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The stability of future carbon sinks is crucial for accurately predicting the global 
carbon cycle. However, the future dynamics and stability of carbon sinks remain 
largely unknown, especially in China, a significant global carbon sink region. 
Here, we examined the dynamics and stability of carbon sinks in China’s terrestrial 
ecosystems from 2015 to 2,100 under two CMIP6 scenarios (SSP245 and SSP585), 
using XGBoost and SHAP models to quantify the impact of climatic drivers on 
carbon sink stability. China’s future terrestrial ecosystems will act as a “carbon sink” 
(0.27–0.33 PgC/yr), with an initial increase that levels off over time. Although the 
carbon sink capacity increases, its stability does not consistently improve. Specifically, 
the stability of carbon sinks in future China’s terrestrial ecosystems transitions from 
strengthening to weakening, primarily occurring in areas with higher carbon sink 
capacity. Further analysis revealed that atmospheric vapor pressure deficit (VPD) 
and temperature (Tas) are the two primary factors influencing carbon sink stability, 
with significant differences in their impacts across different scenarios. Under the 
SSP245 scenario, variations in VPD (VPD.CV) regulate water availability through 
stomatal conductance, making it the key driver of changes in carbon sink stability. 
In contrast, under the SSP585 scenario, although VPD.CV still plays an important 
role, temperature variability (Tas.CV) becomes the dominant factor, with more 
frequent extreme climate events exacerbating carbon cycle instability. The study 
highlights the differences in driving factors of carbon sink stability under different 
scenarios and stresses the importance of considering these differences, along 
with the scale and stability of carbon sinks, when developing long-term carbon 
management policies to effectively support carbon neutrality goals.
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1 Introduction

Since the Industrial Revolution, terrestrial ecosystems have 
significantly mitigated global warming by absorbing increased levels 
of atmospheric carbon dioxide (Friedlingstein et al., 2023; Lee et al., 
2023). The “carbon neutrality” plans proposed by many countries, 
including China, highlight the importance of enhancing the carbon 
sink functions and stability of ecosystems (Buma et al., 2024; Yang 
et  al., 2022). However, rising global temperatures (Rantanen and 
Laaksonen, 2024; WMO, 2024), increased spatiotemporal variability 
of precipitation (Wu et al., 2019; Zhang et al., 2021) and frequent 
extreme climate events (Li et al., 2024; WMO, 2024; Zhang et al., 2021) 
are affecting the carbon sequestration potential, thereby its stability of 
terrestrial ecosystems. Therefore, understanding the changes in the 
stability of carbon sinks in terrestrial ecosystems is crucial for 
effectively addressing climate change and achieving carbon 
neutrality goals.

Stability refers to a system’s capacity to maintain or restore its 
original state following a disturbance (Holling and Holling, 1973; 
Lamothe et  al., 2019; Pimm, 1984). Theoretically, a system’s 
response to external perturbations can be gaged through internal 
natural fluctuations (Kubo, 1966; Marconi et  al., 2008). When 
perturbations push a system toward a tipping point, it experiences 
“critical slowing down (CSD),” leading to slower recovery rates and 
reduced resilience (Dakos et al., 2008; Scheffer et al., 2009). At this 
point, the system begins to lose stability, which can be detected 
from the increased temporal autocorrelation and variability 
(Scheffer et al., 2009; Scheffer et al., 2012). Lag-one autocorrelation 
(AR1) and variance (VAR) have become key indicators for 
ecosystem stability (Berdugo et al., 2022; Dakos et al., 2023; Dakos 
et al., 2015; Hirota et al., 2021; Parry et al., 2022; Scheffer et al., 
2015; Stevens et al., 2022). AR1, less influenced by environmental 
fluctuation frequency compared with VAR (Dakos et  al., 2012; 
Veraart et al., 2012), is therefore more widely used as a measure of 
ecosystem stability (Forzieri et al., 2022; Yao et al., 2024).

