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Abstract

Understanding the influence mechanism of ecosystem services will provide some useful guides for
practical ecological management. However, there is a limited understanding of the driving forces of
ecosystem services, especially from the perspective of spatial heterogeneity. This study attempts to fill
the gap in current research by examining the driving forces of the spatial heterogeneity of ecosystem
services with an integrated spatial approach. The results show that ecosystem services in the Yimeng
mountainous area are characterized by obvious spatial heterogeneity with uneven east-west distribution,
that land use type is the dominant factor influencing the spatial heterogeneity of ecosystem services and
that the combined effect of multiple drivers is more significant than the effect of any single driver in the
interaction mechanism. This study will enrich the mechanistic analysis of the spatial heterogeneity of
ecosystem services and provide important support for the optimization and sustainable development of
ecosystem services in mountainous and hilly complex areas.
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Introduction

Ecosystem services refer to resources that people
derive from an ecosystem. Such resources include not
only food, fresh water, and raw materials provided by
the ecosystem for industrial and agricultural products
but also support the earth’s life system and maintain the
biogeochemical and hydrological cycles, the equilibrium
of atmospheric chemistry, biodiversity, and cleaning the
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environment [1-4]. Therefore, ecosystem services are
critical to human survival and development. At present,
the global impact of climate change and human activities
is increasing, the stability of ecosystems is decreasing,
vulnerability is increasing, and service functions
are gradually weakening [5], resulting in a series of
serious challenges for ecosystem service management.
The complex, diverse, and unique physical geography
and social background characteristics of different
regions make the spatial distribution of ecosystem
services extremely heterogeneous, with large internal
differences and obvious spatial variability, which
further increases the difficulty of ecosystem service



2638

Huang X., Wang L.

management. How to identify the dominant drivers of
regional spatial differentiation of ecosystem services
and then formulate targeted spatial planning decisions
for ecosystem services has become an urgent problem
for ecosystem service management.

Currently, studies on the spatial heterogeneity of
ecosystem services have been conducted to characterize
the degree of spatial differentiation, for example, by
using coefficients of variation and spatial autocorrelation
indices to quantify the magnitude of spatial variation
[6-7] or by using the concept of ecological "gradients"
set by nature and man to analyse the spatial variation
in ecosystem services along each gradient [8]. On
the other hand, the relationship between ecosystem
services and their influencing factors in different spatial
locations was determined by regression modelling;
for example, Ahmed et al. [9] and Hou et al. [10] used
geographically weighted regression to analyse the
relationship between ecosystem services such as water
yield and net primary productivity and factors such as
climate, land use, and landscape index. Although all of
the above studies provide important reference values
for regional ecosystem service management, there are
some shortcomings that need further improvement.
For example, when previous results are explored for
drivers, most of them are mainly based on qualitative
analysis [11-12] or mathematical statistics (correlation
or regression analysis) [13-14]; the former has a
strong subjectivity failing to achieve a more accurate
quantitative analysis of drivers, while the latter is
implemented with the assumption of a significant
linear relationship between ecosystem services and
drivers throughout the time series, while in reality, this
relationship does not necessarily exist; meanwhile, both
of the above methods do not analyse the synergistic
effect of the interaction of factors on the driving effect
of ecosystem service change; the Geodetector is a new
statistical method to analyse the spatial heterogeneity
of geographic phenomena based on the theory of
spatial variance [15], which can not only reveal the
driving forces behind geographic phenomena; but
also quantify the individual driving factors and the
interaction between factors, and can address the above
two shortcomings, and it can provide a scientific basis
and technical guide for ecosystem service management.

At the same time, it has also been pointed out that
landscape heterogeneity directly influences species
dynamics, community structure, and ecological
processes in ecosystems and ultimately the expression
of ecosystem services [16]. Landscape heterogeneity is
more complex in mountainous areas, where the vertical
gradient of the landscape formed by the combination
of meteorological elements such as temperature and
precipitation in the vertical direction varies with
the spatial displacement of longitude and latitude in
the horizontal direction. Accordingly, these features
further enhance the spatial differentiation of ecosystem
services. Although some scholars have studied the
spatial and temporal evolution patterns of ecosystem

services and the degree of spatial differentiation, there
is a lack of research on complex terrain areas, especially
mountainous and hilly areas, and the understanding of
their driving forces is more limited.

The present paper is a step in that direction and is
based on the study of the Yimeng mountainous area.
The two primary aims of our study were 1) to capture
the spatial differentiation characteristics of each
ecosystem service and 2) to identify the influencing
factors of ecosystem services.

Material and Methods
Overview of Study Area

The Yimeng mountainous area is located in
southern Shandong Province, China, at latitude
34°22'-36°23'N and longitude 116°34'-119°39’E, covering
27 counties (cities and districts) in Linyi City, Zibo City,
Rizhao City, Jining City, and Zaozhuang City, with
a total area of approximately 3.41x10* km? (Fig. 1).
The climate type is a warm-temperate continental
monsoon climate, with an average annual temperature
of 12-14°C and an average annual rainfall of
700-900 mm, and summer precipitation accounts for
more than 60% of the annual precipitation. The soil
is mainly brown loam and brown soil, the terrain
is high and mountainous in the northwest and low
and hilly in the southeast, and the landform type is
complex and diverse. The natural vegetation is mainly
deciduous broad-leaved forest, but due to long-term
human activities, natural vegetation is only seen in
mountainous high-altitude areas and artificial vegetation
is common in the secondary forest.

