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The karst region of southwest China showed a significant increase in vegetation 
cover and vegetation carbon stocks under the implementation of a series of 
ecological restoration projects. However, the relative contribution of ecological 
restoration projects to terrestrial carbon sequestration in the context of climate 
change has yet to be well quantified. Here, we used the Community Land Model 
(CLM4.5) to investigate the trend of net ecosystem productivity (NEP) and 
attribution to multiple environmental factors in the karst region of southwest 
China during 2000–2018. The result showed that ecosystems with a significant 
increasing trend of NEP covered about 46% of the study region, which were mainly 
located in the peak forest plain region, colliculus region, peak cluster depression 
region, and middle-high hill region. The simulation experiments suggested that 
land use change associated with ecological restoration projects caused a large 
contribution of 53% to the increasing NEP trend, followed by CO2 fertilization 
(72%), while climate factors and nitrogen deposition showed minor negative 
effects. Especially, the NEP trend induced by land use change in the 100 pilot 
counties with the implementation of rocky desertification control project was 
significantly higher than that in the other karst area. Moreover, moderate and high 
levels of restoration efforts invested into recovery led to a larger increasing trend 
(0.66 gC/m2/yr2 and 0.48 gC/m2/yr2) in NEP than the low efforts level (0.22 gC/
m2/yr2). Our results highlight the important role of ecological restoration projects 
in the enhanced terrestrial carbon sequestration in the karst region of southwest 
China, and recommend a comprehensive assessment of ecological restoration 
projects for policymaking.
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1. Introduction

The karst region of southwest China holds one of the largest continuous karsts in the world, 
which is highly sensitive to the increasing climate variability and extreme climate events (Kharin 
et al., 2013; Seddon et al., 2016). Meanwhile, the increase in population expanded the demand 
for natural resources and caused a severe rocky desertification (Sweeting, 2012; Delang and 
Yuan, 2016). Approximately 0.13 million km2 of karst areas were transformed into rocky 
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landscapes from natural vegetation (Yuan, 1997; Wang et al., 2004). To 
combat land degradation and improve the ecological security 
situation, Chinese governments have invested more than 130 billion 
yuan in launching a series of ecological restoration projects since 1999 
(Delang and Yuan, 2016). The Grain to Green Project is the most 
ambitious project for restoring natural vegetation and prevention of 
sloping farmland in human history (Ouyang et al., 2016; Xu et al., 
2017). The government has also set up the rocky desertification 
control projects in the karst region of Southwest China since 2008, 
which covered from 100 pilot counties at first to all 451 rocky 
desertification counties in 2015. With the implementation of these 
ecological restoration projects, many studies have found that a recent 
increase in the Normalized Difference Vegetation Index (NDVI) and 
Leaf Area Index (LAI) (Cai et  al., 2014; Xu and Zhang, 2014), 
aboveground biomass carbon (ABC) (Tong et  al., 2020), and 
vegetation optical depth (VOD) (Brandt et  al., 2018) in the karst 
region of Southwest China. This region’s ecosystem quality increased 
simultaneously (Zhang M. et al., 2022). Estimation of the effect of 
ecological restoration projects on ecosystem functions (especially 
carbon sequestration function) in the karst region of Southwest China 
is crucial to the ecosystem management and performance assessment 
of ecological civilization construction.

