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Abstract: Clarifying the spatio-temporal patterns of ecosystem services trade-off /synergy relation-
ships (ESTSs) and their attribution in the Yellow River Basin is crucial to constructing ecological
civilization in China. This study first analyzed the spatio-temporal change of ecosystem services
(ESs) including the water yield, soil conservation, carbon sequestration, and habitat quality in the
Yellow River Basin during 2000-2020 based on the InVEST and RUSLE models. Then, the spatial
autocorrelation methods were used to quantify the spatio-temporal differentiation of ESTSs, and the
Geo-detector method was employed to identify the contributions of driving factors associated with
the natural, social-economic, and regional policy aspects of the ESTSs. Finally, the random forest and
analysis of variance methods were used to validate the reasonability of major driving factors obtained
by the Geo-detector. The main findings include: (1) In 2000-2020, water yield, soil conservation,
and habitat quality increased, and carbon sequestration decreased. The ESs had a spatial pattern of
high in the east and low in the west. (2) Overall, there were synergistic relationships between the
four Ess. In the spatial distribution of ESTSs, the expansion of the synergy zone and trade-off zone
occupied the majority. The synergy zones tended to be concentrated in the northwest and southeast
of the study area. In contrast, the trade-off zones were more scattered than the synergy zone, mainly
focused on the east-central and southwestern parts of the Yellow River Basin. (3) Geo-detector and
random forest both showed that natural factors had a strong explanatory power on ESTSs, in which
NDVlI is a key driver. Both the results of Geo-detector and the analysis of variance showed that the
interactions between natural factors exerted the most significant influence on ESTSs, followed by the
interaction between natural factors and socio-economic factors.

Keywords: ecosystem services; trade-off and synergy relationships; Yellow River Basin; geo-detector;
random forest; analysis of variance

1. Introduction

The excessive utilization of natural resources and the natural environment in the
group has increased human demand for ecosystem services (ESs) [1]. As one of the critical
components in ecosystem assessment, ESs have garnered increasing attention in ecology [2].
Because good ESs will bring more benefits to the human living environment. Some common
ESs include soil and water conservation and biodiversity maintenance. However, the
relationship among various ESs is typically defined by synergistic interactions and trade-
offs [3,4]. ES synergy is when two types of ESs change in the same direction, while the ES
trade-off is when two types of ESs change in opposite directions [5]. Therefore, clarifying the
trade-off /synergy relationships between the different ESs as well as further detecting their
driving factors help promote ecological civilization construction and attain a “win-win”
situation between business growth and ecological preservation [6].
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As the second-largest river in China, the Yellow River is one of China’s mother rivers,
and the ecosystem environment of the basin is of great significance to China’s economic,
social, and cultural development. In recent years, the Chinese government has introduced
a series of ecological protection policies and measures, such as ecological protection and
high-quality development of the Yellow River Basin, ecological return of farmland, and
ecological compensation mechanisms, to protect and restore ecosystems and achieve the
goal of ecological civilization construction. The value and contribution of ecosystems
to human beings can be quantified and evaluated by studying the ecosystem services
in the Yellow River Basin. In addition, decision-making support and reference for the
government and all sectors of society can be provided, and a scientific basis for formulating
effective conservation and restoration measures can be established. At the same time,
research on ESs and ESTSs can help promote the construction of ecological civilization,
improve people’s awareness of the ecological environment and protection, and promote
sustainable development.

Most of the studies on ecosystem services trade-off/synergy relationships (ESTSs)
mainly focused on their measurement, spatio-temporal pattern, and driving factors [7-9].
The spatial scale effect has also been focused on in more studies [10]. It covered the
different administrative units, such as provinces, cities, and counties, as well as urban
agglomerations, economic zones (belts), agro-pastoral interlaced belts, nature reserves,
ecologically fragile areas [11,12], and various geomorphological unit areas (e.g., plateau,
mountain, plain, basin, etc.) [13-18]. Among them, the Yangtze River [19], the Guangdong
region [20], the Three Gorges Reservoir Area mountains [21] are some of the most studied
areas in China. The research methods mainly included (1) identification and measurement
approaches like root mean square deviation [22], correlation coefficient [23], multi-scenario
simulation [24], and Karst M-by-pixel partial correlation analysis [25]; (2) spatio-temporal
pattern analysis methods such as spatial autocorrelation analysis, hot spot detection, spatial
clustering, and natural break point ranking [26-28]; and (3) driving factor analysis methods
such as multiple regression, principal component analysis, Geo-detector, and analysis of
variance [11,29,30].

Some of the relevant studies are briefly listed as follows: Zhu et al. explored the ESTSs
in the ecologically fragile region of the Tibetan Plateau by using correlation analysis [31],
and the results showed that the three ecosystem services on the Tibetan Plateau had different
trends in time and space. There is a significant synergistic relationship between the ESs,
and the synergy relationship also changes with the change of time and space. Mina et al.
combined Spearman’s rank correlation method and scenario simulation method to explore
the ESs and ESTSs in European alpine woodlands. The impacts of climate change on the
multiple ES offerings were found to be highly heterogeneous and dependent on region,
location, and future climate [32]. Wang et al. employed correlation analysis to analyze
the ESTSs in the Shiyang River Basin according to the INVEST model. It is concluded that
ESs generally show a trend of “overall increase-local decrease”, and the ESTSs have the
characteristics of regional dependence [33]. Li et al. quantified the values of ESTSs in the
Xin’an River Basin using the methods of ES change index and spatial autocorrelation during
1999-2019. The systematic implementation of ecological compensation has strengthened
the ecological protection effect and status of rivers and lakes [27]. Tian et al., based on the
Spearman rank correlation method, analyzed the ESs and ESTSs in the southwest karst
region of China, based on the Yangtze and Yellow River. By coupling SWAT and CASA
models, it is concluded that an increase in water yield can promote the improvement of soil
erosion. The increase in NPP is conducive to reducing water yield and increasing soil and
water conservation [25]. Fang et al., respectively, used correlation analysis and constraint
lines to evaluate the ESs and ESTSs components and their constraint effects. In the Yangtze
River Basin, there is a hump-type constraint between NPP and water yield services and
soil conservation services, and a convex wave constraint between NPP and water yield.
What’s more, precipitation and temperature play an important role in various ecological
processes [34]. According to the scale association characteristics of ESs, the correlation
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between the same services varies according to the spatial scale, and the influencing factors
of ESs and ESTSs vary from region to region [35]. Most of the current research on ESs is
focused on medium-sized scales such as cities and river basins [36], while there is a scarcity
of comprehensive research on the spatio-temporal variances of ESTSs and their determining
elements on a more elaborate scale of administrative units, such as at the county level,
particularly in a larger study area such as the Yellow River Basin. For the study of impact
factors, most studies adopted one method, while two types of methods were used to verify
the results of the main driving factors.

Therefore, this study initially systematically examined the spatio-temporal differentia-
tion of the ESs and ESTSs of the Yellow River Basin during 2000-2020 using the simulation
results of the InNVEST and RUSLE models, combined with the multi-source datasets of
remote sensing images, site monitoring, socio-economic statistics, and the spatial autocorre-
lation analysis method. Then, the contribution of driving factors, including the main effect
of a single factor and the interactive effect of two-way factors on the ESTSs, was obtained
using the Geo-detector method. Our study aims to solve the following three questions:
firstly, what is the spatial pattern of ESs in the Yellow River Basin from 2000 to 2020? Sec-
ondly, how are the spatial trade-offs and synergies relationship between different ESs in the
Yellow River Basin? And thirdly, what are the main factors affecting the spatial distribution
of ESTSs in the Yellow River Basin? Finally, to obtain the more reasonable results, the
random forest and analysis of variance methods were used to validate the results of major
driving factors using the Geo-detector method. Section 2 presents an outline of the study
area, methodology, and datasets. The results are presented in Sections 3-5 and encompass
the discussions and conclusions, in that order.