As a complete geographic unit, the study area is
a typical composite ecosystem, offering important
ecological services to the surrounding region.
In addition, as a typical mountainous hilly region in
China, the study area has significant spatial variability,
making it an ideal site to study the spatially divergent
characteristics of ecosystem services and the factors
influencing them.

Data Sources and Processing

The data involved in this study include land use
data, digital elevation models, soil data, normalized
difference vegetative indices, meteorological data, and
socioeconomic data. The data sources are shown in
Table 1.

Methods of Analysis
Quantifying Ecosystem Services
According to the classification scheme of ecosystem

services proposed by the United Nations Millennium
Ecosystem Assessment [17], combined with the related
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Fig.1. Location map of the study area.
Table 1. Data sources table.
Type of data Data sources Website link

Land use data

Resource and Environment Science and Data Center

http://www.resdc.cn

Digital elevation model

Geospatial Data Cloud

http://www.gscloud.cn

Soil data

Scientific Data Center for Cold and Arid Regions

http://westdc.westgis.ac.cn/

Normalized difference vegetative index

American NASA website

http://Ipdaac.usgs.gov

Meteorological data

National Meteorological Information Center

http://data.cma.cn

Socioeconomic data

Statistical Yearbook in Linyi city, Statistical Yearbook in
Zibo city, Statistical Yearbook in Rizhao city, Statistical
Yearbook in Jinig city, and Statistical Yearbook in

Zaozhuang city

http://www.stats.gov.cn/

studies and the principles of importance and data
availability, we selected food supply, soil conservation,
water yield, carbon storage, and habitat quality as the
key ecosystem services. These five ecosystem services
were chosen because they are key ecosystem services
provided to humans by the ecosystem in the study
area. The region is an important part of the grain
production base in China and is also the main area of
high-quality vegetable, melon, and fruit production in
Shandong Province. The region was listed as the Lu
Central Mountains Soil Conservation Important Zone,
which is one of China’s Key Ecological Function Areas
[18] proposed by the People's Republic of China to
optimize the spatial distribution of land and resources
and promote the construction of a sustainable ecological
system. The main ecological function of this zone is soil
conservation and water retention. The Yi River basin
is also an important habitat for birds, aquatic plants,
and animals. It is an important ecological protection
area delineated in the National Outline of Ecological
Environment Conservation [19], which is a program
implemented to ensure sustainable development by
protecting the ecological environment. In addition,
large areas of forest and grassland vegetation

distributed in the region are also important carbon
sources. However, a series of problems, such as food
and water shortages, soil erosion, deforestation, and air
pollution, are common ecological problems facing the
study area and other regions. Therefore, a quantitative
assessment of ecosystem services is urgently needed.
Among the five ecosystem services considered in
this study, data regarding food supply were directly
extracted from the local Statistical Yearbooks at the
district level and spatially allocated according to the
normalized difference vegetative index for individual
patches of land [20]. The Revised Universal Soil Loss
Equation (RUSLE) [21-26] and Integrated Valuation of
Ecosystem Services and Trade-offs (InVEST) [27-33]
were used to evaluate the other four ecosystem services.
Table 2 shows the methods used to calculate ecosystem
services in more detail.

Ecosystem Services Integrated Hotspot Areas

In this study, the hotspots of ecosystem services
were considered to be those areas where the supply of
each ecosystem service exceeded their respective mean
values at the scale of the input raster. The hotspots of
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Table 2. Methods for evaluating ecosystem services.

ECOS}{Stem Methods Algorithms' Variables
services
NDVI; P is the food supply of raster i, NDVI. is the NDVT of raster i
P — % P ; d supply of raster i, NDVL is the of raster i,
Food supply NDVI t NDVIt t NDVI |18 the sum of NDVI, Pt is the total food supply.
A is the average soil conservation, R is the rainfall erosion
Soil force factor, K is the soil erodibility factor, L is the slope
. RUSLE |A=RXKXLSX(1—-CXxP) length factor, S is the slope steepness factor, C is the
conservation . . .
vegetation cover and management factor, and P is the erosion
control practice factor.
AETy; Y . is the annual water yield of raster x in the land use type j,
Water yield InVEST Yy = (1 - ) X Py AET . is the actual annual evapotranspiration of raster in the
P X . .. .
X land use type J, P_is the annual precipitation of raster x.
C, is the total carbon storage, C  is carbon storage in
Cz = Cabove T Cpelow T+ Cdeaa | all living plant material above the soil, C,  is the carbon
Carbon storage InVEST storage in the living root systems, C__ is the carbon storage
+ Csoil of soil, and C__, is the carbon storage in the litter as well as
lying and standing dead wood.
D? Q is the habitat quality of raster x in the land use type j,
. . =H. 1= Xj H 1s the suitability of land use type j for the species, D is
Habitat quality InVEST QX] ) [ (D,Zq- + kZ thje threat level of raster x in the land use type j, z and K are
scaling parameters.

'"The meanings of different letters and specific calculation formulas can be found in the corresponding references.

food supply, soil conservation, water yield, carbon
storage, and habitat quality were superimposed on the
study area for each corresponding year to obtain the
spatiotemporal distribution of the integrated hotspots
for each year considered by the study. Based on the
number of hotspots for individual ecosystem services,
the hotspots were classified into six categories: class I
hotspot area, class II hotspot area, class III hotspot area,
class IV hotspot area, class V hotspot area, and non-
hotspot area (Table 3).

