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It is urgent and challenging to evaluate the effects of soil conservation (SC) under ecological
restoration projects (ERPs) in karst regions. In this study, the surrogate biophysical method was
adopted to investigate the spatiotemporal evolution of SC under ERPs in Guizhou Province from 2000
to 2023. We found that SC showed an increasing trend, and SC hotspots were mainly spatially
aggregated in southern Guizhou Province (Qianxinan and Qiannan), while its cold spots were
concentrated primarily in the western and northern regions. Returning farmland to forest (RFTF)
exhibited the strongest SC effectiveness. However, returning farmland to water bodies (RFTW)
became increasingly effective in enhancing SC over the study period (0.01-0.04). This indicates that
RFTW showed potential for further enhancing SC in karst regions. The dominant factors of SC
demonstrated temporal variability, and precipitation, slope, and soil types were the dominant factors

of SC in Guizhou Province during the study period.

China’s high population density and significant economic and social needs
have resulted in the adoption of unsustainable land management practices
over the long term'. Alterations in the spatial distribution of land use will
have a direct impact on the ecosystem’s structure, function, and dynamics™™.
The study of land-use management and its impact on the environment is
becoming a prominent field in the realm of global environmental change’.
As the demand for land grows, it is essential for policymakers to track
changes in land use and their effects. This forms the foundation for carrying
out extensive ecological restoration projects (ERPs). Previous studies have
demonstrated that using ERPs can enhance ecosystem services (ESs)’, and
the Grain-for-Green Project (GFGP) in Shaanxi Province was found to
significantly reduce soil erosion, benefiting soil conservation (SC) efforts’.
However, any single or centralized land use strategy for various biota could
lead to undesirable consequences. Even though the national government has
putin place ERPs, not all the areas targeted may have experienced significant
soil erosion. As a result, the ESs have not been greatly enhanced even with
ERPs’. To determine optimal ecological restoration pathways, it is crucial to
evaluate the contribution of different ERPs and plan for effective land
management. SC refers to the ability of ecosystems to prevent soil erosion
and store sediments. It prevents land degradation and flood disasters by

regulating the environment and is one of the most crucial services provided
by terrestrial ecosystems’. The quantification of SC is increasingly recog-
nized as key in the aforementioned research fields. Providing spatially
explicit information on key areas of SC is crucial for developing effective
ERPs, this allows for the identification of areas that offer high-value services
and the implementation of targeted management strategies'’™"".

Karst areas are among the world’s major ecologically fragile regions,
accounting for approximately 20% of the global land area®. As the world’s
largest karst ecosystem, the South China Karst, due to its intricate geological
settings, extensive karst activities, and unreasonable land use patterns, has
suffered severe soil erosion, eventually leading to rocky desertification and
further exacerbating regional poverty'*'°. Since the 1980s, the government
has initiated ERPs to address soil erosion and rocky desertification in karst
regions”. At present, the trend of rocky desertification development has
been reversed in the context of ERP implementationl 8 However, it still faces
challenges such as effectively maintaining treatment results and increasing
treatment difficulty. Studies have shown that karst ecological restoration has
great potential in improving biodiversity and providing ecosystem services,
but restoration outcomes depend on environmental conditions”. Further-
more, ecological projects typically exhibit a threshold effect on enhancing
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SC capacity”’. Hence, clarifying the SC capacity of different ERPs is essential
to maximizing the effectiveness of ecological projects. Current research on
soil conservation services in karst areas mainly covers topics such as spatio-
temporal variations of soil conservation®"”*, trade-offs/synergies between
soil conservation and other services'>*"”, driving factors and their scale
effects* ™, and has achieved significant results. However, research on the
soil conservation effects of different ERPs in karst areas and their driving
mechanisms for SC is still relatively scarce. Therefore, in order to quantify
and consolidate the effect of rocky desertification control, it is necessary to
explore the changes in SC after the implementation of ERPs in karst areas
and the influence of environmental factors on its spatio-temporal
distribution.

At present, spatial mapping of soil erosion in terrestrial ecosystems is
mainly based on empirical soil erosion models (such as the RUSLE
model)”"”. Based on empirical models, SC is quantified as the difference
between the actual soil loss and potential soil loss under different land uses™.
However, the parameters of empirical SC models are based on small-scale
spatial field observation data, which have drawbacks such as difficulty in
obtaining parameters and complex calculations. Moreover, when con-
ducting evaluations at a large spatial scale, the model parameters must be
simplified, which may lead to uncertainties in the SC assessment results’".
Net primary productivity (NPP) serves as a key indicator of ecosystem
functioning, and has been demonstrated to be linked to the overall value of
ecosystems””. Research has demonstrated a positive relationship between
NPP and the provision of various supporting and regulating ESs™. Hence,
researchers have proposed several biophysical methods to attain more
objective and consistent evaluations. For instance, the concept of solar
energy has been introduced as a common currency for ES assessments™.
Some studies have assumed a spatial correlation between ESs and NPP,
using NPP as a parameter to delineate the boundaries of biodiversity con-
servation areas in the United States™. Additionally, environmental variables
such as biomass, precipitation, temperature, and elevation have been
employed to map the spatial distribution of five ESs in South Africa®. The
biophysical proxy method has been applied for ES valuation in
Argentina’*". Subsequently, the NPP method was modified to enhance its
applicability in ES assessment in China, with comparisons made between
the NPP method and the RUSLE method to assess SC services in Jiangxi
Province*. The findings further support the feasibility and convenience of
the NPP method. All the aforementioned methods involve incorporating
NPP parameters into the model, modeling NPP using Normalized Differ-
ence Vegetation Index (NDVI) data and various environmental factors to
produce straightforward but causal estimates of ESs. This means that the
NPP modeling approach can also be directly connected to the spatial-
temporal distribution of SC.

