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A B S T R A C T

Inconsistent responses of soil organic carbon (SOC) decomposition to climate warming have been observed in
field experiments. Responses vary with the duration of experimental warming; however, even the longest
warming experiment could not account for possible future climate-driven changes in SOC decomposition. Here,
we investigated the responses of SOC decomposition to natural warming in soil samples (at soil depths of 0–10,
10–20, and 20–30 cm) collected at two altitudes (lower-elevation, warm points; higher-elevation, cool points)
with an approximate 1 °C difference in mean soil temperature, representing an infinite natural warming duration
in the Qinghai–Tibetan Plateau. We incubated these soil samples at three temperatures (i.e., 5, 10, and 15 °C)
and analyzed the CO2 emission rate to assess the responses of SOC decomposition to warming. The results
revealed higher CO2 emission rates from topsoil (0–10 and 10–20 cm) samples collected at lower-elevation
(warm points) than higher-elevation (cool points). By contrast, subsoil (20–30 cm) samples showed higher CO2

emission rates at higher-elevation points. Soil microbial biomass carbon (MBC) exhibited similar patterns in
topsoil and subsoil, indicative of the regulation SOC decomposition by MBC. Overall, CO2 emission rates were
higher in subsoil, possible the result of the high vulnerability of carbon and decreased microbial carbon use
efficiency in subsoil. For all sampling points, the largest CO2 emission rates and MBC increases were observed at
5 °C incubation temperature, demonstrating that cold-tolerant microbes may undergo adaptations that enable
their tolerance to cold conditions. Taken together, our findings provide evidence of the natural warming gradient
using a climosequence approach to illustrate the importance of microbial-mediation in controlling SOC de-
composition. Moreover, models should consider different mechanisms of soil carbon dynamics in topsoil and
subsoil when predicting carbon–climate feedback.

1. Introduction

Given the large proportion of soil organic carbon (SOC) in the ter-
restrial ecosystem, it is critical to understand its response of SOC to
global warming to predict future atmospheric CO2 concentrations (Luo,
2007; Conant et al., 2011; Giardina et al., 2014). Most carbon-climate
modelling studies predict that climate warming will stimulate microbial
decomposition of soil carbon, resulting in a positive feedback to rising
global temperatures (Cox et al., 2000, 2013; Friedlingstein et al., 2006;
Heimann and Reichstein, 2008). However, inconsistent conclusions
have been reported from field experiments of the responses of SOC
decomposition to warming, including positive (Fang et al., 2005),
neutral (Eliasson et al., 2005; Carey et al., 2016), and negative

(Bradford et al., 2008) responses.
A recent study highlighted differences in the responses of SOC de-

composition to warming under different experimental durations (Xu
and Yuan, 2017), which may explain the conflicting conclusions be-
cause of the existence of various acclimation processes including re-
duced substrate supply (Melillo et al., 2017; Pold et al., 2017), micro-
bial adjustments at the cellular and community levels (Frey et al., 2008;
Zhou et al., 2012), and changes in the quantity and quality of carbon
substrate (Giardina and Ryan, 2000; Oberbauer et al., 2007; Liu et al.,
2011; Frey et al., 2013). For example, Melillo et al. (2017) reported
intriguing trends of soil respiration responses to warming duration from
a 26-year soil warming experiment in hardwood forest. Soil respiration
steadily decreased under warming conditions during the first decade,
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and slightly decreased and then increased with warming during year
11–23. Finally, during warming of recent three years (24 to 26 years),
soil respiration again gradually declined (Melillo et al., 2017). These
findings indicate that the responses of SOC decomposition to climate
warming depend highly on the warming duration, which determines
the equilibrium conditions of carbon cycle variables with respect to
SOC decomposition. However, there are substantial interannual vari-
abilities in the responses of SOC decomposition to climate warming,
indicative of unstable stages of carbon cycle variables, which impedes
the estimation of possible future climate-driven changes in plant–soil
interactions.

To address the knowledge gaps from infinite warming duration
experiments, we investigated two sites with natural warming gradient
in the Qinghai–Tibetan Plateau (QTP). At each site, we assessed two
altitudes with a difference of mean soil temperature of about 1 °C to
represent a warming gradient. This is commonly known as a climose-
quence approach and has been successfully demonstrated in numerous
soil transplant experiments (Breeuwer et al., 2010; Zhao et al., 2014;
Liang et al., 2015; Liu et al., 2015) and altitude gradient experiments
(de Arce Crespo and Gutierrez, 2011; Yang et al., 2014). For example,
soils were transplanted from north to south to simulate climate
warming which resulted in increased microbial functional diversity
(Zhao et al., 2014).

