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ARTICLE INFO ABSTRACT
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Investigating large-scale spatial patterns of ecosystem services (ESs) and their underlying drivers can greatly
contribute to policies-making and regional sustainability development. With water yield (WY), soil conservation
(SC), and carbon sequestration (CS) as representative ESs, we aim to quantify their spatial patterns in the Yangtze
River Economic Belt, China, and to identify their driving factors, and to formulate sound environmental man-
agement strategies. Spatial geography and socioeconomic data from 2000 to 2020 were mined and a range of
research methods, including multiscale geographic weighted regression, self-organizing maps, and linear
discriminant analysis, were employed for such a purpose. Annual average WY, SC, and CS were 403 mm, 9897
tkm~', and 1071 g-COy:m~2. The three ESs examined exhibit spatial heterogeneity. WY exhibited significant
patterns of variation along the north-south gradient, while SC and CS exhibited significant variation along the
topographic gradient. In the context of high correlation of driving factors among ESs, WY and SC exhibited a
greater sensitivity to natural factors (such as precipitation), while CS demonstrated a height sensitivity to human
activities in addition to vegetation cover. Spatial heterogeneity is pronounced among the main driving factors of
ESs. Three threshold equations were established to describe the manner in which driving factors of different
regional ecosystem services undergo transformations, equations possessed a high level of credibility in this study
(coincidence > 80 %). This study reveals spatial variations in ecosystem services and their natural and socio-
economic drivers. More specifically, we quantitatively validated the threshold in the expression of ecosystem
service drivers, establishing a strong scientific foundation for regional ecosystem conservation and management.

1. Introduction

Ecosystem services (ESs), play an important role in the survival and
development of humankind (Comberti et al., 2015). Thus, humans need
to pay sufficient attention to the maintaining ESs in their decision-
making for sustainable development (Costanza et al., 1997).

Studying the spatial patterns of ESs is of great importance in
balancing regional economic development and environmental protec-
tion (Gret-Regamey et al., 2017). At present, ESs are often characterized
using the spatial mapping of ESs across different gradients (Yang et al.,
2020). Some studies have explored the spatial distribution of ESs across
gradients of altitude (Gomes et al., 2020), terrain (Wu et al., 2022a),

land-sea (Liu et al., 2020), and aridity (Garcia-Palacios et al., 2018).
However, most studies focus on a single gradient, which is usually a
natural one. Few studies have considered ES changes over multiple
gradients (Ma et al.,, 2021). Compared to natural gradients, socio-
economic gradients have received less attention, although they are
sometimes considered in several studies on ES changes along an
urban-rural gradient (Gonzalez-Garcia et al., 2020; Kroll et al., 2012).
These studies revealed a significant impact of human activities on ESs.
Therefore, all these results suggest the importance of incorporating a
multitude of gradients ranging from natural to social-economic ones for
a better understanding of the spatial distribution of ESs.

Identifying driving forces of ESs are a central issue in ESs research
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and a prerequisite for their sustainable use (Hernandez-Blanco et al.,
2022). Existing studies have found that land use and land cover change
(LUCC) (Song and Deng, 2017), climate (Berdugo et al., 2020), topog-
raphy (Ma et al., 2021; Zhang et al., 2022; Zhang and Hu, 2021), and
policies (Bai et al., 2016; Bardgett et al., 2021; Tang et al., 2022; Tedesco
et al., 2023), could profoundly modify regional ES patterns. Moreover,
these drivers themselves can equally show complex spatial patterns (Fu
etal., 2013; Zhao et al., 2023). (He et al., 2019). Accordingly, the spatial
heterogeneity of ESs can be the consequence of the combined effects of
multiple drivers in space. Therefore, it is of great meaningfulness to
quantify the spatial patterns of both ESs and potential drivers and then
to have them coupled. Yet, so far, many studies studying the relationship
between ESs and drivers did not adequately consider spatial patterns of
ES drivers. To explore ES drivers, these studies rely on diverse ap-
proaches, including correlation coefficients (Hu et al., 2023; Rotzer
et al., 2019), the coefficient of sensitivity (Kreuter et al., 2001; Sanchez-
Canales et al., 2012), variance (Lin and Yun, 2023; Xiao and Ouyang,
2019; Zhang et al., 2018), and Ordinary Least Squares (OLS) (Chen et al.,
2022; Liu et al., 2021). Although these approaches are simple and easy
to implement, they present technical difficulties when it comes to taking
into account the spatial heterogeneity of ES factors.

To consider the spatial patterns of the ES drivers, more sophisticated
modelling approaches have been elaborated as alternatives, such as
Geographically Weighted Regressions (GWR) (Ahmed et al., 2017; Sun
etal., 2020; Yang et al., 2021), a Geodetector (Hu et al., 2021; Hu et al.,
2022a; Li et al, 2022a), and a Multiscale Geographic Weighted
Regression (MGWR) (Liu et al., 2022). Compared with those simple
approaches, e.g., OLS or GWR, MGWR offers greater explanatory power
and a higher goodness of fit (Pang et al., 2022; Xue et al., 2023). In these
more sophisticated approaches, spatially heterogeneous ES drivers can
originate from different pools of factors which can be either natural or
social-economic ones. However, few studies have used these latter
methods to elucidate large-scale spatial patterns of ESs with spatially
complex drivers.

The Yangtze River Economic Belt (YEB) (The State Council Infor-
mation Office of the People’s Republic of China, 2020), a region that
comprehensively considers the administrative units of the Yangtze River
Basin and a compound area composed of natural geography and eco-
nomic social spaces (Li et al., 2022b; Zhao and Zhao, 2023). The YEB is
one of China’s regions with the highest economic, population, and
human activities. There are imbalances in the ecological environment
(Bao et al., 2020; Tan et al., 2023), economic development (Wang et al.,
2022a; Xiang et al., 2019), industrial layouts (Tang et al., 2019; Yuan
et al., 2022), and coupling between various elements (Li et al., 2022c).
The YEB spans approximately 10 latitudes and includes both subtropical
and temperate climates, with elevations ranging from 0 to 5500 m. At
the same time, WY, SC, and CS form the foundation for regional devel-
opment and are generally believed to benefit around 400 million people.
In 2020, WY alone provided the region with 2645.1 billion m> of water
resources (Liu et al., 2022a). SC contributes around 34.67 million
hectares of healthy arable land (Abdul-Rahim et al., 2018), and the re-
gion’s potential for CS is expected to be substantial due to its favorable
vegetation coverage (Tian et al., 2022). Thus, the ESs value of this region
accounts for 45.77 % of that of the country (Xie et al., 2015). Yet, due to
the complexity of the region itself and diversity of methods, diagnoses
on ES drivers of the YEB are usually inconsistent among studies. For
example, water yield (WY) indicated precipitation as the main driver
(Wang et al., 2022d), while others suggested this to be the Digital
Elevation Model (DEM) (Wang et al., 2023); the effect of temperature on
WY was found to be both negative (Wei et al., 2022) and positive (Yin
et al., 2020). It is therefore necessary to enrich the evidence and validate
these diagnoses by carrying out additional studies.

