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Abstract Escalating global human activities elicit diverse

ecosystem service responses, yet understanding remains

limited. This study establishes a framework to clarify these

responses, focusing on the Yangtze River Economic Belt in

China. Analyzing 2000–2020 data, it calculates ecosystem

service economic value and human footprint index. It

introduces the ecosystem services response index and

comprehensive responsiveness index to assess response

characteristics and intensity to anthropogenic pressures.

Results show a fluctuating decline in ecosystem services

and an increase in anthropogenic pressures. There is a

nonlinear relationship: ecosystem services decline with

rising pressures, following a U-shaped trend. Notably,

nonurban agglomerations experience more significant

ecosystem service evolution than urban agglomerations

due to differing environmental conditions. This highlights

regional disparities in human activity impacts on

ecosystems, crucial for planning.

Keywords Comparative analysis � Ecosystem services �
Human footprint index � Nonlinear � Regional disparities

INTRODUCTION

Ecosystem services (ES) play a crucial role in supporting

economic and social frameworks (IPBES 2019). The esti-

mation of the economic value of ecosystem services (ESV)

serves as a foundational reference point for determining the

magnitude of ES contributions (Costanza et al. 2014).

However, as the scale and scope of human activities con-

tinue to expand, ecosystems face severe degradation,

destruction, and the potential for collapse, thereby jeopar-

dizing these invaluable ESs and triggering cascading

effects on human well-being (Luo and Zhang 2022; Smith

et al. 2022). This phenomenon is not only pronounced at

the local level, but also manifests as a global challenge

(Giannetti et al. 2018; Marques et al. 2019; Keyes et al.

2021). This underscores the imperative for in-depth

investigations into the responses of ES to heightened

anthropogenic pressures, facilitating effective coordination

of human activities.

Currently, research on the impact of human activities on

ES can be categorized into two main types. Firstly, one

category focuses on confirming whether human activities

have a discernible impact on ES and the direction and

magnitude of such impacts. These studies typically employ

statistical analysis and scenario simulation methods to

validate the relationships between specific anthropogenic

factors (e.g., urbanization, agricultural expansion, and

mining activities) and ES (Souza et al. 2021; Kong et al.

2023; Pham and Lin 2023). Additionally, some studies

explore variations in the impact of different anthropogenic

factors on ES (Lu et al. 2021; Yang et al. 2022b). However,

it is noteworthy that these studies often limit themselves to

descriptive analyses of the impacts and do not delve deeply

into uncovering the underlying mechanisms driving these

effects.

The second category of studies underscores human

activities impact ES through complex mechanisms. Due to

the uneven distribution of social–ecological resources, the

spatial heterogeneity of ES is widely confirmed (Chung

et al. 2021; Chen et al. 2022; Filho et al. 2022). Further-

more, the anthropogenic drivers behind the evolution of ES
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exhibit evident spatial non-stationarity (Han et al. 2020;

Wang et al. 2022). For instance, Yu et al. (2023) explored

the scale effects and spatial heterogeneity of the impact of

urban compact factors, such as population density in

rapidly urbanizing metropolitan areas, on ES. Additionally,

due to the flow of materials, human movements, and other

dynamics, the influence of human activities on ES extends

beyond local boundaries (Shi et al. 2022). For example,

Chen and Chi (2022) found spatial spillover effects of

urbanization on ES. It is noteworthy that human activities

do not always directly impact ES; rather, they may indi-

rectly influence ES through various factors and pathways

(Li et al. 2022). The aforementioned processes often focus

on individual regions, with relatively less attention to dif-

ferences between regions at different stages of develop-

ment. Furthermore, despite enriching the understanding of

the mechanisms through which human activities influence

ES, these studies often emphasize linear relationships,

while potential nonlinear relationships remain inadequately

addressed.

In general, the impact of human activities on ES has

been widely acknowledged. Ecosystems possess highly

complex and dynamic characteristics, meaning that this

impact often entails not merely a simple linear relationship

but rather a more intricate nonlinear association. This

implies that as the pressure exerted by human activities

increases, the direction and magnitude of ES change cor-

respondingly shift. In other words, when external condi-

tions (e.g., anthropogenic pressure) exceed certain tipping

points, the state of ecosystems may undergo catastrophic

shifts (Scheffer et al. 2001; Kéfi et al. 2022). Indeed, such

catastrophic shifts have been extensively discussed in

numerous studies (Mumby et al. 2007; Carpenter et al.

2011; van Belzen et al. 2017). However, it remains unclear

whether a nonlinear relationship exists between anthro-

pogenic pressure and ES. Applying the concepts of non-

linearity and tipping points to the relationship between

anthropogenic pressure and ES could offer vital tools for

ecosystem management, enabling early warning of poten-

tial issues.