NPP directly reflects the capacity of vegetation to intercept rainfall,
consolidate soil via root systems, and reduce surface runoff, thereby driving
improvements in SC. In turn, SC promotes increases in NPP through
nutrient retention”. Consequently, a generally positive correlation exists
between NPP and SC. Karst ecosystems exhibit distinctive characteristics,
including rocky desertification, shallow soil layers, exposed bedrock, and a
dual-layer hydrological structure*"**. Taking the Maolan Karst Stone Forest
as an example, as a typical representative of the “dense forest-shallow soil”
habitat in karst regions, the relationship between its NPP and SC follows the
general patterns observed across karst areas. However, the high habitat
heterogeneity of karst ecosystems results in regional variations in the cor-
relation between NPP and soil conservation. Owing to the complex terrain,
fragile ecology, and slow soil formation rate in karst regions, traditional
models struggle to accurately quantify the impact of the rocky desertification
process on soil conservation functions™. Compared with non-karst areas,
the unique binary three-dimensional structure (aboveground and under-
ground Kkarst features) of karst areas limits the applicability of traditional
RUSLE model parameters (such as rainfall erosivity factor and soil erosi-
bility factor) in karst areas™*’. Furthermore, the South China Karst accounts
for approximately 5% of the global growth in biomass and has seen the most
significant rise in forest area and carbon storage on a global scale*’. The NPP

modeling approach allows for the prioritization of various ecological
restoration strategies by pinpointing crucial SC areas and clarifying the
ecological impacts of ecological restoration initiatives". Importantly, com-
pared with traditional methods, the NPP proxy indicator approach is
simpler for studies at large scales and can directly reflect the distribution of
key SC service areas without the need to use more complex modeling
methods that may yield specific numbers of SC*’. Therefore, this study
adopted the NPP proxy index method to evaluate the spatio-temporal
evolution of SC in Guizhou Province, identify its key areas, further reveal the
SC benefits of different ERPs, and clarify the driving mechanisms under-
lying the spatial distribution of SC.

This study is based on multi-source spatiotemporal data, such as
meteorological, soil, and remote sensing image data. The biophysical proxy
method was used to reveal the relative changes in SC services instead of
employing more intricate modeling techniques to determine the exact
quantity of SC. The specific objectives of this study were to: (1) clarify the
spatio-temporal evolution characteristics of SC in karst areas; (2) reveal the
correlation between the spatial distribution of SC and different environ-
mental factors; (3) explore effective strategies for improving the SC capacity
in karst areas in the future by comparing SC effectiveness under different
ERPs. The findings strongly support the promotion of karst desertification
control and sustainable ecosystem management in karst regions.

Methods

Study area

Guizhou Province is situated in the center of South China Karst
(24°37°-29°13'N, 103°36’-109°35’E) (Fig. 1), and soil and water conserva-
tion, as well as the desertification control in karst ecosystems, are highly
typical and representative®. The climate is characterized as a subtropical
humid monsoon climate, with annual average temperatures ranging from
14°C to 16°C and average annual precipitation between 1100 and 1300 mm.
The vegetation type is mainly subtropical evergreen deciduous broad-leaved
mixed forest. The soil is predominantly composed of yellow loam and lime
soil. The land reclamation rate in the province is double the national average,
and its poor land-use planning has resulted in severe karst desertification. In
2000, Guizhou Province launched the Grain for Green Program (GFGP).
Since 2008, the province has continuously implemented comprehensive
karst desertification control projects, including the construction and pro-
tection of forest and grass vegetation, the development of herbivorous
animal husbandry, and the construction of small-scale water conservancy
and soil and water conservation facilities. In 2023, the karst area in the
province was 109,084 km?, accounting for 61.90% of the total land area of
Guizhou. Among them, the karst desertification area was 15,514 km?,
accounting for 8.80% of the total land area of Guizhou. In recent years,
remarkable achievements have been made in karst desertification control
through the implementation of ecological restoration measures.

Data sources

Meteorological data (including precipitation, temperature, and radiation
data) were retrieved from the China Meteorological Data Sharing Service
System (Table 1). The Co-kriging interpolation method was adopted to
perform spatial interpolation of the meteorological data for the study area.
Soil data (including soil types, texture, and soil organic carbon content) were
obtained from the 1:1,000,000 scale soil map of China from the Second
National Soil Survey. The map was first clipped to the study area of Guizhou
Province, and the corresponding soil physicochemical parameters were
assigned to each soil type vector unit according to the attached attribute
database of the soil census. Digital elevation model (DEM) datasets with a
resolution of 90 m were downloaded from the US Geological Survey
(USGS). Following preprocessing involving clipping and sink filling, the
slope factor was extracted using ArcGIS software. NDVI data were acquired
from the NASA EOS Data Gateway, with a series of preprocessing steps
including radiometric calibration, atmospheric correction, cloud masking,
and topographic correction conducted in ENVI and ArcGIS. The land-use
type classification data were obtained from the Resource and Environmental
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Fig. 1 | Location of the study area. a Karst distribution area in the Eastern Hemisphere, b South China Karst, ¢ Study area.

Table 1 | Datasets and resources used in this study

Data type Resolution Unit Data sources

DEM 90 m https://gdex.cr.usgs.
gov/gdex/

MODIS NDVI 250 m https://ladsweb.nascom.
nasa.gov/data/

Soil data 1000 m https://www.resdc.cn

Land use 250 m https://www.resdc.cn/

Meteorological data http://cdc.cma.gov.cn

Vegetation types 1000 m http://www.ncdc.ac.cn

Nighttime light index 1000 m http://www.geodata.cn

Administrative boundary https://www.gscloud.cn/

Table 2| Correctional coefficient for different degrees of rocky
desertification

NKRD PKRD LKRD MKRD HKRD SKRD
a 0.10 0.25 0.40 0.60 0.80 0.95

NKRD Non-karst rocky desertification, PKRD potential karst rocky desertification, LKRD light karst
rocky desertification, MKRD moderate karst rocky desertification, HKRD high karst rocky
desertification, SKRD severe karst rocky desertification.

