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A thorough assessment of the karst ecosystem quality plays an important Received 17 January 2024
role in regional sustainable development. In this study, based on multi- Accepted 11 May 2024

source remote sensing data, a comprehensive ecosystem quality index

(EQI) was developed by integrating the ecosystem function index (EFI), Karst ecosystem; ecosystem
the ecosystem stability index (ESI), and the ecosystem stress index quality; ecosystém service:
(ESSI), to evaluate the spatio-temporal changes of ecosystem quality in ecosystem stability;

the karst region of Southwest China during the past two decades. The ecosystem stress

results showed that the EFI exhibited a significant increasing trend in

approximately 54.58% of the karst area from 2001 to 2020. The ESI

experienced multiple stages from initially increasing around 2005, then

decreasing around 2010, and finally increasing to the peak in 2020. The

ESSI fluctuated at a high level since 2001. Overall, the comprehensive

EQI experienced a gradual improvement in the initial period from 2001

to 2010, and then increased significantly from 2015 to 2020. The

excellent EQI occupied by no more than 20% before 2005, but

expanded sharply with about three times by 2020. Additionally, nearly

16.73% of the karst area experienced significant improvement in the

EQI, whereas only 0.28% of the karst area exhibited severe degradation

in the EQI during the past 20 years.
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1. Introduction

Affected by climate change marked by global warming and substantial disturbances caused by
human activities, the ecosystem quality in China is facing increasingly severe pressures. To alleviate
ecological problems and improve ecosystem quality, the Chinese government has implemented a
series of ecological projects, such as the planning of national key ecological functional zones
(Sun et al. 2021), the delineation of ecological red lines (Tian et al. 2022; Xu et al. 2018), and the
ecological protection and restoration project of mountain-river-forest-farmland-lake-grass (Zou
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et al. 2018). Under the context of ecological civilization construction in China, promoting the
quality and stability of the ecosystem has become one of the most important targets in China’s
14th Five-Year Plan and Long-Range Objectives for 2035. Therefore, a deep understanding of
the spatio-temporal variations in ecosystem quality is essential for evaluating the effects of climate
change and eco-engineering, which can also provide theoretical support for the regional sustainable
development of the karst ecosystem.

Although the scientific concept and the assessment method of ecosystem quality have not
formed a broad consensus in current studies (Yu, Wang, and Yang 2022), the universal connota-
tions of a good ecological environment are considered to encompass the inherent natural attributes
of regional ecosystems and ecological products, along with their utility and the degree to which they
fulfill the needs essential for the sustenance and progress of human society (Yu, Wang, and Yang
2023). Additionally, the quality of ecosystems is primarily influenced by ecological characteristics
such as multifunctionality, authenticity, completeness, and stability, as well as external disruptions
including global change, anthropogenic activities, and various surface natural processes (Yu, Wang,
and Yang 2023). Thus, ecosystem quality generally involves three aspects, including the ability to
provide various services to humans, ecosystem’s stability and integrity, and the degree of resistance
to external disturbances. In this study, it refers to the functional strength, stability, and stress of
terrestrial ecosystems.

How to construct a scientific and rational assessment index system and select the key ecological
indicators of ecosystem quality remains a challenge. Currently, based on the number of indicators
utilized in the assessment framework, the ecosystem quality assessment system can be categorized
into two main types: one that employs a comprehensive set of evaluation indicators, and another
that focuses on a select few key performance indicators for evaluation (He, Xu, and He 2020).
The former approach is typically designed to evaluate the overall quality of an ecosystem in a
thorough and methodical manner, making it appropriate for assessing regions with a limited spatial
extent and relatively comprehensive monitoring data. For example, Xia et al. (2023) constructed a
pattern-service-stress ecosystem quality assessment model to evaluate ecosystem quality in Suide
County and then combine the ecological network constructed by the minimum cumulative resist-
ance model to identify the key areas for restoration. The latter aims to representatively assess the
crucial aspects of the ecosystem quality, such as ecosystem service, ecosystem stress, vegetation
status, etc. Besides, this method is commonly used for large-scale evaluation, such as urban regions
(Xiao et al. 2016), countries (Ouyang et al. 2014), and transcontinental (Wei et al. 2023). It can also
provide a critical understanding of the ecosystem quality and theoretical guidance for ecological
conservation and restoration. Therefore, this study particularly used three key indicators including
ecosystem function, stability, and stress to construct the assessment system, which is beneficial to
identify the characteristics of the ecosystem quality from different perspectives.

