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Abstract

The scientific assessment of regional ecosystem service value (ESV) is helpful in developing

scientific ecological protection plans and compensation policies. However, an ESV evaluation

method that can adapt to the complex and diverse characteristics of the ecological environ-

ment has not been established. This study takes Gansu Province in China as an example,

fully considering the regional differences in ecosystem service function. Five correction indi-

ces for the value equivalent factor per unit area were constructed on a provincial scale, and a

regional difference adjustment index for 11 categories of ecosystem services was con-

structed on a regional scale. In this way, a value evaluation model based on regional differ-

ences was established. The results show that in 2015, the total ESV reached 2,239.56 billion

yuan in Gansu Province, with ESV gradually increasing from the northeast to the southwest,

and the high-value areas of service function being located in Qilian and Longnan Mountains.

The forest and grassland ecosystems contributed the most to the ESV. From the perspective

of value composition, local climate regulation and biodiversity maintenance functions are the

main service functions of Gansu Province. From 2000 to 2015, ESV increased by 3.43 billion

yuan in the province. The value of forest and urban ecosystems continued to increase,

whereas the value of cultivated land ecosystem continued to decrease. In terms of spatial

characteristics of the service value change, the area that experienced value reduction gradu-

ally moved from the central part of Gansu Province to the surrounding areas. The evaluation

method proposed in this paper provides a relatively comprehensive evaluation scheme for

the spatiotemporal dynamic evaluation of ESV in complex ecological environments.

Introduction

Ecosystems not only provide various raw materials or products directly for human survival,

but also have other functions such as regulating climate, reducing pollution, conserving water

sources, maintaining soil quality, preventing wind and sand erosion, reducing disasters such

as floods and fires, and protecting biodiversity. All ecosystem products and services are
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collectively referred to as ecosystem services (ES) [1,2]. The evaluation of ecosystem service

value (ESV) forms the basis of regional ecological construction, ecological protection, ecologi-

cal work division, and ecological decision-making regarding natural assets, and has become a

popular research topic in ecology [3–5]. Since Costanza first quantified the value of global ES

in 1997, ESV calculation has increasingly been used as the core basis of ecological asset

accounting, thus helping the spatial cognition and sustainable management of national sys-

tems in a more intuitive way [5,6]. However, because of the different choices in parameters set

by different scholars, the evaluation results of the same ES may vary greatly, and there is a lack

of comparability between the ESV obtained through different pricing methods, while a mature

pricing method for ESV has not yet been formed internationally [7–10].

At present, research on the evaluation method of ESV can be roughly divided into two cate-

gories. The fist is a method based on the service function price per unit area. This method eval-

uates some key service functions by means of a series of ecological equations, such as food

production, soil and water conservation, carbon and oxygen production, and habitat quality

[11–14]. The functional value method can accurately measure the extent of some service func-

tions in a region. However, for different service functions, different ecological equations and

parameter inputs are often required, and the calculation process is more complicated [3].

Therefore, this method is mostly applied on a small scale, and the implementation cost is high.

In addition, when using this method for evaluation, scholars often lack consideration of the

ecological background of the study area, and there is no standard in selecting which service

functions to evaluate [15]. These shortcomings result in significant uncertainty of the evalua-

tion results, and limitations in the comparison of results. The second is a method based on

value equivalent factor per unit area. This method was first proposed by Costanza et al. [5],

and divides different land ecosystems and service functions, obtaining the equivalent value

based on meta-analysis and the area of each ecosystem, to obtain the regional ESV. Compared

with the functional value method, this method evaluates ESV more effectively on a large scale

[16] and is widely used in research [3,5,17–19].

However, scholars have found that the evaluation results of the equivalent factor method

are valid and reliable only when the equivalent factor accurately reflects the ecological back-

ground in the study area [16,20,21]. The equivalent factor proposed by Costanza et al. [5,17] is

aimed at global-scale value assessment, which is not consistent with the real ecological situa-

tion in China. Xie et al. [18,19] conducted a survey among Chinese ecologists, and put forward

an equivalent factor table of ES for China in 2003 and 2008. In 2015, Xie et al. [3] updated and

improved the equivalent factor table by adding information obtained from literature and

including regional biomass. This table is currently the most scientific and systematic equiva-

lent factor table in China. The equivalent factor table proposed by Xie et al. [3] essentially

reflects the average level of the national ecosystem service function. Many more recent studies

[14] have shown that the strength of the different service functions is affected by different eco-

logical processes and conditions. For example, organic matter production, gas regulation, and

nutrient cycling function [12] is closely related to net primary productivity (NPP); and water

supply and regulation function is closely related to rainfall [22], soil erosion [23], habitat qual-

ity [13], and the accessibility of recreational sites [24]. Therefore, when the equivalent factor

method is used to evaluate the ecological value of a region, the corresponding spatial correc-

tion of the equivalent factor is needed [8,25]. At present, scholars only use biomass or NPP to

adapt all types of service functions [3,18,19,26], which does not match the real situation. Xie

et al. [18] for the first time selected other ecological indicators (rainfall and soil retention)

besides NPP to adapt the service function.

Based on the research framework of value equivalent factor per unit area, we adopted the

method of meta-analysis and fully used the evaluation results based on the physical quantity
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method to determine the average unit area equivalent factor in different ecosystems in Gansu

Province. This method avoids or reduces the subjective conjecture easily caused by relying on

the experience of experts. Additionally, abundant ecological environment data are used to cor-

rect the equivalent factor, thus completing the evaluation of ESV in complex ecological envi-

ronments. Compared with previous studies [3,18,19,27,28], the evaluation results are more

scientific and reasonable. In the evaluation of ESV, the impact of human activities on the ESV,

such as bearing capacity, air pollution, groundwater overdraft, and water pollution. is fully

considered.

The types of ecosystems are complex and diverse in Gansu Province. The diversity of eco-

system types has caused significant regional differences. However, current research mostly

focuses on single or several ecosystems, and only investigate certain ES functions in the ESV in

Gansu Province, such as forests [29–31], grassland [32,33], and cultivated land [34]. Consider-

ing the complex ecological environment characteristics in Gansu Province, previous studies

have not investigated the ESV considering the regional differences in space, and no value eval-

uation method has been established according to the specific ecological environment in the

region.

This study considers the regional differences and the simplicity of the equivalent factor

method. In view of the application of the equivalent factors of various ecosystems on a large

scale, it is necessary to closely relate the equivalent factors to the national (large) scale and to

the actual situation in Gansu Province. Based on a more refined classification of the ecosystem

types in Gansu Province, the study added some ecosystem equivalent factors, constructed a

revised index, and revised the equivalent factors studied by Xie et al. [3] to form an equivalent

factor table that was suitable for the assessment of ESV in Gansu Province. We constructed 11

regional differential adjustment indexes and readjusted the values of different service func-

tions. Finally, we constructed a regional differential value evaluation model to evaluate the

change in ESV in Gansu Province from 2000 to 2015. Considering the increasingly severe

shortage in and overuse of ecological services in the region, the results of this study can provide

a scientific basis for decision support for local governments to formulate more complete eco-

logical compensation policies.

Materials and methods

Case study

The case study region is located in northwest China (Fig 1), at the intersection of three major

plateaus—the Loess Plateau, the Qinghai Tibet Plateau, and the Inner Mongolia Plateau—and

three natural regions—the northwest arid region, the Qinghai Tibet alpine region, and the

eastern monsoon region. Gansu Province is a long and narrow region, covering a total land

area of 425,800 km2, with complex and diverse geological landforms and climate types. In

addition to the marine ecosystem, there are six main land use or cover types, including forests,

grasslands, deserts, wetlands, farmland, and urban areas. The Gansu region forms part of Chi-

na’s “two screens and three belts” strategic ecological security barrier policy, which aims to

maintain and protect the survival and reproduction of organisms, maintain the natural eco-

logical balance, and guarantee people’s livelihoods on the Qinghai Tibet Plateau, the Sichuan–

Yunnan Loess Plateau and the north sand belt. It is an important water conservation and sup-

ply area in the upper reaches of the Yangtze River and the Yellow River.

Data sources

Ecosystem type data. We used national ecosystem type datasets from the Satellite Appli-

cation Center of the Ministry of Ecology and Environment and the Chinese Academy of
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Sciences, for the periods 2000, 2005, 2010, and 2015, for the classification of ecosystems. The

resolution of Landsat TM/ETM images was 30 m, SPOT-5 images was 5 or 2.5 m, Envisat

image was 30 m, and HJ-1 images was 30 m. From this data, and according to the study

requirements, the ecosystem types were divided into 7 primary types and 21 secondary types

in the research area, and a corresponding database was established.

