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Abstract: Southwest China (SWC) holds the distinction of being the world’s largest rock deserti-
fication area. Nevertheless, the impacts of climate change and ecological restoration projects on
the carbon sinks in the karst area of Southwest China have not been systematically evaluated. In
this study, we calculated carbon sinks by utilizing the Carnegie—Ames—Stanford Approach (CASA)
model, and the actual measurements, including the net primary productivity (NPP) data and soil
respiration (Rs,) were calculated to obtain carbon sink data. Our findings suggest that the carbon
sinks in the karst areas are displaying increasing trends or positive reversals, accounting for 58.47%
of the area, which is larger than the overall average of 45.08% for Southwest China. This suggests
that the karst areas have a greater carbon sequestration potential. However, approximately 10.42%
of carbon sinks experience negative reversals. The regions with increasing and positive reversals
are primarily located in the western parts of Guizhou and Guangxi, while negative reversals are
observed in the eastern parts of Chongqing, Guangxi, and Guizhou. Ecological restoration projects
are the main driving factors for the carbon sinks with increasing trends. Increased humidity and
ecological restoration management are the main reasons for the positive reversals of carbon sinks.
However, warming and drought shift the carbon sinks from increasing to decreasing in Chongging,
east of Guangxi and Guizhou. The findings of this study highlight the significant role of ecological
restoration projects and reexamine the impact of climate change on carbon sequestration.
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1. Introduction

Carbon sequestration refers to the process of taking measures, such as afforestation
and vegetation restoration, to absorb atmospheric carbon dioxide (CO,), thereby reducing
greenhouse gas concentrations [1-5]. Rocky desertification in the karst areas is an important
factor for identifying missing carbon sinks [6,7]. Previous studies have estimated the
carbon storage in the karst areas through biomass and soil carbon storage surveys, flux
tower observations, and remote sensing models. They concluded that the dissolution of
carbonate rocks prevents the stable absorption of atmospheric CO,, leading to carbon
release into the water and turning the region into a carbon source [6,8-10]. Consequently,
uncertainty persists in assessing carbon sinks in the karst regions, necessitating further
research into estimation methods. Drawing on research findings in the fields of net primary
productivity (NPP), soil respiration (Rs), and heterotrophic respiration (Rh) [10-12], this
study estimated carbon sinks for the period 1982-2019, offering a reference for scientifically
assessing China’s ecosystem carbon sequestration capacity and devising strategies to
address climate change.
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Research has shown that the terrestrial carbon sink dynamics primarily result from
climate change and ecological restoration projects [13—-15]. The interactions between cli-
mate change and anthropogenic factors (i.e., ecological restoration projects) complicate the
evolution of the carbon sink in the karst ecosystems [3]. Ecological restoration projects, for
instance, large-scale afforestation and the Grain to Green project, have a comprehensive
management impact on combating rocky desertification. They can substantially enhance
carbon sinks or even reverse the decreasing trend, leading to a positive reversal of car-
bon sinks [16]. Furthermore, urbanization and economic development relieve ecological
pressure and facilitate natural vegetation restoration, thus enhancing carbon sinks [17].
However, extreme climate change (heat and drought), complex geomorphic types, special
soluble carbonate geological backgrounds, and soil nutrient and water limitations, have
shifted the carbon sink trend from increasing to decreasing (negative reversal) [18-20]. This
poses a great challenge in achieving carbon neutralization [16,21,22]. Moreover, a precise
and systematic evaluation of carbon sinks before and after breakpoints in the karst regions
of Southwest China has yet to be undertaken [17,23]. The piecewise linear method (PLM)
can detect a potential breakpoint of the terrestrial ecosystem [24-26].

