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• Managed and natural vegetation resto-
ration were compared along a climatic
gradient.

• Both vegetation restoration strategies
increased soil carbon stocks in warmer
regions.

• Higher temperature shifted soil micro-
bial community structure.

• Restored vegetation had higher micro-
bial abundance and calcium than crop-
land.

• Microbial abundance and calcium ne-
gated effect of temperature on SOC
decomposition.
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Vegetation restorationhas beenproposed as an effective strategy for increasing soil organic carbon (SOC) seques-
tration. However, the responses of SOC to managed and natural vegetation restoration strategies at a large scale
are poorly understood due to the varying SOC components and changing climatic conditions. Here, wemeasured
bulk SOC, particulate organic carbon (POC), and mineral-associated organic carbon (MOC) after 15 years of veg-
etation restoration along an elevation gradientwith a corresponding temperature gradient in the calcareous soils
of karst region, Southwest China. We compared managed plantation forest and naturally recovered shrubland
vegetation restoration strategies, using cropland and mature forest as references. Overall, we found that the
SOC and POC densities in both plantation forest and shrubland were significantly higher than in the cropland
but lower than in themature forest. Therewere no significant differences in the SOC pool between the plantation
forest and shrubland. Furthermore, the relative changes in the SOC and POC densities increased with increasing
mean annual temperature in the plantation forest and shrubland. Our results showed that both vegetation resto-
ration strategies, characterized by higher soil microbial abundance and exchangeable Ca concentration, were
beneficial to POCbut notMOCaccumulation, and sufficiently compensated SOCdecomposition at lower elevation
with higher MAT. Our results highlight the potential of both vegetation restoration strategies for promoting SOC
accumulation inwarmer karst regions and emphasize the necessity to understand soil carbon stabilizationmech-
anisms in calcareous soils.
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1. Introduction

Soil is estimated to contain approximately three times more carbon
than the atmosphere (Stockmann et al., 2013), and thus soil respiration
and the accumulation of soil organic carbon (SOC) are, respectively, a
major source and sink of atmospheric carbon dioxide (Davidson and
Janssens, 2006). Vegetation restoration has garnered attention mainly
because of its ability to sequester carbon, and thus offset anthropogenic
carbon emissions and mitigate climate change (Bastin et al., 2019;
Wang and Huang, 2020). The restoration of degraded ecosystems at
the global scale is one of the main measures to limit the increase in
globalmean air temperature to below 1.5 °C by 2050 (IPCC, 2018). A re-
cent study showed that one third of Earth's vegetated lands are greening
and that ecological restoration is an important driver of the greening
earth (Chen et al., 2019a). However, soil carbon accumulation often
lags behind plant production and greatly varies in response to different
vegetation restoration strategies (Li et al., 2012). Whether the restora-
tion goals are achievable has been questioned because little is known
about the responses of SOC to different vegetation restoration strategies
under current and future climate conditions.

Managed and natural vegetation restoration are two important
strategies to remediate degraded ecosystems. Owing to the differences
in management, microclimate, species composition, and plant litter
quantity and quality (Laganiere et al., 2010; Shi et al., 2013; Solly
et al., 2014), the two restoration strategies may induce distinct profiles
of soil microbial growth and activity (Yang et al., 2020a, b), which are
likely to cause inconsistent SOC accumulation rates. Additionally,
other soil properties, such as soil mineral characteristics and aggregate
formation, can also be affected by vegetation restoration strategies
(Dou et al., 2020; Zhang et al., 2019), further influencing the capacity
of soil to stabilize SOC (Li et al., 2017). However, the effects of both veg-
etation restoration strategies on SOC accumulation and the regulating
factors have been mainly conducted at ecosystem or catchment scales
(Hu et al., 2018a, Jin et al., 2014; Wang et al., 2015), and we lack a com-
prehensive understanding of the responses of SOC to different vegeta-
tion restoration strategies at large scales. Given the variation in
temperature and precipitation at the regional scale, the capacity of
SOC sequestration and its determinants following vegetation restora-
tion may differ from that at the local scale. Specifically, changes in tem-
perature and precipitation affect soil microbial community composition
and/or structure (Chen et al., 2016) and thus result in diverse responses
of SOC to climatic gradients under different vegetation restoration strat-
egies. However, it is not clear whether the observed patterns of SOC ac-
cumulation betweenmanaged and natural vegetation restoration at the
local scale are also applicable at the regional scale, which contains dif-
ferent climatic gradients.

Furthermore, the fate of SOC following different vegetation restora-
tion strategies under future climate change is difficult to predict due
to the varying SOC components (Luo et al., 2020). Specifically, SOC is
composed of various functional pools that are characterized by different
turnover rates and stabilized by differentmechanisms such as the active
and stable SOC fractions (Luo et al., 2015). Conceptualizing SOC into
particulate organic carbon (POC) andmineral-associated organic carbon
(MOC) is considered a suitable way to predict large scale SOC dynamics
(Lavallee et al., 2020). A previous study conducted at the local scale
found that afforested soils mainly sequestered POC, whereas soils re-
stored with natural vegetation preferentially sequestrated MOC
(DeGryze et al., 2004). Additionally, large-scale studies have shown
that climatic factors differently influence POC and MOC (Luo et al.,
2020). Consequently, POC andMOCmay respond differently to changes
in temperature or precipitation under managed and natural vegetation
restoration strategies, and thus may represent a critical carbon–climate
feedback in the long term. However, due to the scarcity of direct SOC
measurements from large-scale field sampling, the response of SOC
fractions to different vegetation restoration strategies along a climatic
gradient at the regional scale remains uncertain, and the main
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influencing factors remain unknown. This hinders our ability to improve
carbon models and to predict the capacity of soils to sequester carbon
under future climate change scenarios.