Science Data Platform, Institute of Geographic Sciences and Natural
Resources Research, CAS. The land use types in Guizhou Province were
classified into farmland, forest, grassland, water bodies, construction land,
and unutilized land. Vegetation type data were obtained from the National
Cryosphere Desert Data Center. Nighttime light data were acquired from
the National Earth System Science Data Center. Finally, the aforementioned
datasets were cropped and projected to a unified coordinate system within
the ArcGIS platform based on the administrative boundaries of Guizhou
Province and resampled to a 250 m resolution.

Land use transition
To reveal the mutual transformation relationships among different land use
types across various time points, a land-use transfer matrix was employed

for quantitative analysis. This matrix reflects the system state and provides a
quantitative description of state transitions®, with its calculation formula
presented as follows:

=1 1)

Where S;; represents the area of land use type i at the beginning of the study
period converted to land use type j at the end of the study period, and n
represents the total number of land use types.

Surrogate model

The biophysical proxy model uses NPP as the core indicator to assess ES
values. This method involves significantly fewer parameters and facilitates
the assessment of dynamic changes at large scales”. Nonetheless, this
approach is tailored to specific regions and requires adjustments to be
applicable in different locations. Zhang et al.”’, mapped the spatial pattern of
SC in China’s ecological regions using environmental variables such as
biomass and its stability, soil erosibility, and slope. They assumed that the SC
capacity of an ecosystem is relatively high when the biomass is sufficient, soil
erodibility is low, and slopes are gentle. Since rocky desertification is
widespread in karst areas, this study incorporates a rocky desertification
factor to modify the model to make the SC assessment in karst areas more
realistic. Previous studies have established the model based on the causal
relationship between environmental variables and SC. Therefore, the model
equation modified according to the relationship between rocky desertifi-
cation and SC is as follows.

SC = NPPx (1 - VCnpp> x(1—K)x (1= F)x(1- ) (2)

Where SC denotes the relative capacity of soil conservation services
(dimensionless). NPP is the sum of the annual net primary production of
vegetation. VC,,,, represents the standard deviation of NPP over a year, and
Kis the soil erodibility factor, calculated using the EPIC equation (Eq. 4). Fy,
is the surface slope, « is the rocky desertification factor, with reference to Gao
and Wang" (Table 2). According to previous NPP modeling approaches, all
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Fig. 2 | Spatial distribution of the soil erodibility factor (K). Spatial pattern of soil
erodibility (K, unit: t-h-M]J/mm/ha). Color gradient from blue (K=0, low) to red
(K=1, high) indicates erodibility magnitude.

Table 3 | Classification standards for rocky desertification
degrees

Rocky desertification degrees  NDVI (%) Rock exposure rate (%)
NKRD >70 <40
PKRD 50-70 >40
LKRD 35-50 >60
MKRD 20-35 >70
HKRD 10-20 >80
SKRD <10 >90

NKRD Non-karst rocky desertification, PKRD potential karst rocky desertification, LKRD light karst
rocky desertification, MKRD moderate karst rocky desertification, HKRD high karst rocky
desertification, SKRD severe karst rocky desertification.

parameters need to be normalized so that the relative capacity of SC falls
between 0 and 1.

The surrogate biophysical model developed in this study integrates
dynamic vegetation changes, soil physicochemical properties, topographic
conditions, and karst-specific rocky desertification factors. It is generally
consistent with the ecological context of Guizhou Province, where karst
desertification and vegetation degradation are the primary drivers of soil
erosion. Mechanistically, the model helps to characterize the ecological
processes underlying soil conservation. Importantly, the introduction of a
rocky desertification correction factor may help overcome key limitations of
the empirical RUSLE model in adapting to the unique erosion mechanisms
in karst bare rock areas. In addition, the surrogate biophysical model can
improve the comparability of assessment results across spatially hetero-
geneous karst landforms by evaluating the relative soil conservation capa-
city. The model shows potential advantages for evaluating the effectiveness
of ERPs on a large spatial scale and for spatial prioritization in conservation
planning.

NPP was estimated using the terrestrial Carnegie-Ames-Stanford
Approach (CASA) model®, with the following formula:

NPP(x, t) = APAR(x, t) X &(x, t) 3)

Where NPP (x, t) (g C m ™ yr") denotes the net primary production rate at
location x at time t, APAR (x, t) (MJ] m ™ s™") refers to the photosynthetically
active radiation absorption rate at location x at time ¢, and the parameter ¢ (i,
t) (g CMJ ") denotes the light-use efficiency of the vegetation at location x at
time . The annual total NPP (gCm™yr ') is the sum of monthly NPP
values over 12 months. The CASA model requires land use, NDVI, and
meteorological data as inputs.

Soil erodibility factor (K) reflects the sensitivity of the soil to the erosive
power of rainfall. The K value was calculated using the EPIC model®, as
shown in Fig. 2.

SIL
K= 0.1317{0.2 + 0.3exp {0.0256SAN<1 - —)} }

y SIL 03 e 0.25C @
CLA + SIL C + exp(3.72 — 2.95C)
0.7SNI >

1 —
X ( (1— SNI) + exp(22.9SNI — 5.51)

Where SAN represents the sand content (>0.05 mm), %; SIL represents the
silt content (0.002-0.05mm), %; CLA represents the clay content
(<0.002 mm), %; SNI=1-SAN/100; and C represents the content of soil
organic carbon, %. The value 0.1317 is the conversion factor for K from US
units to international standard metric units (th MJ ™' mm " ha™).

