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Abstract
Background Soil is an important organic carbon (C) pool
in terrestrial ecosystems, but knowledge on soil organic
carbon (SOC) decomposition rate and influencing factors
remains limited, particularly in arid and semi-arid grass-
lands. Models show that global semi-arid regions are
experiencing more extreme climate events, which may
trigger more C loss from soils.
Methods We used the stable carbon isotope (δ13C) of
plant and soil depth profile to examine decomposition
rates of SOC along a 2200 km semi-arid grassland tran-
sect in northern China. Beta (β) was calculated from the

relationship between δ13C and C concentrations of plant
and soil profile (0–100 cm). Partial correlation analysis
and structure equation models were used to analyze
correlations between beta and climatic and edaphic
variables.
Results We found that the δ13C values increased from
plant tissues to surface soil and then deep soil at all sites,
while the SOC concentration decreased. The β values
ranged from −0.33 to −2.27, with an average value at
−1.37. There was a positive correlation between β value
and SOC decomposition rate constant (k), supporting
the hypothesis that enrichment of δ13C along soil depth
profile was mainly due to isotopic fractionation during
microbial SOC decomposition. The correlation between
β value and aridity index was mainly due to the varia-
tions of edaphic properties such as soil C/N ratio with
aridity index, pointing to the more important role of
edaphic properties in β value than climatic factors.
Conclusions Despite uncertainties associated with
the interpretation of soil δ13C along its depth
profile, our results demonstrated that soil δ13C
could provide an independent benchmark for ex-
amining model-based predictions of SOC decom-
position in semi-arid grasslands. Incorporation of
both climatic and edaphic variables into models
may enhance the predictions for SOC dynamics
under global climate changes.
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Abbreviations
N Nitrogen
C Carbon
SOC Soil organic carbon
SOM Soil organic matter
MAP Mean annual precipitation
MAT Mean annual temperature
AI Aridity index
PET Potential evaportranspiration
SEMs Structure equation models

Introduction

Semi-arid grasslands occupy a substantial proportion of
terrestrial cover and are significant components of global
biogeochemical cycles (Delgado-Baquerizo et al. 2013;
Reynolds et al. 2007). Specifically, the soils in semi-arid
grasslands store about 15% of global organic carbon (C)
(Anderson 1991; Lal 2004), whichmay bemore sensitive
to changing precipitation regimes under global climate
change because drying/wetting cycles may trigger a rapid
pulse of soil biological activity and thereby influencing
soil C cycling (Dijkstra et al. 2012; Nielsen and Ball
2015; Reed et al. 2012). However, the reliable gauge of
soil organic carbon (SOC) decomposition rate and its
controlling factors remains the challenging tasks, espe-
cially in the semi-arid grasslands. In addition, most stud-
ies on SOC decomposition only focus on surface soils,
while more studies recognize that deep soils (> 50 cm)
also contain large amount of C which could also be
decomposed over time (Fontaine et al. 2007). An inte-
grated estimation of SOC decomposition rate along the
whole soil profile could help us better understand and
predict reactions of SOC to changing climate.

The stable carbon isotopic composition (δ13C) in soil
has been considered as an integrative measure of SOC
decomposition (Bird et al. 1996), and therefore it could be
a potential approach for understanding soil C dynamics
across regional and global scales (Nadelhoffer and Fry
1988; Staddon 2004). Because most soil organic matter
(SOM) originates from plant residues, soil δ13C reflects its
plant tissue sources and the subsequent processes within
the soil (Ehleringer et al. 2000; Schweizer et al. 1999). It is
widely observed that δ13C of SOC varied with soil depth
profile (Accoe et al. 2002; Brunn et al. 2014; Garten et al.
2000; Powers and Schlesinger 2002). Subsurface SOC
generally is enriched with δ13C up to several parts per
thousand than C in aboveground plant litter inputs, the O