We then used data from 2,508 ground verification points, including 38 different ecosystem

types, and integrated these ecosystem types with the ecosystem types obtained through the sat-

ellite images, into a final database with 21 ecosystem types, as shown in Fig 2, namely: 1)

Deciduous broad-leaved forest; 2) Evergreen coniferous forest; 3) Coniferous broad-leaved

mixed forest; 4) Deciduous broad-leaved shrub; 5) Meadow; 6) Grassland; 7) Other grassland;

8) Paddy field; 9) Non-irrigated farmland; 10) Garden land; 11) Herbaceous wetland; 12) Lake;

13) Reservoir; 14) River; 15) Urban green land; 16) Construction land; 17) Bare rock; 18) Bare

land; 19) Desert; 20) Saline alkali land; and 21) Glacier. The overall accuracy of the classifica-

tion was more than 85% [35].

Meteorological data. In this study, the monthly average temperature, precipitation, and

sunshine hours from 1981 to 2012 in Gansu Province and its surrounding meteorological

Fig 1. Location of the study area.

https://doi.org/10.1371/journal.pone.0240272.g001
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stations were used. The data was obtained from Gansu Meteorological Bureau and China

Meteorological Science Data Sharing Service Network (http://cdc.nmic.cn).

Other geographic data. The annual average NPP data and the annual average water pro-

duction data from 2000, 2005, 2010, and 2015 were used in this study, and were obtained from

the Satellite Application Center of the Ministry of Ecology and Environment.

Socioeconomic data. Social and economic data from 2000 to 2015 were used in this

study, and were obtained from the Gansu Province Statistical Yearbook, China Statistical Year-

book, and national agricultural product cost–benefit data. The cultivated land quality data are

from the Annual Renewal Evaluation and Monitoring Results of Cultivated Land Quality in

Gansu Province (2017), and the grain output of each county is from Gansu Province Rural

Yearbook (2000–2014). The monitoring data of atmospheric environmental quality status

comes from Gansu Environmental Monitoring Center Station for the period 2015–2018, and

the monitoring data of surface water comes from the Bulletin of Environmental Conditions in

Gansu Province and the Bulletin of Environmental Conditions in China, for the period 2000–

2015.

Classification of ecosystem service functions

Based on the research results of Costanza et al. [5], de Groot et al. [36], MA [37], and Burkhard

et al. [38] on the classification of ES and the characteristics of the ecosystems in Gansu

Fig 2. Ecosystem types in Gansu Province.

https://doi.org/10.1371/journal.pone.0240272.g002
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Province, ES were divided into the following functions: ecological integrity, regulatory ser-

vices, supply services, and cultural services. Because of the double-counting problem between

ecological integrity and other ecosystem services, ecological integrity was, however, not

included in the calculation of ESV. Supply services mainly considered crops, livestock, and

fresh water; regulation services mainly considered local climate regulation, air quality regula-

tion, groundwater supply, soil conservation, windbreak and sand fixation, and water purifica-

tion; and cultural services mainly considered entertainment and aesthetic value. Because

Gansu is rich in biodiversity, and this forms an important part of the value of ecological

resources, the value of biodiversity protection was also included in the value calculation.

Improved method for value equivalent factor per unit area

Determination of standard equivalent factor. The research period in this study is 2000–

2015, and the net profit of agricultural products differed each year due to changes in social and

economic conditions, and agricultural production technology. The ESV calculated only by the

net profit of agricultural products during the study period is not representative. Therefore, in

addition to the statistical information obtained (for example, from the Gansu Yearbook, the

Second National Agricultural Census in Gansu Province, the Gansu Survey Yearbook, and the

compilation of cost and income data of agricultural products in China), the sowing area and

net profit of wheat, corn, potato, and oil crops per unit area were obtained, and the average

sowing proportion and average net profit were calculated. Based on this, the value of a stan-

dard equivalent factor was calculated. The calculation method was as follows:

D ¼ Sw � Fw þ St � Ft þ Sv � Fv þ Sx � Fx ð1Þ

where D represents the ESV of a standard equivalent factor (yuan � hm-1); SW, St, SV, and SX
represe the sowing area proportion of wheat, corn, potato, and oil to the sowing area of the

four crops; and FW, FT, FV, and FX represent the average net profit of wheat, corn, potato, and

oil crops per unit area in Gansu Province (yuan � hm-1).

Value equivalent factor per unit area. The basic value equivalent of ecosystem service

function per unit area (hereinafter referred to as basic equivalent) refers to the annual average

value equivalent of various service functions of different ecosystem types per unit area. Previ-

ous studies on equivalence factors [3,18,19] are based on the annual average value on a

national scale, and have a rough classification of ecosystem types, which cannot meet the need

of the refinement of ecosystem classification, nor precisely reflect the difference in service

function among ecosystem types. Therefore, in this study, the average value equivalent factor

per unit area of different ecosystems was determined, by following the calculation process

described below.

1. For the types of ecosystems and the corresponding ecosystem service types in Gansu Prov-

ince (in cases where there was an equivalent factor in the equivalence factor table of Xie

et al. [3]), the national average value equivalence factor was used. On this basis, by con-

structing the correction coefficient, it was converted into the average value equivalence fac-

tor of ecosystem services functions, such as fresh water supply, local climate regulation,

entertainment and aesthetic value, air quality regulation, and water purification.

2. Relevant international literature, such as publications by Elsevier, Springer Nature, Wiley,

and the Chinese How Net database, was searched. We inputted retrieval words such as

Gansu Province, the names of each basin and city in Gansu Province, Qilian Mountain,

and Gannan Plateau, to obtain research results on ecosystem service value calculated by

ecosystem service function quantity in Gansu Province. If, in the future, there are many

PLOS ONE Evaluation method of ecosystem service value

PLOS ONE | https://doi.org/10.1371/journal.pone.0240272 February 5, 2021 6 / 25

https://doi.org/10.1371/journal.pone.0240272


more papers on the evaluation of ESV, the journals with the highest influence should be

selected for average calculation, and the proportion with standard equivalent should be cal-

culated as the basic equivalent of ecosystem service functions, such as the local climate regu-

lation and soil conservation functions of shrubs.

3. We prioritized the collection and sorting of domestic published research results of ecosys-

tem service value calculated by ecosystem service function quantity. The average of selected

ESV, and thereafter the proportion with standard equivalents, should be calculated, so as to

convert them into the average value equivalent factor of ecosystem service function, as the

basic equivalent of the ecosystem service function, which is used to determine the value

equivalent of ecosystem service functions, such as garden land, shrub land, forest land, and

swamp wetland.

4. If no relevant research results for Gansu Province can be found, relevant research results

for other regions in China should be collected. ESV per unit area of ecosystem should be

calculated, and then compared with the standard equivalent value. It can be converted into

an average value equivalent factor of ecosystem service function by constructing a correc-

tion coefficient, as the basic equivalent of the ecosystem service function, which is used to

determine the value equivalent of some ecosystem service functions, such as lakes, reser-

voirs, saline alkali land, and urban green space.

5. There are great differences between the ecosystem service functions in Gansu Province and

those of the entire country. Therefore, in this study, the value equivalence factor was local-

ized and calibrated by calculating the ecosystem service function quantity per unit area,

such as the biodiversity maintenance value of forest land, grassland, wetlands, and desert

ecosystems, and the crop supply service of paddy fields and dry land.

6. If there is no ecosystem service function value listed in directly corresponding documents

in the secondary classification of ecosystem, and it is therefore difficult to calculate the ESV,

refer to the equivalent factors listed by Xie et al. [3], as they were determined by experts’

experience. Transform them into the average value equivalent factors of the ecosystem ser-

vice function in Gansu Province through use of the correction coefficient, as the basic

equivalent of the ecosystem service function, such as local climate regulation and air quality

regulation of the secondary types of desert and wetland ecosystems, and soil conservation

services and water purification services of the second level of desert ecosystems.

Through the above six steps, the value of the main ecosystem types for a certain ecosystem

service function per unit area in Gansu Province can be obtained, by referring to relevant liter-

ature or doing calculations, as shown in Table 1.

Correction index of value equivalent factor per unit area.

1. Crop supply correction index (N)

The calculation method of crop supply correction index is as follows:

N ¼ y=Y ð2Þ

where y is the average output per unit area in Gansu Province, and Y is the national average

output per unit area.

