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Abstract
Urban agglomeration will be the main mode of future urbanization in China, greatly in�uencing social &
economic development and ecosystem protection at the whole city cluster scale. It is important to
analyze the impacts of large-scale, scattered land use and cover change (LUCC) consisting of one-pole-
multi-point urbanization in city clusters on regional ecosystem services (ESs), so as to increase ecological
security and maintain ESs levels. Using the urban-rural gradient analysis method (UGAM), this study
examined driver-response mechanisms of large-scale, scattered agglomeration urbanization on ESs
along an urban-rural gradient and at regional scale. This was done by simulating and analyzing tempo-
spatial variations in ESs characteristics along concentric ring gradients in Central Yunnan City Cluster
(CYCC) under its present urbanization path. The results showed that rapid urban sprawl is the main driver
affecting the integral value of ESs in CYCC and that ESs trade-offs (through LUCC caused by
urbanization) between adjacent zones along the urban-rural gradient will particularly exacerbate
degradation of integral ESs levels. Hence, CYCC should follow a sustainable, eco-friendly urbanization
path and should consider ecological principles and the impact of LUCC on regional ESs along the urban-
rural gradient in top-level design and decision-making on urban planning and strategic land use
management. Differentiated regional development policies should be formulated for each areas, the
urban-rural development pattern and layout optimized, the scale of construction land rationally controlled,
and the overall e�ciency of land use improved. Ecological buffers should be set up around areas with
sharp and obvious changes in land use, to alleviate the negative impact of large-scale, decentralized city
cluster urbanization on regional ESs.

Introduction
Ecosystems services (ESs) are usually de�ned as bene�ts acquired by humans directly and indirectly
from nature, in the form of materials, energy, information system functions, etc. (Costanza et al. 1997;
Daily and Matson 2008; MEA. 2005). Its value is embodied in the interaction between human activities
and the nature (Costanza et al. 2017; Fu et al. 2015; TEEB. 2010). However, the interaction and
relationship between ESs and human well-being are becoming increasingly complicated, with the
expansion of the scope of human activities and the complexity of the content, the enhancing ability of
humans to transform the nature (Alcamo et al. 2005; Siqueira-Gay et al. 2020; Zu Ermgassen et al. 2019),
as was reported that nearly two-thirds of ESs had already degenerated and the tendency was accelerating
(de Groot et al. 2012). And also depends on the ecosystems services provision (ESP) demands of
stakeholders and the tempo-spatial scale of the problem was discussed (Duraiappah 2011; Raudsepp-
Hearne et al. 2010).

Human activities, especially land use and cover change (LUCC), act as the most direct and important
drivers of ESs variation, and urbanization inevitably and particularly leads to LUCC and �nally results in
large-scale and sweeping changes of ESs (Maes et al. 2012; Tolessa et al. 2017). Even more seriously,
agglomeration urbanization as a land use method, and its intensity, patterns, and layout at a larger scale
and on a deeper level, ultimately result in great loss of vital ESs and biodiversity (Hou et al. 2014; Łowicki
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and Walz 2015; Maes et al. 2012). This in turn impairs ecological integrity and ESs provision (Couch and
Karecha 2006; Nuissl and Rink 2005; Schwarz et al. 2011), reduces carbon storage (Tolessa et al. 2017),
aggravates soil erosion and nitrogen export (Bai et al. 2018), degrades water quality and availability
(Fiquepron et al. 2013), and decreases esthetic and recreational values (Song and Deng 2017).

In recent years, variation in ESs in urban-rural areas has attracted more research attention with the
increasing degree of interaction between humans and nature (Gaglio et al. 2017; Haase et al. 2012).
Studies have been conducted at different geographic scales, e.g., European urban-rural areas and Leipzig
in eastern Germany (Kroll et al. 2012; Radford and James 2013), on different ES functions, e.g., food
provisioning, climate regulation, pollination, and recreation (Nowak et al. 2013; Strohbach and Haase
2012), and on ESs transfer and sensitivity (Lautenbach et al. 2011; Schwarz et al. 2011).

The urban-rural gradient analysis method (UGAM) is a useful tool for describing patterns and trends of
urbanization, e.g., by comparing socioeconomic dimensions of biota in urban-rural areas and land cover
structures (Hahs and McDonnell 2006; McDonnell and Hahs 2008; Zipperer et al. 2000). The method can
be applied to analyze ESs changes and trade-offs along an urban-rural gradient, based on assessments
of ESs such as food, water, and energy supply (Kroll et al. 2012), and carbon storage pollination, water
regulation, and esthetic and recreation services (Radford and James 2013; Strohbach and Haase 2012).
Such studies have shown that signi�cant ESs differences exist at the urban-rural gradient scale, but there
is no typical model for gradients in different study areas (Larondelle and Haase 2013).

In recent decades, China has undergone large-scale, rapid urbanization that has attracted worldwide
attention (Xie et al. 2020; Zhang et al. 2018). China's urbanization has progressed particularly rapidly
since the National New Urbanization Plan (2014–2020) was promulgated and implemented. The
urbanization rate has reached 60%, but there is still a large gap before it reaches the 80% seen in other
developed countries. In coming decades, China’s urbanization will enter the urban agglomeration
development stage (CDRF and PricewaterhouseCoopers 2021), which will have a huge impact on the
global and regional economy, but also profound impacts on the regional ecological security pattern and
the ESs level. Nobel economics laureate Joseph Stiglitz claims that two major events, development of
high-tech industries in the United States and urbanization in China, will have the greatest impact on the
world in the 21st century. A Sustainable urbanization mode is crucial not only for the future of China, but
also for the future of the urbanized world (Fang and Yu 2016).

The city cluster is an important urbanization form in China and an effective measure for accelerating the
pace of urbanization, optimizing resource allocation, enhancing driving and radiating roles, and
promoting the development of each city in the cluster. China’s city cluster formation is in a stage of rapid
growth, with the number now approaching 30. Most prefecture-level cities have entered the ranks of large
cities and have become the backbone of China’s city clusters. In the future, urbanization in the form of
city clusters will continue to increase.

In 2006, the China's 13th “Five-Year Plan” proposed to take urban agglomeration as the main form of
promoting urbanization. The report to the 17th National Congress of the Communist Party of China (CPC)
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in 2007 pointed out that city clusters supported by large cities should be formed to foster new poles of
economic growth. The Central Yunnan City Cluster (CYCC) is one of the 8 urban agglomerations
proposed in the National New Urbanization Plan (2014–2020) and the Outline of the China's 13th “Five-
Year Plan”. In 2016, Yunnan province compiled the Central Yunnan City Cluster Planning (2016–2049).
On January 14, 2020, the National Development and Reform Commission approved the plan. CYCC is
listed as one of the 9 major urban agglomerations to be cultivated and developed in China's 14th “Five-
Year Plan” for National Economic and Social Development and outline of 2035 Vision Goals. So far, the
central CYCC has o�cially become one of the 19 national key cultivation urban agglomeration, an
important part of the national "two horizontal and three vertical" urbanization strategy pattern, the key
area of strategy for large-scale development of western China, and the important growth pole of China's
new economic support belt based on the Yangtze River.

