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Abstract: Understanding ecosystem service characteristics along urban-rural gradients is vital for
enhancing the well-being of urban and rural residents. Despite this importance, prior research has
neglected the dynamic evolution of urban-rural gradients during urbanization. This study investi-
gates the spatiotemporal variations of four ecosystem services—habitat quality, carbon sequestration,
water yield, and soil retention—along the urban-rural gradient in Jinghong City, China. We propose
a method for identifying the gradient using the inverse S function of urban land density distribution
and concentric analysis. From 2000 to 2020, ecosystem service supply capacity in Jinghong City
continuously declined, indicating degradation over the two decades. The urban-rural gradient zone
is classified as core area, inner urban area, suburban area, and urban periphery, each experiencing
outward expansion, reflecting significant urbanization. Changes in ecosystem services along the
gradient revealed consistently high losses in habitat quality, carbon sequestration, and overall services
in the inner urban area, while water yield and soil retention suffered the greatest losses in the urban
periphery. As urbanization expanded outward, the loss of these services shifted from the inner urban
area to the suburban and urban periphery. These results support decision-making in urban planning
and sustainable development for urban-rural regions.

Keywords: ecosystem services; urban-rural gradient; Jinghong City

1. Introduction

As urbanization progresses rapidly worldwide, the Earth’s natural ecosystems face sig-
nificant disruptions from various human activities [1]. Global urbanization, driven by the
intensification of human activities, has facilitated social and economic development. How-
ever, it has also led to crucial ecological challenges, including the loss of biodiversity, habitat
fragmentation, and the degradation of ecosystem services [2]. These issues require prompt
attention as they hinder the achievement of the United Nations Sustainable Development
Goals [3,4]. Properly understanding and managing the relationship between ecosystems
and urbanization is essential to achieving sustainable human development [5–7].

China is currently undergoing an unprecedented urbanization process. The urban-
ization rate of the permanent resident population has maintained a stable annual growth
of 1% for a long period, soaring from 17.92% in 1978 to 64.72% in 2021 [8]. Data indicate
substantial growth in urban residents from 359 million to 848 million and an expansion of
urban construction land from 44,700 km2 to 103,500 km2 between the first and third land
use surveys (1996–2019). Simultaneously, agricultural land decreased from 1,300,100 km2

to 1,278,600 km2 [9]. This “super-rapid” urbanization pattern has drastically altered the
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resource distribution between urban and rural areas. On the one hand, a large number of
agricultural populations continuously migrate from rural to urban areas; on the other hand,
urban spaces expand extensively, unplanned, and with low density from cities to rural
areas [10]. The material cycling, service transmission, and functional feedback between the
natural ecological environment system and the human social-economic system continually
adjust and reshape during this unbalanced transfer process [11,12], leading to a continuous
decline in the quantity and quality of ecosystem services available to urban residents and
presenting urban-rural spatial heterogeneity. Therefore, it is necessary to clarify the impact
of urbanization on ecosystem services in urban-rural spaces, providing a decision-making
basis for the management of urban-rural ecosystems and resource allocation [13–15].

The rural-urban gradient is widely utilized in landscape science and ecology to de-
scribe spatial land use patterns [16–19] and the structure and functions of ecosystems in
rural-urban regions [20–22]. The rural-urban gradient also provides a robust tool to study
the impact of human activities, particularly urbanization, on ecosystems [23] and offers a
methodological foundation for ecosystem and urban planning management [24,25].

As the impact of urbanization on the ecological environment intensifies, character-
izing the features of ecosystem services along the rural-urban gradient has become a hot
topic in the field [26–28]. Existing studies have indicated that the rural-urban gradient
constrains spatial variations in ecosystem services [29] and influences relationships be-
tween ecosystem services [30]. For instance, Francesc Baró (2016) assessed the capacity,
flow, demand, and unsatisfied demand of two ecosystem services, outdoor recreation,
and air purification, along the rural-urban gradient in Barcelona. The study revealed a
consistent spatial pattern along the gradient, suggesting potential declines in ecosystem
service flows in peri-urban areas due to future urban development [13]. Franziska Kroll
(2012) conducted a study on the supply and demand of three ecosystem services—energy,
food, and water—along the rural-urban gradient in the Leipzig-Halle region of Germany.
The results showed a leveling of the rural-urban gradient in the pattern of ecosystem
demands, reflecting profound changes in traditional rural-urban relationships [16]. Ilkwon
Kim et al. (2020) identified upper ecosystem services along the rural-urban gradient of
coastal cities in South Korea, exploring correlations between ecosystem services through
correlation and principal component analysis. They also assessed landscape multifunc-
tionality using diversity and capacity indices [13,30]. Qin Y. L. (2020) investigated the
characteristics and relationships between landscape indices and ecosystem service values
in Xi’an, China, along the rural-urban gradient, revealing the impact of urban develop-
ment on urban ecosystems [31]. Additionally, the highly spatial heterogeneity of urban
ecosystems necessitates a clear understanding of the impact of urbanization on ecosystem
services along the rural-urban gradient, providing a basis for decision-making in urban
and regional sustainable development [28]. Various methods have been employed to delin-
eate the rural-urban gradient in research, with the following three approaches most used.
The first relies on geographical distance as the sole division indicator, establishing one
or more straight lines from the city center to the rural periphery [32] or using concentric
circles to set multiple buffer zones [33,34]. The second utilizes demographic variables
to generate gradient types, attempting to encapsulate urbanization processes into single
indicators such as population density or educational attainment [35]. The third employs
landscape indicators, such as average patch size, fractal dimensions, or a combination
of multiple landscape indices [19,30,36], for clustering analysis to generate a rural-urban
gradient [28,37]. However, each method has limitations. While concentric rings are widely
used [38], they oversimplify complex urban forms and dynamic development trends. The
second method, using a single metric threshold, ignores the nonlinear features of the com-
plex human-ecosystem system and obscures the regional ecological diversity. The third
method, although it considers the complexity of regional landscape patterns, requires users
to specify the number of clustering targets by adjusting the relevant parameters, introduc-
ing a high level of personal subjectivity. Given these limitations, it is vital to apply methods
capable of accurately characterizing the dynamic development of urbanization and urban
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growth along the rural-urban gradient. Jiao (2015) developed a quantitative method that
uses the inverse S function to analyze urban structures and growth patterns [39,40], offering
a new perspective for identifying the rural-urban gradient in the dynamic development of
urbanization and exploring the spatiotemporal characteristics of ecosystem services along
the gradient.