Interrelationships among Ecosystem Services

In this study, we used GIS software combined with
the Spearman correlation coefficient method to reveal
the interaction of five ecosystem services in 2000,
2010, and 2018. The sampling interval was set to 1
km, and evenly distributed points were obtained in
the study area. The raster maps of various ecosystem

services in 2000, 2010, and 2018 were then partitioned
and sampled. The spatial distribution of trade-offs (i.e.,
inverse relationships) and synergies (i.e., mutual and
positive relationships) between ecosystem services in
the region was calculated by correlation analysis. Trade-
offs between two ecosystem services were considered
significant if their correlation coefficient was negative
and significant at the 5% confidence level, whereas if the
correlation coefficient was positive and significant, there
was a synergistic and mutually beneficial relationship.
If the correlation did not pass the significance test, then
the relationship was considered compatible [36-37].

Identification of Driving Factors of Spatial
Differentiation of Ecosystem Services

Spatial differentiation is one of the fundamental
characteristics of geographic variables. Geodetector
is a tool used to detect and exploit spatial

Table 3. Division of hotspot areas of ecosystem services in the Yimeng mountainous area.

Classes >

Classification standard

Non-hotspot area

Not a hot spot for any ecosystem service

Class I hotspot area

There is one ecosystem service hotspot

Class II hotspot area

There are two ecosystem service hotspots that overlap

Class III hotspot area

There are three ecosystem service hotspots that overlap

Class IV hotspot area

There are four ecosystem service hotspots that overlap

Class V hotspot arca

There are five ecosystem service hotspots that overlap

2 Classification by reference to existing studies [34, 35].
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differentiation. It is mainly used to analyse the driving
forces, influencing factors, and multifactor interactions
of various phenomena. This study considers each
individual ecosystem service in the study area as the
dependent variable and each factor affecting ecosystem
services in the Yimeng mountainous area as the
independent variable to explore which influencing
factors drive each individual ecosystem service. The
factor detector and interaction detector were used to
analyse the extent to which each driving factor and
factor combination explained the spatial heterogeneity
of ecosystem services in the study area. The factor
detection equation is expressed as follows:

-1- Z%l:l N h O-f%
1= No2 )
where L is the stratification of the dependent variable or
influence factor and N, and o, are the unit number and
variance of layer A, respectively. N and o2 are the overall
unit number and variance of the study area, respectively.
The g-value measures the explanatory power of the
factor in regard to y and is within the range [0, 1]. The
larger the value is, the stronger the explanatory power of

each factor.

The interaction detector principle is as follows:

Interaction detection is used to assess the degree of
influence of different drivers combined on the dependent
variable, and there are five types of interactions between
any two factors. If [q(X1NX2)]<Min[q(X1),q(X2)]
is nonlinerarly weakened, Min [q (X1), q (X2)] < [q
(X1NX2)] < Max [q (X1), q (X2)] is unidirectionally
nonlinearly weakened, [q (X1NX2)] > Max [q (X1),
q (X2)], undergoes two-factor enhancement, and
[q XINX2)] = [q (X1) + q (X2)] is independent, then
[@ X1INX2)] > [q (X1) + q (X2)] is nonlinearly
enhanced.

The occurrence and development of ecosystem
services are influenced and controlled by numerous
factors; therefore, during the selection of the ecosystem
service that drives the factors, the ecological
environment and socioeconomic background of the
Yimeng mountainous area were used as characteristics.
Finally, annual precipitation, land use type, vegetation
cover, altitude, and slope are selected as independent
variables X, and food supply, soil conservation, water
yield, carbon storage, and habitat quality are used
as dependent variables Y in Geodetector. Since the

input variables of the Geodetector are required to be
category data, first, we need to discretize continuous
type variables. Combining the data discretization
method and a priori knowledge [15, 38-40], the average
annual rainfall is divided into 9 categories, and the
land use types are divided into 6 categories: farmland,
forestland, grassland, water bodies, construction land,
and unused land. The vegetation cover is divided into
8 categories (<0.3, >0.3~0.4, >0.4~0.5, >0.5~0.6,
>0.6~0.7, >0.7~0.8, >0.8~0.9, >0.9~1), altitude into 3
categories (<500 m, >500~1000 m, >1000~1500 m), and
slope into 6 categories (<5°, >5~10°, >10~15°, >15~20°,
>20~25°, >25°). The ecosystem service and driving
factor classification values are assigned to the 1 kmx1
km grid points as the operational data of Geodetector.

Results

Trends in Ecosystem Services Over Time
in the Yimeng Mountainous Area

The results show that the food supply in the Yimeng
mountainous area underwent an increasing trend
from 2000 to 2018 (Table 4). Specifically, the annual
average food supply in the study area increased from
634.677 t/km? in 2000 to 851.420 t/km? in 2018, which
equates to an increase in the food supply of 34.15%.
From 2000 to 2018, the food supply of all counties
in the Yimeng mountainous area showed growth
except Shizhong District and Lanshan District, which
showed a slight decline, with Sishui County, Shanting
District, Junan County, and Pingyi County increasing
by 50.42%, 45.73%, 43.60%, and 43.11%, respectively
(Fig. 2).

