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southwest China, which is one of the largest areas of rocky desertification globally. However, the 22 

different influences and potential mechanisms of vegetation restoration on soil carbon(C) 23 

sequestration in karst and non-karst regions are still unclear.  24 

Methods Based on field investigation and multi-source data synthesis, the mechanisms of soil 25 

C sequestration were investigated to determine the most important variables affecting the rate of 26 

soil C change (Rs) in southwest China.  27 

Results Our results show significant differences in soil C sequestration between karst and non-28 

karst regions with faster and longer C sequestration in karst regions, where Rs was approximately 29 

31 % higher than in non-karst soils. And temperatures could be the primary factor inhibiting soil C 30 

sequestration without precipitation. The total effect of nitrogen (N) on Rs was positive in both karst 31 

and non-karst regions.  32 

Conclusions Phosphorus was the dominant factor limiting the use of N in karst regions and 33 

then resulting in limitation of C sequestration. The results indicated that soil C storage could be led 34 

to intensify uneven increases due to combination of karst environment and climate change in 35 

southwest China in future.  36 

Keywords 37 

Ecological Project; Carbon Sequestration; Karst; Soil Carbon; Climate Change; Nutrient Limitation 38 

1. Introduction 39 

China has approximately 3.44 million km2 of karst areas, about 15.6% of all the 22 million km2 40 

karst areas globally (Jiang et al. 2014). Karst and non-karst landscapes are heterogeneously 41 

distributed with karst regions comprise approximately 26% (5.1 × 107 ha) of the total land area of 42 

southwest China. These areas are expected to be exposed to strong levels of degradation stress from 43 
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human activities, primarily intensive agriculture. Karst regions remain extremely fragile areas that 44 

are an important target for vegetation restoration efforts (Wang et al. 2004). Ecological restoration 45 

projects were launched in southwestern China during the late 20th century, and include the Grain 46 

to Green Project, the Karst Rocky Desertification Restoration Project, and the Natural Forest 47 

Protection Project (Bennett 2008; Tong et al. 2018). These intensive large-scale human ecological 48 

restoration projects have led to important changes in land surface cover, with most of the degraded 49 

lands having been restored to shrublands and forests (Yang et al. 2016).  50 

Soils are the largest carbon (C) pool in terrestrial ecosystems, and vegetation restoration 51 

generally enhances soil C sequestration in terrestrial ecosystems (Lal 2004a; Xu et al. 2019). Soil C 52 

change is critical for mitigating climate change, but the process and consequent changes in soil 53 

organic carbon (SOC) remain unclear. However, several uncertainties remain regarding the rate of 54 

soil C accumulation, processes and its influence factors following the restoration of vegetation in 55 

karst regions (Curl 2012; Li et al. 2018a; Martin et al. 2013). Firstly, the rate of soil C change in 56 

karst regions still remains unknown. Previous studies have reported that the rate of soil C change 57 

can range from approximately -5 Mg ha-1 yr-1 to 5 Mg ha-1 yr-1 following vegetation restoration in 58 

temperate regions globally (Deng et al. 2014a; Hu et al. 2016; Li et al. 2012; Yang et al. 2016), and 59 

can reach approximately 13 Mg ha-1 yr-1 in tropical and subtropical regions (Machmuller et al. 2015; 60 

Post and Kwon 2000). Secondly, it also remains unclear how C changes are related to various 61 

environmental factors. Some studies have shown that vegetation, soil properties, and climate all 62 

influence plant growth patterns and the distribution of photosynthesis patterns. This effect leads to 63 

changes in the ratio of the influx to the outflow of soil C (Berger et al. 2002). Li et al. (2017) 64 

suggested that soil C and nitrogen (N) content increased significantly following vegetation 65 
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restoration in a karst area. Likewise, Chen et al. (2018) concluded that karst areas had a higher SOC 66 

accumulation rate than non-karst aresa, and were likely saturated with N. Other studies have 67 

observed a mutual feedback relationship between soil C and other soil properties (Millard et al. 68 

2010). For example, soil chemical properties and soil bulk density (BD) were found to be most 69 

important at controlling soil C changes following vegetation restoration (Brahim et al. 2011). 70 

Correspondingly, an increase in soil C storage can reduce BD and improve overall soil quality 71 

(Korkanç 2014). In terms of soil microorganisms, tree species, and N deposition, although some 72 

recent studies have begun to incorporate both karst and non-karst forests at site and typical 73 

catchment (Chen et al. 2016; Li et al. 2018a; Li et al. 2018b). Nevertheless, these studies were 74 

limited in local sampling experiment and site-scale data source, the controls from specific variables 75 

on the soil C accumulation at large spatial differentiation and temporal scales remains unknown. 76 

On the other side, previous studies have also used remote sensing to explore surface soil C, as 77 

well as to explore the mechanisms controlling C change in southwest China (Chen et al. 2018; Song 78 

et al. 2017; Tong et al. 2018). However, the large-scale study based on remote sensing technologies 79 

cannot accurately retrieve the physical and chemical properties of soils (Fensholt and Proud 2012), 80 

which makes inference regarding soil dynamics from such studies challenging (Knoblauch et al. 81 