In this study, YEB is selected as our case study with a county-level
resolution for the quantification of ESs and factors as potential ES
drivers. We aim to: (1) quantify the spatial distribution of ESs (WY, SC,
CS) from 2000 to 2020 and assess their spatial heterogeneity across five
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gradients (in terms of both natural and socio-economic aspects). (2)
explore the main drivers of the ESs by quantifying the patterns of
different factors and having them coupled with ES patterns; and (3)
clarify the sensitivity of the ESs to different drivers and find the
threshold for the transformation of the main driving factors. As such,
this research contributes to the study of spatial heterogeneity and
variation characteristics of ESs at different scales in the YEB, as well as
the establishment of the links between multiple driving factors, which
ultimately helps us to develop a more scientific and reasonable ecolog-
ical protection strategy system for the YEB.

2. Methods and materials
2.1. Study area

The YEB uses water as a carrier and link, connecting the upper,
middle, and lower reaches; the eastern, middle, and western regions; the
left and right banks; and the main tributaries, forming a holistic and
open natural ecosystem. The YEB has a wide range, with an area of
approximately 2.05 x 10° km?2 located between 21°8-35°1'N and
97°3-121°6'E (Fig. 1). Natural and geographic conditions differ from
province to province. Mean annual precipitation is high in the west and
low in the east, with approximately 1000-1600 mm. Altitude gradually
decreases from the coast to the interior, and the difference is relatively
large (4-2000 m). The proportion of forest gradually decreases from
south to north, from 55 % to 11 %.

The YEB is one of three major national strategic development areas
in China and an inland river economic belt with global influence that
includes 11 provinces and cities and more than 1,000 counties and cit-
ies. In 2020, the gross domestic product (GDP) of this region reached
47.1 trillion CNY and its population reached 790 million people, ac-
counting for 46.4 % and 56.5 % of the country, respectively. There are
60 cities with populations of more than one million people in the YEB.
Policies focus on crossing administrative regions and coordinating
regional development. However, huge differences can be found
throughout the YEB in terms of development of resources, environment,
transport, and industrial bases. According to statistics for the upper,
middle, and lower reaches, GDP per capita in the middle and upper
regions is only 60.3 % and 49.2 % that of the lower regions. The gap
among the levels of basic public service in regions is pronounced.

2.2. Data sources

The main data used in this study included land use and land cover
(LULC), DEM, the Normalized difference vegetation index (NDVI), net
primary productivity (NPP), precipitation (Pre), temperature (Tem),
evapotranspiration, soil properties, and socio-economic data. The data
sources are summarized in Table 1. Prior to analysis, all data were
resampled into a 1 km resolution raster dataset.

2.3. Ecosystem service evaluation

Three main ESs were selected, namely the WY, SC, and CS, and
corresponding models were used to quantify them. The study years were
2000, 2005, 2010, 2015, and 2020. The grid scale in the calculation
process was 1 km, and the calculation results were counted for each
counties of the YEB.

WY refers to the capacity of annual water supply for industrial pro-
duction, agricultural activities, and human consumption. In this study,
the Annual Water Yield model in InVEST (version 3.11.0, USA) was used
to quantify the WY supply, expressed as Egs. (1)-(5):

Yi= (1 - AET") x P, )
P

x

where Yy; represents the annual water yield in mm for pixel x in an area
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Fig. 1. Location of the study area.

with a LULC classification i; AET,; represents the actual evapotranspi-
ration in mm for pixel x in an area with LULC classification i; P, repre-
sents the annual precipitation in mm for pixel x (Table 1).

AET, PET, AET,\“ 1"

T — 11 2
[ { * ( P, ) } @

where £ reflects the dimensionless water balance (Zhang et al., 2001);

Py
PET,; is potential evapotranspiration for pixel x in an area with LULC
classification i; w is a nonphysical empirical fitting parameter that
characterizes the land surface properties of catchments, dimensionless,
estimated following the approach proposed by (Donohue et al., 2012) as
in Eq. (3):

A
@ =Z¥+1.25

3
where AWC is the volumetric (mm) plant available water content
calculated using Eq. (4); Z is an empirical constant with a value of 15.

AWC = Min( layerdepth, rootdepth )-PAWC 4)

where layerdepth is the soil depth at which root penetration is inhibited,
estimated using soil depth; rootdepth is often given as the depth at which
95 % of a vegetation type’s root biomass occurs, estimated using soil
depth (Table 1); PAWC is the plant available water capacity, dimen-
sionless, calculate using Eq. (5):



Z. Xie et al.

Table 1

Data descriptions and sources.

Data Description Data source

LULC Land use and land cover in Resources and Environment
2000, 2005, 2010, 2015, Sciences (https://www.resdc.
and 2020 with a 30 m cn)
spatial resolution

DEM The digital elevation model =~ Resources and Environment
with a 150 m spatial Sciences (https://www.resdc.
resolution cn)

NDVI Annual NDVI from 2000 to Resources and Environment
2020 with a 1000 m spatial Sciences (https://www.resdc.
resolution cn)

NPP NPP from 2000 to 2020 Resources and Environment
with a 1000 m spatial Sciences (https://www.resdc.
resolution cn)

Precipitation The multi-year average The China Meteorological

Temperature value obtained by Data Service Center ( htt

Evapotranspiration

interpolating the data of

ps://data.cma.cn )

each site

Soil depth and the content

of sand, silt, clay, and

organic carbon.

