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ABSTRACT

Handling Editor: David Laird

Extensive soil organic carbon (SOC) accumulation has been reported following ecological restoration on the
Loess Plateau of northwest China. While previous studies have found the restoration age to be a major factor
controlling SOC change, potential effects of vegetation type and plant species have been largely neglected. Here,
we compiled a database of 331 measurements of SOC changes following cropland restoration across the entire
Loess Plateau. Results from stepwise multiple linear regressions indicated dominant contributions by restoration
age, vegetation type or plant species, and/or their interactions in post-restoration SOC accumulation, accounting
for 67–86% of the variation in SOC sequestration being explained by the model. Of the four restoration types
examined, managed grassland was found to have the highest SOC sequestration rate (0.41 Mg C hm−2 yr−1),
followed by plantation (0.27 Mg C hm−2 yr−1) and shrubland (0.25 Mg C hm−2 yr−1), with the lowest value
found for naturally recovered grassland (0.13 Mg C hm−2 yr−1). The different SOC sequestration capacities for
these vegetation types were further confirmed by an independent mechanistic modeling approach based on SOC
turnover rate. Our results highlight the critical role of plant type in determining SOC sequestration following
revegetation over cropland. Such management-relevant information should be considered in future restoration
efforts.

Keywords:
Revegetation
Degraded cropland
Soil carbon sequestration
Restoration type
Restoration age
Loess Plateau

1. Introduction
The Loess Plateau is located in the semi-humid to semi-arid region
of northwest China, and is comprised of thick and loose loess deposits
prone to soil erosion (Fu et al., 2017). In response to the increasing
challenge of soil erosion and land degradation, the Chinese government
launched the “Grain-for-Green” project in 1999, with the aim of restoring cropland to perennial vegetation of grassland, shrubland, or
forest (mainly plantation) (Lü et al., 2015). The re-vegetation through
ecological restoration largely followed zonal characteristics of natural
vegetation over the region, and vegetation type shifted from forest to
grassland from southeast to northwest (Fang et al., 2011). Since then,
significant changes have taken place in the land use types of the Loess
Plateau, with the area of forested land (including shrubland) and
grassland increasing by 8954 km2 and 5235 km2 respectively from 2000
to 2015 (Wu et al., 2019).

⁎

Vegetation growth in response to ecological restoration has led to
improved ecosystem services, including carbon sequestration (Deng
et al., 2017; Wang et al., 2016; Shaoxuan et al., 2016). Among various
carbon pools, the change of soil organic carbon (SOC) is particularly
interesting as it can be used to indicate the degree to which the degraded soil system has been remediated. Numerous local-scale studies
used paired-sites or chronosequence approaches to investigate SOC
change (ΔSOC) following restoration, which largely showed long-term
carbon accumulation (Liu et al., 2017; Zhang et al., 2013). A few metaanalyses consolidated these local observations to examine the effects of
revegetation type or climate on post-conversion SOC sequestration
(Chang et al., 2011; Deng et al., 2014b) because such information can
provide insights into the factors controlling SOC change and can be
used to guide further restoration efforts.
Most previous meta-analyses were based on clustering site observations into different groups of revegetation types or sub-
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geographical units, and then using multi-way analysis of variance
(ANOVA) (Chang et al., 2011; Cheng et al., 2015; Deng et al., 2016a,
2014c) or individual linear regressions of ΔSOC against age-since-conversion for different groups to examine the effects of restoration type on
SOC sequestration (Deng et al., 2014a). One significant methodological
deficiency in these analyses is that the influences of confounding
variables were not separated when examining the effect of a given
factor. As a result, partial impacts on SOC sequestration by vegetation
type, or by plant species selected in the “Grain-for-Green” project, remain elusive. This has led to a lack of scientific evidence on the best
choice of vegetation type or plant species to maximize SOC sequestration over the plateau, even though such information is highly useful for
future restoration efforts.
In terms of ecological processes, the amount of SOC under the newly
established vegetation is the net outcome of continued decomposition
of the legacy SOC and the carbon input from the new vegetation, together with its own decomposition (Lu et al., 2013). Over the Loess
Plateau, detailed studies have been carried out at the site-level to
quantify the contributions of old versus new vegetation to the current
SOC stock using stable carbon isotope (13C) measurements (Deng et al.,
2016a). But regional-scale studies focusing on SOC sequestration have
focused on quantifying the sequestration rate but paid little attention to
mechanistic understanding. In particular, there is a lack of knowledge
on SOC turnover rates (k-value) for different restoration types, and how
regional variations in turnover rate are linked to climate or environmental factors. This has limited our ability to predict future SOC
changes in this region.
In this study, we compiled a database on SOC changes following
cropland restoration across the entire Loess Plateau by collating sitelevel observations. We address two questions: (1) What are the differences in SOC sequestration among restoration types or plant species
when other co-varying factors are accounted for? (2) How is SOC sequestration in different restoration types controlled by the underlying
plant input and SOC turnover rate (k-value), and how does the k-value
vary across environmental and climatic gradients? Answers for these
questions will help form appropriate restoration and management plans
for similar projects in other semi-arid regions of the world. Advancing
our understanding of the mechanisms underlying regional SOC change
following land-use change should also improve our ability to predict
future changes in soil carbon stock.

