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Abstract

As a strategic node of the Silk Road Economic Belt and a prototypical valley-type city,
Lanzhou is subject to the dual constraints of rapid urbanization and an inherently fragile
ecological foundation, making the coordination between urban expansion and ecosystem
services a critical issue for regional sustainability. Drawing upon multi-temporal land use
remote sensing datasets provided by the Chinese Academy of Sciences Resource and Envi-
ronment Science Data Center, in conjunction with soil, meteorological, and socio-economic
data, this study integrates a land use transition matrix, the InVEST model, a modified
coupling coordination degree model, and the geographic detector to comprehensively
examine land use dynamics, the spatiotemporal evolution of urban expansion, and the
spatial heterogeneity of ecosystem services (i.e., carbon storage, water yield, habitat quality,
and soil conservation) in Lanzhou. In addition, the coupling coordination relationship and
its underlying driving mechanisms are systematically explored. The results demonstrate
the following: (1) Between 1980 and 2020, urban land area in Lanzhou increased from
103.87 km2 to 286.83 km2, accounting for 2.17% of the total area, with cropland constituting
the dominant source of expansion and exhibiting a fluctuating “high–low–high” conversion
trajectory. (2) Ecosystem services exhibit pronounced spatial heterogeneity, with carbon
storage and habitat quality displaying a pattern of “low in the southeast and high in the
northwest”, water yield showing an increasing gradient from southeast to northwest, and
soil conservation characterized by “lower values in central areas and higher values in pe-
ripheral regions”; (3) Urban expansion has accelerated significantly, with Yongdeng County
and Gaolan County emerging as principal expansion hotspots during 2010–2020. (4) The
dominant driving mechanism gradually shifted from natural factors to the synergistic
interaction between natural and socioeconomic factors, and the interaction among driving
factors markedly enhanced the explanatory power for ecosystem service evolution. (5) The
coupling coordination degree has transitioned from widespread imbalance to a spatially
differentiated pattern, characterized by relatively coordinated conditions in peripheral
areas and persistent imbalance within the central urban core. These findings provide a
robust scientific basis for territorial spatial optimization and the synergistic development
of ecological and economic systems in valley-type cities, and offer important implications
for sustainable development in arid and semi-arid regions.

Keywords: valley-type city; urban land expansion; ecosystem services; coupling coordination;
driving mechanisms; Lanzhou
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1. Introduction
Urbanization represents a fundamental process shaping global socio-economic trans-

formation. According to United Nations projections, the global urbanization rate is ex-
pected to reach 68% by 2050 [1]. As a dominant driver of land system change, urban land is
projected to expand by approximately 1.2 times between 2000 and 2030, reaching nearly
1.2 million km2 [2]. While rapid urbanization promotes economic growth and popula-
tion concentration, it simultaneously reshapes regional ecological processes and functions
through Land Use/Cover Change (LUCC), thereby intensifying conflicts between urban
development and ecological conservation. Existing evidence suggests that urbanization-
induced vegetation carbon loss accounts for around 5% of global net primary productivity
(NPP) annually [3]. This challenge is particularly acute in arid and semi-arid regions,
which comprise approximately 41% of the global land surface [4], where ecosystems exhibit
heightened sensitivity to climate variability and anthropogenic disturbances [5]. In such
contexts, accelerated urban expansion further exacerbates water scarcity, land degrada-
tion, and ecological vulnerability [6]. Consequently, clarifying the relationship between
urban expansion and ecosystem services is of considerable importance for advancing
regional sustainability.

The interplay between urban expansion and ecosystem services (ES) has long been a
central concern in human–environment research [7,8]. Advances in multi-source remote sens-
ing, spatial analysis, and ecological modeling have facilitated extensive investigations into
LUCC and its ecological implications, with a gradual shift from single-process assessments
towards integrated coupling frameworks [9–11]. Urban expansion, as a key manifestation of
LUCC, substantially reconfigures land-use patterns, landscape structure, and spatial orga-
nization [12–14]. Concurrently, ecosystem service assessments—based on approaches such
as the equivalent factor method [15] and models including InVEST [16,17]—have enabled
systematic quantification of the spatial distribution and temporal dynamics of services such
as carbon storage, water yield, habitat quality, and soil retention [18–20]. More recently,
research has increasingly adopted integrative perspectives to examine the co-evolution of
ecosystem services and their underlying drivers within LUCC contexts. For example, Zhang
et al. revealed the coupling and coordination relationships among urbanization, LUCC, and
ecosystem services [21]; Liu et al. analyzed the synergetic characteristics between ecosystem
service multifunctionality and land-use change [22]; and Pan et al. explored the coupling
coordination dynamics between land-use intensity and ecosystem services as well as their
driving factors [23]. Collectively, these studies provide a solid empirical and theoretical
basis for understanding ecosystem service responses and human—environment coupling
under urbanization.