2017). Although some studies have focused on the comparison of soil C dynamics in karst and non-82 

karst regions, these studies have often ignored the interwoven distribution of the two 83 

geomorphologies over an entire region (Labrière et al. 2015).  84 

Our study aims to synthesize data from multiple sources, including broad-scale sampling data 85 

from field investigation, remote sensing data, data from the primary literature and existing databases 86 

to explore the impact of vegetation restoration on soil C sinks in southwest China. We hypothesized 87 
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that soil C sequestration is lower in karst regions than non-karst regions but the response of soil C 88 

to influencing factors are more sensitive in karst regions than non-karst regions. The objectives of 89 

the study were to: (1) estimate and compare soil C dynamics in karst and non-karst regions; (2) 90 

identify how soil C accumulation is affected by climate factors and key soil properties following 91 

vegetation restoration; and (3) clarify the potential mechanisms of soil C sequestration in both karst 92 

and non-karst soils.  93 

2. Materials and methodology 94 

1.1 Sampling and laboratory analysis 95 

A comprehensive search of the literature was first carried out using Web of Science and the 96 

China Knowledge Resource Integrated Database (CNKI). To filter papers, we used keywords “soil 97 

carbon,” “southwest,” and “China.” The following four criteria were used to refine our research: (1) 98 

experiments had to be conducted in southwest China (i.e., Sichuan, Chongqing, Yunnan, Guizhou 99 

and Guangxi provinces). (2) Field experiments had to have been carried out after 1999. (3) All data 100 

used in the papers were derived from soil field experiments. (4) The experiment recorded relevant 101 

site information, including vegetation type (i.e., natural secondary forest, artificial forests, shrubland, 102 

grassland, and cropland), soil depth, and sampling time. The following information was compiled 103 

for each site: SOC, BD, soil N, soil phosphorus (P), soil pH, vegetation type, sampling time, 104 

sampling depth, latitude and longitude, sources of data, mean annual temperature (MAT), and mean 105 

annual precipitation (MAP). 106 

 In order to augment the sample size, an extensive multisite survey was conducted between 107 

July and September 2017 by sampling the soil in southwestern China. At each site, a soil pit was 108 

excavated to collect samples generally until the 50 cm depth. The surface leaf litter and moss were 109 
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carefully removed from the ground at each sampling point before sampling soil. Along the profile, 110 

undisturbed soil samples were collected using a standard container (ring cutting sampler with 100 111 

cm3 in volume) for bulk density measurements at four layers of depth: 0–5, 5–10, 10–20 and 20–50 112 

cm. We have recorded sampling depth, location and measured the physical and chemical properties 113 

of soil in the laboratory. The complete synthesized dataset included 65 published articles (Table S2) 114 

and data from 20 sampling sites (Table S3) covering both karst (228 observation points) and non-115 

karst regions (548 observation points) (Fig. 1). Data relating to the karst vector distribution came 116 

from the Karst Scientific Data Center (https://www.karstdata.cn/). Vegetation types selected for this 117 

study included natural secondary forest, artificial forests, shrubland, grasslands, and cropland. In 118 

order to increase the comparative study and detect more apparent trends in soil C, the soil layer was 119 

divided into depths of 0–10, 10–20, 20–30, and 0–100 cm. The recovery time was divided into four 120 

groups to depict more apparent trends: 1–6, 7–12, 13–18, and ≥ 19 years, and the type of vegetation 121 

used for recovery was divided into five different groups: cropland to natural secondary forest (CN), 122 

cropland to artificial forest (CA), cropland to shrubland (CS), cropland to grassland (CG), and 123 

cropland to cropland (CC). 124 

We used a “space for time” substitution approach, in which all of the data used in the analysis 125 

were designed using a paired site method. We made the assumption that the soil conditions between 126 

paired sites were similar prior to changes in land use (Don et al. 2011). Soil C before 1999 was 127 

obtained from the 1-km scale Harmonized World Soil Database v1.2 (HWSD) 128 

(https://www.iiasa.ac.at/), which is a permanently improved version of the database, improves the 129 

accuracy of the China Soil Database compared to the previous version (Deng et al. 2018). Post-1999 130 

soil properties were obtained from both the literature and from field experiments. When MAT and 131 
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MAP data were not found in the original data sources, these data were extracted from the 132 

“WorldClim-Global Climate Data” (http://www.worldclim.org/). 133 

MAT and MAP were taken from the WorldClim database and averaged over a 50-year period 134 

(1950-2000). The annual and monthly climate data obtained from 108 meteorological stations in 135 

southwestern China between 1990 to 2017 (China Meteorological Administration 136 

(http://data.cma.cn/)). We used the International Geosphere-Biosphere Program (IGBP) to quantify 137 

land use in southwest China prior to 1999 (http://westdc.westgis.ac.cn/) (Loveland et al. 2000). The 138 

Finer Resolution Observation and Monitoring of Global Land Cover (FROM-GLC) database was 139 

used to summarize these values after 1999 (http://data.ess.tsinghua.edu.cn/). Digital elevation 140 

models (DEM) were obtained from NOAA's National Centers for Environmental Information 141 