In recent decades, rapid local urbanization and industrialization, coupled with cli-
mate change and other human activities, have exerted detrimental impacts on ecosystem
function, such as natural resource depletion, landscape destruction, environmental pollu-
tion, and human property risks [6,27]. Local farmers engage in activities like steep slope
reclamation, overgrazing, deforestation, fires, and firewood collection as a means of liveli-
hood. These activities result in vegetation destruction and a decrease in carbon sinks [28].
Against this backdrop, a range of ecological restoration projects have been put into action,
including forest closure, artificial afforestation, the Grain to Green Project, and soil and
water conservation [1]. The vegetation restoration process is a dynamic and ascending
carbon sink process, and long-term ecological restoration projects will undoubtedly yield a
huge carbon sink effect [8]. Climate change and CO; fertilization effects may affect carbon
sinks [9,29,30]. There is compelling evidence demonstrating that the rise in atmospheric
CO; concentration has enhanced carbon sinks recently [30-32]. Additionally, both soil
drought and atmospheric drought can reduce the uptake of carbon plants and carbon
sinks [33-35]. However, the relative importance of the driving factors before and after
the breakpoint in the carbon sinks in the karst areas of Southwest China is unclear. The
residual trends method (RESTREND) has extensive application in elucidating the relative
contributions of driving factors to carbon sinks. This method offers valuable scientific
references for carbon sink enhancement and restoration in fragile ecosystems [36-38].

In this study, we calculated the carbon sink data and examined the nonlinear trends of
the carbon sinks, along with their driving factors in both the karst regions and the entirety
of Southwest China. This study aims to conduct a comprehensive assessment of how
climate change and ecological restoration projects impact carbon sinks in the karst regions
of Southwest China, with a primary focus on gaining insights into the nonlinear trends and
driving factors involved.

2. Materials and Methods
2.1. Study Area

Karst rocky desertification is mainly concentrated in Yunnan, Guizhou, Sichuan,
Chonggqing, and Guangxi in Southwest China (SWC) (Figure 1a). It is the region with
the most concentrated karst distribution in China [27]. The distribution area of exposed
carbonate rocks is about 55 x 10* km?, including 14 x 10* km? of rocky desertification
land and 13 x 10* km? of potential rocky desertification land, both accounting for about
46.04% of the total exposed carbonate rock area [39]. The karst region in Southwest China
(KRSWC) has a special geological background, strong landscape heterogeneity, strong karst
effect, and a small ecological environmental capacity (Figure 1b). However, due to the
large population, the sharp contradiction between humans and land has led to increasingly
serious vegetation destruction and soil erosion, resulting in a very serious phenomenon
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of rocky desertification, which is constantly expanding, hindering the increase in carbon
sinks and seriously restricting the sustainable development of the region [3]. Its unique
geographical environment and human activities have caused difficulties and uncertainty in
research on carbon sink trends and driving factors. The boundaries of the KRSWC can be
obtained from the Karst Ecosystem Science Database (http:/ /karst.isa.ac.cn:8081/home)
(accessed on 16 June 2023).

(a)

Karst boundaries
1 Administrative boundaries

(b)

High : 5977

.Low: 10

0 105 210 420 630 840 0 105 210 420 630 840

Figure 1. (a) The distribution of karst regions in Southwest China; (b) the elevation in the karst region
in Southwest China.

2.2. Data Sources

The net ecosystem productivity (NEP) is net carbon sequestered by terrestrial ecosys-
tems, an important indicator of ecosystem carbon sinks/sources [40]. When NEP > 0, the
ecosystem serves as a carbon sink and absorbs CO, from the atmosphere; when NEP <0, the
ecosystem serves as a carbon source and releases CO, into the atmosphere [41]. The NEP is
calculated as the remainder between net primary productivity (NPP) and heterotrophic
respiration (Rh) [41]:

NEP(x,t) = NPP(x,t) — Ry(x,t) 1)

We first calculated NPP using the Carnegie-Ames—Stanford Approach (CASA) model
as follows [42]:
NPP(x,t) = PAR(x,t) x &(x,t) (2)

PAR(x,t) = RAD(x,t) x FPAR(x,t) x 0.5 ®3)