horizon and surface mineral SOM, concomitantly with
decreasing SOC concentration (Fig. S1). The commonly
held hypothesis associated with this pattern of soil δ13C is
that microbes prefer the lighter 12C during the formation of
soil organic matter and leave the heavier 13C in the solid
substrate, producing more enriched δ13C with soil vertical
profiles. These trends result in negative linear correlation
between the log-transformed SOC concentration and soil
δ13C (Acton et al. 2013; Garten et al. 2000; Garten and
Hanson 2006; Powers and Schlesinger 2002). The slope
of the linear regression (i.e. β value) between soil δ13C
and the log-transformed SOC concentration has been
considered as a proxy of SOC decomposition rates
(Garten et al. 2000; Kohl et al. 2015; Poage and Feng
2004). However, few studies have provided direct evi-
dence of correlation between β values and soil SOC
decomposition rates. Of course, the Suess effect (the mix-
ture of anthropogenic, isotopically depleted CO2 caused
the decrease in atmospheric δ13C-CO2) (Boström et al.
2007) and the mixing of different C sources (Acton et al.
2013; Diochon and Kellman 2008) may also cause the
increasing pattern of soil δ13C with depth. Therefore, it is
important to identify which mechanism explains the most
of the variation of soil δ13Cwith depth in order to use δ13C
of SOC effectively to study SOM decomposition.

Empirical studies have identified factors which regu-
late β values, including climatic factors, e.g. temperature
(Campbell et al. 2009; Garten et al. 2000), precipitation
(Acton et al. 2013) and soil properties (Wynn et al. 2006).
However, most of these studies were conducted in tem-
perate and tropical forests, with limited coverage of arid
and semi-arid grasslands (Acton et al. 2013; Powers and
Schlesinger 2002). Arid and semi-arid grasslands are
characterized with low precipitation with pulse rainfall
events, and microorganisms in those soils may be more
sensitive to environmental changes, resulting in more C
losses than forest soils (Carvalhais et al. 2014). The
biogeochemical cycling processes in arid and semi-arid
areas may be driven by different biotic and abiotic factors
from other ecosystems (Feng et al. 2016; Luo et al. 2016).
Whether the soil δ13C depth profiles and β values ob-
served in forests still hold true in arid grasslands still
needs to be explored.

In this study, we investigated δ13C signatures of plant
and soil depth profile at 27 sites along a 2200 km semi-
arid grassland in northern China (Fig. S2). The slope (β
value) of linear relationship between δ13C and logarithm
of plant leaf and soil in top meter of soil depth profile
was calculated. We hypothesized that (1) soil δ13C
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increases with depth profile for each study site along the
grassland transect; (2) microbial 13C discrimination dur-
ing SOC decomposition is the dominant mechanism
causing increasing δ13C with depth and consequently
β value would be positively correlated with SOM min-
eralization rate; and (3) β value would correlate with
climatic and edaphic factors, reflecting their potential
effects on SOM mineralization. This study could then
provide clues on soil carbon dynamics in semi-arid
regions and the potential feedbacks to climatic changes.

Material and methods

Study sites

Study areas were located in the Inner Mongolia grass-
lands in northern China.We selected a 2200 km grassland
transect from east to west across the whole study region,
which covered approximately 24° ranging from 96°40′ E
to 120°28′ E and with latitude ranging from 39°51′ N to
50°30′N (Fig. S2). Elevation declines from about 1200m
in the west to approximately 600 m in the east. However,
the topography is muted, with tablelands and gently
rolling hills (Feng et al. 2016). The climate is predomi-
nantly arid and semi-arid continental; the mean annual
precipitation (MAP) ranges from 90 mm to 420 mm and
mean annual temperature (MAT) ranges from −2 °C to
+7 °C. Along this east-west climate gradient, the study
areas cover three vegetation types: desert steppe, typical
steppe and meadow steppe (Wang et al. 2016; Wang et al.
2014). The parent material of soils is formed primarily
since early Holocene. Soils can be classed into Haplic
Calcisols, Calcic Cambisols and Calcic Kastanozems
from west to east (Feng et al. 2016). The Haplic
Calcisols were in an initial stage of soil formation, where
calcium carbonate accumulated on the soil surface and
lacked a calcic horizon. The Calcic Cambisols developed
a minimal B horizon. At the wetter sites, Calcic
Kastanozems were well developed with secondary
(pedogenic) carbonate accumulation at depth. The calci-
um oxide accumulated in subsurface horizons to 20–
50 cm for Calcic Cambisols and >40 cm for Calcic
Kastanozems (Feng et al. 2016).