naturally recovered grassland (henceforth referred to as natural grassland), managed grassland, shrubland, and plantation (including
orchard). We also included plant species information for woody vegetation. For plantations, the dominant species were Robinia pseudoacacia,
Platycladus orientalis, Pinus tabuliformis, and orchard (orchard contained
mostly broadleaf deciduous fruit trees which are not detailed here). For
shrubland, the dominant species were Caragana korshinskii Kom.,
Hippophae rhamnoides, and Caragana sinica (Buchoz) Rehd.. Our collected sites were distributed extensively over the areas of revegetation
activities suggested by a recent analysis based on satellite data (Fig. 1b)
(Song et al., 2018). In addition, site distribution also represented well
the climate space defined by MAT and MAP across the entire plateau
(Fig. 1c).
2.2. Soil data pre-processing
SOCD integrates the information from both soil bulk density and
SOC content and directly measures the amount of carbon sequestration
(Deng et al., 2014b; Xia et al., 2016). Therefore, we decided to focus on
SOCD changes following ecological restoration. Deng et al. (2014a)
reported that for the “Grain-for-Green” project across China, SOC sequestration rate (i.e., SOCD increase per year) in the 0–20 cm layer was
about half of that in the 0–100 cm layer. Our analysis thus ignored the
SOC sequestration in deep subsoil and focused only on the topsoil
(0–20 cm). For studies reporting both SOCD0 and ΔSOCD following
restoration, these data were directly included in the database. For
studies reporting soil bulk density and SOC content, SOCD was calculated using the following equation:
(1)

SOCD = (SOCc × BD × D)/10
−2

where SOCD is SOC density for a given soil depth (Mg C hm ), SOCc is
SOC content (g kg−1), BD is soil bulk density (g cm−3), and D is soil
layer thickness (cm). Some studies reported soil organic matter (SOM)
content rather than SOCc. In those cases we converted SOM to SOC
using a ratio of 0.58 (Guo and Gifford, 2002).
For cases without a BD measurement, we estimated BD using the
following procedure. Using studies where both measurements were
available, we established a significant linear relationship between BD
and SOCc when SOCc was < 10 g kg−1, and BD was thus derived using
this relationship:
0.052 × SOCc + 1.42(for SOCc < 10g Kg 1, R2 = 0.49, p < 0.01, n = 56)

2. Materials and methods

BD =

2.1. Database compilation

Even though the derived BD values have uncertainties using this
approach, it allowed us to retain the sites without BD measurements
and thereby enlarge the total sample size. As missing BD measurements
is rather common, this approach has been frequently used in previous
studies investigating SOC change following land use change (e.g., Deng
et al., 2016b; Wei et al., 2014; Wu et al., 2003). When SOCc is larger
than or equal to 10 g kg−1, no significant relationship was found. But
given the small variation in observed BD values, we decided simply to
use a constant mean BD of 1.13 ± 0.10 g cm−3 (mean value ±
standard deviation).
For some sites, SOCD was only reported for the soil layers of
0–10 cm or 0–100 cm. Previous studies reported a strong correlation of
SOCD between different soil depths, and such relationships have been
used to infer SOCD for a certain depth from a known SOCD of another
depth (Deng et al., 2016b; Yang et al., 2007). Following a similar approach, we constructed regression relationships between the SOCD of
0–10 cm or 0–100 cm layer and the 0–20 cm layer using observations
from sites where SOCD was reported for both layers. These relationships were used to predict the SOCD of 0–20 cm layer using that of
0–10 cm or 0–100 cm layer:

(2)

We constructed a database by collating data from previously published literature on changes in SOC density (SOCD, unit: Mg C hm−2)
following restoration of former cropland over the Loess Plateau. The
literature spanned the period of 1999–2018, i.e., after the large-scale
implementation of the “Grain-for-Green” project. Only studies satisfying the following requirements were included: (1) A research objective to examine SOC change following land-use conversion was explicitly stated, using either the approach of paired sites or postrestoration chronosequence; (2) The land use type prior to restoration
was cropland, or recently abandoned cropland that maintained a herbaceous cover (for the latter, we verified that SOC changes are congruent with those at sites using cropland as a contrast); (3) The restoration age could be clearly inferred; (4) both SOCD change and the
initial SOCD (SOCD0) before land-use conversion could be determined.
A total number of 63 papers were collated (Supplementary Table 1)
covering 63 sites (Fig. 1).
For each site, the following ancillary information was also recorded
when available: (1) longitude and latitude; (2) mean annual temperature (MAT) and mean annual precipitation (MAP) which were often
reported for the nearest meteorological station(s); (3) restoration type,
being one of the four dominant restoration types over the Loess Plateau:

SOCD0

20cm

= 1.73 × SOCD0

10cm

+ 0.38(R2 = 0.90, p < 0.01, n = 37)
(3)