In the present study, to better understand the responses of SOC
decomposition to climate gradients, we incubated samples from three
soil layers (0–10, 10–20, and 20–30 cm) at different altitudinal posi-
tions in the two study sites with an approximate 1 °C difference in soil
temperature measured at a soil depth of 0–15 cm soil depth.
Subsequently, we analyzed the released CO2 emission rate at three in-
cubation temperatures (5, 10, and 15 °C) and estimated the temperature
sensitivity of SOC decomposition (Q10). The objectives of this study
were to (1) investigate the differences in CO2 emission rate between the
lower- and higher-elevation sampling points, (2) assess the differences
in CO2 emission rate among different incubation temperatures and soil
depths, and (3) evaluate the temperature sensitivity of SOC decom-
position between the lower- and higher- elevation sampling points.

2. Materials and methods

2.1. Site description and sampling

Two study sites were selected in the QTP: site 1 (37°14′N, 101°31′E,
3040m above sea level) and site 2 (36°25′N, 101°27′E, 3152m above
sea level) (Fig. 1). Meteorological data for both sites were obtained
from the nearest Menyuan meteorological station (Fig. 1). Both sites
experience a typical plateau continental climate with a short, cool
summer and a long, cold winter. The mean annual air temperature is
0.9 °C and annual precipitation is 455.6mm (1960–2010). Approxi-
mately 80% of the annual precipitation occurs between May and Sep-
tember (growing season) at both sites.

At each site, two sampling points were selected along the altitude
gradient according to the following two standards. First, we measured
the soil temperature of the 0–15 cm layer in triplicate using a portable
digital thermometer at both the warm (i.e., lower-elevation) and cool
(i.e., higher-elevation) points simultaneously. We measured various
sampling points until finding a pair of lower- and higher-elevation
points with a soil temperature difference of about ~1 °C. Second, we
ensured that the soil texture and species compositions at the two
sampling points were similar. The soil sampling points were identified
at the two study sites in mid-August of 2015, at which point, the soil
temperature difference of the 0–15 cm soil layer between the warm
point and cool points was 0.9 °C at both sites (Fig. 1). At each sampling
point, three soil samples were taken at each soil depth (0–10, 10–20,
and 20–30 cm). Roots and other impurities were removed by hand from
the soil samples. Then, the soils were sieved through a 2-mm mesh and
stored at 4 °C before transporting back to the laboratory. All samples

were stored in a desk refrigerator at −20 °C until further analysis.

2.2. Incubation and measurements

The soil samples collected at different soil depths (0–10, 10–20, and
20–30 cm) from each sampling point were aliquoted into 100-g sub-
samples (equivalent to about 70 g of dry weight), which were incubated
by glass bottles at three temperatures (5, 10, and 15 °C) for 70 days.
Each treatment and temperature were tested in triplicate.

The CO2 emission rate was measured during a period of 70 days at
4-day intervals using a Li-Cor 840A CO2/H2O analyzer (Li-Cor
Environmental, Lincoln, NE, USA). The rubber stopper had two ports
connected with the gas analyzer, and the bottle and the analyzer may
be considered a closed system. The analyzer maintained an air flow
throughout the system, and recorded temperature, air pressure, and
CO2 and water content every second. For each sample, we ran the
measurement for 70 s; data from 31 to 70 s, during which the air
pressure remained constant and CO2 concentration increased gradually
and linearly, were used for the CO2 efflux calculation. The slope of CO2

concentration against time (dCO2/dt) was calculated, alongside the
slope and volume of the system. Before the incubation experiment, the
volume of the system was measured by injecting a known quantity of
air with a known CO2 concentration into the CO2-free system (cleared
by flushing with N2) and measuring the final CO2 concentration, with
the dilution factor in CO2 concentration equal to the ratio of the in-
jected air volume to the system volume (Curiel Yuste et al., 2010; Zhang
and Zhang, 2016). The CO2 emission rate was expressed as nanomoles
per gram SOC per second (nmol g SOC−1 s−1).