Classification of rocky desertification degree

The essence of rocky desertification in Guizhou Province lies in the
coupling process of vegetation cover degradation and intensified bedrock
exposure'”. Therefore, this study adopted the dual indicators of NDVI
and bedrock exposure rate as the classification standard for rocky
desertification, which is highly compatible with the core characteristics of
rocky desertification in the karst areas of Guizhou Province and con-
sistent with the vegetation-bedrock gradient pattern of Guizhou’s karst
landforms (i.e., decreasing vegetation cover and increasing bedrock
exposure). In this study, rocky desertification grades were classified with
reference to the research of Zhang et al.”” and Xi et al.”” on the karst areas
of Guizhou Province (Table 3).

Gi* statistics-based hotspots and coldspots analysis

The Getis-Ord Gi* statistic in spatial analysis was calculated using ArcGIS.
Distance-based spatial weights were constructed to calculate the clustering
index (Gi*) and its significance Z-value for each analysis unit. Based on
Z-values of £1.65, £1.96, and +2.58, which correspond to confidence levels
of 90%, 95%, and 99%, respectively—areas were classified as hot (cold),
hotter (colder), and extremely hot (extremely cold) spots. This classification
revealed the spatial clustering of SC capacity, facilitating the identification of
priority management areas.

Geographical detector

The Geographical Detector is a statistical method designed to detect spatial
heterogeneity and identify driving factors". In this study, we employed the
Factor Detector to examine the relationships between SC and various
driving factors (elevation, soil types, vegetation types, slope, land use types,
precipitation, fractional vegetation coverage (FVC), and nighttime light
index (NLI)), thereby further analyzing the driving mechanisms of SC. The
g-statistic is used to quantify the degree of influence of driving factors X on
the spatial differentiation of variable Y

L
qzl—ZNhth/NUZ ©)
h=1

where /i = 1,..., L denotes the stratification of Y or X; N}, and N represent the
number of units in layer /& and the entire study area, respectively; g;,” and o®
are the variances of layer h and the entire study area, respectively;
and g€[0,1].

npj Heritage Science| (2026)14:198


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-026-02476-w

(@ (b)

0 75 150
B km

0 75 150
[

Farmland Forest Grassland [ Water [ Construction Unutilized
Fig. 3 | Spatial distribution of land uses in Guizhou province. a 2000, b 2013, ¢ 2023.
Table 4 | Changes in land use types from 2000 to 2023
Land uses Area (km?) Area change (km?)
2000 2013 2023 2000-2013 2013-2023 2000-2023
Farmland 49314.92 49153.32 45482 —161.60 —3671.32 —3832.92
Forest 93343.44 94741.14 90962.08 1397.70 —3779.06 —2381.36
Grassland 31654.75 29512.44 29975.12 -2142.31 462.68 —1679.63
Water bodies 382.16 662.19 1127.18 280.03 464.99 745.02
Construction land 638.81 1279.92 8151.60 641.11 6871.68 7512.79
Unutilized 37.99 23.06 28.36 —-14.93 5.30 —9.63
land showed a decreasing trend. Compared to the previous period, con-
2000 2013 2023 struction land significantly increased by 6871.68 km?, while forest experi-
enced the most significant decrease (—3779.06 km?) from 2013 to 2023.
The transfer of land use types between 2000 and 2023 was primarily
Farmland | | 276343710 29839.4928 25813.89802 dominated by exchanges among farmland, forest, and grassland, with forest
exhibiting the largest transfer area and unutilized land the least (Fig. 4).
During the 2000-2013 period, the largest transfer was from farmland to
forest, accounting for 68.43% of the area transferred to forest and 73.13% of
e the area transferred from farmland (Table 5). Newly added construction
. 28101.00852 . . . .
Forest [REE80106607 land and water bodies in 2013 were primarily converted from forest,
farmland, and grassland in 2013. The pattern of land use transformation
between 2013 and 2023 was similar to that of the previous period, with a
smaller area of farmland converted to forest and grassland compared to
Grassland | |/6636:22941 Czlesi7e 16754.09029 2000-2013. In contrast, the areas converted from farmland, forest, and
grassland to construction land were significantly larger than those in the
Unutilized —32.15503 —17.77987 — 23.08064 previous period, with 3,294.65 km?, 2,642.33 km’, and 1,348.97 km’ being
Water —273.2918 = 55331485 = 936.62418 converted, respectively (Table 6).
Construction —372.3598 =1013.4675 I:I 731597722

Fig. 4 | Land use type transfer Sankey diagram from 2000 to 2023. Vertical bars
represent six land use types with labeled areas. Flow band width indicates the
magnitude of area transfer, and different colors distinguish land use categories.

Results

Land use change pattern

Land use types were dominated by forest, followed by farmland and
grassland, with both water bodies and unutilized land accounting for less
than 1%. The central region was mostly construction land, while grasslands
were primarily located in the western region of Guizhou Province (Fig. 3).
All land use types showed a decreasing trend except for construction land
and water bodies from 2000 to 2023 (Table 4). The areas of forest, water
bodies, and construction land increased by 1397.70, 280.03, and 641.11 km?
from 2000 to 2013, respectively; while farmland, grassland, and unutilized

Spatio-temporal distribution of SC
The mean SC values in 2000, 2013, and 2023 were 0.19, 0.23, and 0.26,
respectively, showing an increasing trend and significant spatial hetero-
geneity, with generally higher values in the southern regions compared to
the northern and northwestern regions of Guizhou Province (Fig. 5). In
2000, high-value SC areas were primarily distributed in the southern part,
particularly in Qianxinan, Qiannan, and Qiandongnan, while the low-value
areas were mostly located in Bijie, Zunyi, Tongren, and Guiyang in 2000,
and by 2013, the regions with low SC had improved (Fig. 6). By 2023, high-
value SC areas had expanded, mainly in Qianxinan, Qiannan, Liupanshui,
Anshun, and Bijie, while low-value SC areas were primarily found in
Guiyang, Zunyi, Tongren, and Qiandongnan. Overall, the spatial distribu-
tion of SC varied over time. Although Zunyi, Tongren, and Guiyang had
improved SC, they remained in low-value SC areas.