To address these questions, this study, using 1071 dis-

tricts/counties in the Yangtze River Economic Belt

(YREB) in China as an example, has preliminarily estab-

lished a conceptual framework elucidating the impact of

anthropogenic pressures on ES. Integrating remote sensing,

socioeconomic, and ecological data, this study quantita-

tively analyzes the levels of anthropogenic pressure and ES

by calculating the human footprint index (HFI) and ESV.

Subsequently, the concept of elasticity was applied to

construct the ES response index and comprehensive ES

responsiveness index, aiming to describe the characteristics

and extent of ES response to increasing anthropogenic

pressure and to validate the potential nonlinear relationship

between the two. Finally, comparative analysis was

employed to reveal regional variations in ES responses to

anthropogenic pressures at different stages of development

and locations, providing a basis for formulating differen-

tiated management strategies.

MATERIALS AND METHODS

Study area

The YREB, characterized by the world’s third-longest

river, the Yangtze River, serves as the principal waterway,

spanning the eastern, central, and western regions of China

(Fig. 1). It boasts abundant water resources and diverse

ecosystems. The favorable resource conditions have sup-

ported its economic development. Along the upstream,

midstream, and downstream of the Yangtze River, three

major urban agglomerations (UA) have sequentially

emerged: The Chengdu-Chongqing urban agglomeration

(C&C), the middle reaches of the Yangtze River urban

agglomeration (MRYR), and the Yangtze River Delta

urban agglomeration (YRD). According to the annual

report on the development of the Yangtze River Economic

Belt (2019–2020), in 2019, these three major UAs collec-

tively housed approximately 28.4% of China’s population

and contributed to around 36.6% of the national GDP

(Wang et al. 2021). Simultaneously, areas outside these

three UAs within the YREB (referred to as non-UA) played

a crucial supporting role in economic development. How-

ever, unrestricted resource utilization has made the YREB

an ecological hotspot of concern. In response, the Chinese

government has outlined a positioning strategy of com-

prehensive protection and restrained development to pro-

mote the high-quality development of the YREB.

Nevertheless, challenges to social-ecological sustainability

persist and demand urgent resolution.

Analysis framework

This study, based on the ‘‘Pressure (P)–State (S)–Impact

(I)–Response (R)’’ framework (Fig. 2), aims to deepen the

exploration of ES response mechanisms to anthropogenic

pressures. The study also proposes refined and practical

management strategies, striving to safeguard ecological

environments while pursuing human well-being. Human

efforts towards enhancing well-being invariably impose

pressures on the environment across various dimensions

(Pires de Souza Araujo et al. 2021), including production,

consumption, and circulation. Under the influence of these

pressures, spatially diverse variations in the status of
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Fig. 1 Study area. Note: The specific county names are displayed in Figure S1

Fig. 2 Analysis framework
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ecosystems occur, particularly concerning land use/land

cover (LULC) change (Zalles et al. 2023). These alter-

ations directly impact the structure and functionality of

ecosystems, subsequently influencing their capacity to

provide diverse products and services for humanity

(Maestre et al. 2022). Indeed, the manner and intensity

with which ES responds to anthropogenic pressures

embody outcomes of socio-ecological interactions. Such

responses, in turn, provide feedback to the societal systems.

Furthermore, society, through effective land use planning

(Nijhum et al. 2021), ecological restoration measures

(Yang et al. 2022a, b), and similar strategies, seeks to

mitigate anthropogenic pressures, thereby attaining har-

monious co-development of humans and nature.

Date sources

The data used in this study are as follows: (1) Three-period

LULC data for 2000, 2010, and 2020 were derived from

the Resource and Environmental Science Data Platform,

Chinese Academy of Sciences (https://www.resdc.cn/). (2)

Three-period normalized vegetation index data were

acquired from MOD13Q1 dataset of U.S. Geological Sur-

vey (http://glovis.usgs.gov/). (3) Meteorological data for

2000, 2010, and 2020 were obtained from the China

Meteorological Data Service Center (http://data.cma.cn/).

(4) Three-period population density data were obtained

from the WorldPOP dataset (https://hub.worldpop.org/). (5)

2000–2020 nighttime light data were acquired from the

National Oceanic and Atmospheric Administration (https://

www.ngdc.noaa.gov/) after a series of processing culmi-

nating in a curve fit to combine DMSP/OLS and NPP/

VIIRS datasets were matched. (6) Slope and slope direction

data were derived from Geospatial Data Cloud, Chinese

Academy of Sciences (http://www.gscloud.cn). (7) Soil

data were obtained from China soil map based Harmonized

World Soil Database, National Tibetan Plateau/Third Pole

Environment Data Center (http://data.tpdc.ac.cn). (8) Road

and railway data for 2000 and 2009 were obtained from

Geographic Data Sharing Infrastructure, College of Urban

and Environmental Science, Peking University (http://

geodata.pku.edu.cn), and the road distribution pattern for

2009 was substituted for that of 2010 due to the availability

of data and the proximity of years. The data for 2020 were

derived from the Resource and Environmental Science

Data Platform, Chinese Academy of Sciences (https://

www.resdc.cn/). (9) Shipping waterway data for 2000,

2010, and 2015 were obtained from the National Earth

System Science Data Center (http://www.geodata.cn), with

2015 waterways replacing 2020 given data availability and

proximity of the years. (10) 2000–2020 socioeconomic

data were derived from the Statistical Yearbook.