In addition, soil moisture, SOC content, soil microbial biomass
carbon (MBC), and soil pH were measured. A 10-g subsample of fresh
soil was oven-dried at 105 °C for 24 h to determine the soil moisture.
The soil pH was determined in a soil water suspension at a soil: water
ratio of 1:2.5 using a pH meter (Sartorius Basic PH Meter PB-10;
Sartorius, Göttingen, Germany). SOC was measured using the po-
tassium dichromate-external heating method (Zhang, 2000). The total
nitrogen (TN) was determined via digestion with H2SO4 following the
Kjeldahl method (Cabrera and Beare, 1993).

MBC was determined using the chloroform fumigation-extraction
method (Vance et al., 1987) at the beginning (CK) and end of the in-
cubation periods. Briefly, moist samples (10 g dry weight equivalent)
were extracted with 40mL of 0.5 M K2SO4 (soil:extractant ratio 1:4).
The carbon concentration in the extracts was measured using a total
organic carbon analyzer (Elementar Vario TOC; Elementar Analy-
sensysteme, Langenselbold, Germany). A conversion factor of 0.45 was
used to calculate the MBC based the difference between fumigated and
unfumigated extracts (Hou et al., 2016).

2.3. Data analysis

The temperature sensitivity (Q10) of SOC decomposition, which
represents the relative increase in the CO2 emission rate with a tem-
perature increase of 10 °C, was estimated based on the CO2 emission
rate at three temperatures at the beginning and end of the incubation
periods (days 1–17 and 53–69, respectively). Based on the mean CO2

emission rate at each incubation temperature, we established an ex-
ponential function to describe the relationship between the CO2 emis-
sion rate and soil temperature:

=R αes
βT (1)

= ×Q βexp(10 )10 (2)

where Rs is the CO2 emission rate, T is the soil temperature, α is the
base respiration, and β is the temperature-response coefficient.

Repeated measures analysis of variance was used to assess the ef-
fects of the natural warming gradient, sampling date, soil depth, and
incubation temperature on the CO2 emission rate. Multiple-comparison
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analysis was performed for SOC, TN, carbon:nitrogen ratio, soil
moisture, pH, and CO2 emission rate at different soil depths. The level
of significance for all statistical tests was P≤ 0.05. All statistical ana-
lyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. CO2 emission rate

The CO2 emission rate decreased with increasing incubation tem-
perature at all four sampling points (Fig. 2). For example, at the lower-
elevation (i.e., warm) point of site 1, the CO2 emission rates of the
0–10 cm soil sample at incubation temperatures of 10 °C and 15 °C were
25.38% and 27.89% lower than that 5 °C, respectively. Similarly, at the
higher-elevation (i.e., cool) point of site 1, the CO2 emission rates were
13.51% and 5.60% lower at incubation temperature of 10 °C and 15 °C
than at 5 °C (Fig. 2c). In addition, the CO2 emission rates at each in-
cubation temperature presented an emission peak at earlier stage, and
clearly decreased at the later stage.

The responses of CO2 emissions to the natural warming gradient
showed substantial differences between lower- and higher-elevation
sampling points (Fig. 3). Larger CO2 emissions of topsoil samples (0–10
and 10–20 cm) were observed at the lower-elevations points (Fig. 3). By
contrast, the subsoil samples (20–30 cm) showed significantly lower
CO2 emissions at the lower-elevation points than the higher-elevation
points (Fig. 3). Moreover, the largest differences in CO2 emissions were
observed at an incubation temperature of 5°C for study sites 1 and 2
(Fig. 3), and the absolute difference in CO2 emission rates tended to
decrease with increasing incubation temperature (Fig. 3). Overall, the
natural warming gradient, incubation temperature, sampling date, soil
depth, and their interactions had significant effects on CO2 emission
rate at both the temperature level and soil depth level for the two sites
(Tables 1 and 2).

The CO2 emission rate differed significantly among the three soil
layers (Fig. 4), among which the CO2 emission rate of the subsoil layer
(20–30 cm) was the largest, except for the lower-elevation point at site
2. For example, at the higher-elevation point of site 1, the mean CO2

emission rates of the 0–10 and 10–20 cm soil layer samples were
72.55% and 62.10% lower than that from the subsoil sample, respec-
tively. At the lower-elevation point of site 1, small differences in CO2

emission rate was observed among the three soil depths, with a

reduction of 21.63% at 0–10 cm and a reduction of 20.72% at 10–20 cm
relative to those of the subsoil samples.