GDP, population, industrial ~ China County Statistical

output value from 2000 to Yearbook and Local statistical

2020 yearbooks of YEB ( htt
ps://data.cnki.net)

Soil property data Food and Agriculture

Organization (FAO)

Socio economic

PAWC = 54.509 — 0.132 m, — 0.03(m,)* — 0.55 mgy, — 0.006(myy, ) )
—0.738 m,. + 0.007(m,.)* — 2.6880rgC + 0.501(0rgC)*
where m, represents the percentage (%) of clay particles (<0.002 mm);
mgc represents the percentage of silt particles (0.002-0.05 mm); m
represents the percentage of sand particles (0.05-2 mm); orgC represents
the percentage of organic carbon in the soil. All were estimated using
soil property data (Table 1).

SC was quantified using the RUSLE model in InVEST, expressed as
Egs. (6)-(9):

SC, =R, XK, x L, xS, x (1 = C, x Py) 6)

where SCy represents the soil conservation on pixel x per year, t-a~; R,
is the rainfall erosivity factor, dimensionless, on pixel x; K, is the soil
erodibility factor, dimensionless, on pixel x; L, is the slope length factor,
dimensionless, on pixel x; S, is the slope steepness factor, dimensionless,
on pixel x; Cy is the cover management factor on pixel x, dimensionless,
dependent on the LULC, referencing multiple studies (Kong et al., 2018;
Rao et al., 2016); P; represents the factor for conservation practices,
dependent on LULC, referencing multiple studies (Xu et al., 2018).

Calculation R refers to the work of Zhang et al. (Zhang et al., 2002),
expressed as Egs. (7)-(8):

R=Y "M, )

M=o P ®

where M is the half monthly rainfall erosivity, mm-hm 2ht.a’; P
represents the erosive rainfall within half a month (rainfall > 12 mm,
otherwise considered as 0) in mm, estimated using daily rainfall data
(Table 1); j represents the half months per year, with values of 24,
dimensionless; d represents the days of a half month; K depends on the
number of days, dimensionless; a and 3 are coefficients taken from other
studies (Sun et al., 2011), with values of 0.39 and 1.72, dimensionless.

Calculation K refers to the work of (Williams et al., 1989), expressed
as Eq. (9):
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K ={0.2+03exp [ — 0.0256m, x (1 — my) |} X [mye/ (me + my;r)]™
x{1 —0.250rgC/JorgC + exp(3.72 — 2.850rgC)|}
x{1 —0.7(1 — m;/100)/{(1 — m;/100) + exp[—5.51 + 22.9(1 — m,;/100)]} }

©)

where m, represents the percentage (%) of clay particles (<0.002 mm);
mgi; represents the percentage of silt particles (0.002-0.05 mm); my
represents the percentage of sand particles (0.05-2 mm); orgC represents
the percentage of organic carbon in the soil estimated using soil property
data (Table 1).

L and S were calculated using Eqs. (10)-(12):

10.8sin6 + 0.03 0<5

16.8sinf — 0.50 5 < 6<10°
20.204sin0 — 1.2404 10" < 6<25
29.585sind — 5.6079 6 > 25

A m
i () an

0.2 o<1’
03 1" <63
04 3 <05
05 6>5

S = (10)

12

where @ is the slope angle, 1 is the horizontal distance of the slope length
(m), m is a slope-length exponent.

CS refers to the process of vegetation absorbing carbon dioxide
through photosynthesis. Therefore, the amount of carbon fixation can be
determined according to the process of photosynthesis and the
assumption that 1.63 g of carbon dioxide is consumed to produce 1 g of
carbon dioxide, expressed as in Eq. (13):

CS; = 1.63 x A x NPP (13)

where CS; is the annual fixed amount of CS, t-a~; A is the area in km?;
NPP is Net Primary Production (Table 1), tkm2a"L

2.4. Gradient delineation

The YEB consists of internal variations in the ecological environment
and economic development, constituting different gradients. The dis-
tribution of ESs across these gradients helps identify spatial differences
in ESs. Five gradients were established based on socio-economic and
geographic considerations (Table 2): Cg (economic circle), Cp (DEM), Cg
(Slope), Cy.p (from upstream to downstream of the Yangtze River), Cg
(banks of the Yangtze River).

2.5. Analysis of driving factors

This study mainly used the MGWR method, a regression model for
analyzing geospatial data, to study the spatial heterogeneity of the
driving factors of ESs in the YEB (Liu et al., 2022b). Different spatial
smoothing levels for each variable can more effectively solve the model
error caused by changes in different spatial data (Ahmed et al., 2017).
This could more effectively explain the spatial interactions between ESs
and their driving factors. The model can be expressed as in Egs. (14)-
(15):

Y; = Po(ui, vi) + Zﬂbwk(”iv Vi) X + & a4
%

& ~N(0,6°1),i=1,2,-,n (15)

where y; is the response variable (ESs) at spatial position (u; v); Xix is the
explanatory variable at spatial position (u; yi); Po (w; ;) is the intercept
term of the regression relationship. The coefficient By (1, v;) is a
continuous function of the spatial position (u; v;). Ppwk in bwk represents
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Table 2
Gradient partitioning method.

Grading Classification Classification method Meaning

code standard

Ce Economic circle Gradually expanding Distance from

outwards from the three large urban
major economic circles agglomerations.
(Chengdu in the

Chengdu-Chongqing circle,

Wuhan in the middle

reaches of the Yangtze River

city circle, and Shanghai in

the Yangtze River Delta city

cluster)

Cp DEM Elevations and gradients are ~ Different

Cs Slope graded according to natural  topographic relief

breakpoints. gradients.

Cu.p Upstream to The river basin is graded Spatial pattern
downstream of from top to bottom, and the  from west to east.
the Yangtze county of the river basin is
River assigned a value.

Cr Banks of the Extending north to south Distance from the

Yangtze River along the main body of the
Yangtze River, which flows
through the central YEB
region, extending to both
sides of the river north to

south.

Yangtze River.

