JG003235
http://dx.doi.org/10.1046/j.1365-2486.2000.06021.x
http://dx.doi.org/10.1111/gcb.12572
http://dx.doi.org/10.1657/1938-4246-44.4.469
http://dx.doi.org/10.1002/ppp.1796
http://dx.doi.org/10.1002/ppp.1740
http://dx.doi.org/10.5194/bg-12-6915-2015
http://dx.doi.org/10.1002/2015JG003138
http://dx.doi.org/10.1016/j.catena.2014.05.007
http://dx.doi.org/10.1016/j.catena.2014.05.007
http://dx.doi.org/10.1016/j.soilbio.2011.11.020
http://dx.doi.org/10.1007/s10533-010-9415-8
http://dx.doi.org/10.1007/s10533-011-9573-3

www.nature.com/scientificreports/

40. Schidel, C. et al. Circumpolar assessment of permafrost C quality and its vulnerability over time using long-term incubation data.
Global Change Biology 20, 641-652, https://doi.org/10.1111/gcb.12417 (2014).

41. Krohn, J., Lozanovska, I., Kuzyakov, Y., Parvin, S. & Dorodnikov, M. CH, and CO, production below two contrasting peatland
micro-relief forms: An inhibitor and 613C study. Science of The Total Environment 586, 142-151, https://doi.org/10.1016/].
scitotenv.2017.01.192 (2017).

42. Michaelson, G. ., Ping, C.-L. & Clark, M. Soil pedon carbon and nitrogen data for Alaska: An analysis and update. Open Journal of
Soil Science 3, 132-142, https://doi.org/10.4236/0jss.2013.32015 (2013).

43. Beeman, R. E. & Suflita, ]. M. Environmental factors influencing methanogenesis in a shallow anoxic aquifer: a field and laboratory
study. Journal of Industrial Microbiology 5, 45-57, https://doi.org/10.1007/bf01569605 (1990).

44. Nie, W, Pan, X., Cui, H. & Jiang, M. The influence of soil carbon and nitrogen on soil N,O emission. International Journal of
Environment and Resource 5, 15-20, https://doi.org/10.14355/ijer.2016.05.003 (2016).

45. Mu, C. et al. Pedogenesis and physicochemical parameters influencing soil carbon and nitrogen of alpine meadows in permafrost
regions in the northeastern Qinghai-Tibetan Plateau. Catena 141, 85-91 (2016).

46. 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.
0rg/10.1002/2016JG003641 (2017).

47. Harms, T. K., Abbott, B. W. & Jones, J. B. Thermo-erosion gullies increase nitrogen available for hydrologic export. Biogeochemistry
117,299-311 (2013).

48. Darrouzetnardi, A. & Weintraub, M. N. Evidence for spatially inaccessible labile N from a comparison of soil core extractions and
soil pore water lysimetry. Soil biology & biochemistry 73, 22-32 (2014).

49. Tanski, G. et al. Transformation of terrestrial organic matter along thermokarst-affected permafrost coasts in the Arctic. Science of
The Total Environment 581-582, 434-447, https://doi.org/10.1016/j.scitotenv.2016.12.152 (2017).

50. Figueiredo, V., Enrichprast, A. & Rutting, T. Soil organic matter content controls gross nitrogen dynamics and N,O production in
riparian and upland boreal soil. European Journal of Soil Science 67, 782-791 (2016).

51. Wang, J. Y., T, Y. P. & H, W. Ecohydrological processes in forests: Case study from Qilian Mountains. (Science Press, 2008).

52. Li, G., Zhou, G., Zhou, L. & Jia, Q. Methods of soil dissolved organic carbon measurement and their applications. Journal of
Meteorology and Environment 22, 51-55 (2006).

Acknowledgements

This work was financially supported by the “Science Fund for Creative Research Groups of the National Natural
Science Foundation of China (41721091), the State Key Laboratory of Cryospheric Science (SKLCS-ZZ-2018) and
the National Natural Science Foundation of China (41601063). This work was also supported by the Key Research
Program of Frontier Sciences, CAS (Grant No. QYZDY-SSW-DQCO021), the Open Foundations of the State Key
Laboratory of Frozen Soil Engineering (Grant No. SKLFSE201705), the Open Foundations of the State Key
Laboratory of Cryospheric Science (Grant No. SKLCS-OP-2018-05), and the Fundamental Research Fund for
the Central Universities of China (No. 1zujbky-2017-223). The authors gratefully acknowledge the referees for the
constructive comments.

Author Contributions
C.M,, LL, Q.Z. Performed field work. CM., X.W,, E. Z., Q.Z., L.]. performed the laboratory work and data
analysis. X.W. and T.Z. designed the study. All the authors wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22530-3.

Competing Interests: The authors declare no competing interests.

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

SCIENTIFICREPORTS | (2018) 8:4205 | DOI:10.1038/s41598-018-22530-3 9


http://dx.doi.org/10.1111/gcb.12417
http://dx.doi.org/10.1016/j.scitotenv.2017.01.192
http://dx.doi.org/10.1016/j.scitotenv.2017.01.192
http://dx.doi.org/10.4236/ojss.2013.32015
http://dx.doi.org/10.1007/bf01569605
http://dx.doi.org/10.14355/ijer.2016.05.003
http://dx.doi.org/10.1002/2016JG003641
http://dx.doi.org/10.1002/2016JG003641
http://dx.doi.org/10.1016/j.scitotenv.2016.12.152
http://dx.doi.org/10.1038/s41598-018-22530-3
http://creativecommons.org/licenses/by/4.0/

	Greenhouse gas released from the deep permafrost in the northern Qinghai-Tibetan Plateau

	Results

	Carbon and nitrogen characteristics. 
	Greenhouse gas emissions and their temperature sensitivities. 
	Factors influencing greenhouse gas production. 

	Discussion

	Soil carbon and nitrogen in permafrost layers. 
	Greenhouse gas emissions. 
	Relationships between greenhouse gas emissions and soil variables. 

	Methods

	Sampling and analysis. 
	Incubation experiments. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Study area and locations of deep permafrost cores (#A, #B and #C) on the northern Qinghai-Tibetan Plateau.
	Figure 2 Distribution of soil water content, total nitrogen (TN), soil organic carbon (SOC), water extractable organic carbon (WEOC) and stable carbon isotopes (13C-SOC‰) at different depths in #A (a~e), #B (f~j) and #C (k~o).
	Figure 3 Average CO2 (a) and N2O (b) emissions during aerobic incubation and CH4 (c) emissions during the anaerobic incubation at different depths under −2 °C, 5 °C and 10 °C.
	Figure 4 Distributions of the temperature sensitivities (Q10) of CO2 (a), N2O (b) and CH4 (c) emissions with depth for cores #A, #B and #C.
	Table 1 Summary of Borehole Site details.
	Table 2 Relationships among soil variables and greenhouse gas emissions (for 10 °C).
	Table 3 Greenhouse gas emissions of previously published works and our study.




