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Abstract 

The ecological threshold has not yet formed a unified definition, and there is no 

definition for “the threshold of the supply and demand of ecosystem services (TrSD)”, 

leading to no limitation of the negative impact of production and life behavior on the 

supply and demand of ecosystem services. This study defined and set TrSD, and 

took Urumqi as an example to carry out a case study. Firstly, the concept of TrSD was 

elaborated referred to multiple definitions of the ecological threshold based on “the 

difference between the supply and demand of ecosystem services (ESr)”. Then, the 

geographical simulation and optimization system- future land use simulation  

(GeoSOS-FLUS) software was used to simulate future land use. After that, the Land 

Use and Land Cover (LULC) matrix model was applied to calculate ESr. Finally, the 

TrSD was determined via the inflection point analysis of ESr. This study concludes that 

the proposed TrSD and its systematic calculation method are innovative and rational. 

The results can be used for ecosystem service management and ecological valua-

tion, which helps the sustainability progress of the global.

1  Introduction

Ecosystem service was first proposed by Holden and Ehrlich in 1974 and defined 
by the Millennium Ecosystem Assessment as the benefits provided by ecosystems 
to humans [1]. In the process of social development, human demand for economy 
and ecosystem services is increasing. However, the supply of ecosystem services is 
limited, which means there may be a mismatch between the supply and demand of 
ecosystem services.

Ecosystem resilience is the capacity of an ecosystem to maintain its key functions 
and reorganize following disturbance. When the resilience of an ecosystem is suffi-
ciently degraded due to disturbances, the system will transition from an ideal state 
to a high-risk state, leading to the emergence of ecological thresholds [2]. In the 

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0339122&domain=pdf&date_stamp=2026-02-02
https://doi.org/10.1371/journal.pone.0339122
https://doi.org/10.1371/journal.pone.0339122
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8738-737X
mailto:04150@tongji.edu.cn


PLOS One | https://doi.org/10.1371/journal.pone.0339122  February 2, 2026 2 / 20

context of ecological thresholds, even minor changes in disturbance can cause shifts 
in ecosystem states [3]. In nature, ecological thresholds primarily exist in two forms: 
“points” and “zones.” Simply put, a “point” threshold describes an immediate condi-
tion, such as a species on the brink of extinction, while a “zone” threshold depicts the 
transformation process of ecosystem states [4]. Due to stresses from both internal 
and external factors, ecosystems undergo changes in structure and function. Once 
these stresses exceed certain thresholds, significant changes in ecosystem states 
occur [5]. Therefore, ecological thresholds are particularly important for environmen-
tal management and sustainable development.

Ecological threshold describes the process by which quantitative change leads 
to a qualitative change in ecosystems, it is an important indicator of urban planning. 
The Threshold Alliance listed nearly 50 different definitions of “ecological thresholds” 
based on studies such as the state of different ecosystems [6]. For example (shown 
in Table 1), the carrying capacity of the ecosystem mainly emphasized the stress of 
all biological and human activities in the area carried by the ecosystem [7]. The plan-
etary boundary sets the safety boundary of key biophysical processes for the earth 
system [8,9]. Tang et al. [10] consider ecological thresholds as the critical values that 
cause divergence or abrupt changes in ecosystem processes or states. The abrupt 
changes in ecosystems stem from the accumulation of changes in resource and envi-
ronmental factors during the evolution of ecosystems or the occurrence of extreme 
events, manifesting as a turning point in the changes of ecosystem structure and 
function [11]. Overall, current research lacks an analysis of the concept of “threshold” 
and its setting from the perspective of ecosystem service supply and demand, failing 
to provide guidance for controlling the balance between ecosystem service supply 
and demand.

To address the potential ecological risks resulting from the lack of threshold set-
tings for the supply-demand imbalance of ecosystem services, this study propose 
the concept of the threshlod of the supply and demand of ecosystem services (TrSD) 
(All abbreviations are listed in Table 2). This study tries to define and set TrSD based 
on “the difference between the supply and demand of ecosystem services (ESr)” to 
maintain the continuous surplus of the supply and demand of ecosystem services 
and promote eco-friendly development. To set TrSD, the changes in ESr should be 
identified, and future land use should be predicted first for ESr calculation.

Regarding future land use and land cover prediction, cellular automata-Markov 
(CA-Markov), future land use simulation (FLUS) [12], geographical simulation and 
optimization system-future land use simulation (GeoSOS-FLUS), and conversion 
of land use and its effects at small region extent (CLUE-S) [13] are used for future 
land use prediction. Among them, GeoSOS-FLUS integrates CA-Markov and FLUS 
models, which can predict land use data (top-down quantitative simulation) and sim-
ulate the spatial distribution of land use (bottom-up spatial simulation) [14,15]. What’s 
more, it predicts future land use based on several driving factors, which can effec-
tively deal with the common uncertainty of human activities and nature [16].

Regarding the evaluation of the supply and demand of ecosystem services, 
there are several methods proposed in research works, such as the land use 
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and land cover (LULC) matrix model, integrated valuation of ecosystem services and trade-offs (InVEST), ecological 
footprint (EF), ecosystem services provision Index (ESPI), and land development index (LDI). Among them, the LULC 
matrix model can calculate the supply and demand of ecosystem services simultaneously, which only requires data on 
land use and the intensities of ecosystem services. The LULC matrix model establishes an ecosystem services’ sup-
ply matrix and an ecosystem services’ demand matrix to quantify the supply and the demand of ecosystem services, 
respectively. [17,18].

At present, the determination method of ecological thresholds mainly contains the experimental observation [2,19–21], 
the numerical model simulation [4,22], and the statistical analysis [23]. The inflection point analysis is a kind of statistical 

Table 1.  Different meanings of ecological thresholds.

