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Spatial Differentiation and Driving Mechanisms in 1 

Ecosystem Service Value of Arid Region：：：：A case study in the 2 

middle and lower reaches of Shule River Basin, NW China 3 

Ninghui Pan, Qingyu Guan ∗, Qingzheng Wang, Yunfan Sun, Huichun Li, Yunrui Ma 4 

(Gansu Key Laboratory for Environmental Pollution Prediction and Control, College of Earth and 5 

Environmental Sciences, Lanzhou University, Lanzhou, 730000, China) 6 

Abstract: The determination of spatiotemporal variation in ecosystem service value and its 7 

drivers is fundamental to ecosystem service management and decision-making. This paper selects 8 

a typical oasis irrigation district in the arid regions of northwest China as the research object. 9 

Using the benefit transfer method to evaluate the ecosystem service value variation caused by 10 

land use and land cover change and characteristics of its spatial distribution based on 11 

multi-temporal land use and land cover data sets (1977, 1987, 1997, 2007, 2017). Meanwhile, the 12 

contributions of factors driving ecosystem service value and their interactions were explored 13 

using geographical detector. The results showed the following: 1) The land use and land cover 14 

structure was stable from 1977 to 2017, and the overall ecosystem service value increased slightly. 15 

The services provided by the oasis ecosystem dominated the fluctuations in ecosystem service 16 

value throughout the study region. 2) Ecosystem service value exhibited a strong positive spatial 17 

autocorrelation. The high values were concentrated in the oasis area in the north of the study area, 18 

while the low values mainly appeared in the desert ecosystem. 3) The land use degree and human 19 

activity intensity index of human factors are the main factors leading to the differentiation of 20 

ecosystem service value. Synergized interactions among human activities, changes in landscape 21 
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 2

patterns, and natural factors produced the spatial differentiation in ecosystem service value of the 22 

study region. The results suggest that in future decision-making for ecosystem management, the 23 

direction of human activities within the ecological environment should be controlled. Improve the 24 

diversity of patches, reduce the degree of landscape fragmentation, improve the ecosystem 25 

service function of LULC, optimize the allocation of ecological landscape resources. 26 

Keywords: Land use and land cover change; Ecosystem service value; Spatiotemporal 27 

differentiation; Driving factors; Oasis-irrigated agricultural areas 28 

1. Introduction 29 

Land use/land cover (LULC) is an important tool for investigating the 30 

interaction of human activities with natural ecological environments. Changes in 31 

LULC directly affect the structure and function of an ecosystem (Kareiva and 32 

Wennergren, 1995; Lindenmayer and Franklin, 2010; Liu et al., 2012; Zhang et al., 33 

2015; Rukundo et al., 2018; Peters et al., 2019; Wu et al., 2020). The International 34 

Geosphere-Biosphere Programme (IGBP) states that changes in the status, 35 

characteristics, and functions of ecosystems inevitably affect the supply of ecosystem 36 

services and cause changes in ecosystem service value (ESV) (Polasky et al., 2011; 37 

Hao et al., 2016; Song and Deng, 2017; Zhang et al., 2020b). Therefore, the scientific 38 

assessment of ESV, the construction of eco-security models, and the optimization of 39 

land use have become necessities for land-use planning and regional ecological 40 

security management (Xu et al., 2016; Wang et al., 2017; Kim et al., 2018; Mahmoud 41 

et al., 2018; Ma et al., 2019; Talukdar et al., 2020). A milestone in ESV assessment 42 

was the calculation of the equivalent ESV coefficient of the world, by Costanza et al. 43 
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 3

(1997) (Song and Deng, 2017; Wang et al., 2018; Zhang et al., 2020b). Chinese 44 

scholar Xie et al. (2003), referring to part of the research results of Costanza et al. 45 

(1997), formulated the table of ecological service value equivalent factor of China's 46 

terrestrial ecosystem according to the reality of China through expert consultation. 47 

The Millennium Ecosystem Assessment (MEA) classifies ecosystem services into 4 48 

major categories: provisioning, regulatory, support, and cultural services, and 49 

quantifying the importance of ecosystems to human well-being as one of its key goals 50 

(MEA, 2005). It is pointed out that the realization of this goal will be helpful for 51 

decision makers to formulate better strategies for sustainable utilization and 52 

management of ecosystem services. Later, scholars gradually incorporated the 53 

evaluation results of ecosystem service value into ecosystem service management 54 

and land use planning and decision-making. For example, Li et al. (2018) found that 55 

the intervention of ecological restoration policy can improve the value of regional 56 

ecosystem services and promote the benign development of regional ecological 57 

environment (Li et al., 2018). Luo et al. (2020), by evaluating the ecosystem service 58 

value of China's Yangtze River Economic Belt, points out that the healthy 59 

development of the ecosystem in this region requires the protection and increase of 60 

the area of ecological land such as woodland and water area, to avoid the excessive 61 

transformation of ecological land into construction land (Luo et al., 2020). Thus it 62 

can be seen, quantitative assessment of ESV is clearly important for the effective 63 

conservation of ecosystems and the rational development of land resources.  64 

Current assessments of ecosystem services mainly use monetary measurement, 65 
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physical measurement, and energy analysis models (Zhan et al., 2019; Talukdar et al., 66 

2020). Monetary assessment enables aggregation and comparison between different 67 

ecosystems. Monetary assessment results can be easily integrated into a national 68 

economic accounting system and are important for environmental accounting and the 69 

achievement of a “green” gross domestic product (GDP) (Fu, 2013). At the same 70 

time, monetization of ecosystem services can increase public awareness of the 71 

importance of ecosystem services for social development and help policymakers 72 

develop reasonable land-use plans (Su et al., 2020; Zhang et al., 2020b). The main 73 

methods of estimating ESV include the market price method, the productivity 74 

method, the travel cost method, and the benefit transfer method (King et al., 2000). 75 

Among these, the benefit transfer method is popular in decision-making when 76 

estimating ecosystem services at broad geographical scales because of its qualities of 77 

quick assessment and low cost of primary data collection (Song and Deng, 2017; 78 

Msofe et al., 2020; Liu et al., 2020). Costanza et al. (1997) first proposed this method 79 

in 1997 and evaluated the value of global ecosystem services. Based on the global 80 

equivalent factor table proposed by Costanza (1997), a large number of scholars have 81 

evaluated the value of ecosystem services in different countries and regions (Tory et 82 

al., 2006; Bateman et al., 2013; Kindu et al., 2016; Tolessa et al., 2017; Morshed et al., 83 

2021). However, the evaluation of ecosystem service value through monetization is 84 

based on the determined value coefficient, which leads to some limitations of this 85 

assessment method. For one thing, the ascertainment of value coefficient is subjective 86 

to acertain extent (Wang et al., 2019; Xiao et al., 2020). For another, the value 87 
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 5

coefficient conforms to the reality of the study area directly affects the accuracy of 88 

the final ecosystem service value evaluation (Wu et al., 2020). Therefore, it is 89 

necessary to correct the value coefficient according to the actual situation of the study 90 

area (Wang et al., 2017; Rao et al., 2018; Xiao et al., 2020; Shi et al., 2021). 91 

Ecosystem services exhibit complex interconnections and strong scale 92 

characteristics (MEA, 2005; Hu et al., 2015; Hou et al., 2020; Zheng et al., 2020). As 93 

the basis of all ecological studies, scale has always been the focus and difficulty of 94 

ecosystem services research (Sun et al., 2016, 2019; Pan and Li, 2017; Qiao et al., 95 

2019; Bai et al., 2020; Zheng et al., 2020). Ecosystem processes and related 96 

ecosystem services are usually most significant and observable at a specific 97 

spatiotemporal scale, which can in some cases highlight dominant drivers or reveal a 98 

significant effect (MEA, 2005; Kindu et al., 2016). The complex characteristics of 99 

ecosystem services in response to changes in LULC derive primarily from spatial and 100 

temporal heterogeneities (Tolessa et al., 2017; Wang et al., 2017, 2018; Li et al., 101 

2018). Temporal changes in ecosystems may have a limited impact on human 102 

well-being over the short term but can have significant long-term effects. An overly 103 

broad-scale spatial analysis can miss nuanced changes at a local level, whereas 104 

assessment results obtained using fine scales may be difficult to extrapolate to a large 105 

ecologically regulated region. Therefore, different spatiotemporal scales should be 106 

considered to investigate responses of ecosystem services to changes in LULC, and 107 

the selection of appropriate scales for assessment is essential for understanding the 108 

patterns and processes of regional ecosystems (Fu, 2013; MEA, 2005; Xiao et al., 109 
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2019). At present, most existing studies on the values and functions of ecosystem 110 

services focus on a single spatial scale, and no reasonable explanation has been given 111 

for the selection of research scale (Zhang et al., 2020b; Jiang et al., 2020; Msofe et al., 112 