Soil and plant sampling

We conducted the field sampling campaign during July
and August in 2012, and a total of 27 locations (number

from 1 to 27) were selected with amean interval of 60 km
(Fig. S2). At each location (predominant by C3 plants),
two large plots (50 m × 50 m) at a distance of less than
2 km were setup first and then five 1 m × 1 m sub-plots
were selected at each corner and the center of each large
plot. In each 1 m × 1 m sub-plot, every species was
identified, chipped at the ground level and pooled for
aboveground biomass calculation. Then twenty soil cores
in each 1 m × 1 m sub-plot were collected and divided
into 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm and 60–
100 cm depth segments and bulked to form one compos-
ite sample for each segment per sub-plot. Finally, each
sampling site had ten soil replicates.

For plant samples, two dominant grass genera (Stipa,
Leymus) and three shrub genera (Caragana, Reaumuria
and Salsola) were selected for isotope analyses. For
Stipa, and Leymus, we sampled both leaves and roots
(0–30 cm soil depth). Plant leaf and root samples were
washed with deionized water to remove dust particles
and then dried at 65 °C for 48 h for further analyses.

Laboratory analyses

Soil sub-samples were sieved through a 2 mm sieve and
dried at 65 °C. Both plant and soil samples were ground
in a ball mill and then stored in a plastic bag until further
analysis. Following the method described by Harris et al.
(2001), all soil samples were washed using 10–50 mL of
0.5 M HCl to remove carbonate and washed twice with
distilled water before carbon elemental and isotopic com-
position analysis. Another balled soil sub-sample without
HCl washing treatment was used to analyze total N
concentration. All analyses for SOC, total N concentra-
tion and C isotope ratios were carried out at the Stable
Isotope Faculty of University of California, Davis. About
3 mg of leaf and root samples and 20 mg of soil samples
were loaded into a capsule and determined using an
Elementar Vario EL Cube (Elementar Analysis system
GmbH, Hanau, Germany) interfaced to a PDZ Europa
20–20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK), with an overall precision better than
0.2‰. Isotope value was expressed in parts per thousand
(‰) relative to Pee Dee Belemnite (PDB) for 13C/12C,
using standard delta (δ) notion.

To determine the soil microbial respiration, we car-
ried out a 21-day-long soil C decomposition experiment
in laboratory. 100 g of air-dried soil was placed in a
polypropylene column (2 cm in diameter, 30 cm in
height) and water holding capacity (WHC) was adjusted
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to 60%. The CO2 accumulated in the polypropylene
column during the incubation was sampled and then
measured by an infrared CO2 analyzer (LiCOR 6262,
Lincoln, NB, USA). Soil water content was maintained
at 60% WHC throughout the incubation by daily addi-
tion of deionized water as necessary.

A sub-sample soil sieved through a 2.0 mm screen
(10 g) was used for pH value in water at a 1: 2.5 soil/
water ratio and another sub-sample was fractionated into
sand (particle size, 50–300 μm), silt (2–50 μm), and clay
(< 2 μm) using ultrasonic energy method. All results of
particle size analysis were expressed as percentage, by
weight, of the oven-dried soil. The concentration of
phosphorus (P) determined at 880 nm by molybdate
colorimetry on a spectrophotometer. The concentrations
of potassium (K), calcium (Ca), magnesium (Mg), copper
(Cu), manganese (Mn), iron (Fe) and zinc (Zn) were
measured either using inductively coupled plasma mass
spectrometry (Perkin Elmer, ELAN-6000) or inductively
coupled plasma emission spectroscopy (Perkin Elmer,
OPTIMA 3000 DV) (Luo et al. 2016).