The calculation of y is based on the following formula: y = (average yield per unit area of

wheat/average yield per unit area of wheat) × sowing proportion of wheat + (average yield per

unit area of corn/average yield per unit area of corn) × sowing proportion of corn + (average

yield per unit area of potato/average yield per unit area of potato) × sowing proportion of
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PLOS ONE | https://doi.org/10.1371/journal.pone.0240272 February 5, 2021 7 / 25

https://doi.org/10.1371/journal.pone.0240272


Table 1. Calculation basis of value equivalent factor per unit area in Gansu Province.

Ecosystem service

function

Calculation basis, literature source The Value per unit area calculated in this study/

actual estimated value of existing research used

Livestock supply Maqu grassland [39], 1980s; 498.44;

Shandan Racecourse [40], 2010 170.72;

Etokqianqi grassland [41], 2014 1,883.23;

Fresh water supply The fresh water supply service of the lakes in Gansu Province (large and small Sugan

lakes) is multiplied by the water price;

4,639.97;

The average annual water supply volume, reservoir area and water price of large and

medium-sized reservoirs and dams with statistical data in Gansu Province are used to

calculate the unit area value of fresh water supply;

14,072.60;

Wetlands in Jilin Province (permanent and seasonal rivers) [42], 2013; 1,2510.00;

Chinese Desert [43]; 265.69;

Desert equivalent is adopted for fresh water supply service of saline alkali land (no

research on fresh water supply of saline alkali land is retrieved).

265.69;

Local climate

regulation

China Desert [43]; 1,810.37;

Gansu tea garden, carbon sequestration [44], 2011; 268.00;

Carbon sequestration and oxygen release of urban green space in Qingdao [45], 2015; 4,439.40, 17,630.61;

Carbon sequestration, oxygen release and heat island mitigation of urban green space

in Jinan [46], 2009;

4,908.69, 5,785.94, 1,268.78;

Zhengzhou green space carbon sequestration, oxygen release and temperature

reduction [47], 2003–2013;

6,496.37, 10,313.77, 42,108.85;

Bush carbon sequestration and oxygen release in Gansu Province [48], 2015; 8,076.98;

Carbon sequestration and oxygen release from deserts in China [49], 2004. 306.00, 281.88;

Air quality regulation Greenland, Zhengzhou [47], 2003–2013; 2,064.53;

Jinan urban green space [46], 2009; 1,406.39;

Qingdao urban green space [45], 2015; 5,216.62;

Groundwater

recharge

Farmland irrigation area in Bayin River Basin, Qinghai Province [50]; 358.52;

GuizhouHuahai wetland (Lake) [51], 2010; 7,125.52;

KuTang, Jilin Province [52], 2014; 7,508.12;

Jilin River [49] (Cui et al., 2017), 2014; 9,265.23;

Jilin herbaceousswamp [52], 2014; 3,788.73;

Ice and snow melt water supply in Hexi Corridor [53], 2003; 22.77;

Melting water supply of glaciers in the middle reaches of Heihe River [54], 1987–2000. 7.44;

Soil conservation China Desert [49], 2004; 177.00;

Gansu thicket [48], 20092015; 1,353.39;

Shenzhen urban green space [55], 2015; 1,039.50;

Jinan urban green space [46], 2009; 1,979.07;

Beijing Garden [56], 2004; 7,987.86;

Gansu tea garden [44], 2011; 33.00;

Windbreak and sand

fixation

Etuokeqian grassland [41], 2014; 3,817.69;

Desert of Maduo County [57], 2011, 2014; 343.68;

Abihu Gobi [58], 2000–2015; 248.91;

ABI Lake bare rock land [57], 2000–2015; 38.19;

ABI lake saline alkali land [58], 2000–2015; 388.58;

Dry land of Ebinur Lake [58], 2000–2015; 3,313.41;

JingdianIrrigation District forest [59], 2016; 9,678.40;

(Continued)
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potato + (average yield per unit area of oil/average yield per unit area of oil) × sowing propor-

tion of oil.

The calculation method of Y is the same as that of y.

2. Fresh water supply correction index (D)

The fresh water supply correction index is calculated as follows:

D ¼ w=W ð3Þ

where w is the average water supply per unit area in Gansu Province (10,000 m3), and W is the

average water supply per unit area in China (10,000 m3). The water supply data comes from

the Water Resources Bulletins (2000–2015) for Gansu Province and China.

3. Air quality regulation correction index (K)

The air quality regulation correction index is calculated as follows:

K ¼ a=A ð4Þ

where a is the average proportion of air quality standards of prefecture level cities in Gansu

Province, and A is the average proportion of air quality standards of prefecture level cities in

Table 1. (Continued)

Ecosystem service

function

Calculation basis, literature source The Value per unit area calculated in this study/

actual estimated value of existing research used

Water purification Forest land of Qilian Mountain Nature Reserve [60], 2008; 2,959.45;

Shrubbery in Qilian Mountain Nature Reserve [60], 2008; 2,642.03;

Bailongjiang nature reserve forest [61], 2005; 3,873.79;

Coastal saline alkali land [62], 2000, 2011 2,904.51;

Baisha reservoir, Henan Province [63], 2018; 10,596.60;

Lishimen reservoir, Zhejiang Province [64], 2018; 9,281.33;

Six key reservoirs in Zhejiang Province [65], 2011; 19,963.12;

Aesthetic

entertainment value

Zhangye Heihe wetland [66], 2012; 10,102.95;

Beijing Garden [56], 2004; 16.14;

Shenzhenurban green space [55], 2015; 907.52;

Bosten Lake [67], 2012; 8,440.00;

Biodiversity

maintenance value

Gansu broad leaved forest, 2015; 25,033.95;

Coniferous forest, 2015; 7,077.54;

Mixed coniferous and broad leaved forest, 2015; 18,895.23;

Gansu shrub, 2015; 2,740.60;

Gansu meadow, 2015; 18,911.41;

Gansu Grassland, 2015; 9,225.15;

Other grasslands in Gansu, 2015; 6,309.70;

Gansu Lake, 2015; 36.69;

Gansu reservoir, 2015; 73.41;

Gansu River, 2015; 267.28;

Gansu herbaceous swamp, 2015; 4,233.29;

Gansu desert, 2015; 166.02;

Gansu bare rock, 2015; 285.89;

Gansu saline alkali land, 2015; 112.61;

Gansu bare soil, 2015; 174.55;

https://doi.org/10.1371/journal.pone.0240272.t001

PLOS ONE Evaluation method of ecosystem service value

PLOS ONE | https://doi.org/10.1371/journal.pone.0240272 February 5, 2021 9 / 25

https://doi.org/10.1371/journal.pone.0240272.t001
https://doi.org/10.1371/journal.pone.0240272


China. The air quality standards data come from the Environmental Quality Bulletins (2000–

2015) for Gansu Province and China.

4. Water purification correction index (S)

The calculation method of water purification correction index is as follows:

S ¼ q=Q ð5Þ

where q is the average length proportion of class I–III water reach in Gansu Province, and Q is

the average length proportion of class I–III water reach in China. The length data of water qual-

ity reach is from the Water Resources Bulletins (2000–2015) for Gansu Province and China.

5. Entertainment and aesthetic value correction index (Y)

The calculation method of entertainment and aesthetics value is calculated as follows:

Y ¼ r=R ð6Þ

where r is the average tourism revenue per unit area in Gansu Province, and R is the average

tourism revenue per unit area in China. The tourism revenue data comes from the Statistical

Yearbooks (2000–2015) for Gansu Province and China.

Regional difference adjustment index

1. Crop supply regulation index (A1)

The crop supply regulation index is calculated as follows:

A1i ¼ ai=A ði is 1; 2Þ ð7Þ

where ai is the average yield per unit area in Gansu Province, A is the average yield per unit

area in Gansu Province, the calculation method of ai and A is the same as in Eq (1), a1 is the

high-yield area, and a2 is the low-yield area.

According to Cheng [68], there are obvious spatial differences in grain production of culti-

vated land in Gansu Province. Previous studies [69] found that the correlation between culti-

vated land quality and land use is relatively high, with the correlation coefficient reaching

0.874. First, this was reflected in the cultivated land quality level (land use level) of each county

as referred to in related studies [70] on the spatial distribution of land use level in 2015 in

Gansu Province. Second, in terms of proportion of cultivated land use level to the total culti-

vated land area of each county in Gansu Province, 27% of the counties were classified as high-

yield areas, and the rest were classified as low-yield areas. Finally, the average yield per unit

area was calculated in high- and low-yield areas of each county, as well as in the province as a

whole (refer to the calculation result of Eq (1)). The average yield in the high- and low-yield

areas was compared with the average yield per unit area in Gansu Province, and the regulation

index of crop supply in high- and low-yield areas was obtained.