2020). In the time scale, the dynamic studies involving long time series are rare. 113 

Understanding the factors that lead to changes in ecosystems and their services is 114 

foundational for designing interventions to increase positive impacts and minimize 115 

negative impacts (MEA, 2005). Research conducted from different perspectives has 116 

shown that human activities are the main drivers of changes in ESV (Fang and Wang, 117 

2013; Costanza et al., 2014; Tang, 2015; Xiao et al., 2019; Msofe et al., 2020). 118 

However, these drivers have mainly been identified using qualitative or 119 

semi-quantitative approaches (Hu et al., 2015; Li et al., 2018; Liu et al., 2020; Luo et 120 

al., 2020; Su et al., 2020). In addition, changes in ESV often result from interactions 121 

among multiple drivers (MEA, 2005; Gong et al., 2017; Luo et al., 2020). The 122 

synergistic roles of drivers should be considered to provide an accurate and 123 

comprehensive explanation of complex ESV changes. 124 

As the most active ecosystem in the arid zone, changes in structure and function 125 

of the oasis region determine the stable and sustainable development of the regional 126 

social economy (Liu et al., 2010). Chinese oases are mainly distributed in the arid 127 

and semi-arid regions of northwest China and include Xinjiang, Gansu Hexi Corridor, 128 

and Ningxia-Inner Mongolia oases. The Hexi Corridor, located in key parts of the 129 

northwest regions of the ‘Silk Road Economic Belt’, is the main commodity grain 130 

base in northwest China and plays a special role in grain security (Guan et al., 2018). 131 
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The Shule River Basin is an ecological barrier for the Hexi Corridor and was a key 132 

construction area for testing ecological security defence systems in 2014. Since the 133 

1980s, the Chinese government's ecological immigration policy has resulted in the 134 

movement of 143,900 people to the oases of the midstream and downstream reaches 135 

of the Shule River Basin (MDSB) (Chang and Zhang, 2014). The migration has 136 

increased the pressure on regional land resources and ecosystems and threatened 137 

regional ecological security (Ma et al., 2019). After 1997, Chinese government 138 

implemented a series of policies emphasizing regional development and 139 

environmental protection, such as “Reconstruction of Hexi Corridor”, “Western 140 

Development”, “Three-North Shelterbelt Project”, “Grain for Green Project”, etc., 141 

which directly or indirectly influenced land use in Shule River Basin (Ma et al., 142 

2018). To test the effectiveness of ecological restoration policies and assess the 143 

impact of human activities on the ecosystem in different directions, it is necessary to 144 

study the changes of ecosystem service value in the study area in approximately the 145 

year 2000. Thus, the main objectives of this study are as follows: 1) to analyse the 146 

response of ESV to LULC changes in irrigated agricultural areas of the MDSB from 147 

1977 to 2017; 2) to select an appropriate spatial scale for exploring spatial variation 148 

in ESV; and 3) to quantify the drivers of spatial differentiation of ESV. This study 149 

provides an important theoretical basis for the restoration of the ecological 150 

environment and the sustainable use of land resources in the study region and in other 151 

oases in arid and semi-arid regions worldwide. 152 

2. Materials and methods 153 
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2.1 Study area 154 

 155 

Fig. 1  Location of study area. 156 

The Shule River originates from the western part of the Qilian Mountains (Fig. 157 

1). With a main stem length of 630 km and a basin area of 38,147 km2, the river has 158 

an average runoff of 1.07×109 m3. The Shule River Basin is located mainly in the 159 

alluvial plain of the midstream and downstream reaches of the Shule River and in the 160 

sloping floodplain at the northern foot of the Qilian Mountains. It is an important part 161 

of the inland river basin in the Hexi region. In 2017, the total population was 504,000. 162 

The region clearly exhibits a temperate arid continental climate, with an average 163 

annual temperature of 7.04�, annual average precipitation of 70.38 mm, and annual 164 

average evaporation of up to 3000 mm. The LULC is dominated by a desert 165 

landscape (Hao et al., 2018). Human activities in the basin are mainly concentrated in 166 

the oasis area of the plain in the midstream and downstream reaches. It is a typical 167 

irrigation area with the greatest area per capita of irrigated fields in the Hexi region 168 
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and even in Gansu Province. The main crops are wheat and corn. 169 

2.2 Data sources and processing 170 

Considering the characteristics of image quality, cloud cover and vegetation 171 

growing season, the medium--resolution and high-resolution images of 20 scenes in 5 172 

periods from 1977 to 2017 in the Shule River Basin were selected (Table S1). 173 

Meanwhile, the middle and lower reaches of Shule River are typical irrigated 174 

agricultural areas, the transformation of LULC by human activities is mainly for the 175 

purpose of developing agriculture. In addition, restricted by natural conditions (such 176 

as water resources), LULC changes slowly in the study area. Therefore, the change of 177 

LULC in the study area was analysed at an interval of ten years. ENVI 5.4 (EVIS Co., 178 

Colorado, USA), ERDAS 9.2 (ERDAS Co., California, USA), and ArcGIS 10.2 179 

(ESRI, 2013) software are used to pre-process the image data to obtain the remote 180 

sensing image of the study area (Li et al., 2020, Fig. 2). Bands 7, 5, and 4 (R, G, and 181 

B, respectively) were used to interpret false-colour MSS composite images. Bands 4, 182 

3, and 2 (R, G, and B, respectively) were used for the TM and OLI/TIRS images. To 183 

extract the actual surface status of the study region more accurately, the Land 184 

Use/Land Cover Remote Sensing Monitoring Data Classification System of the 185 

Resource and Environmental Science Data Centre of the Chinese Academy of 186 

Sciences (Xu et al., 2018) was referred to. A library of image interpretation signs of 187 

the study region was developed based on geographic knowledge and field research 188 

(Table S2). There were 8 types of LULC: farmland (FaL), grassland (GL), forest land 189 

(FoL), water body (WB), construction land (CL), desertified land (DL), saline land 190 
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 10

(SaL), and bare land (BL). To facilitate the calculation of the service value of 191 

different ecosystem types, the water body is divided into water area (WA) and 192 

wetland (WL). The land-use classification system in this study consisted of different 193 

levels of development of the same LULC types. Therefore, the grassland was 194 

subdivided into high-coverage grassland (HG), moderate-coverage grassland (MG), 195 

and low-coverage grassland (LG) and desertified land into severely desertified land 196 

(SED), moderately desertified land (MD), slightly desertified land (SLD), and 197 

potentially desertified land (PD). 198 

Fig. 2  The establishment process of land use database in the study area 199 

To reduce the errors in visual interpretation, land-use information of the study 200 

area in 2017 was extracted and corrected the results using high-resolution Google 201 

Earth (Damtea et al., 2020) imagery and field observations to achieve accuracy 202 

exceeding 85% (Wang et al., 2021). The images from the other 4 periods were then 203 

corrected using the base map of the results of the interpreted data for 2017 that 204 
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passed the accuracy test. Thus, a land-use database was established for the MDSB 205 

from 1977 to 2017 (Table 3, Table S3; Fig. 4). The meteorological data and 206 

socioeconomic information used in this study are detailed in Table S3. 207 

2.3 Methodology 208 

2.3.1 LULC evolution analysis model 209 

The parameters of single dynamic degree (K), comprehensive dynamic degree 210 

(KS), and transfer matrix (Kij) were used to describe the change in LULC in the study 211 

area (Redo et al., 2012). 212 

1) Single dynamic degree (K) describes the change of a certain land use type in a 213 

certain period in the study area. 214 

 
%100

1 ××−=
TU

UU
K

a

ab

 (1) 215 

where K refers to a single dynamic degree of LULC, Ua and Ub represent the 216 

areas of the specific LULC type at the start date and end date, respectively, and T 217 

indicates the monitoring period. 218 

2) The comprehensive dynamic degree (KS) was used to characterize the rate of 219 

land use change in the whole study area. 220 
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where Ks refers to the comprehensive dynamic degree of LULC, uai and ubi 222 

represent the areas of the specific LULC type at the start date and end date, 223 

respectively, T indicates the monitoring period, and n is the number of the LULC 224 

type. 225 

3) The land use transfer matrix (Kij) is used to represent the dynamic 226 

transformation of each land use type in the research period. 227 
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where K is the LULC area, n is the number of LULC types, and i and j are the 229 