Recent studies have reported a decline in the stability of global 
terrestrial ecosystems (Forzieri et al., 2022; Smith and Boers, 2023b; 
Smith et al., 2022; Sun et al., 2022; Verbesselt et al., 2016; Yao et al., 
2024), as measured by AR1, with a critical shift in the early 2000s from 
enhancement to marked weakening (Smith et al., 2022; Yao et al., 
2024). Ecosystem stability tends to be  greater with higher water 
availability (Boulton et al., 2022; Smith and Boers, 2023a; Verbesselt 
et  al., 2016) and lower with rising temperatures and increased 
precipitation variability (Fernandez-Martinez et al., 2023; Yao et al., 
2024). Current research primarily focuses on historical periods 
(Boulton et al., 2022; Chen et al., 2023; Fernandez-Martinez et al., 
2023; Forzieri et al., 2022; Hu et al., 2023; Jiang et al., 2022; Smith et al., 
2022; Wang et al., 2023), lacking insights into future stability. Yao et al. 
(2024) indirectly described future global stability declines by 
comparing the AR1 ratios between future and historical periods. 
However, few studies have directly considered the dynamic changes 
and climatic factors that influence future stability, thereby limiting the 
ability to predict instability risks.

China’s terrestrial ecosystems play a significant role as carbon 
sinks, accounting for approximately 8–11% of the global carbon sink 
(Friedlingstein et al., 2023; Piao et al., 2022; Yang et al., 2022). Unlike 
the global trend of declining stability in terrestrial ecosystems since 

the early 21st century (Smith et al., 2022), China has exhibited a 
turning point around 2014 (Hu et al., 2023). With the intensification 
of climate change throughout the 21st century (Sreeparvathy and 
Srinivas, 2022; Yin et al., 2023; Zhou et al., 2023; Zhou et al., 2019), 
the structure and function of ecosystems may undergo greater 
changes (Conradi et  al., 2024; Pappas et  al., 2017). A deeper 
understanding of the dynamics and stability of future carbon sinks 
in China’s terrestrial ecosystems, as well as the influence of climatic 
factors on carbon sink stability, is imperative for implementing 
effective ecosystem management to enhance the stability of 
ecosystem carbon sinks.

This study analyzed the dynamics and stability changes of future 
carbon sinks in China’s terrestrial ecosystems and identified the 
influence of climatic factors on carbon sink stability changes. First, the 
spatiotemporal changes in carbon sinks from 2015 to 2,100 were 
analyzed using the simulated net ecosystem productivity (NEP) of the 
Coupled Model Intercomparison Project Phase 6 (CMIP6). Second, 
we calculated the trends of AR1 based on NEP as an early warning 
indicator of changes in carbon sink stability. Finally, we  used a 
combination of XGBoost and SHAP models to examine the influences 
of climatic background and variability on NEP.AR1. This study aims 
to improve our understanding of future carbon sink stability and its 
climate drivers in China’s terrestrial ecosystems, providing valuable 
insights for policymakers and scientists to enhance the sustainability 
and stability of carbon sinks in the face of ongoing environmental 
changes (Kang et al., 2022; Qiao et al., 2024).

2 Materials and methods

2.1 Data

We utilized the monthly outputs of NEP, precipitation (Pre), 
temperature (Tas), soil surface moisture (SSM), and vapor pressure 
deficit (VPD) from Earth System Models (ESMs) participating in 
CMIP6 across the Shared Socioeconomic Pathways (SSP) 245 and 
SSP585 scenarios, encompassing the period from 2015 to 2,100. 
SSP245 represents a moderate greenhouse gas emissions pathway with 
an additional radiative forcing of 4.5 W/m2 by 2,100, while SSP585 
represents a high emissions pathway with an additional radiative 
forcing of 8.5 W/m2 by 2,100 (Su et al., 2021; Yao et al., 2024). NEP, 
Pre, Tas,  and SSM data were obtained from repository,1 and VPD data 
(Bjarke et al., 2023) were sourced,2 with all data aggregated using 
multi-model means (Table  1). The models were selected for their 
ability to provide complete and continuous data for all required 
variables (NEP, Pre, Tas,  SSM, and VPD) over the study period, 
ensuring temporal and spatial consistency while avoiding issues 
caused by data gaps. Subsequently, the data were resampled to a 
resolution of 0.5° × 0.5° and spatially clipped using the boundary map 
of China.