2. Materials and Methods
2.1. The Location of the Study Area

Occupying an area of 7.95 x 10° km? with jurisdiction of 423 counties (cities, dis-
tricts, banners), the Yellow River Basin (31°15'~42°83’ N, 91°71'~120°17’ E) consists of
complex and diverse terrains with an altitude of —20~6250 m experiencing mountains,
plateaus, and plains from west to east in China (Figure 1). The climatic conditions in the
region have evolved from the arid climate in the northwest to the monsoon climate in the
east. The average annual temperature is 10.2 °C [35]. Grassland, woodland, and arable
land are widely distributed in the basin [36]. By the end of 2020, the Yellow River Basin
had a total population of 420 million, and a regional annual GDP of 2.39 billion yuan.
The basin is abundant in water, energy, coal mines, and other resources. It forms a vital
component of China’s “two screens and three belts” ecological security strategic frame-
work, playing an essential role in the integrated advancement of the regional economy
and ecological equilibrium. The eastern part of the Yellow River Basin is mainly urban
landscape and farmland landscape. With the westward movement, the landscape types
are gradually transformed into grassland landscapes, desert landscapes, and mountain
landscapes. The study of Ess and ESTSs in the Yellow River Basin under different landscape
types provides reference for the improvement of the regional ecological environment and
sustainable development.

2.2. Data

This study employed a multi-source dataset comprising remote sensing images, mete-
orological data, soil data, topographic data, and socio-economic data collected between
2000 and 2020 (Table 1). Notably, the Landsat-OLI and Landsat-TM images were pre-
dominantly sourced from the Geo-spatial Data Cloud Platform (http://www.gscloud.cn/,
accessed on 8§ May 2021), featuring a spatial resolution of 30 m. Based on the classification
system of the dynamic remote sensing survey database of national basic resources and
environmental background, the land use types were classified into six categories, including
cultivated land, forest land, grassland, water area, construction land, and unused land [37].
Meteorological data from meteorological stations, encompassing monthly total solar radia-
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tion, monthly sunshine duration, monthly average temperature, and monthly total rainfall,
were acquired from the China Meteorological Data Center (http://data.cma.cn/, accessed
on 11 May 2021).
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Figure 1. The Location map of the Yellow River Basin.
Table 1. Data sources.
Data Type Data Name Data Format Data Source
Geospatial Data Cloud
Remote sensing images Landsat-OLI and Landsat-TM images 30m x 30 m (https:/ /www.gscloud.cn/, accessed on
8 May 2021)
monthly total solar radiation, monthly meteorological China Meteorological Data Center
Meteorological data sunshine duration, monthly average stationg (http://data.cma.cn/, accessed on
temperature, and monthly total rainfall 11 May 2021)
. Sand, silt, clay, organic carbon, nitrogen, Chinese soil dataset (V1.1) in the World Soil
Soil data phosphorus, potassium Lkm > 1km Database (HWSD)
Geospatial Data Cloud
Topographic data DEM, slope 30m x 30 m (https:/ /www.gscloud.cn/, accessed on
8 May 2021)
“China County Economic Statistical
Yearbook”, provincial and municipal statistical
Socio-economic data Population and economic data Statistics yearbooks, and socio-economic statistical

bulletins (https://www.cnki.net/, accessed on
18 March 2022)

Soil data, which encompassed sand, silt, clay, organic carbon, nitrogen, phosphorus,
and potassium, were derived from the Chinese soil dataset (V1.1) in the World Soil Database
(HWSD). Its spatial resolution was 1 km. Terrain data, such as slope and DEM data, were
sourced from the Geospatial Data Cloud with a spatial resolution of 30 m. Socio-economic
statistical data were primarily obtained from the China Statistical Yearbook at the county
level, as well as more detailed provincial and municipal statistical yearbooks and the
socio-economic statistical bulletin.

Finally, a spatial database for ES research was constructed using the ENVI and ArcGIS
software platforms. The procedures are briefly described as follows: The above data were
first processed as a 0.5 km x 0.5 km grid. Then, the map file data were processed by
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map digitization, geometric correction, mask clipping, file format conversion, vector data
rasterization, etc. In addition, the non-digitized data were input into the attribute database.
All of the processed map data and attribute data were finally stored in the spatial database
of the ESs.

These datasets were obtained from official websites and books and thus have high
quality to help obtain more accurate results. For instance, the remote sensing data in
the Geospatial Data Cloud are from the National Public Science Data Center for Basic
Disciplines of China, affiliated with the Ministry of Science and Technology of China. The
meteorological data of the China Meteorological Data Center were produced by the China
Meteorological Administration. Soil data are from the World Soil Database (HWSD) of the
Food and Agriculture Organization of the United Nations. The China County Economic
Statistical Yearbook, including socio-economic data, is an official book published annually
by the National Bureau of Statistics of China.

2.3. Research Framework

To comprehensively investigate the current state of ESs, elucidate the trade-offs and
synergistic interactions, and unveil the driving factors behind their spatio-temporal differ-
entiation, a quantitative evaluation framework has been designed (Figure 2). Firstly, based
on the remote sensing imagery, meteorological, soil, and socio-economic statistical data,
a spatial dataset for ES research in the Yellow River Basin was established. The InVEST
model and RULSE model were employed to gauge four key ESs. Based on GeoDA, the
bivariate spatial autocorrelation analysis method was then utilized to examine the rela-
tionship between ESTSs while affirming the global Moran’s I. Subsequently, the primary
driving factors influencing the spatiotemporal distribution of ESTSs were explored through
Geo-detector, encompassing the characterization of sample points, extraction of sample
point attributes, and geographic detector assessment. Ultimately, the random forest and
ANOVA were used to validate the reasonability of the driving forces behind the ESTSs. The
findings will enable us to provide a scientific foundation for ecosystem management.
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Figure 2. Research flowcharts.
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2.4. Methods
2.4.1. Measurement of ES Functions

(1) Water yield

The InVEST model’s water yield operates by estimating the water supply for each
grid within a watershed through a comprehensive analysis of climate, topography, soil,
and vegetation characteristics. By subtracting the actual evapotranspiration per unit area,
the module yields the actual water availability for the region [38].The InVEST model was
utilized to calculate the water yield of the ESs, employing the following main formula [39]:

. 249 . 09xTI ) Ksat .
WR = min (1, Velocity) X min (1, 3) X min (1, 300) x Yield (1)

where WR represents the water conservation capacity, Velocity stands for flow velocity
coefficient, TI denotes the topographic index, and K, indicates the saturated hydraulic
conductivity of soil erosion.

(2) Soil conservation

The RUSLE model offers the capability to calculate soil conservation within individual
pixels. Its driving parameters primarily include the rainfall erosivity factor, soil erodibility
factor, slope length and steepness factor, vegetation cover, and effectiveness of soil conser-
vation measures [40]. The required data for the model encompass remote sensing imagery,
meteorological data, digital elevation models (DEMs), as well as vegetation and soil type
information. The RUSLE model was employed to estimate the soil conservation of the ESs,
mainly relying on the following formula [41]:

Ac=RxKxLxSx(1-C—P) )

where Ac and R represent the soil conservation capacity and precipitation erosion factor,
respectively. S stands for slope factor. K denotes the soil erosion factor. C and P represent
vegetation cover and water and soil conservation. L denotes the slope length factor.

(3) Carbon sequestration

In terms of carbon storage, the INVEST model employs data regarding different land
use types and corresponding carbon pool densities to assess carbon storage across various
time periods and land categories [38]. The carbon sequestration was acquired by the
InVEST model, which is estimated by the four basic carbon pools: aboveground biomass,
underground biomass, soil, and dead organic matter [35,42]:

Crotalx = (Cabovex + Chetowx + Csoitx + Cdeudx) X Ay 3)

where Cyy, refers to the total carbon density (t/ hm?) for the xth type of LULC, Cappex
is the biogenic carbon density above ground (t/ hm? for the xth type of LULC, Cpelowx
represents the underground biocarbon density (t/hm?) for the xth type of LULC, Cyyx
denotes the soil carbon density (t/ hm?) for the xth type of LULC, Cjgq4y represents the dead
organic matter (t/hm?) for the xth type of LULC, while Ay is the area (hm?) for the xth type
of LULC.