Jinghong City is an important port for China’s engagement with Southeast Asian
countries and international exchanges. Since the initiation of economic reforms, it has
undergone rapid urbanization. Additionally, Jinghong City is located on the northern
edge of the tropical region, which provides extensive tropical rainforests and a favorable
ecological environment. Despite its advantageous natural conditions, the process of ur-
banization has disrupted natural ecosystems, exacerbating the degradation of ecosystem
services. Therefore, it is imperative to understand the response of ecosystem services
along urban-rural gradients during the urbanization process to achieve the objectives of
sustainable urban development. This study evaluates four typical ecosystem services as
well as comprehensive ecosystem services in Jinghong City using the inverse S function
based on urban land distribution and concentric circle analysis to identify the dynamic
development process of urban-rural gradients. The research examines the spatiotemporal
variation of ecosystem services along urban-rural gradients and explores the impact of
urbanization on ecosystem services at different levels of urban-rural gradients, aiming to
provide a decision-making basis for urban planning and the sustainable development of
the region.

2. Materials and Methods
2.1. Study Area and Data Sources

Jinghong City is situated in the southwest of China (100◦25′–101◦31′ E, 21◦27′–22◦36′ N),
bordering Myanmar to the south and adjacent to Laos and Thailand (Figure 1). The total
length of the national border is 112.4 km. The city comprises five towns, five townships,
two sub-district offices, six farm management committees, and one state-owned farm,
namely: Menglong Town, Gasa Town, Menghan Town, Puwen Town, Mengyang Town,
Mengwang Township, Jino Mountain Jino Ethnic Township, Jingne Township, Jingha
Hani Township, Dadugang Township, Yunjinghong Sub-district, Jiangbei Sub-district,
Jinghong Farm Management Committee, Dongfeng Farm Management Committee, Gan-
lanba Farm Management Committee, Dadugang Farm Management Committee, Mansha
Farm Management Committee, Nanlianshan Farm Management Committee, and State-
owned Mengyang Farm. It includes 85 village committees, 20 residents’ committees, and
768 natural villages, covering an area of approximately 6958 km2. As of 2020, the permanent
population of Jinghong City was 644,000, with a population density of 93.78 people/km2.
The topography of Jinghong City is characterized by higher elevation in the north and
lower elevation in the south, with mountainous areas comprising 95% of the total area
and basin areas making up the remaining 5%. The forest coverage rate is 85.04%, and the
Lancang River-Mekong River forms a dense network of rivers that traverses the entire
region from north to south. Jinghong City is located in the transitional zone between the
northern tropical and southern subtropical regions. The city experiences high temperatures
(average annual range of 19.12–24.29 ◦C) and abundant precipitation throughout the year
(573.79–1828.80 mm annually).

The data utilized in this study encompass the following:

(1) Land use data for the years 2000, 2010, and 2020 obtained from the Global 30-m Fine-
Resolution Surface Cover Dynamics Monitoring Product (https://data.casearth.cn/
(accessed on 18 October 2022)). By using a reference classification system, the land use
types in Jinghong City were categorized into farmland, forest, grassland, shrubland,
wetland, built-up land, and water bodies (Figure 2).

(2) Precipitation and solar radiation flux data from 2000 to 2020 were sourced from
NASA’s FEWSNET and TRMM real-time datasets (https://disc.gsfc.nasa.gov/datasets/
(accessed on 18 October 2022)). Through the Globe Earth Engine platform, annual

https://data.casearth.cn/
https://disc.gsfc.nasa.gov/datasets/
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precipitation, monthly precipitation, and monthly solar radiation flux data were
synthesized. Using the raster-to-point tool in ArcGIS, these data were simulated as
“station data” and then subjected to Kriging interpolation to obtain 30-m resolution
precipitation and solar radiation flux data. Temperature information was derived
from meteorological station data in Jinghong City.

(3) Soil data were obtained from the World Soil Database (http://www.fao.org/soils-
portal/soil-survey/ (accessed on 20 October 2022)).

(4) Digital Elevation Model (DEM) data were acquired from the Geospatial Data Cloud
(http://www.gscloud.cn/ (accessed on 20 October 2022)).

(5) Socioeconomic data primarily originated from the National Bureau of Statistics of the
People’s Republic of China website and the Jinghong City Statistical Yearbook.
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2.2. Evaluation of Ecosystem Services

Considering both the ecological system structure characteristics of Jinghong City
and the availability of data, we selected four typical ecosystem services: habitat quality,
carbon sequestration, soil retention, and water provision services. These four services are
commonly regarded as key indicators representing the ecological health and safety of a
region [41,42]. Utilizing composite indices constructed based on these services, we can
comprehensively reveal the overall level of ecosystem service provisioning. This approach
enables an accurate quantification of the urban-rural differentiations under an ecological
health-oriented framework.

http://www.fao.org/soils-portal/soil-survey/
http://www.fao.org/soils-portal/soil-survey/
http://www.gscloud.cn/
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In this study, the InVEST model was employed to measure the physical quantities of
habitat quality, water provision, carbon sequestration, carbon storage, and soil retention—
the four critical ecosystem services in Jinghong City. Note that the descriptions of the
parameters used below are detailed in the Supplementary Materials.

(1) Habitat quality service

The Habitat Quality Index is a comprehensive indicator used to assess the suitability
and degradation level of habitats in the study area [43]. The “Habitat Quality” module
utilizes land-use data as a substrate and integrates stressor factors, including the maximum
impact distance and relative weights of stressors, habitat suitability for various land cover
classes, and the sensitivity of these classes to disturbance by stressor factors. The assessment
of regional habitat quality is conducted based on this information. The calculation formula
is as follows:

HQxj = Hj ×
[

1 −
(

Dz
xj

Dz
xj + kz

)]
, (1)

where HQxj represents the habitat quality index for grid x within habitat type j; Dz
xj

denotes the habitat degradation level of grid x within habitat type j; Hj stands for the
habitat suitability of habitat type j, with values ranging from 0 to 1; k is the half-saturation
constant, determined by the maximum habitat degradation level (taken as the square
root of half the maximum value of the habitat degradation index results); and z is the
normalization constant, typically set to 2.5.

(2) Water conservation service

The InVEST model calculates water yield based on the Budyko water balance principle.
However, due to the model’s omission of surface runoff factors, it leads to ecologically
significant land units, such as forests, displaying unrealistically lower water yields per unit
area compared to developed land. In order to address this limitation, the present study
modifies the water conservation model based on the characteristics of the study area. This
modification involves adjusting the water yield model by subtracting the contribution of
surface runoff from the total water yield. The formula is as follows:

WRxj =

[
1 −

AETxj

Px

]
× Px − Dxj, (2)

Dxj = Cxj × Px, (3)

where WRxj represents the annual water conservation of grid x in the j-th type of ecosystem.
Px represents the annual precipitation of grid x. AETxj, Dxj, and Cxj denote the annual
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actual evapotranspiration, surface runoff, and surface runoff coefficient of grid x within the
jth type of ecosystem, respectively.