Further studies have shown that the impacts of urban land expansion on ecosys-
tem services are characterized by significant spatiotemporal heterogeneity and are jointly
influenced by geomorphological conditions, policy orientation, and socioeconomic pro-
cesses [24–27]. Existing research has widely confirmed that topographic conditions play a
crucial role in shaping the spatial patterns of ecosystem services by influencing construc-
tion land distribution, land-use conversion, and the intensity of human activities [21–23].
However, most previous studies have primarily focused on plain cities, urban agglomera-
tions, or watershed-scale regions, whereas relatively limited attention has been paid to the
relationship between urban expansion and ecosystem services under complex geomorpho-
logical conditions. In valley-type cities, constrained by the distinctive terrain pattern of
“mountains flanking a central valley”, urban construction land tends to expand along river
valleys and transportation corridors in a linear manner. Such spatial expansion patterns
are likely to intensify competition between built-up land and ecological spaces, including
cropland and grassland, within localized areas. This unique spatial structure may further

https://doi.org/10.3390/land15050853

https://doi.org/10.3390/land15050853


Land 2026, 15, 853 3 of 29

enhance the spatial differentiation of ecosystem services and lead to significant regional
disparities in ecological responses to urban expansion. Nevertheless, studies focusing on
the coupling coordination relationship between urban expansion and ecosystem services in
valley-type cities remain relatively limited, and the understanding of their spatiotemporal
evolution characteristics and driving mechanisms still requires further investigation.

Valley cities offer a distinctive analytical context for examining these issues under
pronounced topographic constraints. Typically constrained by surrounding mountains and
river corridors, such cities exhibit spatial configurations characterized by “mountain–river–
city” adjacency, with urban development distributed in linear or clustered forms along
valley axes [28]. Compared with cities in flat terrains, the uniqueness of valley cities lies not
only in their morphology but also in the way geographical constraints reshape the pathways
linking urban expansion and ecosystem services. Limited availability of flat, low-elevation
land tends to concentrate new development along river corridors, transport axes, and
waterfront areas, thereby intensifying competition among construction land, agricultural
land, and ecological space. Meanwhile, steep slopes, fragmented landscapes, susceptibility
to soil erosion, and water resource constraints amplify the ecological impacts of land-use
transitions, particularly on services such as carbon storage, water yield, habitat quality,
and soil conservation. These processes result in stronger spatial heterogeneity and pro-
nounced boundary effects. Thus, valley cities provide a critical lens for understanding the
mechanism of “topographic constraint–expansion pathway–ecological response [29–31].”
From this perspective, examining the coupling and coordination between urban expansion
and ecosystem services in valley cities is essential for advancing knowledge of human–
environment interactions in complex terrains and for informing spatial planning and
land management.

Based on the above context, this study proposes the following hypotheses. First, as a
typical valley-type city, Lanzhou is jointly constrained by topographic conditions and policy
orientation during the process of urban expansion, resulting in distinct stage-dependent
characteristics in the coupling coordination relationship between urban expansion and
ecosystem services. Second, the spatiotemporal evolution of ecosystem services is jointly
shaped by natural background conditions and anthropogenic activities, while the con-
tributions of interactions among different driving factors to the spatial differentiation of
ecosystem services dynamically vary with the progression of urbanization. To verify these
hypotheses, five representative years—1980, 1990, 2000, 2010, and 2020—were selected
as observation periods, and a long-term time-series dataset covering 1980–2020 was con-
structed at 10-year intervals. By integrating multi-source datasets and improved analytical
approaches, this study aims to: (1) reveal the spatiotemporal evolution characteristics and
driving mechanisms of urban expansion in Lanzhou over the past four decades; (2) analyze
the spatiotemporal differentiation patterns of four major ecosystem services, namely car-
bon storage, water yield, habitat quality, and soil conservation; (3) evaluate the coupling
coordination evolution and regional differences between urban expansion and ecosystem
services; and (4) identify the dominant driving factors and their interaction effects un-
derlying the spatial differentiation of ecosystem services. The findings of this study can
provide scientific support for territorial spatial optimization and ecological protection and
high-quality development in the Yellow River Basin and offer valuable references for the
sustainable development of similar valley-type cities.