Note: Cp and Cg were divided into 11 gradients using 10-point intervals, Cp: 50
m, 150 m, 400 m, 600 m, 900 m, 1200 m, 1500 m, 1800 m, 2400 m, and 3200 m;
Cs: 1°, 2°,3°,5°,7°,9°,11°, 14°, 17°, and 20°.

the optimal bandwidth of the kth independent variable, and ¢; is an in-
dependent random error term.

The analysis framework of driving factors was as follows: (1) The
Evaluation index system of driving factors is selected by referring to the
previous research papers and considering the natural economic condi-
tions of the YEB, establishing and building a database of driving factors
with reference to relevant existing studies (Table 3). (2) Use Pearson’s
correlation to quantify the relationships between different ESs and

Table 3
Evaluation index system of driving factors.
Types Code Driving factors Reference
Natural Tem Temperature (°C) (Hu et al.,
Pre Precipitation (mm) 2022a)
ET Evapotranspiration (mm) (Huang et al.,
2022)
NDVI NDVI (Liu et al.,
DEM Average elevation (m) 2022a)
Slope Average slope (m) (Huang et al.,
2022)
Geology Tsand  Proportion of sand (%) (Liu et al.,
Tsilt Proportion of silt (%) 2022a)

Tclay Proportion of clay (%)

Toc Proportion of organic matter (%)
Ecological ~ PCL Proportion of cropland (%)

PWL Proportion of woodland (%)

PGL Proportion of grassland (%)

PWS Proportion of waters (%)

PCS Proportion of construction land (%)
Economic RD Population density (%)

GPR GDP per unit area (RMB)

(Li et al., 2022c)

(Li et al., 2016)

(Wang et al.,

2022a)

FIAV The output value of the primary (Ni et al., 2022)
industry (RMB)

SIAV The output value of the secondary
industry (RMB)

TIAV The output value of the tertiary industry
(RMB)

NL Night light (Zhao et al.,

2020)

Note: The study unit was identical for each county in the YEB.
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driving factors and select the higher driving factors. (3) Use MGWR to
analyze spatial heterogeneity in the highly correlated driving factors of
each ESs.

2.6. Cluster distribution characteristics of driving factors

The YEB can be divided into regions according to the main driving
factors. In order to better describe the differences of natural economic
characteristics among different main driving factors. This study quan-
tifies the natural economic characteristics of different regions. A self-
organizing map (SOM) was used to perform clustering analysis of
driving factors, which encompass various conditions that influence
ecosystems, including natural ecology and socio-economic factors.
Clustering was implemented using the R package “kohonen” (Wehrens
and Kruisselbrink, 2018) (R version 4.1.2). Different ecological and
social factors were selected for the different ESs to capture their unique
characteristics. Three main environmental factors were chosen, namely
the NDVI, Human Influence Index (HAI) (Huang et al., 2019), and
Terrain Niche Index (TNI) (Tong et al., 2016). HAI and TNI were
calculated using Eqgs. (16)-(17):

3
HAI = (ZA,- x P,-) (16)
i=0

where i represents the LULC grading index for level i, A is the area, and P;
represents the LULC proportion. The different land use types and their
grading indices were cropland (2), forest (1), water area (1), grassland
(1), and construction land (3).

TNI:log{<E£+1) X <S£+l>} a7

where E and S represent the elevation and slope of the grids, respec-
tively; E,, and S, represent the average elevation and slope of the study
area, respectively.

2.7. Threshold effect analysis of driving factors

In the study of ESs, it is believed that the change in ESs reflects the
existence of a threshold effect (Rial et al., 2004). In terms of driving
factors of ESs, changes in the main driving factors also conform to this
theory. To identify the existence of driving factor transformation
thresholds, a supervised classification using Linear Discriminant Anal-
ysis (LDA) was conducted on the factors (related to MGWR partition),
which was implemented using the R package “MASS” (Venables and
Ripley, 2002).

3. Results
3.1. Spatial patterns of ecosystem services

Using counties as statistical units, the average functional values of
ESs per unit area from 2000 to 2020 were as follows: 403 mm for WY;
9897 t-km 2 for SC; 1071 g-COz-m ™2 for CS, respectively. Pronounced
spatial heterogeneity was observed among three ESs (Fig. 2, Fig. Al).
WY (Fig. 2a) was significantly lower in the north and west areas of the
Yangtze River than the south and east. The spatial distribution of SC
(Fig. 2b) showed that high values were mainly distributed on plateaus or
in hilly areas, with the largest SC values found in the western region. In
certain low mountainous and hilly regions of the southern area, there
are also areas where SC was relatively high. Overall, the spatial distri-
bution of SC showed a pattern similar to that of the region’s topography I
and that of CS. The highest values of SC were concentrated in the high-
elevation areas (around the Yungui Plateau), while low-value areas were
mainly flat regions (e.g., the Sichuan Basin, and Poyang Lake Plain). The
high-elevation areas (e.g., western Sichuan Plateau) corresponded to
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soil conservation; and (c) spatial distribution of the annual mean value of carbon sequestration.

areas of low SC values (Fig. 2c).

3.2. Gradient distribution of ecosystem services

WY increased with the gradients of Cg, Cp, and Cg, but decreased
with the gradients of Cy.p and Cg. SC showed a downward trend in the
Cg, Cp, and Cg gradients, an upward trend in the Cy.p gradient, and a
single-peak curve change in the Cg (Fig. 3e.2). CS showed an upward
trend under the Cg gradient and a downward trend under the Cy.p
gradient. The Cp and Cg gradients showed a single-peak curve that first
increased and then decreased, while the Cg gradient showed a single-
peak curve that first decreased and then increased (Fig. 3e.3).
Compared with SC and CS, the change trend of WY on each gradient was
almost opposite, and the response to the Cr gradient change was more
pronounced. For SC and CS, the change in the terrain gradient and the
difference between the low and high terrain gradients were evident. The
rate of increase in SC becomes greater with an increase in Cp, and Cg. SC
and CS had their minimum values in the region near the Yangtze River,
which were approximately in the N1-S1 range (Fig. 3e.2 and Fig. 3e.3).

