
Contents lists available at ScienceDirect

Geoderma

journal homepage: www.elsevier.com/locate/geoderma

Factor contribution to soil organic and inorganic carbon accumulation in the
Loess Plateau: Structural equation modeling
Wei Zhaoa,b,⁎, Rui Zhangb, Hua Caoc, Wenfeng Tanb,c,⁎⁎

a State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F University, Yangling, Shaanxi Province 712100, PR China
b Institute of Soil and Water Conservation, Chinese Academy of Sciences and the Ministry of Water Resources, Yangling, Shaanxi Province 712100, PR China
c College of Resources and Environment, Huazhong Agricultural University, Wuhan 430070, PR China

A R T I C L E I N F O

Handling Editor: David Laird

Keywords:
Soil organic carbon
Soil inorganic carbon
Carbon sequestration
Controlling factor
Relative contribution
Path analysis

A B S T R A C T

The effects of climate, soil characteristics and management on soil carbon accumulation have been extensively
investigated. However, the relative importance of these factors remains unclear, especially in arid and semiarid
regions. Here we evaluated the contribution of the environmental variables (geographical location, climate, soil
type, and land use type) to soil organic and inorganic carbon accumulation in the 0–100 cm soil layers across the
Loess Plateau in China. A structural equation modeling (SEM) was used to distinguish direct from indirect effects
of factors on soil carbon accumulation based on covariance structures. The results showed that environmental
temperature and moisture were the primary controls of soil organic carbon density (SOCD) variation. The total
effects (the sum of direct and indirect effect) of soil type and land use on SOCD were less than half of those of
environmental temperature and moisture. In addition, the direct and negative effect of environmental tem-
perature on SOCD increased, and the direct and positive effect of environmental moisture on SOCD decreased
with soil depth. For the soil inorganic carbon densities in the 0–100 cm soil layers, soil organic carbon (SOC)
content acted as the most important factor controlling the variations in soil inorganic carbon density (SICD).
Environmental temperature and moisture mainly affected indirectly SICD by mediating through its impacts on
soil type, SOC content, or soil pH. Less than 40% of variation in soil carbon accumulation for 0–100 cm soil depth
is explained in the model. The unexplained variance highlights the need for the data on soil physicochemical
properties, quality of organic carbon inputs, and soil microorganisms.

1. Introduction

Anthropogenic CO2 emissions into the atmosphere represent the
largest human contribution to climate change in the past 100 years
(Canadell et al., 2007). Terrestrial carbon sequestration is considered as
a promising alternative for mitigating the buildup of atmospheric CO2

(Lai, 2004; Scholes and Noble, 2001). Soil is the largest carbon pool in
terrestrial ecosystems, storing approximately 1550 Pg (1 Pg = 1015 g)
of soil organic carbon (SOC) and 950 Pg of soil inorganic carbon (SIC)
(Batjes, 1996); these values are more than three times the size of the
atmospheric carbon pool and four times the size of the biotic carbon
pool (Lai, 2004). Previous studies have shown that the carbon seques-
tration potential of global soils is 0.4–1.2 Pg C yr−1, or 5–15% of the
global fossil fuel emissions (Lai, 2004). As a key component of the
global carbon cycle, a small change in the soil carbon pool may result in

large changes in greenhouse gas fluxes between the soil and the at-
mosphere. The role of soils in the global carbon cycle remains un-
certain, as the mechanisms controlling soil carbon storage are still
poorly understood.

The effects of climate, soil characteristics and management on soil
carbon accumulation have been extensively investigated (Alidoust
et al., 2018; Hu et al., 2018; Lewis et al., 2019). Climate variables, such
as precipitation and temperature, can affect the distribution and growth
of vegetation, which have dominant control over the spatial distribu-
tion of SOC and SIC (Davidson and Janssens, 2006; Jia et al., 2017;
Kirschbaum et al., 2008). High soil moisture and leaching intensity
enhance soil weathering and development (Dixon et al., 2016), which
may lead to the loss of aggregate cements, such as calcium carbonates.
Land-use management practices, such as land-use change (Qiu et al.,
2012) and afforestation (Berthrong et al., 2012), may have considerable
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impacts on soil carbon stocks. Different land-use management practices
can result in differences in vegetation productivity (Wu et al., 2017)
and soil physicochemical properties (Wang et al., 2016), which are
closely related to changes in soil carbon stocks. Furthermore, the dis-
solution and leaching of SIC in the soil profile are also affected by soil
water content and fine root biomass (Chang et al., 2012). However, the
relative importance of the influencing factors on soil carbon accumu-
lation in soil layers remains unclear, especially in arid and semiarid
regions, such as the Loess Plateau in China.

The Loess Plateau of China is a unique geographical unit char-
acterized by extensive loess distribution, serious soil erosion, low ve-
getation coverage, and high soil carbonate content (Jin et al., 2014). It
is well established that soil carbon varies across gradients of mean
annual temperature and precipitation across the Loess Plateau (Liu
et al., 2011; Mi et al., 2008). However, questions about whether this
variation reflects a ‘direct’ effect of climate on the kinetics of soil carbon
accumulation or an ‘indirect’ effect of climate via soil development,
vegetation and about which effect is relatively large, direct or indirect,
cannot be answered clearly. A structural equation model (SEM) is well
suited for assessing the relationships among networks of variables,
where variables can act as both predictor and response variables si-
multaneously. A SEM enables the integration of such unobserved
variables (called latent or construct variables) as theoretical variables
reflected by several directly observed variables (called manifest vari-
ables or indicators) (Grace et al., 2010). The model assumes causal
relationships between latent variables and permits the decomposition of
the correlations among the variables into direct and indirect effects in a
model where the regressions of the relationships between the variables
can be simultaneously evaluated (Prober and Wiehl, 2012). Therefore,
the direct and indirect effects of combinations of factors on soil carbon
storage can be calculated, including the significant regression weights
from plausible interaction pathways.

In this study, we analyzed the relationships among the affecting
factors, including geographical location, climate, soil type, land use,
and soil organic and inorganic carbon accumulation in the different soil
layers across the Loess Plateau in China. Soil carbon accumulation and
influencing factors were hypothesized to be related by a set of causal
pathways based on theory and relationships indicated in the scientific
literature, and an a priori multivariate hypothesis was tested by SEM.
The objectives were to (1) assess the direct and indirect effects of
controlling factors on soil carbon accumulation and (2) to reveal the
relative contribution of major controls to soil carbon accumulation
across the Loess Plateau in China. The causal understanding of the di-
rect and indirect effects of the controlling factors will enable us to make
better quantitative predictions of future soil carbon sequestration.