_ NDVI(x,t) — NDVI(i, min)
FPAR(Y,1) = N5 U1 ) — NDVIG min)  (FPARmax ~ FPARmin) + FPARpin (4

e(x,t) = emax X Te1(x,£) X Tea(x,t) X We(x,t) (5)

where PAR is the photosynthetically active radiation (M]-m~2); ¢ is the light use efficiency
(gC-MJ~1); FPAR is the proportion of incident photosynthetically active radiation absorbed
by plants; FPARax and FPAR,,;,, are taken as 0.950 and 0.001, respectively; RAD is total
solar radiation (MJ-m~2); T¢; and T, are the coefficients of temperature stress on ¢ at low
and high temperatures, respectively; W, is the coefficient of water stress on €; €,y is the
theoretical maximum light use efficiency; x is the spatial location; t is the time; and NDVI(,
max) indicates the Normalized Difference Vegetation Index (NDVI) maximum among
vegetation type i, which is the same as NDVI(i, min).
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The Rh is related to soil respiration (Rs) and was estimated in the following equa-
tion [43]:
Rj, = 0.6163 R,71%8 (6)

According to the existing research results [44], Rs can be solved using the 0-20 cm soil
carbon density, air temperature, and precipitation. We then estimated Rs as follows: [30].

p 50C

R. — 1.5500.031T
s = 1.55¢ “PY068 " SOC+223

@)

where T is the mean temperature (°C); P is the total precipitation (mm); and SOC is the soil
carbon density (gC m~2 a~!) in the 0-20 cm surface layer.

After obtaining the NEP results, the values of the estimated NEP and the NEP fit-
ting relationship of the non-participating training flux tower sites (https://fluxnet.org/)
(accessed on 15 June 2022) were analyzed using the coefficient of determination (R?) and
Root Mean Square Error (RMSE) as evaluation metrics to achieve a high degree of accuracy
before being used. Finally, we obtained the long-time NEP series for 1981-2019 with a
spatial resolution of 1/12°.

All datasets were remapped to a spatial resolution of 1/12°. Detailed information
about the datasets is given in Table 1.

Table 1. Detailed information of all data used in this study.

Names Data Sources Periods Spatial Resolution

NDVI AVHRR 3g [45] 1981-2019 1/12°
Temperature and precipitation WorldClim [2] 1981-2019 1km
Downward shortwave radiation -, erraClimate 1981-2019 1/24°
(RAD)

Copernicus climate data
The land use (LUC) ) 1992-2019 300 m

store [46]
Co, EDGAR [31] 1981-2019 0.1°

. Provided by a previous R o

Vapor pressure deficit (VPD) study [35] 1981-2019 0.1

2.3. Piecewise Linear Method

We employed a piecewise linear method (PLM) to estimate the nonlinear trend of the
carbon sinks, as follows [47]:

Y(t) = {a1+b1t+£,t§T1 ®)

a+bt+et>T

where T is the breakpoint year and is estimated using the least residual sum-of-squares
criterion; ¢ is the residual; a1 and a; are the fitted intercept before and after the breakpoint,
respectively; and by and b; are the regression coefficients before and after the breakpoint, re-
spectively. The significances of b; and b, are tested using the Mann-Kendall (M-K) test [47].
The significance of the breakpoint is confirmed via a two-tailed ¢-test. A p-value < 0.05 is
regarded as significant.

2.4. Residual Trend Method

The residual trend method (RESTREND) was used to reveal the relative contributions
of the driving factors to the carbon sinks [37]. The trends in the residual differences between
the actual NEP (NEP,) and predicted NEP (NEP,) were investigated using the multiple
linear regression model [48]. In this study, we selected six driving factors (CO,, temperature
(TEM), precipitation (PRE), soil moisture (SOIL), shortwave radiation (RAD), and vapor
pressure deficit (VPD)) as the explanatory variables [37]. All the driving factors were
determined and standardized before analysis. The RESTREND method is as follows:

NEPprg = IZCOZZ',]‘ + bTEMZ',]' + CPREi,]' + dRADi,]' + ESOILi,j + fVPDZ',]' +g 9)
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where NEPy,, indicates the predicted NEP induced by climate change, and CO,, TEM,
PRE, RAD, SOIL, and VPD are the natural factors. a-f are the regression coefficients. The
absolute value of the regression coefficient represents the relative importance of the driving
factors, and g is a regression constant. In this study, the factor with the largest regression
coefficient was the main driving factor on the carbon sinks.