3.3. Driving factors of ecosystem services

WY was negatively correlated with SC (-0.12) and CS (-0.29), and SC
was positively correlated with CS (4-0.40). WY was positively correlated
with meteorological factors (Pre) and economic indicators (NL) and
negatively correlated with topographic factors (DEM, Slope). The in-
dicators related to SC and natural ecology were mainly positively
correlated (NDVI, DEM, Slope, PWL, and PGL), whereas those related to
human activities were mainly negatively correlated (PCL). Similar pat-
terns were found for CS and SC. In general, natural factors (NDVI, DEM,
Slope), whereas the social-economic indicators (PCL, PWS, and NL) were
negatively correlated with services. The top six driving factors for ESs
based on the magnitudes of their correlation values are presented in

Supplementary Data (Table A2).

ANOVA reveals the contribution of the highly correlated driving
factors on ESs (Table 4). Main contributing indicators were as follows:
Pre (55.30 %), Tem (18.36 %), DEM (14.32 %); SC: DEM (52.60 %),
Slope (21.50 %), NDVI (18.60 %) for WY; DEM (52.60 %), Slope (21.50
%), NDVI (18.60 %) for SC; NDVI (83.10 %), DEM (10.80 %), Slope
(4.80 %) for CS. The results indicate that factors exhibiting high corre-
lation typically exhibited higher contribution rates. However, within
indicators showing similar levels of correlation, certain factors emerged
as dominant contributors. For instance, NDVI contributes more than 80
% to the CS, significantly surpassing other highly correlated factors such
as DEM and Slope.

3.4. Spatial distribution of driving factors

Using the AIC, AICC, and R? to test the OLS and MGWR models, the
results showed that the MGWR model more effectively described the
driving patterns of ESs factors in the YEB (Table 5). The specific process
and description of MGWR are placed in Additional File 1 and Fig. A4 of
the Supplementary Data.

The main driving factors of WY could be divided into seven cate-
gories (Fig. 4a): M1 (DEM and Tem), M2 (DEM and Slope), M3 (DEM and
Pre), M4 (DEM and NL), M5 (Pre and Tem), M6 (Pre and DEM), and M7
(Pre and NL). According to WY, the YEB could be divided into two parts
based on the first main driving factor. The first region, located in the
eastern and central areas, was primarily driven by DEM (M1, M2, M3,
and M4). The second region, located in the western area, had Pre as the
main driving factor (M5, M6, and M7). However, based on spatial pat-
terns, they could be divided into three regions. The first consisted of M1
and M2, which were concentrated in the eastern region; the second
consisted of M5 and M7, which were concentrated in the western part.
M3, M4, and M6 were transitional areas between these two main re-
gions, with fragmented spatial patterns.
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Table 4
Contribution of highly correlated driving factors.
WY  Driving Pre Tem DEM NL Slope PGL
Factor
Contribution 55.30 18.36 14.32 7.62 4.34 0.06
% % % % % %
e Driving DEM Slope NDVI PGL PWL PCL
factor
Contribution 52.60 21.50 18.60 6.00 0.90 0.30
% % % % % %
CS Driving NDVI DEM Slope PCL PWS NL
Factor
Contribution 83.10 10.80 4.80 % 1.10 0.00 0.20
% % % % %

The main driving factors of SC could be divided into four categories
(Fig. 4b): M1 (NDVI and Slope), M2 (NDVI and PWL), M3 (Slope and
PWL), and M4 (Slope and PGL). The primary drivers were represented
by M3 and M4, with M3 occupying most of the YEB and M4 mainly
distributed in parts of the Jiangxi, Hunan, and Sichuan provinces and
Chongqing Municipality. Regions M1 and M2 were concentrated in the
southern part of Yunnan Province and the central part of Sichuan
Province.

The main driving factors of CS could be divided into four categories
(Fig. 4c¢): M1 (NDVI and DEM), M2 (NDVI and Slope), M3 (NDVI and
PWL), and M4 (NDVI and NL). The primary factor in each region was the
NDVI, and based on secondary driving factors, they could be divided
into two types. M1 and M2 were mainly related to terrain factors and
primarily distributed in the western part of the YEB. Further, there was a
focus on the southern part of Hunan Province, Guizhou Province,
Chongqing Municipality, the northern part of Sichuan Province, and
Yunnan Province. M3 and M4 were mainly influenced by land cover and
socio-economic factors and primarily distributed in the eastern part of
the YEB and the southern part of Sichuan Province.

3.5. Cluster analysis of driving factors

To determine the association between the spatial heterogeneity of
driving factors of ESs and their clustering characteristics, a cluster
analysis each ESs driving factor was carried out. TNI, NDVI, HAL, and
other indicators were selected to represent the terrain, ecology, and
human activities in the region. Specific driving factors were selected for
each ESs (Table A2), with Pre selected for WY, PWL for SC, and NL for
CS.

The clustering results for WY exhibited different characteristics
(Fig. A5). Bl indicated a high NDVI, TNI and low human impacts; B2
showed high NDVI; B3 showed high human impacts; and B4 showed
high precipitation and high NDVI. The clustering results could be
divided into three regions, similar to the MGWR classification results
(Fig. 4). The clustering results of M1 and M2 differed significantly from
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those of M5, M6, and M7, whereas the clustering results of M3 and M4
were intermediate. In M1 and M2, B4 and B2 were more prevalent. M3
and M4 represented transitional zones between the other two regions
and had a fragmented distribution pattern. M5, M6, and M7 were
located in the western region, where the clustering results were domi-
nated by B1 and B2. The prevalence of B1 clustering gradually decreased
in M5, M7, and M6, whereas that of B2 gradually increased.

The characteristics of the four clustering results of SC were as fol-
lows. B1 indicated high forest coverage and high NDVI; B2 showed high
NDVIL B3 showed high anthropogenic influence; and B4 showed high
TNIand NDVI. The statistical results clearly fell into two main categories
and were consistent with the MGWR classification results (Fig. 4). M1
and M2 were primarily composed of B4, whereas M3 and M4 were
composed of B1 and B2.

The spatial distribution of CS, divided by its secondary driving factor,
exhibited a clear east to west pattern. M1 and M3, the two categories
with the largest percentage area in the MGWR classification results
(Fig. 4), also differed greatly in their clustering results (Fig. A5). In M1,
the main clustering type was B4; however, some regions were also
classified as B1. Compared with the other categories, M3 had a higher
proportion of Bl and moderate proportions of B2 and B3. Topographic
factors in this region were not prominent, indicating a greater influence
of anthropogenic factors.