3.2. Q10 of SOC decomposition

Lower and higher Q10 values were observed in the subsoil and
topsoil (i.e., 0–10 cm) samples, respectively, of both study sites
(P < 0.05; Fig. 5). There were no significant differences in Q10 be-
tween the warm and cool points of the two sites. Specificity, natural
warming significantly decreased the Q10 of SOC decomposition in the
0–10 cm soil layer at site 1 and increased it in the 20–30 cm soil layer at
site 2 (Fig. 5a, f). For the warm and cool points, a lower Q10 of SOC
decomposition was observed on days 53–69 than on days 1–17 of the
incubation (Fig. 5).

3.3. Microbial biomass carbon

We analyzed the changes in soil MBC under the three warming
treatments at the beginning and end of the incubation period (Fig. 6).
The MBC contents were greater (i.e., represent as positive value) for
most soil samples at the two sites (Fig. 6a, c) after 69 days than at the
beginning of incubation (CK; Table 3). These increases in MBC de-
creased with increasing incubation temperature (Fig. 6a, c). In addition,
the natural warming gradient increased the MBC in topsoil while de-
creasing it in subsoil, especially for site 2 (Fig. 6b, d). These patterns of
MBC differences between the lower- and higher-elevation points were
similar in terms of CO2 emission rate (Figs. 3 and 6b, d). Furthermore,
the results showed higher SOC/MBC ratios at the warm points than cool
points in the 10–20 cm and 20–30 cm soil layers (Fig. 7), which implied
a smaller MBC contribution to SOC at the warm points.

4. Discussion

Higher CO2 emission rates from soil samples collected at lower-
elevation (i.e., warm) points relative to higher-elevation (i.e., cool)
points were observed in the topsoil (0–10 and 10–20 cm) at both study
sites. Previous studies have indicated that warming can accelerate SOC
decomposition and strongly increase CO2 emissions (Lu et al., 2013;
Wang et al., 2014). In this study, the increasing response of MBC in
topsoil to warming was likely caused by higher microbial activity in soil
(Figs. 3 and 6b, d), as suggested previously (Bardgett et al., 2008; Frey

Fig. 1. Distribution of sampling points at the two study sites in the Qinghai–Tibetan Plateau. The soil temperature at a soil depth of 0–15 cm was measured
simultaneously at the warm (lower-elevation) and cool (higher-elevation) points.
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et al., 2008; Bell et al., 2010). Moreover, compared with the higher-
elevation points, a lower SOC content at the lower-elevation points in
the topsoil may have resulted in the higher CO2 emission rates per unit
SOC (Table 3), especially at site 2. By contrast, lower CO2 emission
rates and lower MBC were found at the lower-elevation points com-
pared with the higher-elevation points in the subsoil (20–30 cm), which
could be explained by the lower SOC content at the higher-elevation
points (Table 3) and differences in carbon quality induced by climatic
change (Chen et al., 2016). Unfortunately, we did not measure the soil
carbon fraction. Furthermore, it should be noted that we only measured
the soil temperature difference at a 0–15 cm soil depth, which did not
include the 20–30 cm soil layer.

Our results showed a higher CO2 emission rate per unit SOC in
subsoil than in topsoil, which may be attributed to the following two
explanations. First, our results may only show the dynamics of the la-
bile and fast-cycling carbon pool because of the limited incubation time
of 70 days. Thus, the subsoil at the study sites contained more fast-
cycling labile carbon than topsoil due to the high carbon vulnerability
in deeper soil than surface soil (Chen et al., 2016). A similar pattern was
observed by Wordell-Dietrich et al. (2017), who found that CO2 emis-
sions in deep soil (130–160 cm) were three times higher than those of
topsoil (2–12 cm) during the incubation period. Another possible ex-
planation for the higher CO2 emission rate in subsoil might be a lower
microbial carbon use efficiency in subsoil. Several studies have ob-
served an increasing metabolic quotient (i.e., CO2 production per mi-
crobial biomass) with increasing soil depth but a microbial biomass that
decreased with soil depth (Lavahun et al., 1996; Agnelli et al., 2004;
Salomé et al., 2010; Spohn et al., 2016). Spohn et al. (2016) assumed
that the substrate in the subsoil was more recalcitrant and micro-
organisms allocated relatively more carbon to maintenance respiration
other than growth compared with the topsoil.