The annual average soil conservation in the Yimeng
mountainous area in the three phases was 183.564 t/hm?,
253.595 t/hm?, and 253.927 t/hm? respectively, from
2000 to 2018, which means that the annual average
soil conservation increased by 38.33% (Table 4). From
2000 to 2018, the soil conservation of all counties in
the Yimeng mountainous areca showed growth except
Tancheng County and Lanshan District, which showed
a slight decline; 11 counties increased by more than
50%, with Shanting District, Weishan County, Tengzhou
City, and Yiyuan County increasing by 88.32%, 87.93%,
79.16%, and 77.13%, respectively (Fig. 2).

The annual average in the Yimeng mountainous
area in the three phases was 317.301 mm, 327.169 mm,

Table 4. Ecosystem services in the Yimeng mountainous area from 2000 to 2018.

Year Fo?t(/l ksl:l;z))ply Soil c((t)/rlljslil;\)/ation Wa(tz: n};;eld Carbmz;torage Habitat quality
2000 634.677 183.564 317.301 1.036x108 0.476
2010 795.969 253.595 327.169 1.027x108 0.467
2018 851.420 253.927 511.378 1.012x108 0.425
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Fig. 2. The annual mean value of ecosystem services in the Yimeng mountainous area and each county in 2000, 2010 and 2018.

Note: Y, Yishui County; MY, Mengyin County; PY, Pingyi County; TC, Tancheng County; LS, Lanshan District; JN, Junan County;
LZ, Luozhuang District; LL, Lanling County; FX, Feixian County; HD, Hedong District; LS, Linshu County; Y'Y, Yiyuan County; WL,
Waulian County; DG, Donggang District; JX, Juxian County; LS, Lanshan District; ST, Shanting District; XC, Xuecheng District; YC,
Yicheng District; SZ, Shizhong District; TZ, Tengzhou City; TEZ, Taierzhang District; QF, Qufu City; SS, Sishui County; ZC, Zoucheng
City; WS, Weishan County.
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and 511.378 mm, respectively, from 2000 to 2018,
which equates to an annual average water yield increase
of 61.16% (Table 4). All counties over the years also
showed an increase, with a large overall change.
Among them, Qufu City, Xuecheng District, Tengzhou
City, Zoucheng City, and Sishui County increased
by 103.86%, 97.92%, 96.01%, 92.60%, and 90.39%,
respectively (Fig. 2).

The carbon storage in the Yimeng mountainous
area showed a slight decreasing trend from 2000 to
2018. Specifically, the carbon storage in the study
area decreased from 1.036x10% t in 2000 to 1.012x108% t
in 2018, equivalent to a decrease of 2.32% (Table 4).
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The trend of change over multiple years in all counties
was divided into two types, with the northeastern
counties mostly showing a decrease followed by an
increase, and the southern counties mostly showing a
year-by-year decrease. The carbon storage of Wulian
County and Yiyuan County increased by 7.81% and
5.70%, respectively, while the carbon storage of
Lanshan District and Luozhuang District decreased by
10.98% and 10.56%, respectively (Fig. 2).

During the study period, habitat quality dropped
from 0.476 to 0.425, with habitat quality decreasing
by 10.71% (Table 4). The trend of all counties over the
years also showed a decline, with Lanshan District,
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Luozhuang District, and Shizhong District declining by
31.67%, 30.96%, and 30.05%, respectively (Fig. 2).

Spatial Heterogeneity of Ecosystem Services
in the Yimeng Mountainous Area

Spatial Heterogeneity of Individual Ecosystem Services

The spatial distributions of five ecosystem services
in the Yimeng mountainous area in 2000, 2010, and 2018
are shown in Fig. 3. The results show that the multiyear
average food supply in the Yimeng mountainous area
was 760.689 t/km?, and the spatial distribution of the
food supply in the study area has obvious heterogeneity.
The areas with high food supply were mainly
distributed in the northeastern edge and northern
regions of the Yimeng mountainous area, among which
the food supply in Yiyuan County, Wulian County, and
Shanting District was higher during the three periods.
Specifically, the multiyear average food supply in the
three counties reached 1111.982 t/km?, 914.209 t/km?,
and 909.906 t/km?. Moreover, the land use type of
these three counties was mostly farmland or forestland;
thus, it is reasonable to state that their food supply per
unit area was relatively high. The areas with very low
food supply were mainly distributed in Luozhuang
District, Lanshan District, and Hedong District.
Specifically, the multiyear average food supply in the
three counties was only 483.182 t/km?, 497.363 t/km?,
and 570.834 t/km?. The reason is that this area mainly
consisted of industrial land, and the area of farmland
and forestland was relatively small.

The multiyear average of soil conservation in the
Yimeng mountainous area was 230.362 t/hm?, and
the spatial distribution pattern of soil conservation
was similar to that of the food supply. The areas
with high soil conservation were mainly distributed
in the mountainous areas, mainly in the central and
northeastern regions of the study area. The abundant
precipitation in the central and northeastern regions
will make the area subject to higher rainfall-induced
erosion than the southwestern region, while the areas
with large slope changes in the mountainous areas will
store a large amount of displaced soil. Furthermore, the
mountainous area in this locality contains the majority
of forested land in the Yimeng mountainous area and
has a strong soil conservation capacity. The multiyear
averages of soil conservation in Hedong District,
Qufu City, and Linshu County were 411.519 t/hm?
378.528 t/hm?, and 351.659 t/hm?, respectively, which
were significantly higher than the average. In contrast,
the multiyear average of soil conservation in Weishan
County and Shanting District in the southwestern
region of the study area was only 122.623 t/hm? and
129.455 t/hm?, respectively, which was significantly
lower than the averageThe multiyear average water
yield depth in the Yimeng mountainous area was
385.283 mm, and the spatial distribution of water
yield in the study area had obvious heterogeneity. The