LULC types at the start and at the end, respectively. 230 

2.3.2 Estimation of ESV 231 

In 1997, Costanza et al. (1997) proposed a global scale ecosystem services value 232 

evaluation method system and evaluated the economic value of 17 ecosystem 233 

services in 16 biomes around the world. However, because this system is not fully 234 

applicable to China’s ecological background, Chinese scholar Xie et al. (2008) 235 

referred to the method of Costanza et al. (1997) and conducted a questionnaire survey 236 

of 500 Chinese ecologists, and summarized an equivalent factor of ESV per unit area 237 

suitable for an evaluation of ecosystem service value at the Chinese scale. This paper 238 

uses the framework of Costanza et al. (1997), but employed ESVs developed for 239 

China by Xie et al. (2008), which is based on the data in MEA (2003, 2005) and the 240 

understanding of ecosystem services provided by Chinese researchers, the 17 241 

ecosystem services proposed by Costanza et al. (1997) are divided into four types and 242 

nine sub-types: provision services (include Food production-FP and Raw material 243 

production-RMP), Regulation service (include Gas regulation-GR, Climate 244 

regulation-CR, Hydrological regulation-HR and Waste decomposition-WD), Support 245 

services (include Soil conservation-SC and Biodiversity protection-BP) and Cultural 246 

services (Provide aesthetic landscape-PAL) (Table 1). 247 

Ecosystem service value equivalent factor refers to the potential capacity of the 248 
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relative contribution of ecological services generated by the ecosystem, which is 249 

defined as the economic value of the annual natural grain production of farmland 250 

with the national average yield of 1hm2. Based on this, the weighting factor table can 251 

be converted into the unit price table of ecosystem services in the current year. After 252 

comprehensive comparative analysis, the economic value of the equivalent factor of 253 

ecosystem service value is determined to be 1/7 of the regional average market value 254 

of grain yield per unit area (Xie et al., 2003). Based on this, the ecosystem service 255 

equivalent factor in the study area is modified, and the formula is as follows: 256 

 ),...1(
7

1

1

ni
M

qpm
aE

n

i

iii =×= ∑
=

 (4) 257 

where Ea represents the economic value of food production service provided per 258 

unit area of farmland (Yuan/hm2), i is the crop species, pi is the average crop price 259 

(Yuan/t), qi refers to the yield of crop per unit area of i (t/hm2), mi refers to area of i 260 

(hm2), and M refers to the total area of grain crops (hm2). In this study area, Ea is 261 

1957.75 Yuan/hm2. 262 

The ESV per unit area of an ecosystem (VC) is calculated using Eq. (5): 263 

 aVC E Q= ×  (5) 264 

where Q refers to the ESV equivalent coefficient per unit area proposed by Xie 265 

et al. (2001, 2015). The ESV equivalents per unit area of different LULC types in the 266 

MDSB were then determined (Table 1). 267 

 268 

 269 

 270 
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Table 1  ESV per unit area of different LULC types in the MDSB (Yuan/hm2) (2015 271 

prices) 272 

Service type categories 
Service type 

subcategories 
FoL GL FaL WL WA UL Total 

Provision services  FP 646.06 1367.68 1957.75 704.79 1037.61 39.16 5753.05 

 RMP 5834.11 21.71 763.52 469.86 685.21 78.31 7852.73 

Regulatory services GR 8457.50 162.82 1409.58 4718.19 998.45 117.47 15864.01 

 

CR 7968.06 893.70 1899.02 26527.57 4032.97 254.51 41575.82 

HR 8007.21 806.86 1507.47 26312.21 36747.04 137.04 73517.84 

WD 3367.34 2532.74 2721.28 28191.66 29072.65 509.02 66394.68 

Support services SC 7870.17 589.77 2877.90 3895.93 802.68 332.82 16369.26 

 BP 8829.47 1005.86 1996.91 7224.11 6715.10 783.10 26554.55 

Cultural services PAL 4072.13 325.64 332.82 9181.87 8692.43 469.86 23074.74 

 Total 55052.04 7706.78 15466.3 107226.2 88784.14 2721.3 276956.68 

Notes: Provision services--Food production (FP) and Raw material production (RMP); Regulatory services--Gas 273 

regulation (GR), Climate regulation (CR), Hydrological regulation (HR), and Waste decomposition (WD); 274 

Support services--Soil conservation (SC) and Biodiversity protection (BP); and Cultural services (Provide 275 

aesthetic landscape--PAL). 276 

The formula for calculating total ESV is: 277 

 ∑∑
=

×=
m

1i

n

k

ikik VCAESV  (6) 278 

where Aik is the area (hm2) of the i-th LULC type, VCik represent the value 279 

coefficient of the i-th LULC type corresponding to the k-th service (Table 1), i is the 280 

number of LULC types, k is ecosystem service types, m = 6, and n = 9. 281 

2.3.3 ESV sensitivity analysis 282 

Considering uncertainties of the value coefficients (VC), the value coefficients 283 

for each LULC category were adjusted by 50%, and the estimated ESV results were 284 

verified by the coefficient of sensitivity index (Kreuter, 2001). The formula is: 285 

                   
jk ik ik

( ) /

( ) /

j i iESV ESV ESV
CS

VC VC VC

−=
−              (7) 286 

where ESVi and ESVj represent initial and adjusted total estimated ESV, 287 

Jo
urn

al 
Pre-

pro
of



 15

respectively, and VCik and VCjk are initial and adjusted VC for LULC category k. CS 288 

is an important index for measuring the extent of ESV change caused by 1% change 289 

in VC. If CS > 1 (< 1), for every 1% increase or decrease in VC, the increase or 290 

decrease in ESV is greater (less) than 1%, indicating the ESV is high (low) in 291 

elasticity relative to VC and reflecting low (high) credibility of evaluation results. 292 

The greater the proportional change in ESV relative to the proportional change in VC, 293 

the more critical is the use of an accurate ecosystem VC (Liu et al., 2012). 294 

2.3.4 Spatial heterogeneity analysis of ESV 295 

Exploratory spatial data analysis (ESDA) involves the use of spatial analysis 296 

techniques to visualize the spatial distribution patterns of objects or phenomena 297 

(Good, 1983; Symanzik et al., 2013). This paper makes use of GeoDa statistical 298 

software (Anselin et al., 2002), ESDA method was used to investigate the impact of 299 

four types of scale (2 km × 2 km, the township administrative unit, the watershed unit, 300 

and the county administrative unit) changes on ESV in the middle and lower reaches 301 

of the Shule River. Based on the results, appropriate research scales were selected to 302 

analyse spatial heterogeneity in ESV.  303 

In this study, the global spatial autocorrelation Moran's I from the ESDA 304 

analysis method was selected to reflect the spatial heterogeneity of ESV, and it can be 305 

calculated as follows (Moran, 1950).  306 

                   

∑∑ ∑

∑∑

= = =
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= =
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where n is total number of ESV evaluation units; xi (xj) is the observation 308 

value of ESV evaluation units i (j); Wij is spatial weight between ESV evaluation 309 

units i and j; andx is the mean value of ESV evaluation units. The range of the 310 

Moran's I value is [-1, 1]. When the value of Moran's I approaches 1, there is a 311 

clustered pattern for the indicator. When the value of Moran's I is close to -1, there is 312 

a dispersed pattern for the indicator. When the value of Moran's I is equal to 0, it 313 

indicates that ESV values are randomly distributed in the region and have no spatial 314 

autocorrelation.  315 

The final conclusions about the observed pattern are drawn only after looking 316 

at the Z-score and the p-value of the Index. To investigate the statistical significance 317 

of the Moran’s I statistic, Z (I) is calculated as follows: 318 

( ) ( )
( )

1

ar

E I
Z I

V I

−
=                              (9) 319 

where E(I) is the expected value of I: E(I) = −1/ (n −1), and ( )arV I is the 320 

expected variance of I: ( )arV I =E(I2)-E(I)2. When the P-value obtained is greater 321 

than 0.05, the basic assumption is accepted implying that the data values are 322 

randomly spread out spatially. When the p-value is less than 0.05 and the Z-score is 323 

negative, the basic assumption of randomness is rejected, inferring that the high and 324 

the low values in the dataset are dispersed spatially. Similarly, when the p-value is 325 

less than 0.05 with a positive Z-score, the assumption of randomness is again ruled 326 

out and the inference drawn is that the high and/or low data values are spatially 327 

clustered in the geographical space (Yang et al., 2018; Kumari., 2019).  328 

2.3.5 Driving force of spatial heterogeneity analysis of ESV 329 
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Temporal and spatial variation in ESV is the result of many synthetic factors 330 