(NCEI) (https://www.ngdc.noaa.gov/mgg/), which are available at a spatial resolution of 1-km.  142 

To explore trends in vegetation productivity over the past two decades in the study area, the 143 

spatial distribution and annual variation in gross primary productivity (GPP) and net primary 144 

productivity (NPP) were assessed. GPP and NPP datasets were refined from MOD17A2 and 145 

MOD17A3, respectively (http://files.ntsg.umt.edu/). The MODIS GPP and NPP datasets used in 146 

this study were improved by Zhao et al. (2005) to reduce uncertainties from upstream inputs, and 147 

are available at a spatial resolution of 1-km over annual intervals from 2000-2015. The GPP and 148 

NPP data were used to analyze the temporal and spatial trends in these parameters using the per-149 

pixel unary linear regression model. 150 

 151 

1.2 Data analysis 152 

In cases where SOM was measured but SOC was not, a correcting factor of 0.58 was used to 153 
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convert organic matter into soil C. The relationships between SOM, SOC, and C stock were 154 

calculated using the following formulas (Guo and Gifford 2002):  155 

𝑆𝑂𝐶 = 𝑆𝑂𝑀 × 0.58 156 

𝐶𝑆 =  𝑆𝑂𝐶 × 𝐵𝐷 × 𝐷10  157 

where SOC is soil organic C concentration (g kg-1); SOM is soil organic matter (g kg-1);  Cs is soil 158 

organic C stock (Mg ha-1); BD is bulk density (g cm-3) and D is the thickness of the soil (cm). 159 

In cases where soil BD was not measured, two methods were used to estimate these data. The 160 

first method was the use of several variables that showed a curvilinear relationship or a similar trend 161 

with another variable. The other was interpolation of the missing values using a predictive mean 162 

matching method based on the observed data (Hou et al. 2018). Multiple imputations were carried 163 

out by pooling the estimates from five separate datasets using the “MICE” package (version 3.5.0) 164 

in R 3.4.3 (R Core Team, Vienna, Austria). The final simulated data could also be used to effectively 165 

supplement any missing original observation data (Fig. S1–S2). 166 

Soil sampling depths were not always consistent across different studies. Thus, in order to 167 

ensure comparability across studies, we adopted the method of Yang et al. (2011), where the original 168 

soil C data were converted to SOC stock values observed within the top 100 cm of soil using the 169 

depth functions developed by Jobbágy and Jackson (2000): 170 

𝑌 = 1 − 𝛽𝑑0 171 

𝑋100 = 1 − 𝛽1001 − 𝛽𝑑0 × 𝑋𝑑0 172 

For observations where only data associated with the 0-100 cm soil C stocks were available, 173 

the following equation was used: 174 

𝑋𝑑0 = 1 − 𝛽𝑑01 − 𝛽100 × 𝑋100 175 
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where Y describes the cumulative proportion of soil C stock from the soil surface to depth d (cm); β 176 

is the relative rate of decrease in the soil C stock with depth; X100 is the soil C stock in the upper 177 

100 cm; d0 is the original soil depth available in individual studies; and 𝑋𝑑0 is the original soil C 178 

stock. The global average depth distributions for C were used to calculate β (i.e., 0.9786) in these 179 

equations. 180 

The soil C sequestration and the rate of soil C change were calculated using the following 181 

equations, respectively: 182 

∆𝐶𝑆 = 𝐶𝐿𝑈2 − 𝐶𝐿𝑈1 183 

𝑅𝑠 = ∆𝐶𝑆∆𝐴𝑔𝑒 184 

where ∆CS  is the soil C sequestration (Mg ha-1), CLU2  represents the soil C stock at the 185 

experimental sites and CLU1 is the soil C stock of the reference sites; 𝑅𝑠 is the rate of soil C change 186 

(Mg ha-1 yr-1); and ∆Age represents the time since the change in land-use (yr). 187 

Next, we explored the bivariate relationships between the selected soil properties, climate 188 

variables, and elevation using Pearson’s correlation coefficient. Data were log10 transformed to meet 189 

normality assumptions prior to building the variable correlation matrix (Table 1). A 2-sample t-test 190 

was then performed to analyze differences in soil C content between karst and non-karst regions. 191 

One-way ANOVA with Least Significant Difference (LSD) post hoc comparisons were then used to 192 

examine the significant differences in soil C as a function of restoration ages and vegetation type.  193 

The special distribution of the terrain in southwest China usually leads to a corresponding 194 

gradient in the climate (Fig. S3). As such, we used structural equation model (SEM) to understand 195 

relationships between elevation, climatic factors, and soil properties, in order to determine the most 196 

important variables affecting Rs. SEM is an extension of multiple regression analysis that is used to 197 
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evaluate the dependence of a target variable on several predictor variables. The standardized effects 198 

of climate and soil properties on soil C sequestration were calculated in the model. An acceptable 199 

fit model is indicated by 1 ≤  CMIN/DF (chi-square value/degree of freedom) ≤  3, GFI 200 