Then, we can obtain the carbon sinks induced by human activities by subtracting the
predicted NEP from the actual NEP:

NEPres - NEPact - NEPpre (10)

where NEP,,; indicates the carbon sinks induced by human activities.
Then, we examined the change rate of the NEP,, NEPW, and NEP;,s via Sen’s slope
estimator [49]. Sen’s slope is calculated as follows:

o . Xn — Xm
B = Median [n o },Vn >m (11)

where S is Sen’s slope value. x, and x,, are the NEP values at year n and m, respectively,
and 1 < m <n <k, kis the length of the study period (k = 39). We calculated the slope of
NEPqct (Bact), NEPpre (Bpre), and NEPyes (Bres) using Equation (11).

If the direction of B, is consistent with B, the NEP is driven by climate change;
otherwise, it is driven by human activities.

3. Results
3.1. Nonlinear Trend and Breakpoints of the Carbon Sinks

The result of this study revealed that the carbon sinks in the karst areas exhibited
increasing trends or positive reversals, accounting for 58.47% of the area, which was larger
than the overall average of 45.08% for SWC (Figure 2a). This suggests that the karst areas
had a greater carbon sequestration potential. Additionally, approximately 10.42% of the
carbon sinks experienced negative reversals. Areas experiencing increasing and positive
shifts were predominantly situated in the western regions of Guizhou and Guangxi. In
contrast, negative shifts occurred in the eastern parts of Chongqing, Guangxi, and Guizhou.

(a)

I Nonsig (45.95%)

I Decreasing (0.07%) B Decreasing (0.03%)
B Negative shifts (8.89%) B Negative shifts (10.42%)
I Positive shifts (22.12%) —— _ = - B Positive shifts (23.74%) —— - = -

@ Increasing (22.96%) I Increasing (34.73%) g

&R [| ®

[INonsig (31.09%)

95 E 100°E

105°E 10 E 95 E 100°E 105°E noE

Figure 2. Pattern of the nonlinear trends of carbon sinks in the (a) entire SWC and (b) KRSWC. The
area proportion is also given.

The timings of the breakpoints in the positive and negative reversals of the carbon sinks
differed (Figure 3a,b). Concerning carbon sinks displaying negative reversals (Figure 4a), a
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significant majority of the breakpoints (64.82%) occurred after 2010. Approximately 14.05%
occurred during the period of 20062010, primarily in the eastern parts of Chongqing,
Guizhou, and Guangxi. The remaining breakpoints (20.01%) mostly occurred prior to 2005
and were primarily located in Sichuan. However, in the case of carbon sinks with positive
reversals (Figure 3b), the breakpoints were predominantly concentrated in the period of
19962010, accounting for 61.04%. Of this subset, around 41.65% took place specifically
during the years 1996-2005.

(a)

(b)

<1990 (12.36%Y &
E11991-1995 (2.90%)
19962005 (5.84%)
20062010 (14.09%)
2010 (64.82%)

0 105 210 420 630 840

<1990 (16.79°
919901995 (11.18%)
B 1996-2005 (41.65%)
2006-2010 (19.39%)
2010 (11.00%)

0 105 210

630

840

95 100° 1ok noE

95 100°E

Figure 3. The timings of the breakpoints of carbon sinks experiencing (a) negative reversals and
(b) positive reversals. Only breakpoints that passed the significance test are shown.