Methods

Analyzing anthropogenic pressure

The HFI serves as a quantification of anthropogenic pres-

sure on the environment. Proposed by Sanderson et al.

(2002), the HFI has gained widespread application and

expansion across various global scales (Venter et al. 2016;

Correa Ayram et al. 2017; Wan et al. 2018). In alignment

with the specifics of the study area, this research incorpo-

rates a selection of five distinct variables to represent

anthropogenic pressure within production, consumption,

and circulation. Further subdivision yields nine proxy

indicators (or pressure sources) as shown in Table 1. Each

indicator corresponds to a distinct layer, and the final HFI

is computed utilizing Theobald’s (2013) approach (Eq. 1)

which overcomes possible correlations between the layers.

This approach posits that locations experiencing multi-

faceted pressure sources exhibit greater anthropogenic

disturbance compared to those with singular pressure

sources. The resultant HFI dataset is generated at a spatial

resolution of 1 km2.

HFIi ¼ 1 �
Yk

j¼1

1 � hj
� �

; ð1Þ

where HFIi represents the HFI value for the ith unit, hj
denotes the impact score for the jth indicator, and k sig-

nifies the number of data layers.

Calculation of ESV

The equivalent standard value method is employed for the

estimation of ESV. The China unit area ESV equivalent factor

table, constructed by Xie et al. (2015), reflects the annual

average state of ESV in China. Building upon this foundation

and acknowledging the potential inaccuracies in characteriz-

ing regional features through national parameter tables, as

well as the dynamic nature of ESV, the table was adapted

based on dynamic material quantities, leading to the estima-

tion of ESV for YREB. The process is outlined as follows:

(1) Construction of the dynamic equivalent factor table:

Rainfall is used to adjust water resource supply and

hydrological regulation, soil retention is corrected

based on soil retention simulated using the RUSLE

model, and other ESs are adjusted according to Net

Primary Productivity, simulated using the CASA

model constructed by Zhu et al. (2005). By iteratively

applying the above methods, yearly adjustments are

made to achieve dynamic ESV estimation (Formula 2).

Eij ¼ eij
n

N
; ð2Þ
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where Eij represents the adjusted equivalent factor for the

ith LULC’s jth ES, e is the initial equivalent factor, and n ,

and N denote the mean value of the corrective factors in

YREB and China, respectively.

(2) Computation of the economic value of 1 standard unit

equivalent factor: This economic value corresponds

to 1/7th of the average market value of cereal crops

for that year. Recognizing the influence of techno-

logical and market factors on cereal crop production

and prices, this study takes the average economic

value from 2000 to 2020 as the standard. Based on the

aforementioned two steps, ESV is estimated (Formula

4).

D ¼ 1

21

X2020

n¼2000

1

7
� Pn

Qn � In
ð3Þ

ESV ¼
X7

i¼1

X11

j¼1

Si � D� Eij; ð4Þ

where D represents the economic value (in USD/ha) of one

standardized unit of equivalent factor, Pn is the yearly crop

output (in USD) for the nth year, with the average

exchange rate between the CNY and the USD for the years

2000–2020. Qn represents the cultivated area (in ha) for

food crops in a given year, In signifies the price index to

convert crop output to 2000 constant prices, Si denotes the

ith LULC’s area (in ha), Eij represents the adjusted

equivalent factor for the ith LULC’s jth ES.

Pearson correlation analysis

To investigate the relationship between anthropogenic

pressure and ES, this study employed the Pearson cor-

relation analysis method. By calculating the Pearson

correlation coefficient (Formula 5), it was determined

whether there was a certain degree of correlation between

anthropogenic pressure and ES, as well as the direction

and strength of this correlation. In essence, this analysis

method provides results ranging from -1 to 1, where -1

indicates a perfect negative correlation, 1 indicates a

perfect positive correlation, and 0 indicates no linear

relationship.