Previous studies have confirmed the positive effect of ecological 
restoration projects on vegetation cover and vegetation carbon stocks 
based on different methods (Zhang et al., 2015; Zhang M. et al., 2016; 
Tong et  al., 2017, 2018). Based on residuals between observed and 
predicted vegetation cover and biomass trends, Tong et al. (2017) found 
a direct positive effect of management in Guizhou, Yunnan, and Guangxi. 
Residual analysis also indicated that ecological services were improved by 
rocky desertification control in a typical karst region of northwest 
Guangxi (Zhang M. et  al., 2016). The positive impacts of rocky 
desertification control measures on the vegetation carbon services were 
found in the typical karst area of northwest Guangxi through the method 
of canonical correspondence analysis (Zhang et al., 2015). By comparing 
the results of satellite products and dynamic vegetation models, Tong et al. 
(2018) pointed out that the areas of high ecological restoration projects 
have stronger positive trends in vegetation cover and vegetation carbon 
stocks, while the areas of little ecological restoration projects have weaker 
positive trends in vegetation cover and vegetation carbon stocks in 
Guizhou, Yunnan, and Guangxi after 2000. Besides the role of ecological 
restoration projects, these changes on vegetation cover and vegetation 
carbon stocks are also associated with other environmental drivers (Wang 
et  al., 2014), such as changing climate, rising atmospheric CO2 
concentration, and increasing nitrogen deposition (Choi, 2004; Seabrook 
et al., 2011). Climatic conditions, human management, and disturbances 
may influence the effectiveness of ecological restoration projects. High 
annual rainfall and soil moisture after drought events help increase 
vegetation cover, especially in the areas where ecological restoration 
projects are implemented (Brandt et  al., 2018). High investments of 
ecological restoration projects combined with sufficient rainfall generally 
increase the effectiveness of ecological restoration projects (Tong et al., 
2017). However, the relative contribution of ecological restoration projects 
on ecosystem functions (especially carbon sequestration function) in the 
context of climate change and human activities in the karst region of 
Southwest China has not been well quantified.

The primary actions of the ecological restoration projects include 
expanding the natural vegetation, reducing sloping farmland, and 
cultivating crops on more fertile and less erodible soils (Tong et al., 

2020). The implementation of ecological restoration projects directly 
influences the ecosystem functions (especially carbon sequestration 
function) through the land use change (Qin et  al., 2022). The 
objectives of this study are to investigate the trend of NEP in the karst 
region of southwest China during 2000–2018, and to analyze the 
relative contribution from multiple environmental factors (i.e., climate 
change, atmospheric CO2 concentration, nitrogen deposition, and 
land use change). Here, we used the Community Land Model version 
4.5 (CLM4.5) to simulate the temporal variation of net ecosystem 
productivity (NEP) and region contribution in different karst region, 
and conducted a series of simulation experiments to quantify the 
impacts from different drivers on NEP trend.

2. Materials and methods

2.1. Study region

As one of the most typical, complex, and extensive karst landforms 
worldwide, the karst region of Southwest China includes Chongqing, 
Hubei, Hunan, Guangdong, Guangxi, Guizhou, Sichuan, and Yunnan 
provinces (Figure 1). With poor soil formation ability, thin soil depth, 
and poor surface water retention (Jiang et al., 2014), the environment 
in this region is vulnerable and very sensitive to climate change and 
anthropogenic activities (Yuan et al., 1990). Subtropical monsoon 
climate is the main climate types, with a mean manual temperature of 
15.00°C and a mean manual precipitation of 1,100 mm. The vegetation 
coverage is high with a proportion of forest land and grassland 
equaling 82.43%. According to similarities of the karst geomorphology 
and its formation causes, the karst region of Southern China could 
be divided into eight karst regions, namely Peak forest plain region (I), 
Trough valley region (II), Colliculus region (III), Gorge region (IV), 
Peak Cluster Depression region (V), Faulted Basin region (VI), Plateau 
region (VII), and Middle-high Hill region (VIII) 
(Supplementary Table S1; Wang et al., 2015). Because of the increasing 
intensity of human exploitation of natural resources, about  
0.13 million km2 of karst areas were turned into rocky landscapes. A 
series of ecological restoration projects has been implemented to 
improve the environment (Tong et al., 2018). The 100 pilot counties 
with the implementation of rocky desertification control project since 
2008 are mainly located in the regions of Colliculus (II), Gorge (IV), 
and Plateau (VII). According to the total area of ecological restoration 
projects, the 100 pilot counties are divided into three groups: (1) less 
than 50 km2 (low efforts), (2) 50–100 km2 (moderate efforts), and  
(3) more than 100 km2 (high efforts) (Tong et al., 2018).