3.2. Domination of Climate Change and Human Activities in Carbon Sink Trends

In the case of carbon sinks exhibiting increasing trends, human activities served as
the main driving factor in both the entire region and the karst regions of Southwest China
(Figure 4). The proportion of human activity-driven areas was notably larger in the karst
areas (81.46%) than in the entire region (70.48%). The human activity-induced areas were
primarily in the junctions of Yunnan, Guangxi, and Guizhou.

100°E 105°E 10 E usE

8 Human-induced (70.48%)
B Climate-induced (29.52%)

(a)

(b)

I Human-induced (81.46%)
B Climate-induced (18.54%)

0 105 210 420 630 840

0 105 210 420 630 840
. ————

95"k

1001

E

{39 Tk 95 100°E 105°F 10°E

Figure 4. Pattern of the dominant role of climate change and human activities in the increasing trends
of carbon sinks in the (a) entire SWC and (b) KRSWC. The area proportion is also given.
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Although carbon sinks with positive reversals were affected by climate change in
both the karst regions and the entire Southwest China region, there was a discrepancy
in the contribution of human activities after the breakpoints (Figure 5). Across the entire
region, the proportion of human activities decreased from 35.06% to 31.03% following the
breakpoints. Conversely, it rose from 33.74% to 39.38% in the karst areas. This suggests a
gradual increase in the importance of human activities in carbon sequestration within the
karst regions.

105°E neE usE o5 E 100°E 105°E o E nsE

(a)

B Human-induced (35.06%)
B Climate-induced (64.94%) 9o 210 420 £ L2

(b)

N

8 Human-induced (31.03%)
B Climate-induced (68.97%) ‘e s———"

(c)

B Human-induced (33.74%)

M Climate-induced (66.26%) 0 105 210 420 630 840 B Climate-induced (6062%) 0 105 210 420 630 840

(d)

N

M Human-induced (39.38%)

95 F

100

0

105°E 10°E 9°E 100°E 105°E o E

Figure 5. Pattern of the dominant role of climate change and human activities in the positive shifts
of carbon sinks (a) before the breakpoints in the entire SWC, (b) after the breakpoints in the entire
SWC, (c) before the breakpoints in the KRSWC, and (d) after the breakpoints in the KRSWC. The area
proportion is also given.

Regarding carbon sinks displaying negative reversals (Figure 6), the driving factors
varied before and after the breakpoints. Prior to the breakpoints, human activities primarily
contributed to the negative reversals of carbon sinks. In contrast, following the breakpoints,
climate change became the driving force behind the negative reversals of carbon sinks.
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Additionally, the role of climate was more pronounced in the karst areas than in the entire
region. This indicates that climate change caused a transition in the karst regions, shifting
carbon sinks from increasing trends to decreasing trends.

100°E 105°E no'E usE 95°E 100°E 105°E 1no°E usE

(a) (b) z
8 Human-induced (51.19%) 8 Human-induced (15.38%)

B Climate-induced (48.81%) Q0 2l0 2l 630 240 B Climate-induced (84.62%) - ——

(© (d) .
8 Human-induced (61.24%) B8 Human-induced (8.12%)

W Climate-induced (38.76%) e s | [ 998 Climate-induced (91.88%) ‘i s’

E

100°E 105°E 1o E 95k 100°E 105°E 1o E

Figure 6. Pattern of the dominant role of climate change and human activities in the negative shifts
of carbon sinks (a) before the breakpoints in the entire SWC, (b) after the breakpoints in the entire
SWC, (c) before the breakpoints in the KRSWC, and (d) after the breakpoints in the KRSWC. The area
proportion is also given.

3.3. Main Driving Factors of the Carbon Sink Trend
3.3.1. The Carbon Sinks Trends Driven by Climate Change

Temperature, radiation, and soil moisture were the three most influential climate
factors affecting increasing trends of carbon sink in both the overall region and the karst
areas (Figure 7). The increased carbon sink driven by radiation and soil moisture was
mainly located in Guizhou and Guangxi, and increases driven by temperature were mainly
located in Chonggqing.
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Figure 7. Pattern of the dominant role of climate factors in the increasing trends of carbon sinks (a) in
the entire SWC and (b) in the KRSWC. The area proportion is also given.