(4) Habitat quality

The habitat module of the INVEST model evaluates habitat quality based on land
use information and the presence of stressors impacting biodiversity. By considering
different land use types as representative of specific ecosystem types or human-induced
disturbance factors, the model effectively captures and evaluates the spatial distribution of
habitat quality, taking into account the suitability of each ecosystem type for supporting
plant and animal life, as well as the intensity of threats posed by human disturbances [38].
The InVEST model can effectively combine regional land cover with biodiversity threat
factors [43,44]:
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(4)

D7,
Qpq = Hy |1 - D2, + L2
where Dy, indicates the threat level of p in land-use type g, H; indicates the ecological

suitability of g, and L denotes the constant. The habitat quality [0-1] is categorized into five
grades using the equal interval classification method. Higher grade values indicate a better

Qpq [43,44].

2.4.2. Measurement of ESTSs

The GeoDA software was utilized to assess the degree of association and spatial
distribution characteristics of ESs. The corresponding formula is below [45]:

L X XXX

I <2
Yty K ;| X = X

(5)

where I stands for Moran’s I and  indicates the total of spatial units. X; and X; represents
the characteristic attribute value of the spatial units i and j. Moran’s I > 0 represents the
synergistic between ESs, and the greater the value, the more powerful the synergy effect;
Moran’s I < 0 represents the trade-off between ESs, and the smaller the value, the more
powerful the trade-off effect; Moran’s I = 0 represents the randomness between ESs.

The bivariate local spatial autocorrelation is measured as follows [28]:

where I} is local bivariate Moran’s I, n denotes the total number of grid cells, w;; represents
a spatial weight matrix that measures the correlation between grid cells of i and j, and
Z!and Z{ represent the normalized values. The local bivariate Moran’s I was visualized by
generating a cluster plot. Finally, both high—high and low-low agglomerations indicate
the synergy relationship, while both high-low and low-high agglomerations indicate the
trade-off relationship.

2.4.3. Evaluations of the Driving Factors of ESTSs

(1) Selection of driving factors

ESTSs are influenced by a combination of natural, socio-economic, and regional policy
factors. Based on data availability, 14 indicators were selected to represent the ESTSs
(Table 2). Among them, the natural environment covers the terrain conditions of altitude
elevation and slope, the climatic conditions of temperature and precipitation, and the
NDVI vegetation cover conditions. In terms of the social economy, the population size
is represented by the total population and urbanization rate, and the economic level is
characterized by the GDDP, social fixed asset investment, grain yield, the proportion of
industrial and service industries, urban per capita income, and rural per capita income. In
terms of regional policy, the ecological conversion area is selected to represent the factors
of ecological policy.

(2) Evaluations of the driving factors

Geo-detector serves to identify spatial variations in geographic phenomena and un-
cover the underlying drivers behind them [46]. The method consists of four parts: risk
detection, factor detection, ecological detection, and interaction detection. It possesses an
edge over conventional statistical techniques, such as multiple linear regression and prin-
cipal component analysis, by enabling the measurement of the unique effects of multiple
factors and their interactions across various spatial scales [47].The main driving factors on
ESTSs were first identified by the factor detection module in Geo-detector, and then the
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interaction effect between the driving factors was evaluated to screen the main two-way
interactive effect by the interaction detection module of the Geo-detector.

Table 2. Explanatory variables of ESTS.

Driving Factors

Impact Factors

Variable Interpretation

DEM data for each regional unit is obtained

X1 Elevation at altitude
Topographic based on ArcGIS/m
conditions X Slope The average slope of each geographical unit
2 P is extracted based on each DEM data/°
The average temperature of each
X3 Average annual temperature geographical unit is obtained based on
Natural factors ArcGIS spatial interpolation/°C
Climatic conditions .
The average annual precipitation of each
X4 Average annual precipitation geographical unit is obtained based on
ArcGIS spatial interpolation/mm
The vegetation index of each geographical
Vegetation cover X5 NDVI unit is obtained based on ArcGIS
spatial interpolation
Xe Population Total population by region/person
Population size : —aori :
P X Urbanization rate Proportlon of non agr.lcultural Popuolatlon
in urban population by region/%
Xs GDP GDP per region/yuan
e . The amount of social fixed asset investment
Xo Social fixed asset investment . . .
in various regions/10,000 yuan
Socio-economic - - - - -
factors X10 Grain production Grain production per region/ton
Economic level Xy The proportion of secondary Ratio output value of secondary and
and tertiary industries tertiary industries GDP in each region
X Per capita disposable income Per capita disposable income of urban
12 of urban residents residents/yuan
X Per capita disposable income Per capita disposable income of peasant
13 of peasant residents residents in each region/yuan
Regional Ecological polic X Ecological conversion Conversion of cultivated land to other uses
policy factor gical poucy 14 Area in each region /km?

The statistics of the contribution of a single driving factor are described below [48].

]. L 2

Here, the g [0-1] value denotes the contributions of the driving factors to ESTSs. The
higher g corresponds to the greater influence of the independent variable X (driving factor X).
02 is the variance of the evaluation unit. N indicates the quantity of units. 1, meanwhile,
represents the quantity of clusters of driving factors, while N denotes the total of counties,
and 07 denotes the variance of Ess for each spatial unit.

The Interaction detection module of the Geo-detector was employed to assess the
interaction effects between driving factors, including nonlinear weakening, single-factor
nonlinear weakening, two-factor enhancement, independent enhancement, and nonlinear
enhancement.

The random forest and analysis of variance methods were adopted to verify the
reasonableness of the driving factor results. Specifically, the relative importance of each
driving factor to the ESTSs was measured by a random forest machine learning model. The
interactive effect between two driving factors was measured by an analysis of variance
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2000
a.Water yield

d.Soil conservation

model. The random forest model, a classification tree-based algorithm, enhances the pre-
dictive accuracy of the model by aggregating numerous classification trees [49]. This model
represents a novel alternative to traditional machine learning methods like neural networks,
particularly when handling extensive datasets. Random forests can be employed for both
classification and regression tasks. In our study, the random forest model incorporated
the 14 driver factors as input variables, while the classified ESETs served as the output
variables. Selecting a sample size of 486, the factor score ranged from 0 to 100, wherein a
higher score denoted greater significance of the factor. To assess the interrelation between
two independent and dependent variables, the ANOVA method was implemented [50]. In
this analysis, the 14 factors and their 91 interactions were used to evaluate the impact of
these interaction values on ESTSs. The score ranged from 0 to 1, where a higher factor score
indicated a greater degree of factor importance. The calculation principles and formulas
of the specific model are shown in the thesis [51,52]. Finally, reasonable results for the
evaluations of the driving factors were obtained by comparing the corresponding results
from these methods.

3. Results
3.1. Spatio-Temporal Variations of ESs

The spatio-temporal variations of ESs during 2000-2020 are shown in Figure 3, and
the statistics are listed in Table 3. It demonstrated that the ESs were distributed high in
the east and low in the west. During this period, the overall spatial pattern for each ES
changed faintly, while the local zone changed obviously.

N

2010 2020 A
b.Water yield c.Water yield

Water yield(mm)

g B 01600
Ay [ 1601—2900
b W) 20014100

‘ w [ 4101—s5500
I 55019700
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Figure 3. Spatio-temporal distribution of ESs during 2000-2020.

Figure 3a—c show that the water yield represented a spatial pattern with highs in the
south and lows in the northwest. The water yield volume decreased during 2000-2020 (see
Table 3). Specifically, the regions with high water yield values were mainly focused on
the southern part of the Weihe River Valley and the southeast of the Tibetan Plateau. The
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regions with low water yield values were mainly focused on the border area between the
Loess Plateau and Alashan Plateau. In addition, water yield services formed a small-scale,
low-value agglomeration area in the northwest of Qinghai.

Table 3. Average annual value of four ESs during 2000-2020.