Given to the advantages of rapid extraction of vegetation information, wide extent of coverage,
long time series, and low cost, the satellite remote sensing-based method is now widely used for
ecosystem quality assessment (Pan and Dong 2016; Tu et al. 2024; Wei et al. 2023). One typical
example is the remote sensing-based ecological index (RESI) model proposed by Xu (2013),
which uses the principal component analysis method to avoid the subjectivity of artificial weight
determination. Through the RESI, plenty of studies provided insights into the long-term monitor-
ing of ecological environment changes. However, this approach focuses only on the impacts of
ecological environment, and does not comprehensively evaluate ecosystem quality. Thus, the
index evaluation method based on multi-source remote sensing data is more advantageous because
it reflects the characteristics of multiple aspects of the ecosystem. Generally, vegetation productivity
is the most important ability to maintain ecosystem functions. Then the ecosystem stability refers to
the fluctuation of vegetation production capacity, can represent the balance of the entire ecosystem.
Lastly, the ecosystem stress needs to be considered under the context of human-induced disturb-
ances. For example, Zhang et al. (2022) proposed a new index as ecosystem quality ratio (EQR)
by integrating the status of landscape structure, ecosystem services, ecosystem stability, and
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human disturbance relative to their reference conditions, and assessed the EQR changes in China’s
National Key Ecological Function Zones (NKEFZs) from 1990 to 2015.

The karst region in southwestern China is one of the most typical, complex karst characteristics
with diverse landscapes (Tang et al. 2022; Wang et al. 2023). The area is uniquely characterized by
high ecological sensitivity, low environmental capacity, weak resistance to interference, and poor
stability (Wang et al. 2021; Xiong and Chi 2015). Large-scale ecosystem restoration projects (e.g.
the Grain for Green Program, Karst Rocky Desertification Restoration Project) have been
implemented since the beginning of the new millennium to restore vegetation and improve the eco-
system quality in Southwest China (Ding et al. 2021; Tong et al. 2017). However, the previous work
generally focused on ecosystem vulnerability (Guo, Zang, and Luo 2020),” ecosystem health (Zhao
et al. 2021), and ecosystem restoration (Qiao, Jiang, and Zhang 2021). Therefore, in this study, we
primarily aimed: (1) to propose an ecosystem quality assessment system by integrating multiple
indicators of ecosystem service function, stability, and stress; (2) to explore the spatio-temporal
variations characteristics of ecosystem service, ecosystem stability, and ecosystem stress; and (3)
to figure out the long-term dynamics of ecosystem quality in the karst region of Southwest
China during the past two decades. Our research can provide evidence and support for sustainable
development in such ecologically-fragile areas.

2. Materials and methods
2.1. Study area

The study area is located at 97°35'~112°06'E, 20°90'~35°31’N with an area of 1.36 million km?,
which accounts for 14.33% of the land area of China, and includes Yunnan, Sichuan, Guizhou,
and Guangxi provinces, and Chongging city (Figure 1). As one of the three largest karst-distributed
regions in the world, the karst area in Southwest China covers 0.42 million km” The region is
characterized by diverse landscapes and complicated topography, including the West Sichuan
Plateau, the Yunnan-Guizhou Plateau, the Hengduan Mountains, the Sichuan Basin, and the
hills of Guangxi. The topography decreases along the northwest to southeast direction. Locating
in low latitudes, it is mainly dominated by the subtropical monsoon climate with cold, dry winter
and warm, wet summer. Multi-year mean annual precipitation is ranging from 1000 to 1300 mm
and annual mean temperature (AMT) is approximately 17°C. The main vegetation types are
comprised of coniferous forest, broad-leaved forest, shrubland, grassland, farmland, etc.