2. Livestock supply adjustment index (A2)

The livestock supply adjustment index is calculated as follows:

A2i ¼ bi=b3 ði is 1; 2; 3Þ ð8Þ

where bi is the average livestock carrying capacity of each area; b1 is the average livestock car-

rying capacity in agricultural areas; b2 is the average livestock carrying capacity in semi-pasto-

ral areas; and b3 is the average livestock carrying capacity in pastoral areas.
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Gansu Province is divided into pastoral, semi-pastoral, and agricultural areas because of the

great difference in livestock supply capacity between pastoral and agricultural areas. Previous

studies [71] have calculated the livestock carrying capacity in agricultural and pastoral areas of

Gansu Province, and found that the livestock carrying capacity of agricultural areas was 0.85

times that of pastoral areas. The average of livestock carrying capacity in agricultural and pas-

toral areas was considered the livestock carrying capacity in the semi-pastoral areas.

3. Fresh water supply regulation index (A3)

The fresh water supply regulation index was calculated as follows:

A3i ¼ ci=c1 ði is 1; 2; 3Þ ð9Þ

where ci is the average water yield per unit area of each area; c1 is the average water yield per

unit area in the water rich areas; c2 is the average water yield per unit area in the water poor

areas; and c3 is the average water yield per unit area in the dry areas.

The distance between the east and west, and the north and south is large in Gansu Province,

and precipitation decreases from southeast to northwest due to the influence of water vapor

and terrain. According to research [72], Gansu Province is divided into abundant water areas

(Liupanshan–Longshan area, Longnan Mountain area, Gannan Plateau, and Qilian Mountain

Area), water poor areas (Longdong, Longdong–Loess Plateau area, north of Lanzhou area),

and dry areas (Hexi Corridor, Beishan Mountain area, and the desert area bounded by the

Qilian Mountain foot). Using the water yield module in the Integrated Valuation of Ecosystem

Services and Tradeoffs (InVEST) model, the average multi-year water yield of the water rich

areas, water deficient areas, and dry areas was calculated for 2000–2015. The water yield per

unit area in the water deficient areas was 0.68 times that in the water rich areas, and the water

yield per unit area in the dry areas was 0.08 times that in the water rich areas.

4. Local climate regulation index (A4)

The local climate regulation index was calculated as follows:

A4i ¼ di=d2 ði is 1; 2; 3Þ ð10Þ

where di is the average NPP of each partition; d1 is the NPP value of the high adjustment area;

d2 is the mean value of NPP in the middle regulation area; and d3 is the NPP value of the low

regulation area.

A large amount of observation data analysis shows that a change in surface vegetation may

have a significant impact on local and regional climate by changing surface attributes such as

surface albedo, roughness, and soil moisture [73–76]. The higher the area of vegetation NPP,

the stronger the function of climate adjustment. Therefore, the value of NPP is used to mea-

sure regional differences in climate regulation. According to the spatial distribution character-

istics of NPP and the boundaries of townships, Gansu Province is divided into high regulation

area, middle regulation area, and low regulation area. The average value of NPP in the three

regulation areas was calculated, and the ratio of NPP between the high regulation area and the

middle adjustment area was taken as the adjustment index in the high adjustment area. The

average value ratio of NPP between the low adjustment area and the median adjustment area

was used as the adjustment index of the low value area.

5. Air quality regulation index (A5)

The air quality regulation index was calculated as follows:

A5i ¼ ei=e2 ði is 1; 2; 3Þ ð11Þ
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where ei is the average vegetation coverage in each area; e1 is the average vegetation coverage

in the area with good air quality; e2 is the average vegetation coverage in the area with average

air quality; and e3 is the average vegetation coverage in the area with poor air quality.

Generally, the better the air quality in a region, the greater the air quality regulation service

function. According to the 2015 Environmental Quality Bulletin in Gansu Province, PM10 and

PM2.5 were the main air pollutants. Only one of the 14 cities and prefectures has reached the

secondary standard of ambient air quality, so the concentration of pollutants was taken as the

index to measure the level of air quality regulation function. In this study, PM10 and PM2.5

concentration monitoring data were selected at 111 provincial monitoring points in Gansu

Province, and through Kriging interpolation, the spatial distribution of PM10 and PM2.5 con-

centration was obtained in the whole province, which was divided into three zones: the area

meeting the secondary quality standard was classified as the area with the best air quality, indi-

cating that the area had the highest air quality regulation function; the other two areas were

demarcated according to pollutant concentration. Vegetation coverage is closely related to air

purification function. In this study, the ratio of the average vegetation coverage in the three

regions was used as the air quality regulation index.

6. Groundwater recharge regulation index (A6)

The groundwater recharge index was calculated as follows:

A6i ¼ fi=f 1 ði is 1; 2Þ ð12Þ

where fi is the ratio of actual exploitation amount and exploitable amount of groundwater in

each zone; f1 is the ratio of actual exploitation amount and exploitable amount of groundwater

in heavily mined areas; and f2 is the ratio of actual exploitation amount and exploitable

amount of groundwater in areas that are not heavily mined, assuming that the actual exploita-

tion amount and exploitable amount of groundwater in those areas are balanced, with the

ratio set as 1.

The overexploitation of groundwater results in drainage of the aquifer, a decrease in

groundwater level, the formation of a funnel, and land subsidence. Therefore, when rapid

development exceeds the resource stock and environmental capacity, the value of the ground-

water ecosystem will inevitably continue to appreciate. Different regions have different needs

for groundwater recharge function, resulting in different values. To reflect the regional differ-

ences in groundwater recharge regulation function value, we used groundwater in heavily

mined areas and areas that are not heavily mined to measure the regional differences in

groundwater recharge function. Groundwater in heavily mined areas has a higher groundwa-

ter recharge value than in areas that are not heavily mined. According to the delimitation

results of groundwater in heavily mined areas in Gansu Province [77], there are 46 heavily

mined areas, involving 32 counties. The ratio of the actual and exploitable groundwater in the

heavily mined area is used as the groundwater supply regulation index.

7. Soil conservation regulation index (A7)

The soil conservation regulation index was calculated as follows:

A7i ¼ gi=g ði is 1; 2Þ ð13Þ

where gi is the average erosion modulus of each area; g1 is the average erosion modulus of the

key prevention area; g2 is the average erosion modulus of the key control area; and g is the

allowable amount of soil erosion.

Gansu Province is located at the junction of three plateaus, and its soil conservation func-

tions vary substantially in different areas. In terms of soil and water loss in the key prevention
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and key governance areas, there is better vegetation, less soil and water loss, and stronger soil

conservation functions in the key prevention areas, but low forest and grass coverage, a fragile

ecological environment, and extensive soil and water loss in the key governance area. There-

fore, the province is divided into two zones according to the range of the key prevention and

governance areas. According to classification standards for soil erosion, the allowable amount

of soil and water loss in the northwest Loess Plateau is 1,000 t/km2. Based on the ratio of the

average erosion modulus and the allowable amount of soil and water loss in the two zones, the

adjustment index of soil conservation was constructed.

8. Regulation index of windbreak and sand fixation (A8)

The windbreak and sand fixation regulation index was calculated as follows:

A8i ¼ hi=h1 ði is 1; 2Þ ð14Þ

where hi is the amount of windbreak and sand fixation in each zone; h1 is the amount of wind-

break and sand fixation in the service area of windbreak and sand fixation; and h2 is the

amount of windbreak and sand fixation in other areas.

The Hexi Corridor in the north of Gansu Province, and the surrounding county of Qin-

gyang City is located in the Gobi Desert area. Therefore, this area is classified as a service area

for windbreak and sand fixation, whereas other areas are not considered to have that function.

9. Water purification regulation index (A9)

The water purification regulation index was calculated as follows:

A9i ¼ ji=j2 ði is 1; 2Þ ð15Þ

where ji is the target proportion of water quality in each zone; j1 is the length proportion of

class II and above water reaches in the high water purification area; and j2 is the length propor-

tion of class III and below water reaches in the low water purification area.