With the implementation of “One Belt and One Road”, CYCC has further highlighted its regional
advantage of opening to South and Southeast Asia. Its development orientation is to make full use of its
geographical advantages, lead Yunnan's modernization, build a new support for ecological civilization
construction, promote ethnic unity and progress, build a new pattern of reform and opening up, start a
new journey of prosperity and stability in the border area, and build a gateway city cluster open to South
and Southeast Asia. Aiming at speed up breakthroughs in building a core area that connects South and
Southeast Asia, a comprehensive hub that connects South and Southeast Asia and the Indian Ocean, an
important economic growth pole and a powerful engine for modernization in the western China, and an
ecological and liveable city cluster on the Plateau. By 2025, the functions of CYCC will be basically
improved, and the urban-rural spatial pattern will be greatly optimized, gathering 50% of the province's
population and 68% of GDP. By 2035, it will become a powerful engine for the Radiation Center of South
Asia and Southeast Asia, gathering 55% of the province's population and more than 70% of GDP.” In a
word, CYCC will usher in period of strategic opportunities for rapid economy development and
urbanization.

Against this background, it is critical to study the impact of urbanization at city cluster scale on tempo-
spatial changes in ESs in CYCC during the past 30 years and to formulate strategies for future high-
quality and sustainable development of the region, so as to maintain regional ESs level and ecological
security, and build a strong ecological security barrier in Southwest China. However, there is a gap in
understanding and identifying driver-response mechanisms between LUCC and ESs change, especially at
large spatial scales such as agglomeration urbanization areas (Kindu et al. 2016; Xu et al. 2017).

The present study aims at bridging this gap by quantitatively characterizing and spatially explicitly
describing, along an urban-rural gradient, ESs arising from urbanization by city cluster formation. The
study addressed the following main issues: (1) quantitative and tempo-spatial variations in ESs at city
cluster scale and gradient scale under the large-scale, scattered agglomeration urbanization of CYCC in
recent decades; (2) impacts and trade-offs of urbanization on tempo-spatial changes and distributions of
ESs at gradient scales; and (3) countermeasures for mitigating the impact of development and
urbanization at city cluster scale on regional-scale and gradient-scale ESs.



Page 5/23

Materials And Methods
Study area

Central Yunnan City Cluster (100°43'-104°49'E, 24°58'-25°09'N) is a typical plateau mountain city located
in the center of Yunnan Province in southwest China (Fig. 1). It lies in a region (elevation 122–4282 m
asl) with a subtropical plateau monsoon climate zone. CYCC consists of 49 cities, covering an area of
114,600 km2, and contains Kunming, Yuxi, Chuxiong, and Qujing Prefecture and seven northern counties
in Honghe Prefecture. By the end of 2019, the resident population was 21.37 million and the regional GDP
was 1.41 trillion yuan, accounting for 44.1% and 60.7% of the province’s totals, respectively. CYCC has
always been the economic, political, and cultural center of Yunnan Province. It is a region with large and
medium-sized cities, convenient transportation and logistics, a solid industrial foundation, comprehensive
economic strength, and relatively well-developed science, education, culture, and health facilities. It plays
a vital role in the economic and social development of the whole province (Lin et al. 2019; YNGOV. 2020).

Urban-rural gradient setting

Urban-rural gradient setting is the key step in UGAM, and has been proven to be useful and effective in
revealing spatial variations in ecosystem processes, states, and functions (Hou et al. 2015; Vizzari et al.
2015). Two mainstream gradient setting patterns are available, namely transect gradient (TG) and
concentric ring gradient (CRG). The TG approach has a series of directional transect gradients crossing
the city center and extending outside, linking two ends (Hahs and McDonnell 2006; McDonnell and Hahs
2008; Zhou and Wang 2011). The CRG approach has a series of closed curves distributed from the city
center to the suburbs.

In this study, CRG was used to analyze and describe the tempo-spatial variations and distributions of ESs
along an urban-rural gradient in CYCC. First, according to the principles of economic geographical space
in urban planning, the physical geographical and economic & social characteristics of CYCC, as well as
regional and urban development laws and urban planning, taking the outer circle of the four districts and
counties (Wuhua, Panlong, Xishan and Guandu) in CYCC, which have the earliest, most concentrated and
fastest urbanization development, as the core area (namely the core circle in the paper), the urban and
rural scale is divided by the outer circle as the buffer radius.

The reasons and basis for this de�nition are mainly as follows: First, in terms of the development scale
layout of CYCC Planning, there is a spatial pattern of "one main and four auxiliary, channel docking and
point-axis linkage". In other words, Kunming as the main center relies on the axis of highway, railway and
aviation transportation network, and promotes the joint development of cities and towns at all levels.
Second, the implementation Plan of Yunnan Province to Promote Regional Coordinated Development
proposes the construction of one-hour economic circle centered on Kunming, which will greatly promote
and guide the urbanization development of the surrounding areas of the CYCC centered on Kunming.
Third, the "14th Five-year Plan for Coordinated Regional Development of Yunnan" proposed to build
"CYCC on the track", aiming at constructing the metropolitan circle within one-hour commuting around the
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central city of Kunming. Therefore, the urban-rural scale designed in this study is closely related to the
future regional development, urban planning and territorial space control of the CYCC.

Ecosystem services assessment

(1) Representative parameter selection

Due to a mainly mountainous and intermountain terrain, large elevation difference and high evaporation
rates, the water resources in CYCC present an extremely uneven spatial distribution, a large inter-annual
variation and not uniform within a year, and part of the water environment is seriously polluted (eutrophic
pollution caused by nitrogen and phosphorus inputs). In CYCC, the area with the fastest economic and
population growth in Yunnan Province, the utilization e�ciency of water resources is not high. Water
supply has become the bottleneck problem restricting sustainable development of the region and is an
issue that the Yunnan Government is determined to address, especially under future climate change.

CYCC has been plagued by moderate and serious soil erosion historically, which mainly distributed in the
elevation range 1900–2100 m and the slope range 5-25o. The soil is vulnerable to hydraulic erosion,
which intensi�es the degree of soil and water loss. In sustainable economic and social development, the
status of the ecological environment and the demands of all stakeholders concerned must be considered
(Bai et al. 2018; Wang et al. 2021).So water yield, carbon storage, soil retention, and nitrogen export was
selected as critical indicators to represent ESs in CYCC, provided that data were available, according to
Millennium Ecosystem Assessment and Common International Classi�cation of Ecosystem Services
(CICES) (Haines-Young et al. 2012; MEA. 2005).