Ess (Units)

2000-2010 2010-2020

2000 2010 2020 Variation Ratio/% Variation Ratio/%

Water yield (mm)
Soil conservation (T/hm?)
Carbon sequestration (T)
Habitat quality

3348.56 3347.20 3348.93 —1.36 —0.04 1.73 0.05
897.33 897.54 898.15 0.21 0.02 0.61 0.07
23,483.32 23,439.60 23,350.51 —43.72 -0.19 —89.09 —0.38

0.577 0.577 0.580 — — 0.001 0.52

Figure 3d—f show that soil conservation represented a gradual decrease from south
to north, and the lowest values focused on the lower reaches of the Yellow River during
2000-2020. The soil conservation volume slightly increased from 2000 to 2020 (see Table 3).
Specifically, the regions with high soil conservation values were mainly focused on the
southern part of the Weihe River Valley, while the regions with low values were mainly
focused on the junction of the Inner Mongolia Plateau, the Alashan Plateau and the Loess
Plateau, and the lower reaches of the Yellow River. In addition, soil conservation formed a
small-scale, low-value agglomeration area in the northwest of Qinghai.

Figure 3g-i show that carbon sequestration was distributed high in the southeast and
low in the northwest in the Yellow River Basin during 2000-2020. The volume continued
to decrease from 2000 to 2020 (see Table 3). Specifically, the regions with high carbon
sequestration values were mainly focused on the southeast of the Tibetan Plateau and the
southern part of the Fenwei River Valley. The regions with low carbon sequestration values
were mainly focused on the junction of the Loess Plateau, the Inner Mongolia Plateau,
and the Alashan Plateau. In addition, carbon sequestration formed small-scale, low-value
agglomeration areas in northwestern Qinghai and northwestern Sichuan.

Figure 3j-1 show that habitat quality is distributed high in the south and low in
the northwest. The habitat quality volume first decreased and then increased from
2000 to 2020 (see Table 3). Specifically, the zones with high habitat quality focused on
the southeast of the Tibetan Plateau, the Fenwei River Basin. The zones with low habitat
quality were concentrated at the junction between the Loess Plateau and the Alashan
Plateau. Additionally, it formed a small-scale, low-value agglomeration area in the north-
west of Sichuan Province.

3.2. Spatio-Temporal Differences of ESTSs
3.2.1. Global Measure of ESTSs

The overall ESTSs were assessed using the global and local Moran’s I. Based on a
3 km x 3 km geographic grid unit, the global Moran’s I for ESs was calculated by ArcGIS
and GeoDa, and Table 4 shows the results. The findings indicate that the global Moran’s I
indices were positive and statistically significant (the absolute values of Z were all larger
than 2.58, and the p values were lower than 0.01). It indicates that there were significant
synergies between these ESs.

Table 4. Global Moran’s I indices between ESs.

ESs

2000 2010 2020
Moran’sI ~ ZValue pValue Moran’sl ZValue pValue Moran’'s] Z Value p Value

Water yield—Soil conservation (WY-S) 0.440 427.527 0.001 0.440 427.611 0.001 0.440 427.351 0.001

Water yield—Carbon

: 0.483 447377 0.001 0.462 433.133 0.001 0.455 427545 0.001
sequestration (WY-C)
Water yield—Habitat quality (WY-H) 0.512 472213 0.001 0.487 453.272 0.001 0.477 445.666 0.001
Soil conservation—Carbon 0.297 295.635 0.001 0.296 295.191 0.001 0.299 297.518 0.001
sequestration (S-C)
Soil conservation—Habitat quality (S-H) 0.294 288.686 0.001 0.289 282.575 0.001 0.290 282.389 0.001
Carbon sequestration—Habitat 0.762 52991 0.001 0.748 550072 0.001 0.738 541105  0.001

quality (C-H)
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3.2.2. Spatio-Temporal Changes of ESTSs

Based on the local spatial autocorrelation analysis, the spatio-temporal variations of the
ESTSs are shown in Figures 4 and 5. Overall, more regions had significant spatial heterogeneity.

The spatial pattern changes in WY-S of ESTSs were mainly manifested as the ex-
pansion of the synergy zone and the contraction of the trade-off zone during 2000-2020
(Figures 4a—c and 6a). The synergy zones between WY-S were mainly focused on the south-
east of the Tibetan Plateau and the junction of the Inner Mongolia Plateau and the Loess
Plateau, while trade-off zones were mainly focused on the northwest Huangshui Valley,
Fenwei Valley, and the lower Yellow River Basin. Among them, the high-high synergy
zones were focused on the southeast of the Tibetan Plateau and the southern part of the
Weihe River Valley. Low—low synergy zones were focused on the junction of the Loess
Plateau and the Inner Mongolia Plateau, and the Alashan Plateau. Whereas the high-low
trade-off zone was focused on the North China Plain. The low-high trade-off zones were
scattered in the Qinghai counties of Qilian, Tianjun, and Dulan.

2010

Water yield-Habitat quality ki
0 1500

- High-High agglomeration - Low-Low agglomeration
High-Low agglomeration Not significant
Low-High agglomeration

Figure 4. The ESTSs between water yield and other ESs. (a) The ESTSs among WY-S in 2000; (b)The
ESTSs among WY-S in 2010; (c) The ESTSs among WY-S in 2020; (d) The ESTSs among WY-C in 2000;
(e) The ESTSs among WY-C in 2010; (f) The ESTSs among WY-C in 2020; (g)The ESTSs among WY-H
in 2000; (h) The ESTSs among WY-H in 2010; and (i) The ESTSs among WY-H in 2020.

The spatial pattern of WY-C of ESTSs was mainly manifested as the expansions of
the synergy and trade-off zones during 2000-2020 (Figures 4d—f and 6b). The synergistic
relationship between WY-C was mainly focused on the Fenwei Valley, the southeast of the
Tibetan Plateau, and the junction of the Inner Mongolia Plateau and the Loess Plateau. The
trade-off zones were mainly along the Huangshui Valley and the Fenhe Valley. Among
them, the high-high synergy zones were focused on the Fenwei Valley and the southeast of
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the Tibetan Plateau. The low—low synergy zone was mainly concentrated at the junction
of the Loess Plateau and the Alashan Plateau. Whereas the high-low trade-off zones
were focused on Qinghai Province and the low-high trade-off zones were sporadically
distributed in Inner Mongolia province, Gansu province, and Helan and Ningxia.

N 2000 2010 2020

(g) (h) (1)

‘*"\“; ‘ﬂ?‘
I S
;_- ..% ﬂ!.‘&'..:(x‘-,
o
Carbon sequestration-Habitat quality B Km
0 1500
- High-High agglomeration - Low-Low agglomeration
High-Low agglomeration Not significant

Low-High agglomeration

Figure 5. The ESTSs among S-C, S-H, and H-C. (a) The ESTSs among S-C in 2000; (b) The ESTSs
among S-C in 2010; (c) The ESTSs among S-C in 2020; (d) The ESTSs among S-H in 2000; (e) The
ESTSs among S-H in 2010; (f) The ESTSs among S-H in 2020; (g) The ESTSs among C-H in 2000;
(h) The ESTSs among C-H in 2010; and (i) The ESTSs among C-H in 2020.

The spatial pattern changes in WY-H of ESTSs were mainly manifested as the expan-
sions of synergy and trade-off zones during 2000-2020 (Figures 4g—i and 6¢). The synergy
zones between WY-H were mainly focused on the southeast of the Tibetan Plateau, the
Fenwei Valley, and the junction of the Inner Mongolia Plateau and the Loess Plateau. The
trade-off zones were mainly focused on the Huangshui Valley, the Fenhe Valley Basin,
and the lower reaches of the Yellow River Basin. Among them, the high-high synergy
zones were concentrated in the Fenwei Valley. The low-low synergy zones were focused
on the junctions of the Loess Plateau, the Inner Mongolia Plateau, and the Alashan Plateau.
Whereas the high-low trade-off zones were focused on the southeast of the Tibetan Plateau,
there are also a few isolated areas of high-low trade-off zones in Henan province. The
low-high trade-off zones concentrated on the eastern part of the Inner Mongolia Plateau,
Huangshui Valley in Qinghai. In addition, there was sporadic distribution in the plains of
the lower Yellow River.
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Figure 6. The percentages of ESTS areas and their changes from 2000 to 2020. (a) The percentage of
Water yield- Soil conservation ESTS area in 2000-2020; (b) The percentage of Water yield - Carbon
sequestration ESTS area in 2000-2020; (c) The percentage of Water yield- Habitat quality ESTS
area in 2000-2020; (d) The percentage of Soil conservation - Carbon sequestration ESTS area in
2000-2020; (e) The percentage of Soil conservation - Habitat quality ESTS area in 2000-2020; and
(f) The percentage of Habitat quality - Carbon sequestration ESTS area in 2000-2020.