(3) Carbon sequestration service

Carbon sequestration represents a crucial regulatory function within ecosystems,
wherein terrestrial ecosystems modulate atmospheric carbon levels by sequestering carbon
elements in the soil and vegetation. In this study, the InVEST model’s carbon module was
employed to assess the spatial distribution of carbon storage in the ecosystems of Jinghong
City. Based on different land use/cover types within the study area, carbon storage was
categorized into four fundamental reservoirs: aboveground carbon pool, belowground
carbon pool, soil carbon pool, and detritus carbon pool (i.e., deceased organic carbon
pool) [44]. The formula is as follows:

Ctotal = Cabove + Cbelow + Csoil + Cdead, (4)

where Ctotal , Cabove, Cbelow, Csoil , and Cdead represent the total carbon sequestration(t·hm−2),
aboveground biochar, underground biochar, soil organic carbon, and dead organic car-
bon, respectively.

(4) Soil retention service

Soil retention services refer to the ability of different ecosystems to reduce soil erosion,
representing a crucial ecosystem service closely tied to human well-being. In this study, the
InVEST model’s sediment delivery ratio module was employed to represent soil retention
in the Jinghong City area. Initially, the potential soil erosion, based on topographic and
climatic conditions, was calculated—termed the soil erosion quantity under natural and
vegetation-protected conditions (RKLSx). Subsequently, the actual soil erosion quantity
in the study area was determined under human management and conservation measures
(USLEx). The soil retention quantity (SRx) was computed as the difference between the
potential and actual soil erosion quantities. The formula is as follows:

USLEx = Rx × Kx × LSx × Cx × Gx, (5)

RKLSx = Rx × Kx × LSx, (6)

SRx = RKLSx − USLEx, (7)

where Rx represents the rainfall erosivity factor, Kx is the soil erodibility factor, LSx denotes
the slope length and steepness factor, Cx accounts for the vegetation cover and management
factor, and Gx signifies the soil retention practice factor.

(5) Integrated ecosystem services

Due to the varied units of different ecosystem services, standardization is applied to
each type of ecosystem service. Subsequently, a weighted sum of the standardized values is
calculated to obtain the composite ecosystem services score. Given the relatively high forest
coverage in Jinghong City, substantial weight is assigned to the habitat quality service. The
formula is as follows:

TES = 0.4 × HQ + 0.2 × (WC + C + SR), (8)

where TES stands for total ecosystem services, HQ for habitat quality, C for carbon seques-
tration, WC for water conservation, and SR for soil retention.

2.3. Dynamic Identification of Urban-Rural Gradient

(1) Division of urban rings

The division of urban rings involves establishing a series of equidistant buffer zones
outward from the city center, utilizing it as the fundamental unit to depict the spatial
differentiation of urban expansion. These zones serve as the basis for computing spatial
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indicators and analyzing the spatial characteristics manifested during different stages of
urbanization processes [45]. In accordance with the overall planning of Jinghong City
(1999–2020), this study designates the intersection of Xuanwei Avenue and Mengbo Avenue
as the central point or epicenter of Jinghong City. By using a 10 km buffer radius, a series
of concentric rings extending outward from the center were established, forming the basic
units for analyzing the dynamic spatial changes within the city. This process continues
until the entire urban area is encompassed (Figure 2). Subsequently, the land density for
each ring is calculated as follows:

LandDi =
Sib

Si − Siw
, (9)

where LandDi denotes the land density of the i-th concentric ring; Si is the total area of the
i-th concentric ring; Sib and Siw represent the built-up land area and water area of the i-th
concentric ring, respectively. In this study, water bodies are considered as non-buildable
land. When calculating land density, the water area is subtracted from the total area.

(2) Urban-rural gradient grading

Jiao [40] observed a spatial pattern of decreasing impervious surface density in an
inverse S-shaped fashion radiating outward from the city center. He proposed the use
of an inverse S-function to fit the variation trend of urban land density. In this study, we
employed this methodology to further delineate urban-rural gradient layers and investigate
the spatial characteristics of urban land expansion during the process of urbanization. The
formula is as follows:

f (r) =
1 − c

1 + eα[( 2r
D )−1]

+ c, (10)

where f denotes urban land density; r represents the distance from the city center; α is
a parameter determining the slope of the urban land density function curve; c indicates
the lower asymptote of the function, representing the background value of urban land
density in the peripheral areas outside the city; and D represents the estimated value of the
city radius.

According to the inverse S-curve of urban construction land density, Jinghong City’s
urban-rural gradient zones can be further delineated into four distinct segments: the core
zone, near-urban zone, far-urban zone, and peripheral zone. Within the core zone, the
construction land density is the highest, decreasing gradually. In the near-urban and far-
urban zones, the density decreases rapidly, followed by a slower decline in the peripheral
zone. The radius ranges for these zones are expressed as r1, r0-r1, r2-r0, D-r2 [46]. The
formula is as follows:

r0 =
D
2

, (11)

r1 =
D
2
(
−1.316957

α
+ 1), (12)

r2 =
D
2
(

1.316957
α

+ 1) (13)

where r1 denotes the core zone, r1-r0 represents the inner urban area, r0-r2 corresponds to
the suburban area, and beyond r2 is considered the outer urban periphery. α is the same as
above (Figure 3).
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3. Results
3.1. Characteristics of Spatiotemporal Changes in Ecosystem Services

Over the period from 2000 to 2020, comprehensive ecosystem services in Jinghong
City exhibited a declining trend (Table 1). The overall ecosystem services value decreased
from 0.63 in 2000 to 0.58 in 2020, representing a reduction rate of 8.56%. Habitat quality
services, carbon sequestration and storage services, water yield services, and soil retention
services all demonstrated a decreasing trend over time. Among these, soil retention services
experienced the most significant decline, dropping from 0.0067 in 2000 to 0.0021 in 2020,
indicating a reduction rate of 68.66%. Water yield services followed, with a decrease of
30.77%. Habitat quality services decreased from 0.87 in 2000 to 0.83 in 2020, representing
a reduction rate of 4.05%. Carbon sequestration services exhibited a relatively smaller
decline compared to other service types, with a reduction of 4.05% from 2000 to 2020. It
is noteworthy that the period from 2000 to 2010 witnessed the most substantial decline in
ecosystem services in Jinghong City. Overall, the capacity to supply ecosystem services in
Jinghong City has been degrading annually, posing a significant threat to regional ecological
security and the high-quality development of the city.

Table 1. Comprehensive ecosystem services in Jinghong City in 2000, 2010, and 2020.