1 https://esgf-node.llnl.gov/search/cmip6/

2 https://doi.org/10.5281/zenodo.7789759
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2.2 Method

2.2.1 Evaluation of dynamics and stability 
changes of NEP

Before estimating the NEP stability, it is necessary to understand 
the magnitude and spatiotemporal patterns of NEP. We calculated the 
average annual NEP per pixel from 2015 to 2,100 and weighted it by 
the area to determine the size of the carbon sink for each year. A 
piecewise linear model identified breakpoints (Hu et al., 2021), and 
Kendall’s τ rank correlation coefficient (Feng et al., 2021) was used to 
analyze trends in the NEP time series. The piecewise linear model is 
suitable for data with nonlinear relationships but distinct linear 
segments, while Kendall’s τ makes trends comparable across different 
regions (Hu et  al., 2023; Wang et  al., 2023). We  employed the 
piecewise.linear() function from the R package “SiZer” and the cor.
test() function from the “stats” package with the Kendall method 
(p < 0.05) to achieve these.

To estimate NEP stability using AR1 (NEP.AR1), the time series 
must be approximately stationary, that is, without long-term (nonlinear) 
trends and seasonality (Smith and Boers, 2023a). We employed Seasonal 
Trend decomposition using Loess (STL; Cleveland and Cleveland, 1990) 
to decompose the monthly NEP dataset into seasonal, trend and 
residual components for each grid cell, implemented through the stl() 
function in the “stats” package. For our stability estimation, the residual 
component representing the deseasoned and detrended NEP time series 
was used to calculate NEP.AR1. In the stl() function, we  kept the 
s.window parameter as “periodic” and the t.window parameter as 
25 months. The NEP.AR1 coefficient was then measured using a sliding 
window of 132 months (about 11 years), generating a time series of 
NEP.AR1 for each location. It is worth noting that different spans for the 
t.window, as well as the sliding AR1 window, have demonstrated 
robustness in long-time series (Boulton et al., 2022; Smith and Boers, 
2023a; Wang et al., 2023). To facilitate the comparison between NEP 
stability and dynamics, the mean NEP time series within the same 
sliding windows (NEP.Mean) as NEP.AR1 was computed, ensuring 
temporal alignment. The trend of NEP.AR1 and NEP.Mean (ΔNEP.AR1 
and ΔNEP.Mean) was calculated using the same method as ΔNEP. For 
a detailed visualization of the process, refer to Supplementary Figure S1.

2.2.2 Exploration of the effects of climatic factors 
on NEP stability

To understand the climatic factors driving variations in carbon 
sink stability, we  used a combination of XGBoost and SHAP 

models to examine the relationship between NEP.AR1 and climatic 
background and variability. The climatic background included the 
average temperature (Tas.Mean), average precipitation (Pre.
Mean), average soil surface moisture (SSM.Mean), and average 
vapor pressure deficit (VPD.Mean) within each sliding window 
(Supplementary Figure S2). The climatic variability included the 
variability in temperature, precipitation, SSM and VPD (Tas.CV, 
Pre.CV, SSM.CV, VPD.CV) within each sliding window, quantified 
as the standard deviation divided by the mean 
(Supplementary Figure S2). XGBoost and SHAP models are widely 
used in Earth science research (Batunacun et al., 2021; Wang et al., 
2022; Yan et al., 2024). XGBoost represents an advanced form of 
the gradient boosting decision tree algorithm, recognized for its 
rapid computation and effectiveness in handling sparse datasets 
(Chen and Guestrin, 2016). It incorporates a stepwise shrinkage 
technique to mitigate overfitting. SHAP is based on the concept of 
Shapley values from game theory, providing a unified approach to 
interpret the outputs of any machine learning model and visualize 
the complex causal relationships between the dependent variable 
and its drivers (Lundberg et al., 2020). In this study, we used SHAP 
to describe the nonlinear relationships hidden within the XGBoost 
black box model and translate these relationships into interpretable 
rules, allowing us to explore the extent and direction (positive or 
negative) of various factors’ impacts.