The spatial pattern changes in S-C of ESTSs were mainly manifested as the expan-
sion of the synergy zone and the contraction of the trade-off zone during 2000-2020
(Figures 5a—c and 6d). The synergy relationships between S-C were mainly focused on
the southeast of the Tibetan Plateau, the junction of the Inner Mongolia Plateau and the
Loess Plateau, and the Fenwei Valley. The trade-off zones were mainly focused on the
Huangshui Valley and the Fenhe Valley in the northwest. Among them, the high-high
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synergy zones were focused on the southeast of the Tibetan Plateau and the Fenwei Valley.
The low-low synergy zones were mainly concentrated at the junction of the Loess Plateau
and the Alashan Plateau. Whereas the high—low trade-off zones were concentrated in the
Huangshui Valley. The low-high trade-off zones were scattered in the Fenhe Valley as well
as its surrounding counties.

The spatial pattern changes in S-H of ESTSs were mainly manifested as the con-
traction of the synergy zone and the expansion of the trade-off zone during 2000-2020
(Figures 5d—f and 6e). The synergy relationships between S-H were mainly focused on the
southeast of the Tibetan Plateau, the junction of the Inner Mongolia Plateau and the Loess
Plateau, and the Fenwei Valley. The trade-off zones were mainly focused on the Huangshui
Valley and the Fenhe Valley. Among them, the high-high synergy zones were focused on
the southeast of the Tibetan Plateau and Fenwei Valley. The low-low synergy zones were
concentrated in the junction of Loess Plateau and Alashan Plateau. A sporadic low—low
synergy zone was formed in the North China Plain. Whereas the high-low trade-off zones
were concentrated in the southwest of the Huangshui Valley, and the low-high trade-off
zones were scattered in the southeast of the Qinghai-Tibet Plateau, the Fenhe River Valley.

The spatial pattern changes in H-C of ESTSs were mainly manifested as the expansion
of synergy and trade-off zones during 20002020 (Figures 5g—i and 6f). The synergy relation-
ships between H-C were mainly distributed at the junction of the Inner Mongolia Plateau
and the Loess Plateau, and the trade-off zones were mainly distributed in Huangshui Valley.
Among them, the high-high synergy zones were focused on the southeast of the Tibetan
Plateau, and the Fenwei Valley and its surrounding areas. The low—low synergy zones were
mainly concentrated at the junction of the Loess Plateau and Alashan Plateau. Whereas the
high—low trade-off zones were focused on Huangshui Valley, the low-high trade-off zones
manifested sporadic distributions on the border between Qinghai and Sichuan provinces.

In general, the ESTSs were patterned and showed a certain spatial stability. The ESTSs
are mostly manifested as the expansion of the synergy zone and trade-off zone, followed
by the contraction of the synergy zone and trade-off zone, and a few of them showed
the contraction of the synergy zone and the expansion of the trade-off zone. The synergy
zones tended to be concentrated in the northwest and southeast of the study area, mainly
distributed in the southeast of the Qinghai-Tibet Plateau, the Fen-Wei River Valley, and the
junction of the Inner Mongolia Plateau and the Loess Plateau. While the trade-off zones
were more scattered than the synergy zone, they were mainly focused on the east-central
and southwestern parts of the study area, involving the Fen Wei River Valley and the lower
Yellow River Basin.

The southeastern part of the Tibetan Plateau and the southern part of the Weihe
River Basin are characterized by their elevated terrain, favorable climate, and abundant
precipitation, thus creating a conducive environment for water resource formation and
ensuring a high water yield within the region. Moreover, the intricate river network in
these areas, along with their rich soil cover and flourishing vegetation, further contributes
to soil conservation. Vegetation cover plays a vital role in reducing soil erosion and
facilitating water regeneration. Furthermore, dense vegetation fosters biodiversity, enabling
the accumulation of carbon sequestration and promoting habitat quality, thereby upholding
ecological balance.

In contrast, the juncture of the Loess Plateau and the Inner Mongolia Plateau, as well
as the Alashan Plateau, exhibit a different scenario. These regions are characterized by
low-lying terrain, arid climates, limited precipitation, poor soil quality, sparse vegetation,
and reduced water use efficiency. Consequently, such unfavorable conditions lead to di-
minished water yields, inadequate soil conservation, and an overall unfavorable regional
ecological environment. Thus, biodiversity growth is hindered, resulting in limited car-
bon sequestration and a compromised ecological balance, all of which contribute to the
emergence of low—low synergistic zones.

Situated between the high—high synergy zones and the low-low synergy zones, the
Fenwei River Valley and the lower reaches of the Yellow River exhibit a relatively balanced
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performance in terms of water resources, soil conservation, carbon storage, and habitat
quality. The interactions between natural conditions and human activities in these areas not
only facilitate resource utilization and development but also maintain ecological balance
and environmental stability. Therefore, the distribution of ESTSs is primarily influenced by
natural factors such as topography, climate, soil, and vegetation, coupled with the interplay
of human activities.

In total, these factors determine the health status and resource utilization potential of
ecosystems across various regions. In future endeavors concerning ecological protection
and resource management, it is imperative to adopt region-specific policies and measures,
taking into account the distinctive characteristics of each area. It helps promote the ra-
tional utilization of resources and foster sustainable development within the ecological
environment.

3.3. Driving Factors of the Spatio-Temporal Differences of ESTSs
3.3.1. Driving Factor Detection

The factor detection in Geo-detector was used to assess the influence of determining
factors on ES trade-offs (low-high trade-off zone and high-low trade-off zone, characterized
by —1 in Geo-detector) and synergies (high-high synergy zone and low-low synergy zone,
characterized by 1 in Geo-detector) as the dependent variables. The 14 indicators used as
independent variables are shown in Table 2.

The contributions of the driving factors to ESTSs during 2000-2020 are posted in
Figure 7, and the average explanatory power for each factor was obtained by averaging
its contribution ratios in all six ESTSs across three years. Finally, the factors were ranked
in terms of their explanatory abilities, as follows: X5 (0.362) > X4 (0.322) > X, (0.235) > X3
(0.179) > Xy4 (0.154) > X7 (0.146) > X; (0.125) > Xy3 (0.114) > Xg (0.100) > Xj0 (0.095) > X3
(0.094) > X1 (0.093) > X4 (0.091) > X171 (0.075).
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Figure 7. Driving factor detection results of ESTSs based on Geo-detector method in the Yellow River
Basin. The colors ranging from blue to red in the figure indicate that the explanatory power will
be increasing.
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Overall, natural driving factors (i.e., X;—Xg) were the most significant for the ESTSs,
and the highest contributions occurred in the WY-S of ESTSs. The influence of natural
factors on WY-S is particularly obvious, as derived from Figure 6. Among the natural
driving factors, NDVI (Xs5) had the strongest impact on ESTSs. The NDVI also had the
greatest impact on the enhancement of ESTSs, indicating that WY-S, WY-H, WY-C, S-H, S-C,
and H-C continue to increase as with the increase in the NDVI. Following NDVI, the other
natural factors (the average annual precipitation X4, slope X, and temperature X3) were
also important. The impacts of ecological conversion area (X14), urbanization rate (Xy),
and elevation (X;) were relatively smaller, reaching about 0.13, while the impacts of the
rest of the factors, including rural per capita income (X;3), social investment in fixed assets
grain production (Xg), grain production (Xj9), GDP (Xg), urban per capita income (Xi7),
population (Xg), and the proportion of industrial and service industries (X11), were the
lowest, accounting for about 0.10. In addition, the explanatory power of the natural driving
factors (X;—Xs) on the ESTSs remained stable during 2000-2020, and the explanatory power
of the socio-economic factors (X4—X13) and the regional policy factors (X;4) on the ESTSs
showed an upward and downward trend, respectively.