(2) Ecosystem services evaluation

The InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs, Version 3.7.0, Stanford
University, The Nature Conservancy and the World Wide Fund for Nature, Stanford, CA, USA) was used to
calculate the ESs in 1995, 2005, 2015 and 2018 in CYCC, which was originally designed to mapping ESs
provision at spatial scale and evaluating tradeoffs between them (Redhead et al. 2018; Sharp et al.
2016). Land use data divided into 6 categories (Section 2.4, Table S5), key parameters and biophysical
attributes tables calibrated and validated in our previous study (Wang et al. 2021), were inputted to drive
the InVEST models. InVEST has the advantage of mapping the distribution of ESs at spatial scale and
evaluating trade-offs between different (Redhead et al. 2016) (Supplementary Information 2).

The study also comprehensively assessed the tempo-spatial impact of LUCC on ESs and sought to
identify trade-offs between urbanization in the form of city clusters and the synergistic/antagonistic
interaction of ESs between adjacent gradient rings. The evaluation procedure is described in
Supplementary Information 2 and parameterization of InVEST in Supplementary Information 3. The
sources and availability of data are summarized in Table S2 in Supplementary Information, while model
settings are listed in Tables S3 and S4. Key parameters and biophysical attributes tables, which we
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calibrated and validated in a previous study (Wang et al. 2021), are presented in Supplementary
Information 1.

Statistical analysis
The annular buffer areas generated in CYCC (Fig. 1) were used to extract the land use type and ESs
values in the corresponding gradient zones. These were then used to elucidate tempo-spatial changes in
land use (caused by urbanization) and ESs in different gradient zones. Trade-offs between ESs in
different study years and synergistic or antagonistic correlations of ESs between adjacent gradient zones
were also analyzed. To ensure objectivity and rigor in establishing the trade-offs, ArcGIS 10.5 was used to
generate 40,000 random points within the study area and to extract various ESs values for each random
point. The trade-offs between different kinds of ESs in different study years were then analyzed by
bivariate correlation in SPSS 26.0, based on the extracted values of random points. Synergistic or
antagonistic correlations of ESs between adjacent gradient zones in 2018 were identi�ed by Paired-
Samples t test in SPSS 26.0, based on the relevant value extracted from the 40,000 random points.

Data preparation

Spatial map datasets and designated biophysical tables were used as input to run the InVEST models
(Bai et al. 2019). The DEM and land use data (spatial resolution 30 m, overall accuracy 92.27%) were
acquired from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http://www.resdc.cn/). These data were combined and processed into six land use classes: forest, grass,
open water, constructed (built-up), agriculture, and unused (Table S5). Other relevant parametric and
spatial data (5 physical geographic factors and 5 economic and social factors) used are shown in Table
S2 and S6. All spatial data layers used in this study were re-sampled to 90 m resolution under the
reference system WGS 1984 Albers.

Results
Land use gradients

Land use structure and quantity in CYCC changed substantially from 1995 to 2018 (Figs. 2 and 3, Table
S1). Among the six land use classes studied, land formerly under grass underwent the largest reduction
(743.64 km2, or 48.47% of the total reduction in main land use types), followed by agricultural land
(490.45 km2 or 31.97%) and forest land (300.22 km2 or 19.57%). Constructed land exhibited the largest
increase (1354.09 km2, to double the area in 1995, representing 88.25% of the increase in main land use
types), followed by open water (175.18 km2 or 11.42%) and unused land (5.03 km2 or 3.14%). This shows
that expansion of built-up area due to large-scale, scattered agglomeration urbanization is the main
driving force for changes of land use pattern and structure in CYCC.

Comparing the different annular rings, from 1995 to 2018 the proportion of forest land showed an
obvious increasing trend from 35% in the core cohesion zone to more than 60% in the outermost
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concentric ring (ring 8), while there was an obvious downward trend in constructed land area from 22% in
the core cohesion zone to less than 0.2% in the outermost ring. In the same period, the proportion of grass
land showed an increasing trend, but with apparent and irregular �uctuations, from 20% in the core
cohesion zone to 35% in the outermost ring, although the total area decreased strongly from 1995 to
2018. Agricultural land proportion showed a �rst rise (0–1 ring) and then a continuous decline trend,
exceeding 20% for core cohesion zone from 1995 and 2005, while lower than 20% in 2015 and 2018. The
proportions of open water and unused land both displayed a general decrease, although with indistinct
and irregular �uctuations, along the urban-rural gradient from core to outermost ring from 1995 to 2018.

Ecosystem services gradient

At the entire CYCC scale, there was an increase in water yield (of 4.84×108 m3) from 1995 to 2018, while
the other three ESs analyzed all experienced a general downward trend, with carbon storage decreasing
by 4.81×106 tons, soil retention by 0.27×106 tons, and nitrogen export by 5.57×105 tons (Table 1).

The average values for the four ESs in CYCC differed along the urban-rural gradient from 1995 to 2018
(Fig. 5). Average carbon storage showed an irregular increasing trend from the core cohesion zone to the
outermost concentric ring between 1995 and 2005 and then suddenly declined, while it showed a slight
increase in 2015 and 2018. Water yield displayed an irregular W- shaped overall downward trend along
the urban-rural gradient with a suddenly increased in the 7th ring, but remained lower in than the 4th ring
across the study period. Soil retention showed a continuous increasing trend from core to outermost ring,
although the increase between the 1st and 2nd rings was smaller during the study period. Nitrogen export
�rst displayed a temporary increase, and then a continuous irregular decrease trend along the gradient
from the core outwards, over the study period.

A noteworthy observation was that the average carbon storage and nitrogen export values showed a
sudden surge in the 3rd concentric ring in 1995, 2005, 2015 and 2018, and also a sudden surge in the 5th
concentric ring for carbon storage in 2015 and 2018, and a sudden surge in the 5th concentric ring for
nitrogen export in all four years.

Table 1
Variation in total ecosystem services (ESs) supply in Central Yunnan City Cluster (CYCC) from 1995

to 2018
ESs 1995 2005 2015 2018 Variation Rangeability

Carbon storage(106t) 891.87 891.74 891.14 887.06 -4.81 -0.54%

Water yield (108m) 256.94 257.32 258.78 261.77 4.84 1.88%

Soil retention (106t) 6920.48 6920.59 6920.95 6920.22 -0.27 -0.0039%

Nitrogen export (105t) 631.17 628.52 623.04 625.61 -5.57 -0.88%
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Driving mechanism analysis of ESs changes

As mentioned above, land use change was one of the most important driving factors affecting ESs, and
urbanization in particular changed regional land use in a large area and completely. Therefore, we
analysed the impact of urbanization on regional ESs from the aspects of physical geography, economic
and social factors. Speci�cally, a total of 11 factors (8 physical geographic factors and 5 economic and
social factors) were selected to further study the in�uence and driving mechanism of CYCC urbanization
process on regional ESs. 40,000 random points generated as section 2.2 were used to extract the
intensity values of various ESs and the attribute values of the spatial layers of potential drivers made
above (Table S6 in Supplementary Information), binary Logistic regression SPSS 26.0 (SPSS Inc.,
Chicago, IL, USA) was used in to analyze the correlation between the 4 representative ESs and 10
potential drivers factors one by one (Fig. 6).