Name Meaning

The carrying capacity of the ecosystem Emphasized the stress of all biological and human 
activities in the area carried by the ecosystem

The planetary boundary (environmental damage 
threshold)

The safety boundary of key biophysical processes 
for the earth system

Ecological thresholds The critical values that cause divergence or abrupt 
changes in ecosystem processes or states

The threshold of the supply and demand of ecosys-
tem services

The safety limit of the difference between the sup-
ply and demand of ecosystem services

https://doi.org/10.1371/journal.pone.0339122.t001

Table 2.  Main abbreviations.

Abbreviation Interpretation

TrSD the threshold of the supply and demand of ecosystem services

ESr the difference between the supply and demand of ecosystem services

GeoSOS-FLUS the geographical simulation and optimization system- future land use simulation

LULC matrix Land Use and Land Cover matrix

ESs the supply of ecosystem service

ESd the demand for ecosystem services

RSD the matching degree of ecosystem services supply and demand

CSD the coordination of ecosystem services supply and demand

ESr0 the value of ESr at the tipping point of the difference between the supply and 
demand of ecosystem services

BS basic scenario

E
n
F economy-first scenario

E
s
F ecology-first scenario

SD sustainable development scenario

i the classification of ecosystem services

j LULC type

kjs the intensities of the supply of ecosystem services corresponding to the specific 
LULC type

Sj the area of the specific LULC type

kjd the intensities of the demand for ecosystem services corresponding to the 
specific LULC type

f(x) function of ESr

(x0, f(x0)) the inflection point

https://doi.org/10.1371/journal.pone.0339122.t002

https://doi.org/10.1371/journal.pone.0339122.t001
https://doi.org/10.1371/journal.pone.0339122.t002
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analysis tool, and is usually used for data analysis in the field of finance, energy consumption, internet business, etc. It is 
easy to operate and has a great application possibility in the field of ecological researches.

According to the above, this study mainly intends to define TrSD based on the supply and demand of ecosystem ser-
vices and propose a systematic method of TrSD determination based on ESr, giving suggestions for land planning. Regard-
ing TrSD determination, this study works in three steps: a) Obtain and predict land use/ land change data of the study area; 
b) Modify the intensities of LULC matrix and calculate ESr; c) Set TrSD via the inflection point analysis of ESr. The frame-
work of this study is shown in Fig 1.

Display the framework of the study and the structure of the article.
In this study, Section 2 contains the definition of TrSD, and the methods of determining TrSD. Section 3 presents 

the results of the case study. Section 4 makes discussions on the definition, results, and methods. Section 5 is the 
conclusions.

2  Case and methods

This section contains four parts. Section 2.1 and Section 2.2 introduces the basic information of the case city and data 
sources, respectively. Section 2.3 expresses the definition of TrSD. Section 2.4 introduces the methods for TrSD determi-
nation, including the GeoSOS-FLUS model (future land use prediction), LULC matrix model with modified ecosystem 
services’ intensities (ESr evaluation), and inflection point analysis of ESr.

Fig 1.  Research Framework.

https://doi.org/10.1371/journal.pone.0339122.g001

https://doi.org/10.1371/journal.pone.0339122.g001
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2.1  Study area

Urumqi (86°37′33″-88°58′24″E, 42°45′32″-44°08′00″N) is located in northwest China and is the capital of Xinjiang Uygur 
Autonomous Region, shown in Fig 2. Urumqi is the central area of the core area of the Silk Road Economic Belt, sur-
rounded by mountains on three sides, with a variety of land cover forms and has unique energy resource advantages 
as well as rich animal and plant resources. Table 3 displays the situation of land use in Urumqi in the past few years. 
However, Urumqi belongs to an arid area with little precipitation and faces ecological security threats such as ecological 
sensitivity and fragility due to historical factors. In recent years, the economy and urbanization process of Urumqi has 
developed rapidly. Strengthening ecological environmental protection and optimizing construction while striving to develop 
a social economy is the top priority of Urumqi’s current development. It has been emphasized that the development of 
Urumqi shall adhere to the strategy of sustainable development, continuously improve the ecological environment, and 
comprehensively improve the quality of the ecosystem. Therefore, from the perspective of development goals and ecolog-
ical protection, this study chose Urumqi City as the case area.

The simple map of the case area.

Fig 2.  Case area.

https://doi.org/10.1371/journal.pone.0339122.g002

https://doi.org/10.1371/journal.pone.0339122.g002
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2.2  Data sources

The thesis collected remote sensing images of land monitoring, digital elevation model, and another necessary data from 
different resources. The details were shown in Table 4. The availiblity of these data resources were explained in the file 
“Supporting information”.

2.3  Definition of the threshold of the supply and demand of the ecosystem services

The supply and demand of ecosystem services change with human actives and ecosystem activities. According to the 
general concept of threshold, TrSD refers to the state in which the difference between the supply and demand of 
ecosystem services arrives at a tipping point. Within TrSD, the ecosystem provides sustainable ecosystem services 
with no significant jump in ESr, the supply of ecosystem services can maintain stable demand for ecosystem services, and 
the supply of ecosystem services is in good coordination with the demand for ecosystem services.

The ESr can be calculated by the following equation:

	 ESr = ESs – ESd	 (2.1)

Among them, ESs represents the supply of ecosystem service, ESd represents the demand for ecosystem services. The 
calculation of ESs and ESd are introduced in Section 2.4.2. A positive value of ESr indicates that supply exceeds demand, 

Table 3.  Historical land use data of Urumqi (Unit: square kilometers).

