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A B S T R A C T

Permafrost regions with high soil organic carbon (SOC) storage are extremely vulnerable to global warming.
However, our understanding of the temperature sensitivity of SOC decomposition in permafrost regions remains
limited, leading to considerable uncertainties in predicting carbon-climate feedback magnitude and direction in
these regions. Here, we investigate general patterns and underlying mechanisms of SOC decomposition rate and
its temperature sensitivity (Q10) at different soil depths across Tibetan permafrost regions. Soils were collected at
two depths (0–10 and 20–30 cm) from 91 sites across Tibetan permafrost regions. SOC decomposition rate and
Q10 value were estimated using a continuous-flow incubation system. We found that the SOC decomposition rate
in the upper layer (0–10 cm) was significantly greater than that in the lower layer (20–30 cm). The SOC content
governed spatial variations in decomposition rates in both soil layers. However, the Q10 value in the upper layer
was significantly lower than that in the lower layer. Soil pH and SOC decomposability had the greatest predictive
power for spatial variations in Q10 value within the upper and lower layers, respectively. Owing to the greater
temperature sensitivity in the lower layer, our results imply that subsurface soil carbon is at high risk of loss, and
that soil carbon sequestration potential might decrease in these regions in a warming world.

1. Introduction

Permafrost regions, where soil temperature remains below 0 °C for
at least two consecutive years, are more vulnerable to climate change
than other ecosystems (Schuur et al., 2008). These regions cover 23.6%
of the total land area of the Northern Hemisphere, and are widely
distributed across high-latitude and -altitude regions (Zhang et al.,
2008b). Soil organic carbon (SOC) stored in permafrost regions is es-
timated at ∼1024 Pg (1 Pg=1015 g) for the 0–300 cm depth (Tarnocai
et al., 2009), accounting for ∼44% of the total global SOC stock
(Jobbagy and Jackson, 2000). About 19% of the SOC in permafrost
regions is stored at the 0–30 cm depth (Tarnocai et al., 2009). Over the
last 30 years, the temperatures of high-latitude and -altitude regions
have risen 0.6 °C per decade, twice as fast as the global average (IPCC,
2013), which may lead to the faster decomposition of SOC in these

regions (e.g., Schuur et al., 2015; Schädel et al., 2016). The corre-
sponding release of carbon (C) could potentially drive one of the most
significant feedback processes involving terrestrial ecosystems and at-
mospheric CO2 concentrations (Davidson and Janssens, 2006).

The overall strength of soil C-climate feedbacks is unlikely to be
effectively resolved by studies at individual sites, due to the high spatial
heterogeneity (Zhou et al., 2009). Some studies have examined SOC
decomposition rates and their temperature sensitivity (Q10) in surface
soils across large-scale permafrost ecosystems. For example, Ding et al.
(2016a) found that precipitation governed spatial variation in SOC
decomposition rate, while basal microbial respiration rate regulated
Q10 values in surface soils of 0–10 cm across Tibetan permafrost re-
gions. However, projecting future C cycling in permafrost is largely
limited by uncertainties regarding the influence of soil depth on SOC
decomposition rate and its temperature sensitivity. Because subsurface
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soils are projected to warm at roughly the same rate as surface soils
over the next century (Hicks Pries et al., 2017), the dynamics of C that
is sequestered at depth represent the most important source of un-
certainty in projected future soil C dynamics (e.g., Koven et al., 2015;
Balesdent et al., 2018). To the best of our knowledge, no previous
studies have examined SOC decomposition rates and associated Q10

values for subsurface soils at a broad geographic scale in permafrost
regions, which limits the ability to draw firm conclusions on the overall
strength and geographical variability of C-climate feedbacks at different
soil depths in permafrost regions.