Forests had the highest mean SC values in 2000 and 2013, with values
of 0.20 and 0.24, respectively. In 2023, the mean SC value of forests (0.26)
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Table 5 | Transfer matrix of land uses in Guizhou province from 2000 to 2013

2013 Construction land Farmland Forest Grassland Unutilized Water bodies
2000
Construction land 266.45 162.94 132.82 71.51 0 5.09
Farmland 476.89 21660.55 20223.33 6763.58 3.43 187.13
Forest 325.16 19980.84 65187.80 7588.78 7.34 253.52
Grassland 205.03 7261.38 9055.80 15018.52 6.46 107.57
Unutilized 0.77 6.74 15.80 8.84 5.83 0
Water bodies 5.62 80.89 125.59 61.20 0 108.87
Table 6 | Transfer matrix of land uses in Guizhou province from 2013 to 2023

2023 Construction land Farmland Forest Grassland Unutilized Water bodies
2013
Construction land 835.62 161.40 187.80 80.91 0.62 13.58
Farmland 3294.65 19313.83 19185.74 7084.88 4.94 269.29
Forest 2642.33 19268.74 62861.07 9492.95 9.97 466.07
Grassland 1348.97 6255.48 8492.21 13221.03 7.55 187.19
Unutilized 2.50 1.78 10.71 2.28 5.28 0.50
Water bodies 27.52 126.50 224.55 93.07 0 190.55
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Fig. 5 | Spatial distribution of SC in Guizhou province. a 2000, b 2013, ¢ 2023.
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Fig. 6 | The mean SC values of different cities in Guizhou Province in 2000, 2013,
and 2023. Bar chart of mean SC values for nine cities in Guizhou Province.

was second only to that of grasslands (0.27). Construction land had the
lowest mean SC values during the 2000-2023 period in Guizhou province
(Fig. 7a). The combined SC of grasslands and forests accounted for 73% of
the total SC of all land uses. However, the total SC of water bodies, con-
struction land, and unutilized land each accounted for less than 1% of the
total SC in Guizhou province. It is evident that forests and grasslands are the
main contributors to soil conservation.

As the slope increased, the total SC showed a trend of decreasing first,
then increasing, and finally decreasing, while the mean SC showed the
opposite trend of increasing first, then decreasing, and finally increasing
(Fig. 7b). The total SC peaked at a slope of 8-15° (160028.25), while the
mean SC was highest between 5 and 8° (0.27). The total SC first increased
and then decreased with altitude, reaching the highest value in the
500-1000 m altitude region (1968.30) (Fig. 7c). The mean SC did not vary
significantly with altitude and was lowest at altitudes above 2000 m (0.19).

In Guizhou Province, both the mean and total SC initially increased
and then decreased with increasing precipitation (Fig. 7d). The mean SC was
highest in the 1100-1200 mm range of precipitation (0.27), while the total
SC peaked at 268,283.83 in the 1000-1100 mm range. Taking the
1100-1200 mm precipitation interval as the threshold, the total SC in 2000
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Fig. 7 | SC under different environmental conditions in 2000, 2013, and 2023. a Land use type, b Slope, ¢ Altitude, d Precipitation, e Degree of karst rocky desertification.

was lower than that in other years below this threshold, but higher than that
in other years above this threshold.

The trends of mean and total SC were consistent: as the degree
of rocky desertification deepened, both showed a trend of decreasing
first, then increasing, and finally decreasing (Fig. 7e). The mean and
total SC were the highest in non-karst rocky desertification (NKRD)
areas at 0.27 and 358526.35, respectively; while they were the lowest
in severe karst rocky desertification (SKRD) areas, both being 0.
However, the mean SC in light karst rocky desertification (LKRD)
(0.22) was higher than that in potential karst rocky desertification
(PKRD) (0.17). In terms of temporal changes, the mean SC for all
degrees of rocky desertification during the period 2000-2023 showed
an increasing trend. However, the total SC of PKRD and LKRD areas
in 2023 was lower than that in 2000 and 2013.

Hotspots and coldspots of SC
The statistically significant hotspots and coldspots at different confidence
levels are presented in Fig. 8. From 2000 to 2023, SC hotspots were pre-
dominantly distributed in the southern regions of Guizhou Province,
whereas coldspots were concentrated in the northern and northwestern
regions (Fig. 8). In 2000, SC hotspots clustered in Qianxinan, southern
Qiannan, and southern Qiandongnan, while coldspots were mainly located
in northwestern Zunyi, Tongren, and western Bijie. By 2013, the hotspot
coverage in Qiandongnan exhibited a discernible contraction, whereas the
coldspot areas in the north expanded toward the northeast (Fig. 8b). In 2023,
the southern hotspots shrank further, accompanied by a marked expansion
of northern coldspots.

The statistically significant hotspots of SC accounted for 23.49, 23.02,
and 23.75% of Guizhou Province’s total area in 2000, 2013, and 2023,
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Fig. 8 | Hot and cold spot analysis of SC in Guiz-
hou Province. a 2000, b 2013, ¢ 2023.