Year 1990 1995 2000 2005 2010 2015 2020

Farmland 1014.1137 965.4651 898.3278 938.6532 902.0043 762.6168 671.9607

Forest 457.8345 480.3363 494.3088 519.345 539.8011 554.2569 567.7992

Shrub 0.0342 0.0675 0.0054 0.0054 0.0045 0.0045 0.0792

Grassland 7306.6644 7368.8661 7457.0211 7176.8961 7024.5261 7036.6941 6842.4147

Water area 65.1339 72.6219 83.9439 94.1877 102.6702 92.2356 95.5413

Snow and ice 176.6592 211.9068 189.2358 178.5447 190.1142 217.9206 204.5385

Bare land 5052.9771 4917.879 4843.5417 5019.4647 5100.1209 5147.1288 5381.7273

Impervious surface 133.8003 190.08 240.8427 280.1295 347.9841 396.3591 443.1519

Wetland 0.0117 0.0063 0.0018 0.0027 0.0036 0.0126 0.0162

https://doi.org/10.1371/journal.pone.0339122.t003

Table 4.  Data resources.

Data Resources

Remote sensing images of land monitoring The years 1990, 1995, 2000, 2005, 2010, 2015, and 2020 
[Jie Yang, & Xin Huang. (2022). The 30 m annual land 
cover datasets and its dynamics in China from 1990 to 
2021 (1.0.0).]. The precision of remote sensing is 30m.

Digital elevation model (DEM) RESDC (https://www.resdc.cn/)

Grids of people, annual precipitation, annual tem-
perature, and gross domestic product (GDP)

Grids of road nets and water National Catalogue service for geographic information 
(https://www.webmap.cn/commres.do?method=result25W)

Other social and economic data National Data (https://data.stats.gov.cn/)

The statistical yearbook for the corresponding year

https://doi.org/10.1371/journal.pone.0339122.t004

https://doi.org/10.1371/journal.pone.0339122.t003
https://www.resdc.cn/
https://www.webmap.cn/commres.do?method=result25W
https://data.stats.gov.cn/
https://doi.org/10.1371/journal.pone.0339122.t004
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which means a surplus of ecosystem services, while a negative value indicates that supply is less than demand, which 
means an ecosystem services deficit.

Referring to Sun’s [24], Guan’s [25], and Chen’s [26] research works on the association and coordination of ecosystem 
services supply and demand, this study listed the calculation methods of the ratio and coordination of ecosystem services 
supply and demand.

RSD refers to the matching degree of ecosystem services supply and demand. It can be calculated by:

	
RSD =

ESs
ESd	 (2.2)

RSD > 1 means the ecosystem service supply can maintain stable demand for ecosystem services, and the relationship 
between the supply and demand of ecosystem services is stable and harmonious. RSD = 1 indicates that the supply and 
demand of ecosystem services are saturated. RSD < 1 means that the supply of ecosystem services cannot maintain stable 
demand for ecosystem services, resulting in a conflict between supply and demand [27].

CSD means the coordination of ecosystem services supply and demand. It can be calculated by:

	

CSD =

√√√√√√


 ESs × ESd(

ESs+ESd
2

)2




	 (2.3)

To ensure the coordination of the supply and demand of ecosystem services, the value of CSD shall be larger than 0.5. 
CSD > 0.8 means the state of the supply and demand of ecosystem services is well [28].

Within TrSD, it should satisfy the equation:

	
TrSD = ESr0,

{
ESr0 > 0;

CSD ≥ 0.5, RSD ≥ 1.	 (2.4)

Among them, ESr0 is the value of ESr at the tipping point of the difference between the supply and demand of ecosystem services.

2.4  Methods

According to Section 2.3, the changes in ESr shall be identified to determine TrSD. Thus, the calculation of ESr shall be 
conducted. Regarding future ESr calculation, future land use shall be predicted first. This study proposed a TrSD determina-
tion method based on its definition and the supply and demand of ecosystem services, including three steps:

Step 1: Build different future development scenarios, and predict future land use change via GeoSOS-FLUS.
Step 2: Calculate the supply and demand of ecosystem services via the modified LULC matrix model.
Step 3: Make an inflection point analysis on ESr, and determine TrSD according to the results of inflection point analysis.
2.4.1  Future land use prediction.  The socio-economic development changes, the development of industry and 

agriculture, as well as urbanization processes drive changes in land use. This study established four development 
scenarios for future land use [13,15,16,29]: basic scenario (BS), economy-first scenario (E

n
F), ecology-first scenario (E

s
F), 

and sustainable development scenario (SD), as Fig 3 shows.
Explain four development scenarios for future land use: basic scenario (BS), economy-first scenario (E

n
F), ecology-first 

scenario (E
s
F), and sustainable development scenario (SD).

This study took use of the GeoSOS-FLUS model to predict future land use in different scenarios. The model contains 
four modules, shown in Fig 4 [13,16]. Appendix A shows the details of the modules of the GeoSOS-FLUS model S2 File.
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The modules and their functions of the GeoSOS-FLUS model.
The deficit operation of GeoSOS-FLUS model was presented by the following five steps, shown in Fig 5. The details of 

the deficit operation to predict future lande use can be seen in Appendix B S2 File.
The five steps of the GeoSOS-FLUS model for predicting future land use.

Fig 3.  Future development scenarios.

https://doi.org/10.1371/journal.pone.0339122.g003

Fig 4.  GeoSOS-FLUS modules.

https://doi.org/10.1371/journal.pone.0339122.g004

https://doi.org/10.1371/journal.pone.0339122.g003
https://doi.org/10.1371/journal.pone.0339122.g004
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Fig 5.  Steps of GeoSOS-FLUS’s operation.

https://doi.org/10.1371/journal.pone.0339122.g005

https://doi.org/10.1371/journal.pone.0339122.g005
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2.4.2  Quantification of ecosystem services. 

a)	 Intensities’ modification of LULC matrix

In Burkhard’s studies [17,18,30], the land use types were similar to Coordination of Information on the Environment 
(CORINE), which was different from this study. The intensities of the supply and demand of ecosystem services in the 
LULC matrix are related to land use. To reduce the degree of inaccurate results caused by the difference, the study should 
modify the intensities of ecosystem services for the LULC matrix model.