Table 1 The influence scores of data layers

Dimension Variable Proxy Human influence score

Production Land Land use The production activities of YREB manifest on land cover categories such as built-up area,

cropland, garden land, and grassland, with corresponding assigned values of 1, 0.7, 0.4,

and 0.4, respectively, as established by Sanderson et al. (2002)

Energy

consumption

Night time

light

Building upon the methodology of Venter et al. (2016), the calibrated DMSP-OLS and NPP-

VIIRS datasets were processed. For grid cells within these datasets where the nighttime

light digital number (DN) value equaled 0, a value of 0 was assigned. For all other cases, a

quantile-based classification approach was employed, resulting in ten classes ranging

from 0.1 to 1 on the impact score scale. Subsequently, using the binning thresholds

established from the year 2000 dataset, the data from the years 2010 and 2020 were

transformed to a comparable scale of 0.1–1

Consumption Population Population

density

The logarithmic equation assignment method was employed (Venter et al. 2016)

Hscore ¼ log pþ1ð Þ
logðpmaxþ1Þ ;

where p represents population density, and pmax denotes the maximum population density

within the study area

Circulation Distance from road Major

highway

Assign a score of 1 and decay linearly, assigning a score of 0 for values beyond the

maximum impact distance

Hscore ¼ 1 � d
dmax

� �

where d represents human influence distance, dmax signifies the maximum distance of impact

with 3 km

Railway Shipping lanes were assigned a score of 0.4 (Venter et al. 2016), while others were assigned

a score of 1, decaying exponentially. Values were set to 0 beyond the maximum impact

distance

Hscore ¼ exp � 2:99
dmax

� �
d

h i

where d represents the human influence distance, and the maximum influence distances dmax

are as follows. Railways: 4 km, shipping waterway: 15 km, urban land: 10 km, industrial

land: 6 km, rural settlements: 5 km

Shipping

waterway

Distance from the

built-up area

Urban land

Industrial

land

Rural

settlements
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r ¼
P

x� xð Þ y� yð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x� xð Þ2P y� yð Þ2

q ; ð5Þ

where x and y represent the values of the HFI and ESV,

while x and y represent the respective means of HFI and

ESV values.

Ecosystem services response indexes

Current research indicates that anthropogenic pressure

affects ES (Qi et al. 2020; Yongxiu et al. 2020). This

relationship is represented in this study by the function

ESV = f(HFI). To quantitatively, measure the impact of

anthropogenic pressure on ES, this study defines the ES

response index as the change in ESV for each unit increase

in HFI. This index is employed to describe the response

characteristics and trends of ES to increasing anthro-

pogenic pressure.

I ¼ d ESVð Þ=d HFIð Þ; ð6Þ

where I is the ES response index, d(ESV)/d(HFI) is the

derivative of ESV concerning HFI. When I[ 0, it suggests

that the expansion of anthropogenic pressures promotes an

increase in ES levels. When I\ 0, it signifies a negative

response of ES to the expansion of anthropogenic pres-

sures. When I = 0, ES changes may exhibit no response to

the increase in anthropogenic pressures.

To further compare the overall characteristics of how ES

responds to anthropogenic pressure in different regions,

building upon Eq. 6, this study establishes the compre-

hensive ES responsiveness index. This index characterizes

the degree of response of regional ES to increasing

anthropogenic pressure over a certain period. The higher

the value, the greater the change in ES caused by the

expansion of anthropogenic pressure, which means that the

ES is more sensitive to anthropogenic pressure. On the

contrary, the lower the value, the smaller the change in ES

caused by artificial pressure expansion.

R ¼ 1

n

Xn

i¼1

Iij j; ð7Þ

where R is the comprehensive ES responsiveness index,

n is the number of counties within a region, and Ii repre-

sents the ES response index of the ith county within that

region.

Random forest model

Random forest models, with their resistance to overfitting

and high accuracy, are widely used in feature importance

assessment (Peng et al. 2021; Zhang et al. 2021). In this

study, 80% of the samples were used as the training set,

and 20% of the samples were reserved for accuracy vali-

dation. The mean decrease accuracy method of the model

was used to evaluate the importance of anthropogenic

stressors affecting ES response, where a higher value

indicates greater importance of the variable. This method

assesses the impact of features on model accuracy by

shuffling (permuting) the features; the larger the change in

accuracy, the greater the contribution of the feature to the

model.

RESULTS

Changes in ESV over time

In terms of total value, the ESV of YREB decreased from

679.85 thousand million USD in 2000 to 657.09 thousand

million USD in 2010, and then rose to 673.53 thousand

million USD in 2020, resulting in an overall decrease of

0.93% (Table 2). When examining ESV across different

ecosystem types, forest ecosystems had the highest ESV,

accounting for approximately 55% of the total ESV, fol-

lowed by aquatic and grassland ecosystems at approxi-

mately 24% and 12%, respectively. Looking at the

dynamics over the 20 years, there is a noticeable shift

around the year 2010, with significant changes observed in

the first decade. ESV for water bodies, glaciers and snow,

and wetland ecosystems all showed varying degrees of

increase, while other ecosystems displayed varying

degrees of decline. Although ESV for forest, grassland,

and unused land ecosystems experienced slight increases

from 2010 to 2020, they were unable to offset the

reductions observed from 2000 to 2010. Meanwhile, ESV

for cropland continued to decline. This highlights that

LULC change has had a discernible impact on the regional

ESV.