The karst region in Southwest China is important for the explora-
tion of themagnitude and direction of changes in SOC fractions to cli-
matic gradients following vegetation restoration because this region
is highly sensitive and vulnerable to changes in climate, has become
a hotspot of vegetation restoration (Chen et al., 2019a; Tong et al.,
2020), and has substantial temperature differences due to consider-
able variation in elevation (Wang et al., 2019). The karst ecosystem
of Southwest China (>0.54 million km2) is one of the largest contin-
uous exposed carbonate rock areas globally (Tong et al., 2018). In the
context of the “Grain for Green” project, most seriously degraded
croplands have undergone vegetation restoration through natural
vegetation recovery and active tree planting (Wang et al., 2019). A
previous study reported that, in a relatively short period, natural
vegetation restoration was more beneficial to SOC sequestration
than managed vegetation restoration at the catchment scale (Hu
et al., 2018a). However, the regulatory factors that drive the accumu-
lation of SOC following vegetation restoration remain unclear.
Furthermore, long-term continuous data indicate the increasing
risk and severity of extreme climate events in Southwest China (Liu
et al., 2014). However, it remains unclear how the SOC fractions
will respond to the climatic gradient under managed and natural
vegetation restoration strategies, which increases the difficulty in
managing the trade-offs between soil carbon accumulation and
adjusting vegetation restoration strategies under future climate
change.

To address the abovementioned uncertainties, we compared bulk
SOC, POC, and MOC in soils subjected to restoration strategies with
managed plantation forest and naturally recovered shrubland vege-
tation along an elevation gradient with a corresponding climatic gra-
dient typical of the subtropical karst region of Southwest China to
those in cropland. We also selected nearby mature forests as refer-
ences to test the capacity of SOC sequestration and the correlation
with the climatic gradient in undisturbed soils. Our aim was to ad-
dress the following questions: (1) do bulk, active, and stable SOC in-
crease following vegetation restoration, and do they differ between
managed and natural vegetation restoration strategies; (2) how do
the SOC fractions respond to the climatic gradient after vegetation
restoration; and (3) what are the regulatory factors that significantly
drive the accumulation of SOC?

2. Materials and methods

2.1. Study region

The study region was located in Guizhou and Guangxi Provinces,
Southwest China (22°42′N to 27°53′N; 104°82′E to 108°37′E), and the
sampling sites were selected in a karst area typical of the study region
(Fig. 1). The elevation of the karst region ranges from 142 m a.s.l. in
the south to 2264 m a.s.l. in the northwest. Climate data for
2000–2015 were collected from the National Meteorological Informa-
tion Center of China (http://data.cma.cn/). The MAT and mean annual
precipitation (MAP) in the study region ranges from 12.6 °C to 21.8 °C
and 1013 to 1607mmyr−1, respectively (Table A.1). Along the transect,
MAT is considerably negatively correlated with elevation (r = −0.91),
i.e., MAT increases from the northwest to the south. The lithology in
the karst regions is dolomite, limestone, and their mixtures. The soil is
calcareous lithosols (limestone soil) according to the FAO/UNESCO clas-
sification system or entisols in the U.S. Soil Taxonomy.

Before the 1990s, a large portion of the karst ecosystems was se-
verely degraded by increased intensive agricultural activities. Since
2002, under the “Grain for Green” project, most croplands in the de-
graded karst regions have undergone ecological restoration through ei-
ther managed tree plantations or natural vegetation regeneration.

http://data.cma.cn/


Fig. 1. Spatial distribution of field sampling sites in the karst region in Guizhou and Guangxi Provinces, Southwest China.
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2.2. Experimental design

The field investigation and soil sampling were conducted from Au-
gust to October 2018. Soil samples were collected from Shuicheng,
Jinsha, and Duyun in Guizhou Province and Huanjiang, Duan, Mashan,
and Longzhou in Guangxi Province (Fig. 1). Four land-use types, namely
cropland, plantation forest, shrubland, andmature forest, were selected
in each county with three replicates (84 sampling sites in total: 7
counties, 4 land-use types, and 3 replicates of each land-use type in
each county). The land-use types were selected based on the following
criteria. (1) The sites had to have the same history and duration of land-
use type along the climatic gradient, which was determined using data
from the local forestry administration. The cropland must have been
under maize cultivation for at least 100 years. The plantation forest
and shrubland sites were previously cropland and restored by tree
plantation and natural vegetation regeneration since 2002–2003, re-
spectively, with about 15 years of restoration before sampling. The
mature forest represented subclimax vegetation that had been pre-
served for approximately 60 years. (2) The sites must have had the
same geochemical background and soil types as other selected
sites. (3) The sites must have been located in the foot slope because
this is where ecological engineering mainly occurred. (4) The slope
gradient was typically 15°–20° with a south or southeast aspect.
The distance between any two sampling locations within the same
county was normally <10 km, except in some cases where the dis-
tance was approximately 50 km (Fig. 1). The MAT, MAP, altitude,
and dominant species of the selected land-use types are presented
3

in Table A.1. Soil physicochemical and microbial properties of the
land-use types are presented in Table 1.

In each sampling site, a plot of 30 m × 30mwas established. An ap-
parent organic layer was absent in most sampling sites; thus this layer
was not sampled. As only the shallow soil layer could be found in
most sampling sites, mineral soils were collected from the 0–15 cm
layer after removing the organic layer where present. In each plot, 20
soil cores (38 mm in diameter) were collected randomly and pooled.
Stones and roots were removed from the soil samples by using a pair
of tweezers, and then soils were sieved through a 2-mm mesh. Each
soil samplewasdivided into three subsamples: one stored at−20 °C be-
fore soil microbial community analysis, and the soil samples stored in
the freezer were immediately transported to the laboratory for analysis
after the soil was sampled in each county to guarantee that the storage
time was <1 week; one air-dried and used to separate different SOC
fractions and measure the organic carbon concentration; and one air-
dried and used to measure bulk SOC and other soil physicochemical
properties.