In addition, our results showed higher CO2 emission rates and
greater increases in MBC at a 5 °C incubation temperature at all sam-
pling points (Figs. 2 and 6a, c). This result might be attributed to
thermal stress of soil microorganisms triggered by a temperature in-
crease to 10 or 15 °C. A similar result from a previous cooling experi-
ment showed that the microbial respiration rate increased significantly
when incubation temperature was decreased from 15 to 5 °C in an al-
pine steppe on the QTP (Chang et al., 2012). These responses were
probably driven by physiological adaptations of microorganisms to low
temperatures (Rinnan et al., 2009). Microbes can adapt and become
tolerant to cold conditions, enabling the maintenance of membrane

fluidity or synthesis cold-tolerant enzymes (Margesin et al., 2007). An
increase in temperature could reduce the activity of such cold-tolerant
enzymes, which would decrease microbial respiration (Margesin et al.,
2007) and further decreases CO2 emissions. Thus, under the long-term
cold conditions in our study, where labile carbon depletion occurred
more slowly, microbes could adjust their optimal temperature to colder
temperatures (i.e., a 5 °C incubation temperature) through acclimati-
zation. Other lines of evidence have supported this conclusion, showing
that microbial individuals had lower growth and respiration rates at
high temperatures than at intermediate or low temperatures (Crowther
and Bradford, 2013; Yu et al., 2018). For example, a recent incubation
experiment indicated that soil microbes did not adjust their growth
rates, respiration rates, or resource use strategies (e.g., carbon uptake
and carbon use efficiency) in response to warming (Walker et al., 2018).

Lower Q10 values were observed in the subsoil samples at both sites
in the present study. In general, with increasing soil depth, organic
matter becomes increasingly chemically recalcitrant (Spielvogel et al.,
2008). Based on the Arrhenius equation, reactants with more complex
chemical structures were always accompanied by a higher activation
energy (Arrhenius, 1889); thus, reactants with higher activation en-
ergies should exhibit high temperature sensitivity (Davidson and
Janssens, 2006). Therefore, in theory, the Q10 of SOC decomposition
should increase with depth. However, our results did not support this
prediction. There are two possible explanations for this. First, the
physical protection of SOC by aggregation or association with soil mi-
nerals tends to increase with depth, which may lead to a physical dis-
connect between microbes and substrate and a lower temperature de-
pendence of microbial respiration in deeper soils (Gillabel et al., 2010;
Pang et al., 2015). As the depth increases, substrate limitation for mi-
crobes because of physical protection of SOC may result in a decreased
Q10 with depth (Conant et al., 2011). Second, distinct microbial com-
munities at different depths may have different thermal optima because
of different physiological adaptations to specific temperature regimes
(Fierer et al., 2003; Tian et al., 2016). For example, warming can induce
a shift in the composition of the microbial community, most likely re-
sulting in a reduced temperature dependency (Zhou et al., 2012).

In addition, there was no difference in the temperature sensitivity of
SOC decomposition between lower- and higher-elevation points at all
sampling depth except in the 0–10 cm layer of site 1 and 20–30 cm layer
of site 2. A recent study also showed no significant differences in the
Q10 between control and warming plots in all biomes, apart from desert
and boreal forests (Carey et al., 2016). Considering that significant

Fig. 2. CO2 emission rates at the warm (lower-elevation) and cool (higher-elevation) points at the three incubation temperatures (5, 10, and 15 °C) of soil collected at
different soil depths (0–10, 10–20, and 20–30 cm). Both the repeated measures throughout the experiment at site 1 (a and b, d and e, g and h) and site 2 (j and k, m
and n, p and q) and the average CO2 emission rates over time (c, f, i, l, o, r) are shown. Different lowercase letters represent significant differences among the three
temperature treatments between the two sites.

Fig. 3. Differences in CO2 emission rates between
the lower-elevation (warm) and higher-elevation
(cool) points among different temperature levels (5,
10, and 15 °C) and different soil depths (0–10,
10–20, and 20–30 cm). Different lowercase letters
show the significant differences among different
temperature treatments and soil depths.
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interactions between warming duration and warming treatment were
observed in a previous study (Melillo et al., 2010), our study was ne-
cessary to fully clarify the interactions between warming duration and
other ecosystem components (e.g., carbon substrate quality and quan-
tity, water availability, and changes in microbial community).