For carbon storage change, the in�uential factors with stronger correlation in turn are: Distance to nearest
town, NDVI and Night light index. Carbon storage was negative with distance to nearest town and night
light index, positive with DIVI. The distance to towns and night light index is closely related to human
activities. The demand for construction land is large in places close to towns (where night light index is
always higher), and vast grassland, cropland and forests are converted into construction land, this
resulted in decline of carbon storage. This is consistent with the previous analysis results, the carbon
storage carbon storage decreasing by 4.81×106 tons during the study period (Table 1).

For water yield change, the in�uential factors with stronger correlation in turn are: distance to nearest
town, distance to nearest road and slope. Water yield was negative with distance to nearest town and
distance to nearest road, positive with slope. Areas close to towns and cities are highly disturbed by
human activities. For example, the impervious surface of the ground is relatively high, resulting in
increased water production in such areas. This is consistent with the previous analysis results; the water
yield increased 4.84×108 m3 during the study period (Table 1).

For soil retention, the in�uential factors with stronger correlation in turn are: the distance to nearest town,
NDVI and population density. The soil retention was positively correlated with the above former two
factors, negative with population density. Because areas far from cities and towns are less vulnerable to
human interaction (such areas tend to have high NDVI), they are more conducive to soil conservation.
And the opposite is true in densely populated areas. With increasing human interaction in the CYCC,
regional soil retention by 0.27×106 tons during the study period (Table 1).

For nitrogen export, the in�uential factors with stronger correlation in turn are: the distance to nearest
road, the distance to nearest town and Population density. NDVI and population density. The nitrogen
export was positively correlated with the above former two factors, negative with population density. This
is because there are more frequent human activities around roads, towns and densely populated areas.
For example, farmland is usually distributed around them, so nitrogen output near roads and towns is
more serious due to agricultural non-point sources and surface runoff erosion.
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In addition, the cumulative correlation coe�cient was introduced in this study, that is, the correlation
coe�cient of the impact of the 10 driving factors on the 4 ESs was summed after the absolute value to
judge the correlation between the above driving factors and ESs change. As shown in Fig. 6, the
in�uential factors with stronger correlation in turn are: distance to nearest town, distance to nearest road
and NDVI. It further indicates that the urban-rural development pattern and layout change in the process
of CYCC urbanization is the main driving force of regional ESs change.

Trade-offs between ESs

Correlation between the ESs were investigated using Pearson correlation test (df = 39998). The results
showed that, at the entire CYCC, scale carbon storage had an extremely highly signi�cant negative
correlation with water yield and a highly signi�cant negative correlation with nitrogen export (p < 0.01),
and a signi�cant positive correlation with soil retention (p < 0.01) in 1995 and 2018 (Table 2). Water yield
displayed a highly signi�cant positive correlation with soil retention and nitrogen export across the study
period. Soil retention showed a signi�cant negative correlation with nitrogen export across the study
period. This suggests that large-scale, scattered urbanization at city cluster scale in CYCC, with marked
impacts on land use change, eventually lowers the regional ESs supply. Moreover, the correlations
between ESs appear to persist for a long time under large-scale, scattered urbanization at city cluster
scale.

Statistically signi�cant ESs trade-offs were also found between adjacent rings along the gradient in CYCC
(Paired samples t test; df = 1143, P < 0.01) (Fig. 7). Thus when one ESs tended to increase or decrease, the
corresponding ESs in adjacent concentric circles followed the same trend. This was especially evident for
carbon storage between concentric rings 0&1, 1&2, 2&3, 3&4, and 7&8; for water yield between rings 0&1,
1&2, 2&3, 3&4, 5&6, and 6&7; for soil retention between rings 1&2 and 6&7; and for nitrogen export
between rings 0&1, 3&4, 5&6, and 6&7. 
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Table 2
Trade-offs among ecosystem services (ESs) in Central Yunnan City Cluster

(CYCC) from 1995 to 2018.
Year ESs Carbon storage Water yield Soil retention

1995 Water yield -0.712**    

Soil retention 0.084** -0.109**  

Nitrogen export -0.419** 0.377** -0.026**

2005 Water yield -0.712**    

Soil retention 0.084** -0.109**  

Nitrogen export -0.418** 0.376** -0.026**

2015 Water yield -0.711**    

Soil retention 0.083** -0.110**  

Nitrogen export -0.415** 0.368** -0.025**

2018 Water yield -0.704**    

Soil retention 0.086** -0.113**  

Nitrogen export -0.413** 0.360** -0.027**

Note: n = 40,000 in the whole CYCC. **p < 0.01.

Discussion
Impact of urbanization on ESs

Rapid sprawl of built-up area was found to be the factor exerting the largest and most immediate impact
on integral ESs in CYCC. The constructed land area doubled over the 20-year period from 1995 to 2015, in
parallel with an acceleration in large-scale, scattered urbanization, mostly at the expense of grass, forest,
and agricultural land. There was also a statistically signi�cant ESs trade-off between adjacent rings
along the urban-rural gradient. Overall, the observed LUCC depleted the supply of regional ESs in CYCC,
while the speci�c LUCC caused by large-scale, scattered agglomerations urbanization particularly
exacerbated depletion of the integral ESs level in CYCC.

The main and direct reason for the rapid increase in constructed land is that CYCC is the most
economically developed area, with the fastest urbanization process and the fastest population growth, in
Yunnan Province. CYCC accounts for 29% of the province’s territory area (and two-thirds of its �at land)
and 44% of the province’s population. CYCC also has the densest transportation infrastructure in the
province. CYCC is one of 19 national city clusters in China and accelerating the development of central
CYCC has been established as an important measure to deepen cooperation between China and South
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and Southeast Asia. CYCC is conducive to promoting the leapfrog development of border ethnic areas
and plateau and mountainous areas, and is also the most important starting point to improve the level
and quality of urbanization.

Natural forest and grassland are much richer in biomass and biodiversity than arti�cial land use forms,
especially constructed land, but are of little or no productivity value or economic bene�t. Urban sprawl
and transportation infrastructure construction on forest and grassland areas could generate much higher
short-term productivity and economic pro�ts, in turn encouraging local governments to accelerate
urbanization and further development of transportation infrastructure. The decrease in grass and forest
land since 1995 has led to a decrease in the integral ESs level in CYCC. In parallel, international and
domestic governments have been trying to increase ESs provision (especially food provision) and satisfy
the increasing demands of the human population, which requires governments at all levels to increase or
protect forest, grass, and agricultural land. For example, in China, Cropland Protection Red Line, covering
0.12 billion hectares, is a national long-term policy protecting cropland and maintaining national food
security (Tan et al. 2017). Thus while accelerating regional urbanization may be of great signi�cance for
regional economic and social development, attention should still be paid to maintaining the structure and
services provided by ecosystems.