I Cold Spot - 99% Confidence
[ Cold Spot - 95% Confidence
Cold Spot - 90% Confidence
Not Significant
Hot Spot -90% Confidence
I Hot Spot -95% Confidence
I Hot Spot -99% Confidence

Table 7 | Statistics on the hotspots and coldspots of SC in Guizhou Province

2000 2013 2023
Mean SC value Area percentage (%) Mean SC value Area percentage (%) Mean SC value Area percentage (%)
Cold spots-99% 0.12 13.43 0.15 11.92 0.17 12.47
Cold spots-95% 0.15 7.91 0.18 8.29 0.20 8.98
Cold spots-90% 0.16 4.81 0.19 5.36 0.21 5.54
Not significant 0.19 50.65 0.23 51.41 0.25 49.26
Hot spots-90% 0.23 3.20 0.27 2.63 0.29 2.81
Hot spots-95% 0.24 5.16 0.28 4.37 0.30 4.86
Hot spots-99% 0.27 14.83 0.32 16.02 0.35 16.08

Table 8| Changes in SC under different ERPs during 2000-2023

ERPs  2000-2013 2013-2023
Area Mean Sum Area Mean  Sum
(km?) (km?)
CFTC  476.89 -0.00151  -7.87 3290.65 0.01 345.71
RFTF 20223.33  0.04 9135.25 19184.74  0.02 3631.16
RFTG  6763.58 0.04 3175.81  7084.88 0.03 2268.13
RFTU  3.43 0.03 1.27 4.94 0.02 0.87
RFTW  187.13 0.01 18.72 269.07 0.04 107.26
CGTF  9055.80 0.04 4470.87  8491.21 0.02 2216.11

RFTF returning farmland to forest, RFTG returning farmland to grassland, CFTC converting farmland
to construction land, RFTW returning farmland to water bodies, RFTU returning farmland to
unutilized land, CGTF converting grassland to forest.

respectively (Table 7); the corresponding area proportions of coldspots
stood at 26.15,25.57, and 26.99% over the same period. The annual mean SC
values of the hotspots were in the ranges of 0.23-0.27, 0.27-0.32, and

0.29-0.35 in 2000, 2013, and 2023, while those of the coldspots were
0.12-0.16, 0.15-0.19, and 0.17-0.21, respectively. The above results indicate
that the hotspots exhibit the highest SC capacity.

Changes in SC under different ERPs

Based on the analysis results of land use type transfer, six ERP types were
selected to explore the changes in SC under different ERPs in Guizhou
province during 2000-2023 (Table 8). Returning farmland to forest (RFTF)
was the primary driver of the increase in total SC, significantly surpassing
other ERPs. The increase in SC attributed to RFTF accounted for
approximately 42.3-54.37% of the total increase. This was then followed by
converting grassland to forest (CGTF) and returning farmland to grassland
(RFTG), which together accounted for approximately 45.51-52.33% of the
total increase. Converting farmland to construction land (CFTC) resulted in
a slight reduction in mean and total SC between 2000 and 2013 (—0.00151,
—7.87), and an increase in the total SC (345.71) from 2013 to 2023.
Returning farmland to water bodies (RETW) showed a significant increase
in mean and total SC from 2013 to 2023 (0.04, 107.26). However, the
increases in SC from RFTF, RFTG, returning farmland to unutilized land
(RFTU), and CGTF were lower than those in the 2000-2013 period.
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Quantitative identification of dominant factors for SC

To clarify the driving mechanisms of SC in Guizhou Province, this study
employed the Geographical Detector model and its Factor Detector module to
quantitatively identify the dominant factors influencing the spatial distribu-
tion of SC (Fig. 9). In 2000, precipitation was the dominant factor explaining
the spatial distribution of SC (g = 0.121), with slope (q = 0.047) and soil types
(g = 0.039) ranking as the second and third dominant factors, respectively. In
2013, the slope exhibited the highest explanatory power (gq=0.060), while
fractional vegetation coverage (FVC) (q = 0.040) and the nighttime light index
(NLI) (9 =10.037) ranked as the second and third dominant factors, respec-
tively. In 2023, soil types exhibited the strongest explanatory power
(q=0.067), slope (q=0.060), and FVC (g=0.031) ranked the second and
third dominant factors, respectively. These results indicate that the dominant
factors of SC in Guizhou Province exhibited distinct temporal differences.

Discussion
The surrogate biophysical model adopted in this study was used to assess the
relative capacity of SC in the study area and was mainly intended to reveal
the relative spatiotemporal ranking of SC supply capacity. Given that the
model outputs are dimensionless relative values, this study conducted
consistency and reasonableness analysis by comparing the results of the
surrogate biophysical method with those of relevant studies using the
RUSLE model, focusing on the consistency of spatiotemporal patterns of SC.
Niu and Shao™, Qiu et al.**, Peng et al.”, and Fang et al.”’. employed the
RUSLE model to analyze the spatial distribution of SC and soil erosion in
Guizhou province. They found that the SC capacity of Guizhou Province
showed an increasing trend, and it was greater in the southern region
compared with the northern and western regions, while soil erosion was
more pronounced in the western region. These findings are similar to the
spatial distribution pattern of SC derived from the surrogate model based on
NPP in this study (Fig. 5). Based on the available evidence, the surrogate
biophysical method developed in this study appears ecologically meaningful
and operationally feasible, and has the potential to support rapid quanti-
tative assessment and monitoring of ecosystems at large spatial scales.
Previous studies have demonstrated that increasing vegetation cover-
age can be an effective measure for enhancing SC services in karst areas'**’.
In this study, results showed that the strongest SC area in Guizhou Province
is situated in the southern region, which is primarily composed of non-karst
terrains and elevated depressions, harboring forest ecosystems with mini-
mal human disturbance and a relatively pristine ecological environment.
Consequently, the southern part of Guizhou province exhibits higher SC
compared to other areas. Conversely, the weakest SC area was found in the
northern and western parts, characterized by their karstic canyons and
plateaus with significant soil erosion issues. Our study found that the SC
capacity of forests was highest among all land use types. This confirms that
the capacity of SC is influenced by the type of vegetation and the amount of

vegetation cover, and will consequently change with the age of the ecosystem
and the environmental factors present™.