Based on land use types and ecosystem service function types in this study, the intensities of the LULC matrix were 
modified by comparing and referring to the relevant articles [17,18,24,25,30,31]. The detailed processes are as follows, 
the same as that in Deng et al’s research [27].

Step 1: Compare the differences in the chosen ecosystem services. Firstly, ascertain the content of provisioning ser-
vices, regulating services, and cultural services in this study, respectively. Then, compare the contents of this study with 
that of Wu’s [32], Burkhard’s [17,18,30], Sun’s [24], and Tao’s [31] research works.

Step 2: Analyze LULC types, and establish the LULC matrix model. After the implementation of step 1, compare the 
LULC types of different land cover systems to collect the intensities of ecosystem services.

Step 3: Modify the intensities of ecosystem services. Based on step 2, take the average value of the similarity or same 
intensities shown in Wu’s [32], Burkhard’s [17,18,30], Sun’s [24], and Tao’s [31] researches. The mean values of the calcu-
lation are the intensities of the corresponding ecosystem services supply and demand in the LULC matrix. The supply- 
demand intensities of ecosystem services were calculated by subtracting the intensities of the supply matrix and the  
intensities of the demand matrix. The results are shown in Table 5.

b)	LULC Matrix calculation

To determine the threshold of the supply and demand of ecosystem services, the first is to assess ESr. LULC matrix model 
makes use of local LULC, with no need for more data, which is more available for this study. The detailed calculations of 
the supply and demand of ecosystem services are as follows.

The supply of ecosystem services:

	
ESs =

3∑
i=1

9∑
j=1

Sj × kjs
	 (2.5)

Table 5.  The intensities of the supply matrix [1], demand matrix [2], and the difference between the supply matrix and demand matrix [3] of 
ecosystem services.

Provisioning services Regulating services Cultural services Total 1 Total 2 Total 3

1 2 3 1 2 3 1 2 3

Farmland 9.2 5.3 3.9 7.3 17 −9.7 5.5 0 5.5 22 22.3 −0.3

Forest 4.5 3 1.5 22.6 0 22.6 12.3 0 12.3 39.4 3 36.4

Shrub 5 0 5 17.5 0 17.5 5 0 5 27.5 0 27.5

Grassland 4.5 4 0.5 10.5 4 6.5 7.5 0 7.5 22.5 8 14.5

Water area 5 3 2 9.5 0 9.5 14 0 14 28.5 3 25.5

Snow and ice 5 0 5 6 0 6 10 0 10 21 0 21

Bare land 0 0 0 3 0 3 6 0 6 9 0 9

Impervious surface 2 11.5 −9.5 4.5 16.3 −11.8 2 5 −3 8.5 32.8 −24.3

Wetland 2.5 3 −0.5 6.6 0 6.6 9.4 0 9.4 18.5 3 15.5

https://doi.org/10.1371/journal.pone.0339122.t005

https://doi.org/10.1371/journal.pone.0339122.t005
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Among them, i represents the classification of ecosystem services, i = 1,2,3,..., that is, provisioning services, regulating 
services, and cultural services.j represents LULC type, j = 1,2,...,9. Sj  is the area of the specific LULC type, km2; kjs rep-
resents the intensities of the supply of ecosystem services corresponding to the specific LULC type.

The demand for ecosystem services:

	
ESd =

3∑
i=1

9∑
j=1

Sj × kjd
	 (2.6)

Among them, i represents the classification of ecosystem services,i = 1,2,3,..., that is, provisioning services, regulating 
services, and cultural services. j represents LULC type, j = 1,2,...,9. Sj is the area of the specific LULC type, km2; kjd rep-
resents the intensities of the demand for ecosystem services corresponding to the specific LULC type.

2.4.3  Inflection point analysis.  At present, statistical analysis and simulation models are common methods for 
determining thresholds [5,7]. In general, the determination of threshold mainly adopts mean analysis, inflection point 
analysis, two-eight rule, quartile analysis, and standard deviation confirmation methods. TrSD in this study is a macroscopic 
demonstration of ESr. According to the definition of TrSD in Section 2.3, its goal is to ensure the surplus of the supply and 
demand of ecosystem services. To determine TrSD is to find the tipping point of ESr. In the absence of a large amount of 
field data, the threshold can be set based on the change in the supply and demand of ecosystem services. This study 
intends to use inflection point analysis to analyze and confirm TrSD.

The inflection point is the concave and convex dividing point of a continuous and smooth function f(x) curve. Regarding 
the inflection point (x0, f(x0)), for any δ (δ > 0), it shall satisfy the equation:

	
(x0, f (x0)) ,

{
f
′′
(x0) = 0& f

′′′
(x0) ̸= 0,

f
′′
(x0 – δ)× f

′′
(x0 + δ) < 0.	 (2.7)

Among them, x represents the year, f(x) is ESr. TrSD can be regarded as the f(x0). According to the definition of TrSD, the 
tipping point of ESr is regarded as TrSD, it is used to ensure the surplus of the supply and demand of ecosystem services. 
For the function f(x) with more than one inflection point, in accordance with the principle of the primacy of ecological pro-
tection, the minimum f(x0) which satisfies the requirements listed in equation (2.4) is regarded as TrSD.