Meteorological data

The spatial geographical coordinates and elevation of
each sampling location were recorded by GPS (eTrex
Venture, Garmin, USA). MAP, MAT and Potential
Evapotranspiration (PTE) of each sampling location were
calculated from the WorldClim database (Hijmans et al.
2005) using ArcGIS 10.0 Spatial Analysis tool (SERI,
Redlands, CA) based on the geographical coordinates
(latitude and longitude).

Data analyses

Since the temperature and precipitation covary along the
transect, we used aridity index (AI = MAP/PET) to pres-
ent climatic variable. We made an ordinary least squares
(OLS) regression between the logarithm of C concentra-
tion and δ13C in leaves, roots and mineral soils (all five
depths) for each site (Fig. S1). The slopes of regression
were considered as the β values. Soil decomposition rate
constants (k, yr.−1) were calculated by dividing measured
CO2 respiration rates in incubation experiment by the
corresponding soil carbon concentration. We employed
OLS regression analyses to qualify the relationship be-
tween β value and k. In addition, bivariate relationships
between climatic variables (AI) and δ13C / β value were
estimated using zero-order correlations (with all edaphic

variables) and partial correlations by controlling for a
single edaphic variable (i.e. clay, silt, pH, N, C/N ratio,
P, K, Ca, Mg,Mn, Fe, Zn, Cu) and all variables combined
(All). We further used structure equation models (SEMs)
to explore primary driving factors on variations of β
value. We started the SEMs procedure with the specifica-
tion of a conceptual model of hypothetical relationships,
based on a priori and theoretical knowledge. In the SEMs
analysis, we compared the model-implied variance-co-
variance matrix against the observed variance-
covariance matrix. Data were fitted to the models using
the maximum likelihood estimation method. For simplic-
ity, the least significant path was deleted and the model
was re-estimated; then the next least significant path was
removed, and so on, until the paths that remained in the
final SEM were all significant. Non-significant χ2 tests
(p > 0.05) and CFI values over 0.90 were considered
acceptable. The direct and indirect effects were based on
SEM which simulates the cause-consequence relations
among variables and predicts the direct (significant cor-
relation with beta) and indirect (non-significant
correlation with beta) effects statistically considering the
inter-correlation among independent variables.

Results

Carbon concentration and δ13C

The leaf carbon concentration of the five genera we
sampled ranged from 36.8% to 46.4% with an average
at 43.8% (Table S1). On average, leaf δ13C was
−26.6‰, which was 1.5‰ more 13C–depleted than
surface soil δ13C (Table 1). The mean SOC concentra-
tion decreased from 1.16% to 0.37% with increasing
depth while the mean soil δ13C values increased from
−25.1‰ to −23.1‰ (Table 1 and Table S1). Along this
semi-arid grassland transect, the vertical enrichment in
Δδ13C (Δδ13C = δ13Csoil (100cm) - δ

13Cleaf) ranged from
0.6‰ to 6.5‰ with an average at 3.7‰ (Table 1).

β values

Ordinary least squares regression of δ13C with the log-
arithm of SOC fit the data well for most of the site, as
judged by R2 and P values (Table 1). The estimated
regression slopes, i.e. β values, for 27 sites ranged from
−0.33 to −2.27 (Table 1). Because lower β value means
faster SOC decomposition, we made a negative log-
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transformation for β to make it easier to understand and
got ln(−β) ranging between −0.41 and 0.82 with a mean
value at 0.23 (Table 1). There was a significantly posi-
tive relationship between ln (−β) and soil carbon de-
composition rate ln(k), with R2 at 0.51 (Fig. 1). Besides,
a weak relationship was observed between leaf δ13C and
surface soil δ13C (R2 = 0.21, P < 0.01, Fig. S3). In
addition, surface soil δ13C was positively correlated
with ln(−β) along the transect (Fig. S3).