Implications for ESs optimization and management

With the approval of Central Yunnan City Cluster Planning (2016–2049) in 2020, CYCC entered the stage
of organization and implementation. It is intended to be a demonstration zone for ethnic unity and
progress, a vanguard for ecological progress, and a radiating center for China towards South and
Southeast Asia. It is planned that by 2049, the total population will reach 36 million, with 28.8 million
urban residents, the urbanization rate will reach 80%, and economic output will reach 10 trillion yuan.
Investment in �xed assets in industrial parks is expected to reach 9 billion yuan/km2, and the output
intensity of industrial land will reach 13.5 billion yuan/km2. Over 6,000 kilometers of expressways, 12,000
kilometers of national and provincial highways, 7,000 kilometers of railways in operation are planned,
with 80% of cities at and above county level covered by the railway network. Obviously, this future large-
scale and high-intensity agglomeration urbanization in the CYCC region will inevitably lead to signi�cant
LUCC and have a profound impact on regional ESs.

The area and range of regional construction land will thus increase further, as will the intensity of urban
development, resulting in unprecedented impacts on the regional and surrounding ESs level. A di�cult
problem for governments at all levels is to maintain the regional ecosystem structure and level of ESs
despite accelerating large-scale, scattered agglomeration urbanization in CYCC. A sustainable
urbanization path could to some extent alleviate this problem. Local government should consider the
in�uence and ecological effects of LUCC caused by large-scale, scattered agglomeration urbanization on
regional ESs.
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Firstly, ESs should be incorporated into the top-level design of CYCC's future construction and
development decisions (Wolff et al. 2015, Wong et al. 2015 ), and serve as the premise and basis for the
formulation of regional development strategies and goals, urban planning, land use planning and
management, and other policies. The ecological security pattern based on ESs should be established at
the whole CYCC scale. Secondly, the future urban planning, land use planning and management of CYCC
should be formulated from the overall level of CYCC region. CYCC should adopt a series of differentiated
regional space control policies, narrow the development gap of urban agglomeration, tap the potential of
land development; Pay attention to the spatial correlation of land use e�ciency in different regions,
gradually eliminate administrative barriers, enhance the spatial spillover effect of e�cient use regions,
and improve the land use e�ciency of neighbouring regions. Thirdly, the urbanization process of CYCC in
the future should fully consider the optimization of urban pattern and construction land layout to reduce
the impact on regional ESs; Strictly control the scale of construction land, improve the intensive use
degree of construction land, and continue to deepen the improvement of rural residential areas and
urban-rural construction land increase and decrease linking target. New construction land and residential
areas should avoid areas with high and sensitive ESs value; Urban expansion and infrastructure
construction should preserve ecological corridors between ESs plates. In addition, ecological isolation
strips (EIS) should be set up in high-density urbanized area, a 100 m wide EIS (if properly set up) is
reported to be effective in reducing around 10% of soil export and 5% of nitrogen export, compared with
areas without buffer strips (Gao et al. 2017).

Innovation and limitations

The innovative value of this study lies in presentation of empirical evidence that large-scale, scattered
agglomeration urbanization exerts noticeable impacts on land use change in city clusters like CYCC,
resulting in declining regional ESs supply. The main driving mechanism of urbanization on regional ESs
at urban agglomeration scale is obtained, that is, the change of urban pattern caused by urbanization
and the large-scale increase of construction land caused by urbanization. Building on these observations,
corresponding countermeasures can be identi�ed. Thus the study provides important theoretical
guidance and a technical basis for ecological protection, urban planning, strategic land use management,
and territorial space control in CYCC.

The study also has inherent limitations by introducing uncertainties, due to the complexity of the
ecosystem itself, researchers’ personal preferences, the model and methodology used, etc. (Hou et al.
2013; Scolozzi et al. 2012). First, spatial scale selection and land use data errors unavoidably affect the
accuracy of ESs simulation and assessment (Dong et al. 2015; Yanai et al. 2010). Second, the ESs
gradient analysis was mainly based on mean ESs changes and land use characteristics and information
between each adjacent concentric ring along the gradient, while insu�cient consideration was given to
directional differences of them (Hahs and McDonnell 2006; Zhu and Carreiro 2004). Thus, multiple
gradient partition methods should be comprehensively applied to study the ESs gradients in future
research. Third, ESs provision (ESP) should match human demand, so as to achieve sustainable
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development for both humans and natural ecosystems (Boesing et al. 2020;Burkhard et al. 2012; Zhang
et al. 2017).

Conclusions
This study demonstrated the complexity of tempo-spatial variations in ESs along an urban-rural gradient
under the large-scale, scattered agglomeration urbanization taking place in CYCC in recent decades. The
�ndings add to existing awareness and understanding of both land use and ESs changes, and driver-
response relationships between the two, in an increasingly human-dominated and accelerating
urbanizing city cluster scale, and along the urban-rural gradient. The study showed that the patterns of
ESs supplied by different land use types and structures diverge along the urban-rural gradient, which calls
for sophisticated consideration and balancing between land uses and their impacts on ESs. The study
also revealed synergies and trade-offs of ESs at gradient scale, knowledge which could effectively reduce
uncertainty in decision making on land use and urbanization.

Suggestions for future urbanization in CYCC can be made as follows: First, CYCC should follow a
sustainable urbanization path, strategic land use planning and management, urban planning, and
regional transportation infrastructure planning for CYCC must take into account the impact on regional
ESs and seek to minimize the impact; Second, urban and land use layout planning from the perspective
of the whole region, and also must be made along the urban-rural gradient continuum, based on
incorporating ecological principles into the decision-making process for utilizing and maintaining ESs
level and resources sustainably. Third, differentiated regional development policies should be formulated
based on ESs endowment. CYCC should continue to optimize the urban-rural development pattern and
layout, rationally control the scale of construction and improve the overall e�ciency of land use. EIS
should be established in high-density urbanized areas and along transportation infrastructure in CYCC, to
mitigate the impact of LUCC on regional ESs.

Declarations
Ethical Approval: Not applicable

Consent to Participate: Not applicable.

Consent to Publish: Not applicable.

Authors Contributions:

All authors contributed to the study conception and design. Ruibo Wang: Conceptualization,
Methodology, Investigation, Formal analysis, Data curation, Writing -original draft, Validation. Yang Bai:
Conceptualization, Methodology, Resources, Project administration, Funding acquisition, Supervision.
Juha M. Alatalo: Writing - Review & Editing, Validation. Guimei Guo: Investigation, Validation. Zhangqian



Page 15/23

Yang: Conceptualization, Validation, Visualization. Zongbao Yang: Visualization ,Validation. Wei Yang:
Investigation, Validation. 

Funding

This study was supported by West Light Talent Program (Grant No.Y9XB011B01) and Key Research
Program of Frontier Sciences of the Chinese Academy of Sciences (Grant No. ZDBSLY-7011); J.M.A. was
supported by Qatar Petroleum.