2.2. Data

The input data of CLM4.5 mainly include seven climate variables 
(i.e., air temperature, precipitation, relative humidity, downwelling 
longwave radiation, downwelling short-wave radiation, surface 
pressure, and wind speed), two atmospheric environment variables 
(i.e., atmospheric CO2 concentration and nitrogen deposition), and 
other environment variables, such as plant function type, and dynamic 
land use and land cover change data. Climate data (1979–2018) were 
extracted from the high spatial and temporal resolution surface 
meteorological element driven dataset in China with a temporal 
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resolution of 3 h and a spatial resolution of 0.1o (He et al., 2020). The 
atmospheric CO2 concentration (1850–2015) with a spatial resolution 
of 1o comes from Mauna Loa Observatory (Lamarque et al., 2010). The 
atmospheric nitrogen deposition data (1980–2015) with a spatial 
resolution of 0.05o were calculated based on the atmospheric inorganic 
nitrogen wet deposition data proposed by Jia et al. (2019) and the dry 
and wet nitrogen deposition ratio developed by Yu et al. (2019). The 
plant functional type and dynamic land use and land cover changes 
data (1990–2015) with a spatial resolution of 0.05o were processed 
based on the land cover data of China (ChinaCover) produced by Wu 
et al. (2014) and climate variables (Wang et al., 2017) using the method 
reported in Bonan et al. (2018). The parameter values of ratio of leaf 
carbon to nitrogen for each plant functional type were revised against 
the inventory data (Tang Z. et al., 2018). All input data of CLM4.5 was 
resampled to a unified spatial resolution (0.5o). Climate data has a 
temporal resolution of 6 h. Other input data have a temporal resolution 
of 1 year. Then we could use these data to force the CLM4.5.

Modelled outputs were evaluated by estimated carbon flux 
production from Yao et al. (2018) and Jung et al. (2011), and field 
inventory data of vegetation and soil carbon density (Fang et al., 2018; 
Tang X. et  al., 2018) in the study region. Yao et  al. (2018) used a 
machine learning algorithm to develop a GPP dataset based on 
observation data from 40 stations in China and surrounding countries 
during 1982–2015. Jung et al. (2011) also used a machine learning 
algorithm to develop a terrestrial land-atmosphere energy fluxes 
dataset based on observation data from FLUXNET during 1982–2011. 
Machine learning algorithms have been applied to the upscaling of 
eddy covariance measurements from local to continental (Xiao et al., 
2018). Therefore, these products produced by machine learning 
algorithms could be approximately regarded as the observed data.

We used the method in Vicente-Serrano (2006) to calculate 
Standardized Precipitation Index (SPI) data using monthly 

precipitation data (Lv et al., 2022). The SPI computed on shorter scales 
(e.g., 3 months) describes the short-term moisture conditions that 
affect the ecosystem. We used the SPI 3 to identify drought events. The 
drought events were extracted with SPI 3 data <−1.0, which indicates 
when water shortages were developing or imminent (Vicente-Serrano 
et al., 2014). To quantify the influence of annual water stress on the 
karst ecosystems, the SPI 3 products at monthly resolution were 
aggregated to an annual mean.

2.3. CLM4.5

2.3.1. Model description
The CLM4.5 model is a state-of-the-art land surface model for 

simulating bio-geophysical and bio-geochemical processes in the 
atmosphere-vegetation-soil continuum (Oleson et al., 2013), which 
has a good performance in estimating carbon and water fluxes for 
terrestrial ecosystems (Zhang L. et al., 2016; Li et al., 2018) and has 
been well applicated in China’s terrestrial ecosystem (Jia et al., 2018; 
Lu et al., 2021; Xue et al., 2021).

2.3.2. Experiment design
We performed five simulations to assess the relative 

contributions of changing climate, rising atmospheric CO2 
concentration, increasing nitrogen deposition, and historical land 
use change on the carbon sequestration (Table 1). In simulation S1, 
we kept the climate driver constant for the entire period 1990–2018 
and varied the other environmental factors. In simulation S2, only 
the atmospheric CO2 concentration was hold constant. In 
simulation S3, we used the varied climatic factors, atmospheric CO2 
concentration, and land use change and held the nitrogen 
deposition at 1990. In simulation S4, we only kept the land use 

A B

FIGURE 1

The vegetation type in karst region in Southwest China (A) and three groups of the 100 pilot counties of rocky desertification control since 2008 (B):  
(1) less than 50 km2 (low efforts), (2) 50–100 km2 (moderate efforts), and (3) more than 100 km2 (high efforts). I: Peak forest plain, II: Trough valley, 
III: Colliculus, IV: Gorge, V: Peak Cluster Depression, VI: Faulted Basin, VII: Plateau, VIII: Middle-high Hill.

https://doi.org/10.3389/fevo.2023.1179608
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Lv et al. 10.3389/fevo.2023.1179608

Frontiers in Ecology and Evolution 04 frontiersin.org

constant, while varying the other environmental factors. Finally, in 
simulation S5, we allowed all factors to change throughout the full 
simulation. The effects of each individual factor are calculated by 
subtracting S1, S2, S3, and S4 from simulation S5. The simulated 
yearly variables for gross primary productivity (GPP), ecosystem 
respiration (ER), and NEP from 2000 to 2018 were used for the 
analysis in this study.