In the case of carbon sinks exhibiting positive reversals (Figure 8), temperature and
soil moisture were the primary driving factors in both the entire region and the karst areas
before the breakpoints. Following the breakpoints, the contribution of soil moisture rose to
39.44% in the entire region and 49.93% in the karst areas, respectively. These increases were
observed in the western parts of Guizhou and Guangxi.

For the carbon sinks exhibiting negative reversals, temperature radiation and soil
moisture were the primary driving factors in both the entire region and the karst areas
before the breakpoints (Figure 9). However, following the breakpoints, the contribution of
CO; increased by 57.53% in the entire region and 27.97% in the karst areas, respectively.
Additionally, precipitation showed a notable increase of 10.29% in the entire region and
25.17% in the karst areas.

3.3.2. Carbon Sink Trends with Land Use Changes by Ecological Projects

Carbon sinks exhibiting increasing trends were associated with a decrease in the
farmland area and an increase in the forestry area across both the entire region and the
karst areas. In the entire region (Figure 10a), farmland area shrank by 1.4 x 10* km?, while
forestry area expanded by 2 x 10* km?. The proportion of farmland converted into forests
accounts for 6.70% of the total farmland area. In the karst areas (Figure 10b), the farmland
area shrank by 0.9 x 10* km?, while the forestry area expanded by 1 x 10* km?. The
proportion of farmland converted into forests accounts for 7.95% of the total farmland area.
Half of the forestry expansion and 60% of the farmland contraction occurred in the karst
regions. In addition, ~800 km? of grassland was converted into forests. The conversion
of both farmland and grassland into forests within the karst regions exhibited a notably
higher proportion relative to the extent of the karst regions in the entire region. Therefore,
carbon sink enhancement can be attributed to ecological engineering projects in Guizhou,
Guangxi, and Yunnan, while warming contributed to the increased trends of carbon sinks
in Chonggqing.
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Figure 8. Pattern of the dominant role of climate factors in the positive reversals of carbon sinks
(a) before the breakpoints in the entire SWC; (b) after the breakpoints in the entire SWC; (c) before the
breakpoints in the KRSWC; (d) after the breakpoints in the KRSWC. The area proportion is also given.

In the case of carbon sinks displaying positive reversals, there was an initial increase
in both the farmland and forested areas prior to the breakpoints. Subsequently, post-
breakpoints, the farmland area experienced a decline, while the forested area exhibited a
substantial increase. Additionally, it is worth noting that the expansion rate of the forestry
area was more rapid in the karst regions compared to the entire region. In the entire region
(Figure 10c), the farmland and the forests increased by 251.58 km? and 2263.30 km? before
the breakpoints, respectively. Post-breakpoints, the farmland shrank by 0.8 x 10* km?,
while the forests expanded by 1 x 10* km?. In the karst areas (Figure 10d), before the
breakpoints, the farmland and the forests increased by 682.70 km? and 943.05 km? before the
breakpoints, respectively. Post-breakpoints, the area of the farmland shrank by 2829.13 km?,
and the forest areas expanded by 3646.44 km?, and 3269.22 km? of farmland was converted
to forest.
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Figure 9. Pattern of the dominant role of climate factors in the negative reversals of carbon sinks
(a) before the breakpoints in the entire SWC; (b) after the breakpoints in the entire SWC; (c) before the
breakpoints in the KRSWC; (d) after the breakpoints in the KRSWC. The area proportion is also given.