In terms of ESV per unit area during the study period,

the UA consistently exceeded the non-UA and the YREB

(Fig. 3a). The ESV per unit area ranking of the three UAs

was MRYR[YRD[C&C. Over the span of 20 years,

ESV changes in these regions exhibited a similar pattern,

characterized by an initial decrease followed by an upward

trend. Notably, apart from the YRD, all regions experi-

enced a smaller magnitude of increase compared to the

preceding decrease (Fig. 3b). Additionally, ESV fluctua-

tions in the non-UA were more pronounced compared to

the UA. Regarding spatial changes, from 2000 to 2010,

approximately 88% of counties in the study area witnessed

varying degrees of ESV decline. The steepest declines

(- 87.10% * - 6.67%) were predominantly observed in
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economically developed counties. Conversely, some

counties experienced modest ESV increases, often attrib-

uted to the presence of extensive water bodies. From 2010

to 2020, approximately 81% of counties in the study area

saw ESV increases, with the western part of the study area

showing relatively larger ESV gains.

Characteristics of anthropogenic pressure and its

relationship to ES

Changes in anthropogenic pressure over time

From 2000 to 2020, the HFI in the YREB exhibited a

consistent upward trend (Fig. 4), rising from 0.59 in 2000

Table 2 ESV for different ecosystems (in thousand million USD)

Land use/land cover Year Change rate (%)

2000 2010 2020 2000–2010 2010–2020 2000–2020

Cropland 49.83 45.26 45.43 - 9.16 0.37 - 8.83

Woodland 376.57 359.06 365.23 - 4.65 1.72 - 3.01

Grassland 84.07 76.44 78.02 - 9.08 2.07 - 7.20

Water bodies 162.94 169.48 177.74 4.02 4.87 9.08

Glacier and snow 0.21 0.23 0.24 8.27 2.08 10.53

Wetland 6.16 6.56 6.81 6.46 3.80 10.51

Unused land 0.07 0.06 0.06 - 11.92 1.19 - 10.87

Total 679.85 657.09 673.53 - 3.35 2.50 - 0.93

Fig. 3 ESV per unit area (a), the change rate of ESV (b), and maps depicting the county-level ESV change rate (c) for the YREB from 2000 to

2020
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to 0.60 in 2010, and further increasing to 0.63 by 2020,

representing an approximately 6.78% increase. This indi-

cates a continuous expansion of anthropogenic pressure

pressures in the YREB since 2000, particularly during the

period from 2010 to 2020. One possible explanation for

this trend is the rapid development of infrastructure in the

study area after 2010. Furthermore, these anthropogenic

pressures exhibit significant spatial variation. Counties

with the highest pressures (HFI[ 0.90) are primarily

concentrated in the northeastern part of the study area,

which is characterized by relatively higher economic

development. Conversely, counties with the lowest pres-

sures (HFI\ 0.30) are mainly clustered in the western

region, characterized by a terrain of plateaus and

mountains.

When examining different subregions, the HFI for the

UA is notably higher than that for the YREB and the non-

UA. Within the UAs, the HFI means follow the sequence

YRD[C&C[MRYR (Fig. 4d). From 2000 to 2020,

anthropogenic pressures increased to varying degrees in

different regions, with high HFI values expanding outward,

particularly in the C&C and the northeastern part of the

study area. Moreover, the differences in anthropogenic

pressures within the three UAs have been steadily

decreasing over time.

Correlation analysis between anthropogenic pressure

and ES

Table 3 reveals a significant negative correlation between

anthropogenic stress and ES, indicating that ESV tends to

decrease with an increase in local anthropogenic pressure.

From 2000 to 2020, the overall negative correlation in the

YREB slightly increased, changing from - 0.74 in 2000 to

- 0.75 in 2020. Furthermore, there are varying degrees of

negative correlations between anthropogenic pressure and

ES across different geographic regions. Particularly, the

non-UA exhibits a stronger negative correlation compared

to the UA. Among the UAs, the C&C shows the most

significant negative correlation. Notably, during the period

from 2010 to 2020, the MRYR negative correlation

strength surpasses that of the YRD. These variations in

Fig. 4 HFI maps (a–c) and box plots (d) of the YREB from 2000 to 2020. A, YREB. B
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correlations can be attributed to the different develop-

mental statuses and characteristics of each region.