Site-specific soil properties, such as soil nutrients (Rodionow et al.,
2006), enzyme activities (Wang et al., 2013), microbial abundances
(Waldrop et al., 2010), and microbial C accumulation efficiency (Jia
et al., 2017) can lead to differing patterns of SOC decomposition and
Q10 values in different soil layers. For instance, Waldrop et al. (2010)
concluded that lower Q10 values in deeper soils relative to surface soils
were attributable to lower microbial abundances and exoenzyme ac-
tivities involved in subsoil SOC decomposition. However, Jia et al.
(2017) found higher Q10 value in subsurface soil than in surface soil,
possibly due to a higher proportion of resistant SOC in subsurface soil.
Therefore, it is necessary to evaluate large-scale patterns and drivers of
SOC decomposition rate and Q10 values in different soil depths in order
to improve predictions of soil C-climate feedback magnitude and di-
rection in permafrost regions.

The Tibetan Plateau is the highest and largest plateau on Earth, with
a mean elevation of 4,000m a.s.l. and area of ∼2.0× 106 km2 (Li and
Zhou, 1998). Approximately three-quarters of the total area of alpine
permafrost in the Northern Hemisphere is found on the Tibetan Plateau
(Wang and French, 1995), making it the largest high-altitude perma-
frost region and a global hotspot for SOC storage (Mu et al., 2015), with
one of the highest densities of SOC on the planet (Ding et al., 2016b). A
recent study showed that the SOC pool in Tibetan permafrost is
15.31 Pg, 56% of which occurred in the top 1m depth (Ding et al.,
2016b). Unique geographical and climatic characteristics as well as the
large SOC pool make the Tibetan Plateau ecosystem extremely sensitive
to climate change. Similarly to other permafrost regions worldwide, the
Tibetan Plateau has experienced significant warming (Wang et al.,
2008), increased precipitation (Li et al., 2010), and permafrost thawing
(Wu and Zhang, 2008) over recent decades. Furthermore, climate
warming is projected to continue in the Tibetan Plateau in the future,
with a temperature increase rate of about 0.3 °C per decade (Zhu et al.,
2013). These trends, together with the highly complex temperature and
moisture patterns (You et al., 2010), make the Tibetan Plateau an ideal
ecosystem for continental-scale studies of variations in SOC decom-
position rate and Q10 values with depth within permafrost regions.

This study represents the first large-scale exploration of the patterns
and drivers of SOC decomposition rate and associated Q10 values with
soil depth. We selected 91 sites across the Tibetan Plateau (Fig. 1),
which were within the permafrost regions identified in a recent study
by Ding et al. (2017). The mean active layer thickness is 2.4m with a
range of 1.3–3.5m along the Tibetan Plateau (Pang et al., 2009), and
soil samples in this study were collected from 0–10 and 20–30 cm
depths. The aims of this study were to: 1) reveal patterns of SOC de-
composition rate and its Q10 between the upper and lower layers across
Tibetan permafrost regions; and 2) examine the relative importance of
climatic drivers, biotic factors, and soil properties in regulating the
spatial variations in SOC decomposition rate and Q10 in the two soil
layers. Based on these aims, we proposed two initial hypotheses: 1) the
SOC decomposition rate of the upper layer is greater than that of the
lower layer, owing to higher C quality in the upper layer, whereas Q10

value is higher in the lower than in the upper layer, based on the C
quality-temperature (CQT) hypothesis (Davidson and Janssens, 2006);
2) climatic and biotic factors play more important roles in the upper
layer, whereas soil properties dominate in the lower layer for regulating
spatial variations in SOC decomposition rate and Q10 value, because
climate conditions more strongly affect the surface soil while factors

associated with C quality can be the determinant factors in subsurface
soil.

2. Materials and methods

2.1. Study area and soil sampling

This study was conducted on the Tibetan Plateau, located in south-
western China (Fig. 1). The climate is characterized as cold and dry
across the main body of the Tibetan Plateau. The mean annual tem-
perature (MAT) in this area ranges between −4.9 and 6.1 °C (Ding
et al., 2016b), with the lowest mean monthly temperature in January
and the highest in July (Chen et al., 2016); mean annual precipitation
(MAP) varies from 84.3 to 593.9 mm, about 90% of which falls within
the growing season from May to September (Ding et al., 2016b). The
most representative vegetation types across Tibetan permafrost regions
are alpine meadow and alpine steppe. More details of the study area can
be found in Ding et al. (2016a).