2.3. Soil physicochemical analyses

Soil bulk density (BD) for each sampling site (10 replications) was
determined by collecting soil in a steel ring (volume: 100 cm3) and
weighing it after oven drying at 105 °C to a constant weight. Bulk SOC
concentration was measured by wet oxidation using the dichromate
redox colorimetric method (Nelson et al., 1996). The carbon isotope
ratio of SOC (δ13C-SOC, ‰) was analyzed using a MAT 253 isotope-



Table 1
Soil physical and chemical properties under different land-use types along a climatic gra-
dient in a subtropical karst region in Southwest China.

CR PF SH MF

pH (H2O) 6.51 (0.20) 6.63 (0.16) 6.42 (0.15) 6.47 (0.17)
BD (g cm−3) 1.21 (0.04) ab 1.28 (0.03) a 1.15 (0.03) b 0.99 (0.04) c
Clay (%) 30.9 (5.9) 26.5 (4.9) 22.7 (4.3) 20.9 (4.2)
Silt (%) 48.0 (4.2) 49.0 (2.7) 46.5 (3.1) 48.1 (2.8)
Sand (%) 21.0 (4.3) b 24.5 (3.0) ab 30.8 (4.1) a 31.0 (4.0) a
SOC (g kg−1) 20.13 (1.72) c 29.9 (2.76) b 32.85 (2.64) b 50.96 (4.60) a
TN (g kg−1) 2.14 (0.19) c 2.85 (0.22) b 3.04 (0.25) b 4.65 (0.39) a
C:N 9.6 (0.3) b 10.5 (0.4) ab 10.8 (0.4) a 11.0 (0.3) a
Ca (cmol kg−1) 19.95 (2.84) b 26.46 (2.57) b 23.28 (2.58) b 35.65 (3.05) a
Mg (cmol kg−1) 4.48 (0.73) b 6.74 (1.26) ab 6.34 (1.19) ab 9.37 (1.78) a
Bacteria
(nmol g−1)

25.44 (1.83) c 48.71 (4.54) b 55.39 (5.26) b 85.08 (7.99) a

Fungi (nmol g−1) 3.58 (0.27) c 7.08 (0.54) b 7.61 (0.46) b 10.88 (0.97) a
F:B 0.14 (0.01) 0.15 (0.01) 0.15 (0.01) 0.13 (0.01)
GP:GN 1.49 (0.11) a 1.29 (0.06) b 1.21 (0.05) b 1.20 (0.05) b

Note: CR, cropland; PF, plantation forest (managed vegetation restoration); SH, shrubland
(natural vegetation restoration); MF, mature forest; pH, soil pH value; BD, soil bulk den-
sity; SOC, soil organic carbon; TN, soil total nitrogen; C:N, ratio of SOC to soil TN; Ca, soil
exchangeable Ca2+; Mg, soil exchangeable Mg2+; Bactria, the abundance of bacterial
PLFAs; Fungi, the abundance of fungal PLFAs; F:B, ratio of fungal to bacterial PLFAs; GP:
GN, ratio of Gram-positive to Gram-negative bacterial PLFAs. The values are presented
asmeanswith standard errors in parentheses. Different letters represent significant differ-
ences among the land-use types at P < 0.05. There were no significant differences in pH,
clay, silt, and F:B among the four land-use types.
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ratio mass spectrometer (Thermo Finnigan MAT, Bremen, Germany)
after the removal of carbonate carbon using H3PO4 (Bernard et al.,
1995). Size fractionation was performed to isolate SOC into POC
(>53 μm) and MOC (<53 μm) as described by Franzluebbers and
Arshad (1997). Briefly, 10 g of soil was dispersed in 30 mL of sodium
hexametaphosphate solution (5 g L−1) for 4 h by shaking in a recipro-
cating shaker. The dispersed soil suspension was passed through a 53-
μm mesh after rinsing several times with distilled water. All materials
remaining on the mesh were considered the particulate organic
fraction, whereas the other materials were considered the mineral-
associated organic fraction. The particulate and mineral-associated ma-
terials were dried at 55 °C to a constant weight. Organic carbon in both
fractions was then analyzed using the samemethod as that used to de-
termine bulk SOC. Bulk soil total nitrogen concentration was measured
using an elemental analyzer (vario MAX; Elementar, Hanau, Germany).
Soil exchangeable Ca and Mg were displaced via compulsive exchange
in 1 M ammonium acetate of pH 7.0, and then analyzed by ICP-OES
(Agilent, Santa Clara, CA, USA). Soil pH (10 g of soil in 25 mL of water)
was measured using a pH meter (FE20K; Mettler-Toledo, Greifensee,
Switzerland). Soil texture (clay, silt, and sand) was measured using a
laser diffraction particle size analyzer (Mastersizer 2000; Malvern In-
struments Ltd., Malvern, UK) after the removal of soil organic matter
(SOM) and carbonates by hydrogen peroxide and hydrochloric acid, re-
spectively (Chen et al., 2019a, b).

