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Spatial Differentiation and Driving Mechanisms in
Ecosystem Service Value of Arid Region : A case study in the
middle and lower reaches of Shule River Basin, NW China
Ninghui Pan, Qingyu GuahQingzheng Wang, Yunfan Sun, Huichun Li, Yunrui Ma
(Gansu Key Laboratory for Environmental PollutiamdHction and Control, College of Earth and
Environmental Sciences, Lanzhou University, Lanzi¥@&0000, China)
Abstract: The determination of spatiotemporal variation iro®stem service value and its
drivers is fundamental to ecosystem service manageand decision-making. This paper selects
a typical oasis irrigation district in the arid regs of northwest China as the research object.
Using the benefit transfer method to evaluate ttwsystem service value variation caused by
land use and land cover change and characterisficés spatial distribution based on
multi-temporal land use and land cover data s&%74,11987, 1997, 2007, 2017). Meanwhile, the
contributions of factors driving ecosystem servigdue and their interactions were explored
using geographical detector. The results showeddlfmving: 1) The land use and land cover
structure was stable from 1977 to 2017, and theathvecosystem service value increased slightly.
The services provided by the oasis ecosystem ddedirthe fluctuations in ecosystem service
value throughout the study region. 2) Ecosystemicenalue exhibited a strong positive spatial
autocorrelation. The high values were concentratdlde oasis area in the north of the study area,
while the low values mainly appeared in the desessystem. 3) The land use degree and human
activity intensity index of human factors are thaimfactors leading to the differentiation of

ecosystem service value. Synergized interactiorengnhuman activities, changes in landscape
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patterns, and natural factors produced the spdiffalentiation in ecosystem service value of the
study region. The results suggest that in futui@sten-making for ecosystem management, the
direction of human activities within the ecologiesivironment should be controlled. Improve the
diversity of patches, reduce the degree of landsdeggmentation, improve the ecosystem
service function of LULC, optimize the allocatiohexological landscape resources.
Keywords. Land use and land cover change; Ecosystem servédee; Spatiotemporal
differentiation; Driving factors; Oasis-irrigatedrécultural areas
1. Introduction

Land use/land cover (LULC) is an important tool forvestigating the
interaction of human activities with natural ecotad environments. Changes in
LULC directly affect the structure and function ah ecosystem (Kareiva and
Wennergren, 1995; Lindenmayer and Franklin, 2010;dt al., 2012; Zhang et al.,
2015; Rukundo et al., 2018; Peters et al., 2019;eival., 2020). The International
Geosphere-Biosphere Programme (IGBP) states thanhges in the status,
characteristics, and functions of ecosystems iablyitaffect the supply of ecosystem
services and cause changes in ecosystem service (6V) (Polasky et al., 2011;
Hao et al., 2016; Song and Deng, 2017; Zhang €2@20b). Therefore, the scientific
assessment of ESV, the construction of eco-secomitgtels, and the optimization of
land use have become necessities for land-use iptarand regional ecological
security management (Xu et al., 2016; Wang e®@ll7; Kim et al., 2018; Mahmoud
et al., 2018; Ma et al., 2019; Talukdar et al., @02\ milestone in ESV assessment

was the calculation of the equivalent ESV coeffitief the world, by Costanza et al.
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(1997) (Song and Deng, 2017; Wang et al., 2018,nghet al., 2020b). Chinese
scholar Xie et al. (2003), referring to part of tlesearch results of Costanza et al.
(1997), formulated the table of ecological serwedue equivalent factor of China's
terrestrial ecosystem according to the reality dfn@ through expert consultation.
The Millennium Ecosystem Assessment (MEA) classiieosystem services into 4
major categories: provisioning, regulatory, suppanbd cultural services, and
guantifying the importance of ecosystems to humalt-leing as one of its key goals
(MEA, 2005). It is pointed out that the realizatioh this goal will be helpful for
decision makers to formulate better strategies gastainable utilization and
management of ecosystem services. Later, scholedually incorporated the
evaluation results of ecosystem service value etdosystem service management
and land use planning and decision-making. For @kanhi et al. (2018) found that
the intervention of ecological restoration policgncimprove the value of regional
ecosystem services and promote the benign develdpoferegional ecological
environment (Li et al., 2018). Luo et al. (2020y, dvaluating the ecosystem service
value of China's Yangtze River Economic Belt, p®irdut that the healthy
development of the ecosystem in this region requine protection and increase of
the area of ecological land such as woodland andrvesiea, to avoid the excessive
transformation of ecological land into constructiand (Luo et al., 2020). Thus it
can be seen, quantitative assessment of ESV islycieaportant for the effective
conservation of ecosystems and the rational dewetop of land resources.

Current assessments of ecosystem services maielynosetary measurement,
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physical measurement, and energy analysis modetn(gt al., 2019; Talukdar et al.,
2020). Monetary assessment enables aggregatiosangarison between different
ecosystems. Monetary assessment results can g ewegrated into a national
economic accounting system and are important ferr@mmental accounting and the
achievement of a “green” gross domestic product R50Fu, 2013). At the same
time, monetization of ecosystem services can isere@ublic awareness of the
importance of ecosystem services for social devetoy and help policymakers
develop reasonable land-use plans (Su et al., Zi2éng et al., 2020b). The main
methods of estimating ESV include the market pnethod, the productivity
method, the travel cost method, and the benefistem method (King et al., 2000).
Among these, the benefit transfer method is popudadecision-making when
estimating ecosystem services at broad geograptsededs because of its qualities of
quick assessment and low cost of primary data ciadle (Song and Deng, 2017,
Msofe et al., 2020; Liu et al., 2020). Costanzalef1997) first proposed this method
in 1997 and evaluated the value of global ecosystemices. Based on the global
equivalent factor table proposed by Costanza (139@rge number of scholars have
evaluated the value of ecosystem services in diffecountries and regions (Tory et
al., 2006; Bateman et al., 2018ndu et al., 2016; Tolessa et al., 2017; Morskedl.,
2021). However, the evaluation of ecosystem serviceievdhrough monetization is
based on the determined value coefficient, whi@udeto some limitations of this
assessment method. For one thing, the ascertairohealue coefficient is subjective

to acertain extent (Wang et al., 2019; Xiao et 2020). For another, the value
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coefficient conforms to the reality of the studgamirectly affects the accuracy of
the final ecosystem service value evaluation (Wualet 2020). Therefore, it is
necessary to correct the value coefficient accgrtbrthe actual situation of the study
area (Wang et al., 2017; Rao et al., 2018; Xiaal.e2020; Shi et al., 2021).
Ecosystem services exhibit complex interconnecticarsd strong scale
characteristics (MEA, 2005; Hu et al., 2015; Hoalet2020; Zheng et al., 2020). As
the basis of all ecological studies, scale has ydwmeeen the focus and difficulty of
ecosystem services resea(@un et al., 2016, 2019; Pan and Li, 2017; Qiaodl.et a
2019; Bai et al., 2020; Zheng et al., 2pP2Hcosystem processes and related
ecosystem services are usually most significant abdervable at a specific
spatiotemporal scale, which can in some casesigigldominant drivers or reveal a
significant effect (MEA, 2005; Kindu et al., 2016)he complex characteristics of
ecosystem services in response to changes in LW#i@adprimarily from spatial and
temporal heterogeneities (Tolessa et al.,, 2017;g\&nal., 2017, 2018; Li et al.,
2018). Temporal changes in ecosystems may havenigedi impact on human
well-being over the short term but can have sigaiii long-term effects. An overly
broad-scale spatial analysis can miss nuanced ebaag a local level, whereas
assessment results obtained using fine scales endifficult to extrapolate to a large
ecologically regulated region. Therefore, differepiatiotemporal scales should be
considered to investigate responses of ecosystente® to changes in LULC, and
the selection of appropriate scales for assessimeggsential for understanding the

patterns and processes of regional ecosystems2(FAl8; MEA, 2005; Xiao et al.,
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2019). At present, most existing studies on theiesmland functions of ecosystem
services focus on a single spatial scale, and asoreble explanation has been given
for the selection of research scale (Zhang e2@R0b; Jiang et al., 2020; Msofe et al.,
2020). In the time scale, the dynamic studies wingl long time series are rare.
Understanding the factors that lead to changesasystems and their services is
foundational for designing interventions to inceegmsitive impacts and minimize
negative impacts (MEA, 2005). Research conducteunh fdifferent perspectives has
shown that human activities are the main drivershainges in ESV (Fang and Wang,
2013; Costanza et al.,, 2014; Tang, 2015; Xiao et24l19; Msofe et al., 2020).
However, these drivers have mainly been identifieding qualitative or
semi-quantitative approaches (Hu et al., 2015;tlale 2018; Liu et al., 2020; Luo et
al., 2020; Su et al., 2020). In addition, changeE$V often result from interactions
among multiple drivers (MEA, 2005; Gong et al., 201uo et al.,, 2020). The
synergistic roles of drivers should be consideredptovide an accurate and
comprehensive explanation of complex ESV changes.