2.2. Data sets

2.2.1. Satellite remote sensing-based vegetation data

Leaf area index (LAI), fractional vegetation cover (FVC), and gross primary productivity (GPP) are
used to represent terrestrial vegetation conditions. All data are derived from the global land surface
satellite (GLASS) products at the University of Maryland GLASS Product Release Website (http://
www.glass.umd.edu/). The latest version (V6) of the GLASS LAI product established the corre-
sponding relationship between time series MODIS surface reflectance and LAI The bidirectional
long-term and short-term memory network (Bi-LSTM) model was used for model training and pre-
diction (Ma and Liang 2022). Based on the machine learning method, the model between the pre-
processed reflectance and the FVC value is trained to produce global surface vegetation coverage
product (Jia et al. 2015). The GLASS GPP product is derived from the revised EC-LUE model,
which can effectively generate reproduce the spatial, seasonal, and annual variations, especially
improve the model performance in reproducing the interannual variations in GPP, by integrating
the regulations of several important environmental variables such as atmospheric CO, concen-
tration, radiation components, and atmospheric vapor pressure deficit (Yuan et al. 2010). This
study used the GLASS product at the spatial resolution of 500 m for analysis.
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Figure 1. Spatial distribution of karst area in Southwest China and its digital elevation model.

2.2.2. Land cover data

In the study, we used the MCD12Q1 land cover data to characterize the ecosystem stress index
(ESSI). The data are accessible from the MODIS data product distribution website of the National
Aeronautics and Space Administration (NASA) of the United States (http://modis.gsfc.nasa.gov/).
The MCD12Q1 (V6) product is derived from MODIS Terra and Aqua reflectance data using the
supervised classifications, then undergoing additional post-processing that incorporates prior
knowledge and ancillary information to further refine specific classes. Each MCD12Q1 Hierarchical
Data Format 4 (HDF4) file provides layers for Land Cover Type 1-5, Land Cover Property 1-3,
Land Cover Property Assessment 1-3, Land Cover Quality Control (QC), and a Land Water
Mask. The study used the Land Cover Type 1 layer, which contains 17 main land cover types,
according to the International Geosphere-Biosphere Program (IGBP). Based on our research
framework, the land cover data were further divided into the following nine types including forest,
woody savanna, savanna, grassland, cropland, cropland/natural vegetation mosaic, urban and built-
up land, water body, and others.

2.2.3. Meteorological data

The study used the meteorological data including temperature and precipitation to reveal the
underlying environmental effects. The temperature data are derived from the National Tibetan Pla-
teau/Third Pole Environment Data Center (https://data.tpdc.ac.cn/), with a spatial resolution of
approximately 1 km. The dataset is generated by downscaling through the Delta spatial downscal-
ing scheme based on the global 0.5° climate dataset released by the Climatic Research Unit (CRU)
and the global high-resolution climate dataset released by WorldClim. Moreover, the observation
data from 496 independent meteorological observation stations are used for verification (Peng et al.
2018). The monthly precipitation data are derived from the China Science Data (http://www.csdata.
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org/). The dataset is based on the precipitation data from more than 2400 meteorological stations in
China from 1960 to 2020, and the national monthly precipitation interpolation dataset with 1 km
spatial resolution is produced by using the spatial interpolation software ANUSPLIN4.4 (Qu et al.
2022). We completed the batch conversion and tailoring of meteorological data using Matlab 2018a.
The monthly temperature was further averaged to AMT whereas the monthly precipitation was
aggregated to annual total precipitation, respectively.

2.3. Methods

2.3.1. Ecosystem function index (EFI)

Ecosystem function refers to the material produced by natural ecosystems and ecological pro-
cesses, as well as services that maintain a good environment for humanity (Christensen et al.
1996). The functions provided by terrestrial ecosystems can be summarized into 17 categories
(Costanza et al. 1997), and ecosystem productivity is considered as the material basis for
human production and livelihoods. Therefore, the study used the pivotal ecological indicators
to form the comprehensive ecosystem quality evaluation system. The indicators used to reflect
ecosystem productivity generally include vegetation index, net primary productivity, aboveground
biomass, etc. LAI refers to the total area of green leaves per unit land area, mainly characterizing
the vertical structure of vegetation. FVC refers to the percentage of the vertical projected area of
vegetation (including leaves, stems, and branches) on the ground to the total area of the region,
mainly characterizing the horizontal structure of vegetation. GPP refers to the total amount of
organic carbon fixed by green plants through photosynthesis, mainly characterizing the photosyn-
thetic capacity of vegetation. Therefore, the study uses a composite index of LAI, FVC, and GPP
as a measure of ecosystem function in the karst region of Southwest China. The formula is as
follows:

LAI; 4+ FVC; 4 GPP;

EFI, = 3 (1)

0.1
EFL; =] 0.1 + (EFIy — EFly) X a

1
a=(1—0.1)/(EFInax — EFLyin)

2)

where EFI; is ecosystem function index of the pixel in year i; LAI; , FVC; , GPP; are the normal-
ized annual mean LAI, FVC, and GPP in year i, respectively. Given that even with very low EFI,
values, ecosystems still have a certain level of productivity, so the range of the EFI, index is nor-
malized to [0.1, 1]. Generally, the larger the EFI;, the better the ecosystem quality. Using histo-
gram analysis to study the distribution of EFI, during the period, the upper and lower limits of
EFI, are determined. Then the linear stretching of EFI, was carried out to obtain the grades of EFI
value, where a was the stretching constant. EFI,,,, and EFI, are the upper and lower limits of
the EFI,, respectively.