Xie et al. [78] highlighted that, as the pollution of rivers and lakes is becoming more serious, the

water quality regulation function of rivers is becoming lower, and rivers and lakes almost become

an area of accumulation of waste. Therefore, the water quality of the reach is closely related to its

water purification function. If the water quality of this area is significantly better than that of other

areas, the water purification function of this area will be of considerable importance. In this study,

the water quality objectives of 236 monitoring sections of the Rivers were used to measure the

water purification function of the region, and the water quality objectives of each county were

quantified. If the water quality objectives of class I, or class II, or class II water and class III water

reaches can be achieved simultaneously, the water purification function of the county is considered

to be high. Additionally, the length proportion of the class II and class III water reaches and below

are calculated. The length proportion of the class II water reach to the class III water reach and

below is taken as the water purification regulation index in the high water purification area.

10. Entertainment aesthetics value adjustment index (A10)

The value adjustment index of entertainment and aesthetics was calculated as follows:

A10i ¼ ki ði is 1; 2; 3Þ ð16Þ

where ki is the value adjustment index of entertainment aesthetics in each zone; k1 is the value

adjustment index of entertainment and aesthetics in key tourist areas; k2 is the value adjust-

ment index of entertainment and aesthetics in general tourist areas; and k3 is the value adjust-

ment index of entertainment and aesthetics in other regions.
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Entertainment value refers to the value obtained by tourists when they are engaged in tour-

ism activities in an ecotourism scenic spot, which is the sum of the value used by direct recrea-

tion and the non-use value possessed by resources; aesthetic value refers to the pleasure value

brought by natural ecosystems to people’s aesthetic perception of the natural and cultural land-

scape, and the value of its own objective aesthetic attributes is referred to as the non-use value.

If people cannot reach an area that can bring recreational and pleasure value to people, it is

considered that the area cannot provide the service function or temporarily does not have the

function. Based on this, we first determined that the core area and buffer area of a nature

reserve cannot provide this service temporarily. Other natural protected places such as forest

parks, geoparks, scenic areas, and wetland areas are key tourism areas, which provide the high-

est entertainment and aesthetic value. Second, the whole tourism county (and not only the key

tourism areas) is generally regarded as the tourism area, with the remaining areas having the

lowest entertainment and aesthetic value. The adjustment indexes of the different regions are

assigned by expert judgment.

11. Biodiversity maintenance value regulation index (a11)

The value adjustment index of biodiversity maintenance was calculated as follows:

A11i ¼ li=l1 ði is 1; 2Þ ð17Þ

where is the habitat quality index of each region; l1 is the habitat quality index of the priority

area for biodiversity conservation; and l2 is the habitat quality index of other regions.

According to the conservation plan for biodiversity priority areas in Gansu Province, there

are seven biodiversity priority areas in the province. This study considered that the areas

located in the priority areas had the highest biodiversity maintenance value, followed by other

areas, and the province was therefore divided into two areas. To determine the adjustment

index of the different regions, we used the habitat quality module of the InVEST model to cal-

culate the habitat quality index of the different regions [79], and determined the adjustment

index by comparing the size of the habitat quality index of the two regions.

Through the above methods, the value equivalent factor table per unit area was established

for Gansu Province (Table 2).

Value evaluation model based on regional differences

Different geomorphic types will affect the distribution of light, heat, water, and soil types in the

region [80]. Similarly, different regional ecological environments, degree of ecological protec-

tion, intensity of ecological demand for different land use types, and implementation of local

policies will affect the benefits human beings derive from the ecosystem, thus affecting the

regional differences and divisions of ESV. The ArcGIS spatial analysis tool was used to grid

Gansu Province, and a complete grid of 1 km × 1 km was extracted. Based on the calculation of

the ESV of the grid unit, the total ESV (V) was calculated using the following equation (Fig 3):

V ¼
Pc

i¼1
Vc ð18Þ

where Vc is the value of ecosystem service function c; c is ecosystem service function, and the

value is between 1 and 11.

Vc ¼
Pn

i¼1

Pm
j¼1

D � Fm � Ac � Sm ð19Þ

where D is the standard equivalent factor; Fm is the value equivalent factor per unit area of eco-

system type m; Ac is the regional difference adjustment index of ecosystem service function c;
Sm is the area of ecosystem type m (km2); and n is the grid number.
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Results

Analysis of the change in ecosystem in Gansu Province

Desert is the largest ecosystem type in Gansu Province (Table 3), followed by grassland, arable

land, and forest. Both the glacier and wetland ecosystems account for a small part. Desert is

mainly found in the north of Gansu; grasslands are mainly distributed in the Gannan Plateau

in central and eastern Gansu; cultivated land is mainly distributed in the central area of Gansu

and Hexi Corridor; and forests are mainly found in the Longnan, Ziwuling, and Qilian Moun-

tains. In terms of changes in the ecosystem, the forest, grassland, and urban ecosystems have

been increasing continuously in the past 15 y. The cultivated land ecosystem has been continu-

ously decreasing. Although the wetland and glacier ecosystems have been increasing in the

past 15 y, they have been decreasing over the longer term. The desert ecosystem has been

increasing in general.

Overall evaluation of ESV in Gansu Province

In general, ESV decreases from south to north, and from east to west in Gansu Province (Fig

4), which is consistent with the spatial distribution of forest, grassland, and desert ecosystems.

There are adjoining desert areas north of Gansu Province, the area with the lowest ESV.

Table 2. Value equivalent factors per unit area in Gansu Province.

Primary types Secondary types Supply services Regulatory services Cultural Services -

A B C D E F G H I J K

Cultivated land 1 1.07 0.00 -2.63 0.57 0.14 0.14 0.01 0.00 0.18 0.07 0.09

2 0.67 0.00 0.01 0.36 0.08 0.00 1.03 1.34 0.11 0.04 0.06

3 5.82 0.00 0.12 0.11 1.54 0.00 1.62 1.06 2.05 0.01 0.48

Forest 4 0.22 0.00 0.13 5.07 1.19 0.00 2.06 0.00 1.58 0.28 2.85

5 0.31 0.00 0.17 7.03 1.59 0.00 2.86 0.00 2.11 0.39 7.61

6 0.29 0.00 0.16 6.50 1.54 0.00 2.65 3.84 2.05 0.36 10.09

7 0.19 0.00 0.10 3.25 1.44 0.00 0.55 0.97 1.36 0.23 1.10

Grassland 8 0.22 0.20 0.08 3.02 0.80 0.00 1.39 0.60 1.06 0.43 7.62

9 0.10 0.07 0.04 1.34 0.35 0.00 2.00 1.54 0.47 0.19 3.72

10 0.38 0.07 0.15 5.21 1.38 0.00 2.40 0.60 1.82 0.33 2.54

Wetland 11 0.00 0.00 1.87 2.29 2.88 2.87 0.93 0.00 4.25 0.64 0.01

12 0.00 0.00 5.67 2.29 2.88 3.03 0.93 0.00 5.67 0.64 0.03

13 0.00 0.00 5.04 2.29 2.88 3.73 0.93 0.00 5.88 0.64 0.11

14 0.51 0.00 2.59 3.60 2.88 1.53 2.31 0.14 3.82 4.11 1.71

Cities 15 0.00 0.00 0.00 0.00 0.10 0.00 0.00 0.10 0.11 0.01 0.00

16 0.00 0.00 -0.23 5.54 0.70 0.00 0.61 1.06 1.35 0.37 0.79

Desert 17 0.00 0.00 0.11 0.73 0.08 0.00 0.07 0.10 0.11 0.02 0.06

18 0.00 0.00 0.00 0.24 0.08 0.00 0.07 0.02 0.11 0.00 0.12

19 0.00 0.00 0.11 0.24 0.08 0.00 0.07 0.16 1.24 0.00 0.05

20 0.00 0.00 0.00 0.24 0.08 0.00 0.07 0.10 0.11 0.00 0.07

Glacier 21 0.00 0.00 1.02 0.54 0.13 0.01 0.00 0.00 0.17 0.03 0.01

1 Paddy field; 2 Non irrigated farmland; 3 Garden land; 4 Deciduous broad-leaved forest; 5 Evergreen coniferous forest; 6 Coniferous broad-leaved mixed forest; 7

Deciduous broad-leaved shrub; 8 Meadow; 9 Grassland; 10 Other grassland; 11 Lake; 12 Reservoir; 13 River; 14 Herbaceous wetland; 15 Construction land;16 Urban

green land; 17 Desert; 18 Bare rock; 19 Saline alkali land;20 Bare land; 21 Glacier.