ESV
Ecosystem Service Score Change Rate

2000 2010 2020 2000–2020

HQ 0.87 0.84 0.83 −4.05%
WC 0.55 0.41 0.38 −30.77%

C 0.87 0.86 0.85 −3.20%
SR 0.0067 0.0021 0.0021 −68.66%

TES 0.63 0.59 0.58 −8.56%

From a spatial perspective (Figure 4), the study highlights notable temporal and
spatial variations in ecosystem services in Jinghong City from 2000 to 2020. The areas with
high ecosystem service values are primarily distributed along the northern bank of the
Lancang River, which is a national nature reserve, and in the northeastern region with
higher elevation, where vegetation coverage is relatively abundant. In contrast, areas
with lower ecosystem service values are located in the central areas of Jinghong City and
densely populated townships. Over the 20-year period, there has been a noticeable trend
of decreasing high-value areas and expanding low-value areas spatially. This trend is
particularly evident in the southern regions, especially south of the city center, where
the expansion of low-value areas is more pronounced. The phenomenon described is
primarily due to the ongoing expansion of Jinghong City towards the south and west from
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2000 to 2020. This has resulted in the gradual replacement of ecological land with urban
construction land.
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The spatial unevenness of habitat quality services is apparent when considering
various ecosystem service types. Specifically, from 2000 to 2020, the area of high-value
regions in the northern mountainous habitats of Jinghong City consistently decreased.
Conversely, in the relatively flat southern regions, the area of low-value regions continues
to expand as the urban area expands outward. Carbon sequestration services have a
balanced spatial distribution, with high-value areas located in the higher-elevated northern
regions. These areas include extensive tropical rainforests with high forest vegetation
cover and relatively favorable baseline conditions for ecosystem services, including a high
biological carbon reservoir.

The distribution of water conservation services exhibits significant heterogeneity, with
a spatial pattern of high values in the northeast and low values in the southwest. Through-
out the 20-year period, areas with high values were consistently observed across the entire
region of Mengwang Township, as well as the eastern parts of Mengyang Township and
Gino Township. The high-value regions have been decreasing in size, moving from the
northern mountainous areas towards the central regions. Conversely, low-value areas are
expanding from the southern Menglong Township towards the central plains.

The regions with high soil retention services are scattered throughout Jinghong City.
These areas have extensive vegetation cover, which provides strong rainwater interception
capabilities and high soil retention capacity. The urban areas of Jinghong, Menghan
Township, and Menglong Township are primarily low-value areas, forming a “low-value
inverted triangle” zone. This region, marked by the clustering of villages and towns, has
experienced high levels of land development and intensity of use from 2000 to 2020.

In summary, over the two decades, the overall status of the four ecosystem services in
Jinghong City has tended to deteriorate. The area of high-value regions has consistently
diminished, while low-value areas have expanded annually, presenting a spatial trend that
is gradually spreading from the city center outward.

3.2. Types and Spatial Distribution of Urban-Rural Gradient

Figure 5 and Table 2 show that the inverse S equation effectively fits the trend of
decreasing urban land density from the center to the periphery in Jinghong City. The R2

values indicate high fitting accuracy of the urban land density distribution in Jinghong
City, with respective values of 0.99, 0.98, and 0.96 for the years 2000, 2010, and 2020. The
parameter α characterizes the degree of spatial concentration of built-up land. The values
of parameter α decreased in 2000, 2010, and 2020, indicating that as built-up land expands,
the concentration of the built-up area towards the city’s core decreases, resulting in a more
dispersed urban morphology in Jinghong. The inverse S curve for the years 2000, 2010, and
2020 shows consistent spatiotemporal patterns, displaying a process of gradual decline,
followed by rapid descent, and finally, a slow decrease until reaching a plateau. Based
on built-up land density, Jinghong City is categorized into core areas, inner urban areas,
suburban areas, and urban periphery. In order to incorporate the entire Jinghong City into
the urban-rural gradient, 10 concentric rings with intervals of 10 km were delineated for
areas beyond the urban periphery. In 2000, the core area was within 0–1.48 km, the inner
urban area was within 1.48–2.13 km, the suburban area was within 2.13–2.78 km, and the
urban periphery was beyond 2.78 km. In 2010, the core area expanded to 0–1.53 km, the
inner urban area was within 1.53–2.30 km, the suburban area was within 2.30–3.08 km, and
the urban periphery was beyond 3.08 km. In 2020, the core area expanded to 0–1.74 km,
the inner urban area was within 1.74–3.26 km, the suburban area was within 3.26–4.77 km,
and the urban periphery was beyond 4.77 km. All of the urban-rural gradient zones in
Jinghong City expanded outward over the 20-year period.
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Figure 5. Urban land density measured across space.

Table 2. Parameters of the fitted urban land density functions.

Year c α D r0 r1 r2 R2

2000 0.008 4.297 4.254 2.13 1.48 2.78 0.99
2010 0.013 3.912 4.606 2.30 1.53 3.08 0.98
2020 0.028 2.833 6.516 3.26 1.74 4.77 0.96

3.3. The Spatiotemporal Characteristics of Urban-Rural Gradient in Ecosystem Services

The changes in the urban-rural gradient of ecosystem services in Jinghong City were
examined across three periods (2000–2010, 2010–2020, and 2000–2020). Significant varia-
tions were observed in the changes of different ecosystem service types along the gradient
(Figure 6). The maximum loss in comprehensive ecosystem services from 2000 to 2020 was
evident in the inner urban area, with a reduction of 0.146. The suburban area followed
closely, experiencing a decrease of 0.129. During the periods 2000–2010 and 2010–2020, the
suburban region consistently exhibits the highest loss in comprehensive ecosystem services,
with reductions of 0.081 and 0.094, respectively. Notably, the decade from 2010 to 2020 sees
the greatest loss of comprehensive ecosystem services in the suburban area (Figure 6). This
suggests that over the 20-year span, the continuous urban expansion from the inner urban
area to the suburban area in Jinghong City has intensified the loss of ecosystem services.

The loss of habitat quality services during the period from 2000 to 2020 was most
pronounced within the inner urban areas, reaching 0.197, followed by suburban areas with
a loss of 0.162. The peripheral regions, located beyond 100 km from the city, experienced
the least habitat quality loss. During both the 2000–2010 and 2010–2020 periods, the greatest
loss occurred in suburban areas. However, an interesting spatial observation emerged
during the latter period (2010–2020), with an increase in habitat quality services observed in
the region 70–100 km from the city (Figure 6). These findings indicate a continual decrease
in ecosystem habitat quality services from the urban periphery towards the core areas of
Jinghong City. The highest peaks are observed in the inner urban and suburban zones,
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while the least variation is observed in the areas furthest from the city, the habitat quality
loss of which is minimal over the 20-year span.
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Figure 6. Changes in ecosystem services along the urban-rural gradient during 2000–2010 (top panel),
2010–2020 (middle panel), and 2000–2020 (bottom panel). HQ indicates habitat quality. WC indicates
water conservation. C indicates carbon sequestration. SR indicates soil retention. TES indicates total
ecosystem services. r1, r2, r3, and r4 in the x-axis indicate the core zone, inner urban area, suburban
area, and urban periphery, respectively.