3 Results

3.1 Spatiotemporal patterns of future 
carbon sink in China’s terrestrial 
ecosystems

The spatial distribution of China’s terrestrial carbon sinks from 
2015 to 2,100 shows a pattern of “high in the south and east, low in 
the north and west, gradually increasing from the northwest to the 
southeast” (Figures  1A,C). Under SSP245, the national annual 
average NEP is 0.27 ± 0.07 PgC/yr, which is lower than the value of 
0.33 ± 0.09 PgC/yr under SSP585. Areas with high carbon sink 
capacity (> 80 gC/m2) are more extensive under SSP585 compared to 
SSP245. Temporally, NEP shows an initial increase followed by a 
leveling off (Figures 1B,D). In SSP245, this leveling off occurs around 
2044, while in SSP585, it occurs around 2057, indicating longer NEP 
growth under the high-emission scenario. The NEP trend (τ) under 

TABLE 1 List of CMIP6 ESMs used in this study.

ESM Institution ID Resolution (°)

1 ACCESS–ESM1–5 CSIRO 1.25 × 1.875

2 BCC–CSM2–MR BCC 1.125 × 1.125

3 CESM2–WACCM NCAR 1.25 × 0.9375

4 CMCC–CM2–SR5 CMCC 0.9424 × 1.25

5 CMCC–ESM2 CMCC 0.9375 × 1.5

6 EC–Earth3–Veg EC–Earth–Consortium 0.7031 × 0.7031

7 IPSL–CM6A–LR IPSL 1.2587 × 2.5

8 MPI–ESM1–2–LR MPI–M 1.875 × 1.875

9 NorESM2–LM NCC 2.5 × 1.875
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SSP585 is larger than that under SSP245, suggesting a stronger NEP 
growth rate under SSP585.

3.2 Spatiotemporal patterns of future 
carbon sink stability in China’s terrestrial 
ecosystems

The mean NEP.AR1 time series shows a transition from a 
negative to a positive trend around 2060 under both scenarios 
(2053 under SSP245 and 2065 under SSP585), indicating a shift 
from enhanced to weakened carbon sink stability (Figures 2A,E). 
Spatially, regions with increased stability before 2060 and decreased 
stability after 2060 are primarily located in the south and east 
(Figures  2B–D,F–H). Significant changes are observed in the 
Northeast China Plain, North China Plain, Yunnan-Guizhou 
Plateau, Inner Mongolia and southeast coastal areas. Before 2060, 
64.8% of areas under SSP245 (Figure 2C) and 79.3% under SSP585 
(Figure 2G) experienced stability enhancement. After 2060, there 
was a stability weakening in 68.3% of areas under SSP245 
(Figure 2D) and 80.8% under SSP585 (Figure 2H). SSP585 showed 

more pronounced changes in carbon sink stability compared 
to SSP245.

We further consider the relationship between NEP.AR1 and NEP.
Mean (Figures 3A–F). Before 2060, quadrant diagram of NEP.AR1 
and NEP.Mean trends under different scenarios showed that more 
than half areas (SSP245: 52.86%, SSP585: 74.81%) experienced both 
carbon sink stability and capacity enhancements (Figures 3B,E). After 
2060, the regions where both NEP.AR1 and NEP.Mean increase 
simultaneously decreases (Figures  3C,F), indicating a decoupling 
between carbon sink stability and size. Despite an increase in carbon 
sink capacity, stability does not consistently improve.

3.3 Potential climatic drivers of China’s 
future land carbon sinks stability

Figures 4A,D illustrate the SHAP values and relative importance 
of various factors under different scenarios. Vapor pressure deficit 
(VPD) and temperature (Tas) are the two primary factors influencing 
carbon sink stability (NEP.AR1), and their impacts differ across 
scenarios. In the SSP245 scenario, VPD has the largest contribution, 

FIGURE 1

Spatiotemporal patterns of NEP across 2015–2,100. (A,C) Show the average spatial distribution of NEP under the SSP245 and SSP585 scenarios, 
respectively; (B,D) show the temporal trends of NEP under the SSP245 and SSP585 scenarios, respectively. The gray continuous line represents the 
national mean NEP, and the dots represent the breakpoints in the NEP time series. The black, blue, and red fitted lines represent the NEP trends for 
2015–2,100, before the breakpoints, and after the breakpoints, respectively, with τ being Kendall’s τ rank correlation coefficient.
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FIGURE 2