(Chen et al., 2020). Based on the spatial variation theory, Geographical Detector 331 

model (GDM) is designed to measure spatially stratified heterogeneity of a response 332 

variable and reveal the impact of driving factors (Wang et al., 2010). The hypothesis 333 

of GDM is that if an environmental factor (X) contributes to a response variable (Y), 334 

there may be a similar spatial distribution for the two, and this similarity or spatial 335 

association can be measured by the q-statistics (Fig. 3, Wang et al., 2016). By 336 

superposing the independent variable spatial distribution layer and the dependent 337 

variable spatial distribution layer, the variance σi
2 of ESV in each sub-region and σ2 338 

in the whole region are calculated. The value of q indicates that the independent 339 

variable X explains 100×q% of the dependent variable Y. The larger the q value, the 340 

stronger the explanatory power of the independent variable X to the dependent 341 

variable Y, and the weaker the opposite. GDM includes a differentiation and factor 342 

detector, an interaction detector, an ecological detector, and a risk detector. 343 

According to the research objectives of this paper, differentiation and factor detectors 344 

(compares the accumulated dispersion variance of each subregion with the dispersion 345 

variance of the entire study region; the smaller the ratio, the stronger the factor 346 

contribution of the stratum) and interaction detectors (compares the sum of the 347 

contribution of two individual attributes versus the contribution of the two attributes 348 

when taken together) were selected.  349 

 350 
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 Fig. 3  The principle of geographical detector models 351 

A differentiation and factor detector can be used to detect spatial differentiation 352 

of ESV and the extent to which factor X explains the spatial variation in ESV. 353 

Measured with the q value, the expression is as follows: 354 

 
2

L

1h

2
h

N

N
1q

h

σ

σ∑
=−=  (10) 355 

where h = 1, 2,..., L is the stratification of ESV or factor X, N is the number of 356 

samples, σ2 represents the variance in ESV, and q signifies the degree of explanation 357 

of ESV by factor X. The value range of q is 0 to 1. When the value of q = 1, factor X 358 

completely controls the spatial distribution of ESV; q = 0 indicates that there is no 359 

association between X and ESV.  360 

The interaction detector is defined to identify the interaction between different 361 

factors by comparing q (X1 ∩ X2) with q (X1) and q (X2). The possibilities for 362 

interaction between the factors include nonlinear weakening, nonlinear weakening of 363 

one factor, bilateral enhancement of both factors, both factors acting independently, 364 

and nonlinear enhancement. Detailed principles can be found in published literature 365 
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(Wang et al., 2016). 366 

Table 2  Data sources and processing 367 

 Driving factors Sources Processing 

Nature factors Temperature (Tem) 
http://data.cma.cn/ Anusplin interpolation model 

 

Precipitation (Pre) 

Elevation 

https://data.tpdc.ac.cn 

 ArcGIS Spatial analysis 

function 

Slope 

Net Primary Productivity (NPP) 

Normalized Difference 

Vegetation Index (NDVI) 

Human factors Gross Domestic Product (GDP) 
http://www.resdc.cn/ 

 Population (POP) 

 Road density http://www.webmap.cn/ 

 Human activity intensity (HAI) Xu et al., 2016 

 

 

 Land use intensity (LA) Zhuang and Liu, 1997  

Landscape 

pattern factors 

Landscape Division Index 

(DIVISION) 

LULC data Fragstats software 4.2 

 

Shannon's Diversity Index 

(SDI) 

Mean Shape Index (MSI) 

Statistic data total population 

National/Local Bureau of 

Statistics 
 

 

the total production value of 

three industries 

rural per capita net income 

Fourteen factors were selected from three categories to study the spatial 368 

differentiation mechanism of ESV in the entire MDSB: natural factors (elevation, 369 

slope, temperature (Tem), precipitation (Pre), NPP, and normalized difference 370 
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vegetation index (NDVI)), human factors (average GDP, population density, human 371 

activity index (HAI), land-use intensity (LA), and road density), and landscape 372 

factors (the Shannon diversity index (SDI), the mean shape index (MSI), and the 373 

landscape division index (DIVISION)) (Table 2). Then the degree of correlation 374 

between each factor and ESV differentiation was calculated. 375 

3 Results 376 

3.1 LULC dynamics 377 

Table 3  Area and dynamic degrees (K) of various LULC types  378 

in the MDSB from 1977 to 2017 379 

LULC 

type 

Area 

(km2) 
    K (%)     

 1977 1987 1997 2007 2017 1977-1987 1987-1997 1997-2007 2007-2017 1977-2017 

FaL 1323.3 1340.5 1416.2 1781.3 1949.1 0.13 0.56 2.58 0.94 1.18 

GL 6787.4 6782 6829.4 6417.6 6556.4 -0.01 0.07 -0.60 0.22 -0.09 

FoL 11 10.2 8.1 6.9 7.4 -0.68 -2.05 -1.50 0.74 -0.81 

SaL 753.5 758.4 754 592.3 511 0.07 -0.06 -2.14 -1.37 -0.80 

CL 109.4 122.5 137.2 134.4 167.1 1.20 1.20 -0.21 2.44 1.32 

WB 358.9 362.2 366.8 331.9 409.2 0.09 0.12 -0.95 2.33 0.35 

DL 7033.5 7044.4 7052.2 6607.2 6584.8 0.02 0.01 -0.63 -0.03 -0.16 

BL 21769.7 
 

21727 21582.8 22275 21961.9 -0.02 -0.07 0.32 -0.14 0.02 Jo
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 380 

Fig. 4  LULC maps of study area from 1977-2017. 381 

Change in LULC in the study region was concentrated in the oases and 382 

peripheral areas with intensive human activities. Changes were particularly 383 

observable in farmland, construction lands, and high-coverage grassland (Table 3, S3, 384 

Fig. 4). Farmland continued to expand during the 41-year study period, with an 385 

increase in area of 625.8 km2 at an expansion rate reaching 15.3 km2/a and a dynamic 386 

degree of 1.18%. It was mainly transferred from grassland, desertified land, and 387 

saline land (Fig. 5). Construction lands were scattered around farmland and 388 

underwent significant growth during the study period. The growth rate reached 389 

52.72%, where the greatest contribution to the total increase in construction land 390 

occurred from 2007 to 2017. Bare land and grassland were the main components of 391 

the study region. Bare land was the dominant component and remained largely stable 392 

over the study period (with a dynamic degree approximately 0). Water bodies showed 393 

a slow increase with fluctuations over the 41 years, with a total expansion of 50.3 394 
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km2. The most rapid expansion for water bodies occurred from 2007 to 2017, with a 395 

dynamic degree of 2.33% (Table 3, Fig. 4).  396 

In addition, it should be noted that although the overall grassland showed a 397 

slight trend of shrinking, the growth rate of high-cover grassland was much higher 398 

than that of low-cover grassland and medium-cover grassland. The desertified land 399 

showed negative growth overall, and the severely desertified land reversed obviously 400 

(Table S3). The LULC conversion dynamics showed the conversion of grassland and 401 

desertified land occurred mainly between different levels of the same category, both 402 

with positive trends. For example, the main contributions to moderate-coverage 403 

grassland and high-coverage grassland were low-coverage grassland (62.51%) and 404 

moderate-coverage grassland (90.64%); Severely and moderately desertified land 405 

constituted the main contributing sources to slightly desertified land. It shows that the 406 

land cover environment in the study area is relatively improved. 407 

In general, the change in LULC was complex during the 41 years in the 408 

MDSB, with changes in land cover mainly occurring with concentrated human 409 

activities. The fluctuations in LULC were small throughout the study period, with a 410 

Ks of only 0.092%. However, the Ks from 1997 to 2007 was as high as 0.359%. The 411 

LULC conversion dynamics showed an overall improvement in the ecological 412 

environment of the study area during the investigated period. 413 
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414 

Note: BSL refers to bare and saline land. 415 

Fig. 5  Spatial distribution of LULC in the study area from 1977 to 2017.  416 

3.2 Estimation of changes in ESV 417 

Based on the value per unit area of ecosystem services for each LULC type in 418 

the study region and the LULC database (Table 1, 3), the ESV and ESVf in the 419 

MDSB were estimated. The results showed an increasing overall trend in ESV in the 420 

study region from 1977 to 2017, with a total increment of 1.01×109 Yuan and an 421 

average annual growth rate of 113% (Table 4). Unused land, which accounted for 422 

approximately 78% of the study region, contributed the most to ESV (39.45 - 423 

42.42%), followed by grassland (25.21 - 27.48%). Although the former exhibited the 424 

greatest contribution rate, the contribution to ESV (approximately 60%) from other 425 