Soil sampling was conducted along a 2,900 km-long, 800 km-wide
transect of the central Tibetan Plateau. The transect spans latitudes
28°12′–37°30′ N and longitudes 84°06′–101°12′ E, and covers elevations
from 2935 to 5420m (Fig. 1b). During the summers (July and August)
of 2012 and 2013, 91 sites (comprising 52 from the alpine meadow and
39 from the alpine steppe) were selected throughout the geographical
extent of alpine grasslands on the Tibetan Plateau (Fig. 1b). A
100× 100m plot was set up at each site, and then five 1×1m sub-
plots were randomly set up within the 1 ha plot. After clipping the
aboveground biomass in the five sub-plots, the upper (0–10 cm) and
lower (20–30 cm) layer soils were sampled using a soil auger (diameter
7 cm). The soil was sampled from two separate layers, thereby de-
creasing the interactions between them. For instance, roots (below-
ground biomass, BGB) in the upper layer were approximately five-fold
greater than in the lower layer (Fig. S1), suggesting that roots may have
comparatively little effect on the lower layer. In each soil layer, two
subsamples were collected within each 1× 1m sub-plot: one for soil
analyses (soil incubation and soil properties) and the other for BGB
analyses. In total, ten samples were collected from each layer at each
site, with five for soil analysis and five for BGB estimation. Since our
aim was to find a general pattern across broad geographical scales, not
to assess within-site variability, the subsamples for soil and BGB ana-
lyses from each layer were each thoroughly homogenized and com-
posited by depth. Plant roots in the homogenized sample were removed
first by passing through a 2mm mesh sieve and then by hand-picking
the sieved samples until no visible roots were present. Approximately
50 g of soil was air dried and processed to determine its physical and
chemical properties. The remaining soil was stored at 4 °C for incuba-
tion experiments.

2.2. Climatic variables and soil properties

Climate variables (MAT and MAP) at each site were derived from
the Worldclim database (http://www.worldclim.org) in ESRI ARCMAP
(ESRI 2011; Environmental Systems Research Institute, Redlands, CA,
USA). To analyze soil properties, we selected three subplots from each
plot for soil bulk density sampling, using a 100 cm3 ring at each layer
after clipping the aboveground biomass. Soil was oven dried for 48 h at
105 °C to calculate soil bulk density. The samples for BGB analyses were
rinsed in a 0.15mm screen mesh using deionized water, and then roots
were oven-dried for more than one week to a constant weight at 65 °C.
Soil pH was evaluated in deionized water solution (soil:solu-
tion= 1:2.5) using a pH meter (Seven-Compact S220, Mettler-Toledo
AG, Switzerland). Soil total C (TC) and total nitrogen (TN) concentra-
tions were determined using an elemental analyzer (PE 2400 II, Perkin-
Elmer, Boston, MA, USA). Soil inorganic C (SIC) content was analyzed
using an inorganic C analyzer (Calcimeter 08.53, Eijkelkamp, Giesbeek,
Netherlands) with HCl (4 mol L−1) as titration solution (Chen et al.,
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2015). SOC was obtained as TC minus SIC. Soil water holding capacity
(WHC) was gravimetrically determined on oven-dry soil.

2.3. Soil incubation and SOC decomposition rate measurements

Each fresh soil sample was divided into three experimental re-
plicates (equivalent to 50 g dry weight) and incubated in 250mL jars.
All soils were adjusted to 60% WHC and pre-incubated at 20 °C for 72 h
to avoid pulses in soil microbial activities induced by the disturbance of
mixing and adjusting the soil moisture (Fierer et al., 2006). The SOC
decomposition rate was then measured using a continuous-flow in-
cubation system that we developed (see Fig. S2 for details).