Spatiotemporal patterns of NEP.AR1 for 2015–2,100, 2015–2060, and 2060–2,100. (A,E) Temporal trajectories of carbon sink stability under SSP245 
and SSP585, respectively. Gray continuous line is the national mean sliding NEP.AR1, and dots are the breakpoints in the NEP.AR1 time series. Black, 
blue, and red fitted lines represent the NEP.AR1 trends for 2015–2,100, 2015–2060, and 2060–2,100, respectively, with τ being Kendall’s τ rank 
correlation coefficient. (B–D) Spatial pattern of ∆NEP.AR1 under the SSP245 scenario for 2015–2,100, before 2060, and after 2060; (F–H) Spatial 
pattern of ∆NEP.AR1 under the SSP245. Positive ∆NEP. AR1 values suggest a decline in stability. Grid cells with significant values are included in the 
figures (p < 0.05).

FIGURE 3

Cumulative density distributions (p < 0.05) of the relationship between NEP.Mean Kendall’s τ and NEP.AR1 Kendall’s τ for 2015–2,100, 2015–2060, and 
2060–2,100. (A–C) Under the SSP245; (D–F) Under the SSP585. Grid cells with non-significant Kendall’s τ values (p > 0.05) are not included in the 
figures for visual purposes. The spatiotemporal distribution of the sliding mean NEP (NEP.Mean) can be found in Supplementary Figure S3.
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FIGURE 4

The climate drivers of NEP.AR1 changes under SSP245 and SSP585. (A,D) The importance of climatic drivers for NEP.AR1 changes, assessed using the 
mean |SHAP| value. Larger mean |SHAP| values indicate higher importance of the variable in explaining NEP.AR1 changes. (B,E) SHAP partial 
dependence plots of the most important variables identified in (A,D), respectively. The SHAP values on the y-axis indicate the contribution of the 
variable to the NEP.AR1 prediction, with the x-axis representing the value of the variable. The red line shows the fitted trend, highlighting the 
relationship between the variable and its contribution. (C,F) Box plots illustrating the changes in the most important variables (VPD.CV for SSP245 and 
Tas.CV for SSP585) before and after 2060, under SSP245 and SSP585 scenarios, respectively.

accounting for 68.87% of the total SHAP value, with VPD variability 
(VPD.CV) playing a dominant role in carbon sink stability. As VPD.
CV increases, the SHAP value rises significantly, indicating that 
greater VPD variability leads to an increase in NEP.AR1, meaning a 
decline in carbon sink stability (Figure 4B). Additionally, the average 
temperature (Tas.Mean) also shows a strong influence. In the SSP585 
scenario, temperature becomes the most influential factor, 
contributing 53.15%, indicating that temperature has a much stronger 
effect on carbon sink stability in a high-emission scenario. Specifically, 
Tas.CV (temperature variability) plays a leading role in determining 
carbon sink stability, and VPD.CV also has a notable impact. As Tas.
CV increases, SHAP values rise sharply (Figure 4E), suggesting that 
greater temperature variability leads to a significant increase in carbon 
sink instability. This highlights the substantial risk posed by future 
extreme temperature events to carbon sinks.

Overall, under the SSP245 scenario, VPD variability (VPD.CV) is 
the primary driver of carbon sink stability, while in the SSP585 
scenario, temperature variability (Tas.CV) has a more significant 
effect. Figures 4C,F show the trends of VPD.CV and Tas.CV before 
and after 2060, further revealing that the increasing variability of VPD 
and temperature are the key factors driving the shift in carbon sink 
stability from strengthening to weakening.

4 Discussion

Over the past few decades, China’s terrestrial ecosystems have 
been reported as significant carbon sinks, with process models 
estimating an average annual absorption of 0.12–0.26 PgC/yr (Cao 
et al., 2003; Friedlingstein et al., 2023; He et al., 2019; Ji et al., 2008; 