LULC types, comprising approximately 22% of the study region, was more 426 

concerning (Tables 3, 4). In terms of the increasing trend in ESV, farmland was the 427 
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main contributor (95.9%), followed by water bodies (78.5%). Except for the time 428 

from 1997 to 2007, the ESV in the study area displayed a growth trend. The LULC 429 

type contributing the most to ESV growth from 1987-1997 was farmland (81% 430 

contribution). 1977-1987 and 2007-2017, wetland contributed the most (contributions 431 

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

Table 4  Change in ESV in study area from 1977 to 2017 (×106 yuan) 433 

 Year FoL GL FaL WL WA UL Total 

Ecosystem services value 1977 60.34 5230.91 2046.71 2722.17 932.06 8043.18 19035.36 

 1987 56.21 5226.74 2073.24 2800.43 897.34 8035.88 19089.83 

 1997 44.70 5263.23 2190.35 2803.96 934.54 7997.53 19234.32 

 2007 37.99 4945.87 2755.05 1158.04 1988.14 8020.82 18905.92 

 2017 40.79 5052.87 3014.56 2304.29 1724.99 7907.41 20044.91 

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 

Notes:“+”means increase and“-”means decrease. 434 

Table 5  The values of individual ecosystem functions (ESVf) in the study area from 435 

1977 to 2017 (×106 yuan) 436 

  1977 1987 1997 2007 2017 

Service type 

categories 

Service type 

subcategories 
 %  %  %  %  % 

Provision services FP 1332.60 7.00 1335.17 6.99 1356.25 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 2.16 418.34 2.09 

            

Regulatory services GR 783.77 4.12 788.20 4.13 796.80 4.14 778.00 4.17 849.88 4.24 

 CR 2334.66 12.26 2353.94 12.33 2369.87 12.32 2032.31 10.90 2349.96 11.72 

 HR 2214.73 11.63 2220.75 11.63 2248.64 11.69 2193.92 11.77 2506.39 12.50 

 WD 4608.27 24.21 4619.16 24.20 4656.99 24.21 4482.10 24.04 4843.25 24.16 

Support services SC 1880.80 9.88 1886.46 9.88 1905.18 9.91 1935.20 10.38 2019.86 10.0 

 BP 3525.13 18.52 3527.90 18.48 3537.95 18.39 3523.96 18.90 3616.47 18.04 

Cultural services PAL 1982.63 10.42 1984.77 10.40 1985.30 10.32 1924.02 10.32 2012.90 10.04 

 Total 19035.4 100 19089.8 100 19234.3 100 18642.8 100 20044.9 100 

Definitions of acronyms given in Table 1, and % represents the percentage of ESVf in the total ESV. 437 
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 438 

Definitions of acronyms given in Table 1. 439 

Fig. 6  Dynamics of ESVf for study area (a), oasis system (b) and desert system 440 

(c) from 1977 to 2017. Definitions of acronyms given in Table 1. 441 

The values of individual ecosystem functions (ESVf) in the study region 442 

generally showed increasing trends, but variation among these functions was evident 443 

(Fig. 6a). Among all services, waste disposal (24%) and biodiversity conservation 444 

(18%) made up the greatest portions of the total ESV. The phase analysis showed that 445 

the increases in total ESV from 1977 to 1997 and from 2007 to 2017 and the decrease 446 

from 1997 to 2007 were mainly caused by increases and decreases, respectively, in 447 

the value of regulatory services (including waste decomposition, climate regulation, 448 

and hydrological regulation; Table 5, Fig. 6a). The most severely impacted regulatory 449 

service from 1997 to 2007 was the climate regulating service, the value of which 450 

decreased by 14.24% over the 11 years (Table 5, Fig. 6a). In addition, an analysis of 451 

ESVf in oasis and desert ecosystems found that the increases and decreases in ESVf 452 

throughout the study region were largely dominated by the oasis ecosystems. The 453 

value of the waste disposal service made up the largest proportion (Figs. 6a, 6b). 454 

ESVf of desert ecosystems remained largely stable throughout the 41 years, and 455 

biodiversity conservation was strongest among all services (Fig. 6c).  456 
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The CS values of different periods and different LULC types were all less than 1 457 

and changed little in each period (Table 6). These results confirmed that the total ESV 458 

estimated in this study area was inelastic relatively to the VC. In addition, these 459 

findings indicate that the change in the corresponding VC has a relatively small 460 

impact on ESV in the study area. The adjusted equivalent factor can reasonably 461 

evaluate the fluctuation of ESV in the MDSB. The CS values of unused land and 462 

grassland were higher than those for other LULC types, indicating that these 2 land 463 

types greatly impacted ESV (Table 6).  464 

Table 6  The results of a sensitivity test (CS) for ESV in the MDSB 465 

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 466 

The selection of an appropriate scale for the assessment unit can elucidate 467 

spatial differentiation in the ESV over the study region. An analysis of the spatial 468 

distribution of ESV at different scales showed that the smaller the assessment unit 469 

was, the finer the resulting ESV spatial distribution was. ESV spatial distributions at 470 

the watershed, township, and county scales varied significantly from that at the grid 471 

scale (Fig. 7). The use of a large assessment unit filtered out originally existing 472 

differentiated information, resulting in less precise assessment results. Results of the 473 

analysis showed that the changes in ESV occurred mainly within the oases (which 474 
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comprised only approximately 22% of the total area) and were directly caused by 475 

conversions and changes in LULC (Table 4, Fig. 6). Therefore, the ESV assessment 476 

unit needs to reflect small-scale information about the oasis zone. Results of global 477 

spatial autocorrelation analysis showed that Moran's I values for ESV at the grid, 478 

watershed, township, and county scales were 0.672, 0.010, 0.055, and -0.249, 479 

respectively. The P-value for the grid scale was less than 0.001. The other 3 scales 480 

did not pass the significance test, showing that the grid scale best represented the 481 

spatial differentiation characteristics of the regional ESV. Therefore, the assessment 482 

unit scale of 2 km × 2 km was selected to analyse the spatial distribution 483 

characteristics of ESV for the study region. 484 

 485 

Fig. 7  Spatial distribution characteristics of ESV in study area under different 486 

spatial scales. 487 
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 488 

Fig. 8  Spatial distribution of ESV in the MDSB. 489 

The ESV results for the study region were divided into 5 levels using natural 490 

breaks classification in ArcGIS 10 software (Fig. 8). The spatial distribution in ESV 491 

did not change significantly over the 41 years. Extremely high ESV (27.42-42.89, 492 

×106 Yuan) and high ESV (12.59-27.42, ×106 Yuan) were found for points and 493 

patches scattered over water-rich regions along the main flow of the northern Shule 494 

River. Medium-ESV (4.68-12.59, ×106 Yuan) regions mainly consisted of farmland 495 

and continued to expand. Regions with extremely low ESV (0-2.09, ×106 Yuan) and 496 

low ESV (2.09-4.68, ×106 Yuan) were continuous areas of mainly unused land (Figs. 497 

4, 8). The portions of the study region for which ESV increased were mostly 498 

contiguous areas distributed over agricultural areas with adequate water supplies. The 499 

principal constituent LULC types were farmland and water bodies. Decreases in ESV 500 

mostly occurred at scattered points and in patches, mainly because of grassland 501 

shrinkage (Figs. 4, 8). A global autocorrelation analysis of ESV from 1977 to 2017 at 502 
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the 2 km × 2 km scale resulted in a Moran's I above 0 for all 5 periods at the 0.1% 503 

significance level, indicating strong positive spatial correlation in ESV. Moran's I 504 

dropped to its lowest value in 2007 but increased both before and after 2007. Most 505 

grid cells were within high-high or low-low aggregation areas. Aggregations with 506 

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

Table 7  Global Moran’s I of ESV in the MDSB, 1977-2017 508 

Year 1977 1987  1997 2007  2017 

Moran’s I 0.637 0.641  0.642 0.627  0.672 

Z (I) 86.519 87.035  87.004 89.401  97.246 

P-value 0.001 0.001  0.001 0.001  0.001 

3.4 Driving force of spatial heterogeneity in ESV 509 

Table 8  The contributions (q statistics) of different factors to ESV variation 510 

 Variables q-Statistic P-value 

X1 Tem 0.031 0.000 

X2 Pre 0.020 0.000 

X3 Elevation 0.067 0.000 

X4 Slope 0.012 0.000 

X5 NPP 0.019 0.000 

X6 NDVI 0.050 0.000 

X7 GDP 0.030 0.000 

X8 POP 0.030 0.000 

X9 Road density 0.003 0.008 

X10 HAI 0.115 0.000 

X11 LA 0.147 0.000 

X12 DIVISION 0.086 0.000 

X13 SHI 0.110 0.000 

X14 MSI 0.036 0.000 

The differentiation and factor detection results showed that all the variables 511 