In brief, the incubation temperatures ranged from 4 to 28 °C with a
step of 4 °C in a water bath (± 0.05 °C) (DC0530; Bilang Instrument
Corp. Ltd., Shanghai). Temperature change of the water bath was au-
tomatically controlled by a linear uniform temperature change of 2 °C
h−1; thus, a step of 4 °C temperature change took 2 h, which could
minimize the influences of soil microbial activity by rapid temperature
change. After each temperature change, an equilibration period of 2 h
was required, and another 2 h was taken for decomposition rate mea-
surement by a Picarro G2301 (Picarro, Inc., USA). Measurements were
made using a continuous-flow incubation system with background gas
(CO2 concentration of 400 ppm) continuously passing the incubation
jars at a flow rate of 50 scc min−1 (standard cubic centimeters per
minute). This method minimized the inhibitory effects of high CO2

concentrations on the SOC decomposition rate. During the incubation,
the background gas was passed through deionized water before passing
the incubation jars. Soil water loss was periodically checked gravime-
trically and adjusted accordingly, with water loss not excessing 2%. The
purpose of this study was to reveal the potential sensitivity of SOC
decomposition to temperature change, although the incubation tem-
perature range in this study was greater than the actual temperature
ranges for Tibetan permafrost regions. A similar incubation tempera-
ture range was previously used for estimating Q10 values in these re-
gions (Ding et al., 2016a). No obvious inhibition of SOC decomposition
was found across the temperature range (Fig. S3).

2.4. Calculations

The SOC decomposition rate calculation is found in the Supporting

Information. Eq. (1) was used to describe the relationship between the
SOC decomposition rate and temperature (in this study, all fitting
coefficients R2 > 0.95; Fig. S3), and the Q10 value of SOC decom-
position was calculated by Eq. (2) as below:

=R BekT (1)

=Q e k
10

10 (2)

where R is the SOC decomposition rate (μg CO2eC g−1 soil h−1), T is
the incubation temperature (°C), and B and k are model fitting para-
meters.

Given the cold environment of the Tibetan Plateau, we used Eq. (3)
to calculate the SOC decomposition rate at 5 °C (R5) in order to compare
the patterns and drivers of SOC decomposition rate in the upper and
lower layers over a broad geographic scale. In addition, we used Eq. (4)
to calculate the SOC decomposition rate per unit organic C at 5 °C, Dsoc,
to denote soil C decomposability; this is related to the availability and
lability of C substrates. Parameter B from Eq. (1) is also widely used to
represent C quality (e.g., Fierer et al., 2006; Ding et al., 2016a).

=R Be k
5

5 (3)

=D R
SOCsoc

5
(4)

where R5 is the SOC decomposition rate at 5 °C (μg CO2eC g−1 soil
h−1), B and k are model fitting parameters from Eq. (1), and Dsoc is the
decomposability of SOC at 5 °C (μg CO2eC g−1 SOC h−1).

2.5. Statistical analyses

A paired samples t-test was applied to analyze the differences in R5

or Q10 values between the upper and lower layers. Pearson correlation
analyses were performed to show the relationships between R5 or Q10

values and climatic factors, biotic factors, and soil properties. Statistical
analyses and correlations were performed using IBM SPSS STATISTICS (ver-
sion 22), and the curve fittings were performed using SIGMAPLOT (version
12.5).

Structural equation models (SEMs) were applied to quantify the
direct and indirect factors regulating SOC decomposition rate and its
temperature sensitivity in the upper and lower layers across Tibetan
permafrost regions. In brief, we established a base model according to

Fig. 1. Sampling sites and vegetation maps throughout the Tibetan Plateau. The vegetation map was obtained from China's vegetation atlas with a scale of
1:1,000,000 (Chinese Academy of Sciences, 2001).
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the correlation analyses between forcing variables and response vari-
ables (R5 and Q10) and empirical knowledge. We then optimized the
base model according to the actual model fits, including the chi-square
(χ2) statistic, whole-model P value, goodness of fit index (GFI), and
root-mean-square error of approximation (RMSEA). Data were fitted to
the model using the maximum likelihood estimation method. SEM
analyses were performed using AMOS 25 Graphics (IBM, SPSS, Armonk,
NY, USA).