Jiang et al., 2016; Piao et al., 2022; Piao et al., 2009; Tian et al., 2011; 
Yang et al., 2022). Our study finds that, from 2015 to 2,100, China’s 
terrestrial ecosystems will continue to act as carbon sinks in the future, 
absorbing an average of 0.27–0.33 PgC/yr. This estimate aligns with 
existing projections for future carbon sinks in China (0.22–0.31 PgC/
yr; Ji et al., 2008; Qin et al., 2024; Xu et al., 2024; Yu et al., 2020). From 
the 1960s to the 1990s, the carbon sink of China’s terrestrial ecosystems 
did not change significantly or slightly (Cao et al., 2003; He et al., 2019; 
Mu et al., 2008; Tao et al., 2007; Tian et al., 2015), but has increased 
since 2000 (Fang et al., 2018; He et al., 2019; Jiang et al., 2016; Jiang 
et al., 2013). Our results suggest that this growth trend will persist 
from 2015 to 2,100, with varying rates of increase under different 
scenarios. Under the SSP245 scenario, the increase is not significant, 
with the growth rate leveling off around 2044, whereas under the 
SSP585 scenario, the increase is substantial, with the growth rate 
leveling off around 2057. The later turning point in SSP585 compared 
to SSP245 may be attributed to different climate change under the 
CMIP6 scenarios (O'Neill et al., 2016).

According to historical data prior to 2020, the stability of global 
terrestrial ecosystems experienced a critical shift from enhancement 
to weakening in the early 2000s (Boulton et al., 2022; Forzieri et al., 
2022; Smith et al., 2022; Yao et al., 2024). Unlike the global trend of 
declining stability since the beginning of this century, the overall 
stability of China’s terrestrial ecosystems showed significant changes 
around 2014 (Chen et al., 2023; Hu et al., 2023; Wang et al., 2023). 
Studies have indicated that more than half of China’s ecosystems 
underwent a transition from enhanced to weakened stability between 
2001 and 2020 (Hu et al., 2023). We observed that from 2015 to 2,100, 
the stability of carbon sinks in China’s terrestrial ecosystems also 
follows a similar trend, with a turning point around 2060. By 
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extending the timeframe using CMIP6 historical data and future 
projections under the SSP585 scenario (Supplementary Figure S4), 
we observed that the turning point shifts earlier, yet the overall trend 
remains from enhancement to weakening. Although temporal 
autocorrelation trends across different study periods are not directly 
comparable, the relative changes within specific timeframe are of 
significance for exploring the dynamic of carbon sink stability (Yao 
et  al., 2024). After 2060, a larger proportion of China’s terrestrial 
ecosystems experienced stability decline, with a more pronounced 
decrease in both area and intensity under high-emission scenarios 
(Figure 2). This is consistent with global studies on future ecosystem 
stability decline based on remote sensing vegetation index tests (Yao 
et al., 2024). While NEP.AR1 provides valuable insights into carbon 
sink stability, considering other metrics such as variance (VAR) is also 
important for a comprehensive understanding of ecosystem stability 
(Boulton et al., 2022; Carpenter and Brock, 2006; Dakos et al., 2012; 
Fernandez-Martinez et al., 2023; Scheffer et al., 2009; Smith et al., 
2022). Our further analysis of carbon sink stability based on variance 
(NEP.VAR) revealed that over 60% of the areas exhibited consistent 
trends in NEP.AR1 and NEP.VAR (Supplementary Figure S5), 
indicating the robustness of our results.

Our results highlight that atmospheric vapor pressure deficit 
(VPD) and temperature variability are key regulators of carbon sink 
stability. Under the SSP245 scenario, fluctuations in VPD play a 
dominant role in determining carbon sink stability, primarily due to 
the regulation of plant physiological processes by water availability 
(He et  al., 2022; Novick et  al., 2016; Yuan et  al., 2019). As VPD 
increases, plants close their stomata to reduce water loss, which limits 
photosynthesis and decreases carbon uptake (Fletcher et al., 2007). 
Grossiord et al. (2020) also noted that when VPD exceeds a certain 
threshold, plant photosynthesis and growth are restricted, significantly 
increasing the risks of hydraulic failure and carbon starvation. Similar 
findings have been reported in other regions, where increased VPD 
has been shown to limit photosynthetic activity and reduce ecosystem 
carbon uptake (Novick et al., 2016; Yuan et al., 2019). In the SSP585 
scenario, although fluctuations in VPD continue to have a significant 
impact on carbon sink stability, the effect of temperature variability 
(Tas.CV) becomes more pronounced as global warming intensifies. 
Increased temperature variability leads to more frequent extreme cold 