As the most active ecosystem in the arid zone,gdsim structure and function
of the oasis region determine the stable and suiks development of the regional
social economy (Liu et al., 2010). Chinese oasesnaainly distributed in the arid
and semi-arid regions of northwest China and inelXahjiang, Gansu Hexi Corridor,
and Ningxia-Inner Mongolia oases. The Hexi Corridocated in key parts of the
northwest regions of the ‘Silk Road Economic Bel',the main commodity grain

base in northwest China and plays a special rotgam security (Guan et al., 2018).
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The Shule River Basin is an ecological barriertfag Hexi Corridor and was a key
construction area for testing ecological securigjedce systems in 2014. Since the
1980s, the Chinese government's ecological immayrgtolicy has resulted in the
movement of 143,900 people to the oases of thetreats and downstream reaches
of the Shule River Basin (MDSB) (Chang and Zhan@l4). The migration has
increased the pressure on regional land resoum@seeosystems and threatened
regional ecological security (Ma et al., 2019). e&ft1997, Chinese government
implemented a series of policies emphasizing rediodevelopment and
environmental protection, such as “ReconstructidnHexi Corridor”, “Western
Development”, “Three-North Shelterbelt Project”,Grain for Green Project”, etc.,
which directly or indirectly influenced land use 8hule River Basin (Ma et al.,
2018). To test the effectiveness of ecological arasion policies and assess the
impact of human activities on the ecosystem ireddht directions, it is necessary to
study the changes of ecosystem service value isttity area in approximately the
year 2000. Thus, the main objectives of this stady as follows: 1) to analyse the
response of ESV to LULC changes in irrigated adpucal areas of the MDSB from
1977 to 2017; 2) to select an appropriate spat@alesfor exploring spatial variation
in ESV; and 3) to quantify the drivers of spatidéfedentiation of ESV. This study
provides an important theoretical basis for thetorasion of the ecological
environment and the sustainable use of land ressuncthe study region and in other

oases in arid and semi-arid regions worldwide.

2. Materials and methods
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2.1 Study area
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Fig. 1 Location of study area.
The Shule River originates from the western parthef Qilian Mountains (Fig.

1). With a main stem length of 630 km and a basia @f 38,147 k) the river has
an average runoff of 1.07x1@°. The Shule River Basin is located mainly in the
alluvial plain of the midstream and downstream hhescof the Shule River and in the
sloping floodplain at the northern foot of the @iliMountains. It is an important part
of the inland river basin in the Hexi region. IN1Z0 the total population was 504,000.
The region clearly exhibits a temperate arid canttal climate, with an average
annual temperature of 7.04 annual average precipitation of 70.38 mm, anduahn
average evaporation of up to 3000 mm. The LULC dsnihated by a desert
landscape (Hao et al., 2018). Human activitieh@lasin are mainly concentrated in
the oasis area of the plain in the midstream amvahdtyeam reaches. It is a typical

irrigation area with the greatest area per capitarigated fields in the Hexi region

8
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and even in Gansu Province. The main crops aretvaimelbcorn.
2.2 Data sources and processing

Considering the characteristics of image qualityud cover and vegetation
growing season, the medium--resolution and higbtoé®n images of 20 scenes in 5
periods from 1977 to 2017 in the Shule River Basere selected (Table S1).
Meanwhile, the middle and lower reaches of ShulgeRiare typical irrigated
agricultural areas, the transformation of LULC hynfan activities is mainly for the
purpose of developing agriculture. In addition trieted by natural conditions (such
as water resources), LULC changes slowly in thdysawea. Therefore, the change of
LULC in the study area was analysed at an intest/&n years. ENVI 5.4 (EVIS Co.,
Colorado, USA), ERDAS 9.2 (ERDAS Co., CaliforniaSh), and ArcGIS 10.2
(ESRI, 2013) software are used to pre-processrtiage data to obtain the remote
sensing image of the study area (Li et al., 2029, B. Bands 7, 5, and 4 (R, G, and
B, respectively) were used to interpret false-cold$S composite images. Bands 4,
3, and 2 (R, G, and B, respectively) were usediferTM and OLI/TIRS images. To
extract the actual surface status of the studyoregnore accurately, the Land
Use/Land Cover Remote Sensing Monitoring Data @leason System of the
Resource and Environmental Science Data Centreh®f Ghinese Academy of
Sciences (Xu et al., 2018) was referred to. A hpmaf image interpretation signs of
the study region was developed based on geogr&plwledge and field research
(Table S2). There were 8 types of LULC: farmlandLl(f; grassland (GL), forest land

(FoL), water body (WB), construction land (CL), ddffied land (DL), saline land
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(SaL), and bare land (BL). To facilitate the cadtidn of the service value of
different ecosystem types, the water body is diideto water area (WA) and
wetland (WL). The land-use classification systenthiis study consisted of different
levels of development of the same LULC types. Tlhees the grassland was
subdivided into high-coverage grassland (HG), matdecoverage grassland (MG),
and low-coverage grassland (LG) and desertified lato severely desertified land
(SED), moderately desertified land (MD), slightheseértified land (SLD), and

potentially desertified land (PD).

Satellite II
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Fig. 2 The establishment process of land use datain the study area
To reduce the errors in visual interpretation, laisd information of the study
area in 2017 was extracted and corrected the seasihg high-resolution Google
Earth (Damtea et al., 2020) imagery and field okest@yns to achieve accuracy
exceeding 85% (Wang et al., 2021). The images fitmenother 4 periods were then

corrected using the base map of the results ofintepreted data for 2017 that

10
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passed the accuracy test. Thus, a land-use datalzasestablished for the MDSB
from 1977 to 2017 (Table 3, Table S3; Fig. 4). Tineteorological data and

socioeconomic information used in this study ar@itk in Table S3.

2.3 Methodology

2.3.1 LULC evolution analysis model

The parameters of single dynamic degr€e €omprehensive dynamic degree
(Kg), and transfer matrix<;) were used to describe the change in LULC in thdys
area (Redo et al., 2012).

1) Singledynamic degreeK() describes the change of a certain land use type i

certainperiodin the study area.

k=Y 1 0me

Ua T (1)

whereK refers to a single dynamic degree of LULG, and Uy represent the
areas of the specific LULC type at the start daté and date, respectively, aiid

indicates the monitoring period.

2) The comprehensive dynamic degriée) (wvas used to characterize the rate of

land use change in the whole study area.

Ks= i|Ubi —uaj| /Zi Uai X%><100%
i=1

i=1

(2)
where Ks refers to the comprehensive dynamic degree of LUlLLand uy;

represent the areas of the specific LULC type & ¢hart date and end date,

respectively,T indicates the monitoring period, amdis the number of the LULC

type.
3) The land use transfer matrix<i) is used to represent the dynamic
transformation of each land use type in the re$epeciod.