2. Study Area and Data Sources
2.1. Overview of the Study Area

Lanzhou (35◦34′–37◦07′ N, 102◦35′–104◦34′ E) is located in central Gansu Province and
is recognized as an important central city in the upper reaches of the Yellow River, as well
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as a major transportation hub in northwestern China [32–34] (Figure 1). The administrative
area comprises Chengguan District, Qilihe District, Xigu District, Anning District, Honggu
District, and the counties of Yongdeng, Yuzhong, and Gaolan, covering a total area of
approximately 13,100 km2 [35]. Geomorphologically, Lanzhou is dominated by loess hills,
mountainous terrain, and valley basins. The Yellow River traverses the city from west
to east, forming a typical valley-type urban spatial structure. Restricted by topographic
conditions, urban construction land has mainly expanded along the Yellow River valley
and its tributary valleys, exhibiting a pronounced linear expansion pattern.

Figure 1. General Situation of the Study Area. Note: JQ represents Jiuquan City, JYG represents
Jiayuguan City, ZY represents Zhangye City, JC represents Jinchang City, WW represents Wuwei
City, LZ represents Lanzhou City, BY represents Baiyin City, LX represents Linxia Hui Autonomous
Prefecture, DX represents Dingxi City, GN represents Gannan Tibetan Autonomous Prefecture, TS rep-
resents Tianshui City, LN represents Longnan City, QY represents Qingyang City, and PL represents
Pingliang City. YD represents Yongdeng County, HG represents Honggu District, XG represents Xigu
District, ANN represents Anning District, GL represents Gaolan County, CG represents Chengguan
District, QLH represents Qilihe District, and YZ represents Yuzhong County.

The study area is characterized by a temperate semi-arid climate, with relatively low
annual precipitation, uneven intra-annual precipitation distribution, and strong evapo-
ration intensity. Under these environmental conditions, the regional ecosystem is highly
sensitive to land-use change and anthropogenic disturbances. In recent decades, driven
by regional transportation improvement, industrial development, and rapid urbaniza-
tion, urban construction land in Lanzhou has expanded continuously. By the end of 2024,
the permanent resident population reached 4.4365 million, while the regional gross do-
mestic product (GDP) amounted to 374.23 billion yuan [36]. Within the limited valley
space, substantial spatial competition exists among urban construction land, agricultural
production land, and ecological conservation land [37]. As a result, land-use change
may significantly affect ecosystem services, including carbon storage, water yield, habi-
tat quality, and soil conservation. Therefore, Lanzhou provides a representative case for
exploring the relationship between urban expansion and ecosystem services in semi-arid
valley-type cities.
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2.2. Data Sources

The data used in this study can be categorized into three types based on their specific
applications (Table 1). The first category consists of land use remote sensing monitoring
data, which were generated through the manual interpretation of Landsat imagery. These
data were obtained from the Resource and Environmental Science and Data Center (RESDC)
of the Chinese Academy of Sciences (http://www.resdc.cn; accessed on 20 June 2025).
With a spatial resolution of 30 m, this dataset is suitable for analyzing regional land use
changes. The second category comprises data required for the quantification of ecosystem
services, primarily including soil and meteorological data. The soil data were sourced
from the World Soil Database (https://www.fao.org/soils-portal/data-hub/soil-maps-
and-databases/harmonized-world-soil-database-v12/en/; accessed on 20 June 2025) with
a spatial resolution of 1 km. This dataset covers soil physicochemical properties—such
as sand, silt, and clay fractions, as well as organic carbon content—which are critical for
quantifying carbon storage, habitat quality, and soil conservation services. The meteorolog-
ical data, mainly comprising annual precipitation and potential evapotranspiration, were
acquired from the RESDC (http://www.resdc.cn/; accessed on 20 June 2025). The third
category includes data on the driving factors underlying the spatial evolution of ecosystem
services. These encompass natural factors (e.g., elevation, slope, precipitation, temperature,
and NDVI) and socioeconomic factors (e.g., population density, night-time light, and GDP).
These data were utilized to reveal the mechanisms by which natural conditions and human
activities influence changes in ecosystem service patterns.