2. Materials and methods

2.1. Study area and data sources

The Chinese Loess Plateau (CLP) is located in the upper and middle
reaches of the Yellow River (Fig. 1) (Shi and Shao, 2000) and covers an
area of 620,000 km2, with an elevation range of 200–3000 m. The re-
gion is dominated by a temperate arid and semi-arid continental
monsoon climate. The mean annual precipitation ranges from 150 mm
in the northwest to 800 mm in the southeast, 55%–78% of which falls
from June to September. The mean annual temperature is 3.6 °C in the
northwest and increases to 14.3 °C in the southeast (He et al., 2003).

The parent material for the soils is yellow loess or wind deposited
material that results in widespread soils with clay loam texture. There is
a trend for sandier soils in the northwest and more clayey soils in the
southeast. Silt-loam soils cover about 90% in the Loess Plateau. The silt
content ranges from 60% to 75% for most soils (Huang et al., 2010).
From the southeast to northwest, the soil types abide by the following
sequence: Luvisols, Anthrosols→Chernozems, Regosols, Calcisols→
Kastanozems→Calcisols→Gypisols→Arenosols (IUSS Working Group

WRB, 2014); the associated vegetation zones are: forest→forest-
steppe→typical-steppe→desert-steppe zones→steppe-desert zones.

The soil data employed in this study were based on the Second
National Soil Survey in China including the Soil Species of China
(National Soil Survey Office, 1995b; National Soil Survey Office, 1995a;
National Soil Survey Office, 1998) and the provincial soil survey (He
Nan Soil Survey Office, 2004; Inner Mongolia Autonomous Region's Soil
Survey Office, 1994; Liu and Zhang, 1992; Qinghai Agricultural
Resources and Regional Planning Office, 1995). From the Second Na-
tional Soil Survey, 374 soil profiles (see Fig. 1 for the locations) were
used. The information we used on each soil profile contained taxonomic
classification, geographical location, altitude, depth of different soil
horizons, vegetation, meteorological index, CaCO3 content, organic
matter content, gravel content (particle diameter larger than 2 mm) and
bulk density.

2.2. Calculation of the soil organic and inorganic carbon densities

Soil profiles were divided pedogenetically into major horizons, de-
signated by A, B, C, and D to a depth of 100 cm or to the underlying
consolidated bedrock (Li and Zhao, 2001). In this study, data from
China's Second National Soil Survey were converted from pedogenetical
horizons to different depth increments (0–20 cm, 20–50 cm, and
50–100 cm). The calculation method of weighted SOC and SIC contents
after conversion has been previously reported by Li and Zhao (2001).
For example, for 0–20 cm SOC content calculation, in the survey, soil
profiles were divided pedogenetically into horizon A, B, C, D…, so
horizon A was not necessarily at a depth of 20 cm. To estimate SOC
content of the upper 20 cm soil, the depth of the A horizon was used as
the criterion to assign characteristics. When A > 20 cm, a layer of
20 cm was assumed with its other characteristics assigned directly from
A. In case of A < 20 cm, a compensatory layer Bx from B was taken
with other properties of B being used. Thus, the SOC content in 0–20 cm
soil depth was derived by calculating a weighted average in SOC con-
tents in the A and Bx horizons within 0–20 cm soil depth.

The soil organic carbon density (SOCDi), inorganic carbon density
(SICDi), and pHi of a soil layer i (i= 1, 2, and 3 for 0–20 cm, 20–50 cm,
and 50–100 cm, respectively) were calculated according to the methods
by Liu et al. (2011) and Tan et al. (2014), respectively. The SOCDi

(kg m−2) and SICDi (kg m−2) of soil layer i are directly related to the
soil properties according to Eqs. (1) and (2), respectively:

= × × × ×SOCD 0.58 OM T B (1 F)/10i i i i i (1)

= × × × ×SICD 0.12 CC T B (1 F)/10i i i i i (2)

where 0.58 is the Bemmelen index that converts organic matter con-
centration (OMi) to organic carbon content and 0.12 is the conversion
factor that converts calcium carbonate concentration (CCi) to inorganic
carbon content. Ti, Bi, and Fi are the thickness (cm), average soil bulk
density (g cm−3), and volumetric proportion of the fraction (> 2 mm)
in soil layer i, respectively. Bi was obtained with the functional re-
lationship (B = −0.107 Ln(SOC) + 1.369) between the SOC and soil
bulk density found by Tan et al. (2014). The SI units that are used are
indicated above.

2.3. Statistical analysis

We used the current understanding of factors influencing SOCD and
SICD to identify the following independent environmental variables:
elevation (EL), longitude (LO), latitude (LA), mean annual temperature
(MAT), mean annual precipitation (MAP), land use type (LT), soil type
zone (SZ; Integrated Survey Team of Chinese Academy of Sciences on
the Loess Plateau, 1991), and soil pH. For SOCD/SICD and the con-
tinuous environmental factors, the mean, maximum and minimum,
standard deviation (S.D.), and coefficient of variation (CV) were cal-
culated. The skewness, kurtosis, and the Kolmogorov–Smirnov (K–S)
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test value were used to determine whether the data were normally
distributed. Correlation analysis was performed using a nonparametric
procedure (Spearman rank correlation coefficient; Sachs, 1992) because
the data did not always show a normal distribution. Spearman corre-
lation coefficients were used to determine the strength of possible re-
lationships between SOCD/SICD and environmental variables. This
procedure was checked by a two-sided test for significance. For the two
categorical variables, i.e., land use type and soil type zone, they within
a given category were denoted by a numeric code. Land use type was
divided into three level based on the reported SOC accumulation under
the three land use (Li et al., 2005; Wei et al., 2012), and thus, it was
represented by three numerically coded variables: 1 = cropland,
2 = forestland, and 3 = grassland. And soil type zone was divided into
seven level based on the literature (Integrated Survey Team of Chinese
Academy of Sciences on the Loess Plateau, 1991). The coded numeric
values for the two categorical variables are shown in Table 1.