water yield distribution is higher in the east and lower
in the west, which coincides with the spatial rainfall
pattern in the region. The areas with higher water yields
were mainly located in the eastern region of the study
areca, such as Lanshan District, Donggang District,
and Junan County, which have better hydrothermal
conditions. The multiyear average water yield depth in
the three counties reached 494.942 mm, 491.877 mm,
and 471.976 mm, respectively, and the water yield was
significantly higher than that in the western region.
The areas with lower water yields were mainly located
in the western region of the study area, such as Weishan
County, Taierzhuang District, Yicheng District, and
Shanting District. The multiyear average water yield
depth in the three counties was only 212.253 mm,
312.758 mm, 322.441 mm, and 330.848 mm.

The spatial distribution of carbon storage in the
Yimeng mountainous area also has clear heterogeneity,
with a multiyear average of 1.025x10% t. The areas with
high carbon storage were mainly located in the eastern
and northern regions of the study area, where the
climatic conditions are better than those in the western
and central regions. Additionally, there are large areas
of forestland in this area, while the western and central
regions mainly contain water bodies and construction
land. Among these locations, the carbon storage
in Yishui County, Pingyi County, and Yiyuan County
was higher during the three periods, with multiyear
averages of 7.497x10° t, 5.892x10¢ t, and 5.679x10° t,
respectively. The carbon storage in Shizhong District
and Xuecheng District was lower in the three periods,
with multiyear averages of 1.065x10° t and 1.482x10° t,
respectively.

The multiyear average habitat quality in the Yimeng
mountainous area is 0.456. The areas with high
habitat quality mainly contained lakes and rivers or
were in mountainous areas with good vegetation cover,
such as those primarily found in the western and
northern regions of the Yimeng mountainous area.
Among these, the habitat quality in Weishan County,
Yiyuan County, and Mengyin County was higher
during the three periods, with multiyear average habitat
quality values of 0.609, 0.520, and 0.501, respectively.
The habitat quality in Luozhuang District and Lanshan
District was lower during the three periods, with
multiyear average habitat quality values of only 0.331
and 0.334, respectively.

Spatial Heterogeneity of Ecosystem Service
Hotspot Areas

As shown in Fig. 4, the distribution of integrated
hotspot areas of ecosystem services in the Yimeng
mountainous area was basically consistent from 2000 to
2018, and the overlap ratio of the high-value areas of
each ecosystem service, the proportion of the class V
hotspot area and class IV hotspot arca, was relatively
low. Among them, the proportion of the class V hotspot
area remained between 0.81% and 3.56% over the years,
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and the areas were mainly distributed in the hilly area
in the eastern region of the Yimeng mountainous area,
where the vegetation conditions were significantly
better than those in other regions. The percentage of
the class I'V hotspot area ranged from 1.90% to 17.46%
over the years and was distributed in the periphery
of the class V hotspot area in the eastern region of
the Yimeng mountainous areca. The percentages of
the class III hotspot area and the class II hotspot
area have remained between 18.62%-42.25% and
13.13%-64.54%, respectively, over the years. The
proportion of overlapping low-value areas for each
ecosystem service, class I hotspot area, is also low,
with a proportion in the range of 4.92%-6.37% over
the years, mainly in the western fringe of the Yimeng
mountainous area. The percentage of the non-hotspot
area, areas where no ecosystem service supply exceeds
its average value, is between 7.26% and 18.24%, which
are mainly located in the periphery of the class I hotspot
area in the central and western region of the Yimeng
mountainous area, which is mainly construction
land and has significantly worse vegetation and good
hydrothermal conditions than the eastern region of the
Yimeng mountainous area.

Interrelationships among Ecosystem Services

The interactions between various ecosystem services
in the Yimeng mountainous area were different, and the
trade-offs and synergistic relationships changed over
time. Trade-offs and synergistic relationships existed in
10 groups among five functions over the three periods
of time. In 2000, there were two pairs and eight pairs;
three pairs and seven pairs in 2010; and three pairs and
seven pairs in 2018 (Table 5).

The trade-off relationships changed considerably
between 2000 and 2018. These relationships, ranked
from strongest to weakest, in 2000 were water yield-
habitat quality and water yield-carbon storage.
The ranking in 2010 was water yield-habitat quality,
soil conservation-water yield, and water yield-carbon
storage. In 2018, the ranking was water yield-carbon
conservation, water yield-habitat quality, and soil
conservation-water yield.