Factors affecting soil δ13C and ln(−β)

The δ13C values of surface soils were negatively correlat-
ed with AI, soil N, soil C/N, soil silt concentration

(Fig. S4) and soil P (Fig. S5) with R2 at 0.47, 0.43,
0.49, 0.24 and 0.30 respectively. Moreover, soil δ13C
was positively correlated with pH (R2 = 0.43, P < 0.01;
Fig. S4) and Fe (R2 = 0.14, P = 0.05; Fig. S5).

We found that ln (−β) decreased with the increasing
AI (R2 = 0.59, P < 0.01; Fig. 2a), soil N (R2 = 0.38,
P < 0.01; Fig. 2c), and soil C/N (R2 = 0.65, P < 0.01;
Fig. 2d). Positive relationships were observed between
ln (−β) and soil pH (R2 = 0.54, P < 0.01; Fig. 2b) as well
as soil Cu, Zn, Mg, and Fe (Fig. S6).

Although AI had significant effects on ln (−β) (zero-
order, Table 2), partial correlation analysis (n = 270) re-
vealed that the Pearson correlation coefficients between
AI and ln (−β) decreased significantly after removing

Table 1 Mean δ13C values (‰) of leaf, root (0–30 cm) and soil (0–100 cm) at 27 sites along the grassland transect.Δδ13C = δ13C soil(60-100cm) -
δ13Cleaf. Beta (β) values were from linear regressions between log (SOC) and δ13C (Fig. S1)