To reduce the number of variables and to ensure that the subsequent
analyses were not affected by the problem of multi-collinearity, factor
analysis (FA) was conducted using the principal component method
with varimax rotation to identify latent factors. A basic assumption of
FA is that some latent variables exist in the set of measurable variables;
accordingly, we used FA to extract common factors from a large number
of observed variables by assuming these common factors had caused the
observed variables to covary. An advantage of FA over other classifi-
cation techniques, such as clustering, is that FA can recognize proper-
ties of correlations, identify inter-related variables, and reduce the

number of variables in subsequent analyses. In the present study, the
number of factors to extract was fixed to seven based on the seven la-
tent variables related to soil carbon, i.e., SOC accumulation in the
0–100 cm soil layer, SIC accumulation in the 0–100 cm soil layer, en-
vironmental temperature (ENT), environmental moisture (ENM), soil
type (ST), soil acidity (SAC), and land use (LU). A factor loading of
≥0.60 was used as a selection criterion to interpret the role that each
variable (measurable variables) played in the definition of each factor
(latent variables), considering the sample size of the database
(N = 374) at a significance level of 5%. The factor loadings are the
correlation of each variable with the factor; therefore, they indicate the
degree of correspondence between the variable and the factor (Hair and
Anderson, 2010). FA was performed using the SPSS 20.0 software
package (GENE Inst. Inc.).

After FA, structural equation model was used to identify the struc-
tural relationships between the identified factors, using a maximum
likelihood parameter estimation method. Structural equation model
(SEM) represents a set of integrated multivariate techniques, including
measurement theory, FA, regression, path analysis and simultaneous
equation modeling, which are used to describe multiple relationships
among a number of latent variables. One advantage of SEM is that one
latent variable can be a dependent variable in one set of relationships,
and at the same time, it can be an independent variable in another set of
relationships. As our hypothetical model involves such multiple-path
linkages, SEM was considered an appropriate tool for this analysis.

We started with a hypothetical model that contained all plausible
interaction paths between the environmental temperature, environ-
mental moisture, soil type, soil acidity, land use, soil organic carbon,
and soil inorganic carbon (Fig. S1 in Supporting Information) based on
current knowledge and results of previous studies, and it was further
refined based on SEM techniques. The SEM in this study was conducted
using the software package AMOS 20.0 (IBM; SPSS Inc., Chicago, IL,
USA). Because some of the introduced variables were not normally
distributed, the probability that a path coefficient differed from zero
was tested using bootstrapping. Bootstrapping is preferred to the clas-
sical maximum-likelihood estimation in these cases because probability
assessments are not based on the assumption that the data conform to a
specific theoretical distribution. Bootstrapped data were randomly
sampled, with replacement, to derive estimates of standard errors

Fig. 1. Location of the Loess Plateau in China and the
sampling point distribution map. (I)-(VII), Soil type
zones: (I), He soil, Danzong soil zone; (II), Heilu soil,
Huangmian soil zone; (III), Ligai soil, Fengsha soil zone;
(IV), Zonggai soil zone; (V), Huigai soil, Fengsha soil
zone; (VI), Huimo soil zone; (VII), Gan-qing plateau soil
zone.

Table 1
Description of the major classes used as variables and the corresponding nu-
meric code.

Numeric code Land use Soil type zones

1 Cropland He soil, Danzong soil zone
2 Forestland Heilu soil, Huangmian soil zone
3 Grassland Ligai soil, Fengsha soil zone
4 Zonggai soil zone
5 Huigai soil, Fengsha soil zone
6 Huimo soil zone
7 Gan-qing plateau soil zone
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associated with the distribution of the sample data. Following these
data manipulations, direct and indirect effects of environmental vari-
ables on SOC and SIC were determined. The criteria for evaluation of
structural equation model fit, such as the maximum likelihood χ2 va-
lues, the goodness-of-fit index (GFI) and the root mean square error of
approximation (RMSEA), were adopted (Grace, 2006). RMSEA va-
lues < 0.10 suggest an accepted model fit and the lower RMSEA value
indicates the better fit, and in the GFI, the cut-off criterion ≥0.90 is
indicative of a good fit (Hooper et al., 2008). The 95% confidence in-
tervals were used to decide whether the estimated parameters differed
from zero. If the confidence interval did not include zero, the estimated
parameters could be seen as significant under conventional null hy-
pothesis testing.

3. Results

3.1. Statistics for SOCD, SICD, and environmental variables

Table 2 shows that the mean SIC densities were much higher than
the mean SOC densities in the 0–100 cm soil depth, especially in the
20–100 cm soil depth, indicating that the inorganic carbon pool is an
important part of the soil carbon pool in arid and semiarid areas. The
mean SOCD was 2.64 kg m−2 for SOCD1, 2.97 kg m−2 for SOCD2, and
3.49 kg m−2 for SOCD3, and the mean value of SICD was 3.29 kg m−2

for SICD1, 5.31 kg m−2 for SICD2, and 9.14 kg m−2 for SICD3. The mean
value of pH was 8.26 for pH1, 8.29 for pH2, and 8.31 for pH3. In ad-
dition, the mean value of environmental variables was 36.95° for lati-
tude, 107.16° for longitude, 1532.85 m for elevation, 7.57 °C for mean
annual temperature, and 425.18 mm for mean annual precipitation.
The high CV and S.D. values indicated a strong spatial heterogeneity in
SOCD and SICD across the study region (Table 2). The skewness, kur-
tosis and significance level of Kolmogorov-Smirnov test indicated that
the raw data of both SOCD and SICD were far from the criteria for
normal distributions.

3.2. Relationships between SOCD, SICD, and environmental variables

Table 3 shows the interrelationships of the SOCD and SICD in the
different soil depths, as determined by simple correlations. Close cor-
relations were observed among the soil carbon densities. There were
significant positive correlations among the SOC densities in the dif-
ferent soil layers. Also, significant positive correlations were found
between SICD in the upper layers and lower layers of soils. In addition,
negative correlations occurred between the SOC and the SIC densities in

the different soil layers, especially for those in the 0–50 cm soil layers
(P < 0.05).

For the environmental variables, as shown in Table 4, the observed
correlations among all variables were significant (P < 0.05) except for
the relationships of land-use type with longitude and pHi (i= 2 and 3),
of latitude with elevation, of pHi (i= 1, 2, and 3) with longitude and
elevation, and of MAT with pH1.

The interactions between the soil carbon densities and the en-
vironmental factors were also evaluated with correlation analysis
(Table 5). Spearman correlation analysis showed that the environ-
mental variables were significantly correlated with the soil carbon
densities. The soil type zone had a significant effect on the soil carbon
densities, and the soil types in the northwest favored the accumulation
of soil carbon more than those in the southeast. Land use type had a
significant impact on the SOCD in deep soil layers, and cropland ben-
efitted SOC accumulation in deep soil layers more than that in forest-
land and grassland. Negative correlations were found between long-
itude and soil carbon densities (P < 0.01), and positive correlations
were found between elevation and soil carbon densities (P < 0.01).
MAT and latitude had significant negative effects on SOC densities
(P < 0.01), but only SICD in the surface soil layers was significantly
and negatively affected by latitude. In addition, MAP was positively
correlated with SOC densities (P < 0.01) and negatively related to SIC
densities (P < 0.01). However, soil pH was positively related to SIC
densities (P < 0.01) and negatively correlated with SOC densities
(P < 0.01).