2
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Fig. 1. (a) Location of the Loess Plateau in China and the mean annual precipitation (1999–2015) distribution across the country. (b) Spatial distribution of sites
included in our database. The background map shows the change of vegetation cover from 1982 to 2016 from a recent analysis based on satellite images (Song et al.,
2018), with green shading indicating revegetation, and orange to red shading indicating vegetation loss. (c) Distribution of all 0.1° grid cells over the Loess Plateau in
the climate space constructed by MAT and MAP from a gridded climate data, shown by gray dots, and the sites in our database, shown by red dots. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

SOCD0

20cm

= 0.53 × SOCD0

100cm

To examine the role of soil texture in post-restoration SOC change,
we used a gridded global soil texture data set: the SOILGRIDS data set
(Hengl et al., 2017, https://www.isric.org/explore/soilgrids) which
was created using a machine learning algorithm with a spatial resolution of 250 m. We resampled this data set at a 0.1° resolution and extracted the clay and silt content (ClaySiltCont, in %).

5.72(R2 = 0.91, p < 0.01, n = 28)
(4)

The value of ΔSOCD t years after land-use conversion was thus
calculated as:

SOCDt = SOCDt

SOCD0

(5)

where SOCDt is the existing SOCD for a given year t, and SOCD0 is the
initial SOCD before land-use conversion. A total of 331 paired entries
were collated, with the minimum restoration age being 1 year and the
maximum age being 60 years.

2.4. Statistical analysis to determine the controlling factors of SOC
sequestration
We used multiple linear regression (MLR) in a stepwise manner to
explore the relationship between ΔSOCD and several potential explanatory variables: ClaySiltCont, MAP, P90th, MAT, T90th, SOCD0, restoration age (Age, unit: years), restoration type (Type), and the interaction between Age and Type (Age:Type, with the sign “:” indicating
the interaction term). We used the backward stepwise regression in the
MASS package in R to obtain an optimal model that yielded the lowest
Akaike Information Criterion (AIC) value of all possible models.
To investigate the effect of the restoration type on SOC sequestration, we first performed MLR analysis by including all of the observations, with Type as a categorical variable referring to one of the four
dominant restoration types. Then, to investigate the effect of plant
species on SOC sequestration within the type of plantation or shrubland, we performed two further MLR analyses, using plantation or
shrubland observations individually. In these two additional MLR
analyses, all other explanatory variables and their interactions were the

2.3. Gridded data sets of climate and soil texture
To examine the potential impact of extreme climate events on SOC
change, we used gridded climate data over China at a 0.1° spatial and 3hour temporal resolution (China Meteorological Forcing Dataset; Jie
and Kun, 2011). A reasonably good agreement was found between literature-based MAT and MAP and the values extracted from the gridded
data with corresponding site locations for the period of 1999–2015 (for
MAT, slope = 1.08, R2 = 0.30, p < 0.01, n = 63; for MAP,
slope = 0.99, R2 = 0.37, p < 0.01, n = 63). This enhanced our
confidence in using the gridded dataset. We then extracted daily heavy
precipitation, defined as the 90th percentile of daily precipitation
within a year (P90th, unit: mm), and daily high temperature, defined as
the 90th percentile of daily temperature within a year (T90th, unit: °C),
both being averaged over 1999–2015.
3
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same as in the first analysis, except for the ‘Type’ variable, which was
replaced by Species, a categorical variable referring to the species
within plantation or shrubland.
Type II analysis of variance (Type II ANOVA) was used to examine
the significance of the different terms included in the final linear regression model. This method respects the principle of marginality and
examines the “partial” effect of each explanatory term by calculating
the incremental F-statistic that contrasts the full model with an alternative model, in which the explanatory term in question is removed
(Fox, 2015). To quantify the relative contributions of different explanatory terms to the total variance explained by the regression model,
we used the “LMG” method from the “relaimpo” R package to derive
the relative importance of each term.

search scope by looking for the given vegetation type in a series of rings
centered on the concerned pixel until reaching a 10-pixel distance (i.e.,
roughly equivalent to a 10-km distance), and used the mean NPP of all
the pixels sharing the given vegetation type. We verified that the
coefficients of variation in NPP across the 10-pixel distance around
most sites were < 10%. This suggested that the mean NPP value of
adjacent pixels could be used as a good approximation of the NPP of a
given pixel.
The apparent turnover rate, k, was then obtained by solving Eq. (7).
We used the “scipy.optimize.fsolve” method from the “scipy” Python
package (www.scipy.org) to solve this equation. We further investigated the difference between the k-values obtained for the four
restoration types, and the relationship between the k-value and the
environmental variables used in the MLR analysis (MAT, MAP, ClaySiltCont, and SOCD0), to independently verify the controlling factors of
post-restoration SOC change as revealed by the MLR analysis. With the
fitted k-value, Eq. (7) provided a response curve of ΔSOCD for each
paired measurement as a function of restoration age. We further compared the predicted ΔSOCD at 60 years after restoration for each restoration type using the two approaches, i.e., the MLR method and the
mechanistic modelling approach.