2.4. Soil microbial community abundance and composition analyses

The phospholipid fatty acid (PLFA) approach was used to assess soil
microbial community abundance and composition (Qin et al., 2019).
Soil water content was determined by weighing the soil sample before
and after oven drying at 105 °C to a constant weight. Soils were not
overly wet when sampled from each site, so the PLFAs were extracted
from 8 g of fresh soil and analyzed as described by Bossio and Scow
(1998). The abundance of bacterial PLFAs was calculated as the total
abundance of i14:0, a15:0, i15:0, i16:0, 16:1ω7c, 17:0, a17:0, i17:0,
cy17:0, 18:0, 18:1ω7c, and cy19:0 (Li et al., 2018a). The abundance of
gram-positive bacterial PLFAs was represented as the sum of i14:0,
a15:0, i15:0, i16:0, a17:0, and i17:0,whereas that of gram-negative bac-
terial PLFAs was represented by the sum of 16:1ω7c, cy17:0, 18:1ω7c,
and cy19:0 (Li et al., 2018a). The abundance of fungal PLFAs was
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calculated as the sum abundance of 18:1ω9c and 18:2ω6,9c (Chung
et al., 2007). In addition, the ratio of gram-positive to gram-negative
bacterial PLFAs (GP:GN) and fungal to bacterial PLFAs (F:B) was calcu-
lated and used to assess the soil microbial community structure.

2.5. Calculations and statistical analysis

Soil organic carbon density (SOCD, kgm−2) in the topsoil (0–15 cm)
was calculated as follows:

SOCD ¼ SOC� BD� D� 1−Cð Þ
100

where, SOC is the SOC concentration (g kg−1), BD is the soil bulk density
(g cm−3), D is the soil depth (D = 15 cm), and C is the coarse particle
concentration (>2 mm, %).

To determine the rate of change in SOC along the climatic gradient
following vegetation restoration, the relative stock change in SOC (%)
following vegetation restoration was calculated using the following
equation:

Relative stock change of SOC ¼ SOCDVR−SOCDCR

SOCDCR
� 100

where, SOCDVR and SOCDCR are the SOCD (kg m−2) of vegetation resto-
ration sites and cropland, respectively. Similarly, POC density (POCD)
and MOC density (MOCD), and the relative changes in POC and MOC
stocks following vegetation restorationwere calculated using the above
equations.

The data were checked for normal distribution and homogeneity of
variance before analysis. A one-way analysis of variance with the least
significant difference in multiple comparisons was used to test the ef-
fects of land-use type on soil physicochemical and microbial properties
and SOC fractions. Regression models were used to determine the rela-
tionships of relative stock change in the SOC fractions, δ13C-SOC, and soil
microbial community structure (GP:GN ratio) with MAT. The statistical
analyses were carried out using SPSS 18.0 (SPSS Inc., Chicago, IL, USA)
and OriginPro 2020 (OriginLab, Hampton, MA, USA).

Variance partitioning was conducted to analyze the influence of ex-
planatory variables on the SOC accumulation. A few explanatory vari-
ables were significantly correlated with MOCD, and MOCD was
regarded as a stable SOC pool with a slow turnover rate. Thus, only
SOCD and POCD were considered in the variance partitioning. The sta-
tistical analysis was carried out using Canoco 5.0 (Centre for Biometry,
Wageningen, the Netherlands) and was determined using the Monte
Carlo permutation method based on 999 runs with randomized data.

Soil texture (clay, silt, and sand), physicochemical properties (pH
and exchangeable Ca and Mg), and microbial community abundance
(bacteria and fungi) and structure (F:B and GP:GN) were analyzed to
determine if they were correlated with the SOC fractions (Fig. A.1).
The results showed that the soil property group and microbe group
were the main factors significantly correlated with SOC (Fig. A.1).
To determine the role of the above listed soil and microbial proper-
ties on SOC accumulation along the climatic gradient, a partial corre-
lation analysis was conducted to evaluate the relationship between
the SOC fractions and MAT after controlling the soil and microbial
properties separately and in combination. Pearson's correlation
analysis was conducted using the packages corrplot and psych, and
partial correlation analysis was conducted using ggm, psych, and
ComplexHeatmap in R v.3.5.2.

The direct and indirect relationships among the SOC fractions, MAT,
soil properties, and soil microbial abundance were evaluated using
structural equation modeling (SEM). Owing to the strong correlations
among variables in the soil property group (i.e., soil exchangeable Ca,
sand, and pH) and between variables in the soil microbe group
(i.e., fungal and bacterial abundance), we developed a multivariate
functional index through principal component analysis before SEM
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(Chen et al., 2019b). The first principle component (PC1), which ex-
plained 42.7% and 97.5% of the total variance in soil property and soil
microbe groups, respectively, was introduced in the subsequent analy-
sis as a new variable to represent the combined group properties. To
simplify the model, only SOCD and POCD were used because they
were found to be themajor response variables to soil properties accord-
ing to the Pearson's correlations. Based on prior knowledge, an initial
meta-model was constructed for evaluation (Fig. A.2). The SEM fit was
evaluated using P-values, chi-squared values, goodness-of-fit index,
and root mean square error of approximation. The SEM was conducted
using the Amos 18.0 software package (Amos Development Corpora-
tion, Chicago, IL, USA). Unless otherwise specified, the results were con-
sidered to be significant at P < 0.05.

3. Results

3.1. Overall effects of vegetation restoration on SOC accumulation

Both vegetation restoration strategies significantly increased SOCD.
Specifically, SOCD in the plantation forest and shrubland was signifi-
cantly higher by 53% and 54% on average, respectively, relative to the
SOCD in the cropland, but was significantly lower than the SOCD in
the mature forest (Fig. 2a). Conversely, the δ13C-SOC was the highest
in the cropland, intermediate in the plantation forest and shrubland,
and lowest in the mature forest (Fig. 2b). Furthermore, SOCD and
Fig. 2. Effect of land-use type on (a) soil organic carbon density (SOCD), (b) carbon isotope rati
organic carbondensity (MOCD), (e) proportion of POC in SOC (POC:SOC), and (f) proportion ofM
the central lines and purple dots represent the medians and means, respectively. The maxim
pentagram. Different letters represent significant differences among the land-use types at P <
(natural vegetation restoration); MF, mature forest.
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δ13C-SOC in the shrubland were not significantly different from those
in the plantation forest (Fig. 2a and b).