2.3.2. Ecosystem stability index (ESI)

Ecosystem stability refers to the ability of ecosystem to maintain the original service by its self-sta-
bilizing function when it is disturbed. The ecosystem is generally in a relatively stable state, with
fewer fluctuations within a certain range. When disturbance occurs, the ecosystem deviates from
its original equilibrium and undergoes a transition, ultimately reaching a new equilibrium through
self-regulation. The stability of ecosystem can be characterized by quantitatively evaluating on the
fluctuation of ecosystem functions. Therefore, the ESI is constructed by the variation coeflicient of
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Table 1. Disturbance assignment table for different land use types.

Artificial regeneration Artificial non-regeneration
Type Natural regeneration utilization utilization utilization
Land use type Forest, grassland, water bodies, Cropland Urban and built-up land
etc.
Disturbance gradient 1 2 3
index
the EFIL. The formula is as follows:
. S(EFI;) 3)
' D(EFL)
0.1
ESI; =1 0.1 + (CVypay — CV;) x a CVy > CViax @
1

a=(1—-0.1)/(CVmax — CViin)

where S(EFI;) and D(EFI;)are the standard deviation and average of the EFI from the beginning i - 1
year to the i + 1 year, respectively. CV; is the variation coefficient of the EFI in year i, with the larger
the value the worse the stability. The ESI is limited to [0.1,1] by linear stretching and segmental
processing. Generally, the larger the EFI;, the better the ecosystem quality. a is the tensile constant;
CVimax and CViy, are the upper and lower limits of the variation coefficient of the EFI, which is
similar to the upper and lower limits of EFI,.

2.3.3. Ecosystem stress index

The ESSI indicates the resistance of the ecosystem to external disturbances. Land use is a major
anthropogenic change that has reshaped the earth’s surface, thereby affecting all ecosystem
functions (Steffen, Crutzen, and McNeill 2007). As a direct manifestation of external pressures,
different land use types are typically associated with specific ecosystem states and functions. For
instance, forest, grassland, and other natural regeneration utilizations yield more ecological benefits
in terms of biodiversity, carbon storage, and water cycling, whereas urban and built-up land reflects
adverse impact of human activities on the terrestrial ecosystem.

Besides, in the context of sustainable land management practices, land use types are typically
categorized into the following three major categories based on the methods to manage or utilize
natural resources, including natural regeneration utilization, artificial regeneration utilization,
and artificial non-regeneration utilization. Natural regeneration utilization refers to the manage-
ment or utilization of resources through allowing natural processes, such as seed dispersal and ger-
mination, to regenerate the ecosystem without human intervention. Artificial regeneration
utilization involves deliberate human intervention to regenerate or replenish resources, often
through techniques like planting seeds and saplings. Artificial non-regeneration utilization refers
to the utilization of resources in a manner that does not promote the regeneration of natural
resources.

The methods to manage or utilize natural resources reflect the degree of external disturbance on
the ecosystem. Therefore, based on the degree of disturbance of different land use type, each land
use is graded and assigned as Table 1:

Table 2. Weight table of each indicator.
Indicator EFI ESI ESSI
Weight 0.45 0.35 0.2
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Table 3. Grades of the ecosystem quality.

Level Excellent Good Moderate Low Poor
Index EQI > 0.75 0.75 > EQI > 0.55 0.55 > EQI > 0.35 0.35 > EQI > 0.20 EQl < 0.20

The larger the external pressure on the ecosystem, the larger possibility of ecosystem degra-
dation, which leads to the worse ecosystem quality. Thus, the ESSI is negatively correlated with
the disturbance gradient index (DGI) with the following formula:

0.1
ESSI; = { 0.1 + (DGIax — DGIy) x a

1 (5)
DGI; > DGl
a=(1—0.1)/(DGImax — DGlnin)

where DGI, is the disturbance gradient index in year i; ESSI; is the ecosystem stress index in year i.
Given the possibility of ecosystems being disturbed by humans activities, the value of the ESI is lim-
ited to [0.1,1] by linear stretching and segmental processing. The method of DGy, and DGlyy;, is
as above. The degree of external disturbances is negatively correlated with ecosystem quality, that is,
the larger the ESSI, the lower the degree of the ecosystem affected by external disturbances, and the
better the ecosystem quality.