2.5. Mechanistic modelling of ΔSOCD based on apparent SOC turnover rate
SOCDt after land-use conversion is the net effect of two processes:
the continual decomposition of legacy SOC from old cropland, and the
build-up of newly formed SOC after land-use conversion (Li et al.,
2018). The latter process can be further decomposed into the sum of
SOC input each year after land-use conversion, reduced by its own
decomposition until the target year t. Thus, SOCDt can be expressed as:

SOCDt = SOCD0 × e

k1× t

+

t

×

i=1

NPPi × e k2× (t

i + 1)

3. Results

(6)

3.1. Vegetation type and species effects on SOC sequestration

where SOCD0 is initial SOCD over cropland prior to conversion, and k1
is the turnover rate for SOCD0. NPPi is net primary productivity for year
i after the conversion, α is the proportion of NPPi that enters the SOC
pool, and k2 is the turnover rate of SOC for the new land-use type. We
assumed a first-order decomposition of SOC, as is widely used in soil
carbon models (Parton et al., 1988).
To further simplify Eq. (6), we used a single k to replace both k1 and
k2 (i.e., assuming k1 = k2 = k) and a constant NPP value for each site:

SOCDt = SOCD0 × e

k×t

+

×

t
i=1

NPP × e k × (t

i + 1)

The stepwise multiple linear regression of ΔSOCD including all restoration types retained the five independent variables of soil clay and
silt content (ClaySiltCont), MAT, initial SOCD (SOCD0), restoration age
(Age), and restoration type (Type), as well as the interaction term between Age and Type (Table 1). Type II ANOVA analysis indicated that
ClaySiltCont, Age, and Type exerted a significant control over ΔSOCD
following restoration (with all p-values < 0.01). Among the variables
retained, Age contributed the most (66.8%) to the explanatory power of
the regression model (R2 = 0.29), followed by Type (11.6%), ClaySiltCont (8.5%), and the interaction term between Age and Type
(8.4%), with SOCD0 and MAP making the smallest contributions
(Table 1).
Fig. 2a shows the SOC sequestration rates (defined as the regression
coefficient of the “Age” variable) for different restoration types. The
rate was highest for managed grassland (0.41 ± 0.08 Mg C hm−2
yr−1, the uncertainty is the standard error of the regression coefficient),
significantly higher than for natural grassland (0.13 ± 0.07 Mg C
hm−2 yr−1). Plantation and shrubland had intermediate rates of
0.27 ± 0.04 Mg C hm−2 yr−1 and 0.25 ± 0.08 Mg C hm−2 yr−1,
respectively. The intercept terms for the regressions (i.e., the

(7)

This assumption about k is necessary to solve Eq. (6) by transforming it to Eq. (7) because our data did not allow the distinction
between k1 and k2. Such a single k synthesizes both effects of k1 and k2,
but its variation among different sites was mainly driven by variation in
k2 and by among-site climate and edaphic variations. We argue that
vegetation type effects on k1 would be the same across all sites because
cropland was the single land cover type before restoration, while sitelevel studies proved that variations in k1 were driven by among-site
climate and soil property variations (Deng et al., 2016a). In contrast,
variations in k2 were driven by both vegetation type and environmental
conditions. Therefore, variations in k would be driven by post-restoration vegetation type and among-site environmental variations.
Following Li et al. (2018), we set α = 1.0 for grassland (including
both natural and managed grassland) and α = 0.64 for shrubland and
plantation. We considered that setting α = 1.0 for grasslands was
reasonable as most grasslands in this region were either enclosed or
actively patrolled to prevent livestock grazing (Chen et al., 2004).
Managed grasslands might be subject to occasional cutting, but the
frequency and intensity of any such cutting were not recorded. Orchards, on the other hand, were subject to the harvest of fruit, and we
therefore, tentatively set the value of α to 0.5 for orchards, lower than
the value used for shrubland and plantations.
We extracted site-level NPP from the gridded MOD17 NPP data
which is derived from the moderate resolution imaging spectroradiometer (MODIS) satellite (Zhao and Running, 2010) and based on
the MCD12Q1 land-cover map. Before extraction, we corrected the
MOD17 NPP data over the Loess Plateau using the collated field-based
NPP estimates. We first attempted to extract NPP for the 1-km pixel
corresponding to a given site if the MCD12Q1 land cover type of that
pixel was consistent with the post-restoration vegetation type reported
for the site. When a mismatch occurred, we gradually expanded the

Table 1
Results of a stepwise multiple linear regression of change in soil organic carbon
density (ΔSOCD) against explanatory variables.
Estimate (standard
error)
ClaySiltCont
MAP
SOCD0
Age
Type
Age:Type

0.24 (0.07)
−0.01 (0.00)
0.10 (0.06)
Fig. 2a
Fig. 2b
Fig. 2a

Type II ANOVA
F-value

Pr(> F)