3  Results

This study predicted future land use in Urumqi via the GeoSOS-FLUS model introduced in Section 2.4.1, calculated the 
supply and demand of ecosystem services via the modified LULC matrix model introduced in Section 2.4.2, and deter-
mined TrSD via inflection point analysis of ESr introduced in Section 2.4.3. The results are presented as follows.

3.1  Future land use

According to the method introduced in Section 2.4.1, this study predicted future land use in Urumqi. This study chose 
random sampling in ANN-based probability-of-occurrence estimation, the sampling rate was 20/1000 and had 12 hidden 
layers. The demands for future land use were predicted via the Markov chain in Section 2.4.1, and the results were shown 
in Table 6.

Referring to Li’s [33], Liu’s [16], and Chen’s [34] research works, the cost matrixs of future scenarios were set and 
shown in Table 7. Regarding the weight of the neighborhood in self-adaptive inertia and competition mechanism CA, they 
were set on the condition that the result of Kappa ranged from 0.8 to 1 [35], and the result of FoM ranged from 0.01 to 0.5 
[36]. The results were shown in Table 8. The Kappa and FoM were 0.833774 and 0.102655, separately, which meant the 
simulation results in this study were credible.
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To identify long-term variation, this study predicted future land use in 2030, 2060, and 2100 via self-adaptive inertia and 
competition mechanism CA in GeoSOS-FLUS. Appendix C (including future land use of the four scenarios) displays the 
spatial distributions of future land use of Urumqi S2 File.

The land use data were calculated via ArcGIS 10.8, and the results were shown in Table 9. Under BS, the area of farm-
land will be significantly reduced, and the impervious surface will be maintained at a relatively stable level after increasing 
to a certain extent. Under E

n
F, urban expansion will continue to increase, and the proportion of impervious surfaces will 

continue to increase. Under E
s
F, the proportion of forest and grassland will increase, and some bare land and impervious 

surface will turn into farmland and green land. Under SD, the area of forest, shrub, grassland, water area and wetland will 
increase significantly, mainly from the transformation of impervious surfaces and bare land.

Table 6.  The demands of future land use (Unit: Pixels).

Future scenario Year Farmland Forest Shrub Grassland Water area Snow and ice Bare land Impervious surface Wetland

BS 2030 846347 588211 0 7408021 98950 243058 6232590 368632 1

2060 668800 571277 0 6868337 81006 288788 6964434 343168 0

2080 578816 560259 0 6543496 71592 317757 7386713 327177 0

2100 506010 549453 0 6244669 63815 345422 7764509 311931 0

E
n
F 2030 994846 660170 5 7618050 108247 242994 5564622 596848 28

2060 982883 737839 5 7358071 100785 288517 5414797 902869 45

2080 974412 781960 5 7196970 96546 317588 5317162 1101118 50

2100 965615 820636 5 7044617 92810 345730 5221287 1295058 52

E
s
F 2030 996063 660925 5 7837943 107248 243065 5564836 375696 28

2060 987424 745007 5 7889870 98971 289261 5415318 359909 45

2080 982076 796436 5 7925827 94554 319189 5317878 349795 50

2100 977058 844504 5 7962597 90874 348532 5222191 339996 53

SD 2030 1000347 662118 5 7861308 110873 212393 5565711 373026 28

2060 997835 756448 5 7940085 106330 214041 5417431 353587 47

2080 996341 819848 5 7988979 103470 215086 5320768 341261 52

2100 994976 883630 5 8035081 100737 216089 5225821 329415 56

https://doi.org/10.1371/journal.pone.0339122.t006

Table 7.  The cost matrix of future scenarios.

SD 1 2 3 4 5 6 7 8 9 ESF 1 2 3 4 5 6 7 8 9 EnF 1 2 3 4 5 6 7 8 9

1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 0 0 1 1 1 0 1 1 1 1 0 0 1

2 0 1 0 0 0 0 0 0 0 2 1 1 1 1 1 1 0 0 1 2 1 1 1 1 1 0 0 1 1

3 0 1 1 0 0 0 0 0 0 3 1 1 1 1 1 1 0 0 1 3 1 1 1 1 1 0 0 1 1

4 1 1 1 1 1 0 0 0 1 4 1 1 1 1 1 1 0 0 1 4 1 1 1 1 1 1 0 1 1

5 1 1 1 1 1 0 0 0 0 5 1 1 1 1 1 1 0 0 1 5 1 0 0 0 1 1 0 1 1

6 1 1 1 1 1 1 0 0 1 6 1 1 1 1 1 1 0 0 1 6 1 0 0 0 1 1 0 1 1

7 1 1 1 1 1 1 1 1 1 7 1 1 1 1 1 1 1 1 1 7 1 1 1 1 1 1 1 1 1

8 1 1 1 1 1 1 1 1 1 8 0 0 0 1 0 0 0 1 1 8 0 0 0 0 0 0 0 1 0

9 1 1 1 1 1 0 0 0 1 9 1 1 1 1 1 1 0 0 1 9 1 0 0 0 1 1 0 1 1

https://doi.org/10.1371/journal.pone.0339122.t007

Table 8.  The weight of the neighborhood.

Land use type Farmland Forest Shrub Grassland Water area Snow and ice Bare land Impervious surface Wetland

Weight 0.3 0.6 0.6 0.5 0.4 0.2 0.1 1 0.4

https://doi.org/10.1371/journal.pone.0339122.t008

https://doi.org/10.1371/journal.pone.0339122.t006
https://doi.org/10.1371/journal.pone.0339122.t007
https://doi.org/10.1371/journal.pone.0339122.t008
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3.2  Quantification of the supply and demand of ecosystem services

This study calculated the ESr of Urumqi in 1990, 1995, 2000, 2005, 2010, 2015, and 2020 via equations (2.4), (2.5), and 
(2.6), the results were shown in Table 10. The ESr of Urumqi decreased in recent years and it was in a surplus condition, 
which meant the supply of ecosystem services in Urumqi satisfied the demand for ecosystem services, however, the 
degree of satisfaction was in decreasing trend. A widening gap between the supply and demand of ecosystem services 
will lead to a deterioration in ecosystem health.