01 02 03 04 05 06 07 08 09 1 0 500 1,000

Figure 2. Spatial distribution of the EFI in the karst region of Southwest China from 2001 to 2020.
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Figure 3. Trend analysis of the EFI in the karst region of Southwest China from 2001 to 2020. Frequency is the ratio of the EFI
improved (green bars) and degraded (red bars) areas to the total study area, including significance levels of p < 0.01, p < 0.05,
and p > 0.05.

2.3.4. Ecosystem quality index

The study established a the comprehensive index to reflect the overall status of regional ecosystem
quality. The assessment system is comprised of EFI, ESI, and ESSI. The weighted sum of the three
indices jointly constructs the EQI. The formula is as follows:

EQI=Y " Wixy (6)

where EQI is the ecosystem quality index; y; represents EFI, ESI, and ESSI, respectively; W; is the
weight of each index as shown in Table 2, which is derived from the expert scoring method (Tang
et al. 2016).

After we calculated the EQI, the regional ecosystem was divided into five grades namely excel-
lent, good, moderate, low, and poor, respectively, as shown in Table 3.

2.3.5. Trend analysis
The linear regression analysis is used to investigate the temporal variation trends of EFI and EQI
from 2001 to 2020 on the pixel scale. The formula is as follows:

nX Y XX = DAY X
n o n N2
ny i, it — (Zi:l ’)
where Oyqp. is the slope; n is the number of the study period, x; means the value of the i year; if
Oqope> 0, it indicates that the x indicator exhibits an increasing trend; otherwise, it shows a decreas-

ing trend. Meanwhile, the trend is subjected to significant test and graded as follows: significantly
decreased (Ogope< 0, p <0.01), slightly decreased (6gope< 0, 0.01 < p <0.05), basically unchanged

7)

Oslope =
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Figure 4. Spatial distribution of the ESI in the karst region of Southwest China from 2001 to 2020.

(Bgope< 0 OF Bgope> 0, p > 0.05), slightly increased (yope> 0, 0.01 <p <0.05), and significantly
increased (Osope> 0, p < 0.01), respectively.

3. Results
3.1. Evaluation of ecosystem function

Figure 2 illustrates the spatio-temporal patterns of the EFI in the karst region of Southwest China,
which showed a continuously increasing trend during the past two decades. Through statistical
analysis, the EFI in 2001 was about 0.45 % 0.19, then it showed a slight improvement in 2005
with 0.46 + 0.18, and further increased to 0.50 +0.19 in 2010. Then, the EFI reached 0.65 +0.18
in 2015, and peaked in 2020 with 0.68 £ 0.22. Meanwhile, the study indicated that the EFI exhibited
a decreasing trend along with the southeast to the northwest direction from the spatial distribution.

As shown in Figure 3, this work also investigated the long-term trend of the EFI in the karst
region of Southwest China from 2001 to 2020. Overall, the EFI of the karst ecosystem mainly exhib-
ited an improving trend. During the past two decades, approximately 18.19% of the karst area
showed an obvious improvement with p <0.01 and 36.39% of the region improved slightly with
P <0.05. These areas were mainly concentrated in Chongging and the northern Guizhou Province.
However, the areas exhibited severe degradation and slight degradation were about 0.04% and
0.21%, respectively. In addition, 45.17% of the entire region seems relatively stable.

3.2. Evaluation of ecosystem stability

Through statistical analysis, it can be inferred that the ESI in the karst region of Southwest China
experienced multiple stages of initially increasing, then decreasing, and then increasing again
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Figure 5. Spatial distribution of the ESSI in the karst region of Southwest China from 2001 to 2020.

during the past two decades (Figure 4). In the initial stage from 2001 to 2005, the ESI increased from
0.62 £ 0.26 to 0.66 + 0.24. However, it decreased to 0.60 + 0.27 in 2010. Fortunately, the ESI rose up
again, which reached up to 0.65+0.25 in 2010 and 0.72 +0.24 in 2020, respectively. Spatial
dynamics of long-term ESI also revealed the troughs in ecosystem stability between 2001 and
2010. But the distributions with low ESI values were obviously different. In 2001, they were mainly
located in Chongging and the northern Guizhou and Sichuan provinces, whereas the severely low
ESI were mainly concentrated in the Yunnan and Sichuan provinces in 2010.