In the random forest model, the 14 driver factors were used as the input variables,
and the classified ESETs were used as the output variables. The sample size of the model
was 486. The results of the random forest analysis for the two ESTSs in each year are
shown in Figure 8. The score ranged from 0 to 100, with a higher factor score indicating
the greater importance of the factor. The three-year average score for each driving factor
ranged from 10.51 to 90.09, suggesting that the selected driving factors possess a degree of
explanatory capability for the ESTSs. The factors were ranked in terms of their explanatory
abilities as follows: X5 (90.09) > X3 (53.11) > X3 (51.72) > X; (33.37) > X4 (21.46) > X9 (21.02) >
X14 (16.71) > X4 (16.41) > X (14.69) > X1, (13.57) > Xy3 (12.79) > Xg (11.09) > X5 (10.89) >
X7 (10.51).
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Figure 8. Driving factor scores of the ESTSs based on the random forest method.

It can also be observed that the natural factors played the most crucial role in the
spatio-temporal differentiation of ESTSs, especially the NDVI score reaching 90.09. The
regional policy factor (i.e., ecological conversion area X;4) ranked second only to the natural
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factors. The socio-economic factors (i.e., X4—X13) were the least important factors for the
ESTSs. In addition, among the six ESTSs in the random forest method, WY-S was most
strongly affected by natural factors. The influence of natural factors (X;—X5) on ESTSs
remained unchanged, while the influence of socio-economic factors (X¢—Xi3) and regional
policy factors (Xj4) on ESTSs showed an upward trend. Obviously, the findings obtained
from the random forest method align closely with the factor detection in the Geo-detector
method, demonstrating the driving factor detection results’ reasonability.

In general, natural factors are the most significant factors affecting the spatio-temporal
differentiation of ESTSs, followed by the regional policy socio-economic factors. This has
been well verified by the Geo-detector and random forests, which proves the rationality of
the factor detection results. In addition, the influence of natural factors on ESTSs remained
stable from 2000 to 2020, while the influence of socio-economic factors on ESTSs showed an
upward trend, and the strongest influence of natural factors on ESTSs occurred in WY-S,
which had also been demonstrated by the two methods.

3.3.2. Interactive Effects of Driving Factors

The “Interactive detection” function of the Geo-detector was utilized to identify the
pairwise interaction of the above 14 indicators. The 91 pairwise interaction results are
shown in Figure 8, in which the abscissa represents the 91 two-way interaction combinations
consisting of X;—X14, and the ordinate indicates the q value of the ESTSs. For more explicit
expression, the top ten items with the highest q values among 91 pairwise interactions were
selected for analysis (Table 5).

Table 5 shows the interaction between various factors had double factor enhancement
and nonlinear enhancement effects on the spatio-temporal differentiation of ESTSs. Overall,
the interaction driving forces of precipitation (X4) and NDVI (X5), NDVI (X5) and urbaniza-
tion rate (X7), elevation of altitude (X;) and NDVI (X5), NDVI (X5) and urban per capita
income (Xj2), and slope (X;) and NDVI (X5) had the highest degree of influence on the
spatio-temporal differences of ESTSs, reaching about 0.47 of the g value on average. It is
also easily concluded that the interactions between natural factors (i.e., elevation Xj, slope
X, precipitation X4, and NDVI Xs5) were the most important for the ESTSs. Among them,
the contribution of NDVI was the most significant. In addition, the urbanization rate (X7)
and the urban per capita income (X;2) from socio-economic factors contributed highly to
the ESTSs. By comparing the variations in the q values of each interaction term over three
years, it was determined that the driving capability of the interaction between different
factors on ESTSs overall gradually weakened from 2000 to 2020.

The contributions of the interaction factors were evaluated by the analysis of variance
method, posted in the chord diagram (Figure 9). The finding indicated that the natural
factors (X1—Xs) had overall large interactions with other factors. For instance, the width
of X4NX5 in WY-S 2010, X,NX5 in WY-H 2000, X,NXy in S-H 2010, and X5NX3 in C-H
2000 are the highest in Figure 10, indicating that these interaction values have the largest
influence on ESTSs. By accumulating the contributions of two-way interactive factors for
all the ESTSs from 2000 to 2020, the top 10 interactive driving factors were quantified. They
were the elevation at altitude and NDVI (0.171), slope and NDVI (0.164), temperature and
NDVI (0.163), temperature and precipitation (0.151), elevation at altitude and slope (0.146),
elevation at altitude and temperature (0.140), precipitation and NDVI (0.132), elevation at
altitude and precipitation (0.127), NDVI and population (0.117), and slope and temperature
(0.112). Obviously, the interactions between natural factors contributed the most to the
ESTSs. Among them, NDVI occupied the majority. It was also found that the influence of all
the top 10 interactive driving factors on the interactions between ESTSs showed downward
trends from 2000 to 2020.

In general, both the Geo-detector and the analysis of variance showed that the inter-
actions between natural factors exerted the largest influence on ESTSs, followed by the
interaction between natural factors and socio-economic factors. In particular, the interac-
tion driving forces of elevation (X;) and NDVI (X5), slope (X;) and NDVI (X5), and average
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annual precipitation (Xz) and NDVI (X5) had the highest influence degree for spatio-temporal
differences of ESTSs, indicating the NDVI (X5) was one of the most critical factors in partic-
ipating in the construction of the main interactive factors affecting the ESTSs. In addition,
the top-ranking interaction factors had diminishing explanatory power on the ESTSs during
2000-2020, which was identical to the interactive analysis of the Geo-detector methods.

Therefore, in the management of ESs in the Yellow River Basin, not only should we
consider the function of natural factors (especially NDVI), but we should also pay attention
to the coordination among natural, socio-economic, and regional policy driving factors
through multiple regulation and supervision measures. Finally, an ES development model
compatible with the level of social-economic development is built to avoid unreasonable or
strong human interference with the ES system.

Table 5. The top 10 interactive detection results of the spatial-temporal differentiation of ESTSs in
Yellow River Basin.

WY-S WY-C

2000 2010 2020 2000 2010 2020
Interactive g value Interactive g value Interactive gvalue Interactive gvalue Interactive g value Interactive g value
X1NXy 0.659 * X1NX3 0.696 * X1NXs 0.687 * XoNXs5 0.571* X4NXs5 0.576 * X4MXs5 0.585 *
XoNX5 0.657 * XoNX3 0.685 * XoNX3 0.673*  XsMNXjo 0.571*  X5NXg 0.572**  X1NXs 0.560 **
X1NX5 0.652 * XoNXs 0.681 * X1NX3 0.666 * X4NXs5 0.566 **  X,NXs 0.571 * X5MXg 0.557 *
X3MXy 0.651 * X1NX5 0.675 * X1NX, 0.659 * X1NXs5 0.563 **  X1NX3 0.564 *  XsNXy3  0.556 **
XoNXy 0.642*  X3MXi3 0.673 * X4NXs 0.658 * X5MXg 0551 *  Xi1MXs 0.562**  XsNXy 0.554 *
X3NX5 0.634 * X3NXy 0.672 * XoNXy 0.654 * X5MXg 0549 **  X3NXyz3  0.562**  X3NX7 0.548 **
X4ﬂX5 0.619 * X3ﬂX12 0.670 * X30X13 0.651 ** X5ﬂX7 0.532 ** X5DX7 0.559 * X5QX6 0.542 **
X1NX3 0.617*  X3MXyg 0.668 * XoNXs 0.638*  XsNXyp  0.526**  X5NXj3 0558 *  X5MXig 0.539 *
X5MXg 0.603 * X1NX; 0.659 * X3MXg 0.633 **  Xs5MXi3 0.520 * X5MXg 0.553 * XoNX3 0.536 *
X5NX7 0.602 * X3MXg 0.655 * X3MXy 0.632*  Xs5MXyg 0519*  XsNXjp 0.552*  XsNXpp  0.533 **