The ESr of future scenarios were calculated via equations (2.1), (2.5), and (2.6) as well. The results were shown 
in Table 11. It can be seen that in the scenario of SD, the ESr will be higher than that in other scenarios. This indi-
cates that to ensure ecosystem stability and security, future development is more inclined to prioritize ecological 
considerations.

Table 9.  The results of future land use (Unit: square kilometers).

Future scenario Year Farmland Forest Shrub Grassland Water area Snow and ice Bare land Impervious surface Wetland

BS 2030 761.715 571.176 0.0657 6667.219 89.055 207.0432 5523.207 387.7389 0.009

2060 601.92 569.3202 0.0702 6181.502 72.9054 259.9092 6094.008 427.5846 0.009

2080 531.684 568.2528 0.0639 5889.146 64.4328 285.9813 6439.716 427.9455 0.0063

2100 525.5172 567.5508 0.0666 5620.201 57.4335 310.8798 6698.64 426.9321 0.0081

E
n
F 2030 895.3479 594.153 0.0045 6856.259 97.4223 218.6946 5008.16 537.1632 0.0252

2060 884.5947 664.0623 0.0549 6622.25 90.7065 259.6653 4898.259 787.6035 0.0324

2080 876.9708 703.7667 0.0486 6477.269 86.8914 285.8301 4912.789 863.6364 0.027

2100 869.0535 738.5724 0.0378 6340.155 83.529 311.1579 4919.229 945.4563 0.0378

E
s
F 2030 824.0976 594.837 0.072 7054.171 96.5232 218.7585 5008.352 410.3919 0.0252

2060 858.5208 631.2915 0.0045 7100.912 89.0739 260.3349 4873.786 393.2649 0.0405

2080 864.6057 659.8467 0.0045 7133.263 85.0986 287.2701 4786.09 391.0329 0.0171

2100 868.2003 702.279 0.0045 7166.38 81.7866 313.6788 4699.972 374.9094 0.0189

SD 2030 887.7807 595.9134 0.0756 7075.222 99.7857 203.5728 5009.14 335.7234 0.0153

2060 885.5001 680.805 0.0459 7146.095 95.697 205.155 4875.688 318.2283 0.0144

2080 896.7078 729.0144 0.0045 7190.096 93.123 202.4442 4788.691 307.1349 0.0135

2100 895.4784 789.201 0.0045 7231.588 90.6633 200.5695 4703.239 296.4726 0.0126

https://doi.org/10.1371/journal.pone.0339122.t009

Table 10.  The ESr  of Urumqi in recent years.

Year 1990 1995 2000 2005 2010 2015 2020

Farmland −304.234 −289.64 −269.498 −281.596 −270.601 −228.785 −201.588

Forest 16665.18 17484.24 17992.84 18904.16 19648.76 20174.95 20667.89

Shrub 0.9405 1.85625 0.1485 0.1485 0.12375 0.12375 2.178

Grassland 105946.6 106848.6 108126.8 104065 101855.6 102032.1 99215.01

Water area 1660.914 1851.858 2140.569 2401.786 2618.09 2352.008 2436.303

Snow and ice 3709.843 4450.043 3973.952 3749.439 3992.398 4576.333 4295.309

Bare land 45476.79 44260.91 43591.88 45175.18 45901.09 46324.16 48435.55

Impervious surface −3251.35 −4618.94 −5852.48 −6807.15 −8456.01 −9631.53 −10768.6

Wetland 0.18135 0.09765 0.0279 0.04185 0.0558 0.1953 0.2511

Total ESr 169904.9 169989 169704.2 167207 165289.5 165599.5 164082.3

https://doi.org/10.1371/journal.pone.0339122.t010

https://doi.org/10.1371/journal.pone.0339122.t009
https://doi.org/10.1371/journal.pone.0339122.t010
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3.3  Determination of the threshold of the supply and demand of ecosystem services

3.3.1  Quantification of RSD and CSD.  This study quantified the RSD and CSD of Urumqi via equation (2.2) and 
equation (2.3) in Section 2.3. The results were shown in Table 12 and Table 13. It can be seen that in recent years and 
regardless of the development scenario chosen in the future, the RSD and CSD both satisfy the requirements listed in 
equation (2.4).

3.3.2  TrSD determination of Urumqi.  This study took use of inflection point analysis of the supply and demand of 
ecosystem services to set TrSD. To obtain the inflection points, Origin 2023 was used to conduct an inflection point analysis 
on ESr. The inflection points were obtained via equation (2.7), and the TrSD was limited by equation (2.4).

The authors used “Origin” to calculate and analyze the inflection points of ESr. The specific operation of how to achieve 
inflection points in Origin are as follows. First, input all data into the sheet, then choose “Analysis” tool, and then start 
“mathematics” to “differentiate” the data with different derivative orders.

Taking the inflection point analysis of ESr in the scenario of E
n
F as an example, the differential calculus of ESr was 

shown in Fig 6. Taking use of the level crossing tool in Origin, the red horizontal line in Fig 6 indicates that the second 
derivative is 0. The four vertical lines and the third derivative intersect can read the third-order derivative value, and in the 
case of the point with the second derivative of 0 changing around the plus and minus signs (equation 2.7), the intersection 
points of the vertical lines and the ESr function curve were the inflection points of ESr in the scenario of E

n
F. In the same 

way, other inflection points of ESr in other scenarios were analyzed.
The points marked in “Derivative Y2” are the inflection points of ESr in the scenario of E

n
F.