A: Crops supply; B: livestock supply; C: Fresh water supply; D: Local climate regulation; E: Air quality regulation; F: Groundwater supply; G: Soil conservation; H:

Windbreak and sand fixation; I: Water purification; J: Entertainment aesthetic value; K: Biodiversity maintenance value.

https://doi.org/10.1371/journal.pone.0240272.t002
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However, the ecological environment is relatively healthy in the south of Gansu Province, with

high vegetation coverage and ESV. In the center-east of Gansu Province, where human activi-

ties are most frequent, inducing relatively high disturbance on the natural ecological environ-

ment, the ESV is relatively low.

The value of local climate regulation and biodiversity maintenance (Table 4) is much higher

than that of other service functions, and constitutes the main contributor to ESV in Gansu

Province. In terms of the change in each service function value, the value of soil conservation,

windbreak and sand fixation, and biodiversity protection has been increasing continuously in

the past 15 y, whereas the supply value of crops has been decreasing continuously. The supply

value of fresh water, local climate regulation, air quality regulation, water purification function,

groundwater supply, and entertainment and aesthetic value show a fluctuating change state

and an overall decreasing trend.

Fig 3. Flow chart of ecosystem service value evaluation model based on regional differences.

https://doi.org/10.1371/journal.pone.0240272.g003

Table 3. Change of ecosystem pattern from 2000 to 2015 in Gansu Province (km2).

Ecosystem types 2000 2005 2010 2015

Forest 54,372.71 55,118.01 56,178.19 56,228.06

Grassland 120,419.34 122,061.74 124,629.60 124,739.27

Wetland 2,624.82 2,732.48 2,440.76 2,545.59

Cultivated land 76,454.39 74,362.82 68,743.14 68,328.45

Cities 3,438.61 3,723.99 4,071.09 4,624.28

Desert 167,223.90 166,546.96 168,485.42 168,076.37

Glacier 909.06 896.83 894.63 900.81

https://doi.org/10.1371/journal.pone.0240272.t003
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The value of the grassland and forest ecosystems is the highest, accounting for more than

75% of the total value (Table 5), whereas the value of urban and glacial ecosystems is the low-

est. In terms of change in each ecosystem type value, the value of forest and urban ecosystems

Fig 4. Ecosystem Service Value (ESV) from 2000 to 2015 in Gansu Province.

https://doi.org/10.1371/journal.pone.0240272.g004

Table 4. ESV from 2000 to 2015 in Gansu Province (108 yuan).

ES 2000 2005 2010 2015

Crops supply 965.67 958.54 886.63 879.29

Livestock supply 92.81 93.78 93.03 93.09

Fresh water supply 199.34 201.60 197.55 198.90

Local climate regulation 8216.79 8,301.09 8,164.14 8,171.22

Air quality regulation 1,961.98 1,978.94 1,925.38 1,928.47

Groundwater recharge 70.64 76.43 57.67 63.62

Soil conservation 1,551.19 1,559.10 1,605.89 1,606.29

Windbreak and sand fixation 728.68 734.78 772.64 774.98

Water purification 2,932.81 2,958.28 2,819.21 2,824.91

Aesthetic value of entertainment 425.42 427.25 418.56 418.76

Biodiversity maintenance value 5,215.96 5,278.48 5,428.37 5,436.01

Total value 2,2361.29 22,568.27 22,369.07 22,395.55

https://doi.org/10.1371/journal.pone.0240272.t004
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is increasing, whereas the value of cultivated land ecosystem is decreasing. The value of grass-

land, wetland, and glacier ecosystems fluctuates, and the overall trend is decreasing. In con-

trast, the value of the desert ecosystem fluctuates, and the overall trend is increasing. Over the

past 15 y, the total value of the various ecosystem services has increased by 3.43 billion yuan,

and the increase in forest ecosystem value has been the highest, whereas the decrease in grass-

land ecosystem value has been the highest.

Analysis of the spatiotemporal change in ESV in Gansu Province

Over the past 15 y, the townships with increased ESV are mainly distributed in the east and

south of Gansu Province, and west of the Hexi Corridor. The townships which had a decrease

in ESV are located in Qilian Mountain and Gannan Plateau (Fig 5).

Over the past 15 y, the number of townships with increased ESV has decreased. There were

959 townships with an increased ESV in 2000–2005, 758 townships in 2005–2010, and only

391 townships increased in value in 2010–2015. From 2000 to 2015, there were 818 townships

with increased ESV.

From 2000 to 2005, townships with increased ESV were mainly distributed in the Qilian

Mountain, and the eastern and southern parts of Gansu (Tianshui, Pingliang, Qingyang, and

Longnan). From 2005 to 2010, the ESV of most townships decreased in the Gannan Plateau

and Qilian Mountain, whereas the increased townships were mainly located in Tianshui,

Longnan, and the western section of the Hexi Corridor. From 2010 to 2015, the ESV of most

townships declined in Lanzhou, Baiyin, Dingxi, Gannan Plateau, and Hexi Corridor, and the

townships where the value increased were concentrated in the north and south.

Discussion

Advanced value evaluation model

In this study, ESV was evaluated by improving the value equivalent factor per unit area and

constructing a regional differential value assessment model in Gansu Province. Different eco-

system types provide different ES types to humans. In the current research on ESV, scholars

mostly refer to the classification of ecosystem types by Costanza et al. [5], which is limited to

forest, grassland, farmland, wetland, desert, and river. Xie et al. [3] improved this method by

accounting for the value of 14 types of ecosystem services in China, and more precisely

reflected the differences between ecosystem types. However, this method was based on

national scale, and did not meet the needs of practical research, namely a reduction of the

research scale and refinement of the classification of ecosystems. Based on the actual ecological

situation in Gansu Province, this study identified 7 types of primary ecosystems and 21 types

Table 5. Value of each ecosystem type from 2000 to 2015 in Gansu Province (108 yuan), and proportion (%).

Ecosystem 2000 2005 2010 2015

Value Proportion Value Proportion Value Proportion Value Proportion

Forest 7,193.20 32.17 7,312.00 32.40 7477.01 33.43 7,489.26 33.44

Grassland 10,222.26 45.71 10,352.27 45.87 10,181.71 45.52 10,188.37 45.49

Wetland 371.43 1.66 383.54 1.70 348.94 1.56 359.66 1.61

Cultivated land 2,969.03 13.28 2,918.64 12.93 2,671.66 11.94 2,659.78 11.88

Cities 109.32 0.49 118.56 0.53 131.50 0.59 140.64 0.63

Desert 1,484.10 6.64 1,471.39 6.52 1,547.69 6.92 1,547.25 6.91

Glacial 11.95 0.05 11.86 0.05 10.55 0.05 10.59 0.05

Total 22,361.29 100.00 22,568.27 100.00 22,369.07 100.00 22,395.55 100.00

https://doi.org/10.1371/journal.pone.0240272.t005
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of secondary ecosystems to cover the main ecosystem types in Gansu Province more compre-

hensively. This reflected the differences between the types of ecosystems, and highlighted the

importance of ESV.

In different regions, the same ecosystem type provides different ES and their value to

humans are quite different. Therefore, the value equivalent factor of Costanza et al. [5] and Xie

et al. [3] has been improved by scholars by introducing factors that reflect regional differences,

such as NPP, biomass, vegetation coverage, and soil erosion. However, these factors can only

reflect regional differences in the main types of ES functions, which are mainly driven by natu-

ral factors. It is even more difficult to truly reflect differences in ecological service functions in

regions with complex ecological environment characteristics and socioeconomic conditions,

such as Gansu Province. In this study, first, the correction index of the value equivalent factor

per unit area was constructed. We converted the equivalent factors on the national average

level provided by Xie et al. [3] to an average level in Gansu Province, calculated the average

level of some of the equivalent factors in Gansu Province, and then converted the equivalent

factors in the average level in Gansu Province to a level with significant regional differences by

constructing the regional difference adjustment index of each ES function type. In the process

of regional difference conversion, the differences in ecological environment quality, resource

Fig 5. ESV change distribution map for each town from 2000 to 2015 in Gansu Province.

https://doi.org/10.1371/journal.pone.0240272.g005
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endowment, and economic and social development of the different regions were fully consid-

ered, thereby more accurately reflecting the ecological well-being of residents in different

regions, and the degree of damage to the local ecological environment and resources.