(goodness fit index), CFI (comparative fit index), NFI (normed fit index), and IFI (incremental fit 201 

index) > 0.9, respectively, where 0.05 ≤ p ≤ 1.00, and 0 ≤ RMSEA (root mean square error 202 

of approximation) ≤ 0.08 (Grace 2006; Hou et al. 2018). To reduce the risk of bias caused by 203 

including samples with missing data, listwise deletion was used to create a sub database for use with 204 

the SEM. The R packages “lavaan” was used to conduct assumption checking and structural 205 

equation modelling. 206 

3. Results 207 

3.1 Soil C dynamics under vegetation restoration 208 

A total of 31.6 ×106 ha of land has been restored in the study area. Of this restored land, 13.6 209 

×106 ha is composed of karst land and 18 ×106 ha of on-karst land. (Fig. S4). Our results indicate 210 

that soil C accumulation differs markedly between karst and the non-karst regions. SOC and N 211 

contents were 58.4% and 75.5% higher in karst areas than non-karst areas. Soil C:N and N:P in karst 212 

were higher compared with non-karst regions, and C:P ratio was the opposite. Both P and elevation 213 

were 12.3% and 36.8% lower in karst areas than non-karst areas (Table 1). We found that karst has 214 

higher rate of soil C change than non-karst region (i.e. the Rs of karst and non-karst were 6.17 Mg 215 

ha-1 yr-1and 4.71 Mg ha-1 yr-1 in 0-100 cm, respectively.), and overall Rs irrespective of vegetation 216 

type, with a mean rate of 1.24 Mg ha-1 yr-1, 0.73 Mg ha-1 yr-1, 0.68 Mg ha-1 yr-1 and 5.14 Mg ha-217 

1 yr-1 in 0-10, 10-20, 20-30 and 0-100 cm, respectively (Fig. 2a). The sequestration of soil C in the 218 

karst areas was always higher than in non-karst regions, regardless of which soil layers were 219 
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examined (Fig. 2b). Specifically, the 0-30 cm of topsoil accounted for more than 50 % of Rs, and 220 

soil C sequestration in the total soil column (0–100 cm), and C accumulation is higher in karst than 221 

it is in non-karst topsoil at 0-10, 10-20 and 20-30 cm depths (Fig. 2).  222 

We found important changes in Rs associated with restoration age and vegetation type. Rs 223 

generally increased with restoration age before decreasing, with similar temporal patterns observed 224 

across the different soil layers (Fig. 3). However, this was only observed for the period of 13–18 225 

years, and no differences were observed for the other time periods examined. The greatest Rs values 226 

from karst and non-karst regions occurred at 13–18 years post-recovery time of (2.09, 1.62, 1.26, 227 

and 9.18 Mg ha-1 yr-1 at a depth of 0–10, 10–20, 20–30, and 0–100 cm, respectively) and 7–12 years 228 

after vegetation restoration (1.84, 1.20, 0.99, and 7.49 Mg ha-1 yr-1 in 0–10, 10–20, 20–30 and 0–229 

100 cm, respectively) (Fig. 3). Rs was also significantly different between karst and non- karst 230 

regions from the same vegetation restoration strategy. The Rs of CS, CG, and CC were significantly 231 

higher in karst regions, while CN and CA were higher in non-karst regions. The highest values for 232 

Rs in the karst and non-karst regions were observed for the CS (2.72, 2.03, 1.61 and 11.70 Mg ha-1 233 

yr-1 at depths of 0–10, 10–20, 20–30, and 0–100 cm, respectively) and CN (1.82, 0.98, 0.83 and 234 

6.52 Mg ha-1 yr-1 at depths of 0–10, 10–20, 20–30, and 0–100 cm, respectively) (Fig. 4). 235 

 236 

3.2 Drivers of soil C sequestration 237 

The SEM analysis revealed that Rs was mediated by different factors in karst versus non-karst 238 

regions. Together, the predictor variables explained 43% and 37% of the spatial variation in Rs, 239 

respectively (Fig. 5). Specifically, the effect of N on Rs was positive in both karst and non-karst 240 

regions, while the effect of MAT on Rs was negative only in the non-karst areas. In contrast, the 241 
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effect of MAP on Rs was positive only in karst areas. The standardized direct path coefficients from 242 

pH, MAP, N, and BD to Rs in karst were -0.05, -0.19, 0.68, and -0.17, respectively. The standardized 243 

direct path coefficients from MAT and N to Rs in the non-karst regions were -0.32 and 0.52, 244 

respectively. Overall, the total effects on the absolute value of Rs in the karst region fell in the 245 

following order: N > MAP > P > BD > DEM > MAT > pH, and in the non-karst region: 246 

MAT > N > DEM > BD > P > MAP > pH (Fig. 5). 247 

In contrast to MAP, MAT positively affected Rs in the karst region. Elevation, MAP, and P 248 

positively affected Rs both directly and indirectly by increasing N. Elevation, MAP, and P all had 249 

indirect positive effects on Rs in the non-karst region through their ability to increase soil N. In 250 

contrast, MAT and BD had just an opposite effect (Fig. 5). In addition, the direct effect of P on the 251 