3. Results

3.1. SOC decomposition rates and Q10 values in the upper and lower layers

The SOC decomposition rate at 5 °C (R5) exhibited large variations
in both layers across Tibetan permafrost regions (Fig. 2), with a mean
value of 0.13 μg CO2eC g−1 soil h−1 in the upper layer, which was
significantly higher than that in the lower layer (0.07 μg CO2eC g−1

soil h−1) (P < 0.001; Figs. 2 and S4). In addition, the R5 values were
higher at both depths in the alpine meadow than in the alpine steppe
(P < 0.05; Fig. S4).

Large variations were also found in the Q10 values in both layers,
ranging from 2.26 to 3.51 in the upper layer and 2.06 to 3.63 in the
lower layer (Fig. 2). Across Tibetan permafrost regions, mean Q10 va-
lues in the upper soil layer were significantly lower than those in the
lower soil layer (2.84 vs. 2.96, respectively; P < 0.01) (Figs. 2 and S5).
The alpine steppe had higher Q10 values than the alpine meadow
(P < 0.05), and the same depth pattern was noted in both subtypes
(Figs. 2 and S5).

3.2. Correlations between R5 or Q10 values and climatic factors, biotic
factors, and soil properties

The SOC decomposition rate in the upper layer was significantly
correlated with climatic factors (MAT and MAP), a biotic factor (BGB),
and soil properties (bulk density, pH, SOC, and C:N ratio) (P < 0.05;
Fig. 3). The same correlations were found in the lower layer, except that
R5 in the lower layer was not significantly correlated with the C:N ratio
(Fig. 3). In both layers, R5 was significantly positively correlated with
MAP, BGB, and SOC, but negatively correlated with MAT, bulk density,
and pH (P < 0.05; Fig. 3).

The Q10 values were significantly associated with a biotic factor
(BGB) and soil properties (bulk density, pH, SOC, and C:N ratio) in the
upper layer (P < 0.05; Fig. 4). However, in the lower layer, the Q10

values were significantly correlated with MAT, pH, SOC, and Dsoc

(P < 0.05; Fig. 4). Overall, the Q10 value in the upper layer was sig-
nificantly and positively correlated with bulk density and pH, but sig-
nificantly and negatively correlated with BGB, SOC, and C:N ratio
(P < 0.05; Fig. 4); in the lower layer, the Q10 value was significantly
and positively associated with MAT and pH, but negatively associated
with SOC and Dsoc (P < 0.05; Fig. 4).

3.3. Interacting factors influencing R5 and Q10 in the upper and lower layers

The SOC decomposition rate at 5 °C (R5) was mediated by different
factors in the upper and lower layers (Fig. 5), explaining 26% and 50%
of the spatial variation in R5 values, respectively, across Tibetan per-
mafrost regions (Fig. 5). Climatic factors played an important role only
in the upper but not the lower layer (Fig. 5). In addition, SEM analyses

Fig. 2. Histogram plots of SOC decomposition rate at 5 °C (R5) and Q10 value in the upper and lower layers across Tibetan permafrost regions. SD and N denote
standard error and the sample size, respectively.
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revealed that SOC had the greatest predictive power among the in-
vestigated variables for explaining the spatial variation in R5 in both
layers (Fig. 5).

Q10 values in the upper layer were influenced by a combination of
biotic (BGB) and soil properties (SOC, pH, and C:N ratio), which to-
gether explained 72% of the spatial variation in Q10 across Tibetan
permafrost regions (Fig. 6a). Only soil properties (pH, SOC, and Dsoc)
regulated the Q10 value in the lower layer, explaining 73% of the spatial
variation (Fig. 6b). SEM analyses revealed that BGB and pH were the
two main factors predicting Q10 values in the upper layer (Fig. 6c),
while Dsoc had the greatest power for predicting the spatial variation in
Q10 values in the lower layer, followed by pH and SOC (Fig. 6d).