Competing Interests

The authors declare that they have no known competing �nancial interests or personal relationships that
could have appeared to in�uence the work reported in this paper.

Availability of data and materials

The DEM and land use data (spatial resolution 30 m, overall accuracy 92.27%) were acquired from the
Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http://www.resdc.cn/). Other relevant parametric and spatial data (5 physical geographic factors and 5
economic and social factors) used are shown in the table below. And Table S2 and S6 were also included
in the “Supplementary Information”submitted before

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional a�liations. Environ Sci Pollut Res

References
1. Alcamo J, Vuuren D, Cramer W, Alder J, Bennett E, Carpenter S (2005) Changes in Ecosystem Services

and Their Drivers Across the Scenarios. Ecosystems and human well-being: Scenarios 2, 297-373.
http://www.millenniumassessment.org/documents/document.333.aspx.pdf

2. Bai Y, Wong CP, Jiang B, Hughes AC, Wang M, Wang Q (2018) Developing China’s Ecological Redline
Policy using ecosystem services assessments for land use planning. NAT COMMUN
9. https://doi.org/10.1038/s41467-018-05306-1 

3. Bai Y, Ochuodho TO, Yang J (2019) Impact of land use and climate change on water-related
ecosystem services in Kentucky, USA. ECOL INDIC 102, 51-
64. https://doi.org/10.1016/j.ecolind.2019.01.079

4. Boesing AL, Prist PR, Barreto J, Hohlenwerger C, Maron M, Rhodes JR, Romanini E, Tambosi LR, Vidal
M, Metzger JP (2020) Ecosystem services at risk: integrating spatiotemporal dynamics of supply and
demand to promote long-term provision. One Earth 3, 704-
713. https://doi.org/10.1016/j.oneear.2020.11.003

5. Burkhard B, Kroll F, Nedkov S, Müller F (2012) Mapping ecosystem service supply, demand and
budgets. ECOL INDIC 21, 17-29. https://doi.org/10.1016/j.ecolind.2011.06.019

https://doi.org/10.1038/s41467-018-05306-1
https://doi.org/10.1016/j.oneear.2020.11.003


Page 16/23

�. CDRF, PricewaterhouseCoopers 2021: City of Opportunity 2021, China Development Research
Foundation, PricewaterhouseCoopers. https://www.pwccn.com/en/research-and-insights/chinese-
cities-of-opportunities-2021-report.pdf 

7. Costanza R, Rudolf RDA, Limburg K, V SNR, van den Belt M (1997) The value of the world's
ecosystem services and natural capital. NATURE 387, 253-260. https://doi.org/10.1038/387253a0 

�. Costanza R, de Groot R, Braat L, Kubiszewski I, Fioramonti L, Sutton P, Farber S, Grasso M (2017)
Twenty years of ecosystem services: How far have we come and how far do we still need to go?
ECOSYST SERV 28, 1-16. https://doi.org/10.1016/j.ecoser.2017.09.008 

9. Couch C, Karecha J (2006) Controlling urban sprawl: Some experiences from Liverpool. CITIES 23,
353-363. https://doi.org/10.1016/j.cities.2006.05.003 

10. Daily GC, Matson PA (2008) Ecosystem Services: From Theory to Implementation. Proceedings of
the National Academy of Sciences - PNAS 105, 9455-
9456. https://doi.org/10.1073/pnas.0804960105

11. de Groot R, Brander L, van der Ploeg S, Costanza R, Bernard F, Braat L, Christie M, Crossman N,
Ghermandi A, Hein L, Hussain S, Kumar P, McVittie A, Portela R, Rodriguez LC, Ten Brink P, van
Beukering P (2012) Global estimates of the value of ecosystems and their services in monetary units.
ECOSYST SERV 1, 50-61. https://doi.org/10.1016/j.ecoser.2012.07.005

12. Dong M, Bryan BA, Connor JD, Nolan M, Gao L (2015) Land use mapping error introduces strongly-
localised, scale-dependent uncertainty into land use and ecosystem services modelling. ECOSYST
SERV 15, 63-74. https://doi.org/10.1016/j.ecoser.2015.07.006 

13. Duraiappah AK (2011) Ecosystem Services and Human Well-Being: Do Global Findings Make Any
Sense? BIOSCIENCE 61, 7-8. https://doi.org/10.1525/bio.2011.61.1.2 

14. Fang C, Yu D (2016) China’s new urbanization and development bottlenecks. In: China’s New
Urbanization. Springer Geography, Berlin, pp. 1-
48. https://link.springer.com/chapter/10.1007%2F978-3-662-49448-6_1 

15. Fiquepron J, Garcia S, Stenger A (2013) Land use impact on water quality: valuing forest services in
terms of the water supply sector. J ENVIRON MANAGE 126, 113-
21. https://doi.org/10.1016/j.jenvman.2013.04.002 

1�. Fu B, Zhang L, Xu Z, Zhao Y, Wei Y, Skinner D (2015) Ecosystem services in changing land use. J
SOIL SEDIMENT 15, 833-843. https://doi.org/10.1007/s11368-015-1082-x 

17. Gaglio M, Aschonitis VG, Mancuso MM, Reyes Puig JP, Moscoso F, Castaldelli G, Fano EA (2017)
Changes in land use and ecosystem services in tropical forest areas: a case study in Andes
mountains of Ecuador. International journal of biodiversity science, ecosystems services &
management 13, 264-279. https://doi.org/10.1080/21513732.2017.1345980 

1�. Gao J, Li F, Gao H, Zhou C, Zhang X (2017) The impact of land-use change on water-related
ecosystem services: a study of the Guishui River Basin, Beijing, China. J CLEAN PROD
16. https://doi.org/10.1016/j.jclepro.2016.01.049

https://doi.org/10.1073/pnas.0804960105
https://doi.org/10.1016/j.ecoser.2015.07.006


Page 17/23

19. Haase D, Schwarz N, Strohbach M, Kroll F, Seppelt R (2012) Synergies, Trade-offs, and Losses of
Ecosystem Services in Urban Regions: an Integrated Multiscale Framework Applied to the Leipzig-
Halle Region, Germany. ECOL SOC 17. https://doi.org/10.5751/ES-04853-170322 

20. Hahs AK, McDonnell MJ (2006) Selecting independent measures to quantify Melbourne's urban-rural
gradient. LANDSCAPE URBAN PLAN 78, 435-448. https://doi.org/10.1016/j.landurbplan.2005.12.005

21. Haines-Young R, Potschin M, Kienast F (2012) Indicators of ecosystem service potential at European
scales: Mapping marginal changes and trade-offs. ECOL INDIC 21, 39-
53. https://doi.org/10.1016/j.ecolind.2011.09.004 