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

influenced the spatial differentiation of ESV for the study region (Table 8). The q 513 
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values were ranked as follows: LA (0.147) >HAI (0.115) > SDI (0.110) > DIVISION 514 

(0.086) > elevation (0.067) > NDVI (0.050) > other factors (< 0.036). LA was the 515 

dominant factor influencing the spatial differentiation of ESV in the study region. 516 

Human factors and landscape factors influenced ESV more significantly than did 517 

natural factors.  518 

Table 9  Interactive effects between the factors 519 

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

Tem 0.031              

Pre 0.046 0.020             

Elevation 0.069 0.077 0.067            

Slope 0.040 0.033 0.075 0.012           

NPP 0.052 0.040 0.089 0.030 0.019          

NDVI 0.120 0.113 0.167 0.072 0.059 0.050         

GDP 0.065 0.059 0.111 0.039 0.038 0.068 0.030        

POP 0.062 0.053 0.111  0.039 0.040 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 0.143 0.118 0.136 0.124 0.124 0.117 0.115     

LA 0.240 0.249 0.284 0.187 0.147 0.160 0.153 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 0.120 0.120 0.130 0.134 0.134 0.112 0.185 0.205 0.119 0.110  

MSI 0.077 0.068 0.100 0.049 0.052 0.076 0.055 0.055 0.040 0.143 0.165 0.097 0.121 0.036 

Note: Yellow represents bilateral enhancement of both factors, and grey represents nonlinear enhancement. 520 

The interaction detection results showed that the interactions between pairs of 521 

the selected factors exhibited more highly significant effects than did any single 522 

factor, and the interaction type was mainly manifested as bilateral enhancement of 523 

both factors (Table 9). LA and HAI exerted strong influences on the factor 524 

interactions, and the q values of the interactions of other factors with LA and HAI 525 

were several times higher than values for the independent actions of these factors. 526 

The interactions of LA and HAI with natural factors (elevation, Pre, and Tem) 527 
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exhibited the most significant effects on ESV, with average q values exceeding 0.2. 528 

LA ∩ elevation featured the highest q value of 0.284 and the greatest impact on 529 

spatial differentiation of ESV over the study region. The q values of LA and the 530 

landscape factor SDI also exceeded 0.2. Consequently, the spatial differentiation of 531 

ESV in the MDSB resulted from a combination of human factors, natural factors, and 532 

landscape factors, of which human factors exerted the most significant influence. 533 

4 Discussion 534 

4.1 Changes in ESV and LULC change 535 

The study results showed small overall changes in the LULC of the study 536 

region, indicating an extremely stable ecosystem structure in the area (Table 3, Fig. 4). 537 

Complex dynamic conversions between different land-use categories and different 538 

levels within a category occurred during the study period. The conversions mainly 539 

occurred in irrigation districts in oases, where human activities were concentrated 540 

(Table 3, S3, Fig. 4). This result corresponds to one of the main characteristics of 541 

resource use in arid regions in China (Abulizi et al., 2017; He et al., 2017; Wang et al., 542 

2017; Wei et al., 2018; Yushanjiang et al., 2018; Zhang et al., 2020b). Significant 543 

expansion of farmland and construction lands occurred as a result of unidirectional 544 

conversions from other LULC types. This pattern has also been found in other studies 545 

of oases in arid regions (Lü et al., 2014; Abulizi et al., 2017; Tolessa et al., 2017; 546 

Wang et al., 2017; Wei et al., 2017; Rukundo et al., 2018; Wei et al., 2018; 547 

Yushanjiang et al., 2018; Wang et al., 2020). The source LULC types that were 548 

converted to farmland were largely low-coverage grassland and saline land, which 549 

had unstable ecosystems (Fig. 4, Table S4). This result shows that agriculture 550 
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dominated by artificial irrigation remains a major driver of regional economic 551 

development. Advancements in agricultural technology have contributed to the 552 

optimization and improvement of non-agricultural land and unused land in the study 553 

region. The development and exploitation of land resources has further accelerated, 554 

particularly under demographic and economic pressures (Abulizi et al., 2017; Song 555 

and Deng, 2017; Zhang et al., 2020b). Over the 41 years, the artificial nature of 556 

LULC in the region has become apparent, indicating that human activities have 557 

increasingly disturbed the land surface. 558 

LULC change includes changes in land-use intensification and conversion, 559 

which together result in ESV changes (Song and Deng, 2017). Oases in China 560 

comprise only 3-5% of the total area of the arid regions, while supporting over 95% 561 

of population and producing more than 95% of industrial and agricultural output 562 

(Wang, 2009). The oasis ecosystem has considerable and clear ecological value in 563 

combating the stresses of the arid climate. Unused land accounted for approximately 564 

78% of the study region from 1977 to 2017 and was always the unequivocally 565 

dominant contributor to ESV. However, increases and decreases in ESV mainly 566 

resulted from contributions from farmland, water bodies, wetland, and grassland 567 

(Table 4). There was an increase in all the ESVf values during the study period. The 568 

ESVf composition for the oasis ecosystems was consistent with that of the entire 569 

study region (Table 4-5, Figs. 6a, b). Farmland was the main contributor to processes 570 

associated with slight increases in ESV. The corresponding provisioning service for 571 

food production also continued to grow. The same basic pattern was observed for 572 
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changes in ESV in areas for which agriculture was the main driver of development 573 

(Abulizi et al., 2017; Gashaw et al., 2018; Rukundo et al., 2018; Msofe et al., 2020). 574 

Ecosystems with high ESV, such as forests, grasslands, wetlands, and water bodies, 575 

played a decisive role in the increases and decreases in regional ESV (Li et al., 2018; 576 

Talukdar et al., 2020). The study results showed that the ESV per unit area of forest, 577 

wetland, and water systems were also significantly higher than that for farmland.  578 

However, the aforementioned areas were small and therefore contributed less to 579 

the ESV in the study region than did farmland, which made up a larger proportion (Li 580 

et al., 2018; Talukdar et al., 2020). In other words, the high contribution of farmland 581 

to ESV came mainly from the significant expansion of its area during the study 582 

period. However, the phase analysis showed that water and wetland contributed more 583 

to the ESV than did farmland in 1997-2007 and 2007-2017 (Table 4). An LULC 584 

conversion analysis showed that farmland expanded at the expense of lands with high 585 

ESV, such as forest land, grassland, wetland, and water bodies (Table S4, Fig. 5). 586 

This unconstrained high-intensity development of land resources increased the 587 

regional ESV over the short term by increasing individual area contributions. 588 

However, this developmental overload leads to imbalances over the long term and 589 

can even ecologically degrade oases (Polasky et al., 2008; Xie et al., 2015; Msofe et 590 

al., 2020). This speculation was confirmed by the decline in the ESV of the study 591 

region for 1997-2007 under the influence of governmental immigration and 592 

relocation policies (Ma et al., 2019). In contrast, the expansion of forests, grassland, 593 

wetland, and water bodies caused ESV to increase. The 113% total ESV growth over 594 
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41 years represents the largest increase in an ESV measure in the study region since 595 

the implementation of China's Grain for Green Project (especially in 2007-2017, with 596 

a total increment of 1.14×109 Yuan, Table 4). Thus, there was a significant response 597 

of ESV to the drastic fluctuation in the LULC of the study region.  598 

Arid regions are characterized by a severe scarcity of water resources and 599 

sensitive ecological environments. Ecological conservation policies, such as 600 

farmland-to-grassland policies, for arid regions can restrict the irrational exploitation 601 

of land resources and should be moderately strengthened. In addition, the continued 602 

expansion of construction land through direct human intervention has encroached on 603 

other land-use categories in the study region. Construction lands contribute 604 

significantly less to ESV than do other land-use categories (Du and Huang, 2017; 605 