All inflection points of ESr in Urumqi were shown in Table 14. The ordinates of inflection points were ranked 
in a positive direction, and the minimum value was substituted into equation (2.4) to confirm that it met the 

Table 11.  The ESr of Urumqi in future scenarios.

2030 2060 2080 2100

BS 164144.5 161949.5 161126.4 159902.4

E
n
F 159872.1 152642.7 150723.1 148520

E
s
F 165850.6 167731.6 168967.1 171077.7

SD 167761.7 171032.3 172784.6 174965.4

https://doi.org/10.1371/journal.pone.0339122.t011

Table 12.  The RSD and CSD of Urumqi in recent years.

1990 1995 2000 2005 2010 2015 2020

RSD 2.95 2.92 2.90 2.87 2.84 2.88 2.89

CSD 0.87 0.87 0.87 0.88 0.88 0.88 0.87

https://doi.org/10.1371/journal.pone.0339122.t012

Table 13.  The RSD and CSD of Urumqi in future scenarios.

Future scenarios Indicators 2030 2060 2080 2100

BS RSD 2.93 3.05 3.15 3.20

CSD 0.87 0.86 0.86 0.85

E
n
F RSD 2.69 2.51 2.48 2.43

CSD 0.89 0.90 0.91 0.91

E
s
F RSD 2.84 2.84 2.85 2.87

CSD 0.88 0.88 0.88 0.88

SD RSD 2.87 2.91 2.92 2.94

CSD 0.88 0.87 0.87 0.87

https://doi.org/10.1371/journal.pone.0339122.t013

https://doi.org/10.1371/journal.pone.0339122.t011
https://doi.org/10.1371/journal.pone.0339122.t012
https://doi.org/10.1371/journal.pone.0339122.t013
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limitations of TrSD. As previously mentioned, the TrSD represents a critical value for maintaining the balance 
between the supply and demand of ecosystem services. The results presented earlier demonstrate that the ESr 
performs relatively well under the SD scenario. In line with the principle of ecological priority adopted in this 
study, the most ecologically favorable inflection point was selected as the TrSD. That is, the TrSD in Urumqi was 
determined to be 148950.70. When ESr was lower than 148950.70, it is necessary to adjust the constraints 
of regional economic and social activities to improve the supply capacity or demand of regional ecosystem 
services.

4  Discussions

This section contains three parts: 1) Discussions on the innovation and rationality of TrSD definition according to the defi-
nition itself; 2) Discussions on the feasibility of TrSD determination according to the methods themselves and the results of 

Fig 6.  The inflection points of ESr in the scenario of EnF.

https://doi.org/10.1371/journal.pone.0339122.g006

https://doi.org/10.1371/journal.pone.0339122.g006
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the case study; 3) Discussions on the reasonability of inflection point analysis according to the definition of TrSD and the 
result of inflection point analysis in the case study; and 4) Future work.

4.1  The innovation and rationality of TrSD definition

The definition of TrSD proposed in this study is innovative and rational. It can be regarded as a supplement to the concept 
of ecological threshold in terms of ESr.

In the “introduction” part, this study claimed that there was no definition of the threshold related to the supply and 
demand of ecosystem services based on the relationship between supply and demand. This study defined it, which was 
innovative.

According to Section 2.3, TrSD refers to the state in which the difference between the supply and demand of ecosystem 
services arrives at a tipping point. It set limitations on the relationship between the supply and demand of ecosystem ser-
vices, containing the identification of RSD, CSD, and ESr, highlighting the difference between the supply of ecosystem ser-
vices and the demand for ecosystem services. When the state of the supply and demand of ecosystem services arrives at 
its tipping point, the state of the ecosystem changes suddenly, and the TrSD is generated. This study defined TrSD based on 
the changes in the supply and demand of ecosystem services and is rational theoretically.

4.2  The feasibility of TrSD determination methods

According to Section 2.4, this study proposed a systematic method for TrSD determination, including the GeoSOS-FLUS 
model (future land use prediction), LULC matrix model (ESr quantification), and infection point analysis (ESr analysis and 
TrSD determination). Theoretically, the methods introduced in Section 2.4 are feasible.

To verify the feasibility of the above methods practically, this study took Urumqi as the case city and determined TrSD via 
the above methods. The details are as follows.

(1)	 This study predicted future land use in different scenarios via the GeoSOS-FLUS model. The results were shown in 
Section 3.1 (Table 9). Among them, the land use in the scenario of BS was consistent with the characteristics of land 
use change shown in recent years. It can be seen that the GeoSOS-FLUS model is feasible to predict future land use.

(2)	 This study quantified ESr via modified LULC matrix. Since the land use types are different from Burkhard’s researches 
[17,18,30], this study modified the intensities of the LULC matrix in Section 2.4.2. This study made a comparison 
between the results generated according to the intensities used by Wu et al. [32] and the results generated accord-
ing to the modified intensities in this study to quantify the supply and demand of ecosystem services in Urumqi in the 
same period. From the perspective of the overall trend of ESr, the two presented similar trends, indicating that the 
LULC matrix model modified in this study was feasible.

(3)	 This study determined TrSD via the analysis of the tipping points found by inflection point analysis of ESr. TrSD determi-
nation aims to maintain the continuous surplus of the supply and demand of ecosystem services and to promote eco-
friendly development. According to the definition of TrSD, the determination of TrSD is to find the tipping point of ESr for 
maintaining the matching and basic coordination of the supply and demand of ecosystem services. So, the minimum 

Table 14.  The ordinates of the inflection points of ESr in Urumqi.