2.3.3. Model simulation
We determined the initial conditions by first running the CLM4.5 to 

equilibrium using a two-stage spin-up method. Initial spin-up followed 
the accelerated decomposition approach for 600 simulation years with the 
long-term average climate and all other environmental factors. Then a 
normal decomposition spin-up was operated for 1,000 years using a 
repeating 40-year (1979–2018) cycle of climatic factors and constant other 
environmental factors until a dynamic equilibrium was reached. After 
initialization, we performed a transient run from 1901 to 2018 of the time 
series data of all driving factors. In this study, we choose 1990 as the base 
year. The annual temperature (13.64°C) and annual precipitation 
(1,364 mm) in 1990 are close to the multi-year average value during 1990–
2018 (13.96°C and 1,370 mm). Moreover, the “base year” of emission 
reduction stipulated in the Kyoto Protocol is 1990. The emission reduction 
effect of greenhouse gases needs to be referenced and measured relative 
to 1990.

3. Results

3.1. Model evaluation

We evaluated modelled annual GPP by CLM4.5 with the GPP 
estimation extracted from the results of Yao et al. (2018) and Jung et al. 
(2011). Modelled annual GPP has a similar spatial pattern with the 
estimation based on eddy-flux observations in the karst region of 
Southwest China (Figures 2A–C). The Pearson correlation coefficients 
between GPP modelled by CLM4.5 and the estimated data of Yao et al. 
(2018) and Jung et al. (2011) across the eight regions were 0.94 and 
0.87, respectively. For those areas with high GPP in the Peak forest 
plain region (I), Trough valley region (II), Colliculus region (III), Peak 
Cluster Depression region (V), and Plateau region (VII), the model 
bias for GPP varied from −8.65 to 3.35% (Figure 2D). The mean total 
annual GPP in the study area modelled by CLM4.5 is 1.56 Pg C/yr., 
which was slightly higher than that in the previous studies by 11–16%.

Figure 3 shows the comparison of observed and modelled mean 
vegetation carbon and soil carbon density for different forest types in 
the karst region of Southwest China. The CLM4.5 model could capture 
the variation in vegetation carbon density among different forest types 

but overestimate by 14.0% for ENF, 19.7% for DBF, 25.3% for MF, and 
26.8% for EBF (Figure 3A). The mean values of the modelled soil 
carbon density were well consistent with the inventory data, with 
relative errors ranging from −2.6 to 3.9% for DBF, EBF, and MF, 
except 17.7% for ENF (Figure 3B).

3.2. Long-term trend of NEP and regional 
contribution

There was an increasing trend in NEP, although it was not 
statistically significant (0.16 Tg C/yr2, p = 0.87). However, the trend of 
NEP showed a large spatial heterogeneity in the karst region of 
Southwest China. About 76% of the study region shows an increasing 
trend, among which 33% is significant at p = 0.05 level, which were 
mainly located in the Peak forest plain region (I), Colliculus region 
(III), Peak Cluster Depression region (V), and Middle-high Hill 
region (VIII) (Figures 4A,B). The increasing trend in NEP in these 
areas reached to 0.93 Tg C/yr2 (Figure 4C), because a larger increasing 
rate in GPP (3.46 Tg C/yr2) than that in ER (2.53 Tg C/yr2). The 
accumulated NEP increased from 24.95 to 380.16 Tg C/yr in these 
areas (Figure 4C), which highlighted the important role in these areas 
in carbon sequestration.

The trend of NEP in different karst regions over the period 2000–
2018 was shown in Figure 4D. Ecosystems in the Peak forest plain 
region (I), Peak Cluster Depression region (V), and Middle-high Hill 
region (VIII) dominated the increase in NEP, with the contribution of 
28, 82, and 33%, respectively. The increasing rate of NEP in the Peak 
Cluster Depression region (V) was the highest (0.14 Tg C/yr2, 
p = 0.06), followed by Peak forest plain region (I) and Middle-high Hill 
region (VIII) with similar trend of 0.057–0.059 Tg C/yr2. Besides these 
three regions, the Plateau region (VII) also had a large contribution to 
the NEP trend (32%). The increases in NEP in these regions were all 
resulted from the higher enhancement in GPP than that in ER.