11.1
3.0
2.5
4.4
4.8
3.8

***
0.08
0.11
***
**
0.01

Relative
importance
8.5%
1.2%
3.4%
66.8%
11.6%
8.4%

Notes: Results of Type II ANOVA and the relative importance analysis are also
shown. An F-test for the overall significance of the regression model yields a pvalue < 0.01, with R2 = 0.29. Pr(> F) is the probability of an F-value greater
than that given in the “F-value” column. Symbols for the significance test are:
** for p < 0.01 and *** for p < 0.001. MAP, mean annual precipitation;
SOCD0, initial soil organic carbon density; Age, restoration age; Type, restoration vegetation type.
4
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Fig. 2. (a) SOC sequestration rates (i.e., the slope of “Age”, refer to Table 1) and (b) the intercept term (i.e., the coefficients for Type in Table 1) for different
vegetation types obtained by a stepwise multiple linear regression. Different letters indicate significant difference (p < 0.05). Error bars indicate standard errors.

coefficients for the Type term in Table 1) are shown in Fig. 2b, and had
almost the same order as the slope of “Age” for different restoration
types. Furthermore, SOC sequestration was found to increase significantly with fine soil particle content, at a rate of 0.24 ± 0.07 Mg C
hm−2 for each percentage increase in soil clay and silt content
(Table 1). Initial SOC density had a positive effect on SOC sequestration. Precipitation had a barely significant negative influence of −1 Mg
C hm−2 per 100 mm increase in MAP.
The results of the stepwise regression examining the species effect
for plantation are shown in Table 2. Age and Species had significant
impacts on ΔSOCD, but the SOC sequestration rate (the slope of ‘Age’)
did not depend on plantation species. Evergreen coniferous tree species
had a significantly higher intercept (29.75 ± 13.30 Mg C hm−2, the
mean of Platycladus orientalis and Pinus tabuliformis) than observed for
broadleaf deciduous trees (16.50 ± 6.50 Mg C hm−2, the mean of
Robinia pseudoacacia and orchard), indicating larger amounts of SOC
sequestration by evergreen trees for a given age (Fig. 3). Age and
Species were also the two terms contributing the most to the variance of
ΔSOCD explained by the regression model (Table 2), with values of
43.8% and 31.4%, respectively. Daily heavy precipitation (P90th) was
positively correlated with ΔSOCD, and daily high temperature (T90th)
was negatively correlated with ΔSOCD, both making moderate contributions to the overall R2 (7.9% and 9.5%).
The stepwise regression examining the species impacts on ΔSOCD
for shrubland showed no impacts by species on either the intercept or

the slope of Age (Table 3). Age and soil texture accounted for 90.9% of
the variation of ΔSOCD as explained by the regression model
(R2 = 0.54). Daily heavy precipitation (P90th) had a positive, but nonsignificant effect on SOC accumulation.
3.2. SOC turnover rate and its variation with restoration type and
environmental factors
The apparent annual turnover rates (k-values) of SOC for different
restoration types are shown in Fig. 4. The k-values for all of the restoration types had large variations, probably due to spatial heterogeneity in soil texture and climate conditions, and uncertainties in the
value of NPP used in Eq. (7). The turnover rates among different vegetation types showed no significant difference, likely indicating that
environmental or soil edaphic factors dominated over the role of litter
quality in determining the turnover rate. The median k-values at different sites show no significant relationship to either temperature or
precipitation (Fig. 5a, b), despite a very weak but non-significant positive correlation in both cases. Median k-values had weak but significant negative relationships with soil clay and silt content and initial
SOCD (Fig. 5c, d).
For all restoration types, the predicted mean ΔSOCD showed an
initial increase followed by a gradual levelling-off or saturation (Fig. 6).
For comparison, the linear regression lines derived by the model in
Table 1, together with its 95% confidence interval, are also shown in
Fig. 6 (dark gray line with light-gray shaded region). The 95% confidence intervals of the linear regressions largely encompass the fitted
curves for the mean and median predicted ΔSOCD values obtained by
the k-value based mechanistic modeling for all restoration types, suggesting the broad consistence between the two approaches.
The values of ΔSOCD predicted by the two different approaches at
60 years after restoration are further compared in Fig. 7. For all vegetation types, the MLR approach predicted consistently higher ΔSOCD
values than the k-value based mechanistic modeling approach. The
relative rank of ΔSOCD among the four vegetation types (based on the
mean of the median values from the two approaches) was highest for
managed grassland (18.5 Mg C hm−2,), followed by plantation
(13.7 Mg C hm−2) and shrubland (12.5 Mg C hm−2), with the lowest
value observed for natural grassland (6.6 Mg C hm−2).