11
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whereK is the LULC arean is the number of LULC types, andandj are the
LULC types at the start and at the end, respegtivel
2.3.2 Estimation of ESV

In 1997, Costanza et al. (1997) proposed a glakséscosystem services value
evaluation method system and evaluated the econmalice of 17 ecosystem
services in 16 biomes around the world. Howevecabse this system is not fully
applicable to China’s ecological background, Chénessholar Xie et al. (2008)
referred to the method of Costanza et al. (199@)camducted a questionnaire survey
of 500 Chinese ecologists, and summarized an elgaiveactor of ESV per unit area
suitable for an evaluation of ecosystem servicee/alt the Chinese scalgnis paper
uses the framework of Costanza et al. (1997), bupleyed ESVs developed for
China by Xie et al. (2008), which is based on tatgadn MEA (2003, 2005) and the
understanding of ecosystem services provided byn&3ei researchers, the 17
ecosystem services proposed by Costanza et al7 398 divided into four types and
nine sub-types: provision services (include Fooddpction-FP and Raw material
production-RMP), Regulation service (include Gasgutation-GR, Climate
regulation-CR, Hydrological regulation-HR and Wadezomposition-WD), Support
services (include Soil conservation-SC and Biodikgrprotection-BP) and Cultural
services (Provide aesthetic landscape-PAL) (Taple 1

Ecosystem service value equivalent factor referthi@opotential capacity of the

12
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relative contribution of ecological services gemedaby the ecosystem, which is
defined as the economic value of the annual nagnah production of farmland
with the national average vield of 1AnBased on this, the weighting factor table can
be converted into the unit price table of ecosyssemnvices in the current year. After
comprehensive comparative analysis, the economuevat the equivalent factor of
ecosystem service value is determined to be 1ltiAeofegional average market value
of grain yield per unit area (Xie et al., 2003).sBd on this, the ecosystem service

equivalent factor in the study area is modified] #re formula is as follows:
1 & mpg,.
Ea=<x) —%(i=1..n) )
7 5 M

whereEa represents the economic value of food productesiice provided per
unit area of farmland (Yuan/tfin i is the crop specieg is the average crop price
(Yuan/t), g refers to the yield of crop per unit areai ¢f/hnt), m refers to area df
(hm?), andM refers to the total area of grain crops thnin this study areaEa is
1957.75 Yuan/hfh

The ESV per unit area of an ecosyst&@)(is calculated using Eq. (5):

VC = EaxQ (5)

whereQ refers to the ESV equivalent coefficient per uméaaproposed by Xie

et al (2001, 2015). The ESV equivalents per unit arediftérent LULC types in the

MDSB were then determined (Table 1).

13



271  Table 1 ESV per unit area of different LULC typeshe MDSB (Yuan/hrf) (2015

272 prices)
Service type ca’[egoriesserviCe oype FoL GL FalL WL WA UL Total
subcategories
Provision services FP 646.06 1367.6857.75 704.79 1037.61 39.16 5753.05
RMP 5834.11 21.71 763.52 469.86 685.21 78.31 7852.7
Regulatory services GR 8457.50 162.82 1409.8818.19 998.45 117.47 15864.01
CR 7968.06 893.70 1899.026527.57 4032.97 254.51 41575.82
HR 8007.21 806.86 1507.426312.21 36747.04 137.04 73517.84
WD 3367.34 2532.742721.28 28191.66 29072.65 509.02 66394.68
Support services SC 7870.17  589.77 2877.9895.93 802.68 332.82 16369.26
BP 8829.47 1005.861996.91 7224.11 6715.10 783.10 26554.55
Cultural services PAL 4072.13 325.64 332.82 9181.8692.43 469.86 23074.74
Total 55052.04 7706.7815466.3 107226.2 88784.14 2721.3 276956.68

273 Notes: Provision services--Food production (FP) and Rawera production (RMP); Regulatory services--Gas
274 regulation (GR), Climate regulation (CR), Hydrologicaigulation (HR), and Waste decomposition (WD);
275 Support services--Soil conservation (SC) and Biogiterprotection (BP); and Cultural services (Provide

276 aesthetic landscape--PAL).

277 The formula for calculating total ESV is:

278 ESV :ZZAik xVCik (6)
i=1 k

279 where A is the area (hf) of thei-th LULC type, VCi« represent the value

280  coefficient of the-th LULC type corresponding to theth service (Table 1),is the
281  number of LULC typesk is ecosystem service types= 6, andn = 9.

282  2.3.3ESV senditivity analysis

283 Considering uncertainties of the value coefficiefu€), the value coefficients
284  for each LULC category were adjusted by 50%, amde$timated ESV results were

285  verified by the coefficient of sensitivity index K&uter, 2001). The formula is:

o= |(ESVi—ESv))/ ESV
286 (VCi —VCi) / VCi 0

287 where ESV; and ESV; represent initial and adjusted total estimated ESV,

14
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respectively, an&/Cix andVCj are initial and adjustedC for LULC categoryk. CS
is an important index for measuring the extent 8¥&change caused by 1% change
in VC. If CS> 1 (< 1), for every 1% increase or decreas&@) the increase or
decrease IrESV is greater (less) than 1%, indicating tB&V is high (low) in
elasticity relative toVC and reflecting low (high) credibility of evaluatioresults.
The greater the proportional changeet®V relative to the proportional change\ie,
the more critical is the use of an accurate ecesy%C (Liu et al., 2012).
2.3.4 Spatial heterogeneity analysis of ESV
Exploratory spatial data analysis (ESDA) involvies tise of spatial analysis

techniques to visualize the spatial distributioritgras of objects or phenomena
(Good, 1983; Symanzik et al.,, 2013). This paper esalise of GeoDa statistical
software (Anselin et al., 2002), ESDA method wasduw investigate the impact of
four types of scale (2 km x 2 km, the township adstrative unit, the watershed unit,
and the county administrative unit) changes on ESW¥e middle and lower reaches
of the Shule River. Based on the results, appraprissearch scales were selected to
analyse spatial heterogeneity in ESV.

In this study, the global spatial autocorrelatioror@h's| from the ESDA
analysis method was selected to reflect the spaigrogeneity of ESV, and it can be

calculated as follows (Moran, 1950).

Moran's| =

- (8)
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wheren is total number of ESV evaluation units; (x) is the observation
value of ESV evaluation units (j); W is spatial weight between ESV evaluation
units i andj; and x is the mean value of ESV evaluation units. Thegeanf the
Moran's| value is [-1, 1]. When the value of Moran'sapproaches 1, there is a
clustered pattern for the indicator. When the vatiMoran'sl is close to -1, there is
a dispersed pattern for the indicator. When theiesaf Moran'sl is equal to O, it
indicates that ESV values are randomly distributethe region and have no spatial
autocorrelation.

The final conclusions about the observed pattezrdaawn only after looking
at theZ-score and the p-value of the Index. To investighagestatistical significance
of the Moran’d statistic,Z (1) is calculated as follows:

Z(1)

=1—E(|)
ar(l)

where E() is the expected value of I: lfE -1/ (n -1), ang/Var(l)is the

)

expected variance of W:E(Iz)-E(I)Z. When theP-value obtained is greater
than 0.05, the basic assumption is accepted ingplyimat the data values are
randomly spread out spatially. When the p-valukess than 0.05 and th#score is
negative, the basic assumption of randomnessasteg], inferring that the high and
the low values in the dataset are dispersed slyat&milarly, when the p-value is
less than 0.05 with a positiv@score, the assumption of randomness is again ruled
out and the inference drawn is that the high antbar data values are spatially
clustered in the geographical space (Yang et @.82Kumari., 2019).

2.3.5 Driving force of spatial heterogeneity analysis of ESV
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Temporal and spatial variation in ESV is the rest@iltnany synthetic factors
(Chen et al., 2020). Based on the spatial variatimory, Geographical Detector
model (GDM) is designed to measure spatially dieatiheterogeneity of a response
variable and reveal the impact of driving factdfgafg et al., 2010). The hypothesis
of GDM is that if an environmental factaX)(contributes to a response variab¥g, (
there may be a similar spatial distribution for th®, and this similarity or spatial
association can be measured by thstatistics (Fig. 3, Wang et al., 2016). By
superposing the independent variable spatial Higion layer and the dependent
variable spatial distribution layer, the variarggof ESV in each sub-region arnd
in the whole region are calculated. The valuegdhdicates that the independent
variableX explains 100g% of the dependent variab¥e The larger the value, the
stronger the explanatory power of the independemtable X to the dependent
variableY, and the weaker the opposite. GDM includes a wffgation and factor
detector, an interaction detector, an ecologicaleader, and a risk detector.
According to the research objectives of this pagiferentiation and factor detectors
(compares the accumulated dispersion varianceabf ®abregion with the dispersion
variance of the entire study region; the smaller thtio, the stronger the factor
contribution of the stratum) and interaction detext(compares the sum of the
contribution of two individual attributes versusetbontribution of the two attributes

when taken together) were selected.
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Fig. 3 The principle of geographical detector mede

A differentiation and factor detector can be useddtect spatial differentiation
of ESV and the extent to which factr explains the spatial variation in ESV.