Table 2
Summary statistics for soil organic carbon density (SOCD), inorganic carbon density (SICD), and environmental variables across the entire Loess Plateau regiona.

Variable n Min. Max. Mean S.D. CV (%) Skewness Kurtosis K-S p

SOCD1 374 0.36 22.90 2.64 2.99 113.3 4.02 19.24 0.00
SOCD2 374 0 27.00 2.97 3.35 113.0 3.99 19.95 0.00
SOCD3 374 0 37.16 3.49 4.02 114.9 4.20 24.58 0.00
SICD1 374 0 24.07 3.29 2.16 65.7 2.71 22.92 0.00
SICD2 374 0 37.93 5.31 3.22 60.6 2.82 27.47 0.00
SICD3 374 0 63.21 9.14 5.61 61.5 2.75 23.71 0.00
LA 374 34.05 40.84 36.95 1.71 4.6 0.70 −0.39 0.00
LO 374 101.36 114.09 107.16 3.64 3.4 0.06 −1.24 0.00
EL 374 150.00 3860.00 1532.85 707.28 46.1 0.375 −0.23 0.00
MAT 374 −1.40 14.80 7.57 2.86 37.8 0.20 0.24 0.00
MAP 374 176.00 745.40 425.18 126.75 29.8 0.21 −0.65 0.00
pH1 374 6.32 9.80 8.26 0.40 4.89 −1.18 4.82 0.00
pH2 374 6.40 9.60 8.29 0.39 4.65 −1.21 5.15 0.00
pH3 374 6.30 9.60 8.31 0.39 4.71 −1.14 5.37 0.00

a n, number of samples; Min., minimum value; Max., maximum value, S.D., standard deviation; CV, coefficient of variation; K–S p, Kolmogorov-Smirnov test for
normality. LA (°), latitude; LO (°), longitude; EL (m), elevation; MAT (°C), mean annual temperature; MAP (mm), mean annual precipitation. SOCD1, SOCD2, and
SOCD3 refers to SOCD (kg m−2) calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively. SICD1, SICD2, and SICD3 refers to SICD (kg m−2) calculated
for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively. pH1, pH2, and pH3 refers to the average pH calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers,
respectively.

Table 3
Shearman correlation coefficients for the carbon densities in different soil
layersa.

SOCD1 SOCD2 SOCD3 SICD1 SICD2 SICD3

SOCD1 1.00 0.82⁎⁎ 0.63⁎⁎ −0.11⁎ −0.17⁎⁎ −0.09†

SOCD2 1.00 0.80⁎⁎ −0.11⁎ −0.17⁎⁎ −0.07†

SOCD3 1.00 −0.14⁎⁎ −0.22⁎⁎ −0.10†

SICD1 1.00 0.62⁎⁎ 0.51⁎⁎

SICD2 1.00 0.79⁎⁎

SICD3 1.00

a SOCD1, SOCD2, and SOCD3 refers to SOCD calculated for 0–20 cm,
20–50 cm, 50–100 cm soil layers, respectively. SICD1, SICD2, and SICD3 refers
to SICD calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively.

⁎ Correlation is significant at the 0.05 level (2-tailed).
⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
† No significant.
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3.3. Factor analysis to latent variable extraction

FA was performed to identify latent factors using the principal
component method with varimax rotation on the sixteen variables, in-
cluding the fourteen continuous variables and the two ordered cate-
gorical variables. The Kaiser-Meyer-Olkin (KMO) measure of sampling
adequacy (MSA) was 0.73, which was well above a recommended cut-
off threshold of 0.5. Bartlett's test of sphericity was 0.00 for the factor
analysis. These results about MSA and Bartlett's test suggest that there
are compact correlations and that FA should yield distinct and reliable
factors (Field, 2009).

The seven extracted latent variables and the component matrix post
varimax rotation are listed in Table 6. Based on the component matrix,
seven latent variables were identified and corresponded to the seven
factors. Factor 1 captured SOC accumulation including SOCD1, SOCD2,
and SOCD3. Factor 2 captured SIC accumulation including SICD1,
SICD2, and SICD3. Factor 3 represented the environmental temperature
(ENT) indicated by mean annual temperature. Factor 4 captured the
environmental moisture (ENM) indicated by mean annual precipitation.
Factor 5 represented the soil type (ST) including soil type zone (SZ) and
longitude. Factor 6 represented the soil acidity (SAC) indicated by soil
pH. Factor 7 captured land use (LU) indicated by land use type (LT).
Here, the latitude variable was not included in FA because the inclusion
of the latitude variable led to no separation of factors ENT and ST
(Table S1 in Supporting Information). The Cronbach's alpha coefficients
are shown at the bottom of Table 6 and were used to evaluate the
construct validity. Most alpha coefficients were above 0.7, a threshold
recommended by Nunnally and Bernstein (1994), suggesting that our
categorization was relatively robust.

Table 4
Shearman correlation coefficients for the environmental variables a.

SZ LT LA LO EL MAT MAP pH1 pH2 pH3

SZ 1.00 0.17⁎⁎ 0.34⁎⁎ −0.71⁎⁎ 0.65⁎⁎ −0.53⁎⁎ −0.61⁎⁎ 0.26⁎⁎ 0.27⁎⁎ 0.26⁎⁎

LT 1.00 0.27⁎⁎ −0.02† 0.19⁎⁎ −0.20⁎⁎ −0.21⁎⁎ 0.11⁎ 0.08† 0.10†

LA 1.00 0.25⁎⁎ −0.05† −0.33⁎⁎ −0.56⁎⁎ 0.34⁎⁎ 0.31⁎⁎ 0.26⁎⁎

LO 1.00 −0.80⁎⁎ 0.43⁎⁎ 0.30⁎⁎ −0.03† −0.05† −0.10†

EL 1.00 −0.70⁎⁎ −0.20⁎⁎ −0.02† −0.01† 0.04†

MAT 1.00 0.21⁎⁎ −0.08† −0.13⁎ −0.13⁎

MAP 1.00 −0.44⁎⁎ −0.41⁎⁎ −0.38⁎⁎

pH1 1.00 0.84⁎⁎ 0.70⁎⁎

pH2 1.00 0.85⁎⁎

pH3 1.00

a SZ, soil type zone; LT, land use type; LA, latitude; LO, longitude; EL, elevation; MAT, mean annual temperature; MAP, mean annual precipitation; pH1, pH2, and
pH3 refers to the average pH calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively.