POCD exhibited a similar pattern as SOCD, in that POCD significantly
increased by 97% and 123% on average in the plantation forest and
shrubland, respectively, relative to POCD in the cropland (Fig. 2c).
There was no significant difference in POCD between the plantation for-
est and shrubland. The difference in MOCD among the four land-use
types was not significant (Fig. 2d). The POC:SOC ratio significantly in-
creased from cropland to plantation forest to shrubland andmature for-
est, whereas the MOC:SOC ratio decreased (Fig. 2e and f).

3.2. Changes in the SOC fractions along the climatic gradients

The correlations between the SOC fractions and climatic factors
(MAP and MAT) were inconsistent among the land-use types
(Table 2). The δ13C-SOC in the cropland, plantation forest, and shrub-
land significantly increased with increasing MAT, but this was not ob-
served in the mature forest. For the SOC pool density, SOCD and POCD
in the cropland significantly decreased with MAT and MAP, whereas
no significant correlation was observed in the plantation forest, shrub-
land, and mature forest. In contrast, the MOCD in the plantation forest,
shrubland, and mature forest significantly increased with MAT
(Table 2). With respect to the proportion of SOC fractions, generally,
the POC:SOC and POC:MOC ratios decreased with MAT, whereas the
MOC:SOC ratio increased.
o of SOC (δ13C-SOC), (c) particulate organic carbon density (POCD), (d) mineral-associated
OC in SOC (MOC:SOC). The ends of the boxes represent the 25th and 75th percentiles, and
um whisker length is 1.5 times the interquartile range, and outliers are marked with a
0.05. CR, cropland; PF, plantation forest (managed vegetation restoration); SH, shrubland



Table 2
Pearson's correlation between SOC fractions and climatic factors (MAP and MAT) based on land-use type.

Land-use type Climatic factor δ13C-SOC SOCD POCD MOCD POC:SOC MOC:SOC POC:MOC

CR MAP 0.46⁎ −0.55⁎ −0.51⁎ −0.07 −0.42 0.47⁎ −0.30
MAT 0.85⁎⁎ −0.63⁎⁎ −0.76⁎⁎ 0.23 −0.70⁎⁎ 0.73⁎⁎ −0.66⁎⁎

PF MAP 0.32 −0.30 −0.30 0.08 −0.29 0.36 −0.23
MAT 0.45⁎ −0.15 −0.35 0.51⁎ −0.48⁎ 0.52⁎ −0.52⁎

SH MAP 0.65⁎⁎ −0.11 −0.11 0.06 −0.11 0.30 −0.20
MAT 0.44⁎ 0.00 −0.16 0.47⁎ −0.40 0.53⁎ −0.49⁎

MF MAP 0.25 0.29 0.12 0.59⁎⁎ −0.35 0.34 −0.30
MAT 0.25 −0.15 −0.29 0.59⁎ −0.45⁎ 0.52⁎ −0.62⁎⁎

Note: CR, cropland; PF, plantation forest (managed vegetation restoration); SH, shrubland (natural vegetation restoration); MF, mature forest; MAP, mean annual precipitation; MAT,
mean annual temperature; SOC, soil organic carbon; SOCD, soil organic carbon density; POCD, particulate organic carbon density; MOCD, mineral organic carbon density; POC:SOC, per-
centage of POC relative to total SOC; MOC:SOC, percentage of MOC relative to total SOC; POC:MOC, ratio of POC to MOC.
⁎ Indicates significant difference at P < 0.05.
⁎⁎ Indicates significant difference at P < 0.01.
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The relative changes in the SOC and POC stocks after the implemen-
tation of the two vegetation restoration strategies increased as MAT in-
creased. Generally, the changes were significantly higher than zero in
the regions where MAT was higher than 16 °C (Fig. 3). Moreover, the
relative changes in the SOC or POC stock in each MAT region showed
no significant differences between managed and natural vegetation
restoration.

3.3. Determinants of SOC accumulation following vegetation restoration

Generally, soilmicrobial abundance, Ca, and sandwere themain fac-
tors positively correlated with SOCD and POCD (Fig. A.1). Variance
partitioning further indicated that these variables together explained
most of the variation in SOCD and POCD (Fig. 5). Among them, soil bac-
terial abundance and fungal abundance were the primary variables.
Consequently, significantly higher bacterial and fungal abundance, Ca
concentration, and sand proportion (Table 1) could be responsible for
the higher SOCD and POCD in plantation forest, shrubland, and mature
forest.

3.4. Determinants of SOC accumulation along the climatic gradient

The partial correlation analysis results further supported the impor-
tance of soil microbial abundance and Ca concentration (Fig. 6). Specif-
ically, slight changes were observed in the strength of the correlations
Fig. 3. Regression analysis of relative stock change in (a) soil organic carbon (SOC) and (b) part
restoration (shrubland) in comparison with the croplandwith increasing mean annual temper
CI). The observed effect sizeswere considered statistically different fromzerowhen the95% CId
stock change were considered significantly different when the 95% CI did not overlap.

6

between the SOC fractions and MAT in cropland without (zero-order
correlation) or with controlling the soil microbial abundance or Ca con-
centration (Fig. 6a). No significant correlations between SOCD and
POCD and MAT were observed in the plantation forest, shrubland, and
mature forest without controlling any variables. However, the MAT
was negatively correlated with SOCD and POCD after controlling the ef-
fect of soil microbial abundance or Ca concentration, especially after
controlling soil microbial abundance (Fig. 6b–d). Our findings highlight
that high soil microbial abundance and Ca concentration in vegetation
restoration sites could negate the effect of MAT on SOC decomposition
in restored vegetation types.