4. Discussion
4.1. Result of ESs

The accounting results of ecosystem services are affected by many
factors. The results of other researchers are selected for comparison to
determine the availability and reliability of the ESs accounting results.
The WY results obtained in this study were consistent with the actual
runoff in the Yangtze River Basin, with a difference of 20 % (8.2 x 10!}
m> compared with 9.85 x 10! m?, respectively) (China National Bureau
of Statistics, 2021). The disparities in the results can be attributed to
differences in the spatial extent and inconsistencies in the statistical
timeframe. The calculated SC results in this study were in basic agree-
ment with the findings of previous research conducted in the same re-
gion (Wu et al., 2018), with a 6 % difference (2.02 x 1010 ¢ compared
with 1.88 x 100 t, respectively). The calculated CS results were
consistent with the findings of a previous study conducted in the same
region (WU et al., 2021), with a 15 % difference (1071 g-CO;-m 2
compared with 903.35 g-COy-m ™2, respectively). We speculate that
discrepancies in data sources and study period (2010-2015) contributed
to the observed differences in the original data.

4.2. Driving mechanisms of ecosystem services

WY exhibited a pattern of higher values in the southeast and lower
values in the northwest (Hu et al., 2022c). Regions with higher WY

Table 5

Parameters for the MGWR model.
WYy SC
Verification indicators OLS MGWR Verification indicators
AIC 815.01 3.18 AIC
AICC 817.15 112.72 AICC
R? 0.88 0.95 R?
DF Bandwidth t (95 %) DF
Intercept 43 3.09 Intercept
Tem 43 3.16 NDVI
DEM 43 3.07 DEM
Slope 43 3.19 Slope
Pre 43 3.15 PCL
PGL 43 3.21 PWL
NL 43 3.21 PGL

()
OLS MGWR Verification indicators OLS MGWR
2658.02 2256.88 AIC 1292.78 —1284.03
2660.19 2281.48 AICC 1294.95 —1214.72
0.31 0.61 R? 0.81 0.99
Bandwidth t (95 %) DF Bandwidth t (95 %)
1069 2.00 Intercept 43 3.22
57 3.23 NDVI 43 3.28
1069 2.01 DEM 43 3.22
969 2.07 Slope 1063 1.99
1069 1.99 PWL 43 3.27
43 3.36 PWS 377 2.41
1069 2.04 NL 605 2.15

Note: The top half of the table is the comparison of MGWR and OLS models, and the bottom half is the bandwidth and t-tests for different drivers.
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tended to coincide with areas of high human activity, such as provincial
capitals, as indicated in Fig. 3. Local studies within the YEB, such as
those in the Xiangjiang (Wang et al., 2023c) and Weihe river basins (Wu
etal., 2022a), have also confirmed a decreasing trend in WY, as shown in
the Cg (Fig. 3). The main factors influencing WY were Pre (55.30 %),
Tem (18.36 %), DEM (14.32 %), and NL (7.52 %). These findings were
consistent with those of other studies (Wang et al., 2021) indicating Pre
as the dominant factor influencing the spatial distribution of WY (Wang
et al., 2023). Specifically, Pre affects the regional water input and sur-
face hydrological processes, leading to changes in runoff and influencing
the WY spatial distribution (Wang et al., 2022c). The impact of Tem and
WY in the YEB was positively correlated, which was consistent with
research at the national level (Gong et al., 2017). However, Tem can
increase evapotranspiration and decrease runoff (Su and Fu, 2013; Wei
et al., 2022). Thus, the combined effects of Tem and factors such as Pre
and DEM can result in the opposite effect of Tem in the YEB. Existing
research has indicated a positive correlation between Tem and WY in
regions with ample precipitation, such as Guizhou with 1630 mm in
2020 (Wang et al., 2023), while a negative correlation is observed in
drier areas like the Shule River Basin, which received 47-63 mm of
precipitation (Wei et al., 2022). Our study generally aligns with these
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findings, as the YEB has abundant precipitation (1392 mm, 2020) and
demonstrates a positive relationship (Fig. A3). Terrain factors incorpo-
rate the influence of human activities (NL) on the spatial distribution of
WY at a smaller scale (Sun et al., 2021). They can affect precipitation,
temperature, and other conditions, resulting in human activity being
concentrated in low altitude and slope areas. Factors such as accelerated
urbanization have also altered the underlying surface, increased surface
impermeability and enhanced WY (Khzr et al., 2022). In addition, the
terrain affects runoff flow, causing it to accumulate in flat areas.

The spatial distribution pattern of SC was generally a low in the east
and high in the west, showing a gradual increase with an increase in Cp
(Fig. 3b.1) and Cg (Fig. 3c.1). Variations along these two gradients were
more regular and exhibited higher levels of dispersion. The contribu-
tions of high correlation driving factors to SC (Table 4) indicated that
topographic factors accounted for approximately 74.1 % of the variance
and served as the dominant driving factors of the spatial distribution of
SC (Xiao et al., 2017). This conclusion is consistent with existing
research on the Yangtze and Yellow River basins (Fang et al., 2021).
Slope is an important factor that affects runoff, with higher slopes
having a greater potential for soil erosion (Yan et al., 2018). Moreover,
regions with higher slopes tend to have less human activity and greater
vegetation cover. DEM is one of the main factors influencing the spatial
distribution of SC (Chen et al., 2023), and variations in multiple con-
ditions, such as human activities and weather, along the vertical
gradient lead to differences in vegetation cover at different altitudes
(Chen et al., 2023; Liu et al., 2007), resulting in greater vegetation
growth at higher altitudes and higher soil retention capacity. The NDVI
is also seen as a direct influencing factor (Liu et al., 2022c) because
higher vegetation cover could mitigate soil erosion through factors such
as a reduced impact of raindrops, lower surface runoff velocity, stable
soil particles, and increased soil water holding capacity. Therefore, it
had a positive correlation with SC.