Table 1. Spatial resolution, sources, and usage of the data.

Data Time Resolution Source Usage Description

Land Use Remote
Sensing Monitoring

Dataset

1980–2020

30 m
Resource and Environmental Science

and Data Center (https://www.resdc.cn;
accessed on 20 June 2025)

Analyzing land use
change and simulation

Soil Data -

World Soil Database (https://www.fao.
org/soils-portal/data-hub/soil-maps-

and-databases/harmonized-world-
soil-database-v12/en/; accessed on

20 June 2025)
Quantifying

ecosystem services

Meteorological Data -
Resource and Environmental Science

and Data Center (https://www.resdc.cn;
accessed on 20 June 2025)

DEM, Slope, Aspect 90 m
Resource and Environmental Science

and Data Center (https://www.resdc.cn;
accessed on 20 June 2025)

Analyzing driving
factors of ecosystem

services; Driving
factors for land use
change simulation

Mean Annual
Temperature 1 km Copernicus Publications

Mean Annual
Precipitation 1 km Copernicus Publications

Evaporation 1 km
Resource and Environmental Science

and Data Center (http://www.resdc.cn;
accessed on 20 June 2025)

NDVI 1 km NASA

Population Density 1 km
Resource and Environmental Science

and Data Center (https://www.resdc.cn;
accessed on 20 June 2025)

GDP 1 km
Resource and Environmental Science

and Data Center (https://www.resdc.cn;
accessed on 20 June 2025)

Night-time Light 1 km Scientific Data
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3. Research Methods
Based on the core logic of “land use change–urban expansion–ecosystem services–

coupling coordination–driving mechanisms,” this study constructs a progressive technical
framework. Specifically, the land use transfer matrix is utilized to identify the sources
and destinations of urban expansion, while the spatiotemporal differences in expansion
are quantified in terms of speed and intensity. The InVEST model is employed to assess
the spatiotemporal variations in four major ecosystem services. Subsequently, a modified
coupling coordination degree model is adopted to measure the synergy level between
urban expansion and ecosystem services. Finally, the Geodetector (Geographical Detector)
is applied to analyze driving factors and interaction mechanisms. This comprehensive
approach fully supports the realization of the research objectives (Figure 2).

Figure 2. Technical Route.
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3.1. Land Use Transfer Matrix

The land use transfer matrix intuitively reveals the mutual conversion relationships
among different land use types within a specific region over various periods. By providing
information on the sources, destinations, and transferred areas of various land categories, it
comprehensively reflects the characteristics of structural changes in regional land use and
the direction of type evolution [38,39]. In this study, the transfer matrix was employed to
analyze the land use dynamics of Lanzhou from 1980 to 2020. Using a 10-year time interval,
the study statistically analyzed the transfer structure and spatial direction among land
types for each period. Furthermore, the annual transfer rates between different types were
calculated to quantitatively characterize the process of land use change. The mathematical
form of the transfer matrix is expressed as [40]:

Sij =


S11 . . . S1n

...
. . .

...
Sn1 . . . Snn

 (1)

where S represents the area; n denotes the number of land use types; and Sij indicates the
area transferred from land use type i at the beginning of the study period to land use type j
at the end of the period.

3.2. Quantifying Urban Expansion
3.2.1. Urban Expansion Speed

The urban expansion speed index serves to quantify the rate of urban spatial growth
over a specific study period. This index is derived by calculating the ratio of the newly
added construction land area to the total initial construction land area [41]. Its formula
is [42]:

UEG =
Ui+∆T − Ui

∆T
(2)

where: Ui+∆T represents the construction land area (km2) of the study area in the year
i + ∆T; Ui represents the construction land area (km2) in the year i; and ∆T is the time
interval in years.