WY-H S-C

2000 2010 2020 2000 2010 2020
Interactive g value Interactive g value Interactive g value Interactive g value Interactive g value Interactive g value
X4MXs5 0.541 * X4NXs5 0.567 * X4NXs5 0.571 * XoNX5 0571*  XsNXi3 0.394* XzNXpp  0.387 **
Xs5NX1p  0.537*  Xs5MXg 0.529 **  X1NXs 0551* XsNXpgp 0.571**  X4NXs 0.394 **  XsNX;3  0.383 **
XoNXs5 0.519 * XoNXs 0.523 * X5NXy 0.535 * X4MNXs5 0.566 **  XsNXp7  0.392**  X5NXy 0.375 **
X1MX5 0514 **  Xs5MNXi3 0521*  XsMXig 0.535 * X1NXs5 0.563 **  XoNXy 0.387 **  XyNXs 0.367 **
X5MXg 0512*  Xs5NXg 0521*  XsMNXj3 0.531 * X5MXg 0.551 * X5NX7 0.385**  X5MXg 0.360 **
X5MXg 0.509 *  X3MXiz3  0.519**  X5NXg 0.526 * X5MXg 0549 **  X,NX;p  0.385**  X3NXqpp  0.360 **
X5MNXy 0501*  XsNXjp 0.519**  X3NXy 0.523 * XsNXy  0.532*  X5MXg 0377 **  XpNXj33  0.358 **
X3NX7 0.493 **  XsMX11 0517*  X3MNXig 0519* XsNXpp  0.526** X3NXy3  0374**  X3MNXg 0.352 **
XsNXq13  0492*  X1NXs 0.515* X5MXg 0515*  XsNXji3  0.520* XsNXyp  0372*%  X3NXy 0.351 **
XsNXq1 0486 *  XsMXip 0512*  XsMNXip 0514*  Xs5MNXyg 0519*  X3NXpp  0.371*  XzNXqg  0.351 **

S-H H-C

2000 2010 2020 2000 2010 2020
Interactive g value  Interactive g value Interactive q value Interactive g value Interactive g value Interactive g value
X5NX7 0409* XsNXpp  0.384**  XsNXy 0.387 **  X4NXs 0487 **  Xy4NXs 0.482**  XsNXy 0.491 *
X4NXs5 0.395*  XpoMXp;p  0.382** XsnXyz  0.373* XsNXy  0479* XsNXqe 0466 **  X3NXi3  0.484**
XoNXyz3  0.373*  Xs5NXy 0.373**  XsNXip 0.369*  XsNXjg 0475**  XsNXqy3 0453 * XzNXqz  0.481 **
XoNXpp 0366 % XsNXpz  0.372**  X3NXy 0.364 **  X1NXs 0464 *  XsNXpp  0.447**  XsNXp 0478 **
X7MX1e 0363 % XsNXpp  0.365** XyNXs 0.364 **  X3MNXy 0.458*  X3NXj;3 0442* XsNXyp 0478 **
X5MX14 0.358 * X4NXs5 0.365**  X5MXg 0.354*  XoNXy;  0456**  X5NXy 0.440 * X4NXs 0.477 **
X5MX13 0.358 * XoNXy 0364 **  X3NX12  0.354*  X3NXyp,  0454** XsNXyp  0439*%  Xs5MXg 0.468 *
X7NX1p 0357 % X3NnXy 0362*  XoNXi3  0.353* X3NXjy 0.452 * XoNXy 0.435**  X3MNXy4  0.458 **
XgNX7 0.348**  X5MXg 0.354**  X3NX14 0351* X3NXy 0.452 * X5MXo 0.428 * X5MXg 0.456 **
XoNX7 0.346 **  X3NX1p  0.349**  Xs5sNXyy 0.349*  XsNXpp 0452** XuNXy 0.422**  XsNXip  0.455**

Note: * represents two-factor enhancement and ** represents nonlinear enhance.
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Figure 9. The chord diagram of the interactions of driving factors with the ESTSs by the analysis
of variance.
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Figure 10. The interactive detection results of ESTSs based on Geo-detector in the Yellow River Basin.

4. Discussion

The Yellow River Basin spans a large east-west and north-south range, making it
a transitional zone between the east and west of China. The differences in topography
and climate brought significant differences in the ES relationships. The spatio-temporal
differentiations of ESs and ESTSs in the Yellow River Basin from 2000-2020 in this study
were analyzed based on the dataset of natural, socio-economic, and regional policies. The
result showed that there was a significant spatial difference in ES function, with a high
distribution in the east and a low distribution in the west. The pattern results align with
findings from prior research. (e.g., Fang et al., 2021; Yang et al., 2021) [36,53]. Overall, there
were synergistic relationships between ESs. Some studies on the Loess Plateau regions,
Yanan city, and Gansu province also prove this conclusion [18,54]. What’s more, the
contributions of driving factors, including single factors and two-way interaction factors,
were comprehensively evaluated for the spatio-temporal differentiation of the ESTSs. The
findings indicated that natural factors and their interactions had the biggest influence on
the spatio-temporal variation of ESTSs. The findings can offer backing for the ecological
civilization construction and sustainable watershed management of the study area in
the future.

For some foreign scholars, Gutsch et al. [55] demonstrated the trade-offs between ESs
in German forests in balancing climate change, and the results showed that there are also
trade-offs between water and habitat and water and carbon services. Taking the canton
of Vaud as an example, Jaligot [56] analyzed the spatiotemporal patterns of 11 ESs from
1979 to 2014 and the historical evolution drivers of ecosystem services by using Spearman
rank correlation, K-means clustering, and redundancy analysis. In addition, it is also found
that different processes may result in changes in the same ecosystem services, depending
on their spatial location. Jafarzadeh et al. [57] evaluated four ESs (carbon sequestration,
water production, erosion control, and marketable products) and calculated synergies
and trade-offs in the Mish-Khas Basin in western Iran. In addition, different scenarios
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were defined for each ES (water production, carbon sequestration, erosion prevention,
and production income) by using different weights, with the best scenario to get the most
benefit from the function being the best option.

Compared with these studies, more refined county-level scale datasets were used in
this study. The more refined scales should help obtain more reasonable results for ESs and
ESTSs. What's more, comprehensive attribution analyses were used to identify the contribu-
tions of 14 driving factors associated with the natural, social-economic, and regional policy
aspects of the ESTSs using the Geo-detector method. The geographic detector method
can consider the influence of spatial and non-spatial factors on geographical phenomena
at the same time and reveal spatial heterogeneity and spatial nonlinear relationships. In
addition, the random forest and analysis of variance methods were used to validate the
reasonability of major driving factors (single major factors and two-way major interactive
factors) selected by the Geo-detector, respectively. Compared with Spearman rank correla-
tion, K-means clustering, nonlinear programming methods, and other methods, Moran’s I
can consider the spatial distribution and structure of data, and thus the analysis of spatial
data is more accurate and comprehensive.

At the same time, it included policy-relevant factors (e.g., the area of ecological farm-
land returned to farmland is selected as the influencing factor). It is also found that foreign
scholars also introduced marketable products and production income into the evaluation
system, but four kinds of ESs were selected, which have more comprehensive consideration.

Water yield can reflect the ability of ecosystems to protect and utilize water resources.
Soils are an important part of ecosystems to assess the resistance of ecosystems to soil
erosion. Carbon is a key element in ecosystems, affecting climate change and ecosystem
stability in watersheds. Habitat quality is the basis for biodiversity maintenance and
ecosystem functioning. The four indicators are highly representative and comprehensive in
assessing ESs. The selection of ESs contributes to a better understanding and conservation
of biodiversity and helps decision-makers better understand the composition and function
of ecosystems so as to develop more effective conservation and restoration measures. Fur-
thermore, the categorization of various ESs enables more effective sustainable management
of ecosystems, ensuring the judicious use and preservation of these services.

Additionally, this paves the way for the optimization of resource allocation and utiliza-
tion, thereby facilitating the comprehensive utilization of the diverse ESs and enhancing
resource utilization efficiency. For instance, Antonin Kusbach et al. [58] have suggested that
merging new data sources with ecological classifications can yield high-quality information
across multiple spatial, functional, and pertinent scales. This information can guide inte-
grated land-use planning for forest management and assisted migration. Evaluating the
different ecological classifications and delineating the advantages and disadvantages of var-
ious approaches can significantly contribute to the identification of enhanced management
strategies in response to climate change and anthropogenic stress [59].