CS exhibited a spatial pattern with higher values in the south and
west and lower values in the north and east, except for the Sichuan
Basin, where CS was relatively low. The main driving factors with a high
correlation with CS were the NDVI, DEM, Slope, and PCL, among which
the NDVI was the most significant factor (Table 4), explaining 83.1 % of
the variance; topographic factors accounted for 15.6 %. Thus, the NDVI,
influenced by factors such as meteorological conditions, topography,
and human activity (Li, 2022), played a dominant role in the spatial
distribution of CS. Precipitation had a positive effect on the NDVI,
because higher precipitation meets plant growth needs. In turn, tem-
perature had a negative impact on the NDVI because regions with higher
temperatures are more suitable for human habitation, and excessive
human activity can lead to a decrease in the NDVI (Han and Xu, 2013).
The gradient boxplot of the DEM (Figs. 3-b.4) indicated a two-stage
distribution pattern for CS. In the first stage, as human impacts gradu-
ally decreased, CS increased. With the increase of DEM, unfavorable
natural conditions, such as decrease in temperature and precipitation,
impede vegetation growth (Chen et al., 2020), resulting in a decrease in
CS (Zhang et al., 2020). Therefore, the Sichuan Basin (200-700 m) with
a lower DEM and the western Sichuan Plateau (4000-4500 m) exhibited
lower CS. Compared with other ESs, CS was more significantly affected
by human activities, with larger differences in various gradients of land-
use changes (Cg) (Fig. 3a.3) and higher Pearson correlation coefficients.

4.3. Spatial differences in ecosystem service driving factors

The main driving factors of WY showed significant spatial variation,
with China’s topographic boundary (second and first gradients) as the
dividing line. In the eastern region, the DEM was the main driving fac-
tor, whereas in the western region, Pre was the main driving factor, with
a transitional zone near the boundary. The contribution of the two
factors was 73.66 % (Table 4). The results of the majority of scholars also
concluded that precipitation is considered to be the most important
factor affecting WY (Fig. 4). However, topography could affect the
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Fig. 6. Zoning management of ecosystem conservation.

importance of precipitation in driving WY (Dai and Wang, 2020). In our
study, the clustering results of WY (Fig. A5) indicated that regions with
suitable ecological conditions (B2) and higher precipitation (B4) were
mainly driven by DEM, whereas regions with lower human impacts,
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higher vegetation cover (B1, B2), and insufficient precipitation (B1, B2)
were mainly driven by Pre. The main reason for this phenomenon was
that precipitation and topography were negatively correlated. Most
areas of the YEB, which had a high DEM, were strongly influenced by the
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plateau mountain climate, with less precipitation and more evaporation.
Therefore, Pre became the determining factor of WY. In contrast, in the
eastern region, which is influenced by the monsoon climate, precipita-
tion is abundant, and DEM performed a greater impact on the distri-
bution of WY in the region. The results of the linear discriminant
analysis (Fig. 5a) indicated that the higher the precipitation, the greater
the likelihood that the DEM is the main driving factor, whereas areas
with higher DEM were mainly driven by Pre. This conclusion is consis-
tent with the results of the MGWR model (Fig. 4), and the consistency
between the two zoning methods was approximately 86.53 % (Fig. 5a).
To ensure the robustness of these findings, we conducted a compre-
hensive review of all available reference related to the driving factors of
WY. We meticulously compiled and recalculated their results (Fig. 5a,
detailed data available in Table A3). Researchers’ findings not only
depict the temporal variations of WY’s primary driving factors but also
align with our proposed transition threshold curve in 70 % of cases. For
instance, Wu et al. (2023) revealed that in the Pearl River region, with
changing precipitation values, the primary driving factor for WY tran-
sitions from DEM to Pre.

The NDVI, Slope, and DEM are the main factors affecting SC (Wang
et al., 2022b), and the primary driving factor of these remains contro-
versial. The combined contribution of the factors is 92.70 % (Table 4).
Some researchers have suggested that slope is the main driving factor
(Hu et al., 2022b; Li, 2022), while other studies have attributed this to
the NDVI (Mu et al., 2022). In this study, SC clustering results were
statistically significant (Fig. A5). In areas where the NDVI was the main
driving factor, there were more clusters with a high terrain gradient, and
the corresponding NDVI was the main factor in the cluster. The primary
driving factor was the terrain factor, that is, the slope. This pattern is
consistent with research on the Pearl River Delta region (Liu et al.,
2022c), mainly because the slope can affect the CS capacity of the region
by affecting runoff and surface vegetation. Most regions where the NDVI
is the main driving factor are plateaus, such as the Yunnan-Guizhou
Plateau, where vegetation cover is low and the impact of vegetation
changes is greater. The results of the linear discriminant analysis
(Fig. 5b) indicated that the larger the TNI value in an area, the greater
the likelihood that the NDVI is the main driving factor; the higher the
NDVI in an area, the more likely it is that the slope is the main driving
factor. This conclusion is consistent with the results of the MGWR model
(Fig. 4a), with the consistency between the two zoning methods being
approximately 84.76 % (Fig. 5b). We have also made exhaustive efforts
to systematically review literatures on SC driving factors in Fig. 5b (also
see Table A2). Researchers’ findings similarly demonstrate changes in
the primary driving factors for SC, with 66.7 % of results aligning with
our proposed transition threshold curve. We conducted a thorough
analysis of studies that exhibited discrepancies, e.g., Rong et al. (2022),
and found that these discrepancies were typically associated with
larger-scale investigations. Larger-scale studies often average the values
of TNI due to computational precision issues, which constitutes a pri-
mary reason for discrepancies with the results presented in this study.

The MGWR results for CS (Fig. 4c) indicated that the main driving
factor of CS is the NDVI (Ge et al., 2021; Ye et al., 2022). Using the
second main driving factors as the classification basis, the YEB was
divided into two regions: the western region mainly driven by topog-
raphy (DEM and Slope) and the eastern region mainly driven by human
activities (PWL and NL). However, there has been a lack of discussion
regarding the main driving factors of CS. The impact of human activity
in the Pearl River Delta region is greater than that of topography (Liu
et al., 2022c), whereas research in northeastern China yielded the
opposite results (Sun et al., 2018). The clustering results of CS (Fig. 5¢)
indicated that clustering in the western region was mainly characterized
by a high TNI and NDVI, whereas in the eastern region, human activities
(B2) and a high NDVI (B1) had a relatively larger effect. This was
consistent with the regional characteristics of the Pearl River Delta in
northeastern China. Further, linear discriminant analysis (Fig. 5c)
showed that the higher the TNI value in an area, the greater the
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likelihood that the NDVI is the main driving factor, whereas the higher
the HAI value in an area, the more likely it is that human activities are
the main driving factor. This conclusion is consistent with the results of
the MGWR model, with the consistency between the two zoning
methods being approximately 80.04 % (Fig. 5a). Previous research
studies have corroborated the primary driving factor transition pattern
presented in this paper, with a concurrence rate of 66.7 % (Fig. 5c,
Table A3). For instance, Wu et al. (2023), who conducted a similar study
in Pearl River Delta of China, observed that with the increasing intensity
of human activities (HAI), anthropogenic factors gradually supplant
topography (TNI) as the predominant drivers influencing SC.