22. Hou Y, Burkhard B, Müller F (2013) Uncertainties in landscape analysis and ecosystem service
assessment. J ENVIRON MANAGE 127, S117-S131. https://doi.org/10.1016/j.jenvman.2012.12.002 

23. Hou Y, Zhou S, Burkhard B, Müller F (2014) Socioeconomic in�uences on biodiversity, ecosystem
services and human well-being: A quantitative application of the DPSIR model in Jiangsu, China. SCI
TOTAL ENVIRON 490, 1012-1028. https://doi.org/10.1016/j.scitotenv.2014.05.071

24. Hou Y, Müller F, Li B, Kroll F (2015) Urban-rural gradients of ecosystem services and the linkages with
socioeconomics. Landscape Online 39, 1-31. https://doi.org/10.3097/LO.201539 

25. Kindu M, Schneider T, Teketay D, Knoke T (2016) Changes of ecosystem service values in response
to land use/land cover dynamics in Munessa-Shashemene landscape of the Ethiopian highlands.
547, 137-147. https://doi.org/10.1016/j.scitotenv.2015.12.127 

2�. Kroll F, Müller F, Haase D, Fohrer N (2012) Rural-urban gradient analysis of ecosystem services
supply and demand dynamics. LAND USE POLICY 29, 521-
535. https://doi.org/10.1016/j.landusepol.2011.07.008 

27. Larondelle N, Haase D (2013) Urban ecosystem services assessment along a rural-urban gradient: A
cross-analysis of European cities. ECOL INDIC 29, 179-
190. https://doi.org/10.1016/j.ecolind.2012.12.022 

2�. Lautenbach S, Kugel C, Lausch A, Seppelt R (2011) Analysis of historic changes in regional
ecosystem service provisioning using land use data. ECOL INDIC 11, 676-
687. https://doi.org/10.1016/j.ecolind.2010.09.007

29. Lin Y, Zhao J, Zhang M, Chen G (2019) Spatial pattern identi�cation and spatiotemporal evolution of
urban agglomeration in central Yunnan. Transactions of the Chinese Society for Agricultural
Machinery 50(08), 176-191. https://doi:10.6041/j.issn.1000-1298.2019.08.020

30. Łowicki D, Walz U (2015) Gradient of Land Cover and Ecosystem Service Supply Capacities- A
Comparison of Suburban and Rural Fringes of Towns Dresden (Germany) and Poznan (Poland).
Procedia Earth and Planetary Science 15, 495-501. https://doi.org/10.1016/j.proeps.2015.08.057 

31. Maes J, Paracchini ML, Zulian G, Dunbar MB, Alkemade R (2012) Synergies and trade-offs between
ecosystem service supply, biodiversity, and habitat conservation status in Europe. BIOL CONSERV
155, 1-12. https://doi.org/10.1016/j.biocon.2012.06.016 

32. McDonnell MJ, Hahs AK (2008) The use of gradient analysis studies in advancing our understanding
of the ecology of urbanizing landscapes: current status and future directions. LANDSCAPE ECOL 23,

https://doi.org/10.1016/j.landurbplan.2005.12.005
https://doi.org/10.1016/j.ecolind.2010.09.007
http://dx.chinadoi.cn/10.6041/j.issn.1000-1298.2019.08.020


Page 18/23

1143-1155. https://doi.org/10.1007/s10980-008-9253-4 

33. MEA. (2005): Millennium Ecosystem Assessment. Millennium Ecosystem Assessment Synthesis
Report. Island Press, Washington, DC. https://www.millenniumassessment.org/en/Synthesis.html

34. Nowak DJ, Green�eld EJ, Hoehn RE, Lapoint E (2013) Carbon storage and sequestration by trees in
urban and community areas of the United States. Environmental pollution (1987) 178, 229-
236. https://doi.org/10.1016/j.envpol.2013.03.019 

35. Nuissl H, Rink D (2005) The 'production' of urban sprawl in eastern Germany as a phenomenon of
post-socialist transformation. CITIES 22, 123-134. https://doi.org/10.1016/j.cities.2005.01.002

3�. Radford KG, James P (2013) Changes in the value of ecosystem services along a rural-urban
gradient: A case study of Greater Manchester, UK. LANDSCAPE URBAN PLAN 109, 117-
127. https://doi.org/10.1016/j.landurbplan.2012.10.007 

37. Raudsepp-Hearne C, Peterson GD, Bennett EM (2010) Ecosystem service bundles for analyzing
tradeoffs in diverse landscapes. Proc Natl Acad Sci U S A 107, 5242-
7. https://doi.org/10.1073/pnas.0907284107 

3�. Redhead JW, Stratford C, Sharps K, Jones L, Ziv G, Clarke D, Oliver TH, Bullock JM (2016) Empirical
validation of the InVEST water yield ecosystem service model at a national scale. SCI TOTAL
ENVIRON 569-570, 1418-1426. https://doi.org/10.1016/j.scitotenv.2016.06.227 

39. Redhead JW, May L, Oliver TH, Hamel P, Sharp R, Bullock JM (2018) National scale evaluation of the
InVEST nutrient retention model in the United Kingdom. SCI TOTAL ENVIRON 610-611, 666-
677. https://doi.org/10.1016/j.scitotenv.2017.08.092 

40. Schwarz N, Bauer A, Haase D (2011) Assessing climate impacts of planning policies-An estimation
for the urban region of Leipzig (Germany). ENVIRON IMPACT ASSES 31, 97-
111. https://doi.org/10.1016/j.eiar.2010.02.002 

41. Scolozzi R, Morri E, Santolini R (2012) Delphi-based change assessment in ecosystem service values
to support strategic spatial planning in Italian landscapes. ECOL INDIC 21, 134-
144. https://doi.org/10.1016/j.ecolind.2011.07.019

42. Sharp R, Tallis HT, Ricketts T, Guerry AD, Wood SA, Chaplin-Kramer R, Nelson E, Ennaanay D, Wolny S,
Olwero N, Vigerstol K, Pennington D, Mendoza G, Aukema J, Foster J, Forrest J, Cameron D, Arkema
K, Lonsdorf E, Kennedy C, Verutes G, Kim CK, Guannel G, Papenfus M, Toft J, Marsik M, Bernhardt J,
Gri�n R, Glowinski K, Chaumont N, Perelman A, Lacayo M, Mandle L, Hamel P, Vogl AL, Rogers L,
Bierbower W, Denu D, Douglass J (2016) InVEST+VERSION+User's Guide. The Natural Capital
Project Stanford University: Stanford, CA, USA. http://data.naturalcapitalproject.org/nightly-
build/invest-users-guide/html/

43. Siqueira-Gay J, Soares-Filho B, Sanchez LE, Oviedo A, Sonter LJ (2020) Proposed Legislation to Mine
Brazil's Indigenous Lands Will Threaten Amazon Forests and Their Valuable Ecosystem Services.
One Earth 3, 356-362. https://doi.org/10.1016/j.oneear.2020.08.008 