3.3. Contribution of environmental factors 
to the trend in NEP

Simulation experiments suggested that atmospheric CO2 
concentration (73%) and land use change (53%) dominated the 
increasing NEP trend, while climate change and nitrogen deposition 
led to the decrease in NEP (−26% and − 0.2%, respectively). CO2 
fertilization significantly stimulate NEP due to larger response of GPP 
than ER (3.05 vs. 2.96 Tg C/ppm), especially in the Peak forest  
plain region (I), Trough valley region (II), and Middle-high Hill  
region (VIII) (Figure 5B).

TABLE 1 The description of simulation experiments.

Simulation experiment Climate Atmospheric CO2 
concentration

Nitrogen deposition Land use change

S1 1990 1990–2018 1990–2018 1990–2018

S2 1990–2018 1990 1990–2018 1990–2018

S3 1990–2018 1990–2018 1990 1990–2018

S4 1990–2018 1990–2018 1990–2018 1990

S5 1990–2018 1990–2018 1990–2018 1990–2018
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The increasing NEP trend induced by land use change (0.09 Tg 
C/yr2, p < 0.05, Figure  5A) was mainly related to the large-scale 
afforestation (3,964 km2), and cropland abandonment (13,517 km2) 
under the implementation of a series of ecological restoration 
projects since 2000 (Supplementary Figure S1D). Especially in the 
Colliculus region (III) and Plateau region (VII), the area of 
afforestation is eight times that of other karst regions 
(Supplementary Table S3). In addition, the contribution of land use 
change to the NEP trend is higher than the contribution of CO2 in 
the Colliculus region (III), Plateau region (VII), and Middle-high 
Hill region (VIII) (Figure 5B).

There was a larger increase in NEP (+0.44 gC/m2/yr2, p < 0.05, 
Figure 6B) induced by land use change in the 100 pilot counties of 
rocky desertification control than that in the other karst area due to 
higher trend in GPP (+0.21 gC/m2/yr2, p < 0.05) and less in ER  
(−0.23 gC/m2/yr2, p < 0.05). Moreover, the positive effect of land use 
change on NEP trend varied with ecological restoration projects 
efforts. The difference in impacts of land use change were analysed at 
the county level by dividing the 100 pilot counties of rocky 
desertification control into three groups according to the total 
ecological restoration projects areas (Figure 1B). The difference in the 
area of conversion of farmland into forest in the low ecological 

A B

C D

FIGURE 2

Comparison of mean gross primary productivity (GPP) between Yao et al. (2018), Jung et al. (2011), and the CLM4.5 model. The spatial pattern of mean 
GPP in different karst regions in Yao et al. (2018), Jung et al. (2011), and the CLM4.5 model (A–C). The mean GPP in different karst regions in Yao et al. 
(2018), Jung et al. (2011), and the CLM4.5 model (D). I: Peak forest plain, II: Trough valley, III: Colliculus, IV: Gorge, V: Peak Cluster Depression,  
VI: Faulted Basin, VII: Plateau, VIII: Middle-high Hill.
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restoration projects area (625 km2) and the moderate and high 
ecological restoration projects areas (3,900 and 3,075 km2, respectively) 
led to the difference of NEP trend driven by land use change in three 
groups. The NEP trend induced by land use change in the counties 
with moderate and high ecological restoration projects efforts (0.66 
and 0.58 gC/m2/yr2, p < 0.05, respectively) significantly greater than 
those with low efforts (0.22 gC/m2/yr2, p < 0.05). In addition, the trend 
in NEP increased significantly with increasing forest coverage 
(Slope = 0.46, p < 0.05, Figure 6C) in the 100 pilot counties of rocky 
desertification control. These results indicated that the implementation 
of ecological restoration projects in the karst region of Southwest China 
play a remarkable role in enhancing carbon sequestration, especially in 
the moderate and high ecological restoration projects efforts areas. The 
positive NEP trend induced by land use change in counties of high 
ecological restoration projects efforts area was slightly lower than those 
with moderate efforts area, which might be associated with the drought 
events in 2009 and 2011. The karst region of Southwest China experience 
drought events in 2009 and 2011, of which 13 and 5%, respectively, in the 
high ecological restoration projects area (Supplementary Figure S2).