The SEM analyses comprehensively revealed the determinants of
SOC dynamics along the climatic gradient in the karst region (Fig. 7).
Higher MAT decreased SOCD and POCD, whereas higher soil microbial
abundance and soil Ca concentration increased SOCD and POCD
(Fig. 7). Of the factors evaluated in the study, soil microbial abundance
had the largest direct effect, whereas soil properties had the largest in-
direct effects through their associations with soil microbial abundance.
Additionally, the soil properties also exerted direct effects on SOC
accumulation.

Our statistical analyses showed that under both vegetation restora-
tion strategies, higher soil microbial abundance and exchangeable Ca
concentration increased the accumulation of SOC, which exceeded the
decomposition of SOC caused by increased MAT. Consequently, the rel-
ative changes in SOC and POC stocks increased as MAT increased.
icular organic carbon (POC) following managed (plantation forest) and natural vegetation
ature (MAT). The error bars represent the 95% confidence intervals (CI) of themeans (95%
id not include zero, and the effects of plantation forest and shrublandon relative SOCor POC
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4. Discussion

4.1. Effect of vegetation restoration on SOC accumulation

Relative to the cropland, SOCD and POCD significantly increased
under both managed and natural vegetation restoration after approxi-
mately 15 years of cropland abandonment (Fig. 2a). The average accu-
mulation rate of SOC following vegetation restoration in our study was
relatively higher than the average value in China (Deng and
Shangguan, 2017) or the world (Li et al., 2012). This result is consistent
with that reported previously at the catchment scale (Hu et al., 2018b).
In contrast, MOCD showed no significant differences among the four
land-use types. Here, MOC (<53 μm, silt and clay associated carbon)
was regarded as a stable SOC pool, which could persist for decades to
centuries due to physical, chemical, and biological constraints, and is
less sensitive to land-use changes (Six et al., 2002). POC (>53 μm, in-
cluding free and occluded carbon in aggregates) is determined mainly
based on the balance between carbon input (e.g., plant residues and
root exudates) and carbon output (e.g., decomposition, leaching, and
erosion) (Luo et al., 2020). Tillage in the karst region mainly disrupts
large macroaggregates, resulting in a decline in the physical protection
of SOC (Ye et al., 2020), which accelerates the decomposition and loss
of the active SOC pool. Additionally, less active carbon fractions in soil
usually leads to higher microbial carbon limitation, and a large portion
of stable carbon remains undecomposed (Blagodatskaya and
Kuzyakov, 2013; Fontaine et al., 2007). Consequently, compared with
restored vegetation types and mature forest, POCD was lower but
MOCD remain unchanged in cropland.

Our results demonstrated that SOC accumulation following vegeta-
tion restoration was primarily influenced by soil microbial abundance.
Although soil microorganisms can decompose SOM and promote soil
carbon release into the atmosphere, they can also promote SOC forma-
tion by ex vivo modification and in vivo turnover (Liang et al., 2017;
Schimel and Schaeffer, 2012). For ex vivo modification, plant materials
and residues can be deposited as SOM through microbial extracellular
enzymes. Through the in vivo turnover pathway, microbial-derived car-
bon can accumulate in soil through microbial uptake, assimilation,
growth, and death, and microbial necromass can account for more
than half of the total SOC pool (Liang et al., 2019). A previous study re-
ported that soil microbial necromass in karst soils is usually determined
by livingmicrobial biomass (Huang et al., 2019). As a result, significantly
higher bacterial and fungal abundance in the restored vegetation sites
increases the contribution of microbial necromass to SOC. However,
the contribution of soil microbial abundance to MOC accumulation
was negligible, which was mainly because soil aggregate formation
functions differently between calcareous soils and other soil types. Spe-
cifically, because of the dissolution and re-precipitation phenomena in
calcareous soils, carbonate precipitation accumulates secondary car-
bonate crystals that fill the pores of macroaggregates or the surface of
SOC (Fernández-Ugalde et al., 2014) and prevents the disruption of
soil macroaggregates to microaggregates and mineral-associated frac-
tions (Rowley et al., 2018). For example, compared with non-
calcareous soil, the transfer of SOC from macroaggregates to
microaggregates and the destabilization of macroaggregates upon SOC
degradation were negligible in calcareous soil (Fernández-Ugalde
et al., 2011). Therefore, significantly higher bacterial and fungal abun-
dance is primarily responsible for the higher POCD and has negligible
contribution to MOCD in the restored vegetation types in the karst
region.

Our results also demonstrated that soil exchangeable Ca concentra-
tion and sand proportion could contribute to SOC and POC accumula-
tion. Soil exchangeable Ca has a positive effect on the formation and
stability of aggregates, and thereby indirectly promotes the occlusion
and accumulation of SOC (Wiesmeier et al., 2019). Although soil ex-
changeable Ca may also stabilize and constrain SOC decomposition by
forming inner- and outer-sphere cation bridges, the stabilization of
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SOC by cation bridging is expected to be weak when the soil pH is
near neutral (Rowley et al., 2018). This weak stabilization may explain
the negligible effect of soil exchangeable Ca onMOC in the restored veg-
etation types. Soil sand was another factor affecting SOC accumulation.
Soil carbon sequestration of fresh organicmatter begins in the large par-
ticle fraction (Liu et al., 2018), and the sand fraction helps sequester the
active carbon pool (von Luetzow et al., 2007). Thus, we conclude that
the higher soil exchangeable Ca concentration and sand proportion in
restored vegetation types than in the cropland could also be beneficial
for soil aggregate-associated carbon, but not for mineral-associated
carbon.