3.3. Evaluation of ecosystem stress

The spatial and temporal patterns of the ESSI in the karst region of Southwest China from 2001 to
2020 were illustrated in Figure 5. It showed that the overall ESSI fluctuates around 0.95 during the
past two decades. Additionally, the low ESSI values were mainly located in the western part of Guiz-
hou province and the central part of Guangxi province.

Figure 6 further counts the main land use changes in the karst region of Southwest China during
the past two decades, which indicated that the main land use types are forest, savanna, and crop-
land, accounting for about 99% of the total area. From 2001 to 2020, the most significant increase
was in forest, which increased by 2.51 x 10* km?, mainly from wood savanna, whereas the most sig-
nificant reduction was in cropland, which reduced by nearly a half, mainly converted into cropland/
natural vegetation mosaic.

3.4. Comprehensive evaluation of ecosystem quality

On the basis, this study comprehensively evaluated the EQI in the karst region of Southwest China
during the past two decades (Figure 7). Overall, the EQI experienced a gradual improvement in the
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Figure 6. Transfer matrix of the main land use types in the karst region of Southwest China from 2001 and 2020. The bar charts
represent the total area of different land use types annually.

initial period from 2001 to 2010, and then increased significantly in 2015 and 2020, with about 0.71
+0.15 and 0.75 £ 0.16, respectively. Figure 8 further counted the area proportions of the EQI grades
in the karst ecosystem from 2001 to 2020, which indicated that the overall quality of the karst eco-
system has an obvious improvement. The excellent EQI occupied by no more than 20% of the entire
region before 2005, but expanded sharply in the past decade, with about three times by 2020, reach-
ing up to 58.26%.

Figure 9 shows the trend of ecosystem quality in the karst region of Southwest China from 2001
to 2020. Overall, the EQI exhibited strong spatial heterogeneity, but was mainly characterized by
improvement. After the significance test of the trend, the areas exhibiting degradation were far
less than those showing improvement. Approximately 16.73% of the karst areas showed an increas-
ing trend, with 4.06% being obviously improved and 12.67% being slightly improved. These areas
were mainly distributed in the northern parts of Chongging and Guizhou provinces. In addition,
about 0.65% of the karst areas indicated degradation trend, with 0.28% being severely degraded
and 0.37% being slightly degraded, respectively.

4. Discussion
4.1. Effects of climate change

Recent work by Huang et al. (2022) illustrated that climate factors were the dominant environment
drivers for the changes in vegetation greenness in globally karst regions. Amongst the complicated
climate factors, precipitation and temperature are the most intuitive and prominent features, which
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Figure 7. Spatial patterns of the EQI in the karst region of Southwest China from 2001 to 2020.

determine the spatial differentiation of terrestrial ecosystem status (Tang et al. 2022; Wang et al.
2021). Especially for the ecologically-fragile karst ecosystem, the climate dynamics strongly regional
ecosystem quality.

As shown in Figure 10, we investigated the long-term trend of temperature and precipitation in
the karst region of Southwest China from 2001 to 2020. Overall, the temperature mainly exhibited a
rising trend across this region. Moreover, in terms of spatial patterns, precipitation showed
increases in the eastern part but decreases in the western part. In order to further understand
the effects of climate factors on the karst ecosystem quality in Southwest China, the partial corre-
lation analysis was conducted as shown in Figure 11. The rising temperature positively impacted
ecosystem quality in the eastern part of the region, while it negatively affected it in the western
part. Meanwhile, increased rainfall in Chongqing and Guizhou provinces exerted a positive
effect ecosystem quality, whereas decreased rainfall in the western part negatively impacted ecosys-
tem quality, resulting in the improvement of ecosystem quality. Generally, the relatively higher
temperature in the threshold range can lead to a longer growth period with enhanced vegetation
GPP, and precipitation can provide sufficient water to help vegetation growth (Tu et al. 2024;
Zhao et al. 2023), thus affects the productive capacity of vegetation and improve the ecosystem
function. However, with the condition of high temperature and few rain, the severe drought in
2009 adversely affected the vegetation in Southwest China (Wang et al. 2021), resulting in ecosys-
tem stability decreasing around 2010.