3.2.2. Urban Expansion Intensity

Urban expansion intensity is defined as the ratio of newly added construction land
area to the total land area, typically expressed as a percentage. The UEI index facilitates the
comparison of the intensity and rate of urban construction land expansion across different
time periods [43]. The specific formula is as follows [44]:

UEI =
∆U

S × ∆T
× 100 (3)

where: UEI represents the urban expansion intensity of Lanzhou from year i to year
i + ∆T; S represents the total land area of the study region; ∆T is the time interval; and ∆U
represents the net increase in construction land area between the starting and ending years.

3.3. Quantification of Ecosystem Services
3.3.1. Carbon Storage

Carbon storage refers to the capacity of an ecosystem to absorb and fix atmospheric
carbon dioxide through photosynthesis and store it within biomass and soil. Based on the
Carbon Storage module of the InVEST model, this study estimates the carbon storage of
Lanzhou City by integrating land use types with carbon pool parameters. The total carbon
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storage comprises four components: aboveground biomass, belowground biomass, dead
organic matter, and soil organic carbon [45]. The calculation formula is expressed as [46]:

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

In Equation (2): Ctotal , Cabove, Cbelow, Cdead and Csoil represent total carbon storage,
aboveground carbon storage, belowground carbon storage, dead organic matter carbon
storage, and soil organic carbon storage, respectively. The unit for all variables is t/hm2.

Given the complexity of regional vegetation types and the limitations of sample data,
empirical models for carbon density were constructed using Mean Annual Precipitation
(MAP) and Mean Annual Temperature (MAT). The formulas are as follows [47]:

CSP = 3.3968 × MAP + 3.39961 (5)

CBP = 6.798 × e0.0054 × MAP (6)

CBT = 28 × MAT + 398 (7)

where: CSP represents soil carbon density; CBP and CBT represent biomass carbon density
derived from precipitation and temperature, respectively; the units for these densities are
kg/m2. MAP denotes mean annual precipitation (mm), and MAT denotes mean annual
temperature (◦C).

3.3.2. Water Yield

Water yield refers to the capacity of an ecosystem to provide usable water resources to
humans through processes such as precipitation interception, soil infiltration, and runoff.
Based on the Water Yield module of the InVEST model, this study estimated the annual
water yield for Lanzhou from 1980 to 2020 at the grid scale, utilizing the Budyko hydrother-
mal equilibrium principle and integrating land use type parameters [48]. The core formula
is as follows [49]:

Yxj =

(
1 −

AETxj

Px

)
× Px (8)

AETxj

Px
=

1 + ωxRx

1 + ωxRxj +
1

Rxj

(9)

ωx = Z · AWCx

Px
(10)

Rx =
kxj · ETo

Px
(11)

AWCx = min(MSDx, RDx) × PAWCx (12)

where: Yxj is the annual water yield (m3) for grid cell x on landscape type j; AETxj is the
mean annual evapotranspiration for grid cell x on landscape type j; Px is the mean annual
precipitation for grid cell x; ωx is a non-physical parameter characterizing the natural
climate-soil properties (dimensionless); Rxj is the dryness index for grid cell x on landscape
type j (dimensionless); AWCx is the volumetric plant-available water content; kxj is the
vegetation evapotranspiration coefficient; Z is the seasonality factor; ETo is the potential
evapotranspiration (mm); MSDx is the maximum soil depth; RDx is the root depth.

3.3.3. Habitat Quality

Habitat quality refers to the capacity of an ecosystem to provide a suitable living envi-
ronment for biodiversity, which is jointly influenced by land use patterns and disturbances
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from threat factors [50]. Based on the InVEST Habitat Quality model, this study utilized
land use data from 1980 to 2020 along with threat factor parameters to quantitatively assess
the spatiotemporal variations in habitat quality in Lanzhou. The calculation formula is as
follows [51]:

Qxj = Hj

(
1 −

(
Dz

xj

Dz
xj + Kz

))
(13)

where: Qxj represents the habitat quality of grid cell x in land use type j; Hj represents
habitat suitability; Dxj indicates the degree of habitat degradation; z is a normalization
constant, set to 2.5; and K is the half-saturation constant, with a default value of 0.5.