Therefore, in this study, we applied a climosequence approach to
examine the effects of climate gradient on SOC decomposition, whereas
most studies have only focused on field or laboratory warming ex-
periments (Luo et al., 2001; Hou et al., 2016; Hu et al., 2016). Our
results suggest that rising temperature may not always cause positive
feedback in the soil carbon cycle when considering the soil depth de-
pendence. A recent study found a significant SOC density increase in
subsurface soil (i.e., 10–20 cm and 20–30 cm layers) on the QTP (Ding
et al., 2017), possibly linked to shifts in root biomass allocation towards
deeper soil under a changing climate (Yu et al., 2015). Such SOC sta-
bilization and destabilization mechanisms at increasing soil depth may
invoke uncertainties in global carbon models (Wu et al., 2018). Pre-
vious carbon turnover models have applied the same carbon miner-
alization mechanisms for topsoil and subsoil, simply parameterizing
them differently or inducing a factor to affect the rate of decomposition

in subsoil layers (Jenkinson and Coleman, 2008). Thus, incorporating
the mechanism specific to deeper soil carbon dynamics in models is
important for accurately predicting carbon–climate feedback. Further-
more, earth system models should not ignore microbial adaptations to
cold soil temperatures in high-latitude and high-elevation regions.

Note that the soil processing may cause soil aggregate disruption
and further influence CO2 emission rates. Previous studies reported an
increase in readily decomposable C after aggregate disruption because

Table 1
Results (F-statistic and P-value) of repeated measures analysis of variance on the effects of natural warming gradient (W), incubation temperature (T), date (D), and
their interactions on CO2 emission rates of soil at different depths among two sites. Bold values are the significant at P < 0.05.

Site Effect 0–10 cm 10–20 cm 20–30 cm

F P F P F P

Site 1 Warming (W) 46.24 < 0.001 0.01 0.907 78.39 < 0.001
Temperature (T) 8.62 0.005 35.53 < 0.001 33.58 < 0.001
Date (D) 47.11 < 0.001 17.43 < 0.001 16.24 < 0.001
W ∗ T 3.85 0.051 0.47 0.636 6.75 0.011
W ∗D 6.28 < 0.001 1.43 0.126 2.52 < 0.001
T ∗D 5.83 < 0.001 1.36 0.100 2.91 < 0.001
W ∗ T ∗D 2.62 < 0.001 1.56 0.032 1.82 0.006

Site 2 Warming (W) 83.23 < 0.001 74.93 < 0.001 151.94 < 0.001
Temperature (T) 2.94 0.091 39.85 < 0.001 58.48 < 0.001
Date (D) 32.73 < 0.001 11.26 < 0.001 15.79 < 0.001
W ∗ T 1.45 0.274 1.99 0.180 15.55 < 0.001
W ∗D 2.38 0.002 1.94 0.017 3.69 < 0.001
T ∗D 2.70 < 0.001 3.10 < 0.001 1.85 0.005
W ∗ T ∗D 2.16 < 0.001 2.12 < 0.001 1.33 0.116

Note: each effect in the mixed model is shown with the corresponding F-statistic and P-value calculated from the repeated measures ANOVA (n= 3).

Table 2
Results (F-statistic and P-value) of repeated measures analysis of variance on
the effects of natural warming gradient (W), soil depth (SD), date (D), and their
interactions on CO2 emission rates of soil from two sites incubated at different
temperatures. Bold values are the significant at P < 0.05.

Site Effect 5 °C 10 °C 15 °C

F P F P F P

Site1 Warming (W) 24.30 < 0.001 13.11 0.004 7.03 0.021
Soil depth
(SD)

101.72 < 0.001 36.17 < 0.001 23.69 < 0.001

Date (D) 18.85 < 0.001 11.26 < 0.001 28.63 < 0.001
W ∗ SD 49.73 < 0.001 18.36 < 0.001 18.66 < 0.001
W ∗D 2.91 < 0.001 0.96 0.505 2.66 < 0.001
SD ∗D 2.95 < 0.001 2.58 < 0.001 2.49 < 0.001
W ∗ SD ∗D 2.62 < 0.001 1.35 0.106 1.48 0.053

Site 2 Warming (W) 8.41 0.013 0.24 0.631 2.29 0.157
Soil depth
(SD)

96.45 < 0.001 30.64 < 0.001 24.26 < 0.001

Date (D) 11.27 < 0.001 14.58 < 0.001 31.64 < 0.001
W ∗ SD 102.71 < 0.001 47.79 < 0.001 42.89 < 0.001
W ∗D 1.66 0.052 1.55 0.080 2.12 0.007
SD ∗D 1.37 0.094 2.75 < 0.001 3.81 < 0.001
W ∗ SD ∗D 2.67 < 0.001 2.20 < 0.001 1.76 0.009

Note: each effect in the mixed model is shown with the corresponding F-statistic
and P-value calculated from the repeated measures ANOVA (n= 3).