In the case of carbon sinks exhibiting negative reversals, before the breakpoints, there
was an initial expansion in both the farmland and forested areas preceding the turning
points. Subsequently, post-turning points, the farmland area experienced a significant
decline, while the forested area continued to expand. In the entire region (Figure 10e),
before the breakpoints, the farmland shrank by 480.53 km?, while the forests expanded
by 892.48 km?. Following the breakpoints, the farmland shrank by 2059.42 km?, while the
forests expanded by 1435.59 km?. In the karst areas (Figure 10f), before the breakpoints, the
farmland shrank by 343.23 km?, while the forests expanded by 205.94 km?. After the break-
points, the farmland area reduced by 1098.36 km?, and the forest area rose by 823.76 km?.
Meanwhile, the grassland area rose by 205.94 km?2. A total of 961.06 km? of farmland was
converted into forests. These findings underscore that ecological engineering is far from
sufficient to mitigate the deterioration of carbon sinks attributed to climate change.
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Figure 10. Land use change in the (a) entire SWC with increasing trends, (b) the KRSWC with
increasing trends, (c) the entire SWC with positive reversal trends, (d) the KRSWC with positive
reversal trends, (e) the entire SWC with negative reversal trends, and (f) the KRSWC with negative
reversal trends.

4. Discussion
4.1. Nonlinear Trends of Carbon Sinks

In this study, we assessed carbon sinks in the entire SWC and KRSWC during 1981-
2019. Subsequently, we conducted a comprehensive evaluation of the influence of climate
change and ecological restoration projects on the carbon sinks in the KRSWC, emphasizing
an analysis of nonlinear trends and their driving factors. Our findings indicate that carbon
sinks in the karst areas exhibited increasing trends or positive reversals, encompassing
58.47% of the area (Figure 2a). This proportion surpassed the regional average of 45.08%
for the entire SWC. This suggests that the karst areas had a greater carbon sequestration
potential. These increasing trends and positive reversals of carbon sinks were predomi-
nantly concentrated in the western parts of Guizhou and Guangxi. Earlier investigations
have suggested that the proportion of notable vegetation greening was more pronounced
in the karst regions (6.95%) than in the non-karst areas (3.82%) [3,50]. This aligns with the
results of this study. Furthermore, the positive reversal of carbon sinks was predominantly
observed during 1996-2005, coinciding with the implementation of the desertification
control project and the Grain to Green conservation project [17]. China has actively im-
proved ecosystem functioning through ecological restoration projects since 1998 [17,23].
By 2020, China annually afforested 6.77 million hectares, resulting in a cumulative total
of 220 million hectares [51]. About 45% of these forests were planted in SWC, making
this region a global hotspot for carbon sinks [27]. Previous studies have established that
SWC functions as a significant carbon sink [8,23]. Nonetheless, our study uncovered that
one-tenth of the area underwent negative reversals, primarily manifesting after 2010 in
the eastern regions of Sichuan, Chongqing, and Guizhou. This highlights the risk of these
regions shifting from a sink to a source, posing a challenge to achieving carbon neutrality.

4.2. Driving Mechanism of Carbon Sinks

Multiple lines of evidence support that carbon sinks are driven by climate change
(such as rainfall, temperature, soil moisture, and VPD), as well as ecological engineering
projects [35,52,53]. Concerning the carbon sinks in the KRSWC, the carbon sink enhance-
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ment was predominantly attributed to human activities (81.46%) and was mainly located in
Yunnan, Guangxi, and Guizhou. Afforestation and ecological restoration projects play a cru-
cial role in removing carbon from the atmosphere. They have transformed SWC, previously
considered a carbon source, into a large carbon sink, aiding in the mitigation of climate
change [54]. Ecological restoration projects have greatly enhanced the carbon sinks by
converting farmland back to forests and grassland, promoting reforestation in mountainous
areas, implementing sustainable harvesting and farming practices, and enhancing overall
management [27,55,56]. The implementation of ecological restoration projects, including
natural forest protection, land conversion, and karst rocky desertification restoration, has
not only successfully mitigated the rocky desertification but also contributed to achieving a
notable upsurge in the carbon sinks in the KRSWC [14,28].