or heat events, which negatively affect plant physiological activities 
(Reichstein et al., 2013; Wu et al., 2017). These results align with global 
studies, which have also begun to emphasize the increasing 
importance of temperature variability in driving ecosystem instability 
under scenarios of intensifying global warming (Reichstein et  al., 
2013). Once these changes exceed a critical threshold, the damage to 
vegetation may be  irreversible, compromising the stability of 
ecosystem structure and function (Adams et al., 2009). We further 
assessed the relative influence of climate factors on carbon sink 
stability through partial correlation analysis, excluding the interference 
of other variables (Figure 5). The results show that VPD.CV remains 
the most relevant factor for carbon sink stability under the 
intermediate emissions scenario (SSP245). In contrast, under the high 
emissions scenario (SSP585), temperature variability (Tas.CV) 
emerges as the dominant factor, with VPD.CV as a secondary influence.

The factors influencing carbon sink stability have been 
extensively researched (Boulton et  al., 2022; Chen et  al., 2023; 
Fernandez-Martinez et  al., 2023; Forzieri et  al., 2022; Hu et  al., 
2022; Smith and Boers, 2023a), and the results indicate that climate 
is a key determinant of ecosystem carbon sink stability (Fernandez-
Martinez et al., 2023). In addition to climate, other environmental 
factors may also influence carbon sink stability, such as nitrogen 
deposition (Gu et al., 2015) and biodiversity (de Mazancourt et al., 
2013). Although increased nitrogen deposition and species richness 
stimulate the plant growth and carbon sink (Gu et al., 2015; Xu 
et al., 2020), their contributions to carbon sink stability are weaker 
than those of climate (Fernandez-Martinez et al., 2023). Therefore, 
this study mainly focuses on the impact of climatic factors on 
carbon sink stability. Additionally, disturbances such as land use 
change and wildfires may influence the quantification of carbon 
sink stability and should be further investigated in future research. 
Our research indicates that a deep understanding of the impact of 
climate change on the stability of China’s terrestrial ecosystem 
carbon sinks is crucial. In the future, priority should be given to 
enhancing the water retention capacity of ecosystems, improving 
their resilience to extreme climate events, and reducing greenhouse 
gas emissions to ensure long-term ecosystem stability. This provides 
policymakers with scientific evidence to develop more effective 
ecological protection and carbon neutrality strategies.

FIGURE 5

Partial correlation coefficients between NEP.AR1 and key climate factors under the SSP245 and SSP585 scenarios. Green indicates positive correlations, 
pink indicates negative correlations, and asterisks denote statistical significance (**p < 0.01; ***p < 0.001).
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5 Conclusion

In this study, we estimated NEP and its temporal autocorrelation 
from a time series of the CMIP6 dataset to investigate the carbon sink 
dynamics and stability as well as its climate drivers in China’s 
terrestrial ecosystems by the end of this century.

The major conclusions drawn are as follows:

 (1) From 2015 to 2,100, China’s terrestrial ecosystems will act as 
carbon sinks, with a general trend of initial increase followed 
by a gradual leveling off.

 (2) The stability of carbon sinks undergoes a transition from 
strengthening to weakening over the study period. Notably, the 
enhancement of carbon sinks is not always accompanied by 
increased stability.

 (3) The factors influencing carbon sink stability vary under 
different scenarios. In the SSP245 scenario, the variability of 
atmospheric vapor pressure deficit is the primary driver of 
carbon sink stability, while in the SSP585 scenario, temperature 
variability has a more significant impact on carbon sink stability.

These findings underscore the importance of considering both 
carbon sink capacity and stability in climate change mitigation strategies. 
Although increasing carbon sequestration is critical, ensuring the long-
term stability of these sinks is equally important for achieving sustained 
climate benefits. To mitigate the risks to carbon sink stability, particularly 
under high-emission scenarios, adaptive management practices should 
be  prioritized. Specifically, this includes enhancing water resource 
management to address the impacts of vapor pressure deficit (VPD) and 
developing adaptive strategies to reduce the threats posed by temperature 
variability and extreme climate events to carbon sink stability. Future 
research should aim to uncover the mechanisms driving these changes 
and optimize carbon sink management strategies to enhance both 
capacity and stability in the face of ongoing environmental challenges, 
ensuring their effectiveness in achieving carbon neutrality goals.
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