Response of ES to increased anthropogenic

pressures

Figure 5a illustrates that in the YREB, the ES response

index consistently exhibits negative values, indicating a

decline in ESV with increasing anthropogenic pressure. As

HFI increases, the absolute value of the ES response index

decreases, suggesting that the adaptive capacity of the

YREB ecosystem itself slows down the decline in ESV.

However, when HFI exceeds 0.73, the absolute value of the

ES response index begins to gradually increase, which may

imply that the ES of YREB is facing irreversible risks.

The fitting results indicate that there are diverse forms of

response functions (Fig. 5), suggesting spatial heterogene-

ity in ES changes in the face of increasing anthropogenic

pressure. Further comparison of the ES response index in

different regions of YREB reveals that non-UA exhibits

patterns similar to the study area (Fig. 5b), and when HFI

exceeds 0.76, the ES of non-UA may face irreversible

risks. Conversely, UA exhibits different characteristics:

With increasing anthropogenic pressure, the ES response

index in UA gradually transitions from positive values to

negative values, with the negative values continuously

decreasing (Fig. 5c). This suggests that the initial increase

in anthropogenic pressure leads to an increase in ESV, but

when HFI exceeds 0.39, ESV begins to decrease, with the

reduction rate gradually increasing. It can be observed that

in the face of increasing anthropogenic pressure, the ES of

non-UA is more sensitive compared to that of UA, which is

also shown by Table 4.

For different UAs in YREB, the Comprehensive ES

Response Index shows a ranking of YRD[MRYR[
C&C (Table 4), indicating that YRD is relatively more

sensitive to increasing anthropogenic pressure, followed by

MRYR, while the ES change in C&C is minimal. Specif-

ically, the ES level in YRD continues to decline under

increasing anthropogenic pressure (Fig. 5d). Due to its

ecosystem’s adaptive capacity, the extent of the decline in

ESV is reduced. However, when the level of anthropogenic

pressure exceeds 0.73, the ES of YRD may face collapse

risks. MRYR exhibits similar patterns with UA; when HFI

exceeds 0.46, ESV transitions from an increase to a con-

tinuous decrease, with the rate of decline showing an

increasing trend (Fig. 5e). In comparison, the ES response

pattern in C&C is more complex. Its ES response index

shows a U-shaped trend, and when HFI exceeds 0.41, there

is a shift from positive to negative ES response direction,

resulting in an increase followed by a decrease in the

magnitude of ESV decline (Fig. 5f).

DISCUSSION

Nonlinear responses of ES to increased

anthropogenic pressures

The findings of this study reveal the dynamic and hetero-

geneous response of ES to increased anthropogenic pres-

sures. The ecosystem comprises biotic and abiotic

components, exhibiting complex interactions and feedback

mechanisms (Geary et al. 2020). For instance, human

activities such as urbanization and agricultural expansion

lead to extensive loss and degradation of habitats (Fig. 6).

Initially, some species may adapt to the new environmental

conditions, but as habitat degradation intensifies, a tipping

point may be reached, resulting in an accelerated extinction

rate and posing a severe threat to ecosystem stability

(Banks-Leite et al. 2020; Ma et al. 2023). This is consistent

with the findings of the study, which indicate a deceleration

followed by an enhancement in the rate of ESV decline

despite the increase in anthropogenic pressure.

Further analysis of these phenomena can be elucidated

using the ecological resilience theory. In the early stages,

ecosystems exhibit resistance, adaptation, and recovery

capabilities in response to anthropogenic pressure, thereby

Table 3 Pearson correlation coefficient for HFI-ESV in YREB and its subregions

Name 2000 2010 2020

YREB - 0.74** - 0.74** - 0.75**

Non-UA - 0.63** - 0.61** - 0.63**

UA - 0.54** - 0.51** - 0.52**

YRD - 0.54** - 0.50** - 0.52**

MRYR - 0.52** - 0.51** - 0.54**

C&C - 0.73** - 0.73** - 0.72**

**Correlation is significant at the 0.01 level (2-tailed)
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slowing down the decline in ESV. However, as anthropogenic

pressure intensifies and surpasses a certain tipping point (e.g.,

H2 in Fig. 6), it may trigger internal threshold effects within

the ecosystem, leading to a sharp decline in ESV. This dis-

covery provides profound insights, emphasizing the delicate

and crucial balance between ecosystem resilience and stability

under anthropogenic pressure. Therefore, considering the

dynamic response of ecosystems to varying degrees of pres-

sure is key to understanding the nonlinear response of ES and

facilitates better planning and management of human activi-

ties impacting the natural environment.