4. Discussion

Soils in permafrost regions store a large amount of C which is sen-
sitive to climate change (Ding et al., 2016b); therefore, understanding
SOC decomposition rates and their temperature sensitivity in these
regions is crucial for predicting changes in global soil C stocks
(Davidson and Janssens, 2006; Mu et al., 2015). Previous studies were
mainly conducted at individual sites (e.g., Waldrop et al., 2010; Jia
et al., 2017), whereas no attempts have been made to examine the
patterns and drivers of SOC decomposition rates and Q10 values in
different soil layers across a broad geographical scale in these regions,
consequently adding considerable uncertainty to predictions of the
magnitude and direction of C-climate feedbacks. This study is the first
to demonstrate and investigate a general pattern of higher SOC de-
composition rate, but lower Q10 values, in the upper than in the lower
layer across Tibetan permafrost regions.

4.1. Depth dependence of SOC decomposition rates and Q10 values

The SOC decomposition rate was depth dependent due to the sig-
nificant differences in SOC quantity and decomposability between the
upper and lower layers. In this study, BGB was approximately five-fold
greater in the upper than in the lower layer (Fig. S1), possibly leading to
a higher C content in the upper relative to the lower layer (Liu et al.,
2012). In addition, the higher decomposability of SOC in the upper
layer may be attributed to less physical protection by soil minerals
(Hassink and Whitmore, 1997), or the greater chemical availability of
SOC for microbial metabolism (Bosatta and Ågren, 1999). Using a da-
tabase of long-term (>1 year) aerobic incubations of soils from per-
mafrost regions, Schädel et al. (2014) also showed that the SOC pool
and decomposability were higher in shallow than in deeper mineral
soils.

Over a broad geographical scale, our study showed that Q10 values
in the lower layer were significantly higher than in the upper layer
across Tibetan permafrost regions (Fig. 2). Higher Q10 values in the
lower layer could be mainly explained by the lower SOC decom-
posability in the lower layer. Enzymatic reactions of decomposing
lower-quality SOC have higher activation energies and temperature
dependence than reactions decomposing higher-quality SOC (Bosatta
and Ågren, 1999; Davidson and Janssens, 2006). Therefore, the SOC
decomposition in the lower layer should be inherently more tempera-
ture dependent than in the upper layer.

The annual net primary production on the Tibetan Plateau increased
from 114.7 g C m−2 yr−1 in 1982 to 129.9 g C m−2 yr−1 in 2009
(Zhang et al., 2014), which might lead to an increase in plant C inputs
to soil. Concordant with this speculation, a recent study by Ding et al.
(2017) observed overall SOC accumulation rate of 28.0 g C m−2 yr−1 in
the top 30 cm depth between the early 2000s and 2010s across Tibetan
permafrost regions, and this accumulation was observed only in

Fig. 3. Relationships of SOC decomposition rate at 5 °C (R5) with climate factors (MAT, MAP), a biotic factor (BGB), and soil properties (bulk density, pH, SOC, and
C:N ratio) across Tibetan permafrost regions. The white circles and grey circles denote the upper (0–10 cm) and lower (20–30 cm) layers, respectively. MAT, mean
annual temperature; MAP, mean annual precipitation; BGB, below-ground biomass.

Fig. 4. Relationships of Q10 value with climate factors (MAT, MAP), biotic factor (BGB), and soil properties (bulk density, pH, SOC, C:N ratio, and Dsoc) across Tibetan
permafrost regions. The white circles and grey circles denote the upper (0–10 cm) and lower (20–30 cm) layers, respectively. MAT, mean annual temperature; MAP,
mean annual precipitation; BGB, below-ground biomass; Dsoc, SOC decomposability obtained from Eq. (4).
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subsurface soil (10–30 cm), whereas C loss was found in surface soil
(0–10 cm). This phenomenon is possible because C-turnover in the
surface soil is easily affected by climatic changes (Mathieu et al., 2015),
while in subsurface soil, the positive influences of climate warming and
wetting on SOC turnover may be limited by a higher degree of pro-
tection of soil aggregates, SOC-mineral interactions (Salome et al.,
2010), and more severe nutrient limitations (Fierer et al., 2003). In
addition, Q10 value was higher in the lower than the upper layer,
suggesting that soil C in the lower layer is currently more vulnerable to
global warming. This pattern should be incorporated into soil C models
to accurately evaluate the response of soil C to climate warming in
permafrost regions.