⁎ Correlation is significant at the 0.05 level (2-tailed).
⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
† No significant.

Table 5
Spearman correlation coefficients between soil carbon density and related factors in the Loess Plateau regiona.

SZ LT LA LO EL MAT MAP pH1 pH2 pH3

SOCD1 0.12⁎ 0.03† −0.32⁎⁎ −0.32⁎⁎ 0.44⁎⁎ −0.26⁎⁎ 0.29⁎⁎ −0.34⁎⁎ −0.27⁎⁎ −0.25⁎⁎

SOCD2 0.10† −0.05† −0.28⁎⁎ −0.30⁎⁎ 0.40⁎⁎ −0.26⁎⁎ 0.27⁎⁎ −0.34⁎⁎ −0.29⁎⁎ −0.25⁎⁎

SOCD3 0.02† −0.15⁎⁎ −0.31⁎⁎ −0.23⁎⁎ 0.33⁎⁎ −0.20⁎⁎ 0.32⁎⁎ −0.24⁎⁎ −0.21⁎⁎ −0.21⁎⁎

SICD1 0.18⁎⁎ −0.01† −0.11⁎ −0.26⁎⁎ 0.10† −0.00† −0.14⁎⁎ 0.25⁎⁎ 0.25⁎⁎ 0.25⁎⁎

SICD2 0.30⁎⁎ 0.02† 0.03† −0.32⁎⁎ 0.18⁎⁎ −0.06† −0.37⁎⁎ 0.32⁎⁎ 0.32⁎⁎ 0.32⁎⁎

SICD3 0.18⁎⁎ 0.001† −0.05† −0.29⁎⁎ 0.17⁎⁎ −0.05† −0.27⁎⁎ 0.25⁎⁎ 0.24⁎⁎ 0.29⁎⁎

a SOCD1, SOCD2, and SOCD3 refers to SOCD calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively. SICD1, SICD2, and SICD3 refers to SICD
calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers, respectively. SZ, soil type zone; LT, land use type; LA, latitude; LO, longitude; EL, elevation; MAT, mean
annual temperature; MAP, mean annual precipitation; pH1, pH 2, and pH 3 refers to the average pH calculated for 0–20 cm, 20–50 cm, 50–100 cm soil layers,
respectively.

⁎ Correlation is significant at the 0.05 level (2-tailed).
⁎⁎ Correlation is significant at the 0.01 level (2-tailed).
† No significant.

Table 6
Factor analysis of the observed variablesa.

Variables Factorb

1 2 3 4 5 6 7

SOC SIC ENT ENM ST SAC LU

SOCD1 0.89
SOCD2 0.91
SOCD3 0.88
SICD1 0.79
SICD2 0.91
SICD3 0.90
MAT 0.87
MAP 0.79
Soil type zone −0.87
Longitude 0.92
pH1 0.88
pH2 0.95
pH3 0.91
Land use type 0.97
Alpha coefficients 0.924 0.795 – – 0.795 c – –

aOnly absolute values ≥0.60 of factor loadings are given. SOC, soil organic
carbon accumulation; SIC, soil inorganic carbon accumulation; ENT, environ-
mental temperature; ENM, environmental moisture; ST, soil type; SAC, soil
acidity; LU, land use. MAT, mean annual temperature; MAP, mean annual
precipitation. The Cronbach's alpha coefficients evaluates the construct va-
lidity; bElevation variable was excluded in Factor 3 for its poor consistence with
other two variables (soil type zone and longitude); cthe value was obtained after
transforming positive longitude values to negative values by dividing −1.
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3.4. Structural equation modeling

Our a priori model was successfully fitted to our data at the 0–100,
0–20, 20–50, and 50–100 cm soil layer and the goodness-of-fit metrics
were satisfied (RMSEA ≤ 0.085, GFI ≥ 0.93; Fig. 2). Together, the
measured factors explained 31%, 25%, 30%, and 23% of the variations
in SOC accumulation and 16%, 9%, 15%, and 12% of the variations in
SIC accumulation at the 0–100, 0–20, 20–50, 50–100 cm depths, re-
spectively (Fig. 2).

Decomposition of correlations into standardized direct, indirect and
total effects are shown in Table 7 for the environmental variables in the
model. Total effects are the sum of indirect and direct effects. For the
SOC densities in the 0–100 cm soil layers (Fig. 2a), environmental
temperature (−0.43) and moisture (0.43) have about equally strong
total effects on the variations in SOCD and acted as more important
controlling factors than did soil type (0.18) and land use (0.14). The
total effect of environmental temperature on SOCD was close in mag-
nitude to that of environmental moisture, however, the total effect of
the former on SOCD was negative, and that of the latter was positive.
The direct effects of environmental temperature and moisture on SOCD
were far larger than their indirect effects. Table 7 shows that the direct
effect of environmental temperature (−0.35) on SOCD was four times
larger than its indirect effect (−0.078), and the direct effect of

environmental moisture (0.50) was six times larger than its indirect
effect (−0.076). The weak, indirect, and negative effects of environ-
mental temperature (−0.078) and moisture (−0.076) on SOCD were
mediated through their impacts on soil type (Fig. 2a; Table 7). The total
effects of soil type (0.18) and land use (0.14) on SOCD were less than
half of those of environmental temperature (−0.43) and moisture
(0.43). And soil type and land use mainly directly affected SOCD. In
addition, with soil depth the direct and negative effect of environmental
temperature increased from −0.25 to −0.40, and the direct and po-
sitive effect of environmental moisture decreased from 0.47 to 0.39
(Fig. 2b, c, d, and Table 7). And with soil depth the direct and positive
effect of soil type decreased from 0.19 to 0, and the direct and positive
effect of land use decreased from 0.18 to 0 (Fig. 2b, c, d, and Table 7).