Scenarios BS EnF EsF SD

1 (2003.91, 167751.30) (2003.91, 167751.30) (2003.91, 167751.30) (2003.91, 167751.30)

2 (2058.69, 162045.47) (2013.07, 165479.92) (2058.53, 167639.17) (2053.20, 170291.41)

3 (2028.41, 160541.42) (2065.62, 168079.05) (2077.94, 172604.31)

4 (2096.09, 148950.70)

https://doi.org/10.1371/journal.pone.0339122.t014

https://doi.org/10.1371/journal.pone.0339122.t014
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ordinate of the inflection points listed in Table 14 which meet the requirements listed in equation (2.3) was chosen to 
be the TrSD of Urumqi. It can be seen that the TrSD determined by the inflection point analysis is feasible.

4.3  The reasonableness of inflection point analysis used for TrSD determination

The inflection point analysis can analyze the changes in ESr and TrSD determination. It is reasonable to be used in TrSD 
determination.

Inflection point analysis is often used in the field of mathematics [37], economics and financial management [38], etc. 
In this study, the inflection point analysis method was used to analyze ESr in Urumqi for TrSD determination, expanding the 
application of inflection point analysis in the field of ecology and ecosystem services.

According to the definition of TrSD, the determination of TrSD is to find the tipping point of the changing ESr. This study 
took use of inflection points to represent the tipping points, satisfying the mathematical meaning of inflection points. This 
study took Urumqi as the case city and determined the TrSD of Urumqi via inflection point analysis in section 3.3.2. The 
determined TrSD in Urumqi was the minimum ordinate of the inflection points listed in Table 14 and has been verified to 
meet the requirements listed in equation (2.3), indicating that the inflection points analysis of ESr is reasonable regarding 
TrSD determination.

4.4  Future work

As mentioned at the beginning, the current lack of research on the threshold of ecosystem service supply and demand 
relationship is a gap in ecological conservation. This study proposes the concept of TrSD and a method for its determina-
tion, which can serve as a reference for planners and policymakers in daily decision-making processes related to indus-
trial and commercial land use. Although we have demonstrated the feasibility and rationality of the proposed method, a 
series of supplementary studies will be necessary in the future.

(1)	 Uncertainties of future scenarios and land use

The series of methods adopted in this study were derived through comparative analysis and model simulation. Addition-
ally, the analysis of future land use relies on different predefined scenarios, both of which involve certain degrees of uncer-
tainty. In future research, we plan to incorporate studies of past years to better understand the logic of land use changes, 
while also integrating socioeconomic and other relevant factors to gradually improve the accuracy of the simulations.

(2)	 Limits on the set of TrSD

This study primarily employs inflection point analysis to determine the TrSD. This process involves two main sources of 
uncertainty: first, the uncertainty associated with future land use, as mentioned earlier; and second, the presence of mul-
tiple inflection points identified during the analysis. In this study, the SD scenario was selected, adhering to the principle 
of ecological priority. However, in real-world social contexts, numerous additional factors must be considered. Therefore, 
to determine the TrSD in practical applications, it is essential to further compare the threshold values derived from different 
scenarios. This comparison will enable the selection of an inflection point that is better aligned with actual socioeconomic 
conditions as the final threshold.

(3)	 Lack of more typical cases

Additionally, this study focused solely on Urumqi as a case study. In reality, more case studies are needed to validate 
the adaptability of the research method proposed in this paper.

Urumqi is a typical semi-arid region. In subsequent research, comparative studies could be conducted by selecting 
different types of areas and cities with varying economic strengths as case studies. In addition to analyzing the selec-
tion of different scenario models, the universality of the method proposed in this study could be further examined. For 
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example, representative Chinese cities such as Beijing and Shanghai could be considered as case studies for further 
validation.

(4)	 Further deliberation

This study introduces the concept of TrSD, which not only addresses a gap in existing research but also provides a 
reference for policymakers and urban planning authorities. Currently, climate change, ecological security and conservation 
are critical global issues. The TrSD can reflect the security of ecosystem services, and demonstrate the balance between 
human activities and ecological systems. In urban planning, where land use types and surrounding infrastructure must be 
clearly defined, this study offers a distinct advantage: it helps maximize economic and social value while ensuring ecologi-
cal security and maintaining the balance of ecosystem services.

In future research and practical applications, the proposed method can be compared with different ecosystem service 
valuation approaches. Additionally, integrating the TrSD into existing ecosystem service assessment frameworks should be 
considered. Furthermore, it could serve as a validation tool for delineating ecological protection redlines, ensuring ecologi-
cal security within these designated areas.

5  Conclusions

At present, the concept of TrSD has not been studied, but it is of great significance in maintaining the continuous surplus of 
the supply and demand of ecosystem services and promoting eco-friendly development. This study aims to definite TrSD 
and propose a systematic method for TrSD determination. According to the results of the case study and the discussions on 
the definition of TrSD and the determination method for TrSD, this study came out with the following conclusions:

a)	The threshlod of the supply and demand of ecosystem services (TrSD) was defined. The proposed systematic method 
of TrSD determination includes future land use prediction via GeoSOS-FLUS, ESr evaluation via the LULC matrix model 
(the modified intensities of the LULC matrix are rational), and inflection point analysis of ESr.

b)	The TrSD proposed in this study can serve as a reference standard for urban planning and development. For instance, 
during land use planning, it can be used as an indicator for ecological conservation to test the balance between eco-
logical and socio-economic considerations. Furthermore, in the future, TrSD could be utilized as one of the validation 
indicators for delineating ecological protection redlines. It could also be integrated with ecosystem service valuation 
methods for further optimization.
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