Measured with theg value, the expression is as follows:

L
Z N,
=1-hl 10
q NG (10)

whereh = 1, 2,...,.L is the stratification of ESV or factof, N is the number of
samplesg? represents the variance in ESV, apsignifies the degree of explanation
of ESV by factorX. The value range afis 0 to 1. When the value gf= 1, factorX
completely controls the spatial distribution of ESy= 0 indicates that there is no
association betweexand ESV.

The interaction detector is defined to identify theeraction between different
factors by comparingl (X1 N Xz) with g (X1) and q (X2). The possibilities for
interaction between the factors include nonlineaakening, nonlinear weakening of
one factor, bilateral enhancement of both factbath factors acting independently,

and nonlinear enhancement. Detailed principlesbeafound in published literature
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366 (Wang et al., 2016).

367 Table 2 Data sources and processing
Driving factors Sources Processing
Nature factors Temperature (Tem)
http://data.cma.cn/ Anusplin interpolation model
Precipitation (Pre)
Elevation
Slope
Net Primary Productivity (NPP)  https://data.tpdc.ac.cn
Normalized Difference ArcGIS Spatial analysis
Vegetation Index (NDVI) function
Human factors ~ Gross Domestic Product (GDP)
http://www.resdc.cn/
Population (POP)
Road density http://ww.webmap.cn/
_ Acle
HAI = —= x 1006
Human activity intensity (HAI) Xu et al., 2016 m
Acle = X (ALiCli)
i=1
n . .
Land use intensity (LA) Zhuang and Liu, 1997 LdﬁlOO(Zf*‘“'
| =
Landscape Landscape Division Index
pattern factors (DIVISION)
Shannon's Diversity Index LULC data Fragstats software 4.2
(SDI)
Mean Shape Index (MSI)
Statistic data total population
the total production value of  National/Local Bureau of
three industries o
Statistics
rural per capita net income
368

Fourteen factors were selected from three categoie study the spatial

369 differentiation mechanism of ESV in the entire MDStatural factors (elevation,

370 slope, temperature (Tem), precipitation (Pre), NRRd normalized difference
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371

372

373

374

375

376

377

378

379

vegetation index (NDVI)), human factors (averageRGPopulation density, human

activity index (HAI), land-use intensity (LA), antbad density), and landscape

factors (the Shannon diversity index (SDI), the mehape index (MSI), and the

landscape division index (DIVISION)) (Table 2). Théme degree of correlation

between each factor and ESV differentiation wasutaled.

3 Reaults

3.1 LULC dynamics

Table 3 Area and dynamic degrel3$ ¢f various LULC types

in the MDSB from 1977 to 2017

LULC Area
K (%)
type  (km?)
1977 1987 1997 2007 2017 1977-1987 1987-1997 P997- 2007-2017 1977-2017

FaL 1323.3 1340.5 1416.2 1781.3 1949.1 0.13 0.56 58 2. 0.94 1.18
GL 6787.4 6782 6829.4 6417.6 6556.4 -0.01 0.07 0-0.6 0.22 -0.09
FoL 11 10.2 8.1 6.9 7.4 -0.68 -2.05 -1.50 0.74 10.8
SalL 753.5 758.4 754 592.3 511 0.07 -0.06 -2.14 7-1.3 -0.80
CL 109.4 1225 137.2 134.4 167.1 1.20 1.20 -0.21 44 2. 1.32
WB 358.9 362.2 366.8 331.9 409.2 0.09 0.12 -0.95 332. 0.35
DL 70335 70444 7052.2 6607.2 6584.8 0.02 0.01 63-0. -0.03 -0.16
BL 21769.7 21727 21582.8 22275 21961.9 -0.02 -0.07 0.32 -0.14 0.02
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Fig. 4 LULC maps of study area from 1977-2017.

Change in LULC in the study region was concentratedhe oases and
peripheral areas with intensive human activitieshai@es were particularly
observable in farmland, construction lands, antidoigverage grassland (Table 3, S3,
Fig. 4). Farmland continued to expand during theyddr study period, with an
increase in area of 625.8 kmt an expansion rate reaching 15.3%nand a dynamic
degree of 1.18%. It was mainly transferred fromsgland, desertified land, and
saline land (Fig. 5). Construction lands were scatt around farmland and
underwent significant growth during the study pdridhe growth rate reached
52.72%, where the greatest contribution to thel timtrease in construction land
occurred from 2007 to 2017. Bare land and grasskeer@ the main components of
the study region. Bare land was the dominant compband remained largely stable
over the study period (with a dynamic degree appmnately 0). Water bodies showed

a slow increase with fluctuations over the 41 yewith a total expansion of 50.3
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413

km?. The most rapid expansion for water bodies occuin@u 2007 to 2017, with a
dynamic degree of 2.33% (Table 3, Fig. 4).

In addition, it should be noted that although tlerall grassland showed a
slight trend of shrinking, the growth rate of higbver grassland was much higher
than that of low-cover grassland and medium-covasgland. The desertified land
showed negative growth overall, and the severeberdidied land reversed obviously
(Table S3). The LULC conversion dynamics showedcthreversion of grassland and
desertified land occurred mainly between diffedentls of the same category, both
with positive trends. For example, the main confiifns to moderate-coverage
grassland and high-coverage grassland were lowrageegrassland (62.51%) and
moderate-coverage grassland (90.64%); Severelynaodierately desertified land
constituted the main contributing sources to shgtéesertified land. It shows that the
land cover environment in the study area is reddyivmproved.

In general, the change in LULC was complex durihg #1 years in the
MDSB, with changes in land cover mainly occurringthwconcentrated human
activities. The fluctuations in LULC were small thghout the study period, with a
Ks of only 0.092%. However, thi€és from 1997 to 2007 was as high as 0.359%. The
LULC conversion dynamics showed an overall improgetmin the ecological

environment of the study area during the investidateriod.
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Fig. 5 Spatial distribution of LULC in the studgea from 1977 to 2017.

3.2 Estimation of changesin ESV

Based on the value per unit area of ecosystemcssrior each LULC type in
the study region and the LULC database (Table 1t ESV and ESVin the
MDSB were estimated. The results showed an incrgasierall trend in ESV in the
study region from 1977 to 2017, with a total inceernof 1.01x1® Yuan and an
average annual growth rate of 113% (Table 4). Umudard, which accounted for
approximately 78% of the study region, contributbeé most to ESV (39.45 -
42.42%)), followed by grassland (25.21 - 27.48%]}héligh the former exhibited the
greatest contribution rate, the contribution to E@@proximately 60%) from other
LULC types, comprising approximately 22% of the dsturegion, was more

concerning (Tables 3, 4). In terms of the increggrend in ESV, farmland was the
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428 main contributor (95.9%), followed by water bodig8.5%). Except for the time
429  from 1997 to 2007, the ESV in the study area diguay growth trend. The LULC
430 type contributing the most to ESV growth from 198871 was farmland (81%
431  contribution). 1977-1987 and 2007-2017, wetlandigoated the most (contributions

432 of 101% and 144%, respectively; Table 4).