Site Leaf Root 0–10 10–20 20–40 40–60 60–100 Δδ13C β ln (−β) R2 P

1 -26.3 - −26.1 −22.6 −21.7 −21.6 −21.6 4.3 −1.24 0.22 0.64 0.05

2 −27.4 −25.7 −25.0 −20.3 −22.3 −20.7 −21.6 5.9 −1.93 0.66 0.77 0.01

3 −26.3 −24.6 −25.0 −20.7 −21.4 −20.1 −21.5 4.4 −1.64 0.50 0.69 0.01

4 −26.8 −25.3 −24.4 −20.7 −21.0 −21.3 −20.1 6.3 −2.02 0.70 0.82 0.00

5 −25.8 −24.8 −25.3 −23.3 −22.2 −21.0 −22.0 3.7 −1.21 0.19 0.55 0.05

6 −26.4 −25.2 −23.5 −21.2 −21.7 −20.9 −21.3 5.1 −1.74 0.56 0.79 0.00

7 −26.8 −25.9 −25.3 −23.1 −23.0 −23.5 −24.5 1.9 −1.29 0.26 0.70 0.00

8 −26.6 −25.1 −24.5 −20.2 −20.8 −21.5 −21.6 5.0 −1.92 0.65 0.70 0.02

9 −26.7 −26.1 −24.1 −21.9 −21.7 −20.3 −20.1 6.6 −2.27 0.82 0.78 0.00

10 −25.7 −25.8 −23.4 −21.2 −20.3 −21.1 −20.9 4.9 −1.80 0.59 0.87 0.00

11 −25.5 −25.7 −24.1 −22.6 −21.6 −20.4 −21.2 4.3 −1.52 0.42 0.78 0.00

12 −26.1 −25.5 −23.3 −21.0 −20.6 −20.3 −20.1 6.5 −2.20 0.79 0.91 0.00

13 −26.4 −24.2 −23.5 −20.9 −21.4 −22.3 −23.9 4.5 −1.42 0.35 0.70 0.02

14 −26.2 −24.6 −24.8 −22.6 −23.0 −23.2 −23.8 2.9 −1.36 0.31 0.78 0.01

15 −26.7 −25.2 −23.9 −22.2 −22.7 −23.6 −23.1 3.9 −1.45 0.37 0.75 0.00

16 −27.4 −25.6 −24.3 −23.1 −23.6 −24.8 −24.4 3.4 −1.16 0.15 0.60 0.02

17 −27.1 −25.5 −26.4 −24.4 −24.4 −24.5 −24.4 3.3 −1.02 0.02 0.54 0.03

18 −27.4 −25.6 −25.7 −24.3 −24.1 −25.0 −25.8 1.6 −0.98 −0.02 0.62 0.02

19 −26.7 −26.2 −26.0 −24.9 −25.0 −24.1 −25.2 1.9 −0.93 −0.08 0.62 0.01

20 −27.2 −26.4 −27.1 −24.7 −24.9 −24.7 −24.8 2.3 −1.27 0.24 0.65 0.03

21 −26.7 −26.0 −25.0 −22.6 −22.8 −23.9 −23.6 3.6 −1.54 0.43 0.78 0.00

22 −26.1 −25.9 −25.1 −23.8 −23.8 −21.8 −21.2 4.9 −1.65 0.50 0.61 0.04

23 −26.7 −25.5 −25.8 −23.7 −24.6 −24.2 −24.1 2.9 −0.96 −0.04 0.64 0.01

24 −26.6 −26.6 −25.8 −26.0 −24.3 −25.3 −25.4 2.0 −0.74 −0.30 0.56 0.02

25 −26.1 −26.5 −25.9 −24.5 −25.0 −24.8 −25.1 1.0 −0.73 −0.32 0.68 0.01

26 −27.2 −27.0 −26.6 −26.4 −26.6 −26.1 −26.4 0.6 −0.33 −0.26 0.76 0.00

27 −27.3 −26.6 −27.1 −25.6 −25.6 −25.8 −25.9 1.6 −0.66 −0.41 0.62 0.01

Mean −26.6 −25.7 −25.1 −22.9 −23.0 −22.8 −23.1 3.7 −1.37 0.23
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edaphic variables (‘All’, Table 2). Furthermore, we built
structure equation models (SEMs) to develop the paths
between climatic and edaphic variables and ln (−β)
(Fig. S7). The final SEMs revealed that AI had predom-
inately indirect effect on ln (−β) via their influence on soil
C/N ratio (Fig. 3 and Table S2).

Discussion

Our results showed that δ13C increased along soil depth
profile at all semi-arid grassland sites (Table 1), which
supported our hypothesis (1) and agreed with the widely
reported phenomenon of enrichment of soil δ13C with
increasing soil depth (Accoe et al. 2002; Boström et al.
2007; Garten et al. 2000; Nadelhoffer and Fry 1988;
Powers and Schlesinger 2002). Mean δ13C enrichment
in our semi-arid grassland soil was 3.7‰, which was
lower than the observations in Costa Rica rain forest
(5.9‰) (Powers and Schlesinger 2002) and Amazonian
forest (5.0‰) (Desjardins et al. 1994), but higher than
that in a temperate mature beech (3.4‰) (Brunn et al.
2014) and a boreal forest (1.2‰) (Flanagan et al. 1996).
This difference in the enrichment of soil δ13C with depth
may be attributed to the differences of the quality and
quantity of aboveground plant C inputs and the conse-
quences of C cycling processes in soil depth profiles.

As summarized in the introduction, several processes
have been proposed to explain the δ13C enrichment with
increasing soil depth (Ehleringer et al. 2000; Garten et al.
2000; Wynn et al. 2006). Average δ13C of atmospheric
CO2 has been decreasing from −6.5‰ to −7.8% since the

industrial revolution owing to the combustion of 13C–
depleted fossil fuel and biomass burning (Friedli et al.
1987). Therefore, this Suess effect could have caused the
pattern of increasing δ13C with depth because deeper soil
is older and less affected by changing δ13C of atmospher-
ic CO2 (Wynn et al. 2006). However, the decrease in
δ13C-CO2 was smaller (i.e., 1.4–1.5‰) than the average
decrease of δ13C along our grassland transect (3.7‰),
pointing to other mechanisms besides the Suess effect. In
addition, Torn et al. (2002) showed that the δ13C profiles
of a modern soil and its 100-year-old archive soil from
the same site were similar, indicating that the gradient of
soil δ13C with depth was not due to depletion of atmo-
spheric 13CO2 by fossil fuel combustions.