Errors in the value evaluation model

The accurate construction of the equivalent factor table is the core of the equivalent factor

method. In the process of improving the equivalent factor table of Xie et al. [3], this study inte-

grated evaluation results from the literature based on the physical quantity method in Gansu

Province or other regions in China. This can avoid or reduce subjective conjecture, which is

easily caused by empiricism from the past. The accuracy of the research results in the literature

on different ES types affects the size of the equivalent factor in this study. Considering the lack

of complete research results on the different ecosystems or ecological service functions in

Gansu Province, the ecological service functions of some ecosystem types are investigated

based on available research results from other regions in China. This has led to a certain

amount of uncertainty in this study. Future research needs to quantitatively calculate the phys-

ical quantity of ecosystem types or ecological service functions that are not currently available

in the literature, and then determine the equivalent factor to improve the results of this study.

Reliability of value evaluation models

ESV assessment has been studied extensively in other regions of China, whereas there are few

related studies on ESV in Gansu Province. The existing research focuses on the value of a sin-

gle ecosystem service on a provincial scale [29,34,81], and the calculation method of unit area

value is the main method. Research on provincial integrated ESV is almost non-existent at

present [83]. The value of forest ecosystem services was 747.70 billion yuan in this study. How-

ever, this study does not consider the difference in people’s willingness to pay, and their ability

to pay, for ESV caused by social development. By including the willingness and ability to pay,

the value of forest ecosystem services was 1,971.23 billion yuan in 2010, which is closer to the

official release of service value of the forest ecosystem (2,007.97 billion yuan in 2011), and the

service value of the forest ecosystem assessed by Wang et al. [27] (2,163.86 billion yuan in

2009) and Wang et al. [82] (1,802.37 billion yuan in 2008). There was, however, a big differ-

ence between the ESV evaluated in Gansu Province by Qi [83] and the ESV in this study. The

value per unit area was only 98.57 billion yuan in 2010 [83] by using the value calculation

method per unit area, resulting in a significantly smaller value.

Conclusions

Based on the characteristics of ecosystems in Gansu Province, this study developed a revised

index based on an increase in some ecosystem equivalent factors, and revised the equivalent

factors studied by Xie et al. [3] to form an equivalent factor table in line with ecosystem service

valuation in Gansu Province specifically. Eleven regional difference adjustment indices to

readjust the value of different service functions were then constructed. The regional difference

assessment model constructed in this study distinguished the regional differences in similar

ecosystem services to evaluate the ESV in Gansu Province more objectively. The main conclu-

sions are as follows:

1. The desert ecosystem type covers the largest area in Gansu Province, followed by grassland,

arable land, and forest ecosystems, and the remaining ecosystems account for only a small

part. Desert is mostly located in northern Gansu. Grasslands are mainly located in the Gan-

nan Plateau, Longzhong, and Longdong. Cultivated land is mainly located in Longzhong
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and Hexi Corridor, and forests are mainly located in Longnan, Ziwuling, and the Qilian

Mountains.

2. From 2000 to 2015, the grassland ecosystem area increased the most, whereas the cultivated

land ecosystem area decreased the most. Forest, grassland, and urban ecosystems in Gansu

Province continue to increase. Cultivated land ecosystems continue to decrease. Although

wetlands and glacial ecosystems have increased over the past 15 y, they have decreased over

the long term. The number of desert ecosystems has increased.

3. In 2015, the total ESV for Gansu Province reached 2,239.56 billion yuan, to which the forest

and grassland ecosystems contributed the most. In terms of the value of each service func-

tion of the ecosystem, the local climate regulation and biodiversity maintenance functions

are the main service functions in the province. Regarding the spatial distribution of service

values, ESV gradually increases from northeast to southwest, and the areas with high ESV

concentrations are Qilian and Longnan Mountains.

4. From 2000 to 2015, ESV increased by 3.43 billion yuan in Gansu Province. The value of for-

est ecosystems increased the most, whereas the value of grassland ecosystems decreased the

most, showing a trend of increasing first, then decreasing, and then slowly increasing again.

The value of forest and urban ecosystems continues to increase, and the value of cultivated

land ecosystems continues to decrease. From the spatial characteristics of ESV changes,

areas with reduced values gradually move from central Gansu to the surrounding areas.

Supporting information

S1 Data.

(ZIP)

Acknowledgments

We are also grateful for the comments and criticisms of an early version of this manuscript by

our colleagues and the journal’s reviewers. Acknowledgement for the data support from

"National Earth System Science Data Center, National Science & Technology Infrastructure of

China. (http://www.geodata.cn)".We would like to thank Editage (www.editage.cn) for English

language editing.

Author Contributions

Funding acquisition: Jian Wang.

Methodology: Xiaojiong Zhao.

Project administration: Jian Wang.

Validation: Junde Su.

Writing – original draft: Xiaojiong Zhao, Junde Su.

Writing – review & editing: Wei Sun.

References
1. Lu CX, Xie GD, Xiao Y, Yu YJ. Ecosystem diversity and economic valuation of Qinghai-Tibet Plateau.

Acta Ecologica Sinica; 2004; 24(12): 2740–2756. https://doi.org/10.1088/1009-0630/6/5/011

PLOS ONE Evaluation method of ecosystem service value

PLOS ONE | https://doi.org/10.1371/journal.pone.0240272 February 5, 2021 21 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240272.s001
http://www.geodata.cn/
http://www.editage.cn/
https://doi.org/10.1088/1009-0630/6/5/011
https://doi.org/10.1371/journal.pone.0240272


2. Daily GC. The value of nature and the nature of value. Science; 2000; 289: 395–396. https://doi.org/10.

1126/science.289.5478.395 PMID: 10939949

3. Xie GD, Zhang CX, Zhang LM, Chen WH, Li SM. Improvement of the Evaluation Method for Ecosystem

Service Value Based on Per Unit Area. Journal of Natural Resources; 2015; 30(8): 1243–1254. https://

doi.org/10.11849/zrzyxb.2015.08.001

4. Leemans HBJ, Groot RSD. Millennium ecosystem assessment: Ecosystems and human well-being: a

frame work for assessment. PhysicsTeacher; 2003; 34(9): 534–534. https://doi.org/10.1119/1.

2344558

5. Costanza R, d’Arge R, de Groot R, Farber S, Grasso M, Hannon B, et al. The value of the world’s eco-

system services and natural capital. Nature; 1997; 387: 253–260. https://doi.org/10.1016/S0921-8009

(98)00020-2

6. Daily GC, Natures service: social dependence on natural ecosystems. Washington D C; 1997.

7. Sun J. Research advances and trends in ecosystem services and evaluation in China. Procedia Envi-

ronmental Sciences; 2011; 10: 1791–1796. https://doi.org/10.1016/j.proenv.2011.09.280

8. Zhang B, Li WH, Xie GD. Ecosystem services research in China: Progress and perspective. Ecological

Economics; 2010; 69(7): 1389–1395. https://doi.org/10.1016/j.ecolecon.2010.03.009

9. Shi Y, Wang RS, Huang JL, Yang WR. An analysis of the spatial and temporal changes in Chinese ter-

restrial ecosystem service functions. Chinese Science Bulletin; 2012; 57(17): 2120–2131. CNKI:SUN:

KXTB.0.2012-09-007.

10. Yu ZY, Bi H. The key problems and future direction of ecosystem services research. Energy Procedia;

2011; 5: 64–68. https://doi.org/10.1016/j.egypro.2011.03.012

11. Ouyang ZY, Zheng H, Xiao Y, Polasky S. Improvements in ecosystem services from investments in nat-

ural capita. Science; 2016; 352(6292): 1455–1459. https://doi.org/10.1126/science.aaf2295 PMID:

27313045

12. Cao W, Li R, Chi X, Chen N, Chen J, Zhang H. Island urbanization and its ecological consequences: a

case study in the Zhoushan Island,East China. Ecological Indicators; 2017; 76:1–14. https://doi.org/10.

1016/j.ecolind.2017.01.001

13. Li BJ, Chen DX, Wu SH, Zhou SL. Spatio-temporal assessment of urbanization impacts on ecosystem

services: case study of Nanjing City, China. Ecological Indicators; 2016; 71: 416–427. https://doi.org/

10.1016/j.ecolind.2016.07.017

14. Li L, Wang XY, Luo L, Ji XY, Zhao Y, Zhao YC, et al. A systematic review on the methods of ecosystem

services value assessment. Chinese Journal of Ecology; 2018; 37(4): 1233–1245. https://doi.org/10.