Rao et al., 2018; Luo et al., 2020; Xiao et al., 2019; Talukdar et al., 2020). As a result, 606 

construction lands can decrease ESV in the study region, irrespective of conversion 607 

category. Among the 4 classes of ecosystem service functions, regulatory services 608 

contributed the most to ESV and played a key role in increases and decreases of ESV 609 

in the study region, which was generally consistent with the trends in ESV changes 610 

across the country (Song and Deng, 2017; Liu et al., 2020; Su et al., 2020; Zheng et 611 

al., 2020).  612 

In summary, ESV in arid regions is extremely sensitive to changes in LULC. 613 

A small change in LULC can result in significant changes in ESV. Therefore, 614 

achieving synergies between regional economic development and ecological 615 

conservation requires the integration of regional socioeconomic and ecological 616 
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resources and improvements in land resource quality. ESV losses to unrestrained 617 

development should be reduced. The structure and distribution of land surface 618 

resources, especially land resources, need to be fully optimized and distributed. The 619 

expansion of cultivated land should be controlled so that agricultural activities are 620 

kept at an appropriate scale. At the same time, ecological land should be protected to 621 

prevent and control the degradation caused by unreasonable utilization. To realize the 622 

optimization of agricultural economy and ecological benefits, rather than simply 623 

pursuing economic benefits and ignoring ecological benefits. 624 

4.2 Spatial heterogeneity and mechanisms driving ESV 625 

Exploring the spatial variation in ecosystem services and its drivers is 626 

fundamental for ecosystem service management and decision-making (Chen et al., 627 

2020). The spatial heterogeneity of ecosystem services is influenced by the 628 

complexity of ecological processes within ecosystems and is closely related to the 629 

study scale (Hu et al., 2015). Ecosystem assessment must be performed at a scale 630 

adapted to the ecological processes or phenomena involved. Large differences were 631 

found for the same ecosystem service across different regions and at different 632 

research scales (Hou et al., 2020; Zheng et al., 2020). Spatial differentiation in the 633 

ESV of the MDSB mainly occurred in oasis ecosystems (Fig. 8). Therefore, the ESV 634 

assessment unit should reflect the fine-scale information of the oases.  635 

A comparison in this study revealed that the grid scale more specifically 636 

represented the differentiation characteristics of the ESV in the study region than did 637 

other assessment units, capturing more detailed information on small-scale changes 638 
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(Zheng et al., 2020). This study was a quantitative analysis of the relative importance 639 

of ESV drivers in the study region, and interactions between factors were identified. 640 

Single-factor and interaction detection results showed that spatial differentiation in 641 

the ESV of the study region has resulted from interactions between several factors, 642 

among which the LA for human activities is the dominant driver. This result is 643 

consistent with those of existing studies on drivers of ecosystem services (Fang and 644 

Wang, 2013; Costanza et al., 2014; Hu et al., 2015; Tang, 2015; Luo et al., 2020; 645 

Msofe et al., 2020; Su et al., 2020). The second most important driver was the HAI. 646 

Therefore, human activities have significantly impacted the ESV in the study region. 647 

TPVI and RPCI showed an increasing trend from 1977 to 2017 in the study area (Fig. 648 

9). Rapid socioeconomic development has accelerated the intensity of human 649 

exploitation of resources from the natural environment, forcibly converting regional 650 

natural landscapes into semi-natural (e.g., farmland) and artificial landscapes (e.g., 651 

construction land; Ma et al., 2018). At the same time, a linear increase in the 652 

population has led to a further expansion of demand for construction lands and food 653 

(Fig. 9). Within this context, large areas of non-agricultural lands have been 654 

continuously reclaimed, and regional land use has intensified. Different land cover 655 

has different ecosystem service value, and the level of service supply also has 656 

significant difference. In addition, changes in land use patterns change the spatial and 657 

temporal distribution of habitats and resources, thus affecting the structure and 658 

function of ecosystems (Liu et al., 2012; Zhang et al., 2015; Rukundo et al., 2018; 659 

Peters et al., 2019; Wu et al., 2020). Therefore, the change of land use will inevitably 660 
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lead to the change of the total value of regional ecosystem services. The contributions 661 

of the landscape factors SDI and DIVISION of 11% and 8.6%, respectively, suggest 662 

that landscape pattern changes in ecosystems have also affected ecosystem functions. 663 

It is found that the change of landscape pattern affects the material cycle and energy 664 

flow process of ecosystem, and ultimately leads to the change of regional ecosystem 665 

service value through the interaction with biological and abiotic processes (Hu et al., 666 

2020). For example, fragmentation and decentralization of landscape patches can 667 

affect the NPP of vegetation as well as the connectivity of ecological landscapes, 668 

leading to declines in the regulatory capacity, nutrient retention, and fertility of 669 

ecosystems (Mitchell et al., 2015; Huang et al., 2019). The improvement of landscape 670 

richness is helpful to enhance the value of ecosystem services (Zhang et al., 2020a). 671 

Natural factors contributed little to the ESV of the study region, except for DEM and 672 

NDVI, both contributing over 5% (Table 8).  673 

An analysis of the driving mechanisms showed that a combination of human 674 

activities, changes in landscape patterns, and synergistic interactions between natural 675 

factors led to spatial differentiation in ESV over the study region. Therefore, future 676 

decision-making for ecosystem management should control the effect of human 677 

activities on the ecological environment. Improve the diversity of patches, reduce the 678 

degree of landscape fragmentation, improve the ecosystem service function of LULC, 679 

optimize the allocation of ecological landscape resources to achieve a win-win result 680 

for regional socioeconomic development and ecological conservation. 681 
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 682 

Fig. 9  Variation in total population, the total production value of 3 industries, 683 

and rural per capita net income in the MDSB. 684 

4.3 Limitation and future work 685 

Although this paper has corrected the value coefficient according to the actual 686 

situation of the study area, the uncertainty still exists. In this study, the equivalent 687 

coefficient of ESV per unit area was used to estimate ESV in the midstream and 688 

downstream reaches of the Shule River Basin. However, the determination of the 689 

equivalent ESV coefficient is subjective, which affects the accuracy of the ESV 690 

assessment results (Kreuter et al., 2001; Troy and Wilson, 2006; Hu et al., 2008; Liu 691 

et al., 2020; Xiao et al., 2019; Zhang et al., 2020b; Zheng et al., 2020). More realistic 692 

assessment models for the study region should be constructed to eliminate these 693 

effects. In addition, this method of estimating regional ecosystem service value based 694 

on economic value cannot quantify the value of some abstract services (such as 695 

aesthetic and cultural services). Therefore, the evaluation results cannot fully reflect 696 

the service functions and values provided by the ecosystem in the study area. 697 
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Therefore, in the future further studies, it is necessary to establish an assessment 698 

model that more comprehensively reflects the ecosystem service functions in the 699 

study area and conforms to the actual situation in the study area to eliminate these 700 

impacts. 701 

Secondly, this paper only discusses the spatial heterogeneity of ecosystem 702 

service value and does not further discuss the trade-off and synergy relationship 703 

among various services. In the future, it is considered to introduce the ecosystem 704 

service evaluation model for system analysis. Furthermore, although the driving 705 

factors of the spatial differentiation of ecosystem service value in the study area are 706 

quantitatively analysed in this paper, the policy factors are difficult to be quantified, 707 

so the quantitative analysis is not carried out. In the future, it is necessary to seek 708 

appropriate policy proxy indicators and incorporate them into the driving factor index 709 

system. 710 

5. Conclusions 711 

This study utilized the benefit transfer method to assess the ESV of the 712 

midstream and downstream regions of the Shule River Basin (MDSB), and the 713 

spatiotemporal distribution of ESV was analysed accordingly. Then, contributions of 714 

factors driving ESV were quantified using Geographical detector model. The main 715 

results showed that the LULC structure in the study region was stable overall and that 716 

changes in LULC were concentrated in the oases and peripheral regions, which were 717 

characterized by intensive human activities. Farmland and construction land 718 

underwent sustained expansion over the 41-year study period. There was little 719 
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variation in the total areas of grassland or desertified land, but there was substantial 720 

conversion within these 2 categories between lands of different levels of development, 721 

with an overall positive development trend, indicating a general improvement in the 722 

regional ecological environment. The total ESV for the study area increased slightly 723 

over the investigated period. The services provided by oasis ecosystems dominated 724 

the fluctuations in the ESV throughout the study region. Regulatory services 725 

represented the greatest contribution to ESV among all services. The ESV of the 726 

study region exhibited a strong positive spatial autocorrelation, with aggregations of 727 

high and low values across spatial scales. Synergized interactions among human 728 

activities, changes in landscape patterns, and natural factors produced the spatial 729 

variation in the ESV of the study region. The main driver of differentiation was the 730 

impact of human activities, reflected by the land-use intensity and human activity 731 

indices.  732 
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Table 1  ESV per unit are of different LULC types in the MDSB (Yuan/hm2) (2015 1051 

prices) 1052 

Service type categories 
Service type 

subcategories 
FoL GL FaL WL WA UL Total 

Provision services  FP 646.06 1367.68 1957.75 704.79 1037.61 39.16 5753.05 

 RMP 5834.11 21.71 763.52 469.86 685.21 78.31 7852.73 

Regulatory services GR 8457.50 162.82 1409.58 4718.19 998.45 117.47 15864.01 

 