The carbon sequestration service experienced the greatest loss in the inner urban areas
during the period from 2000 to 2020, decreasing by 0.199. The least variation occurred in
the spatial areas between 90 to 100 km on the urban periphery. Furthermore, comparing
the periods 2010–2020 to 2000–2010, the loss of carbon sequestration service in the core,
inner urban, and suburban areas increased by 17.5%, 386%, and 304%, respectively. During
the 2000–2010 period, the area that experienced the greatest loss in carbon sequestration
services was located approximately 70 km from the city, followed by the suburbs. In the
years 2010–2020, the region with the greatest loss in carbon sequestration service shifted
to the suburbs, while the areas around the 70 km ring experienced an increase in carbon
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sequestration service (Figure 6). This shift is attributed to Jinghong City’s recent efforts
in response to the “returning farmland to forest” policy, involving the afforestation of
cultivated land on the edge of the tropical rainforest, resulting in an enhancement of carbon
sequestration capacity.

The region experiencing the greatest reduction in water conservation services during
the period from 2000 to 2020 is located around the 40 km ring, with a decrease of 0.208.
Conversely, the core urban area exhibits the smallest decrease, amounting to 0.030. From
2000 to 2010, the outskirts (20–40 km from the city) and suburban regions experienced the
most significant reductions, with losses ranging from 0.167 to 0.160. From 2010 to 2020,
the largest reduction occurred in the 80–100 km area beyond the city periphery, with a
decrease ranging from 0.098 to 0.072. It is worth noting that water conservation services
show an increasing trend from the city core to a distance of 20 km beyond the urban
periphery (Figure 6). The expansion of urbanization has led to a continuous outward
migration of water conservation functionality, with the areas beyond the urban periphery
experiencing the greatest reduction in water conservation services. Recent growth in
construction land, population increase, and rising water demand in the city core may be
contributing factors to this phenomenon. The “Dai Ethnic Water City Construction” project
in Jinghong City involves redirecting water resources from the outskirts to the urban area,
resulting in an increase in water conservation services in the city core and its immediate
surroundings. However, this comes at the expense of water conservation functionality
beyond the urban periphery.

The soil retention service experienced the greatest losses during the period from 2000
to 2020 in the peripheral zones of the city at 40 km and 90 km, with reductions of 0.058
and 0.053, respectively (Figure 6). Conversely, the core and inner urban areas exhibited
minimal changes, with reductions ranging from 0.001 to 0.011. Overall, there was a trend of
increasing loss from the city core towards the outer regions. Between 2000 and 2010, the soil
retention function saw the most significant decrease in the region extending up to 40 km
from the city periphery, reaching a maximum reduction of 0.058, followed by a gradual
decline towards 20 km. Additionally, the area located 90–100 km from the city periphery
also experienced considerable losses in soil retention function, ranging from 0.054 to 0.051.
From 2010 to 2020, soil retention services decreased less than in the previous decade. The
most significant decline was observed at a distance of 20 km, while an increase in soil
retention services was noted between 9 and 100 km. The findings suggest that Jinghong
City’s soil and water conservation capabilities decreased during the first decade of the
study due to intense human development, making the area more vulnerable to geological
disasters. However, in the past decade, the city has taken measures to control landslides in
regions prone to geological disasters, resulting in improved soil and water conservation
services and reduced risks of geological disasters.

In summary, the ecosystem’s water yield conservation service experienced the greatest
reduction in the peripheral area beyond 40 km from the urban center from 2000 to 2020,
with a decrease of 0.208. Subsequently, carbon sequestration services and habitat quality
services in the inner-city regions also witnessed substantial losses, decreasing by 0.199 and
0.197, respectively. Additionally, from 2010 to 2020, the ecosystem’s carbon sequestration
service incurred the largest reduction in the suburban areas, decreasing by 0.182, while
habitat quality services ranked second with a decrease of 0.144. In the period from 2000 to
2010, the water yield conservation service of the ecosystem experienced the most significant
loss in the area beyond 20 m from the urban periphery, declining by 0.175. Simultaneously,
noticeable reductions in water yield conservation services were observed in the suburban
and peripheral urban areas ranging from 30 to 40 km, with decreases falling within the
range of 0.160 to 0.166.

As urbanization progresses, developed land continues to expand annually, pushing
suburban areas outward. Between 2010 and 2020, the suburban area expanded by 1.69 km.
This expansion has resulted in the conversion of forested areas, cultivated land, and water
bodies into developed land, leading to a continuous reduction in their respective areas. The
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construction of the Dai Cultural Park and tourism development along the Lancang River
have significantly occupied large areas of forest and agricultural land, leading to a decline
in the ecosystem’s carbon sequestration capacity and habitat quality. In regions located 20
to 40 km from the urban periphery, there has been recent development in aquaculture and
hydraulic engineering. The conversion of large bodies of water into developed land may
be a contributing factor to changes in water conservation service quantity.

4. Discussion
4.1. Factors Driving Changes in the Urban-Rural Gradient

Based on the results of the urban land density inverse S-function, there has been
a continuous outward expansion of concentric rings along the urban-rural gradient in
Jinghong City from 2000 to 2020. This indicates that the urban morphology has become
more dispersed over the two decades, with the area of urban built-up land extending
outward. During the urbanization construction process, traditional extensive land-use prac-
tices can result in land type conversions and ecological deterioration. The “General Urban
Plan of Jinghong City (1999–2020)” indicates that the urban structure pattern in Jinghong
City underwent significant changes between 2000 and 2020. The original pattern was
characterized by clusters along the north-south direction of the Lancang River. However,
it has transformed into a clustered layout along elevated areas near the mountains. This
restructuring involved enhancing the central area and expanding four regions: Gadong,
Gasa, Manlongfeng, and the south bank of the Lancang River. As a result, a new urban
pattern has emerged, continuously expanding from the south bank of the Lancang River
towards the southwest. This shift in the urban structure might be a direct cause for the
increased dispersion of the urban morphology in the study area over the 20-year period,
confirming the findings of our research.

Existing research suggests that population and economic growth are key drivers of
changes in land use and ecosystem function in both urban and rural areas [47–49]. After the
establishment of the Greater Mekong Subregion Cooperation (GMS) in 1992 [50], Jinghong
City took advantage of the significant development opportunities. Between 2000 and 2020,
Jinghong City’s Gross Domestic Product (GDP) grew from 2.48 billion yuan to 32.52 billion
yuan, a remarkable increase of 1211.2%. The city’s economy shifted from being primarily
reliant on agriculture and tourism services to industrial, financial, and service-oriented
sectors. During the same period, the city’s population increased by 199,100 individuals,
representing a growth rate of 44.87%. According to data released by the Jinghong City
Statistics Bureau, the 2020 Seventh National Population Census Bulletin [51], the city’s
total population (permanent residents) increased by 122,802 individuals compared to
the Sixth National Population Census in 2010, reflecting a growth rate of 23.62%. In
comparison to 2010, where the urban population was 205,523 and the rural population was
314,412, the urban population increased by 152,994 individuals, while the rural population
decreased by 30,192 individuals. The significant shift in population structure from rural to
urban areas during the period from 2010 to 2020 resulted in a surge in urban population,
promoting an increase in urban construction land and a decrease in cultivated land. These
factors contribute to the inherent driving mechanisms of Jinghong City’s tendency for
urban expansion.