The differences in the capacity of soil for carbon sequestration under
managed and natural vegetation restoration strategies have been exten-
sively studied (Reid et al., 2018). However, controversies stem from the
contribution of the many factors that affect soil carbon sequestration,
such as climate, study site characteristics, and plant species (Reid
et al., 2018). No significant differences in the SOC pool between the
two vegetation restoration strategies might be related to the marginal
differences in soil physicochemical properties and the soil microbial
community abundance and structure between the strategies (Table 1).
However, our previous study revealed that after nine years of restora-
tion, natural vegetation restoration resulted in a significantly higher
SOC accumulation rate thanwhatwas observed undermanaged vegeta-
tion restoration (Hu et al., 2018a). The inconsistencies between these
results were mainly due to the differences in the duration of vegetation
restoration. During the initial stages of restoration, the majority of car-
bon in the plantation forest was likely retained as standing biomass
rather than being sequestered in soil (Eclesia et al., 2016). In the later
stages, SOC in the plantation forest will likely increase when the carbon
input from vegetation is sufficient to compensate for the decomposition
of soil carbon (Laganiere et al., 2010; Wang and Huang, 2020). Thus, as
vegetation restoration progresses, soil microbial communities and car-
bon pools in the plantation forest are expected to approximate those
in naturally restored vegetation in the karst region. Our findings high-
light the importance of the duration of vegetation restoration when
comparing managed and natural vegetation restoration strategies in
the karst region.

4.2. Influence of climatic factors on SOC accumulation following vegetation
restoration

We found that SOC was more sensitive to temperature than pre-
cipitation in the karst region in Southwest China. Whether the vari-
ability in SOC was more closely related to MAT or MAP remains
unclear given the differences in the results of previous studies
(Chen et al., 2015; Xin et al., 2020), and it depends on the climatic
zones (Wang and Huang, 2020). Precipitation may not have limited
plant growth or soil microbial activity in our study because all the
study sites received a substantial amount of precipitation
(MAP > 1000 mm). In contrast, temperature among the study sites
substantially differed due to the wide range in elevation
(Table A.1). Therefore, we infer that temperature is amore important
driver of soil carbon than precipitation via its effects on plant growth
and soil microbial activity in the subtropical karst region.

Our results also indicated that both vegetation restoration strategies
could increase the net soil carbon stocks at lower elevation with higher
MAT in the subtropical karst region. This increase can be attributed to
the different responses of SOC toMAT in the cropland and restored veg-
etation sites. Usually, higher temperature promotes soil microbial activ-
ity and stimulates the net loss of soil carbon to the atmosphere
(Crowther et al., 2016; Zhao et al., 2019).We found thatMAT can signif-
icantly shift the soil microbial community structure, i.e., positively affect
the GP:GN ratio in all four land-use types (Fig. A.3). A previous
field-warming experiment also revealed that soil warming significantly
increased the GP:GN ratio (Jing et al., 2019). Compared with Gram-
negative bacteria, Gram-positive bacteria have thicker walls and better



Fig. 4. Regression analysis of the ratio of gram-positive to gram-negative bacterial
phospholipid fatty acids (PLFAs) (GP:GN ratio) and carbon isotope ratio of soil organic
carbon (δ13C-SOC) for different land-use types. *P < 0.05, **P < 0.01, and ***P < 0.001.
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osmoregulatory ability and thus, have better adaptability in higher-
temperature regions (Drenovsky et al., 2010; Yu et al., 2018). Therefore,
the GP:GN ratio would theoretically increase with increasing MAT.
Gram-positive bacteria usemore SOM-derived carbon sources, whereas
Gram-negative bacteria use more plant-derived carbon sources, sug-
gesting that the two groups play different functional roles in the decom-
position of SOM (Fanin et al., 2019). Thus, a higher GP:GN ratio means
that Gram-positive bacteria dominate the bacterial community in
higher MAT regions, and would probably accelerate the turnover of ac-
tive SOC. This conclusion was further supported by the positive correla-
tion between the GP:GN ratio and δ13C-SOC in each land-use type in our
study (Fig. 4). The less negative value of δ13C-SOC in the same land-use
type indicated that SOC was more intensively decomposed by microor-
ganisms (Guillaume et al., 2015). Furthermore, the GP:GN ratios among
the four land-use types were similar at the lowest MAT (12.6 °C); how-
ever, the slope of the regression between the GP:GN ratio andMAT was
higher in the cropland than in the other three land-use types (Fig. A.3).
Fig. 5. Variance partitioning for (a) bulk soil organic carbon density (SOCD) and (b) particulate o
and joint effect of sand, Ca, and soil microbes and unexplained variations. Soil microbes include
tration; sand, soil sand proportion.
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Consequently, higher GP:GN in warmer cropland may accelerate soil
carbon decomposition such that less active carbon is retained in soils.