433 Table 4 Change in ESV in study area from 1977 724810 yuan)
Year FoL GL FalL WL WA uL Total
Ecosystem services value 1977 60.34 5230.91 2046.72722.17 932.06 8043.18 19035.36
1987 56.21 5226.74 2073.24 2800.43 897.34 8035.88.9089.83
1997 44.70 5263.23 2190.35 2803.96 934.54 7997.539234.32
2007 37.99 4945.87 2755.05 1158.04 1988.14 8020.82.8905.92
2017 40.79 5052.87 3014.56 2304.29 1724.99 7907.420044.91
Change (%) 1977-2007 -37 -5 +35 -57 +113 0.00 -1
2007-2017 +7 +2 +9 +99 -13 -1 +6
1977-2017 -32 -3 +47 -15 +85 -2 +5

434 Notes: “+” means increase arftt” means decrease.

435 Table 5 The values of individual ecosystem fundi{iSV) in the study area from

436 1977 to 2017 (x10yuan)
1977 1987 1997 2007 2017
Service type Service type
% % % % %
categories subcategories

Provision services FP 1332.60 7.00 1335.17 6.99 2856. 7.05 1370.08 7.35 1427.86 7.12

RMP 372.75 1.96 373.47 1.96 377.34 1.96 403.17 2.16418.34 2.09
Regulatory services GR 783.77 4.12 788.20 4.13 796.804.14 778.00 4.17 849.88 4.24
CR 2334.66 12.26 2353.94 12.33 2369.87 12.32 2032.3 10.90 2349.96 11.72
HR 2214.73 11.63 2220.75 11.63 2248.64 11.69 2p93. 11.77 2506.39 12.50
WD 4608.27 2421 4619.16 24.20 4656.99 24.21 4482. 24.04 4843.25 24.16
Support services SC 1880.80 9.88 1886.46 9.88 1905.189.91 1935.20 10.38 2019.86 10.0
BP 3525.13 18.52 3527.90 18.48 3537.95 18.39 3623.9 18.90 3616.47 18.04

Cultural services PAL 1982.63 10.42 1984.77 10.40 1985.3 10.32 1924.02 10.32 2012.90 10.04
Total 19035.4 100 19089.8 100 19234.3 100 18642.8 00 1 20044.9 100

437 Definitions of acronyms given in Table 1, and %resents the percentage of E&Vthe total ESV.
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Fig. 6 Dynamics of ESMor study area (a), oasis system (b) and dessi¢isy
(c) from 1977 to 2017. Definitions of acronyms giva Table 1.

The values of individual ecosystem functions (BSM the study region
generally showed increasing trends, but variatimoreg these functions was evident
(Fig. 6a). Among all services, waste disposal (24#) biodiversity conservation
(18%) made up the greatest portions of the totd. H&e phase analysis showed that
the increases in total ESV from 1977 to 1997 anchf2®07 to 2017 and the decrease
from 1997 to 2007 were mainly caused by increasesdecreases, respectively, in
the value of regulatory services (including wasteamposition, climate regulation,
and hydrological regulation; Table 5, Fig. 6a). Tinest severely impacted regulatory
service from 1997 to 2007 was the climate reguigBervice, the value of which
decreased by 14.24% over the 11 years (Table 56Bjg In addition, an analysis of
ESV; in oasis and desert ecosystems found that theaees and decreases in ESV
throughout the study region were largely dominatgdthe oasis ecosystems. The
value of the waste disposal service made up thgesarproportion (Figs. 6a, 6b).
ESV; of desert ecosystems remained largely stable ghimut the 41 years, and

biodiversity conservation was strongest amongeailises (Fig. 6¢).
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The CSvalues of different periods and different LULC tgpgere all less than 1
and changed little in each period (Table 6). Thesalts confirmed that the total ESV
estimated in this study area was inelastic relptive the VC. In addition, these
findings indicate that the change in the correspan®/C has a relatively small
impact on ESV in the study area. The adjusted eqnvaiactor can reasonably
evaluate the fluctuation of ESV in the MDSB. T@8 values of unused land and
grassland were higher than those for other LULGs$ypndicating that these 2 land
types greatly impacted ESV (Table 6).

Table 6 The results of a sensitivity teS§) for ESV in the MDSB

Time  FoL GL FaL WL WA UL

1977 0.010 0.550 0.215 0.286 0.098 0.845
1987 0.009 0.548 0.217 0.293 0.094 0.842
1997 0.007 0.547 0.228 0.292 0.097 0.823
2007 0.006 0.523 0.291 0.123 0.210 0.848
2017 0.010 0.504 0.301 0.230 0.172 0.789

3.3 Spatial heterogeneity of ESV

The selection of an appropriate scale for the assm#sunit can elucidate
spatial differentiation in the ESV over the studgio&. An analysis of the spatial
distribution of ESV at different scales showed ttreg smaller the assessment unit
was, the finer the resulting ESV spatial distribntiwas. ESV spatial distributions at
the watershed, township, and county scales vargedfisantly from that at the grid
scale (Fig. 7). The use of a large assessment iteitetl out originally existing
differentiated information, resulting in less preEiassessment results. Results of the

analysis showed that the changes in ESV occurredlynaithin the oases (which
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comprised only approximately 22% of the total araaldl were directly caused by
conversions and changes in LULC (Table 4, Fig. 6grétore, the ESV assessment
unit needs to reflect small-scale information abibtwt oasis zone. Results of global
spatial autocorrelation analysis showed that Merawalues for ESV at the grid,
watershed, township, and county scales were 0.64210, 0.055, and -0.249,
respectively. Thd>-value for the grid scale was less than 0.001. Ttherd3 scales
did not pass the significance test, showing thatghd scale best represented the
spatial differentiation characteristics of the @il ESV. Therefore, the assessment
unit scale of 2 km x 2 km was selected to analyse s$patial distribution

characteristics of ESV for the study region.
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Fig. 7 Spatial distribution characteristics of E8V study area under different

spatial scales.
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Fig. 8 Spatial distribution of ESV in the MDSB.

The ESV results for the study region were divided ftlevels using natural
breaks classification in ArcGIS 10 software (Fi@. Bhe spatial distribution in ESV
did not change significantly over the 41 years. &xiely high ESV (27.42-42.89,
x10° Yuan) and high ESV (12.59-27.42, ¥18uan) were found for points and
patches scattered over water-rich regions alongrai@ flow of the northern Shule
River. Medium-ESV (4.68-12.59, x3(vuan) regions mainly consisted of farmland
and continued to expand. Regions with extremely ESW (0-2.09, x19Yuan) and
low ESV (2.09-4.68, x10Yuan) were continuous areas of mainly unused (&igs.

4, 8). The portions of the study region for which E8¥reased were mostly

contiguous areas distributed over agricultural sweith adequate water supplies. The
principal constituent LULC types were farmland avater bodies. Decreases in ESV
mostly occurred at scattered points and in patchesnly because of grassland

shrinkage (Figs. 4, 8). A global autocorrelatiomlgsis of ESV from 1977 to 2017 at
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503 the 2 km x 2 km scale resulted in a Mordn&bove 0O for all 5 periods at the 0.1%
504 significance level, indicating strong positive saltorrelation in ESV. Moran's

505 dropped to its lowest value in 2007 but increaseth before and after 2007. Most
506  grid cells were within high-high or low-low aggremgen areas. Aggregations with

507 high and low ESV were observed (Table 7, Fig. 8).

508 Table 7 Global Moran’s of ESV in the MDSB, 1977-2017
Year 1977 1987 1997 2007 2017
Moran'sl 0.637 0.641 0.642 0.627 0.672
Z () 86.519 87.035 87.004 89.401 97.246

P-value  0.001 0.001 0.001 0.001 0.001

509 3.4 Driving force of spatial heterogeneity in ESV

510 Table 8 The contributiong) Gtatistics) of different factors to ESV variation
Variables g-Statistic P-value
X1 Tem 0.031 0.000
Xz Pre 0.020 0.000
X3 Elevation 0.067 0.000
X4 Slope 0.012 0.000
Xs NPP 0.019 0.000
Xe NDVI 0.050 0.000
X7 GDP 0.030 0.000
Xg POP 0.030 0.000
Xg Road density 0.003 0.008
X10 HAI 0.115 0.000
X1 LA 0.147 0.000
X1 DIVISION 0.086 0.000
X13 SHI 0.110 0.000
X14 MSI 0.036 0.000
511 The differentiation and factor detection resultsvebed that all the variables

512  passed the 0.5% significance test, except fordhd density. Thus, multiple factors

513 influenced the spatial differentiation of ESV foretstudy region (Table 8). The
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514  values were ranked as follows: LA (0.14HAI (0.115) > SDI (0.110) > DIVISION
515 (0.086) > elevation (0.067) > NDVI (0.050) > otHactors (< 0.036). LA was the
516 dominant factor influencing the spatial differetivba of ESV in the study region.
517 Human factors and landscape factors influenced E®Yersignificantly than did

518 natural factors.