4.2. Soil C content governed decomposition rate in both the upper and lower
layers

SEM analyses revealed that SOC content was a main factor reg-
ulating the spatial variation in SOC decomposition rate in both the
upper and lower soil layers across Tibetan permafrost regions (Fig. 5).
By analysing 84 mineral soils from the US, Colman and Schimel (2013)
also showed a positive relationship between microbial respiration and C

concentration. Higher SOC content is usually associated with a larger
labile C pool (Colman and Schimel, 2013) and a greater soil enzyme
activity (Hernández and Hobbie, 2010). Another important factor was
BGB, which indirectly regulated the SOC decomposition rate in both
layers via its positive effects on SOC content (Fig. S6).

In this study, MAP and C:N ratio indirectly affected SOC decom-
position rate in the upper layer, whereas bulk density was significant
only in the lower layer (Fig. 5). Across our study area, higher MAP led
to greater BGB (Zhang et al., 2014), and hence a higher SOC content,
but only in the upper layer (Fig. S7). Furthermore, higher MAP led to a
lower soil C:N ratio (Fig. S8), possibly because increasing soil moisture
increased the activity of microbial N fixation on the Tibetan Plateau
(Kathrin et al., 2018). The lower soil C:N ratio is directly associated
with higher SOC decomposition rates, as has been found across nu-
merous studies (e.g., Zhang et al., 2008a; Wang et al., 2015; Xu et al.,
2016). These effects were only significant in the upper layer, possibly
because the ranges of soil C:N ratio and SOC content were larger than in
the lower layer. SOC content was the only direct driver of the SOC
decomposition rate in the lower layer (Fig. 5), demonstrating the con-
nection between soil physical and biotic properties in regulating SOC
decomposition (Rabbi et al., 2016). More direct evidence should be

Fig. 5. Structural equation model (SEM) of factors regulating the spatial variation in SOC decomposition rate at 5 °C (R5) in the upper (a) and lower (b) layers across
Tibetan permafrost regions; standardized total effects on R5 in the upper (c) and lower (d) layers. Numbers adjacent to arrows indicate the effect size of the
relationship between the two variables. Solid and dashed arrows represent the positive and negative effects in the fitted structural equation model, respectively.
Widths of the arrows indicate the strength of the casual relationship. MAP, BGB, and BD represent mean annual precipitation, belowground biomass, and bulk
density, respectively. *, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.
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obtained to further explore these results, such as how the effect of C:N
ratio on microbial community activities varies with soil depth.

4.3. Contrasting depth-dependent determinants of Q10 value

Soil pH significantly and positively affected Q10 values in the upper
layer across Tibetan permafrost regions (Fig. 6c). Craine et al. (2010)
found that soil pH explained 67% of the variation in Q10 value across 71
grassland sites in North America. In 22 forest and 30 grassland sites
across China, Liu et al. (2017) also found that pH explained 42% of the
regional variation in Q10 values. Such a relationship could be explained
by the effects of soil pH on microbial community composition (Bååth
and Anderson, 2003). Soil microbial community composition is often
denoted by the fungal-to-bacterial ratio, which increases with in-
creasing soil pH (Bååth and Anderson, 2003). High fungal-to-bacterial
ratios are associated with greater temperature sensitivity of SOC de-
composition (Briones et al., 2014), leading to increased Q10 value with
increasing soil pH. In addition, BGB indirectly affected Q10 values via its
negative relationship with soil pH across Tibetan permafrost regions
(Fig. 6a), which was not found in previous non-permafrost studies. One
possible explanation is that higher BGB would lead to greater deposi-
tion of organic acids within the rhizosphere (Valentinuzzi et al., 2015),
resulting in lower pH.