44. Song W, Deng X (2017) Land-use/land-cover change and ecosystem service provision in China. SCI
TOTAL ENVIRON 576, 705-719. https://doi.org/10.1016/j.scitotenv.2016.07.078

https://doi.org/10.1016/j.ecolind.2011.07.019


Page 19/23

45. Strohbach MW, Haase D (2012) Above-ground carbon storage by urban trees in Leipzig, Germany:
Analysis of patterns in a European city. LANDSCAPE URBAN PLAN 104, 95-
104. https://doi.org/10.1016/j.landurbplan.2011.10.001 

4�. Tan Y, He, J, Yue W, Zhang L, Wang Q (2017) Spatial Pattern Change of the Cultivated Land before
and after the Second National Land Survey in China. J. Nat. Resour 32(2), 186-
197. https://doi:10.11849/zrzyxb.20160263

47. TEEB (2010) The Economics of Ecosystems and Biodiversity: Ecological and Economic Foundations.
Edited by Pushpam Kumar. Earthscan, London and Washington, pp.
456. https://doi.org/10.1017/s1355770x11000088

4�. Tolessa T, Senbeta F, Kidane M (2017) The impact of land use/land cover change on ecosystem
services in the central highlands of Ethiopia. ECOSYST SERV 23, 47-
54. https://doi.org/10.1016/j.ecoser.2016.11.010 

49. Vizzari M, Antognelli S, Hilal M, Sigura M, Joly D (2015) Ecosystem Services Along the Urban-Rural-
Natural Gradient: An Approach for a Wide Area Assessment and Mapping. Springer International
Publishing, Cham, pp. 745-757. https://doi.org/10.1007/978-3-319-21470-2_54 

50. Wang R, Xu X, Bai Y, Alatalo JM, Yang Z, Yang W, Yang Z (2021) Impacts of Urban Land Use Changes
on Ecosystem Services in Dianchi Lake Basin, China. SUSTAINABILITY-BASEL 13,
4813. https://doi.org/10.3390/su13094813 

51. Wolff S, Schulp CJE, Verburg PH (2015) Mapping ecosystem services demand: A review of current
research and future perspectives. ECOL INDIC 55, 159-
171. https://doi.org/10.1016/j.ecolind.2015.03.016 

52. Wong CP, Jiang B, Kinzig AP, Lee KN, Ouyang Z (2015) Linking ecosystem characteristics to �nal
ecosystem services for public policy. ECOL LETT 18, 108-118. https://doi.org/10.1111/ele.12389 

53. Xie H, Zhang Y, Duan K (2020) Evolutionary overview of urban expansion based on bibliometric
analysis in Web of Science from 1990 to 2019. HABITAT INT 95,
102100. https://doi.org/10.1016/j.habitatint.2019.102100 

54. Xu W, Xiao Y, Zhang J, Yang W, Zhang L, Hull V, Wang Z, Zheng H, Liu J, Polasky S, Jiang L, Xiao Y,
Shi X, Rao E, Lu F, Wang X, Daily GC, Ouyang Z (2017) Strengthening protected areas for biodiversity
and ecosystem services in China. Proceedings of the National Academy of Sciences - PNAS 114,
1601-1606. https://doi.org/10.1073/pnas.1620503114 

55. Yanai RD, Battles JJ, Richardson AD, Blodgett CA, Wood DM, Rastetter EB (2010) Estimating
Uncertainty in Ecosystem Budget Calculations. ECOSYSTEMS 13, 239-
248. https://doi.org/10.1007/s10021-010-9315-8 

5�. YNGOV 2020: Development Plan of Central Yunnan City
Cluster. http://www.yn.gov.cn/zwgk/zcwj/zxwj/202008/t20200826_209715.html

57. Zhang L, Peng J, Liu Y, Wu J (2017) Coupling ecosystem services supply and human ecological
demand to identify landscape ecological security pattern: A case study in Beijing-Tianjin-Hebei
region, China. URBAN ECOSYST 20, 701-714. https://doi.org/10.1007/s11252-016-0629-y

http://dx.doi.org/10.1017/s1355770x11000088


Page 20/23

5�. Zhang Z, Liu F, Zhao X, Wang X, Shi L, Xu J, Yu S, Wen Q, Zuo L, Yi L, Hu S, Liu B (2018) Urban
Expansion in China Based on Remote Sensing Technology: A Review. CHINESE GEOGR SCI 28, 727-
743. https://doi.org/10.1007/s11769-018-0988-9 

59. Zhou X, Wang Y (2011) Spatial-temporal dynamics of urban green space in response to rapid
urbanization and greening policies. LANDSCAPE URBAN PLAN 100, 268-
277. https://doi.org/10.1016/j.landurbplan.2010.12.013 

�0. Zhu W, Carreiro MM (2004) Temporal and spatial variations in nitrogen transformations in deciduous
forest ecosystems along an urban-rural gradient. Soil Biology and Biochemistry 36, 267-
278. https://doi.org/10.1016/j.soilbio.2003.09.013 

�1. Zipperer WC, Wu J, Pouyat RV, Pickett STA (2000) The Application of Ecological Principles to Urban
and Urbanizing Landscapes. ECOL APPL 10, 685. https://doi.org/10.1890/1051-
0761(2000)010[0685:TAOEPT]2.0.CO;2

�2. Zu Ermgassen SOSE, Utamiputri P, Bennun L, Edwards S, Bull JW (2019) The Role of "No Net Loss"
Policies in Conserving Biodiversity Threatened by the Global Infrastructure Boom. One Earth 1, 305-
315. https://doi.org/10.1016/j.oneear.2019.10.019

Figures

Figure 1

(Left) Location of Central Yunnan City Cluster (CYCC) in south-west China and (right) gradient of
concentric rings from core (0) to outermost ring (8) established for CYCC in this study.

Figure 2

Spatial distribution of land use cover change (LUCC) in Central Yunnan City Cluster (CYCC) in (left) 1995
and (right) 2018.
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Figure 3

Land use cover change (LUCC) in Central Yunnan City Cluster (CYCC) from 1995 to 2018. The upper bar
graph shows speci�c changes in the area of constructed land, open water, and unused land, while the
lower bar graph shows the overall change in regional land use.
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Figure 4

Land use class proportions (y-axis) along the urban-rural gradient from core (0) to outmost ring (8) (x-
axis) in Central Yunnan City Cluster (CYCC) in 1995, 2005, 2015, and 2018. 

Figure 5

Average value of different ecosystem services (ESs) along the urban-rural gradient from core (0) to
outermost ring (8) in Central Yunnan City Cluster (CYCC) in the four years studied. 

Figure 6

Impacts and driving factors of CYCC ecosystem services in 1995 and 2018.
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Figure 7

Signi�cant differences (P<0.01 in paired-samples t test) in ecosystem service (ESs) between adjacent
rings from core (0) to outermost ring (8) in Central Yunnan City Cluster (CYCC) in 2018. 
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