The formula for habitat degradation (Dxj) is:

Dxj = ∑R
r=1 ∑ry

y=1

(
wr

∑R
r=1 wr

)
ryirxyβxSjr (14)

where: R represents the number of threat factors; r denotes a specific threat factor; Yr

represents the total number of grid cells in the threat factor layer r; wr is the weight of the
threat factor; ry indicates the intensity of threat factor r in grid cell y, ranging from 0 to 1;
irxy represents the impact of threat factor r in grid cell y on the habitat in grid cell x; βx
denotes the accessibility level of grid cell x; and Sjr indicates the sensitivity of land use type
j to threat factor r.

The impact distance function (irxy) for linear decay is:

irxy = 1 −
(

dxy

dr max

)
(15)

where: dxy represents the linear distance between grid cells x and y; and dr max represents
the maximum influence distance of threat factor r.

3.3.4. Soil Conservation Service

Soil conservation refers to the capacity of an ecosystem to reduce soil erosion and
maintain soil quality and ecological functions through its intrinsic mechanisms, such as
soil fixation by vegetation and soil aggregation [52]. Utilizing this module, and integrating
data on land use, climate, soil, and topography of the study area, this study conducted a
quantitative spatial analysis of soil conservation services to reveal the spatial distribution
characteristics of soil conservation functions in Lanzhou. The formulas are as follows [53]:

SEDRETx = Rx × Kx × LSx × (1 − Cx × Px) + SEDRx (16)

SEDRx = SEx

x−1

∑
y=1

USLEy

x−1

∏
z=y=1

(1 − SEz) (17)

USLEx = Rx × Kx × LSx × Cx × Px (18)

where: SEDRETx and SEDRx represent the total soil retention and sediment retention of
grid cell x, respectively, with units of t/(hm2·a); USLEx and USLEy represent the actual
erosion amount of grid cell x and its upslope grid cell y, respectively, with units of t/(hm2·a);
Rx, Kx, LSx, Cx and Px are the rainfall erosivity factor, soil erodibility factor, topographic

(slope length-gradient) factor, cover-management factor, and support practice factor for
grid cell x, respectively; SEz represents the sediment retention efficiency of grid cell x.
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3.4. Modified Coupling Coordination Degree Model

To evaluate the degree of interaction between urban land expansion and ecosystem
services, this paper employs a modified coupling coordination degree model. This model
quantitatively characterizes the synergy level from two dimensions: “coupling degree” and
“coordination degree” [54]. The calculations are as follows [55]:

C =

√√√√√√
1 −

∑n
i>j,j=1

√(
Ui − Uj)2

∑n−1
m=1 m

×

 n

∏
i=1

Ui
maxUi

)

1
n − 1 (19)

T =
n

∑
i=1

ai × Ui,
n

∑
i=1

ai = 1 (20)

D =
√

C × T (21)

where: C is the coupling degree; Ui is the value of the i-th subsystem; n is the number of
subsystems; T is the comprehensive evaluation index of the subsystems; ai is the weight of
the i-th subsystem. Given that urban land expansion and ecosystem services are considered
equally important in this study, ai is assigned a value of 0.5 for both. D represents the cou-
pling coordination level. The value of D is classified into the following levels: 0 < D ≤ 0.2:
Severe incoordination; 0.2 < D ≤ 0.4: Moderate incoordination; 0.4 < D ≤ 0.6: On the verge
of incoordination; 0.6 < D ≤ 0.8: Primary coordination; 0.8 < D ≤ 1: Good coordination.