For the SIC densities in the 0–100 cm soil layers (Fig. 2a), SOC
content acted as the most important factor (−0.29) controlling the
variations in SICD, followed by environmental moisture (−0.26) and
soil type (0.14). The direct effect of SOC content on SICD (−0.20) was
two times larger than its indirect effect (−0.088). The weak, indirect,
and negative effect of SOC (−0.088) on SICD was mediated through its
impact on soil acidity (Fig. 2a). The total effect of environmental
moisture (−0.26) on SICD was close in magnitude to that of SOC
(−0.29). Environmental moisture mainly indirectly affected SICD by
impacting soil type, SOC, and soil acidity (Fig. 2a). The total effect of

(a) 0-100 cm

χ2 = 201.7, df = 67, GFI = 0.93, RMSEA = 0.073

(b) 0-20 cm

χ2 =47.8, df = 13, GFI = 0.97, RMSEA = 0.085

(c) 20-50 cm

χ2 = 39.8, df = 11, GFI = 0.98, RMSEA = 0.084

(d) 50-100 cm

χ2 = 50.2, df = 15, GFI = 0.97, RMSEA = 0.079

Fig. 2. Structural equation model relating environmental temperature, moisture, soil type, and land use to carbon accumulation in soil depths of 0–100 cm (a),
0–20 cm (b), 20–50 cm (c), and 50–100 cm (d). Rectangles represent observed variables; ovals represent latent variables. A single arrow indicates the direct effect of a
variable assumed to be a cause on another variable assumed to be an effect, and a bottom arc double-headed arrows denotes a correlation between two exogenous
variables. Only significant direct effects are plotted (P < 0.05; see a priori model in Fig. S1). Solid arrows denote positive relationships, whilst dashed arrows
correspond to negative ones. Arrow thickness represents the magnitude of the path coefficient. Numbers in bold on arrows are standardized path coefficients
(P < 0.05). Percentages in italic on ovals indicate the variance explained by the model (R2). For the single-indicator latent variables, the error variance associated
with the observed variable was fixed to zero to indentify the model. Error variables for the unexplained variance in all endogenous variables are not included in the
figure. Non-significant pathways are not included in the model. ENT, environmental temperature; ENM, environmental moisture; ST, soil type; LU, land use; SAC, soil
acidity; SOC, soil organic carbon accumulation; SIC, soil inorganic carbon accumulation.
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soil type (0.14) on SICD was close in magnitude to half of that of en-
vironmental moisture (−0.26) or SOC (−0.29). A weak, indirect, and
negative effect of soil type (−0.051) on SICD occurred and was medi-
ated through its influence on SOC (Fig. 2a; Table 7). And environmental
temperature and land use mainly indirectly affected SICD via their in-
fluences on SOC (Fig. 2a). In addition, with soil depth the direct and
negative effect increased from 0 to −0.13, and the indirect and nega-
tive effect of environmental moisture on SICD decreased from −0.18 to
−0.13 (Fig. 2b, c, d, and Table 7). And with soil depth the indirect and
negative effect of land use on SICD decreased from −0.040 to 0
(Fig. 2b, c, d, and Table 7).

4. Discussion

SOC and SIC are affected by various factors, such as environmental
temperature, moisture, soil type, and land use, which result in potential
effects on soil carbon sequestration. Because of the underlying inter-
actions and covariance among the potential factors, a simple compar-
ison of correlations could lead to erroneous or indecisive conclusions
about the relative importance of each factor in this system. By using
path analysis, we are able to separate the direct and indirect causal
components from the noncausal components of these strong correla-
tions; this allows us to evaluate the relative contributions of various
potential factors to soil carbon accumulation.

4.1. Soil carbon densities in the topsoils and subsoils

The correlations between SOC densities in the different soil layers
indicate that a higher SOC in topsoils can cause a higher SOC input into
subsoils, which may result from three main reasons. One is the leaching
of dissolved organic matter (DOM) from topsoils into subsoils. Another
is the migration of particulate organic matter (POM) into subsoils via
colloidal transport (Rumpel et al., 2012). And the other is the con-
tribution of vegetation roots to SOC. Because vertical distribution of
root biomass and soil organic carbon is similar, both exponentially
decreasing with soil depth (Ojeda et al., 2018), soil organic carbon can
be derived from the decomposition of root litter (Mazzilli et al., 2015).

Significantly positive correlations were found between SICD in the
topsoil and that in the subsoil, which mainly results from the transfer of
carbonate from topsoils into subsoils. Soils on the Loess Plateau were
developed directly from the wind-deposited parent material. The parent

minerals have higher carbonate contents. The carbonates include pri-
mary carbonates and secondary carbonates. And secondary carbonates
in soil depths account for > 75% total carbonates (Li et al., 2013). In
the topsoil, a high soil water content, together with the higher CO2

partial pressures, could increase the dissolution and leaching of car-
bonate. The leached SIC may subsequently reprecipitate in the subsoil
with the lower CO2 partial pressure and the rapid decrease in soil water
(Chang et al., 2012). When the mean annual precipitation is high en-
ough the SIC will be leached completely out of the soil profile. There-
fore, carbonates in certain 0–100 cm soil profiles were unobserved as
Table 2 shown. Negative correlations occurred between the SOC and
the SIC densities in the 0–100 cm soil depths, especially for those in the
0–50 cm (P < 0.05), which is consistent with the previous study by
Zhao et al. (2016). SIC formation is closely related to SOC dynamics,
and the higher SOC often results in looser soil structures and higher soil
permeability, which could increase the dissolution and leaching of
carbonate (Mi et al., 2008; Sartori et al., 2007).

4.2. Factor contribution to soil organic carbon accumulation

Environmental factors, especially temperature and moisture, are the
most important determinants of SOCD (Alvarez and Lavado, 1998;
Homann et al., 1995), due to their effects on the quantity and quality of
organic residue soil inputs and on the rates of soil organic matter mi-
neralization and litter decomposition (Hevia et al., 2003; Quideau
et al., 2001). The effect of environmental temperature on SOC accu-
mulation is complicated. Environmental temperature has a relatively
large, direct, negative effect on SOCD. Environmental temperature de-
creased from the southeast to the northwest in our study region (Yang
and Shao, 2000). Lower temperatures could result in reduced SOC
breakdown, thereby increasing SOC accumulation (Trumbore et al.,
1996). Lower temperatures could also reduce SOC turnover rates,
leading to increases in SOC levels (Leifeld et al., 2005). Moreover,
temperature sensitivity in subsoils is higher than in topsoils (Li et al.,
2018), which leads to the enhancing direct and negative effect of en-
vironmental temperature on SOCD with soil depth, as shown in Fig. 2b,
c, d, and Table 7. In addition, temperature can negatively affect SOC
accumulation through its effect on soil development for different soil
type zone (Fig. 2). The relatively cold climate does not contribute to soil
development, which leads to more carbonate being present in the
0–100 cm soil layers. Carbonates decrease aggregate porosity in the

Table 7
Standardized total, direct and indirect effects of influencing factors on soil carbon concentration analyzed by structural equation modelinga.