The synergies between 2000 and 2018 also changed.
These relationships, ranked from strongest to weakest,
in 2000 were food supply-carbon storage, food supply-
soil conservation, soil conservation-carbon storage,
carbon storage-habitat quality, food supply-habitat
quality, soil conservation-water yield, food supply-water

Table 5. Correlation coefficient of ecosystem services in the Yimeng mountainous area

Ecosystem services 2000 2010 2018

Food supply & Soil conservation 0.560** 0.791%* 0.392%%*
Food supply & Water yield 0.150%* 0.188%%* 0.271*
Food supply & Carbon storage 0.572%%* 0.720%* 0.691%*%*
Food supply & Habitat quality 0.176** 0.196** 0.161%*
Soil conservation & Water yield 0.164%** -0.153** -0.138%%*
Soil conservation & Carbon storage 0.234%* 0.140* 0.175%*
Soil conservation & Habitat quality 0.130** 0.104** 0.115%*
Water yield & Carbon storage -0.116** -0.141%* -0.274%*
Water yield & Habitat quality -0.188%* -0.257** -0.160*
Carbon storage & Habitat quality 0.185%* 0.108%* 0.228**

**at 0.01 level, * at 0.05 level.
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yield, and soil conservation-habitat quality. Those in
2010 were food supply-soil conservation, food supply-
carbon storage, food supply-habitat quality, food supply-
water yield, soil conservation-carbon storage, carbon
storage-habitat quality, and soil retention-habitat quality.
In 2018, the ranking was food supply-carbon storage,
food supply-soil conservation, soil conservation-water
yield, carbon storage-habitat quality, soil conservation-
carbon storage, food supply-habitat quality, and soil
conservation-habitat quality.

From the above analysis, it can be seen that
relationships between soil conservation-water yield,
water yield-carbon storage, and water yield-habitat
quality were overall seen to be negative from 2000 to
2018. The relationships of food supply-soil conservation,
food supply-water yield, food supply-carbon storage,
food supply-habitat quality, soil conservation-carbon
storage, soil conservation-habitat quality, and carbon
storage-habitat quality were positive, among which
the synergistic relationships of food supply-water
yield strengthened over time. Overall, synergistic
relationships were the main relationships among
the five ecosystem services in the Yimeng mountainous
area.

Identification of Driving Factors of Spatial
Differentiation of Ecosystem Services
in the Yimeng Mountainous Area

One Factor Attribution of the Spatial Heterogeneity
of Ecosystem Services

All the ecosystem services in the Yimeng
mountainous area show obvious spatial heterogeneity,

which is mostly the result of the combination of
natural factors and human activities. In this study,
the contribution of each driving factor to the spatial
heterogeneity of different ecosystem services in the
Yimeng mountainous area over different years was
obtained with the help of the factor detector and
interaction detector within the Geodetector. From
Fig. 5, it can be seen that the explanatory power of each
driving factor for ecosystem services in the Yimeng
mountainous area has a strong consistency between
2000, 2010, and 2018; therefore, this study follows
the attribution analysis of the factors influencing the
ecosystem services in the Yimeng mountainous area
using 2018 data as an example.

According to the factor detector, the results
(q value) show the influence of each factor on various
ecosystem services in the Yimeng mountainous
areca. The order of influencing factors of food supply
was land wuse type (0.533)>annual precipitation
(0.417)>vegetation cover (0.286)>altitude (0.165)>slope
(0.025). From the q value of each factor to food supply,
land use type and annual precipitation were the main
influencing factors with an explanatory power of
more than 40%. Vegetation cover and altitude were
the secondary influencing factors, and slope had less
influence on it.

The order of the factors influencing soil conservation
was land use type (0.435)>annual precipitation
(0.402)>vegetation cover (0.231)>altitude (0.092)>slope
(0.034). Among them, land use type and annual
precipitation played a dominant role, followed by
vegetation cover, which had strong explanatory power.
The p value for slope is too large, indicating that the
relationship is not significant.
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Fig. 5. Impact of driving factors on spatial heterogeneity of ecosystem services in the Yimeng mountainous area from 2000 to 2018.
Note: L, IL, II1, I'V, and V represent food supply, soil conservation, water yield, carbon storage, and habitat quality, respectively, and A, B,

and C represent the years 2000, 2010, and 2018, respectively.
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The order of the factors influencing water yield
was annual precipitation (0.308)>land use type
(0.113)>vegetation cover (0.066)>slope (0.034)>altitude
(0.004). The results of factor detection show that the
dominant factor impacting water yield was annual
precipitation, and land use type also has high explanatory
power. The p value for altitude is too large, indicating
that the relationship is not significant.

The explanatory strength of each factor influencing
the spatial heterogeneity of carbon storage in the Yimeng
mountainous area was relatively high. The order, ranked
by q value, is land use type (0.788)>annual precipitation
(0.543)>vegetation cover (0.121)>altitude (0.107)>slope
(0.102). Among them, land use type played a dominant
role with an explanatory power of more than 70%.
This was followed by annual precipitation, which had
more than 50% explanatory power.

The order of the factors influencing habitat quality
was land wuse type (0.280)>slope (0.165)>annual
precipitation (0.097)>vegetation cover (0.077)>altitude
(0.056). Based on the g-value, land use type was the
main factor influencing habitat quality, followed by
slope, which also had strong explanatory power.

Interaction Detection of Factors Influencing the Spatial
Heterogeneity of Ecosystem Services

An interaction detector is used to identify the
interaction between different factors. It assesses
whether the two factors work together to enhance or
weaken the explanatory power of ecosystem services
or whether the influences are independent of each
other. The results of the interaction detection for each
ecosystem service (Table 6) showed that the interaction
of any two factors was stronger than the explanation
of the spatial distribution of each ecosystem service as
determined by a single factor. Furthermore, the types of
two-factor interaction identified were mainly nonlinear
enhancement and two-factor enhancement, which could
indicate that the spatial pattern of each ecosystem
service in the Yimeng mountainous area was the result
of the combined action of multiple factors. As shown in
Fig. 6, the interaction between land use type and other
factors predominantly explained the spatial pattern of
food supply in the Yimeng mountainous area, followed
by the interaction between vegetation coverNother
factors and annual precipitationNother factors (note
that N indicates an interactive relationship between the
variables). The q values of land use typeNvegetation
cover and land use typeNannual precipitation are 0.754
and 0.650, respectively. The factor detector results show
that the q value of vegetation cover is much smaller
than that of annual precipitation. However, the q value
of land use typeNvegetation cover is higher than that of
land use typeNannual precipitation, indicating that the
change in vegetation cover became an important factor
influencing the spatial pattern of food supply in the
Yimeng mountainous area when the dominant factor of
land use type was the same.