Additionally, the built-up area of Jinghong City increased by 8.2 km2 from 2000 to
2010 and by 15.7 km2 from 2010 to 2020. The decade from 2010 to 2020 witnessed the most
rapid urban construction period in Jinghong City, with parts of the urban construction land
exceeding the designated construction boundaries outlined in the original master plan. The
majority of these expansions evolved into tourist-oriented land use. This phenomenon
also explains why the outward migration range of each gradient layer from 2010 to 2020
exceeded that of the various sub-periods from 2000 to 2010.
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4.2. The Impact of Urbanization on Ecosystem Services

Land use change is a significant factor that drives spatial patterns and variations in
ecosystem services [2,52]. In Jinghong City, alterations in land use along the Lancang River-
Mekong international river, as well as developments along the river, contribute to changes
in ecosystem services. The Lancang River flows through Jinghong City from northwest to
southeast. In the early 1990s, the primary urban area was divided into the Jiangnan (current
central area) and Jiangbei areas. Urban development was concentrated in the Jiangnan area,
extending southeast. By 2000, this area’s development had nearly saturated, leading to
residential areas dispersing from the central core outward. This spatial shift is a primary
factor contributing to the most significant change in comprehensive ecosystem services
within the urban area over the past two decades.

The results suggest significant alterations in different ecosystem services in the peri-
urban and outer urban areas of Jinghong City from 2000 to 2020. Since 2007, spurred by
the tourism real estate boom in Xishuangbanna, where Jinghong serves as the state capital,
the city has experienced rapid growth in the tourism industry. Numerous commercial,
retirement, and tourism real estate development projects have emerged around the central
urban area of Jinghong. These projects have primarily transformed large expanses of
farmland and forested areas in the nearby suburbs (Gasuo, Gadong). The unplanned
expansion of construction in the urban periphery and the excessive exploitation of high-
quality natural resources have led to the degradation of ecosystem structure and function.

Simultaneously, driven by economic interests, rubber cultivation in Jinghong City
has seen a rapid increase. Natural forests have suffered severe damage, and over the past
two decades, besides rubber, other economically valuable tree species such as tea, fruit
trees, and bananas have replaced natural forests, farmland, and water bodies [53,54]. This
has resulted in the isolation of the regional ecosystem, causing a decline in the supply of
ecosystem services. Existing research indicates that converting natural forests to rubber
plantations has significant environmental impacts, including reduced water storage [55],
carbon storage [56], soil productivity [57], and biodiversity [58]. Despite the government’s
“retire rubber, return forests” policy, implemented in 2009 with 63,000 acres retired by 2019,
achieving an impressive 85.04% coverage across the city, various ecosystem services have
continued to decline across the urban-rural gradient.

Moreover, it’s worth noting that Jinghong City’s tropical forests form a globally
recognized India-Myanmar biodiversity hotspot. The Lancang River-Mekong Basin is a
critical transboundary river basin in Asia, facing controversy due to conflicting interests
between upstream hydropower development, agricultural production, and biological
corridors. This has also contributed to the reduction of water conservation functions in the
city’s periphery. Jinghong City, being the sole habitat for Asian elephants in China, gained
attention in March 2021 when a group of 17 elephants “left home and traveled north,”
potentially linked to habitat destruction such as the replacement of tropical rainforests and
farmland with rubber plantations, tea gardens, traditional Chinese medicine plantations,
and the replacement of water sources with hydraulic engineering projects.

4.3. Implications for Urban and Landscape Planning

In order to achieve sustainable urban development and harmonize the relationship
between economic development and ecological conservation, this study proposes recom-
mendations for different urban-rural gradient regions based on research findings. The aim
is to mitigate the impact on ecosystem services during the urbanization process.

(1) In the urban core areas, we recommend a more comprehensive development of green
infrastructure and an increase in urban green coverage. Urban green spaces provide a
range of ecosystem services, including air and water purification, climate regulation,
soil erosion reduction, and enhancement of human psychological well-being [59–61].
In order to maximize the ecological benefits of urban green areas, it is essential to plan
urban landscapes scientifically and systematically, ensuring the even distribution of
green spaces and structures [62].
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(2) Inner urban areas, where urbanization mainly occurs, experience the greatest loss of
ecosystem services. In order to address this issue, urban planning should adhere to the
principle of intensive land use, improve land use efficiency, and control the expansion
of land in rapidly developing urban areas. For the southern bank of the Lancang River,
it is advised to preserve essential mountainous and river corridor areas, leveraging
their temperature regulation and recreational functions. It is important to maintain
a balanced approach to development that considers both economic growth and en-
vironmental protection. In the northern bank region, it is recommended to exercise
strict control over construction intensity. Emphasis should be placed on optimizing
and developing existing resources to enhance soil retention and prevent landslides.

(3) Suburban areas, characterized by fragile habitat quality for ecosystem services, require
coordinated industrial development and urban-rural interaction. Efforts should focus
on orderly population aggregation and advancing the construction of urban-rural
service facilities. Additionally, while respecting nature, the construction of ecological
networks, including farmland-forestry networks and natural structures of rivers and
lakes, should be promoted to enhance habitat quality and create buffer zones for
ecosystem protection.

(4) The extensive distribution of farmland in urban peripheries serves essential functions
such as food supply, water conservation, and soil protection. Urban expansion should
prioritize the protection of basic farmland, control the expansion of construction
land, and establish boundaries for urban development growth, such as defining
permanent basic farmland boundaries. Furthermore, environmental improvements
in rural settlements will enhance habitat quality, consequently promoting increased
food supply capacity [28].

(5) Beyond the urban periphery lie areas with highly functional ecosystems, including
forests, grasslands, and water bodies. These regions act as critical safety barriers for the
entire city and should be prioritized for ecosystem protection. Future efforts should
continue implementing ecological conservation policies, such as the “returning rubber
to forests” initiative. Additionally, the initiation of tropical rainforest restoration
projects is suggested to mitigate ecological risks arising from excessive development
and the replacement of natural forests with economic plantations. Concerning the
Lancang River’s hydraulic projects, development activities should not compromise
the ecosystem’s regenerative capacity, necessitating strict control over development
intensity and scale. It is essential to determine the upper limits for natural resource
development in this region.

4.4. Limitations and Future Research Directions

Within the scope of this study, it is important to acknowledge certain limitations
that could be further explored in future research. Firstly, the study assessed only four
crucial types of ecosystem services based on the survey of Jinghong City, considering
practicality and data availability. However, given the diversity of ecosystem services,
these four types alone may not adequately characterize the overall state of ecosystem
services in Jinghong City. Future research should consider a broader perspective that
includes the four major types of ecosystem services: supporting, provisioning, regulating,
and cultural services. This would require selecting a wider range of ecosystem service
types, creating a comprehensive evaluation framework, and quantifying these services to
thoroughly investigate changes in ecosystem services. It is important to include leisure
tourism services in the assessment framework, given Jinghong City’s unique tourism
landscape resources.