Effect on SOC Effect on SIC

ENT ENM ST LU ENT ENM ST LU SOC SAC

Total effect
0–100 cm −0.43 0.43 0.18 0.14 0.014 −0.26 0.14 −0.040 −0.29 0.21
0–20 cm −0.33 0.39 0.19 0.18 0.029 −0.18 0.057 −0.040 −0.22 0.18
20–50 cm −0.42 0.40 0.18 0.14 0.013 −0.32 0.085 −0.029 −0.21 0.18
50–100 cm −0.40 0.39 0 0 0.076 −0.25 0 0 −0.19 0.20

Direct effect
0–100 cm −0.35 0.50 0.18 0.14 0 0 0.19 0 −0.20 0.21
0–20 cm −0.25 0.47 0.19 0.18 0 0 0.098 0 −0.15 0.18
20–50 cm −0.35 0.48 0.18 0.14 0 −0.13 0.12 0 −0.14 0.18
50–100 cm −0.40 0.39 0 0 0 −0.11 0 0 −0.13 0.20

Indirect effect
0–100 cm −0.078 −0.076 0 0 0.014 −0.26 −0.051 −0.040 −0.088 0
0–20 cm −0.082 −0.080 0 0 0.029 −0.18 −0.041 −0.040 −0.065 0
20–50 cm −0.077 −0.076 0 0 0.013 −0.18 −0.036 −0.029 −0.066 0
50–100 cm 0 0 0 0 0.076 −0.13 0 0 −0.063 0

a ENT, environmental temperature; ENM, environmental moisture; ST, soil type; LU, land use; SOC, soil organic carbon; SAC, soil acidity. Direct effects are simple
paths and are equal to the path coefficients in Fig. 2. Indirect effects are the sum of the products of the chain of path coefficients for all compound paths for which the
independent variable is connected to the dependent variable while maintaining the causal direction of the arrows. Total effects are the sum of direct and indirect
effects. The values indicate changes of soil carbon concentration per standardized-unit change of influencing factors.
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nanometer range and thus, decrease the accessibility of intra-micro-
aggregate SOC to decomposers (Rowley et al., 2018). Environmental
moisture would be expected to influence SOCD because higher moisture
is conducive to stronger microbial activity, which results in the for-
mation of relatively high SOC (Zhao et al., 2016). Moreover, water
content in subsoils is less than that in topsoils during infiltration under
the similar rainfall condition (Wang et al., 2015), which leads to the
decreasing direct and positive effect of environmental moisture on
SOCD with soil depth, as shown in Fig. 2b, c, d, and Table 7. In addi-
tion, moisture can negatively affect SOC accumulation through its effect
on soil development for different soil type zone, which is similar to the
effect of environmental temperature. Interaction effects of environ-
mental temperature (negative total effect) and moisture (positive total
effect) on SOCD will lead to an uncertain difference in soil organic
accumulation between areas. As reported by Liu et al. (2011), on the
Chinese Loess Plateau, relatively higher SOCD in areas with tempera-
tures > 5 °C and < 10 °C could be attributed to the slower breakdown
of SOC due to the lower temperatures, as well as the drier conditions.
However, with temperatures < 5 °C or > 10 °C the interaction effects of
moisture and temperature on SOCD can result in insignificant differ-
ences between different areas.

Table 7 shows that soil types in the northwest can contribute to
more SOC accumulation. Soils are weakly developed under the rela-
tively cold and dry climates for soil types in the northwest compared to
the southeast (Dixon et al., 2016). More calcium carbonates are present
in the weakly developed soils in the northwest than in soils in the
southeast. More Ca2+ released from calcium carbonates can form more
complexes with high-molecular weight organic compounds derived
from roots and microbes to bind aggregates, which is helpful for sta-
bility of aggregate and soil structure. Carbonate ions are also capable of
reprecipitation with Ca2+ under the right environmental conditions
and form secondary CaCO3 crystals to cement aggregates, which also
contributes to aggregate and soil structural stability. These improve-
ments in the stability of aggregates increase the SOC stability and ac-
cumulation (Rowley et al., 2018). In addition, deeper soil layers
(50–100 cm) under different soil types contribute little to SOC accu-
mulation (Fig. 2d and Table 7), which possibly results from the rela-
tively small difference in soil development for deeper soil layers com-
pared with that for the 0–50 cm soil layers. The 0–50 cm soil layers are
affected strongly by external environments, including temperature,
precipitation, and vegetation, which results likely in large differences in
soil development.

Vegetation cover under different land use produces different
amounts of biomass with varying decomposability, which results in
different SOM levels (Osman, 2013). Croplands do not favor the accu-
mulation of organic matter due to tillage. However, forestland and
grassland soils are particularly rich in organic matter due to ground
litter in the forestland and much of the root litter in the grassland (Weil
and Brady, 2016). In our study, grassland contributed to the most SOC
sequestration, followed by forestland and then cropland. The other
studies also obtained similar results on the Loess Plateau, i.e., cropland
soils had lower SOC contents than that under forestland and grassland
(Li et al., 2005; Wang et al., 2001). It has also been reported that SOC
could be depleted by the conversion of natural vegetation to cropland
due to reduced organic matter inputs and tillage effects that increase
decomposition rates (Post and Kwon, 2000). Wei et al. (2012) reported
that the SOC in the 0- to 100-cm layer of restored grasslands was more
than twice that of restored forests, and the SOC in each soil layer below
10 cm in grassland was also higher than that in forestland. Moreover, in
our study, the contribution of land use to SOC accumulation decreases
with soil depth (Table 7), which may be related to the root distribution
of vegetation.

4.3. Factor contribution to soil inorganic carbon accumulation

Environmental temperature mainly has a small and positive indirect

effect on SICD, which is mediated through its impacts on soil type and
SOC. The increase in the environmental temperature impairs SOC ac-
cumulation, which leads to a relatively low CO2 partial pressure re-
sulting from SOC mineralization. The lower CO2 partial pressure will
move the equilibrium (Eq. (3)) towards more precipitation of carbo-
nates (Nordt et al., 2000), which enhances the SIC accumulation.

+ + ++Ca 2HCO CaCO H O CO2
3 3 2 2 (3)

In addition, the decrease in SOC accumulation with increasing en-
vironmental temperature often results in a relatively high soil acidity
(SAC) (Table 3 and Fig. 2). Higher soil acidity, which corresponds to
lower H+ content in soil solutions, will move the equilibrium (Eq. (4))
towards more precipitation of carbonates (Lal and Kimble, 2000;
Suarez, 2000).