Table 6. Results of the interaction of driving factors from 2000 to 2018.
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Fig. 6. Interaction contribution of food supply driving factors from 2000 to 2018.

Note: L, 11, I11, IV, and V represent Annual precipitation, Land use type, Vegetation cover, Altitude, and Slope.
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Fig. 7. Interaction contribution of soil conservation driving factors from 2000 to 2018.

Note: I, 11, III, IV, and V represent Annual precipitation, Land use type, Vegetation cover, Altitude, and Slope.
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Fig. 8. Interaction contribution of water yield driving factors from 2000 to 2018.
Note: L, I1, ITI, IV, and V represent Annual precipitation, Land use type, Vegetation cover, Altitude, and Slope.

The results of interaction detection on the spatial
pattern of soil conservation (Fig. 7) showed that the
interaction between land use typeNother factors had
the greatest influence on the spatial pattern of soil
conservation, in which the land use typeNannual
precipitation and land use typelvegetation cover
explained the soil conservation with q values above 0.7.
The interaction of annual precipitation and vegetation
cover with other factors also strongly explained the
spatial pattern of soil conservation, with q values in the
range of 0.334-0.560.

The interaction of annual precipitation with each
of the other factors in the water yield explains the
dominant spatial pattern of water yield in the Yimeng
mountainous area (Fig. 8). The interaction, denoted by
the q value, of any two factors, is better than that of the
single annual precipitation factor (0.308). The q value
of annual precipitationNland use type reached 0.412,
indicating that for the same precipitation level, different
land use types can have a great impact on the spatial
pattern of water yield.

Among the interaction detector results of carbon
storage (Fig. 9), the interaction between land use
type and other factors exerts the greatest influence
on the spatial pattern of carbon storage in the
Yimeng mountainous area, with the q value of land
use typeNannual precipitation reaching 0.891. The
next factor with greater explanatory power is annual

precipitationNother factors, with q values in the range
of 0.552-0.654.

As shown in Fig. 10, the interaction between
land use type and other factors explained the strongest
spatial pattern of habitat quality in the Yimeng
mountainous area. The interaction q value of any two
factors is better than that of a single annual precipitation
factor (0.280). The q value of land use typeNslope was
the largest. The influence of slopeNother factors on the
spatial pattern of habitat quality was also stronger. This
indicates that land use type has a significant effect on
habitat quality, and the slope has a guiding effect on
habitat quality.

Discussion
Spatial Heterogeneity of Ecosystem Services

The pattern is rooted in spatial heterogeneity,
which forms the fundamental basis of ecological
phenomena [41]. This study confirmed significant
spatial heterogeneity of ecosystem services in the study
area from 2000 to 2018. Among heterogeneous units,
hotspot areas are mainly distributed in the east because
this region is relatively inaccessible land (mostly
mountainous and hilly areas) with high vegetation
cover, where the growth of plants increases carbon
sequestration, as well as rich plant species, better
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Note: L, 11, I, IV, and V represent Annual precipitation, Land use type, Vegetation cover, Altitude, and Slope.
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Note: I, I1, III, IV, and V represent Annual precipitation, Land use type, Vegetation cover, Altitude, and Slope.



2652

Huang X., Wang L.

landscape connectivity, and higher habitat quality.
At the same time, most of the garden land in the study
area is also distributed in this area, and the food supply
is higher. Areas with higher vegetation cover have
lower water yields due to higher plant
evapotranspiration. The higher vegetation cover
has a higher sediment retention utility and higher
soil conservation. Non-hotspot areas are mainly
concentrated in the west because of the relatively flat
topography of the area, the concentration of population
and cities, and the lower vegetation cover, resulting in
a lower food supply. Areas with lower vegetation cover
and due to the effects of rapid urbanization have lower
carbon storage. Related studies have also shown that
the reduction in ecological land contributes most to the
reduction in carbon sequestration [42-43]. Agricultural
production and urban development, coupled with low
vegetation cover, result in severe soil erosion and high
sediment export, which leads to poor soil conservation
functions. Overall, the pattern of spatial heterogeneity
of ecosystem services showed a decreasing tendency
from east to west.

Exploring the Mechanisms Driving the Spatial
Heterogeneity of Ecosystem Services

In terms of detecting the driving mechanisms
of spatial heterogeneity of ecosystem services, the
Geodetector results show that spatial heterogeneity
of food supply, soil conservation, and carbon storage
are mainly influenced by land use type, annual
precipitation, and vegetation cover, while spatial
heterogeneity of water yield is mainly attributed to
annual precipitation, and spatial heterogeneity of
habitat quality is more likely to be influenced by land
use type and slope, which is consistent with the results
of existing studies in similar regions [13-14]. This
indicates that the intensity of human activities on
the spatial heterogeneity of ecosystem services is
significantly higher than that of natural environmental
factors, among which land use type is the dominant
factor affecting the spatial heterogeneity of ecosystem
services, and the explanatory power of the factor
increases significantly after the interaction, which
indicates that the spatial heterogeneity of ecosystem
services in the study area is the result of the joint action
of natural environmental factors and human activities,
rather than a single factor playing a decisive role. In
conclusion, the spatial heterogeneity of ecosystem
services is caused by the natural endowment of the
region, while the combination of human activities and
natural geographic factors will accelerate the change in
the structure and function of the regional environment
and ecosystem and thus change the spatial heterogeneity
of ecosystem services. Therefore, ecosystem service
management needs to consider both the natural
environment and human activities in an integrated
manner.