519 Table 9 Interactive effects between the factors

Tem Pre ElevatiorSlope NPP NDVI GDP POP R-density HAI LA DIVISION SDI MSI

Tem 0.031
Pre  0.0460.020
Elevation 0.0690.077 0.067
Slope 0.040 0.033 0.075 0.012
NPP 0.052 0.040 0.089 0.0300.019
NDVI  0.120 0.113 0.167 0.072 0.059 0.050
GDP 0.065 0.059 0.111 0.0390.038 0.068 0.030
POP 0.062 0.053 0.111 0.0390.040 0.069 0.043 0.030
R-density 0.036 0.027 0.073 0.016 0.022 0.053 0.033 0.033 0.003
HAI  0.204 0.216 0.250 0.1430.1180.1360.1240.124 0.117 0.115
LA 0.240 0.249 0.284 0.1870.147 0.1600.1530.153 0.148 0.178 0.147
DIVISION 0.126 0.121 0.151 0.096 0.096 0.109 0.102 0.102 0.090 0.174 0.199 0.086
SDI  0.151 0.151 0.183 0.1200.1200.1300.1340.134 0.112 0.185 0.205 0.119 0.110
MSI  0.077 0.068 0.100 0.049 0.0520.076 0.0550.055 0.040 0.143 0.165 0.097 0.121 0.036

520 Note: Yellow represents bilateral enhancement of bottofacand grey represents nonlinear enhancement.

521 The interaction detection results showed that theractions between pairs of
522 the selected factors exhibited more highly sigaifiic effects than did any single
523 factor, and the interaction type was mainly mamgésas bilateral enhancement of
524  both factors (Table 9). LA and HAI exerted strongfluences on the factor
525 interactions, and thq values of the interactions of other factors with &Ad HAI
526 were several times higher than values for the iaddpnt actions of these factors.

527 The interactions of LA and HAI with natural factofslevation, Pre, and Tem)
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exhibited the most significant effects on ESV, watrerageq values exceeding 0.2.
LA N elevation featured the highegtvalue of 0.284 and the greatest impact on
spatial differentiation of ESV over the study regidrhe g values of LA and the
landscape factor SDI also exceeded 0.2. Consequémtl spatial differentiation of
ESV in the MDSB resulted from a combination of hurfetors, natural factors, and

landscape factors, of which human factors exetiedrost significant influence.

4 Discussion

4.1 Changesin ESV and LUL C change

The study results showed small overall changes enlLiLC of the study
region, indicating an extremely stable ecosystencsire in the area (Table 3, Fig. 4).
Complex dynamic conversions between different lage-categories and different
levels within a category occurred during the stpéyiod. The conversions mainly
occurred in irrigation districts in oases, wheranlan activities were concentrated
(Table 3, S3, Fig. 4). This result corresponds nie of the main characteristics of
resource use in arid regions in China (Abulizilet2017; He et al., 2017; Wang et al.,
2017; Wei et al., 2018; Yushanjiang et al., 201Baixg et al., 2020b). Significant
expansion of farmland and construction lands oeclias a result of unidirectional
conversions from other LULC types. This pattern Has been found in other studies
of oases in arid regions (LU et al., 2014; Abuértial., 2017; Tolessa et al., 2017;
Wang et al., 2017; Wei et al.,, 2017; Rukundo et 2018; Wei et al., 2018;
Yushanjiang et al., 2018; Wang et al., 2020). Thers® LULC types that were
converted to farmland were largely low-coveragesgiand and saline land, which

had unstable ecosystems (Fig. 4, Table S4). Thisltrekiows that agriculture
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dominated by artificial irrigation remains a majdriver of regional economic

development. Advancements in agricultural technpld@gve contributed to the

optimization and improvement of non-agriculturaidaand unused land in the study
region. The development and exploitation of landueses has further accelerated,
particularly under demographic and economic press@fbulizi et al., 2017; Song

and Deng, 2017; Zhang et al., 2020b). Over the ddrsy the artificial nature of

LULC in the region has become apparent, indicatimgt human activities have

increasingly disturbed the land surface.

LULC change includes changes in land-use interadibo and conversion,
which together result in ESV changes (Song and D&0gd,7). Oases in China
comprise only 3-5% of the total area of the arigioes, while supporting over 95%
of population and producing more than 95% of indakiand agricultural output
(Wang, 2009). The oasis ecosystem has consideradlelaar ecological value in
combating the stresses of the arid climate. Uniesed accounted for approximately
78% of the study region from 1977 to 2017 and wiagays the unequivocally
dominant contributor to ESV. However, increases dedreases in ESV mainly
resulted from contributions from farmland, waterdi®s, wetland, and grassland
(Table 4). There was an increase in all the E&lues during the study period. The
ESV; composition for the oasis ecosystems was consistéh that of the entire
study region (Table 4-5, Figs. 6a, b). Farmland thasmain contributor to processes
associated with slight increases in ESV. The cormdipg provisioning service for

food production also continued to grow. The samecbpaattern was observed for
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changes in ESV in areas for which agriculture wasrtain driver of development
(Abulizi et al., 2017; Gashaw et al., 2018; Rukumrdal., 2018; Msofe et al., 2020).
Ecosystems with high ESV, such as forests, grass|ametlands, and water bodies,
played a decisive role in the increases and deesaasegional ESV (Li et al., 2018;
Talukdar et al., 2020). The study results showetlttt@ESV per unit area of forest,
wetland, and water systems were also significamtier than that for farmland.
However, the aforementioned areas were small asr@fitre contributed less to
the ESV in the study region than did farmland, whitdde up a larger proportion (Li
et al., 2018; Talukdar et al., 2020). In other veprithe high contribution of farmland
to ESV came mainly from the significant expansionitsefarea during the study
period. However, the phase analysis showed tharveaitd wetland contributed more
to the ESV than did farmland in 1997-2007 and 200Y72(Table 4). An LULC
conversion analysis showed that farmland expant#dteaxpense of lands with high
ESV, such as forest land, grassland, wetland, artdrviendies (Table S4, Fig. 5).
This unconstrained high-intensity development ofdlamsources increased the
regional ESV over the short term by increasing imtlial area contributions.
However, this developmental overload leads to imubets over the long term and
can even ecologically degrade oases (Polasky,e2Q08; Xie et al., 2015; Msofe et
al., 2020). This speculation was confirmed by thelide in the ESV of the study
region for 1997-2007 under the influence of govesntal immigration and
relocation policies (Ma et al., 2019). In contrabg expansion of forests, grassland,

wetland, and water bodies caused ESV to increasellI3f total ESV growth over
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41 years represents the largest increase in an E&dure in the study region since
the implementation of China's Grain for Green Rrbfespecially in 2007-2017, with
a total increment of 1.14x10vuan, Table 4). Thus, there was a significant raspo
of ESV to the drastic fluctuation in the LULC of thdy region.

Arid regions are characterized by a severe scadfitwater resources and
sensitive ecological environments. Ecological covessn policies, such as
farmland-to-grassland policies, for arid regions castrict the irrational exploitation
of land resources and should be moderately strength In addition, the continued
expansion of construction land through direct hunmad@rvention has encroached on
other land-use categories in the study region. @octson lands contribute
significantly less to ESV than do other land-useegaties (Du and Huang, 2017;
Rao et al., 2018; Luo et al., 2020; Xiao et al120ralukdar et al., 2020). As a result,
construction lands can decrease ESV in the studgnegrespective of conversion
category. Among the 4 classes of ecosystem sefuitgtions, regulatory services
contributed the most to ESV and played a key roieéneases and decreases of ESV
in the study region, which was generally consisteth the trends in ESV changes
across the country (Song and Deng, 2017; Liu eR@RO0; Su et al., 2020; Zheng et
al., 2020).