CR 7968.06 893.70 1899.02 26527.57 4032.97 254.51 41575.82 

HR 8007.21 806.86 1507.47 26312.21 36747.04 137.04 73517.84 

WD 3367.34 2532.74 2721.28 28191.66 29072.65 509.02 66394.68 

Support services SC 7870.17 589.77 2877.90 3895.93 802.68 332.82 16369.26 

 BP 8829.47 1005.86 1996.91 7224.11 6715.10 783.10 26554.55 

Cultural services PAL 4072.13 325.64 332.82 9181.87 8692.43 469.86 23074.74 

 Total 55052.04 7706.78 15466.3 107226.2 88784.14 2721.3 276956.68 

Notes: Provision services--Food production (FP) and Raw material production (RMP); Regulatory services--Gas 1053 

regulation (GR), Climate regulation (CR), Hydrological regulation (HR), and Waste decomposition (WD); 1054 

Support services--Soil conservation (SC) and Biodiversity protection (BP); and Cultural services (Provide 1055 

aesthetic landscape--PAL). 1056 

1057 
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Table 2  Data sources and processing 1058 

 Driving factors Sources Processing 

Nature factors Temperature (Tem) 
http://data.cma.cn/ Anusplin interpolation model 

 

Precipitation (Pre) 

Elevation 

https://data.tpdc.ac.cn 

 ArcGIS Spatial analysis 

function 

Slope 

Net Primary Productivity (NPP) 

Normalized Difference 

Vegetation Index (NDVI) 

Human factors Gross Domestic Product (GDP) 
http://www.resdc.cn/ 

 Population (POP) 

 Road density http://www.webmap.cn/ 

 Human activity intensity (HAI) Xu et al., 2016 

 

 

 Land use intensity (LA) Zhuang and Liu, 1997  

Landscape 

pattern factors 

Landscape Division Index 

(DIVISION) 

LULC data Fragstats software 4.2 

 

Shannon's Diversity Index 

(SDI) 

Mean Shape Index (MSI) 

Statistic data total population 

National/Local Bureau of 

Statistics 
 

 

the total production value of 

three industries 

rural per capita net income 
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Table 3  Area and dynamic degrees (K) of various LULC types  1061 

in the MDSB from 1977 to 2017 1062 

LULC 

type 

Area 

(km2) 
    K (%)     

 1977 1987 1997 2007 2017 1977-1987 1987-1997 1997-2007 2007-2017 1977-2017 

FaL 1323.3 1340.5 1416.2 1781.3 1949.1 0.13 0.56 2.58 0.94 1.18 

GL 6787.4 6782 6829.4 6417.6 6556.4 -0.01 0.07 -0.60 0.22 -0.09 

FoL 11 10.2 8.1 6.9 7.4 -0.68 -2.05 -1.50 0.74 -0.81 

SaL 753.5 758.4 754 592.3 511 0.07 -0.06 -2.14 -1.37 -0.80 

CL 109.4 122.5 137.2 134.4 167.1 1.20 1.20 -0.21 2.44 1.32 

WB 358.9 362.2 366.8 331.9 409.2 0.09 0.12 -0.95 2.33 0.35 

DL 7033.5 7044.4 7052.2 6607.2 6584.8 0.02 0.01 -0.63 -0.03 -0.16 

BL 21769.7 
 

21727 21582.8 22275 21961.9 -0.02 -0.07 0.32 -0.14 0.02 

 1063 
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Table 4  Change in ESV in study area from 1977 to 2017 (×106 yuan) 1065 

 Year FoL GL FaL WL WA UL Total 

Ecosystem services value 1977 60.34 5230.91 2046.71 2722.17 932.06 8043.18 19035.36 

 1987 56.21 5226.74 2073.24 2800.43 897.34 8035.88 19089.83 

 1997 44.70 5263.23 2190.35 2803.96 934.54 7997.53 19234.32 

 2007 37.99 4945.87 2755.05 1158.04 1988.14 8020.82 18905.92 

 2017 40.79 5052.87 3014.56 2304.29 1724.99 7907.41 20044.91 

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 

Notes:“+”means increase and“-”means decrease. 1066 

1067 

Jo
urn

al 
Pre-

pro
of



 59

Table 5  The values of individual ecosystem functions (ESVf) in the study area from 1068 

1977 to 2017 (×106 yuan) 1069 

  1977 1987 1997 2007 2017 

Service type 

categories 

Service type 

subcategories 
 %  %  %  %  % 

Provision services FP 1332.60 7.00 1335.17 6.99 1356.25 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 2.16 418.34 2.09 

            

Regulatory services GR 783.77 4.12 788.20 4.13 796.80 4.14 778.00 4.17 849.88 4.24 

 CR 2334.66 12.26 2353.94 12.33 2369.87 12.32 2032.31 10.90 2349.96 11.72 

 HR 2214.73 11.63 2220.75 11.63 2248.64 11.69 2193.92 11.77 2506.39 12.50 

 WD 4608.27 24.21 4619.16 24.20 4656.99 24.21 4482.10 24.04 4843.25 24.16 

Support services SC 1880.80 9.88 1886.46 9.88 1905.18 9.91 1935.20 10.38 2019.86 10.0 

 BP 3525.13 18.52 3527.90 18.48 3537.95 18.39 3523.96 18.90 3616.47 18.04 

Cultural services PAL 1982.63 10.42 1984.77 10.40 1985.30 10.32 1924.02 10.32 2012.90 10.04 

 Total 19035.4 100 19089.8 100 19234.3 100 18642.8 100 20044.9 100 

Definitions of acronyms given in Table 1, and % represents the percentage of ESVf in the total ESV. 1070 
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Table 6  The results of a sensitivity test (CS) for ESV in the MDSB 1072 

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 
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Table 7  Global Moran’s I of ESV in the MDSB, 1977-2017 1075 

Year 1977 1987  1997 2007  2017 

Moran’s I 0.637 0.641  0.642 0.627  0.672 

Z (I) 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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Table 8  The contributions (q statistics) of various factors to differences in ESV 1078 

 Variables q-Statistic P-value 

X1 Tem 0.031 0.000 

X2 Pre 0.020 0.000 

X3 Elevation 0.067 0.000 

X4 Slope 0.012 0.000 

X5 NPP 0.019 0.000 

X6 NDVI 0.050 0.000 

X7 GDP 0.030 0.000 

X8 POP 0.030 0.000 

X9 Road density 0.003 0.008 

X10 HAI 0.115 0.000 

X11 LA 0.147 0.000 

X12 DIVISION 0.086 0.000 

X13 SDI 0.110 0.000 

X14 MSI 0.036 0.000 
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Table 9  Interactive effects between the factors 1081 

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

Tem 0.031              

Pre 0.046 0.020             

Elevation 0.069 0.077 0.067            

Slope 0.040 0.033 0.075 0.012           

NPP 0.052 0.040 0.089 0.030 0.019          

NDVI 0.120 0.113 0.167 0.072 0.059 0.050         

GDP 0.065 0.059 0.111 0.039 0.038 0.068 0.030        

POP 0.062 0.053 0.111  0.039 0.040 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 0.143 0.118 0.136 0.124 0.124 0.117 0.115     

LA 0.240 0.249 0.284 0.187 0.147 0.160 0.153 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 0.120 0.120 0.130 0.134 0.134 0.112 0.185 0.205 0.119 0.110  

MSI 0.077 0.068 0.100 0.049 0.052 0.076 0.055 0.055 0.040 0.143 0.165 0.097 0.121 0.036 

Note: Yellow represents bilateral enhancement of both factors, and grey represents nonlinear enhancement. 1082 
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 1084 

Fig. 1  Location of study area. 1085 
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Fig. 2  The establishment process of land use database in the study area. 1087 
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Fig. 3  The principle of geographical detector models. 1089 
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 1091 

Fig. 4  LULC maps of study area from 1977-2017. 1092 
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1094 

Note: BSL refers to bare and saline land. 1095 

Fig. 5  Spatial distribution of LULC in the study area from 1977 to 2017.  1096 
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 1098 

Definitions of acronyms given in Table 1. 1099 

Fig. 6  Dynamics of ESVf for study area (a), oasis system (b) and desert system 1100 

(c) from 1977 to 2017. Definitions of acronyms given in Table 1. 1101 
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 1103 

Fig. 7  Spatial distribution characteristics of ESV in study area under different 1104 

spatial scales. 1105 
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 1107 

Fig. 8  Spatial distribution of ESV in the MDSB. 1108 
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 1110 

Fig. 9  Variation in total population, the total production value of 3 industries, 1111 

and rural per capita net income in the MDSB. 1112 
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