We found that the 8-15° slope region in Guizhou province had a
greater SC capacity compared with steep-slope areas, with SC decreasing
steadily as slope steepness increased (Fig. 7); this aligns with the results
reported by Zhu et al.*, Wang et al.”, and Xiao et al.”’. Because slope is a
fundamental factor determining runoff washout capacity, a gentler slope
results in a reduced runoff flow rate and increased SC capacity”’. Our study
found that the SC capacity was strongest at 500-1000 m altitude and
decreased as altitude increased (Fig. 7), which is consistent with the results of
Rao et al” and An et al.”’. Under high-elevation, fragile environmental
conditions, soil erosion is severe due to the interaction of increased pre-
cipitation and low vegetation cover, resulting in a decline in SC capacity®**’.
The high-altitude areas on the Guizhou Plateau are dominated by karst
mountains and plateau surfaces, characterized by a fragile ecological
environment and severe soil erosion. In addition, overgrazing of grasslands
in this region leads to a low vegetation coverage rate, which is the primary
cause for the decline in SC capacity. The average annual precipitation in
Guizhou Province shows similar spatial distribution characteristics to SC
(Figs. 5 and 10). The study revealed that SC first increased and then gra-
dually decreased with increasing precipitation (Fig. 7), aligning with the
conclusions drawn by Niu and Shao™. The SC capacity declined when
precipitation was less than 1000 mm. This is probably because lower pre-
cipitation increased soil moisture stress, which is not conducive to vegeta-
tion growth and therefore hinders the improvement of SC capacity, while
excessive precipitation can exacerbate surface erosion caused by runoff™.
During the study period, the status of rocky desertification in Guizhou
Province has undergone a continuous improvement (Fig. 10). Previous
research has demonstrated that the higher the degree of rocky desertification
in an area, the higher the rate of soil erosion™. Surprisingly, the SC in LKRD
was found to be higher than that in PKRD in this study (Fig. 7). We
hypothesize that the reason for this difference could be attributed to the
prevalence of wastelands and sloping cultivated lands in PKRD, which
experience significant soil erosion, compared to LKRD, where soil erosion is
minimal. This highlights the need to prioritize management efforts in
PKRD, including initiatives like slope conversion and afforestation.

Ecological engineering has had a notable impact on regional ecology by
altering land use, resulting in changes in vegetation cover, decreased soil
erosion, and substantial enhancements in soil carbon storage“’“. In this
study, SC was enhanced from 2000 to 2023 through various ecological
restoration measures, which aligns with the results of Zhang et al.” and Tan
et al.". Results showed that the main measures varied during different time
periods, and the primary contributors to SC improvement in Guizhou
province were ecological restoration measures involving RFTF from 2000 to
2023 (Table 8), which is consistent with the findings of Qiu et al.**. It has also
been proposed that the introduction of the Grain for Green Program
(GFGP) in Southwest China in 2000 has expanded forest cover, which
boosted vegetation coverage and regional environmental conditions,
thereby enhancing SC capacity”. Besides, further analysis of changes in
mean SC values across various ecological measures revealed that the highest
mean SC improvement was observed in the RFTW from 2013 to 2023
(Table 8). The construction of numerous hydropower stations in Guizhou
province following the West-East Electricity Transmission Project hasled to
a substantial expansion of its water area, contributing significantly to the
increase in SC capacity””. This is further verified by the findings of this study.

Earlier studies have indicated that implementing ecological projects
facilitates rural-urban labor migration”', which could potentially mitigate
the adverse effects of population growth on ecological restoration. Never-
theless, the process of urbanization can contribute to environmental pol-
lution and the excessive and unsustainable use of natural resources’”””*. The
conversion of farmland to construction land between 2000 and 2013 led to a
decrease in SC (Table 8). This highlights the negative effects of urbanization.
Therefore, it is necessary to take measures to balance the relationship
between urbanization and soil conservation. Specifically, this involves
optimizing the territorial spatial pattern of land use and protection based on
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the spatial pattern of SC, thereby minimizing the encroachment of urba-
nization on areas with high SC capacity. For regions already subjected to
urbanization-induced disturbances, ecological restoration measures such as
ecological slope protection and vegetation reconstruction should be adopted
to enhance the resilience of SC services. In addition, priority should be given
to the development of low-disturbance industries such as ecotourism to
reduce excessive dependence on the ecosystem. This study also discovered
that the overall improvement in SC under various ecological restoration
methods in the later period was not as effective as that in the earlier period.
This was primarily due to the introduction of the “compensation balance for
agricultural land acquisition” (RCBF) policy”. This initiative has caused a
notable conversion of ecological land (forests, grasslands, and water bodies)

to farmland, leading to a substantial reduction in SC. This reduction largely
offsets the benefits gained from other ecological restoration efforts.
Although ecological restoration policies have achieved remarkable results
in promoting vegetation growth and enhancing SC in karst regions, it is
inadvisable to focus solely on increasing forest and grassland coverage. This
research discovered that forests have the highest SC capacity, but simply
focusing on SC capacity within one type of land use is insufficient, and in-depth
analyses of SC capacity changes during the conversion between different land
use types are needed to propose suitable restoration strategies that align with the
specific ecological requirements and geographical features of the region. This
study found that the RFTW measure can effectively improve SC in karst areas.
It suggests focusing on transforming farmland into water bodies rather than
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solely returning farmland to grasslands and forests. This forms the foundation
for tailoring land use policies to specific local conditions. However, the karst
landform induces a scarcity of surface water, which further exacerbates the issue
of engineering water shortages. Coupled with the seasonal variability of pre-
cipitation, these factors impose constraints stemming from insufficient water
supply on the RFETW Project. Meanwhile, the implementation of this project
may lead to the loss of agricultural land and disturbances to hydrological
processes, specifically characterized by altered runoff patterns and imbalanced
groundwater recharge dynamics. To address these challenges, a comprehensive
strategy should be adopted, such as improving water-saving infrastructure,
optimizing water resource allocation, and establishing a balanced ecological
compensation mechanism to coordinate the relationship between ecological
restoration and socio-economic development in karst areas.