In summary, ESV in arid regions is extremely sewsito changes in LULC.
A small change in LULC can result in significantadges in ESV. Therefore,
achieving synergies between regional economic deweént and ecological

conservation requires the integration of regionati@conomic and ecological
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resources and improvements in land resource quelBy losses to unrestrained
development should be reduced. The structure anlibdison of land surface
resources, especially land resources, need tollyeofatimized and distributed. The
expansion of cultivated land should be controlledttsat agricultural activities are
kept at an appropriate scale. At the same timdpgmal land should be protected to
prevent and control the degradation caused by sanedle utilization. To realize the
optimization of agricultural economy and ecologidednefits, rather than simply
pursuing economic benefits and ignoring ecolodiealefits.
4.2 Spatial heterogeneity and mechanismsdriving ESV

Exploring the spatial variation in ecosystem sewi@nd its drivers is
fundamental for ecosystem service management acidialemaking (Chen et al.,
2020). The spatial heterogeneity of ecosystem wsvis influenced by the
complexity of ecological processes within ecosysteaand is closely related to the
study scale (Hu et al., 2015). Ecosystem assessmsit be performed at a scale
adapted to the ecological processes or phenomepdvéu. Large differences were
found for the same ecosystem service across differegions and at different
research scales (Hou et al., 2020; Zheng et a2Q®patial differentiation in the
ESV of the MDSB mainly occurred in oasis ecosystéang. 8). Therefore, the ESV
assessment unit should reflect the fine-scale mdébion of the oases.

A comparison in this study revealed that the gmdles more specifically
represented the differentiation characteristichefESV in the study region than did

other assessment units, capturing more detailednation on small-scale changes
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(Zheng et al., 2020). This study was a quantitadivalysis of the relative importance
of ESV drivers in the study region, and interactibesween factors were identified.
Single-factor and interaction detection resultsvaib that spatial differentiation in
the ESV of the study region has resulted from itgzas between several factors,
among which the LA for human activities is the doamt driver. This result is
consistent with those of existing studies on devefr ecosystem services (Fang and
Wang, 2013; Costanza et al., 2014; Hu et al., 20Hsg, 2015; Luo et al., 2020;
Msofe et al., 2020; Su et al., 2020). The second ingsortant driver was the HAI.
Therefore, human activities have significantly inedcthe ESV in the study region.
TPVI and RPCI showed an increasing trend from 18720tL7 in the study area (Fig.
9). Rapid socioeconomic development has accelertitedintensity of human
exploitation of resources from the natural envirenin forcibly converting regional
natural landscapes into semi-natural (e.g., fard)laand artificial landscapes (e.qg.,
construction land; Ma et al., 2018). At the sammaeti a linear increase in the
population has led to a further expansion of denfandonstruction lands and food
(Fig. 9). Within this context, large areas of narieultural lands have been
continuously reclaimed, and regional land use h#snsified. Different land cover
has different ecosystem service value, and thel lef/eservice supply also has
significant difference. In addition, changes indarse patterns change the spatial and
temporal distribution of habitats and resourcesstlaffecting the structure and
function of ecosystems (Liu et al., 2012; Zhanglet 2015; Rukundo et al., 2018;

Peters et al., 2019; Wu et al., 2020). Therefore ctitange of land use will inevitably
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lead to the change of the total value of regioabkgstem services. The contributions
of the landscape factors SDI and DIVISION of 11% &6%, respectively, suggest
that landscape pattern changes in ecosystems lsavaffected ecosystem functions.
It is found that the change of landscape pattefiects the material cycle and energy
flow process of ecosystem, and ultimately leadthéochange of regional ecosystem
service value through the interaction with biol@jiand abiotic processes (Hu et al.,
2020). For example, fragmentation and decentralizatiodaaftiscape patches can
affect the NPP of vegetation as well as the coivigctof ecological landscapes,
leading to declines in the regulatory capacity,rieat retention, and fertility of
ecosystems (Mitchell et al., 2015; Huang et al10The improvement of landscape
richness is helpful to enhance the value of ecegsystervices (Zhang et al., 2020a).
Natural factors contributed little to the ESV of stedy region, except for DEM and
NDVI, both contributing over 5% (Table 8).

An analysis of the driving mechanisms showed thebrabination of human
activities, changes in landscape patterns, andrgigtie interactions between natural
factors led to spatial differentiation in ESV ovietstudy region. Therefore, future
decision-making for ecosystem management shouldralothe effect of human
activities on the ecological environment. Improke tiversity of patches, reduce the
degree of landscape fragmentation, improve theystas service function of LULC,
optimize the allocation of ecological landscapeueses to achieve a win-win result

for regional socioeconomic development and ecoligionservation.
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683 Fig. 9 Variation in total population, the totabpuction value of 3 industries,
684 and rural per capita net income in the MDSB.
685 4.3 Limitation and futurework
686 Although this paper has corrected the value caefitcaccording to the actual
687  situation of the study area, the uncertainty stdists. In this study, the equivalent
688  coefficient of ESV per unit area was used to esenta$V in the midstream and
689 downstream reaches of the Shule River Basin. Howele determination of the
690 equivalent ESV coefficient is subjective, which affe the accuracy of the ESV
691 assessment results (Kreuter et al., 2001; Troyslitebn, 2006; Hu et al., 2008; Liu
692 etal., 2020; Xiao et al., 2019; Zhang et al., 202Zheng et al., 2020). More realistic
693 assessment models for the study region should betrooted to eliminate these
694 effects. In addition, this method of estimatingioegl ecosystem service value based
695 on economic value cannot quantify the value of s@hstract services (such as
696 aesthetic and cultural services). Therefore, théuatian results cannot fully reflect
697 the service functions and values provided by thesgstem in the study area.
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Therefore, in the future further studies, it is resegy to establish an assessment
model that more comprehensively reflects the edesysservice functions in the
study area and conforms to the actual situatiothénstudy area to eliminate these
impacts.

Secondly, this paper only discusses the spatiadrbgeneity of ecosystem
service value and does not further discuss theetodidand synergy relationship
among various services. In the future, it is coasad to introduce the ecosystem
service evaluation model for system analysis. Funtore, although the driving
factors of the spatial differentiation of ecosystsenvice value in the study area are
guantitatively analysed in this paper, the poliagtbrs are difficult to be quantified,
so the quantitative analysis is not carried outthi@ future, it is necessary to seek
appropriate policy proxy indicators and incorporidtem into the driving factor index

system.

5. Conclusions

This study utilized the benefit transfer method ssess the ESV of the
midstream and downstream regions of the Shule RBesin (MDSB), and the
spatiotemporal distribution of ESV was analysed ediogly. Then, contributions of
factors driving ESV were quantified using Geographietector model. The main
results showed that the LULC structure in the stuedyon was stable overall and that
changes in LULC were concentrated in the oasepangheral regions, which were
characterized by intensive human activities. Famchlaand construction land

underwent sustained expansion over the 41l-yeary spaiod. There was little
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variation in the total areas of grassland or ddsattland, but there was substantial
conversion within these 2 categories between lahdgferent levels of development,
with an overall positive development trend, indicgta general improvement in the
regional ecological environment. The total ESV fag #tudy area increased slightly
over the investigated period. The services providgaasis ecosystems dominated
the fluctuations in the ESV throughout the studyiageg Regulatory services

represented the greatest contribution to ESV amdingeavices. The ESV of the

study region exhibited a strong positive spatiabearrelation, with aggregations of
high and low values across spatial scales. Syresigimteractions among human
activities, changes in landscape patterns, andralatactors produced the spatial
variation in the ESV of the study region. The maiivelr of differentiation was the

impact of human activities, reflected by the larsg-untensity and human activity

indices.
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1051 Table 1 ESV per unit are of different LULC typesfie MDSB (Yuan/hrf) (2015

1052 prices)
Service type categoriesserviCe ty?e FoL GL FaL WL WA UL Total
subcategories
Provision services FP 646.06 1367.657.75 704.79 1037.61 39.16 5753.05
RMP 5834.11 21.71 763.52  469.86 685.21 78.31 7852.7
Regulatory services GR 8457.50 162.82 1409.8818.19 998.45 117.47 15864.01
CR 7968.06 893.70 1899.026527.57 4032.97 254.51 41575.82
HR 8007.21 806.86 1507.426312.21 36747.04 137.04 73517.84
WD 3367.34 2532.742721.28 28191.66 29072.65 509.02 66394.68
Support services SC 7870.17 589.77 2877.9895.93 802.68  332.82 16369.26
BP 8829.47 1005.861996.91 7224.11 6715.10 783.10 26554.55
Cultural services PAL 4072.13 325.64 332.82 9181.8692.43 469.86 23074.74
Total 55052.04 7706.7815466.3 107226.2 88784.14 2721.3 276956.68