Reasons for regional differences in nonlinear

responses of ES to increased anthropogenic

pressures

Environmental conditions influence the ES response

This study reveals significant differences in the response of

the ES to anthropogenic pressures in UA and non-UA. ES

changes in non-UA are more sensitive compared to UA

(Fig. 5b, c). This suggests that, despite often facing higher

levels of urbanization and anthropogenic pressures, UA

can, in some cases, maintain relatively stable ES. This

contrasts with findings from a study conducted by Pan et al.

(2023) in China, primarily due to differing environmental

conditions in the study areas.

The UA heavily relies on water resources due to the

development of its lake and river systems. These geo-

graphical features may influence the structure and function

of ecosystems, leading to distinct responses to anthro-

pogenic pressures compared to other regions. This is shown

in Fig. S2, where the water body has the largest supply

capacity in ESV for UA. Forests had the largest ESV per

unit area in non-UA. Furthermore, aquatic ecosystems and

forest ecosystems exhibit different vulnerability charac-

teristics. Aquatic ecosystems are susceptible to factors such

as pollution, water level fluctuations, and water quality

changes (Grant et al. 2021; Nava et al. 2023), while forest

ecosystems are more sensitive to land use changes,

Fig. 5 Fitting results (green line) for ESV and HFI, along with the variation in ES response index (yellow line). Notably, the larger the absolute

value of the index, the more evident the ESV change, indicating a heightened sensitivity of ecosystem services to increased anthropogenic

pressure. The equations and R2 in the inset represent the ESV and HFI best-fit models and their goodness-of-fit. The intersection of the red dashed

line and the yellow solid line in the inset represents the anthropogenic pressure tipping point. For example, when the HFI exceeds point g, an

increase in anthropogenic pressures leads to a change in ES from increasing to decreasing (or vice versa). When the HFI exceeds the dashed line

x = c (where c represents a constant), an increase in anthropogenic pressures can amplify or mitigate the extent of ES change

Table 4 Regional comparison of the comprehensive ES responsiveness index

Name YREB Non-UA UA C&C MRYR YRD

Value 2.50 3.08 1.92 1.36 2.11 3.94
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deforestation, and biodiversity loss (Buchadas et al. 2022;

Thaweepworadej and Evans 2022). These differences may

result in a relatively smaller decline in ESV supplied pri-

marily by water bodies in UA when anthropogenic pres-

sures increase, whereas non-UA relying on forests may

experience more substantial declines. Furthermore, in

contrast to UA, ES in non-UA consistently exhibit negative

responses, with these adverse impacts potentially dimin-

ishing initially and subsequently intensifying. This may

suggest that in non-UA, ecosystems may initially possess

some resilience to mitigate adverse effects, but as anthro-

pogenic pressures increase, ecosystems gradually deplete

their resilience, leading to a progressive amplification of

negative impacts. These findings underscore the critical

importance of aquatic ecosystems in driving variations for

urban ES.

Geographical location and economic development level

influence the ES response

A comprehensive comparison of the ES response across the

three UAs reveals distinct patterns. The YRD exhibits the

highest sensitivity to anthropogenic pressure, followed by

the MRYR, while the C&C appears relatively intricate

(Fig. 5d–f). To delve deeper into these disparities, this

study employed a random forest model to further analyze

the internal compositional factors of anthropogenic

pressure.

Firstly, the YRD, situated along the eastern coastal

region of China and recognized as one of the six interna-

tionally acclaimed world-class urban agglomerations, typ-

ically boasts higher levels of economic activity, population

density, and urbanization (Sun et al. 2023). These attributes

could render this region more sensitive to anthropogenic

pressure. Furthermore, the eastern coastal areas contend

with atmospheric pollution stemming from industrial and

transportation sources, further intensifying environmental

stress. Secondly, the MRYR, located in central China,

exhibits relatively lower levels of urbanization and eco-

nomic development compared to the eastern regions (Luo

et al. 2020). However, factors such as land use intensity,

nighttime light index, and proximity to urban land still

influence ES responses (Fig. S3). This may reflect the

gradual rise in urban expansion and industrialization in

central areas, subsequently elevating its response to

anthropogenic pressure. Thirdly, the C&C, positioned in

western China, typically experiences arid and resource-

scarce conditions. Hence, ES responses might be influ-

enced by factors such as land use and population density.

However, it could also be more significantly affected by

geographic, climatic, and ecosystem characteristics, such

as water scarcity and ecological vulnerability. This com-

prehensive comparison underscores the complexity of

environmental responses and sustainability in the urban

agglomeration.