N in the soil was positive in the karst regions only. The elevation affected Rs through its effects on 252 

the natural conditions and properties of the soil. Furthermore, the relationship between Rs and the 253 

other variables were all significant.  254 

The direct effects of MAT, MAP, N, and BD on Rs declined with increasing soil depth. The 255 

direct effect of N on Rs decreased from 0.68 to 0.59, and the direct effects of MAP and BD on Rs 256 

were not significant in the karst region. The direct effects of MAT and N on Rs decreased from 0.33 257 

to 0.30 and 0.52 to 0.50, respectively, in the non-karst regions (Fig. S6–S8). 258 

 259 

3.3 Relationship between soil C dynamics and vegetation productivity 260 

To explore the effects of the environment on soil C dynamics, interannual trends in temperature 261 

and precipitation from 108 meteorological stations were gathered and correlated with regional 262 

productivity. Although there were fluctuations in MAP, we observed no significant variation, 263 



13 

 

however, MAT significantly increase (Fig. S9). We observed no significant variation in vegetation 264 

productivity, measured as GPP and NPP, between karst and non-karst regions (Fig. S10–S11). 265 

4. Discussion 266 

4.1 Soil C sequestration in karst and non-karst regions 267 

Vegetation restoration is considered an effective way to increase soil C sequestration and C 268 

sequestration potential by increasing C derived from the new vegetation (Guo and Gifford 2002; 269 

Miles and Kapos 2008). Increases in soil C storage across different soil profiles (i.e., 0–10, 10–20, 270 

20–30, and 0–100 cm in depth) were observed in both the karst and non-karst regions (Fig. 2). 271 

Previous research has demonstrated a significant increase in soil C storage following vegetation 272 

restoration (Chang et al. 2011; Li et al. 2012). Our results consistently revealed greater Rs and soil 273 

C sequestration rates in karst regions compared to non-karst regions. 274 

At a global scale, the average rate of soil C storage following vegetation restoration ranges 275 

from 0.45 to 1.1 Mg ha-1 yr-1 (Post and Kwon 2000). The accumulation rate of topsoil C is around 276 

0.35 Mg ha-1 yr-1 under the ‘Grain-for-Green’ Program in China (Deng et al. 2014a; Zhang et al. 277 

2010). Xiao et al. (2017a) showed that the rate of soil C sequestration ranged from approximately 0 278 

to 2.00 Mg ha-1 yr-1 in the top layers of the soil (from 0–10 to 0–45 cm) after cropland conversion 279 

in southwest China. Likewise, Rs varied between 0.68 and 2.65 Mg ha-1 yr-1 in the uppermost soil 280 

layer over the entire study region. However, previous studies have also reported soil C accumulation 281 

rates of between 0.085 and 0.29 Mg ha-1 yr-1 in the 0-20 cm topsoil on the Loess Plateau in China 282 

(Deng et al. 2014b; Feng et al. 2013). The Rs observed in our result are at the upper end of the range 283 

observed from a global scale. This is consistent with a report by Post and Kwon (2000) that indicated 284 

increasing rates of soil C accumulation when moving from cool temperate climates to subtropical 285 
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regions. They also found that soil organic C in tropical and subtropical zones was higher than that 286 

in temperate zones. In our study, Rs and C sequestration in the 0–30 cm topsoil layer accounted for 287 

more than 50 % of that the total 0–100 cm soil column (Fig. 2). These results provide evidence that 288 

the upper soil levels sequester more C than deeper soils, which is largely in line with previous studies 289 

conducted on this topic Jobbágy and Jackson (2000). 290 

Generally, soil C accumulation shows a regular temporal pattern following vegetation 291 

restoration (Paul et al. 2002). However, the temporal patterns of soil C changes are still not clear 292 

due to the spatial heterogeneity for landform, vegetation, soil etc. especially at large spatial scale. 293 

Research from tropical and subtropical regions has shown rapid recovery of soil C to native forest 294 

levels 20 years after afforestation (Lemma et al. 2006; Macedo et al. 2008; Rhoades et al. 2000). 295 

Consistent with previous research, our study also found that the Rs showed an initial rise and then 296 

a gradual return of soil C to pre-vegetation values coincident with vegetation restoration (Fig. 3). 297 

This indicating that the soil C stocks are nearly saturated and reach equilibrium after 20 years of 298 

vegetation restoration and implying a lagged response of soil C to the inputs from plant biomass (Li 299 

et al. 2012). Rs in karst regions has the additional benefit of having a faster and longer capacity for 300 

C sequestration than that of non-karst regions. Although Rs was overall higher in the non-karst 301 

regions than in the karst regions during the early recovery period, the difference was not significant. 302 

Rs was also significantly higher in karst regions than in non-karst regions during the 13–18 year 303 

post-recovery period. Rs in the karst and non-karst regions were significantly different in CS and 304 

CG compared with CN and CA (Fig. 4). Higher C sequestration from karst regions is likely a result 305 

of the greater plant inputs and/or due to lower losses of C at high levels of plant diversity, and it is 306 

well known that greater species diversity is linked to higher plant productivity, which likely results 307 
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in greater soil C sequestration (Prommer et al. 2020). In addition, cracked land surfaces often form 308 

in the limestone-dominated calcium carbonate typically found in karst regions. This results 309 

primarily from the dissolution of water, where plant roots are able to penetrate more deeply into the 310 

soil through the cracks, which leads to a species-rich plant community and a more complicated 311 

above and belowground community structure (Hahm et al. 2014; Liu et al. 2019).  312 