Second, different SOM sources and mixing effects
may contribute to the enrichment of δ13C along soil
depth (Acton et al. 2013; Garten et al. 2000). Many
studies showed that δ13C value of plant roots was gen-
erally more enriched than leaf from the same plant
(Garten et al. 2000; Powers and Schlesinger 2002).
Therefore, if deep soil C mainly came from root litter
while leaf and stem derived litter contributed more to
surface soils, the δ13C pattern of SOC should increase
with depth (Wynn et al. 2006). Of course, root litter may
contribute more than leaf litter to surface soil instead,
nullifying this assumption and thereby minimizing the
possibility of this mechanism underlying the enrichment
of δ13C along soil depth. Another research conducted by
Kohl et al. (2015) suggested that increased proportions
of soil bacteria (13C enriched) relative to fungi (13C
depleted) biomass with depth may also contribute to
increasing δ13C with depth via contributions from
Bnecromass^ to SOC. However, the contribution from
microbial debris or vegetation tissues to variations of
δ13C of SOC is still difficult to assess. The carbon
isotopic signature of different SOM sources may mix
and offset each other, causing no significant change of
δ13C along the soil depth profile. Besides, the propor-
tion of carbonate in total carbon was difference among
sites, which may influence soil aggregate and then affect
soil organic carbon decomposition.

The third and commonly held explanation is that the
enrichment of δ13C with depth resulted from isotopic
fractionation during the processes of microbial decom-
position (Balesdent et al. 1993; Brunn et al. 2014;
Campbell et al. 2009; Garten et al. 2000; Powers and
Schlesinger 2002). Microbes always tend to utilize the
lighter 12C component and discriminate against heavier
13C during SOM decomposition, and subsequently, the

Fig. 1 Relationship between ln(−β) and soil carbon decomposi-
tion rate (k)
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residual SOM becomes more enriched in 13C (Diochon
and Kellman 2008). If microbial isotopic fractionation is
the dominate mechanism for δ13C enrichment along
depth profile, this increasing trend of soil δ13C then can
be used as an indicator of soil C turnover dynamics
(Acton et al. 2013; Garten et al. 2000; Powers and
Schlesinger 2002). We found the decomposition rate
constant (k) was highly correlated with β value (Fig. 1),

supporting our hypothesis (2) that carbon isotope ratios
reflect soil carbon turnover processes and may be used as
a reliable indicator for SOM decomposition rate. Of
course, due to the complexity of the controlling factors
on β value, β value should be used with caution, espe-
cially when C4 plants do exist or have existed historically.

We also found that climatic and edaphic variables
were correlated toβ values, which is consistent with our

(a)

(c)

(e) (f)

(d)

(b)Fig. 2 Relationships between
ln(−β) and aridity index (AI) and
edaphic factors (Soil pH, N, C/N,
silt and clay)

Table 2 Partial correlations between δ13C / ln(−β) responses and
aridity index (AI). Changes of correlations between δ13C / ln(−β)
responses and AI were controlled by each edaphic variable sepa-
rately and all edaphic variables (column ‘All’). Zero-order was the
correlation between δ13C / ln(−β) responses and AI including
interactions with all geochemical variables. Differences between

zero-order and partial correlations indicate the level of dependency
of the δ13C / ln(−β) responses on a given predictor. The color and
numbers indicate the strength and sign of the correlation. The
decrease and increase of color intensity means loss and gain of
correlation, respectively; Clay (%); Silt (%); N (%); P, K, Ca, Mg,
Fe, Mn, Zn, and Cu are in unit of mg per g dry soil.