1053 Notes. Provision services--Food production (FP) and Rawena production (RMP); Regulatory services--Gas
1054 regulation (GR), Climate regulation (CR), Hydrologigalgulation (HR), and Waste decomposition (WD);
1055 Support services--Soil conservation (SC) and Biogiterprotection (BP); and Cultural services (Provide
1056 aesthetic landscape--PAL).
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1058 Table 2 Data sources and processing

Driving factors Sources

Processing
Nature factors Temperature (Tem)
http://data.cma.cn/ Anusplin interpolation model
Precipitation (Pre)
Elevation
Slope

Net Primary Productivity (NPP)  https://data.tpdc.ac.cn

Normalized Difference ArcGIS Spatial analysis

Vegetation Index (NDVI)

function
Human factors  Gross Domestic Product (GDP)
http://www.resdc.cn/
Population (POP)
Road density http://www.webmap.cn/
_ Acle
HAl = —= x 1006
Human activity intensity (HAI) Xu et al., 2016 m
Acle = 2 (ALi«Cli)
i=1
n . .
Land use intensity (LA) Zhuang and Liu, 1997 '—5F100<_21A"‘C'
|:
Landscape Landscape Division Index
pattern factors (DIVISION)
Shannon's Diversity Index LULC data Fragstats software 4.2
(SDI)

Mean Shape Index (MSI)

Statistic data total population

the total production value of  National/Local Bureau of

three industries o
Statistics

rural per capita net income
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1061

1062

1063

1064

Table 3 Area and dynamic degrees (K) of various Cllypes

in the MDSB from 1977 to 2017

LULC Area
K (%)
type  (km?)
1977 1987 1997 2007 2017 1977-1987 1987-1997 P997- 2007-2017 1977-2017

FaL 1323.3 1340.5 1416.2 1781.3 1949.1 0.13 0.56 58 2. 0.94 1.18
GL 6787.4 6782 6829.4 6417.6 6556.4 -0.01 0.07 0-0.6 0.22 -0.09
FoL 11 10.2 8.1 6.9 7.4 -0.68 -2.05 -1.50 0.74 10.8
SalL 753.5 758.4 754 592.3 511 0.07 -0.06 -2.14 7-1.3 -0.80
CL 109.4 1225 137.2 134.4 167.1 1.20 1.20 -0.21 44 2. 1.32
WB 358.9 362.2 366.8 331.9 409.2 0.09 0.12 -0.95 332. 0.35
DL 70335 70444 7052.2 6607.2 6584.8 0.02 0.01 63-0. -0.03 -0.16

BL 21769.7 21727 21582.8 22275 21961.9 -0.02 -0.07 0.32 -0.14 0.02
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1065 Table 4 Change in ESV in study area from 1977 72816 yuan)

Year FoL GL FalL WL WA UL Total
Ecosystem services value 1977 60.34 5230.91 2046.72722.17 932.06 8043.18 19035.36
1987 56.21 5226.74 2073.24 2800.43 897.34 8035.88.9089.83
1997 44.70 5263.23 2190.35 2803.96 934.54 7997.539234.32
2007 37.99 4945.87 2755.05 1158.04 1988.14 8020.828905.92
2017 40.79 5052.87 3014.56 2304.29 1724.99 7907.420044.91
Change (%) 1977-2007 -37 -5 +35 -57 +113 0.00 -1
2007-2017 +7 +2 +9 +99 -13 -1 +6
1977-2017 -32 -3 +47 -15 +85 -2 +5

1066 Notes: “+” means increase arftt” means decrease.

1067
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1068  Table 5 The values of individual ecosystem fundifSV) in the study area from
1069 1977 to 2017 (x10yuan)
1977 1987 1997 2007 2017
Service type Service type
% % % % %
categories subcategories
Provision services FP 133260 7.00 133517 699  2356. 7.05  1370.08  7.35  1427.86  7.12
RMP 37275  1.96 373.47 1.96 377.34 1.96 403.17 2.16418.34 2.09
Regulatory services GR 78377 412 788.20 4.13 796.804.14 778.00 417  849.88 4.24
CR 233466 12.26  2353.94 1233  2369.87 1232  2032.310.90  2349.96  11.72
HR 221473 1163 222075 1163 224864 1169  BP93. 11.77  2506.39  12.50
WD 4608.27 2421  4619.16 2420  4656.99 2421  44B2. 2404 484325  24.16
Support services sC 1880.80  9.88  1886.46  9.88  1905.180.91 193520  10.38  2019.86  10.0
BP 352513 1852  3527.90  18.48  3537.95 1839  3623.918.90 3616.47  18.04
Cultural services PAL 198263 1042 198477  10.40 19853 10.32  1924.02  10.32 201290  10.04
Total 19035.4 100 19089.8 100 19234.3 100 18642.8 00 1 200449 100
1070 Definitions of acronyms given in Table 1, and %resents the percentage of E&Vthe total ESV.
1071
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1072 Table 6 The results of a sensitivity teS§) for ESV in the MDSB

Time  FoL GL FalL WL WA UL

1977 0.010 0.550 0.215 0.286 0.098 0.845
1987 0.009 0.548 0.217 0.293 0.094 0.842
1997 0.007 0.547 0.228 0.292 0.097 0.823
2007 0.006 0.523 0.291 0.123 0.210 0.848
2017 0.010 0.504 0.301 0.230 0.172 0.789

1073
1074

60



1075

1076
1077

Table 7 Global Moran's of ESV in the MDSB, 1977-2017

Year 1977 1987 1997 2007 2017

Moran'sl 0.637 0.641 0.642 0.627 0.672
Z () 86.519 87.035 87.004 89.401 97.246
P-value  0.001 0.001 0.001 0.001 0.001
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1078 Table 8 The contributiongStatistics) of various factors to differences iIVES

Variables g-Statistic P-value
X1 Tem 0.031 0.000
Xa Pre 0.020 0.000
X3 Elevation 0.067 0.000
X4 Slope 0.012 0.000
Xs NPP 0.019 0.000
Xs NDVI 0.050 0.000
X5 GDP 0.030 0.000
Xg POP 0.030 0.000
Xg Road density 0.003 0.008
X10 HAI 0.115 0.000
X1 LA 0.147 0.000
X2 DIVISION 0.086 0.000
X13 SDI 0.110 0.000
X14 MSI 0.036 0.000
1079
1080
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1081 Table 9 Interactive effects between the factors
Tem Pre ElevatiorSlope NPP NDVI GDP POP R-density HAI LA DIVISION SDI MSI
Tem 0.031
Pre 0.0460.020
Elevation 0.0690.077 0.067
Slope 0.040 0.033 0.075 0.012
NPP 0.052 0.040 0.089 0.0300.019
NDVI  0.120 0.113 0.167 0.072 0.059 0.050
GDP 0.065 0.059 0.111 0.0390.038 0.068 0.030
POP 0.062 0.053 0.111 0.0390.040 0.069 0.043 0.030
R-density 0.036 0.027 0.073 0.016 0.022 0.053 0.033 0.033 0.003
HAI 0.204 0.216 0.250 0.1430.1180.1360.1240.124 0.117 0.115
LA 0.240 0.249 0.284 0.187 0.147 0.1600.153 0.153 0.148 0.178 0.147
DIVISION 0.126 0.121 0.151 0.096 0.096 0.109 0.102 0.102 0.090 0.174 0.199 0.086
SDI  0.151 0.151 0.183 0.1200.1200.1300.1340.134 0.112 0.185 0.205 0.119 0.110
MSI  0.077 0.068 0.100 0.049 0.0520.076 0.0550.055 0.040 0.143 0.165 0.097 0.121 0.036

1082Note: Yellow represents bilateral enhancement of bottofagand grey represents nonlinear enhancement.
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Fig. 1 Location of study area.
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1092 Fig. 4 LULC maps of study area from 1977-2017.
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Fig. 5 Spatial distribution of LULC in the studsea from 1977 to 2017.
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1099 Definitions of acronyms given in Table 1.

1100 Fig. 6 Dynamics of ESMor study area (a), oasis system (b) and dessigisy

1101 (c) from 1977 to 2017. Definitions of acronyms giva Table 1.
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Fig. 7 Spatial distribution characteristics of E8V study area under different
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Fig. 8 Spatial distribution of ESV in the MDSB.
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