+ + + + ++ + + +CaCO 2H Ca H HCO Ca CO H O3
2

3
– 2

2 2 (4)

Environmental moisture has a negative total effect on SICD. No
direct effect of environmental moisture on SCID in the 0–100 cm soil
layer possibly due to the offset of precipitation and evapotranspiration
in the 0–20 cm soil layer as shown in Fig. 2a, b. Though soil water can
directly transfer dissolved carbonates to deeper soil layers, much eva-
potranspiration in the 0–20 cm soil depth possibly conduces inadequate
soil water transferring dissolved carbonates to deeper soil layers. The
negative indirect effect of environmental moisture on SICD is mediated
through its impacts on soil type, SOC, and soil acidity. The increase in
environmental moisture contributes to SOC accumulation, which leads
to a relatively high CO2 partial pressure resulting from SOC miner-
alization. The higher CO2 partial pressure will move the equilibrium
(Eq. (3)) towards less precipitation of carbonates (Nordt et al., 2000),
which decreases the SIC accumulation. Moreover, the increase in SOC
accumulation with increasing environmental moisture often results in a
relatively low soil acidity (Table 3). Lower soil acidity corresponds to
higher H+ content in soil solutions, which will move the equilibrium
(Eq. (4)) towards less precipitation of carbonates (Lal and Kimble,
2000; Suarez, 2000).

The relatively high environmental temperature and moisture in the
southeast compared to that in the northwest increase the soil devel-
opment for the soil type zone in the southeast (Dixon et al., 2016).
Along with soil development lithogenic and pedogenic carbonates dis-
solute and leach into depths below 100 cm, which leads to the decrease
of Ca2+/Mg2+ ions in the 0–100 cm soil layers. The lack of Ca2+/Mg2+

ions in the soils in the southeast impairs the formation of SIC (Eq. (3)).
On the other hand, the weaker soil development results in more calcium
carbonates being present in soils, which contributes to more SOC ac-
cumulation as discussed in Section 4.2. Subsequently, the enhanced
SOC works against SIC accumulation. In addition, due to the relatively
small difference in soil development for deeper soil layers (50–100 cm)
compared with that for the 0–50 cm soil layers, deeper soil layers under
different soil type zone likely contribute little to SIC accumulation
(Fig. 2d and Table 7).

Land use affects SIC accumulation indirectly by its influence on
SOC. Compared with forestland and cropland, organic matter in surface
soil is relatively abundant in grassland, which leads to more SOC se-
questration. The accumulation of SOC under restored grass could in-
duce an increase in carbonic and organic acid production, which re-
duces the availability of soil Ca2+ through cation exchange in soils
(McLaughlin and Wimmer, 1999; Sartori et al., 2007). This scenario
would increase the dissolution and leaching of carbonate in the topsoil
based on Eq. (4) and decrease the SIC concentration, thereby reducing
the SICD. Furthermore, with soil depth the contribution of land use to
SIC accumulation decreases (Table 7), which is possibly due to the
decreased difference in SOC profile distribution under different vege-
tation cover.
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4.4. Unexplained variation in soil carbon accumulation

In this study, < 40% of variation in soil carbon accumulation for
0–100 cm soil depth is explained explicitly in the model, rather than
through simple correlation relations or qualitative statements. This is
an important step in better supporting the attribution of the causes of
changes in soil carbon accumulation. Conversely, > 60% of the var-
iance remains unexplained. For the explanation of the variation in SOC,
this may be due to the lack of data related to finer soil particle content.
The proportion of finer soil particles (clay and silt) is an important
control of soil carbon concentration variation, especially in the deeper
soil layers. Soil carbon is subjected to physical preservation by clay and
silt particles (Six et al., 2002; Xu et al., 2016). It also may be due to the
quantity and quality of organic carbon inputs. The organic carbon in-
puts from the aboveground litter and fine root biomass partly con-
tribute to the greater SOC content (Chang et al., 2012). And the lower
ratio of carbon to nitrogen results in lower SOC content since the SOC
with a lower C to N ratio is suggested to be more highly decomposed
relative to the SOC with a higher C to N ratio (Zhao et al., 2016). In
addition, the unexplained variation in SOC accumulation may be due to
the lack of data related to the microbial community. Most soil microbes
are heterotrophic and depend on soil organic matter as their energy and
carbon source. Variation in decomposition could be attributed to spe-
cific properties of the soil-residing microbial community, including
their structural and functional diversity (Jackson et al., 2003).

For the explanation of the variation in SIC, this may be due to the
lack of data related to soil texture. Soil texture and structure control the
accumulation depth of pedogenic carbonates because they affect water
holding capacity, water penetration, and movement (Chadwick et al.,
1989). The unexplained variation in SIC accumulation also may be due
to the lack of data related to physicochemical properties of rhizosphere
soils. In the presence of active roots, carbonate dissolution increases
largely. Carbonate dissolution increases near roots because of (1) up to
100 times higher CO2 concentration in the rhizosphere than that in
atmosphere and (2) up to two units lower local pH in rhizosphere soils
than that in non-rhizosphere soils due to H+ and carboxylic acid release
by roots (Andrews and Schlesinger, 2001; Gocke et al., 2011). More-
over, the unexplained variation in SIC accumulation may be due to the
lack of data related to soil microorganisms. Soil microorganisms, such
as bacteria, are active in pedogenic carbonate formation. If Ca2+ ions
are available in solution, bacteria can produce a visible accumulation of
carbonates within a few days (Monger et al., 1991).

5. Conclusions

SOC and SIC are affected by various factors, such as environmental
temperature, moisture, soil type, and land use, which result in potential
effects on soil carbon sequestration. SEM with latent variables is a
useful tool for assessing the relative contribution of the influencing
factors to soil carbon accumulation in the 0–100 cm soil layers. The
presented models show that for the SOCD in the 0–100 cm soil layers,
environmental temperature and moisture acted as more important
factors controlling the variations in SOCD. The total effects of soil type
and land use on SOCD were less than half of those of environmental
temperature and moisture. The weak, indirect, and negative effects of
environmental temperature and moisture on SOCD were mediated
through their impacts on soil type. In addition, the direct and negative
effect of environmental temperature on SOCD increased, and the direct
and positive effects of environmental moisture and land use on SOCD
decreased with soil depth.

For the SIC densities in the 0–100 cm soil layers, SOC content acted
as the most important factor controlling the variation in SICD, followed
by environmental moisture and soil type. The total effect of environ-
mental moisture on SICD was close in magnitude to that of SOC content.
The total effect of soil type on SICD was close in magnitude to half of
that of environmental moisture and SOC content. The weak and indirect

effects of environmental temperature and moisture on SICD were
mediated through its impact on soil type, SOC content, or soil pH. In
addition, the indirect and negative effect of land use on SICD decreased
with soil depth. < 40% of variation in soil carbon accumulation for
0–100 cm soil depth is explained in the model. The unexplained var-
iance highlights the need for the data on soil physicochemical proper-
ties, quality of organic carbon inputs, and soil microorganisms. The
current study provides more insights into the mechanisms of soil carbon
sequestration.
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