4.2. Implications from human-induced disturbance

Besides the climate conditions, the human-induced activities can also significantly affect the ecosys-
tem quality positively or negatively. Large-scale ecological projects have been proved to be the main
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Figure 8. Statistics of the ecosystem quality grades in the karst region of Southwest China from 2001 to 2020. Percentage is the
ratio of ecosystem quality areas at four grades to the total study area.

reason for the greening trend in China’s karst region (Zhang et al. 2021). Additionally, during the
process of rocky desertification control and restoration engineering, the annual afforestation area
(forest plantation, closing hill for afforestation, and degraded forest restoration) increased by
approximately 2.3x10° km* from 2006 to 2016, while the cumulative afforestation area reached
nearly 3.4x10° km®. Moreover, Ding et al. (2021) found that ecological projects positively affected
water costs of terrestrial carbon sink and effectively improved the fragile karst ecosystem function.
Nevertheless, human activities can also result to adverse consequences on the ecological environ-
ment, such as the swift transformations in land use and cover changes, including urban expansion
and agricultural encroachment (Guan et al. 2019; Li et al. 2015; Zhao et al. 2021). Overall, as the
external pressure on terrestrial ecosystems, human-induced activities have a crucial and tangible
impact on ecosystem quality.

4.3. Limitations

This study proposed an objective method for ecosystem quality assessment and comprehensively
analyzed the spatio-temporal characteristics of ecosystem quality in the karst region of Southwest
China during the past two decades. However, there still existed some limitations. Firstly, our analy-
sis only selected several key ecological indicators without considering multiple ecosystem functions
such as water conservation and soil retention, which is also important to ecosystem quality (Green
et al. 2019; Yuan et al. 2021). Secondly, the climate change drivers on ecosystem quality is
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Figure 9. Trend analysis of the EQI in the karst region of Southwest China from 2001 to 2020. Frequency is the ratio of the EQI
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and p > 0.05.

insufficient. Temperature and precipitation are only two basic climate variables. Besides, the
changes of solar radiation, atmospheric CO, concentration also exert substantial effects on the eco-
system functions as well as ecosystem quality (Cramer et al. 2001; Ito 2017). Recent work also
revealed that the variations in rainfall intensity, frequency, and distribution (Lei et al. 2024; Xu
et al. 2023), as well as alterations in temperature regimes (Chen et al. 2023), can not be neglected.
Additionally, extreme weather events such as droughts and floods have become more frequent (Dai
et al. 2023), posing challenges to ecosystem stability and the whole ecosystem quality. Therefore, a
thorough investigation to the response mechanisms of ecosystem quality to climate change is cru-
cial in future research.

5 Conclusions

In this study, we proposed an ecosystem quality assessment system by integrating ecosystem func-
tion, stability, and stress to comprehensively and objectively evaluate the spatio-temporal changes
of ecosystem quality in the karst region of Southwest China during the past two decades. The results
indicated that the spatio-temporal patterns of the EFI showed a continuously increasing trend
across this area. Besides, approximately 18.19% of the karst area in the EFI showed an obvious
improvement with p <0.01 and 36.39% of the region improved slightly with p <0.05, whereas
the areas exhibited severe degradation and slight degradation only accounted for 0.04% and
0.21%, respectively. The ESI in the karst region of Southwest China experienced multiple stages
of initially increasing, then decreasing, and then increasing again during the past two decades.
The overall ESSI fluctuated around 0.95, because natural regeneration utilization accounted for
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over 90%, mainly composed of savanna and forest. The EQI experienced a gradual improvement in
the initial period from 2001 to 2010, and then increased significantly in 2015 and 2020. Areas of
higher EQI were mainly concentrated in the eastern part, while areas of lower EQI were primarily
located in the northwestern part of Sichuan province. The excellent EQI tripled and reached up to
58.26% during the past two decades. Moreover, the area proportions of obvious and slight improve-
ment in ecosystem quality accounted for 4.06% and 12.67%, respectively, whereas obvious and
slight degradation in ecosystem quality only appeared in a small area by 0.28% and 0.37%, respect-
ively. All analyses are helpful in improving the karst ecosystem quality of Southwest China and ben-
eficial for using our assessment system in other regions.
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