Increased SOC accumulation driven by higher soil microbial
abundance and exchangeable Ca concentration following vegetation
restoration could negate the effect of increasingMAT on SOC decompo-
sition. For example, higher MAT would probably promote the turnover
of soilmicrobes, and then lead to highermicrobial residues accumulated
in soils following vegetation restoration at lower elevation with higher
MAT (Yang et al., 2020a, b). Carbonate precipitation in calcareous soils
could prevent the formation and association of SOC with the mineral
fraction and lead to the contribution of soil microbial abundance and
Ca concentration to POC but not to MOC accumulation. However, the
stability of SOC in aggregates could also be high in calcareous soils with-
out disturbance. The high stability could be because inorganic binding
agents (carbonates) and carbonate precipitation in calcareous soils
make the pore space in soil aggregates less habitable and reduce the ac-
cessibility of SOC to microorganisms (Fernández-Ugalde et al., 2014; Ye
et al., 2020). Both vegetation restoration strategies help stabilize SOC in
soil aggregates, as indicated by the linear relationship between δ13C-
SOC and the log-transformed SOC concentration (Fig. A.4). Specifically,
the slope of the regression between the δ13C value and log-
transformed SOC concentration, termed β, was regarded as a proxy for
SOC turnover rates, and more negative β values (i.e., steeper slopes)
were usually associated with higher SOC turnover rates (Guillaume
et al., 2015; Li et al., 2020). The β value in the cropland was more nega-
tive than that in the plantation forest and shrubland (Fig. A.4), which in-
dicated that the turnover and decomposition rates decreased following
vegetation restoration. In addition to the abovemechanisms, plant litter
and root carbon might also partially compensate the positive effect of
MAT on SOC decomposition. For example, higher temperature has
been reported to increase the input of plant carbon to soil (Zhou et al.,
2012). Future studies should incorporate plant, soil, andmicrobial prop-
erties to fully understand these mechanisms. Overall, the observed re-
sponses of SOC to temperature change following vegetation
restoration could result from the balance between increased carbon
input and decreased carbon decomposition.

4.3. Implications for future vegetation restoration

To the best of our knowledge, our study is the first to explore the ef-
fects of both managed and natural vegetation restoration strategies on
rganic carbon density (POCD). Variationwas partitioned into the following fractions: pure
two variables, i.e., the bacterial and fungal abundance. Ca, soil exchangeable Ca2+ concen-



Fig. 6. Partial correlations between the SOC fractions andmean annual temperature (MAT) after controlling the related soil properties in (a) cropland, (b) plantation forest, (c) shrubland,
and (d) mature forest. The x-axis shows the zero-order (without controlling any factors) and factors being controlled separately and all combined (column “all”). The y-axis shows the
variables (SOCD: soil organic carbon density, POCD: particulate organic carbon, MOCD: mineral-associated organic carbon density) that correlated with MAT. The color and numbers
shown indicate the strength and sign of correlation. *P < 0.05; **P < 0.01; *P < 0.001.
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the SOC fractions along a climatic gradient in karst regions.We observed
that, at the regional scale, both vegetation restoration strategies
followed the “Field of Dreams” expectation (Strickland et al., 2017),
which is that aboveground vegetation restoration was accompanied
by the restoration of belowground soil properties. Additionally, after ap-
proximately 15 years of vegetation restoration, SOC and soil microbial
community abundance were still considerably lower than those in the
mature forest, which suggested that both vegetation restoration
Fig. 7. Structural equationmodel showing the effects of mean annual temperature (MAT),
soil properties, and soil microbial abundance on bulk soil organic carbon density (SOCD)
and particulate organic carbon density (POCD). Solid and dotted arrows indicate
positive and negative relationships, respectively. The numbers adjacent to the arrows
are the standardized path coefficients, and the arrow width indicates the strength of the
standardized path coefficient. Multi-layer rectangles represent the first component from
the principal component analysis of soil properties and microbial abundance. Soil
properties included exchangeable Ca2+ (Ca) concentration, sand proportion, and soil
pH. Soil microbial abundance included bacterial and fungal abundance. R2 values
represent the proportion of variance in SOCD and POCD explained by the selected
variables. χ2, chi-square values; d.f., degree of freedom; GFI, goodness-of-fit index;
RMSEA, the root mean square error of approximation.
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strategies may require at least decades to reach the carbon storage po-
tential of the mature forest. Furthermore, our results indicated that
net soil carbon stocks increased with increasing MAT after vegetation
restoration. Together, these findings imply that vegetation restoration
in thewarmer karst region increased the carbon sequestration potential
of soils, and thus may contribute to long-term negative feedback under
global climate change.

Our results further emphasize the pivotal role of including SOC com-
ponents inmodels of soil carbon dynamics following vegetation restora-
tion, especially under the condition of global warming, because the
responses of SOC to climatic gradients are fraction-dependent. Addi-
tionally, the different control factors and stabilization mechanisms of
SOC fractions should be considered for maximizing vegetation restora-
tion carbon sequestration. Furthermore, our results indicate that the ef-
fects of the soil microbial community and Ca on SOC fractions in karst
soils differed from those in non-karst soils, highlighting the necessity
to understand the unique stabilizationmechanisms of soil carbon in cal-
careous soils.

It should be noted that, although the net soil carbon accumulation in
plantation forests approximated that in naturally restored vegetation
along the climatic gradient, caution must be exerted when planning fu-
ture forest plantation projects in the subtropical karst region. A previous
study indicated that planting trees in water-limited regions may lead to
a significant reduction in water yield (Yu et al., 2019). As karst soil has a
relatively low water-retention capacity owing to its geological condi-
tions (Wang et al., 2020), large-scale plantation programs may acceler-
ate negative effects on the regional water balance. Similarly, another
study indicated that further afforestation could increase the risk of en-
hancing soil moisture deficit in Southwest China (Li et al., 2018b). We
suggest that future research on the large-scale assessment of the effec-
tiveness and efficiency of different vegetation restoration strategies
must consider both carbon sequestration and hydrological processes.

5. Conclusions

Through our systematic measurement of SOC fractions, soil proper-
ties, and microbial characteristics, we observed that both managed
and natural vegetation restoration strategies significantly increased
SOC and POC accumulation along a climatic gradient in the subtropical
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karst region of Southwest China. We also found that both restoration
strategies increased net carbon accumulation more in warmer regions.
The higher bacterial and fungal abundance and soil exchangeable Ca
concentration in the restored vegetation types than in the cropland
resulted in higher soil carbon accumulation, which could negate the
positive effect of MAT on SOC decomposition. These findings imply
that both vegetation restoration strategies have the potential to increase
soil carbon accumulation in calcareous soils, especially at lower eleva-
tions with higher temperatures.
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