The negative effect of climate on the NEP trend in this region 
(−0.04 Tg C/yr2, p = 0.83, Figure  5A) was mainly caused by the 
significant warming with the rate of 0.023°C/yr (p < 0.05; 
Supplementary Figure S1C). The increasing temperature led to a faster 
increase in ER (2.65 Tg C/yr2, p = 0.09) than GPP (2.10 Tg C/yr2, 
p < 0.05). This negative effect of climate was mainly in the Trough 
valley region (II), Colliculus region (III), and Faulted Basin region 
(VI) (Figure 5B). The Trough valley region (II) and Colliculus region 
(III) had the large increase of temperature and the high response of 
NEP to temperature (Supplementary Table S4). In addition, the minor 
contribution of nitrogen deposition to the trend in NEP was mainly 
due to the significant decrease of nitrogen deposition 
(Supplementary Table S2) and the large response of NEP to nitrogen 
deposition in the Trough valley region (II) (Supplementary Table S4).

4. Discussion

Southwest China has been one of the largest coherent regions with 
positive biomass and vegetation cover trends since 2000 (Brandt et al., 
2018). Consequently, vegetation carbon sequestration has increased since 

2000 as revealed by both remote sensing data (Zhang et al., 2017; Tong 
et al., 2020) and ecosystem process models (Zhang M. et al., 2016; Tong 
et al., 2018). Our study demonstrated the increase in carbon sequestration 
in the karst region of Southwest China during 2000–2018, especially in 
the Peak Forest Plain region (I), the Peak Cluster Depression region (V), 
and the Middle-high Hill region (VIII). This increasing trend of carbon 
sequestration in the karst region of Southwest China is also supported by 
the terrestrial land-atmosphere energy fluxes dataset from Jung et al. 
(2011) with a significant increasing rate of 11.74 Tg C/yr2 (p < 0.05) for 
GPP and 5.75 Tg C/yr2 (p < 0.05) for NEP in 2000–2011, and Yao et al. 
(2018) with the increasing rate of GPP (1.24 Tg C/yr2, p = 0.50) during 
2000–2015.

The increase in carbon sequestration in the karst region of southwest 
China has been proven to be associated with high ecological restoration 
projects after 2000 (Zhang M. et al., 2016; Brandt et al., 2018; Tong et al., 
2018; Zhang X. et al., 2022). Our results suggested that land use change 
was the second large contributor to the sustained carbon sequestration 
besides elevated atmospheric CO2 concentration. To alleviate ecological 
degradation and ameliorate regional poverty, the Chinese government has 
invested in a series of mitigation initiatives, which are aimed at converting 
farmlands and degraded lands into conservation or production forests 
and grasslands (Delang and Yuan, 2016). The land use change resulted in 
a large increase in carbon sequestration by increasing the aboveground 
and underground carbon density (Hong et al., 2020) and the turnover of 
carbon storage (Chen and Tian, 2007). With the increase of forest 
coverage driven by ecological restoration projects, the average ratio of the 
ecosystem service index increased (Zhang M. et al., 2022). With the 
increase of ecological restoration projects efforts, the growth rate of 
vegetation cover and carbon density became faster (Lv et al., 2018; Tong 
et al., 2018). We  found the differences of increasing trend in carbon 
sequestration between low and other (i.e., moderate and high) ecological 
restoration projects efforts (Figure  6B). The positive impact of the 
ecological restoration projects may be influenced by climatic conditions, 
human management, and disturbances. The temperate climate with 
sufficient rainfall and high investments generally lead to the high 
effectiveness of ecological restoration projects in Peak Forest Plain  
region (I) and Peak Cluster Depression region (V) (Tong et al., 2017).