Table 2
Results of a stepwise multiple linear regression of change in soil organic carbond density (ΔSOCD) against explanatory variables for plantation.
Estimate (standard error)

T90th
P90th
MAT
MAP
SOCD0
Age
Species

−1.11 (0.57)
3.76 (1.05)
−1.35 (0.78)
0.03 (0.02)
−0.32 (0.11)
0.28 (0.05)
Fig. 3

Type II ANOVA
F-value

Pr(> F)

3.8
12.7
3.0
1.9
7.7
33.4
7.2

0.05
***
0.09
0.17
**
***
***

Relative importance

9.5%
7.9%
2.6%
1.6%
3.2%
43.8%
31.4%

Notes: Results of Type II ANOVA and the relative importance analysis are also
shown. An F-test for the overall significance of the model yielded a p-value <
0.01, with R2 = 0.50. Pr(> F) is the probability of an F-value greater than that
given in the “F-value” column. Symbols for the significance test are: ** for
p < 0.01 and *** for p < 0.001. T90th, 90th percentile of daily temperature
within a year; P90th, 90th percentile of daily precipitation within a year; MAT,
mean annual temperature; MAP, mean annual precipitation; SOCD0, initial soil
organic carbon density; Age, restoration age; Species, restoration vegetation
species.

4.

Discussion

4.1. Vegetation and species impacts on SOC sequestration
China’s “Grain-for-Green” project and its impact on soil carbon sequestration have received extensive research attention (e.g., Chang
et al., 2011; Deng et al., 2014b, 2014c; Song et al., 2014; Zhang et al.,
5
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Fig. 3. Intercepts for different species in the stepwise multiple linear regression model for plantation (i.e., coefficients for “Species” term in Table 2). Error bars
indicate standard errors and different letters indicate significant difference (p < 0.05).

0.29 ± 0.03 Mg C hm−2 yr−1 over the entire Loess Plateau. Our database produced an overall sequestration rate of 0.23 ± 0.03 Mg C
hm−2 yr−1 from a simple linear regression between ΔSOCD and restoration age, slightly lower than their estimate, but the uncertainty
ranges of the two estimates overlapped each other.
Chang et al. (2011) investigated the impact of restored vegetation
type on SOC sequestration by looking into the interaction between
precipitation zones and conversion types. They found that, depending
on the precipitation zone, forest and shrubland have higher or nonsignificantly different SOC sequestration than grassland. However, the
effect of age since restoration as a co-varying factor was not accounted
for in their analysis. Using a simple linear regression approach, Deng
et al. (2014b) reported grassland to have the highest rate of SOC sequestration (0.52 Mg C hm−2 yr−1), with an intermediate rate in
shrubland (0.29 Mg C hm−2 yr−1), and the lowest value in forest
(0.19 Mg C hm−2 yr−1), but their study did not take into account other
co-varying factors such as climate or soil texture.
Our study differed from these earlier studies by incorporating the
confounding drivers of SOC change into a stepwise multiple linear regression framework and thus allowing for isolating the partial impact of
each individual factor. The results showed that age and vegetation type
explained 86% of the total variance explained by the regression model,

Table 3
Results of a stepwise multiple linear regression of change in soil organic carbon
density (ΔSOCD) against explanatory variables for shrubland.
Estimate (standard
error)
ClaySiltCont
P90th
Age

0.33 (0.11)
1.95 (1.09)
0.26 (0.05)

Type II ANOVA
F-value

Pr(> F)

9.8
3.2
23.6

**
0.08
***

Relative
importance
23.6%
9.1%
67.3%

Notes: Results of Type II ANOVA and the relative importance analysis are also
shown. An F-test for the overall significance of the model yields a p-value <
0.01, with R2 = 0.54. Pr(> F) is the probability of an F-value greater than that
given in the “F-value” column. Symbols for the significance test are: ** for
p < 0.01 and *** for p < 0.001. ClaySiltCont, clay and silt content; P90th,
90th percentile of daily precipitation within a year; Age, restoration age.

2010). Among these, the meta-analysis approach was used by Deng
et al. (2014a) and Chang et al. (2011) to examine SOC sequestration in
the 0–20 cm soil layer on the Loess Plateau. All of these studies identified restoration age as the primary factor determining SOC sequestration. Deng et al. (2014b) used a simple bivariate linear regression
approach and found an overall SOC sequestration rate of

Fig. 4. Boxplot of apparent turnover rate (kvalue) of soil organic carbon for different vegetation types following ecological restoration
over the Loess Plateau. Analysis of variance
(ANOVA) indicates no significant difference
among the different vegetation types (Fvalue = 1.29, p = 0.28, n = 304). The sample
sizes for managed grassland, plantation, shrubland, and natural grassland were 44, 125, 45,
and 90, respectively. “× ”symbols indicate mean
values.
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Fig. 5. Relationship between the median soil organic carbon turnover rate (k-value) at each site and (a) mean annual temperature, (b) mean annual precipitation, (c)
soil clay and silt content, and (d) initial SOCD. The solid lines are regression lines calculated using an ordinary least squares fitting, with p-value and R2 as indicated.