4.4. Ecosystem service management advice

ESs can serve as vehicles for shaping the value of natural resources
through spatial planning and provide a cognitive foundation for value
shaping in spatial planning (Carpenter et al., 2009). The spatial het-
erogeneity of the impacts on ESs reflects comprehensive differences in
regional conditions, such as ecological and socio-economic factors.
Therefore, to achieve sustainability of the ecosystem’s provisioning ca-
pacity in the YEB, optimize the regional industrial layout, and promote
coordinated development among regions, the spatial layout of driving
factors should be the primary basis for spatial planning, considering the
differences in ESs. This will help propose spatial planning and corre-
sponding management measures for the YEB. To divide the counties in
the YEB, a zoning method should be used. Regions with similar main
driving factors of ESs should be merged, and the three ESs can be divided
into different zones. After overlaying the three zones, ecosystem con-
servation management zones for the YEB can be generated (Fig. 6) and
management strategies based on the characteristics of each zone can be
proposed. The specific partitioning strategy is shown below: First, the
YEB is divided into multiple regions based on the primary driving factors
of ecosystem services. Specifically, WY is divided into three regions: 1
(M1 & M2), 2 (M3 & M4 & M6), and 3 (M5 & M7), with Region 2 serving
as a transitional zone; SC is divided into two regions: 1 (M1 & M2) and 2
(M3 & M4); CS is divided into three regions: 1 (M1), 2 (M2 & M3), and 3
(M4). Finally, we overlay the respective regions and label the overlaid
areas in the order of WY, SC, and CS, using the following numbers for
each region: 121 (Ecological protection region), 122 (Ecological
Enhancement region), 123 (Human activity support region), 221
(Complex ecological region), 311 (Green economic region), 321
(Ecological transition region), and 322 (Ecological compensation
region).

The characteristics and policy priorities of each region are as follows.
Ecological transition region is an area of excessive transition from the
Yangtze River Economic Belt to the northern plateau region. The
ecosystem in this area is gradually becoming fragile, so emphasis is
placed on protecting vegetation coverage, which were also acknowl-
edged by literature (Yang et al., 2021). Ecological compensation re-
gion, PWL affects the SC and CS of the region, so the region is dominated
by forest construction and ecological conservation. Green economic
region is ecologically sound and has the basis for the transformation of
good ecology into regional economic development and the imple-
mentation of conservation and development policies. Studies in this
region (Yunnan Province) indicate that the development of ecotourism
in this area promotes the integrated development of ecology and econ-
omy (Zhu et al., 2023). Complex ecological region is influenced by
multiple factors, and the ecological situation is complex. Policies focus
on protecting the region’s biodiversity. Ecological protection region:
Due to terrain factors, soil erosion is severe in this region, and a sig-
nificant amount of ESs is needed. Therefore, emphasis is placed on
regional security construction. Research in this region (Jiangxi Prov-
ince) shows that soil and water conservation measures aid in mitigating
water and soil erosion in the region (Tu et al., 2018). Human activity
support region, human activities are important influencing factors in
this region, and the supply capacity of WY is also high. Therefore,
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attention is paid to water source and environmental protection, as well
as planned and efficient land use. Ecological enhancement region: this
region is an important grain production area, and the primary influ-
encing factor of ESs is PWL. Therefore, the balance between agricultural
development and forest construction is emphasized, as well as the pro-
tection of ecological redlines and cultivated land redlines.

4.5. Limitation and prospect

There are limitations and uncertainties in the models and results of
ESs calculations, and although this study chose the InVEST model,
which is the most widely used model in the world (Kareiva et al., 2011),
and searched for a number of studies to localize the parameters, the
impacts of regional variability on large scales should not be ignored (Ren
et al., 2022). This study focuses more on spatial scale variability and less
on temporal scale changes, on the one hand, because the 20-year study
timeframe is still relatively short, and the magnitude of land use changes
in the overall region is small, and the regularity of climate change is not
yet strong, on the other hand, for the Yangtze River Economic Belt as a
special region, the spatial variability of ecosystem services caused by the
variability of the natural and social elements is more significant. In the
future, longer time span data and regionally different parameters can be
used to study climate change or land use change within the same region.

5. Conclusion

ESs have been considered in large-scale policy decision making, but
there is a high level of spatial heterogeneity in ESs and their driving
factors. This affects the applicability of policies to various regions to a
certain extent. This study used geospatial and panel data and classical
models to quantify WY, SC, and SC as well as the primary driving factors.
As one of the rare studies that considered drivers transformation pat-
terns, we found that the YBE showed spatial heterogeneity of ESs and
drivers, and this can be quantified. The YEB showed spatial heteroge-
neity in ESs and driving factors and there was consistency in its layout
from the perspective of spatial distribution patterns. Therefore, a spatial
division of ESs management was proposed based on the spatial division
of driving factors, and the characteristic management strategies of each
region were constructed. This is likely to have a forward-looking effect
on the quantitative implementation of ecosystem zoning management,
policy economy, and environmental protection policies in the region and
provide a reference for the sustainable use of regional and global eco-
systems. Additionally, it is worthwhile to highlight the methodological
novelty used in this present study. The first, we showed the high interest
of using self-organizing maps (SOM) in depicting both ESs and their
drivers at large geographical scale. Second, we showed the appropri-
ateness of the Linear Discriminant Analysis method in determining
thresholds of driving factor transitions and generating threshold curves
(Fig. 5). Using these methods in conjunction will be greatly helpful for a
better understanding of large-scale ESs patterns and underlying mech-
anisms in future studies.
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