The results demonstrate that the dominant driving factors of SC in
Guizhou Province exhibited temporal variation over the period 2000-2023.
During the study period, slope consistently ranked among the top two
dominant factors, which is highly consistent with the provincial regional
background with its extensive karst landforms and significant topographic
relief. Slope directly affects the scouring intensity of surface runoft and the
rate of soil erosion, acting as an inherent and fundamental restrictive factor
for the spatial differentiation of SC in karst areas*”*. FVC was not a core
driving factor in 2000 but emerged as one in 2013 and 2023. This shift may
be linked to the advancement of karst desertification control, ecological
restoration, and other related projects in Guizhou Province. Vegetation
coverage has been continuously improved (Fig. 10), and FVChas become an
important regulatory driving factor for SC. In addition, the nighttime light
index (NLI) became the third dominant factor in 2013, indicating that
human disturbance activities such as urbanization and agricultural pro-
duction exerted a significant influence on the spatial distribution of SC
during this period. On the other hand, soil types emerged as the primary
factor in 2023, which may be attributed to the phased regulation of climatic
and topographic factors and the sustained improvement in vegetation
coverage, leading to the increasingly prominent effects of soil attributes
(including soil texture, erosion resistance, and soil layer thickness) on SC*.
In summary, the evolution of the driving mechanisms for SC in Guizhou
Province is not only affected by the phased characteristics of regional natural
environmental factors but also closely associated with the spatiotemporal
changes in ecological governance and the intensity of human activities.

This study takes Guizhou Province as the research object to explore the
impact of ecological restoration projects on the spatio-temporal evolution of
SC service, which has significant guiding significance for the formulation
and adjustment of ecological restoration policies in karst desertification
areas. However, the current research area is limited to Guizhou Province,
which, to some extent, restricts the application scope of the research results.
In the future, the research scope needs to be expanded to explore the spatio-
temporal evolution pattern of SC services across the entire karst areas of
southern China. Although the surrogate biophysical model can rapidly
characterize the spatiotemporal pattern of SC across Guizhou Province, its
oversimplification of biological mechanisms, inadequate consideration of
unique karst habitats, and inherent uncertainty in key parameters may lead
to deviations in the results. Future research should incorporate additional
vegetation functional traits and key karst-specific parameters (e.g., karst
topographic attributes and soil properties) into the model, and simulta-
neously use long-term in-situ monitoring data to conduct model validation
and calibration, so as to improve its application accuracy and reliability in
karst regions. This study only took into account some natural factors (land
use, slope, altitude, rainfall, rocky desertification grade, and vegetation
coverage). In the future, big data should be integrated to comprehensively
consider natural and socio-economic factors and deeply explore the driving
mechanisms of the spatio-temporal evolution of SC services. Furthermore,
the current study solely examines how ecological restoration efforts affect SC
without thoroughly exploring the trade-off and synergy relationships
between the ESs it brings. In the future, we need to delve deeply into the
impact of ecological restoration measures on the spatio-temporal distribu-
tion of multiple ESs, further optimize the simulation of ecosystem service

models, and adopt a combination of qualitative and quantitative methods to
reveal the trade-off synergy and driving mechanisms among them, so as to
promote the synergistic enhancement of ecosystem services in karst areas.

In this study, the surrogate biophysical method was adopted to explore
the spatio-temporal evolution of SC in Guizhou Province. The results
indicated that the SC capacity of Guizhou Province showed an increasing
trend from 2000 to 2023. Overall, the spatial pattern of SC was high in the
southern region and low in the northwestern and northern regions. SC
hotspots were primarily spatially aggregated in Qianxinan and Qiannan,
while the coldspots were mainly distributed in the western and northern
parts of Guizhou Province. Forests exhibited the highest mean SC values
(0.20-0.26). The SC capacity in the LKRD area (0.22) was higher than that in
the PKRD area (0.17). RFTF, RFTG, and CGTF were identified as the most
effective measures for enhancing SC, contributing to over 94% of the overall
improvement in SC capacity. In addition, we found that RETW became
increasingly effective in enhancing SC from 2013 to 2023, with an
improvement of 0.04 compared with the previous period (0.01). We there-
fore conclude that RFTW is a potent strategy for further facilitating karst
desertification control. The dominant driving factors of SC exhibited tem-
poral variability, with precipitation, slope, and soil types serving as the key
dominant factors of SC in Guizhou Province throughout the study period.
Furthermore, it is essential to comprehensively consider the SC capacity
under different environmental conditions, to identify and address existing
gaps based on this analysis, so as to further clarify the suitability of land use
allocation in karst areas. This study quantified the effectiveness of ERPs in
karst areas and provided novel optimization directions for karst desertifi-
cation control. The soil conservation hotspots and priority areas identified in
this study cover the entire territory of Guizhou Province, including its karst
World Heritage sites. These findings allow for the spatially explicit identi-
fication of ecologically critical and vulnerable zones within the heritage sites,
providing a scientific basis for ecological restoration, soil and water con-
servation, and coordinated conservation management. This contributes to
maintaining the integrity and authenticity of heritage values while advancing
the sustainable development of the regional ecology.
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