and the effect of age on carbon accumulation depended on vegetation
type (Table 1). We found that the SOC sequestration rate was highest in
managed grassland, intermediate in plantation and shrubland, and
lowest in natural grassland. The relative order of different vegetation
types was broadly consistent with Deng et al. (2014b), although we
made a distinction between managed and natural grassland while they
did not make such a distinction.
We found the SOC sequestration rate of managed grassland
(0.41 ± 0.08 Mg C hm−2 yr−1) was three times higher than the rate
for natural grassland (0.13 ± 0.07 Mg C hm−2 yr−1) (Fig. 2a), while
the intercept of managed grassland (-10.28 ± 5.11 Mg C hm−2) was
not significantly different from natural grassland (-10.93 ± 1.58 Mg C
hm−2) (Fig. 2b). Therefore, managed grassland would yield a higher
SOC sequestration value under the same conditions of other factors
(such as MAT, MAP, etc.). This finding might be because managed
grassland on the Loess Plateau is dominated by alfalfa (Medicago sativa),
which is a nitrogen-fixing plant, and at some sites managed grasslands
are subject to fertilization (Zhang et al., 2015b).
In the results of the regression focusing on plantation only,
“Species” played an important role in estimating SOC sequestration, but
the relationship between soil C stocks and “Species” was independent of
restoration age (Table 2). The higher intercept value for evergreen
needleleaf forests compared with broadleaf deciduous forests indicated
the different strengths of SOC sequestration for different species after
land-use conversion (Fig. 3). An alternative regression model that excluded the “Species” term, but maintained the interaction term between
“Age” and “Species” (i.e., a regression forced to go through the origin,

assuming no SOC change at Age = 0) (see Supplementary Fig. 1),
showed that evergreen needleleaf trees have significantly higher SOC
sequestration rates (0.46 ± 0.10 Mg C hm−2 yr−1) than deciduous
broadleaf trees (0.15 ± 0.09 Mg C hm−2 yr−1), further supporting the
idea that the evergreen needleleaf forest had a significantly greater
effect on carbon sequestration than the deciduous broadleaf forest.
Although some studies have reported better litter quality with a lower
C:N ratio in broadleaf forests compared with evergreen needleleaf forests (Cools et al., 2014; Frouz et al., 2013), we obtained similar apparent turnover rates for the two types (with the same median k-value
of 0.10), and field-based NPP estimates were also close. Therefore,
further work with data of higher quality and less uncertainty is needed
to explain the higher SOC sequestration rates calculated for evergreen
needleleaf forests.
4.2. Climate impacts on SOC sequestration
The Loess Plateau has strong spatial gradients in temperature and
precipitation, so climate factors are expected to exert controls over SOC
sequestration (Chang et al., 2011; Deng et al., 2014b; Tuo et al., 2018).
Both Chang et al. (2011) and Deng et al. (2014b) examined the effect of
precipitation on SOC change by dividing the plateau into different
precipitation regimes. In contrast to what might be expected, neither
study found a clear, consistent pattern of SOC sequestration with precipitation. In our MLR analysis, which detected factors determining soil
C sequestration (Table 1), we found a negligible (but marginally significant) contribution of precipitation, which was consistent with
7
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Fig. 6. Predicted ΔSOCD response curves using a simple k-value based modelling approach (Eq. (7)) for (a) managed grassland, (b) plantation, (c) shrubland, and (d)
natural grassland. The thin lines are response curves fitted for individual paired measurements. The solid and dashed red lines indicate the mean and median values
of the individual response curves, respectively. The solid dark gray lines are regression lines of the linear fit derived in Table 1, with the light-gray shaded regions
representing the 95% confidence intervals, for each restoration type, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

previous findings. This result suggests that, despite the prominent
spatial gradient of precipitation on the Loess Plateau, precipitation
exerts its impact on SOC change more through its influence on vegetation distribution than by a direct influence on soil carbon dynamics.
This highlights the effect of climate on soil carbon accumulation
through the “indirect” effect on vegetation.
Liu et al. (2011) examined the role of temperature and precipitation
on the current spatial distribution of SOC stock over the Loess Plateau,
and did not find a consistent pattern of SOC variation with either
temperature or precipitation. Mean annual temperature dropped out of
our stepwise regression when examining the factors determining SOC
sequestration (Table 1), suggesting that there is no appreciable general
control of temperature on SOC sequestration when other co-varying
factors are controlled for.
This study further revealed a very weak, non-significant positive
relationship between turnover rate (k-value) and either average annual
temperature or precipitation (Fig. 5), while a recent global analysis
focusing on SOC dynamics following grassland-related land use change
found an important positive correlation between turnover rate and
temperature (Li et al., 2018; Zhang et al., 2015a). Compared with the
results of Li et al. (2018), our results only reported a correlation of the
same sign but with no statistical significance. The most likely reason
may be that the Loess Plateau region in our study is located in the arid