We also noticed a net increase in soil C storage by CC over the previous two decades, and the 313 

Rs of CC was significantly higher in karst regions than that in non-karst regions (Fig. 4). The 314 

increase in soil C is likely due to the application of crop straw in these regions, as well as to different 315 

fertilizer regimes used in the area. The phenomenon of increases in soil C is probably due to the 316 

activities of crop straw application and fertilizer recommendation technique by the Agricultural 317 

Ministry of China since the 1990s (e.g. no-till and rotation agriculture represents a relatively widely 318 

adopted management system) (Huang and Sun 2006). In the past, crop rotation was the typical 319 

agricultural farming method used in the region, which resulted in land degradation due to higher 320 

soil erosion rates and soil C loss (Li et al. 2018b; Xiao et al. 2017b). According to Perrin et al. 321 

(2008), the use of N fertilizer in karst regions can reduce soil alkalinity via the input of protons 322 

during the process of soil nitrification, which leads to the dissolution of carbonates and the release 323 

of C into the soil. Together, we believe that the increase in soil C observed in croplands is due largely 324 

to the decomposition of carbonate rocks. 325 

 326 

4.2 The influence of environmental factors on soil C sequestration at a regional scale 327 

Climate change and soil properties can impact the soil C cycle through changes in land-328 

atmosphere coupling (Lal et al. 2011). Our study found that natural conditions and soil properties 329 
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can affect soil C dynamics, and these effects differed between karst and the non-karst regions. 330 

Generally, vegetation productivity is regarded as the dominant factor influencing Rs, and changes 331 

in Rs are largely consistent with increases in vegetation productivity (Liu et al. 2016a; Liu et al. 332 

2016b). MAT and MAP are both highly important climate factors controlling vegetation 333 

productivity, and both of these variables can be influenced by topography at the regional scale. 334 

Rusco et al. (2001) previously found that soil C in Europe is positively correlated with MAP and 335 

negatively correlated with MAT. However, the effect that climate patterns have on soil C was not 336 

found to be applicable in southwest China in our study. In non-karst regions, MAT had a direct 337 

negative effect on Rs, while MAP had little effect. In contrast, MAT and MAP showed an opposite 338 

trend in karst regions (Fig. 5). MAT and MAP likely effect soil C sequestration through their effects 339 

on vegetation growth and microbial decomposition (Hou et al. 2018; Luo et al. 2017), and 340 

excessively high levels of MAT and MAP stimulate decomposition, thus inhibiting the activity of 341 

soil enzymes and reducing Rs (Lal 2004b). Our result suggests that temperatures may be the primary 342 

factor inhibiting soil C sequestration in the study area, while precipitation has little to no effect. 343 

Trumbore et al. (1996) estimated that if the global temperature increased by 0.5 °C, soil C stocks 344 

would decrease by approximately 6%. Likewise, Zeng et al. (2019) predicted that an increase in 345 

precipitation should offset the negative effects of rising temperatures on carbonate dissolution. In 346 

general, increases in vegetation productivity lead to reductions in BD because of the accumulation 347 

of organic matter in soils (Perie and Ouimet 2008). Indeed, temperature has shown a steady upward 348 

trend over the past two decades in both karst and non-karst regions (Fig. S9), which has led to 349 

decrease in BD through enhanced root production and penetration, resulted in create more pore 350 

space (Ding et al. 2017).  351 
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Soil nutrients can also affect soil C sequestration rates by reducing plant diversity and 352 

productivity (Ellsworth et al. 2017). Although earlier studies have identified significant links 353 

between soil C and N, pathways that connect other soil properties to soil C have rarely been 354 

identified (Li et al. 2012). Chen et al. (2012) reported that both C and N concentrations were 355 

significantly higher in karst regions than in non-karst regions, due largely to differences in parent 356 

material. Li et al. (2017) also found that changes in soil C were driven by differences in parent 357 

material following agricultural abandonment, in which the amounts of C and N in the soil of 358 

farmland and grassland on limestone were significantly higher than those observed on dolomite. 359 

The results of our study also indicate that N, P, and BD play an important role in soil C sequestration. 360 

In our model, the proportion of the total positive effect of N on Rs was relatively higher in both karst 361 

and non-karst regions (Fig. 5). The increase of N reduced the limitation of N on C sequestration 362 

and causes negative effects on ecosystem function when reach N saturation (Chen et al. 2016; Li et 363 

al. 2012). BD can potentially influence the accumulation of soil C via changes in the amount of 364 

organic matter and through the development of root systems (Ding et al. 2017).  365 

The soil in tropical and subtropical regions are often N-rich and P-limited, and this may lead 366 

to P-limitation in the long-term deposition of N (Alvarez-Clare et al. 2013). According to our 367 

synthesis, the C:N and N:P in karst was higher than in non-karst regions. This implies that soil 368 

mineralization is lower in karst area with lower N limit than non-karst areas resulting in higher 369 

potential soil carbon sequestration. Notably, the C:P ratio was relatively lower, which indicates that 370 

the higher soil C sequestration in karst areas leads to lower P content, and the soil has higher P 371 

availability. P may also be a key factor controlling ecosystem processes that depend on N saturation, 372 