Furthermore, to standardize the units of ecosystem service indicators, this study
normalized each ecosystem service and used a weighted summation method to calcu-
late the comprehensive ecosystem services index. However, it is crucial to note that the
determination of weights involves some subjectivity. Future research should focus on
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constructing optimized and objective quantitative modeling methods to assess ecosystem
services comprehensively.

The urban-rural gradient was delineated based on the spatial distribution of urban
land density, dividing the area into core, inner city, suburban, and peripheral urban zones.
However, the classification beyond the peripheral urban zones relied solely on concen-
tric circles at 10 km intervals, encompassing Jinghong City in ten concentric circles. In
order to enhance this approach, subsequent research could incorporate directional factors
in addition to concentric circles to explore variations in ecosystem services along each
gradient direction.

5. Conclusions

This study assesses four ecosystem services and the overall ecosystem service in the
context of urban-rural gradient. The spatiotemporal evolution characteristics of ecosystem
services along the gradient are explored. The results indicate the following trends:

(1) From 2000 to 2020, habitat quality, water conservation, carbon sequestration, soil
retention, and the comprehensive ecosystem service in Jinghong City declined. Soil
retention experienced the most substantial decrease. Additionally, the high-value
areas for these ecosystem services progressively diminished, whereas low-value areas
expanded annually. This reveals a spatial pattern spreading outward from the city
center. Over the two decades, there was a gradual degradation in the provisioning
capacity of ecosystem services in Jinghong City. This emphasizes the need for attention
to the ecological security of the region.

(2) Based on the distribution of urban land density, Jinghong City is classified into
four urban-rural gradient types: the core area, inner city, suburban area, and urban
periphery. Each gradient zone experienced varying degrees of outward expansion
over the 20-year period, with the movement range from 2010 to 2020 being notably
larger than that from 2000 to 2010. This expansion marks a significant trend of
urbanization and spatial sprawl.

(3) The urban-rural gradient has proven to be a robust tool for investigating spatial
heterogeneity in ecosystem services. The research identifies notable variations in
the spatial distribution of different types of ecosystem services along the gradient.
Over the two decades, there were consistent patterns of losses in habitat quality,
carbon sequestration, and comprehensive ecosystem services. These losses were
primarily concentrated in the inner urban area, with the regions experiencing the
most substantial losses shifting outward over time. From 2010 to 2020, the areas with
the greatest losses were predominantly located in the suburban zone. Meanwhile,
water conservation and soil retention services suffered the greatest losses in the
urban periphery. As urbanization expanded, water conservation became increasingly
compromised. This research provides valuable insights into urban planning and the
sustainable development of urban and rural regions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land13030306/s1, Table S1. The carbon density of each land use/land
cover (mg/ha). Table S2. Biophysical table for water yield. Table S3. Biophysical table for soil
retention. Table S4. Threat source impact distance level weights. Table S5. Sensitivity of threat factors
for different land uses. Refs. [63–68] cited in Supplementary Materials.

Author Contributions: Conceptualization, Q.G.; methodology, Q.G.; software, Q.W.; validation, Q.G.;
formal analysis, Q.G.; investigation, Q.W.; resources, Q.G.; data curation, Q.W.; writing—original
draft preparation, Q.G. and C.G.; writing—review and editing, Q.G. and L.C.; visualization, Q.W.
and H.L.; supervision, Q.G.; project administration, L.C.; funding acquisition, L.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Key Laboratory of Agricultural Big Data, Ministry of
Agriculture (grant number JBYW-ALL-2021-42-3), National Natural Science Foundation of China
(grant number 42106215), Natural Science Foundation of Shandong Province, China (grant num-

https://www.mdpi.com/article/10.3390/land13030306/s1
https://www.mdpi.com/article/10.3390/land13030306/s1


Land 2024, 13, 306 18 of 20

ber ZR2021QD064) and Fundamental Research Funds for the Central Universities (grant number
22CX06033A).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available (see Section 2.1
for details).

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Zhang, Z.; Peng, J.; Xu, Z.; Wang, X.; Meersmans, J. Ecosystem Services Supply and Demand Response to Urbanization: A Case

Study of the Pearl River Delta, China. Ecosyst. Serv. 2021, 49, 101274. [CrossRef]
2. Gordon, A.; Simondson, D.; White, M.; Moilanen, A.; Bekessy, S.A. Integrating Conservation Planning and Landuse Planning in

Urban Landscapes. Landsc. Urban Plan. 2009, 91, 183–194. [CrossRef]
3. Ding, Z.; Zheng, H.; Wang, J.; O’Connor, P.; Li, C.; Chen, X.; Li, R.; Ouyang, Z. Integrating Top-Down and Bottom-Up Approaches

Improves Practicality and Efficiency of Large-Scale Ecological Restoration Planning: Insights from a Social–Ecological System.
Engineering, 2022; in press. [CrossRef]

4. Tang, H.; Peng, J.; Jiang, H.; Lin, Y.; Dong, J.; Liu, M.; Meersmans, J. Spatial Analysis Enables Priority Selection in Conservation
Practices for Landscapes That Need Ecological Security. J. Environ. Manag. 2023, 345, 118888. [CrossRef] [PubMed]

5. Ostrom, E. A General Framework for Analyzing Sustainability of Social-Ecological Systems. Science 2009, 325, 419–422. [CrossRef]
[PubMed]

6. Qiu, S.; Peng, J.; Dong, J.; Wang, X.; Ding, Z.; Zhang, H.; Mao, Q.; Liu, H.; Quine, T.A.; Meersmans, J. Understanding the
Relationships between Ecosystem Services and Associated Social-Ecological Drivers in a Karst Region: A Case Study of Guizhou
Province, China. Prog. Phys. Geogr. Earth Environ. 2021, 45, 98–114. [CrossRef]

7. Zheng, H.; Li, Y.; Robinson, B.E.; Liu, G.; Ma, D.; Wang, F.; Lu, F.; Ouyang, Z.; Daily, G.C. Using Ecosystem Service Trade-Offs to
Inform Water Conservation Policies and Management Practices. Front. Ecol. Environ. 2016, 14, 527–532. [CrossRef]

8. China Statistical Yearbook—2022. Available online: https://www.stats.gov.cn/sj/ndsj/2022/indexch.htm (accessed on 6 January
2024).

9. What Are the Quantities of Urban Construction Land and Rural Construction Land in China, Respectively? Available online:
https://www.mnr.gov.cn/zt/hd/tdr/24tdr/nwwd/201404/t20140430_2050979.html (accessed on 6 January 2024).