In contrast to the upper layer, SOC decomposability played the most
important role in mediating the spatial variation in Q10 values in the
lower layer across Tibetan permafrost regions (Fig. 6c). As mentioned
above, similarly to the parameter B from Eq. (1) in previous studies
(e.g., Fierer et al., 2006; Ding et al., 2016a), we used Dsoc as an index of

SOC decomposability (availability and lability) of the substrates. A
negative relationship between Q10 value and Dsoc was found in the
lower layer, demonstrating that C with higher decomposability has a
lower Q10 value, thereby supporting the CQT hypothesis (Bosatta and
Ågren, 1999; Davidson and Janssens, 2006).

4.4. Possible effects of CO2 measurement methods on Q10 estimation

By definition, Q10 is the change in SOC decomposition rate with
temperature under otherwise constant conditions (Davidson and
Janssens, 2006). Soil incubations are usually used to estimate the in-
herent sensitivity of soil C to warming (e.g., Fierer et al., 2006; Craine
et al., 2010; Ding et al., 2016a). Generally, there are two types of soil
incubation methods for Q10 value estimation (i.e., parallel and se-
quential incubation approaches) (Li et al., 2017). The sequential
method has been often used, especially to compare Q10 values across a
wide variety of soils (Ding et al., 2016a; Liu et al., 2017).

Surprisingly, a recent study in the same area by Ding et al. (2016a),
involving 156 sites across the alpine grasslands, showed that the mean
soil respiration rate at 5 °C (R5) was 0.05 μg CO2eC g−1 soil h−1 and
that Q10 value was 4.29 at 0–10 cm soil depth. Compared with the
findings of Ding et al. (2016a), our results for R5 were approximately
180% higher, but the Q10 value was approximately 34% lower. Our
continuous-flow incubation system allowed all jars to be incubated si-
multaneously for the same amount of time and minimized the dis-
solution of CO2 in the water phase of the samples for alkaline soils (the
mean pH was 8.04 in 0–10 cm soil depth across the alpine grasslands in
this study). In contrast, the standard method uses decreasing incubation

Fig. 6. Structural equation model (SEM) of factors regulating the temperature sensitivity of SOC decomposition (Q10) in the upper (a) and lower (b) layers across
Tibetan permafrost regions; standardized total effects on Q10 values in the upper (c) and lower (d) layers. Solid and dashed arrows represent the positive and negative
effects in the fitted structural equation model, respectively. Widths of the arrows indicate the strength of the casual relationship. BGB and Dsoc represent belowground
biomass and SOC decomposability obtained from Eq. (4), respectively. *, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.
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time with increasing incubation temperature, varying from several
hours to days at high and low temperatures, respectively (e.g., Leifeld
and Fuhrer, 2005; Ding et al., 2016a). This may underestimate the re-
spiration rate, especially at low temperatures, and consequently over-
estimate Q10 value, because longer incubation time might allow for
greater CO2 dissolution in the water phase. Therefore, we suggest that
the continuous-flow incubation approach is advantageous for mea-
suring SOC decomposition rate and its temperature sensitivity, espe-
cially for alkaline soils.

5. Conclusions

Our results suggest that the subsurface soil C is more vulnerable to
loss with increasing temperature across Tibetan permafrost regions.
Previous predictions of the strength of the C-climate feedbacks in per-
mafrost regions may be underestimated because many soil C models
treat the whole soil profile as a homogeneous unit (e.g., Koven et al.,
2015) and ignore the higher temperature sensitivity of subsurface soil C
to warming. The differences in SOC decomposition rate and Q10 values
as well as their controlling factors between the two soil layers should be
incorporated into soil C models to produce reliable projections of the
future dynamics of permafrost C under a warming climate.
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