Such a positive effect of land use change on the increase of carbon 
sequestration in China on the national scale had been demonstrated 
by Tian et al. (2011) using process-based models and Houghton and 

A B

FIGURE 3

Comparison of vegetation carbon density (A) and soil carbon density (B) in different plant types in karst region of Southwest China between the 
observation and CLM4.5. EBF: evergreen broadleaved forest, DBF: deciduous broadleaved forest, ENF: evergreen needle leaved forest, MF: mixed 
forest.
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Nassikas (2017) using the bookkeeping model but was underestimated 
by Jia et al. (2020) based on results of the Multi-scale Synthesis and 
Terrestrial Model Intercomparison Project (MsTMIP). The low 
contributions of land use change to GPP might be  related to the 
underestimates of the forest area in China (33,292 km2) in the land use 
change dataset produced by Hurtt et al. (2006) and Yu et al. (2022). 
On the other hand, the model assumptions relating to whether the 
productivity of secondary vegetation is smaller or larger than that of 
the vegetation it replaces are also important (Zhu et  al., 2016). 
We found the land use change has a higher contribution to carbon 
sequestration (0.44 Tg C/yr2) in the karst region of southwest China, 
compared with the effect of land use change on carbon sequestration 
in China (0.27 Tg C/yr2). These results suggested that the ecological 
restoration projects in the karst region of southwest China play a 
crucial role in the increase of carbon sequestration in China. When 
considering the carbon emissions caused by land use change, the net 
biome productivity (NBP) still increased in the karst region of 
southwest China (1.23 Tg C/yr2, p = 0.28, Supplementary Figure S3).

The effects of atmospheric CO2 concentrations on carbon 
sequestration were consistent with previous studies in China (Tian 
et al., 2011; Jia et al., 2020) and the globe (Keenan et al., 2021) due to 
photosynthesis increases as CO2 concentrations rise (Huntingford 
and Oliver, 2021). In contrast, climate had a negative effect on the 
carbon sequestration in this karst region of southwest China as 
shown in both this study and Tong et al. (2017), which might be due 
to the increase in temperature and decrease in soil water during 
drought events in recent years (e.g., 2009 and 2011) (Song et al., 
2019). Compared to the result of Tian et al. (2011), the nitrogen 
deposition’s contribution to carbon sequestration was lower in this 
study. The main reason is that the reference level of nitrogen 
deposition and other factors was assigned to the value in 1990 not 
that in 1900 as Tian et al. (2011). Right now, the nitrogen deposition 
level increased by 7.06 TgN/yr. than that of 1990 and 11.09 TgN/yr. 
than that of 1900 (data came from Tian et al., 2011) in China, but the 
nitrogen utilization efficiency (10.6 gC/gN) was similar to that  
(10.1 gC/gN) of Tian et al. (2011).

A B

C D

FIGURE 4

Temporal change and regional contribution of net ecosystem productivity (NEP) in karst region of Southwest China over the period 2000–2018 
estimated by the CLM4.5 model. (A) Significance of the NEP trend in karst region of Southwest China during 2000–2018. (B) Temporal changes of the 
NEP in karst region of Southwest China during 2000–2018. (C) Annual NEP and accumulated NEP in the region of significant variation in NEP during 
2000–2018. (D) Regional contribution of the NEP trend. I: Peak forest plain, II: Trough valley, III: Colliculus, IV: Gorge, V: Peak Cluster Depression,  
VI: Faulted Basin, VII: Plateau, VIII: Middle-high Hill.
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Under the recommendations for formulating China’s 14th five-
year development plan and the long-range goals for 2035, the karst 
regions of southwest China will control more than 10,760 km2 of rocky 
desertification in Hubei, Guizhou, and Yunnan provinces. In Hunan 
province, more than 7.50 km2 of afforestation and grassland 
construction were carried out (Gao et  al., 2021). Moreover, 
constructing the national rocky desert park is essential, which could 
realize the combination of rocky desertification control and poverty 
control. The implementation of these actions in 451 counties of karst 
desertification control will continue to increase carbon sequestration 
in forest and grassland, protect against soil erosion, and create a more 
biodiversity-rich landscape (Hogarth et al., 2013; Tong et al., 2020). 
Nevertheless, large-scale ecological restoration projects can have an 
adverse impact on the ecosystem by decreasing soil moisture and 
water availability (Feng et al., 2016; Jia et al., 2017; Zhao et al., 2021). 
Therefore, the ecological restoration projects require adjusted 
according to different situations. Such as, better water-conservancy 
areas are suitable for tropical and subtropical economic fruit species, 

while water-deficient areas should be planted drought tolerant savanna 
woody species (Zhang et al., 2012). And the benefits of ecological 
restoration projects should be  comprehensively evaluated when 
considering the sustainability of ecosystems.