Fig. 4. CO2 emission rates at the warm (i.e., lower-elevation) and cool (i.e.,
higher-elevation) points at different soil depths (0–10, 10–20, and 20–30 cm)
under three incubation temperatures (5 °C, 10 °C, and 15 °C). Both the repeated
measures throughout the experiment at site 1 (a and b, d and e, g and h) and site
2 (j and k, m and n, p and q) and average CO2 emission rates over time (c, f, i, l,
o, r) are shown. Different lowercase letters show significant differences among
different soil depths at the two sampling points.
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unprotected soil aggregate exposed more surface areas (Hassink, 1992),
most probably resulting in higher CO2 emission rates (Barreto et al.,
2009). Moreover, the aggregate disruption may lead to a lower fun-
gal:bacterial ratio with decreased fungal and increased bacterial
abundance (Otten et al., 2001; Keiblinger et al., 2010). For example,
previous studies indicated the ratio of fungal to bacterial may be de-
creased with increased intensity of cultivation (Bailey et al., 2002; Six
et al., 2006), because of the fungal mycelia were more easily disturbed

while the bacteria were not affected after aggregate disruption. In ad-
dition, the shifting in microbial community structure may further in-
fluence their acclimation with incubation period (Craine et al., 2013).
Our results are based on 70-day incubation length used, but tempera-
ture sensitivity can vary with incubation time. For example, previous
study found reduced temperature sensitivity with long incubation
periods (Craine et al., 2013). Therefore, although incubation experi-
ments have been performed successfully in various studies (Das et al.,

Fig. 5. Temperature sensitivity (Q10) of soil organic
carbon (SOC) decomposition during the beginning
(days 1–17) and end (days 53–69) of incubation.
Lowercase letters represent significant differences
between the values on days 1–17 and 53–69 at the
warm points and cool points, respectively. The red
and blue dotted lines indicate the mean Q10 in warm
and cool points, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. Differences in soil microbial biomass carbon (ΔMBC) at the beginning of and after incubation (MBC–CK, left panel) and between warm (i.e., lower-elevation)
and cool (higher-elevation) points (warm–cool, right panel) of soil samples collected at different depths at the two study sites.
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2011; Lin et al., 2015; Schindlbacher et al., 2015; Chen et al., 2016; He
and Yu, 2016), due to disturbances in soil processes (e.g., soil structure
and soil aggregates), in-situ field measurements should be considered in
future work.

It should be also noted that the mean annual temperature at our
study site was 0.9 °C; therefore, the tested incubation temperatures (i.e.,
5, 10, and 15 °C) might overstate the effects of climate warming on the
QTP. Moreover, only a temperature difference of about 1°C was con-
sidered for the natural climate gradient; therefore, further research is
needed to test greater natural temperature gradients, as well as dif-
ferent incubation temperatures.

5. Conclusion

This study illustrates the importance of microbe-mediated control
SOC decomposition at soil depths of 0–30 cm at two sites on the QTP in
a natural warming gradient experiment. The results revealed that the
natural warming gradient significantly increased the CO2 emission rate
per unit SOC in topsoil, but decreased this rate in subsoil. Such differ-
ences were related to differences in microbial activity (i.e., MBC) and
SOC content between warm (i.e., lower-elevation) and cool (i.e., higher-
elevation) points at each study sites. The higher CO2 emission rates
from deeper soil might be attributed to higher carbon vulnerability and
decreased microbial carbon use efficiency in subsoil compared with
topsoil. Our results also revealed a greater CO2 emission rate at a 5 °C
incubation temperature in the soil samples from both warm and cool
points, suggesting that rising temperatures on the QTP may not con-
sistently cause positive feedback in the soil carbon cycle. These findings

clearly indicated that substrate supply and microbial adaptation have
important roles in controlling SOC decomposition, especially in deeper
soils.
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