Implications for Ecosystem Management
Sustainably

How should we achieve ecosystem services for a
sustainable state? This has been an essential concern
for decision-makers worldwide. They are faced with
the challenge of how to manage ecosystem services
without destroying ecosystem sustainability [44].
Many studies have attempted to tackle this challenge
by directly demarcating ecological conservation areas
in areas that are hotspots of ecosystem services [45-
46]. While improving ecosystem services to some
extent, these studies fell short of considering the
dissimilarity between heterogeneity units. Given this
concern, exploring the factors influencing ecosystem
services based on spatial heterogeneity can produce
more reasonable suggestions for sustainability. The
following section provides detailed recommendations
for protecting ecosystem services.

The hotspot area of ecosystem services in the study
area is concentrated in the mountainous hilly areas in
the east because mountainous hilly areas limit human
construction and development behaviours to a certain
extent and provide safe spaces for forests, ensuring
good capacity for providing ecosystem services.
In contrast, the western region is flatter and fully
exposed to human utilization, combined with the
concentration of cities and human activities in the
region, which makes it more vulnerable to urban
expansion and the destruction wrought by human
production activities and living behaviours, so most
of the non-hotspot area for ecosystem services is
located in this region. This feature highlights that
enhancing the intensity of ecological policies in zones
classified as non-hotspot areas is extremely urgent for
alleviating adverse effects on ecosystem function. At the
same time, the protection of ecosystem service functions
in hotspot areas remains the first priority for decision-
makers. In addition, our results show that land use type
has the greatest impact on ecosystem services. Based
on this result, we suggest that the study area should
continue to prioritize ecological protection during
future urban construction and economic development;
continue to promote the construction of ecological
security barriers; strictly implement the ecological
protection red line; carry out reasonable planning of
land use; reasonably coordinate the functional spaces
of ecological land, urban construction land, industrial
and mining land, and agricultural land; and enhance
the protection of natural forests, grasslands, and
wetlands throughout the region. Meanwhile, the
ecologically fragile areas that have been affected by
construction and industrial and mining activities are
restored and rebuilt by measures such as returning
farmland to forests and grasses and closure and
management of large areas.
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Limitations and Generalization Contributions

This study proposes a new way of studying the
driving mechanism of ecosystem services from
the perspective of spatial heterogeneity. It not only
provides a new dimension to spatially identify the
dominant factors and combinations of factors that affect
ecosystem services but also quantitatively describes
their contribution. In addition, this study explores the
interrelationships among ecosystem services for the
sustainable development of local ecosystems. However,
there were still some limitations and uncertainties for
further improvement. First, the interaction analysis by
Geodetector can involve only two drivers, which may
not be sufficient to reflect the combined contribution of
various factors. Second, the present study only analysed
the main influencing factors of the spatial heterogeneity
of ecosystem services at the global scale, but the main
influencing factors of ecosystem services may differ
at different spatial scales, so the attribution analysis is
far from thorough.

Despite some shortcomings, this study attempts
to gain a deeper understanding of the mechanisms
driving the spatial heterogeneity of ecosystem
services. In contrast to traditional analysis methods
that provide only statistical results, this study uses a
quantitative descriptive approach to identify the drivers
and combinations of factors that have a major impact
on the spatial heterogeneity of ecosystem services.
Subsequently, an in-depth study of the drivers of the
spatial heterogeneity of ecosystem services, combined
with the interrelationships among ecosystem services,
provides more theoretical and practical advice to local
decision-makers. In addition, the data and methods
mentioned in this study could also be applied to other
regions in the world and it was also a case study and
reference for ecological management, especially in
complex mountainous hilly areas.

Conclusions

This article provides a new way of thinking for the
study of attribution analysis of the spatial heterogeneity
of ecosystem services. Full consideration of the
spatial heterogeneity of ecosystem services reveals
the direct and indirect driving mechanisms of the
spatial heterogeneity of ecosystem services, which has
not received sufficient attention in previous research.
First, in this paper, the InVEST model and RUSLE
model were used to estimate ecosystem services in
the Yimeng mountainous area from 2000 to 2018.
Then, through spatial analysis, it was found that the
ecosystem services in the study area were characterized
by significant spatial heterogeneity with an uneven east-
west distribution. Furthermore, we further explored the
drivers affecting the spatial heterogeneity of ecosystem
services. In the study of the role of drivers, we found
that land use type was the dominant factor influencing

the spatial heterogeneity of ecosystem services and
that the combined effect of multiple drivers was
more significant than that of any single driver in the
interaction mechanism. This highlights the importance
of land-use management for ecosystem services and the
need for integrated consideration of multifactor coupling
mechanisms for ecosystem service management. These
conclusions are of great relevance to the development
of targeted spatial planning decisions for ecosystem
services in the Yimeng mountainous area and provide
guidance for subsequent activities and policies in other
similar areas.
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