The impacts of multiple environmental factors on carbon 
sequestration have been in the spotlight of science (Qian et al., 2019; Liu 
et al., 2023). Based on process-based model, the simulation experiments 
could quantify the influence of changing climate, rising atmospheric CO2 
concentration, increasing nitrogen deposition, and historical land use 
change on the carbon sequestration (Tian et al., 2011; He et al., 2019). The 
large contribution (53%) of land use change to the increasing NEP trend 
in our study is similar to the result of Yu et al. (2022), who pointed out that 
forest expansion increased China’s land carbon sink since 1980 using the 
simulation experiments in DLEM with a contribution of 44%. In addition, 
such an important role of land use change in stimulating the positive 
trend in carbon sequestration in China is also supported by previous 
studies using other approaches, such as residual analysis (Tong et al., 
2017), canonical correspondence analysis (Zhang et al., 2015), comparison 

A B

FIGURE 5

Effects of environmental factors (i.e., climatic factors (Climate), atmospheric carbon dioxide concentration (CO2), nitrogen deposition (Ndep), land use 
change (LUCC), and all environmental factors (All)) on the net ecosystem productivity (NEP) trend (A) in karst region of Southwest China and different 
karst regions (B). I: Peak forest plain, II: Trough valley, III: Colliculus, IV: Gorge, V: Peak Cluster Depression, VI: Faulted Basin, VII: Plateau, VIII: Middle-
high Hill. * means p < 0.05.

A B C

FIGURE 6

Temporal change of land use change (LUCC) in 2000 and 2015 in the 100 pilot counties of rocky desertification control (A), land use change (LUCC) 
driven net ecosystem productivity (NEP) in the 100 pilot counties of rocky desertification control and other karst area, and in the three groups of the 
100 pilot counties of rocky desertification control during 2008–2018 (B), and the relationship between the increase in forest coverage and trend of 
LUCC driven NEP (C). According to their total area of ecological restoration projects, the 100 pilot counties of rocky desertification control were 
divided in three groups: (1) less than 50 km2 (low efforts), (2) 50–100 km2 (moderate efforts), and (3) more than 100 km2 (high efforts). a and b on the bar 
chart mean that there is a significant difference in the trend of NEP between different groups.
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of the differences between satellite products and dynamic vegetation 
models (Tong et al., 2018), and comparison of the differences between the 
baseline period and post-period (Lu et al., 2018). However, we did not 
include the legacy of previous land use change, which might cause 
uncertainty about the estimated effect of land use change. Tian et al. 
(2011) pointed out that the land use change could cause a change of 2.7 
to 4.1% in total carbon stocks in the first half of the 20th century. These 
land use legacy effects in the karst regions of southwest China require 
further exploration in the future. Other factors, such as forest 
management, grazing, irrigation and disturbances, were not included in 
the CLM4.5 in our study. Such a comprehensive assessment of ecological 
restoration projects requires the strengthening of long-term observation 
and research, and more efforts to better simulate the effects of land cover 
changes and land management practices on karst ecosystems (Chen et al., 
2020) in the next generation process-based models.

5. Conclusion

In this study, we investigated the trend of carbon sequestration 
and the impacts of environmental factors in the karst region of 
Southwest China during 2000–2018 using the CLM 4.5 model. Our 
result showed that areas with a significant trend of NEP covered 
about 45.6% of the study region. This increasing NEP trend was 
mainly contributed by the peak forest plain region, peak cluster 
depression region, and the middle-high hill region. We found that 
land use change plays an important role in stimulating the positive 
trend in NEP besides atmospheric CO2 concentration in this region, 
while climate and nitrogen deposition had relatively small negative 
contributions. Moreover, with the large-scale afforestation and 
cropland abandonment, a notable increase in NEP was found in the 
100 pilot counties of rocky desertification control project, when 
compared with the other karst areas. Furthermore, the areas with 
moderate and high ecological restoration efforts had a higher 
increasing rate of NEP than the low effort areas. Our study 
demonstrated the benefits of ecological restoration projects on 
carbon sequestration in the karst region of Southwest China, which 
could keep contributing to the achievement of China’s 
carbon neutrality.
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