P addition can alleviate the limitation of soil C sequestration due to N saturation (Chen et al. 2016). 373 
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Chen et al. (2018) found that P limitation was more evident in non-karst forests than in karst forests, 374 

because karst regions are more likely saturated with N. Our model suggests that compared to non-375 

karst regions, Rs in karst regions is more often P-limited because of N saturation (Fig. 5), while non-376 

karst regions have a relatively lower rate of change in N than in Rs. Therefore, Rs in non-karst 377 

regions may be less negatively affected by P-driven N enrichment than that of karst regions (Fig. 6).  378 

5. Conclusion 379 

This study found a significant difference in the soil C sequestration between karst and non-380 

karst regions, with faster and more persistent C sequestration in karst region. This finding is due 381 

primarily to climate gradients and to the amount of N present within the soil. Both different patterns 382 

of soil C dynamics following vegetation restoration in the karst and non-karst support the found that 383 

climate gradients are largely controlled by topographic conditions, and that the increase in 384 

temperature that has occurred over the past few decades in southwestern China may have led to 385 

limit soil C sequestration in non-karst regions. In addition, P is the dominant factor limiting the use 386 

of N in karst regions and then resulting in limitation of C sequestration. At the regional scale, climate 387 

factors play an important role in carbonate dissolution in karst environment. And then it is concluded 388 

that soil C storage could be led to intensify uneven increases due to combination of karst 389 

environment and climate change in southwest China in future. 390 
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Additional supporting information may be found appendix in the Supporting Information section. 573 
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Table 1 Information concerning the different soil properties at karst and non- karst sites in southwest China. 577 

 578 

 579 

 580 

Landform Karst  Non - karst 

Variables n Mean Range SD Skewness  n Mean Range SD Skewness 

SOC (g kg-1) 228 29.15 2.67-117.74 23.53 1.31  548 18.40 1.89-116.59 14.22 2.52 

N (g kg-1) 176 2.65 0.16-13.80 2.30 2.03  389 1.51 0.10-8.80 1.03 2.04 

P (g kg-1) 79 0.93 0.15-4.05 0.65 2.03  108 1.06 0.14-5.49 1.28 2.62 

C:N 78 13.33 5.90-39.29 6.11 2.38  100 12.01 4.81-34.60 5.01 2.50 

C:P 78 43.20 6.85-268.69 48.51 3.41  100 43.93 2.46-264.98 41.95 2.33 

N:P 78 3.59 0.56-24.61 4.22 3.51  100 3.46 0.08-11.40 2.38 1.29 

pH (H2O) 147 6.69 4.12-9.50 1.20 -0.28  376 6.15 3.40-9.60 1.54 0.36 

BD (g cm-3) 114 1.27 0.45-1.94 0.29 0.44  461 1.30 0.75-2.00 0.23 0.42 

DEM (m) 228 793.32 109-3333 476.07 1.12  548 1254.80 67-3871 780.17 1.08 

MAT (°C)  228 17.38 2.13-22.55 2.62 -0.74  548 17.23 0.48-23.19 4.69 -1.75 

MAP (mm) 228 1325.23 752.1-1778.58 207.01 -0.18  548 1271.45 686.1-1832.32 310.77 -0.27 
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Figure captions: 581 

Fig. 1 Spatial distribution of the observation sites in the dataset. All sites include multiple data 582 

entries. 583 

Fig. 2 Changes in soil C stocks at different soil depths after vegetation restoration in karst and non-584 

karst regions. (a) Rate and proportion of soil C change in the top 100 cm of the soil column. (b) Soil 585 

C sequestration and proportion in the top 100 cm of the soil column. Error bars represent 95 % 586 

confidence intervals (CI). 587 

Fig. 3 Variation in the rate of soil C change over time within different soil layers after vegetation 588 

restoration for: (a) soil at 0–10 cm, (b) soil at 10–20 cm, (c) soil at 20–30 cm, and (d) soil at 0–100 589 

cm. The symbols *, **, and *** denote values where there are significant differences between the 590 

karst and non-karst regions, at p < 0.05, p < 0.01, and p < 0.001, respectively. Different uppercase 591 

letters denote a significant difference among the different restoration stages of the karst at p < 0.05. 592 

Different lowercase letters denote a significant difference between the different restoration stages 593 

in the non-karst regions at p < 0.05. Values above the bars represent the number of observations. 594 

The error bars illustrate the standard errors (SE). 595 

Fig. 4 Variation in the rate of soil C change within different vegetation types at different depths after 596 

vegetation restoration for: (a) soil at 0–10 cm, (b) soil at 10–20 cm, (c) soil at 20–30 cm, and (d) 597 

soil at 0–100 cm. The symbols *, **, and *** denote values where significant differences occur 598 

between the karst and non-karst regions, at p < 0.05, p < 0.01, and p < 0.001, respectively. Different 599 

uppercase letters denote significant differences among the different restoration stages of karst at p 600 

< 0.05. Different lowercase letters denote significant differences between the different restoration 601 

stages of non-karst at p < 0.05. Values above the bars represent the number of observations. The 602 
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error bars illustrate the standard errors (SE).  603 