10. Yue, W.; Zhang, L.; Liu, Y. Measuring Sprawl in Large Chinese Cities along the Yangtze River via Combined Single and
Multidimensional Metrics. Habitat Int. 2016, 57, 43–52. [CrossRef]

11. Xu, Z.; Fan, W.; Wei, H.; Zhang, P.; Ren, J.; Gao, Z.; Ulgiati, S.; Kong, W.; Dong, X. Evaluation and Simulation of the Impact of
Land Use Change on Ecosystem Services Based on a Carbon Flow Model: A Case Study of the Manas River Basin of Xinjiang,
China. Sci. Total Environ. 2019, 652, 117–133. [CrossRef] [PubMed]

12. Liu, R.; Dong, X.; Wang, X.; Zhang, P.; Liu, M.; Zhang, Y. Study on the Relationship among the Urbanization Process, Ecosystem
Services and Human Well-Being in an Arid Region in the Context of Carbon Flow: Taking the Manas River Basin as an Example.
Ecol. Indic. 2021, 132, 108248. [CrossRef]

13. Baró, F.; Palomo, I.; Zulian, G.; Vizcaino, P.; Haase, D.; Gómez-Baggethun, E. Mapping Ecosystem Service Capacity, Flow and
Demand for Landscape and Urban Planning: A Case Study in the Barcelona Metropolitan Region. Land Use Policy 2016, 57,
405–417. [CrossRef]

14. Xu, Z.; Wei, H.; Dong, X.; Liu, Y.; Xue, H. Evaluating the Ecological Benefits of Plantations in Arid Areas from the Perspective of
Ecosystem Service Supply and Demand-Based on Emergy Analysis. Sci. Total Environ. 2020, 705, 135853. [CrossRef] [PubMed]

15. Wang, L.; Zheng, H.; Wen, Z.; Liu, L.; Robinson, B.E.; Li, R.; Li, C.; Kong, L. Ecosystem Service Synergies/Trade-Offs Informing
the Supply-Demand Match of Ecosystem Services: Framework and Application. Ecosyst. Serv. 2019, 37, 100939. [CrossRef]

16. Kroll, F.; Müller, F.; Haase, D.; Fohrer, N. Rural–Urban Gradient Analysis of Ecosystem Services Supply and Demand Dynamics.
Land Use Policy 2012, 29, 521–535. [CrossRef]

17. Foresman, T.W.; Pickett, S.T.A.; Zipperer, W.C. Methods for Spatial and Temporal Land Use and Land Cover Assessment for
Urban Ecosystems and Application in the Greater Baltimore-Chesapeake Region. Urban Ecosyst. 1997, 1, 201–216. [CrossRef]

18. Luck, M.; Wu, J. A Gradient Analysis of Urban Landscape Pattern: A Case Study from the Phoenix Metropolitan Region, Arizona,
USA. Landsc. Ecol. 2002, 17, 327–339. [CrossRef]

19. Hahs, A.K.; McDonnell, M.J. Selecting Independent Measures to Quantify Melbourne’s Urban–Rural Gradient. Landsc. Urban
Plan. 2006, 78, 435–448. [CrossRef]

20. McDonnell, M.J.; Pickett, S.T.A. Ecosystem Structure and Function along Urban-Rural Gradients: An Unexploited Opportunity
for Ecology. Ecology 1990, 71, 1232–1237. [CrossRef]

21. Blair, R.B. Land Use and Avian Species Diversity Along an Urban Gradient. Ecol. Appl. 1996, 6, 506–519. [CrossRef]

https://doi.org/10.1016/j.ecoser.2021.101274
https://doi.org/10.1016/j.landurbplan.2008.12.011
https://doi.org/10.1016/j.eng.2022.08.008
https://doi.org/10.1016/j.jenvman.2023.118888
https://www.ncbi.nlm.nih.gov/pubmed/37690245
https://doi.org/10.1126/science.1172133
https://www.ncbi.nlm.nih.gov/pubmed/19628857
https://doi.org/10.1177/0309133320933525
https://doi.org/10.1002/fee.1432
https://www.stats.gov.cn/sj/ndsj/2022/indexch.htm
https://www.mnr.gov.cn/zt/hd/tdr/24tdr/nwwd/201404/t20140430_2050979.html
https://doi.org/10.1016/j.habitatint.2016.06.009
https://doi.org/10.1016/j.scitotenv.2018.10.206
https://www.ncbi.nlm.nih.gov/pubmed/30359796
https://doi.org/10.1016/j.ecolind.2021.108248
https://doi.org/10.1016/j.landusepol.2016.06.006
https://doi.org/10.1016/j.scitotenv.2019.135853
https://www.ncbi.nlm.nih.gov/pubmed/31818570
https://doi.org/10.1016/j.ecoser.2019.100939
https://doi.org/10.1016/j.landusepol.2011.07.008
https://doi.org/10.1023/A:1018583729727
https://doi.org/10.1023/A:1020512723753
https://doi.org/10.1016/j.landurbplan.2005.12.005
https://doi.org/10.2307/1938259
https://doi.org/10.2307/2269387


Land 2024, 13, 306 19 of 20

22. McDonnell, M.J.; Pickett, S.T.A.; Groffman, P.; Bohlen, P.; Pouyat, R.V.; Zipperer, W.C.; Parmelee, R.W.; Carreiro, M.M.; Medley, K.
Ecosystem Processes along an Urban-to-Rural Gradient. Urban Ecosyst. 1997, 1, 21–36. [CrossRef]

23. Nagy, R.C.; Lockaby, B.G. Urbanization in the Southeastern United States: Socioeconomic Forces and Ecological Responses along
an Urban-Rural Gradient. Urban Ecosyst 2011, 14, 71–86. [CrossRef]

24. Wang, X.; Su, Y.; Ren, Y.; Zhang, H.; Sun, X.; Ouyang, Z. Urban ecosystem: Highly spatial heterogeneity. Acta Ecol. Sin. 2020, 40,
5103–5112.

25. Herrero-Jáuregui, C.; Arnaiz-Schmitz, C.; Herrera, L.; Smart, S.M.; Montes, C.; Pineda, F.D.; Schmitz, M.F. Aligning Landscape
Structure with Ecosystem Services along an Urban–Rural Gradient. Trade-Offs and Transitions towards Cultural Services. Landsc.
Ecol 2019, 34, 1525–1545. [CrossRef]

26. Peng, J.; Wang, X.; Liu, Y.; Zhao, Y.; Xu, Z.; Zhao, M.; Qiu, S.; Wu, J. Urbanization Impact on the Supply-Demand Budget of
Ecosystem Services: Decoupling Analysis. Ecosyst. Serv. 2020, 44, 101139. [CrossRef]

27. Larondelle, N.; Haase, D. Urban Ecosystem Services Assessment along a Rural–Urban Gradient: A Cross-Analysis of European
Cities. Ecol. Indic. 2013, 29, 179–190. [CrossRef]

28. Cai, Z.; Fang, C.; He, Q.; Yan, J.; Gao, D.; Liu, Z. Urban-Rural Gradient Identification and Ecosystem Service Response in Main
Urban Area of Nanchang Based on Landscape Clustering. Res. Environ. Sci. 2022, 35, 806–817. [CrossRef]
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