Elevated humidity levels and extensive ecological restoration projects constituted the
primary drivers behind the positive reversals of carbon sinks across both the entire SWC
and KRSWC. Before the breakpoints, SWC experienced high agricultural activity levels,
exacerbated conflicts between human activities and the natural landscape, and a significant
prevalence of rocky desertification [38]. Consequently, carbon sinks exhibited declining
trends during this period. Subsequently, the implementation of ecological restoration
projects led to ecosystem rehabilitation within the karst areas. This resulted in a substantial
enhancement of carbon sequestration capacity compared to the entire region [14,27,38,57].
Additionally, previous studies have shown that temperature, rather than precipitation,
emerged as the primary factor impeding soil carbon sequestration in SWC [58,59]. Con-
trarily, in our investigation, both drought and warming emerged as the principal drivers
behind carbon sink reduction in Guangxi before the breakpoints. Subsequently, heightened
humidity levels prompted a shift from declining to ascending carbon sink trends after
the breakpoints.

In the karst areas of Chongqing and Guizhou, carbon sinks exhibited negative rever-
sals. Before the breakpoints, these reversals were predominantly fueled by human activities,
marked by a 343.23 km? reduction in farmland and a 205.94 km? expansion of forested
areas. Following the breakpoints, despite the adoption of ecological engineering measures,
the influence of these efforts on carbon sink enhancement was offset by rising temperatures
and drought conditions. This led to a transition from increasing to declining carbon sink
trends [60]. Within the diverse karst landscapes of SWC, susceptible to water scarcity,
ecosystem carbon sinks exhibited a more pronounced sensitivity to drought compared to
the non-karst areas [60]. The reduction in precipitation and the escalation of temperatures
resulted in a notable intensification of drying conditions, particularly in the case of severe
and extreme droughts, in Chongqing and Guizhou provinces after the breakpoints [61]. Pre-
vious research has indicated a forthcoming increase in the severity, frequency, and duration
of drought in the KRSWC [62-64]. Nevertheless, the intricate geomorphic characteristics
and the presence of extreme climate fluctuations pose constraints on the effectiveness of
ecological engineering, particularly in Chongqing and eastern Guizhou. This complexity
hinders efforts to amplify carbon sinks and shift them from declining to ascending trends.

5. Conclusions

The ecological environment of the karst areas is fragile, but the trend of carbon sink
change is not clear. Here, we used the CASA model and soil respiration data to estimate the
carbon sinks across SWC and quantified the effects of ecological engineering and climate
change on the trend of carbon sinks via RESTREND. Our results show that the carbon
sinks in the karst areas show an increasing trend or positive reversals, with the carbon
sinks accounting for 58.47% of the KRSWC, while only 45.08% of the entire SWC showed
the same trends during the same period. However, about 10.42% of the carbon sinks
showed a negative reversal. Ecological restoration projects contributed to the carbon sink
enhancement. Increased humidity and ecological restoration management were the main
reasons for the positive reversal of carbon sinks. Climate change (warming and droughts)
shifted the carbon sinks from increasing to decreasing. The results of this study highlight
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the important role of ecological restoration projects in carbon sink enhancement and revisit
the offsetting effects of climate change on carbon sink enhancement. However, this study
still has certain limitations and uncertainties. Climate change can introduce significant
uncertainty regarding potential carbon sink increases in karst regions. Additionally, the
interplay between climatic factors and human activities could diminish the potential carbon
sink increase. Further investigation should focus on the long-term impacts of human
activities as well as climatic feedback to more accurately predict future carbon sink increases
in the karst regions. Furthermore, due to limited current data availability, certain driving
factors, including pests, diseases, extreme weather, urban green infrastructure management,
animal husbandry, and other greenhouse gases, were not thoroughly examined in this
study. Therefore, future research should comprehensively assess additional driving factors
to uncover their interactions within the carbon cycle and predict the sustainability of
carbon sinks.
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