Fig. 5 Final structural equation model for rate of soil C change at depths from 0–100 cm. Green and 604 

red colors indicate positive and negative estimates, respectively. Green and red dashed lines indicate 605 

insignificant path coefficients (p > 0.05). Numbers on arrows are standardized path coefficients. 606 

The r2 values represents the proportion of variance in each endogenous variable. The width of the 607 

arrow indicates the strength of a path. (a) Model of karst (n = 76) with the factors affecting the rates 608 

of soil C change (CMIN/DF = 0.754, GFI = 0.987, CFI = 1.000, NFI = 0.957, IFI = 1.015, p = 0.731, 609 

and RMSEA < 0.001). (b) Model of non-karst (n = 100) with the factors affecting the rates of soil 610 

C change (CMIN/DF = 1.792, GFI = 0.972, CFI = 0.978, NFI = 0.953, IFI = 0.979, p = 0.074, and 611 

RMSEA = 0.089). The color histogram from left to right is indirect effect, direct effect and total 612 

effect. 613 

Fig. 6 A conceptual diagram showing the differences mechanism in soil C sequestration processes 614 

between karst and non-karst areas. The diagram showing different lithology in karst and non-karst 615 

areas leading to different distribution of underground soil layers and aboveground vegetation 616 

community composition. BD has a negative effect on soil carbon pool growth throughout the study 617 

area. MAP and P in karst areas offset negative impacts on soil carbon pool growth due to N 618 

saturation. Growth of soil C pools in non-karst areas limited by temperature rise and N increase. 619 
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Figures

Figure 1

Spatial distribution of the observation sites in the dataset. All sites include multiple data entries. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 2

Changes in soil C stocks at different soil depths after vegetation restoration in karst and non-karst
regions. (a) Rate and proportion of soil C change in the top 100 cm of the soil column. (b) Soil C
sequestration and proportion in the top 100 cm of the soil column. Error bars represent 95 % con�dence
intervals (CI).



Figure 3

Variation in the rate of soil C change over time within different soil layers after vegetation restoration for:
(a) soil at 0–10 cm, (b) soil at 10–20 cm, (c) soil at 20–30 cm, and (d) soil at 0–100 cm. The symbols *,
**, and *** denote values where there are signi�cant differences between the karst and non-karst regions,
at p < 0.05, p < 0.01, and p < 0.001, respectively. Different uppercase letters denote a signi�cant difference
among the different restoration stages of the karst at p < 0.05. Different lowercase letters denote a
signi�cant difference between the different restoration stages in the non-karst regions at p < 0.05. Values
above the bars represent the number of observations. The error bars illustrate the standard errors (SE).



Figure 4

Variation in the rate of soil C change within different vegetation types at different depths after vegetation
restoration for: (a) soil at 0–10 cm, (b) soil at 10–20 cm, (c) soil at 20–30 cm, and (d) soil at 0–100 cm.
The symbols *, **, and *** denote values where signi�cant differences occur between the karst and non-
karst regions, at p < 0.05, p < 0.01, and p < 0.001, respectively. Different uppercase letters denote
signi�cant differences among the different restoration stages of karst at p < 0.05. Different lowercase
letters denote signi�cant differences between the different restoration stages of non-karst at p < 0.05.
Values above the bars represent the number of observations. The error bars illustrate the standard errors
(SE).



Figure 5

Final structural equation model for rate of soil C change at depths from 0–100 cm. Green and red colors
indicate positive and negative estimates, respectively. Green and red dashed lines indicate insigni�cant
path coe�cients (p > 0.05). Numbers on arrows are standardized path coe�cients. The r2 values
represents the proportion of variance in each endogenous variable. The width of the arrow indicates the
strength of a path. (a) Model of karst (n = 76) with the factors affecting the rates of soil C change
(CMIN/DF = 0.754, GFI = 0.987, CFI = 1.000, NFI = 0.957, IFI = 1.015, p = 0.731, and RMSEA < 0.001). (b)
Model of non-karst (n = 100) with the factors affecting the rates of soil C change (CMIN/DF = 1.792, GFI =
0.972, CFI = 0.978, NFI = 0.953, IFI = 0.979, p = 0.074, and RMSEA = 0.089). The color histogram from left
to right is indirect effect, direct effect and total effect.



Figure 6

A conceptual diagram showing the differences mechanism in soil C sequestration processes between
karst and non-karst areas. The diagram showing different lithology in karst and non-karst areas leading
to different distribution of underground soil layers and aboveground vegetation community composition.
BD has a negative effect on soil carbon pool growth throughout the study area. MAP and P in karst areas
offset negative impacts on soil carbon pool growth due to N saturation. Growth of soil C pools in non-
karst areas limited by temperature rise and N increase. MAT: mean annual temperature; MAP: mean
annual precipitation; BD: soil bulk density; N: soil nitrogen; P: soil phosphorus. The upward, downward,
and horizontal arrows near the ellipse represent increase, decrease, and no change of the corresponding
variables, respectively. The plus and minus signs next to the arrows between the variables indicate the
positive and negative effects, respectively
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