13292/j.1000-4890.201804.031

15. Boithias L, Terrado M, Corominas L, Ziv G, Kumar V, Marqués M, et al. Analysis of the uncertainty in

the monetary valuation of ecosystem services-a case study at the river basin scale. Science of the Total

Environment; 2016; 543(Pt A): 683–690. https://doi.org/10.1016/j.scitotenv.2015.11.066 PMID:

26615486

16. Richardson L, Loomis J, Kroeger T, Casey, F. The role of benefit transfer in ecosystem service valua-

tion. Ecological Economics; 2015; 115: 51–58. https://doi.org/10.1016/j.ecolecon.2014.02.018

17. Costanza R, Groot RD, Sutton P, Ploeg SVD, Anderson SJ, Kubiszewski I, et al. Changes in the global

value of ecosystem services. Global Environmental Change; 2014; 26: 152–158. https://doi.org/10.

1016/j.gloenvcha.2014.04.002

18. Xie GD, Lu CX, Zheng D, Li SC. Ecological assets valuation of the Tibetan Plateau. Journal of Natural

Resources; 2003; 18(2): 189–196. https://doi.org/10.3321/j. issn: 1000–3037. 2003.02.010

19. Xie GD, Zhen L, Lu CX, Xiao Y, Chen C. Expert knowledge based valuation method of ecosystem ser-

vices in China. Journal of Nature Resources; 2008; 23(5): 911–919. https://doi.org/10.11849/zrzyxb.

2008.05.019

20. Boyle KJ, Bergstrom JC. Benefit transfer studies: myths, pragmatism, and idealism. Water Resources

Research; 1992; 28(3): 657–663. https://doi.org/10.1029/91wr02591

21. Loomis JB, Rosenberger RS. Reducing barriers in future benefit transfers: needed improvements in pri-

mary study design and reporting. Ecological Economics; 2006; 60(2): 343–350. https://doi.org/10.

1016/j.ecolecon.2006. 05.006

22. Sharp R, Tallis HT, Rickett T. InVEST+VERSION+User’s guide. The natural capital project, Stanford

university, university of Minnesota, the nature conservancy, and World Wildlife Fund [EB/OL]. (2013-

03-05)[2018-04-05]. http://data.natura/capita/project.org/night/y-build/release_dufault/release_default/

documentation/; 2013.

23. Sun X, Crittenden JC, Lif, Lu ZG, Dou XL. Urban expansion simulation and the spatio-temporal changes

of ecosystem services, a case study, in Atlanta Metropolitan area, USA. Science of the Total Environ-

ment; 2018; 622: 974–987. https://doi.org/10.1016/j.scitotenv.2017.12.062 PMID: 29890614

PLOS ONE Evaluation method of ecosystem service value

PLOS ONE | https://doi.org/10.1371/journal.pone.0240272 February 5, 2021 22 / 25

https://doi.org/10.1126/science.289.5478.395
https://doi.org/10.1126/science.289.5478.395
http://www.ncbi.nlm.nih.gov/pubmed/10939949
https://doi.org/10.11849/zrzyxb.2015.08.001
https://doi.org/10.11849/zrzyxb.2015.08.001
https://doi.org/10.1119/1.2344558
https://doi.org/10.1119/1.2344558
https://doi.org/10.1016/S0921-8009%2898%2900020-2
https://doi.org/10.1016/S0921-8009%2898%2900020-2
https://doi.org/10.1016/j.proenv.2011.09.280
https://doi.org/10.1016/j.ecolecon.2010.03.009
https://doi.org/10.1016/j.egypro.2011.03.012
https://doi.org/10.1126/science.aaf2295
http://www.ncbi.nlm.nih.gov/pubmed/27313045
https://doi.org/10.1016/j.ecolind.2017.01.001
https://doi.org/10.1016/j.ecolind.2017.01.001
https://doi.org/10.1016/j.ecolind.2016.07.017
https://doi.org/10.1016/j.ecolind.2016.07.017
https://doi.org/10.13292/j.1000-4890.201804.031
https://doi.org/10.13292/j.1000-4890.201804.031
https://doi.org/10.1016/j.scitotenv.2015.11.066
http://www.ncbi.nlm.nih.gov/pubmed/26615486
https://doi.org/10.1016/j.ecolecon.2014.02.018
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.1016/j.gloenvcha.2014.04.002
https://doi.org/10.3321/j. issn%3A 1000%26%23x2013%3B3037. 2003.02.010
https://doi.org/10.11849/zrzyxb.2008.05.019
https://doi.org/10.11849/zrzyxb.2008.05.019
https://doi.org/10.1029/91wr02591
https://doi.org/10.1016/j.ecolecon.2006. 05.006
https://doi.org/10.1016/j.ecolecon.2006. 05.006
http://data.natura/capita/project.org/night/y-build/release_dufault/release_default/documentation/
http://data.natura/capita/project.org/night/y-build/release_dufault/release_default/documentation/
https://doi.org/10.1016/j.scitotenv.2017.12.062
http://www.ncbi.nlm.nih.gov/pubmed/29890614
https://doi.org/10.1371/journal.pone.0240272


24. Paracchini M L, Zulian G, Kopperoinen L, Maes J, Schaegner J P, Termansen M, et al. Mapping cultural

ecosystem services: a framework to assess the potential for outdoor recreation across the EU. Ecologi-

cal Indicators; 2014; 45(5): 371–385. https://doi.org/10.1016/j. ecolind.2014. 04. 018

25. Ma FJ, Liu JT, Eneji AE. A review of ecosystem services and research perspectives. Acta Ecologica

Sinica; 2013; 33(19): 5963–5972. https://doi.org/10.5846/stxb201306071398

26. Chen Y, Li JF, Xu J. The impact of socio-economic factors on ecological service value in Hubei Prov-

ince: A geographically weighted regression approach. China Land Science; 2015; 29(6):89–96. https://

doi.org/10.13708/j.cnki.cn11-2640.2015.06.012

27. Ma J, Ma P, Li CX, Peng Y, Wei H. Temporal and spatial variation of ecosystem service value in the

three gorges reservoir region (Chongqing Section) based on land use. Scientia Silvae Sinicae; 2014;

50(5):17–26. https://doi.org/10.11707/j.1001-7488.20140503

28. Hu HB, Liu HY, Hao JF, An J. Spatio-temporal variation in the value of ecosystem services and its

response to land use intensity in an urbanized watershed. Acta Ecologica Sinica; 2013; 33(8): 2565–

2576. https://doi.org/10.5846/stxb201201100048

29. Zhang C, Ren ZY, Gao MX, Yan WH. The forest ecosystem services and their valuation in Gansu Prov-

ince. Journal of Arid Land Resources and Environment; 2007; 21(8): 147–151.

30. Wang SL, Liu XD, Wang JH, Li XB, Zhao ZQ. Soil conservation and value assessment of forest ecosys-

tem in Gansu Province. Journal of Soil and Water Conservation; 2011; 5: 35–39. CNKI:SUN:

TRQS.0.2011-05-009.

31. Guo XN, Qi Y, Wang J, Liu BK, Wang FK, Chen ZH, et al. The research of forest ecosystem and their

valuation of Gansu Province based on remote sensing and GIS. Remote Sensing Technology and

Application; 2009; 2: 217–222. https://doi.org/10.11873/j.issn.1004-0323.2009.2.217

32. Shu C, Zhang LB. Ecosystem service value assessment research based on GIS and remote sensing

technology. Geomatics & Spatial Information Technology; 2015; 1: 30–32, 36. https://doi.org/10.3969/j.

issn.1672-5867.2015.01.009

33. Wang J, Qi Y, Chen ZH. Modeling dynamic assessment on ecosystem services based on remote sens-

ing technology-A case study on Gansu grassland ecosystem. Journal of Glaciology and Geocryology;

2010; 6: 514–521. https://doi.org/10.3724/SP.J.1226.2010.00514

34. Zhao HY, Chen Y, Yang J, Pei TT. Ecosystem service value of cultivated land and its spatial relationship

with regional economic development in Gansu Province based on improved equivalent. Arid Land

Geography; 2018; 4: 851–858. https://doi.org/10.12118/j.issn.1000-6060.2018.04.22

35. Liu J, Kuang W, Zhang Z, Xu XL, Qin YW, Ning J, et al. Spatiotemporal characteristics, patterns and

causes of land use changes in China since the late 1980s. Journal of Geographical Sciences; 2014; 69:

3–14.

36. De Groot RS, Alkemade R, Braat L, Hein L, Willemen L.Challenges in integrating the concept of ecosys-

tem services and values in landscape planning, management and decision making. Ecological Com-

plexity; 2010; 7(3): 260–272. https://doi.org/10.1016/j. ecocom. 2009.10.006

37. MA (Millennium ecosystem assessment). Millennium ecosystem assessment: Living beyond our

means-natural assets and human well-being world resources institute,Washington DC; 2005.
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