and semi-arid zones with a relatively limited range of climate compared
to global analysis. Most sites in our database were distributed in the
area where average annual temperature is in the range of 5–11 °C and
average annual precipitation is in the range of 300–650 mm (Fig. 5). In
addition, the characteristics of concentrated rainfall in the Loess Plateau may lead to a failure of vegetation for effective rainfall utilization,
a decline in biomass productivity, and a weakening of SOC accumulation (Jia et al., 2015; Wang et al., 2019).
4.3. The impacts of initial SOC and soil texture on SOC sequestration
Our study revealed a positive, but non-significant effect of initial
SOCD on SOC sequestration (Table 1). This result was consistent with
the results of Deng et al. (2014b) who found a significant bivariate
positive relationship between ΔSOCD and SOCD0, but the SOCD0 term
was dropped in their stepwise regressions for two out of the three
precipitation zones. Thus, both studies suggested that there was a very
limited partial effect of SOCD0 on SOC sequestration over the Loess
Plateau. At the national level, Zhang et al. (2010) found a pervasive
positive impact of SOCD0 on ΔSOCD for all restoration stages of cropland, while Deng et al. (2014a) reported a negative impact. The impact
of SOCD0 on the larger scale therefore remains uncertain.
The fine particles of clay and silt in mineral soil are known to
8
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Fig. 7. Comparison of the predicted ΔSOCD at 60 years after restoration for different restoration types calculated using the k-value based mechanistic modelling and
multiple linear regression approaches. The black dots indicate the mean of the median values obtained from the two approaches.

entire Loess Plateau, and found dried soil layers of greater thickness in
forests than in grasslands in both semi-arid and semi-humid regions,
suggesting a higher water consumption by plantations. They also reported a greater dried soil layer thickness in a Robinia pseudoacacia
plantation than in a Caragana korshinskii shrubland in the semi-arid
region. Wang et al. (2009) also reported greater soil moisture depletion
in shrubland (Caragana microphylla Lam.) and pine forest (Pinus tabulaeformis) than in managed grassland (Medicago sativa). These results
point to a generally higher water consumption in plantations and
shrublands than in grasslands, but the relative magnitudes of water
consumption in plantations and shrublands are uncertain and may depend on species and location.
We found the highest SOC sequestration rate in managed grassland.
Considering the low water demand of grassland, it seems a promising
option for future restoration efforts on the Loess Plateau, especially in
the semi-arid regions. Most of the managed grasslands in our database
were planted alfalfa and some of them were fertilized, but, unfortunately, other management details were not available. Therefore,
our results should be interpreted with caution, as SOC sequestration
potential in managed grassland might depend on the specific management methods that were used at each site.
For remote areas, restoration into natural grassland or plantation or
shrubland is still a viable option. Although the latter two types consume
more water than grassland, they also offer greater evaporative cooling.
Plantations can provide additional benefits of timber production and
wind protection for cropland and infrastructure. In the semi-humid
region of the southeast plateau, where precipitation is relatively high,
restoration into shrubland or forest remains an attractive option.

enhance organic matter retention because they provide physical protection against microbial decomposition by forming soil aggregates
(Baldock and Skjemstad, 2000; Hassink et al., 1997; Trigalet et al.,
2014), and because organic matter tends to form chemical bonds with
the mineral surfaces of these fine particles (Grüneberg et al., 2013;
Lützow et al., 2006; Plante et al., 2006). Therefore, soil texture is expected to affect SOC sequestration following land-use conversion.
Failing to include soil texture in models relating SOC change to restoration age might lead to incorrect attribution in the age effect. Our
MLR analysis, while accounting for the age effect, indicated a significant positive role of clay and silt content in SOC accumulation. This
result mainly reflects the protective effect of clay and silt on soil organic
carbon by combining with organic carbon to form an organo-inorganic
complex, further confirmed by the negative correlation between SOC
turnover rate and soil clay and silt content (Fig. 5c).
The positive relationship between clay and silt content with SOC
accumulation found in our study is supported by the results of other
large-scale studies over the Loess Plateau. Ge et al. (2019) found SOC
content increased significantly with clay and silt content across two
different land use types (cropland and forest) over several sites which
covered a gradient of soil texture. Liu et al. (2011) performed systematic SOC stock sampling at more than 380 sites across the entire
Loess Plateau. They found a general increase in SOCD when clay and
silt content changed from < 70% to 70–85%, and SOCD further increased when clay and silt content rose to > 85%. These results demonstrate the general control of soil texture in the large-scale distribution of SOCD over this region.
4.4. Management implications

5. Conclusions

Our findings have implications for future restoration efforts over the
Loess Plateau and other semi-arid regions of the world. Water limitation
is a key consideration for such regions when selecting restoration vegetation types, and it is critical that a balance be maintained between
carbon sequestration and water conservation. Over the Loess Plateau,
the development of dry soil layers has been reported more widely in
revegetated areas than in cropland (Wang et al., 2011), likely due to the
higher water consumption of restored perennial vegetation. We may
therefore use the depth of the dried soil layer development as an indicator of water usage by different vegetation types.
Wang et al. (2011) carried out systematic soil sampling across the

Our results show that over a semi-humid and semi-arid region such
as the Loess Plateau, soil carbon sequestration rate following cropland
restoration depended highly on the restored vegetation type. Managed
grassland was found to have the highest SOC sequestration rate, followed by plantation and shrubland, with the lowest rate being found in
natural grassland. These results have implications for future restoration
efforts used in this region and other semi-arid regions of the world.
Considering the balance between carbon sequestration and water conservation, managed grassland is an attractive restoration method given
its low water consumption. However, plantation and shrubland can
9
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provide ecosystem services in addition to carbon sequestration, and
remain viable options in regions with less water limitation.
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