There were some inconsistent conclusions in some studies. For instance, Wang et al.
posited that a trade-off existed between WY-S in the upper Han River Basin [60]. Chen et al.
showed that there was a trade-off relationship between WY-C in the Tibetan Plateau [61],
and Wang et al. put forward that S-C was a trade-off in the Shiyang River Basin [33].
There are two reasons for this: First, there will be differences in ES relationships in specific
regions due to the different scales of geomorphology or administrative units. For instance,
Wang et al. [33] adopted the sub-basin scale, while this study used the county scale. Sec-
ondly, the different research methods and the inconsistent evaluation periods also result
in variations in outcomes. For instance, Chen et al. [61] adopted pixel-by-pixel correlation
analysis for the Qinghai-Tibet Plateau during 1990-2015, while this study adopted spatial
autocorrelation analysis for the whole Yellow River Basin during 2000-2020. What’s more,
this study found that the amount of carbon sequestration showed a downward trend. The
possible reason is as follows: Rapid expansion of the built-up lands due to accelerated
urbanization caused encroachment on forests, grasslands, and farmlands, reducing overall
carbon storage capacity in the study area over time. The study also had some limitations.
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For instance, the scale of the ESs can impact the performance of the ESTSs. Therefore, it is
recommended that future studies analyze ESTSs at various spatial scales within the study
area to further enhance the trustworthiness of evaluation findings. It was also noted that the
accuracy of habitat quality has some uncertainties due to some subjective quantification of
model parameters (e.g., the sensitivity of habitat types). Thus, the habitat quality estimation
method should be improved and optimized in the future. Moreover, the contribution of the
regional policy factor was difficult to accurately quantify. Because only one driving factor
(i.e., ecological conversion area) in the regional policy aspect was selected for analysis,
which may introduce certain uncertainty, it is necessary to further quantify regional policy
factors to make the research results more robust.

Through the analysis of interactions and interdependencies among diverse ESs, this
research enhances our comprehension of the intrinsic intricacy associated with ecosystem
management and yields novel perspectives on sustainable resource allocation, thus offer-
ing new dimensions for sustainable resource management and environmental planning.
Primarily, by quantifying the relationships between various services and exploring the
synergistic effects among ecosystem services, potential win-win scenarios may be unveiled,
which prove particularly invaluable for fostering coordinated growth between agricultural
production and ecological conservation within the confines of the Yellow River Basin and
analogous regions. Furthermore, by scrutinizing the spatial patterns of trade-offs and
synergies, this study provides invaluable insights for landscape planning and ecosystem
management strategies, endowing decision-makers with a deeper comprehension of the
economic and ecological effects of adjusting diverse management choices.

As a critical area for agricultural production and ecological preservation in China,
a comprehensive examination of the trade-offs and synergies inherent in the ESs within
the Yellow River Basin can promote the coordinated development between agricultural
production and ecological conservation. Additionally, it can serve as scientifically derived
policy recommendations for government entities and decision-makers, facilitating the
realization of “dual-carbon” objectives and sustainable development goals. Moreover, it
can promote public consciousness with regards to ecological environmental protection and
elevate the standard of ecological civilization construction.

As the world’s fifth-largest river, the Yellow River Basin presents profound signifi-
cance in both the domestic and global spheres, characterized by an extensive agricultural
heritage, abundant biodiversity, and a rich cultural legacy. The ecological status of the
Yellow River Basin has a substantial impact not only on China’s ecological security and
economic advancement but also on the global ecological environment and climate change
dynamics. Consequently, the exploration of trade-offs and synergies within the ecosystem
services of the Yellow River Basin can provide not only valuable references and experiences
to ecological environmental protection in China but also scientific guidance for global
ecological environmental preservation and sustainable development endeavors.

5. Conclusions

Clarifying the spatio-temporal patterns of the ESs and ESTSs and further detecting
the contribution of their driving factors play a vital role in advancing regional ecological
civilization construction and attaining sustainable watershed management by aligning
economic development with ecological environmental protection. Using the Yellow River
Basin as a study case, it not only demonstrated the spatio-temporal variation of ESs and
ESTSs during 2000-2020, but also detected the contributions of driving factors measured by
signal-factor main effects and binary-factor interaction effects. Here are the key conclusions:

(1) In2000-2020, the ESs of water yield, soil conservation, and habitat quality increased,
while carbon sequestration decreased. There was significant spatio-temporal differen-
tiation in ESs and ESTSs during 2000-2020, with a spatial pattern of high in the east
and low in the west.

(2) An overall synergistic relationship of ESs (water yield, soil conservation, carbon
sequestration, and habitat quality) existed and showed a significant spatial hetero-
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geneity distribution. The ESTSs were mostly manifested in three categories: the
expansions of the synergy zone and trade-off zone occupying the majority, followed
by the contraction of the synergy zone and trade-off zone, and a few of them with
the contraction of the synergy area and the expansion of the trade-off zone. The
synergy zones tended to be concentrated in the northwest and southeast of the study
area, mainly distributed in the southeast of the Tibetan Plateau, the Fen-Wei River
Valley, and the junction of the Loess Plateau and the Inner Mongolia Plateau. While
the trade-off zones mainly focused on the east-central and southwestern parts of the
study area, involving the Fen Wei River Valley and the lower Yellow River Basin.

(8) Natural factors had the strongest explanatory power over the spatio-temporal differ-
entiation of ESTSs, followed by regional policy factors and socio-economic factors.
Among the driving factors, the NDVI of natural factors had the strongest influence
on the ESTSs, and the strongest influence of natural factors on ESTSs occurred in
WY-S. In addition, the influence of natural factors on ESTSs remained stable during
2000-2020, while the influence of socio-economic factors on ESTSs showed an upward
trend. All of the above conclusions have been well verified by the Geo-detector and
random forest methods.

(4) Both the Geo-detector and the analysis of variance showed the interactions between
natural factors had the strongest impact on ESTSs, followed by the interaction between
natural factors and socio-economic factors. In particular, the interaction driving forces
of elevation and NDV], slope and NDVI, and average annual precipitation and NDVI
had the highest influence degree for spatio-temporal differences of ESTSs. The NDVI
(X5) was one of the most critical factors in participating in the construction of the
main interactive factors affecting the ESTSs in the Yellow River Basin. What’s more,
the top-ranking interaction factors had diminishing explanatory power on the ESTSs
during 2000-2020, which was proved by the two methods.

In light of these findings, the following suggestions for the ecological development of
the Yellow River Basin are proposed:

Firstly, to mitigate carbon sequestration reduction, it is recommended to implement
measures such as afforestation and vegetation restoration. These efforts can enhance vegeta-
tion coverage, increase forested areas, and thereby improve carbon sequestration capacity.

Secondly; it is crucial to coordinate regional resource allocation. Landscape plan-
ning and land use planning should prioritize the synergistic relationship between differ-
ent ecosystem services. Rational resource allocation and cooperative protection of areas
will optimize the provision of ecosystem services to enhance ecosystem synergies and
reduce trade-offs.

Thirdly, given the significant impact of NDVI as a natural factor on ESs and ESTSs,
it is recommended to strengthen vegetation cover monitoring and protection initiatives.
Promoting vegetation growth is essential for enhancing the overall quality of ecosystem
services. Attention should also be given to the interaction between natural factors, such as
high altitude, NDV], slope, and average annual precipitation, and their influence on ESTSs.
Implementing corresponding ecological protection policies in the basin, which include
vegetation preservation, prudent land resource utilization, and restoration, will improve
water conservation, soil protection, carbon sequestration, and habitat quality.

Fourthly, it is essential to intensify research on the interaction between natural factors
and socio-economic factors to delve deeper into their synergistic mechanisms. Collaborative
efforts between downstream and upstream provinces should be enhanced, establishing
a co-governance mechanism within the river basins to propel ecological protection and
sustainable development. To address policy factors, it is recommended to provide robust
policy guidance, formulate pertinent policies and measures, foster the development of
the ecological economy, and promote public awareness of the ecological environment and
its protection. This comprehensive approach will facilitate the coordinated development
of ESTSs.
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In conclusion, incorporating these considerations into the planning and management
process will promote the sustainable development of ecosystem services in the Yellow
River Basin.
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