Fig. 6 The process of increasing anthropogenic pressure and the mode of ES response
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Policy guidelines for socio-ecological sustainability

In managing ecosystems, this study reveals the need for

managers to adopt different strategies based on the diverse

response patterns exhibited by different types of ecosys-

tems. As anthropogenic pressure increases, the study

identifies two main modes of ES response: one character-

ized by a tipping point where there is a directional shift in

ES response (Fig. 6a), indicating that beyond this thresh-

old, ES levels transition from increasing to decreasing. The

other mode is characterized by a tipping point where there

is a change in the magnitude of ES response (Fig. 6b),

indicating that beyond this threshold, the rate of ES decline

shifts from deceleration to acceleration. Based on these

findings, these two modes can be distinguished to provide

policy guidance for the sustainable management of ES.

Firstly, decision-makers need to recognize the spatial

heterogeneity of ES responses to anthropogenic pressure,

particularly in distinguishing between UA and non-UA. It

is crucial to develop specific management strategies tai-

lored to the unique characteristics of each area. Secondly,

the identification and monitoring of tipping points of

anthropogenic pressure are essential for effective man-

agement. It is worth noting that sustainable development

goals involve not only pursuing ecological development

but also achieving socio-ecological sustainability. There-

fore, for Mode 1, there is a tendency to maintain the current

ecological status before reaching tipping points. Once these

thresholds are exceeded, proactive policies should be

implemented to mitigate further degradation and restore

ecosystem functionality. For Mode 2, greater priority

should be given to ecological restoration, especially in

areas approaching tipping points, to prevent the overall

region from crossing the tipping point, as exceeding these

tipping points may lead to ES collapse. In conclusion, by

integrating the spatial heterogeneity of ES responses, the

identification and monitoring of critical points of anthro-

pogenic pressure, and proactive measures to prevent sur-

passing tipping points into policy frameworks, decision-

makers can better protect and manage ecosystems, thus

achieving socio-ecological sustainability at the regional

level.

CONCLUSION

This study analyzed and evaluated the response of ES to

anthropogenic pressure in the YREB from 2000 to 2020,

yielding the following conclusions.

1. Fluctuating decline in ESV, while the increase in

anthropogenic pressure: Over the past 20 years, there

has been a significant negative correlation between the

two.

2. Identification of a tipping point in the response of ES

to anthropogenic pressure: Beyond this point, the

direction or magnitude of ES change may shift,

potentially leading to collapse risks, indicating a

nonlinear relationship between ES and anthropogenic

pressure.

3. Regional variations in ES response: Due to environ-

mental differences, the UA exhibits characteristics of

directional tipping points in ES response, while the

non-UA demonstrates characteristics of magnitude

tipping points. Among different UAs, the YRD shows

the most intense ES response, followed by the MRYR,

while the ES response in the C&C is more complex.

The nonlinear response of ES to anthropogenic pressure

and its regional differences help to design effective moni-

toring systems and early warning mechanisms, allowing

timely and targeted intervention and ensuring that resour-

ces are effectively allocated to areas of greatest need.

Continuous research is vital to monitor changes, refine our

understanding of ES responses under varying anthro-

pogenic pressures, and adapt management practices

accordingly. Future research will further explore the

response pathways of ES to anthropogenic pressure.
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Fábio Sevegnani is a Professor at the Paulista University. His

research interests include environmental assessment, cleaner pro-

duction, and sustainable development.

Address: Laboratory of Production and Environment, Universidade

Paulista, R. Dr Bacelar, 1212, São Paulo 04026-002, Brazil.

e-mail: fabio.sevegnani@docente.unip.br

Xiaolu Yan is an Associate Professor at the Liaoning Normal

University. Her research interests include blue carbon and landscape

ecology.

Address: Key Research Base of Humanities and Social Sciences of

Ministry of Education, Institute of Marine Sustainable Development,

Liaoning Normal University, 850 Huanghe Road, Shahekou District,

Dalian 116029, Liaoning, People’s Republic of China.

e-mail: xlyan@lnnu.edu.cn

www.kva.se/en 123

Ambio


	Dynamics of ecosystem services and nonlinear responses to increased anthropogenic pressure
	Abstract
	Introduction
	Materials and methods
	Study area
	Analysis framework
	Date sources
	Methods
	Analyzing anthropogenic pressure
	Calculation of ESV
	Pearson correlation analysis
	Ecosystem services response indexes
	Random forest model


	RESULTS
	Changes in ESV over time
	Characteristics of anthropogenic pressure and its relationship to ES
	Changes in anthropogenic pressure over time
	Correlation analysis between anthropogenic pressure and ES

	Response of ES to increased anthropogenic pressures

	Discussion
	Nonlinear responses of ES to increased anthropogenic pressures
	Reasons for regional differences in nonlinear responses of ES to increased anthropogenic pressures
	Environmental conditions influence the ES response
	Geographical location and economic development level influence the ES response

	Policy guidelines for socio-ecological sustainability

	Conclusion
	Funding
	References