Aridity index (AI)

Zero-order Clay Silt pH CN N P K Ca Mg Fe Mn Zn Cu All

δ
13

C -0.69 -0.67 -0.61 -0.27 -0.32 -0.22 -0.56 -0.67 -0.80 -0.60 -0.58 -0.68 -0.64 -0.51 0.18

ln(-β) -0.79 -0.78 -0.80 -0.43 -0.18 -0.68 -0.76 -0.79 -0.80 -0.51 -0.62 -0.78 -0.74 -0.56 -0.18
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hypothesis (3). Generally, climatic factors were consid-
ered as the primary controls in regulatingβ values (Acton
et al. 2013; Garten et al. 2000; Yang et al. 2015). For
example, Acton et al. (2013) compiled β values of 24
locations from published studies and revealed that β was
dependent upon temperature across a range of cool tem-
perate to tropical forest soils. In our arid grasslands, β
value was also significantly correlated with aridity index
(AI) as well as MAP andMAT (Fig. 2 and S6). However,
the partial correlation analysis on climatic and edaphic
factors showed that the correlations between β value and
AI dropped significantly when edaphic factors were con-
trolled (Table 2). The structure equation models (SEMs)
also showed that AI indirectly affected β values through
soil C/N ratio (Fig. 3). The negative correlation betweenβ
value and topsoil C/N ratio could be due to the faster
microbial decomposition in soils with lower C/N ratio
(Enríquez et al. 1993; Garten et al. 2000). Soil C/N ratio
has often been associated inversely with the rate of SOM
decomposition (Powers and Schlesinger 2002).
Therefore, our results suggest that edaphic properties
may play a more important role than climatic factors in
β value and SOC decomposition. A recent study

conducted along a 4000 km north-south transect of natu-
ral grassland and shrubland in Chile and the Antarctic
Peninsula also showed that soil edaphic characteristics
resulted from soil weathering directly controlled SOC
dynamics in the long-term while climatic variables only
acted largely as an influencing factor via governing soil
weathering (Doetterl et al. 2015). Yang et al. (2015) found
that edaphic (i.e. soil C/N ratio) rather than climatic
variables (i.e. precipitation and temperature) were better
explanations of δ13C enrichment from vegetation to soil
in Tibetan Plateau. In addition, Xu et al. (2016) used a
data-assimilation approach and found that soil carbon
decomposition rate is lower in soils with high soil C/N
ratio. It should be noted that the C:N ratio of soil
organic matter could be both a control of decomposition
(SOM as substrate) and a result of decomposition (SOM
as remainder of previous decomposition processes)
and therefore its correlation with β value might
not show causality. Nevertheless, our data provided
evidence that soil substrate and chemical charac-
teristics are more correlated with SOM decompo-
sition and climatic factors might be indirect factors
instead. Incorporation of both climatic and edaphic
variables into Earth System Model could enhance the
predictive power for addressing the spatial patterns of
SOC storage and turnover, as well as for understanding
future global responses of SOC to climate change.

Conclusion

We found soil δ13C increased with soil depth along a
large-scale transect in semi-arid grasslands. Results sup-
ported our hypothesis that this pattern was mainly driv-
en by the microbial fractionation during decomposition
and β value calculated from soil δ13C and SOC concen-
tration can be used as a good indicator for decomposi-
tion of SOC at large spatial scales. Aridity index (AI)
combined with soil edaphic variables had the largest
power in explaining β values. Soil C/N was correlated
with the variations of β values while AI played an
indirect role based on SEMs and partial correlation
analysis, indicating that edaphic rather than climatic
variables may be more important factors determining
SOC decomposition in this region. Overall, despite
some uncertainties associated with interpretation of soil
δ13C along its depth profile, our approach provides a
fairly inexpensive way to study variations of SOC de-
composition rate at large spatial scales.

Fig. 3 The final structure equation models (SEMs) of the effects
of climatic factors and edaphic variables on ln(−β). Measured
variables are represented by boxes. Causal relationships are repre-
sented by one-headed arrows. Numbers adjacent to arrows are
standardized path coefficients, analogous to relative regression
weights, indicating the effect size of the relationship. Continuous
and dashed black arrows indicate positive and negative relation-
ship, respectively. * p < 0.05, ** p < 0.01, *** p < 0.001. χ2, Chi-
square; d.o.f, degrees of freedom; p: probability level; CFI: com-
parative fit index; nonsignificant χ2 tests (p > 0.05) and CFI values
over 0.90 are considered acceptable
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