3.5. Geographical Detector

This study employed the factor detector and interaction detector within the Geograph-
ical Detector (Geodetector) model. The factor detector measures the explanatory power of
independent variables regarding the spatial differentiation of dependent variables using
the q-value. Meanwhile, the interaction detector identifies whether the combined action
of any two driving factors enhances or weakens the explanatory power for the spatial
distribution of ecosystem services. The formula for the q-value is [56]:

q = 1 − 1
Nσ2

L

∑
h=1

Nhσ2
h (22)

where: q represents the explanatory power of the factor, with a value range of [0, 1]; h
denotes the stratification (or partition) of the factor, with a total of L strata; N is the total
number of samples in the entire area; σ2 is the discrete variance of the entire area; Nh is the
number of samples in stratum h; and σ2

h is the discrete variance of stratum h.
Based on the geodetector package in the R programming environment, this study

utilized the two aforementioned detectors to quantitatively analyze the influence mecha-
nisms of natural environmental and socioeconomic factors on the spatiotemporal evolution
of ecosystem services. Prior to the analysis, variance inflation factor (VIF) analysis was
employed to test the multicollinearity among the ten driving factors, thereby ensuring
the relative independence of the selected variables. Furthermore, considering that the
geographic detector method can quantify only the explanatory power of driving factors
but cannot explicitly reveal the direction of their effects, Pearson correlation analysis was
introduced as a complementary method. The positive and negative correlation coefficients
were subsequently used to identify the directional influences of individual driving factors
on ecosystem services. Considering the complex characteristics of ecosystems and the
impact of human activities within the context of urbanization, this study selected three
categories of driving factors: Natural Environmental Factors: These include topographic
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factors (Elevation X1, Slope X2, Aspect X3) and climatic factors (Mean Annual Precip-
itation X4, Mean Annual Temperature X5, Evaporation X6). Topographic factors were
used to quantify the impact of terrain on the distribution of ecosystem services, while
climatic factors play a key role in determining the spatial patterns of regional ecosystem
services [57]. Ecological Factors: The Normalized Difference Vegetation Index (NDVI, X7)
was selected. It reflects trends in ecosystem service changes and serves as a critical indicator
of ecosystem evolution [58]. Socioeconomic Factors: These include Population Density (X8),
Night-time Light (X9), and GDP (X10). These factors were used to measure the direct or
indirect impacts of socioeconomic activities on the evolution of ecosystem services during
the urbanization process [59].

4. Results
4.1. Land Use Change

Between 1980 and 2020, grassland persistently dominated the land-use structure of
Lanzhou, being widely distributed across the mountainous and hilly regions of Yongdeng,
Gaolan, and Yuzhong counties, with an average share of 60.39% (Figure 3; Table A1).
Cropland and woodland represented the next most prevalent land-use categories, pri-
marily located in the valley plains and piedmont terraces along the Yellow River and its
tributaries. In terms of grassland transitions, conversion intensity remained relatively
low during 1980–2000, occurring mainly along valley margins and basin fringes, predom-
inantly towards cropland. During 2000–2010, the conversion of grassland became more
pronounced, with transitions to cropland and woodland extending into low-relief peri-
urban hilly areas. From 2010 to 2020, grassland conversion intensified markedly, becoming
highly concentrated in the northern Qinwangchuan Basin, where conversions to cropland
and other construction land reached 197.41 km2 and 141.71 km2, respectively.

Over the four-decade period, urban land exhibited a sustained expansion trajectory.
Between 1980 and 1990, the spatial structure of the traditional core districts within the
river valley, including Chengguan and Qilihe, remained largely unchanged. Since 2000,
urban land has expanded steadily, reaching 286.83 km2 by 2020 and accounting for 2.17%
of the total area. During this phase, the spatial focus of urban growth shifted significantly
from the central valley corridor towards the northern Lanzhou New Area, the eastern
Yuzhong Basin, and the valley terraces of Honggu District, giving rise to a polycentric and
multi-nodal expansion pattern.

With respect to land-use transitions, cropland served as the principal source of urban
land expansion, with its conversion to built-up land displaying clear temporal fluctuations.
During 1980–1990, the conversion proportion reached 22.42%, primarily concentrated in
the valley plains surrounding the urban core. This proportion subsequently declined,
before increasing again to 19.77% after 2010, with conversions mainly occurring along the
margins of the Qinwangchuan area, the periphery of Gaolan County, and the Yuzhong
New Town development zone. Meanwhile, both woodland and unused land exhibited a
turning point around 2010, characterized by an initial increase followed by a subsequent
decline. Woodland expanded steadily in earlier periods, particularly within the ecological
barrier zones of the northern and southern mountains, but decreased after 2010 due to
growing land demand driven by peripheral urban expansion. Changes in unused land
were primarily concentrated in northern development areas and followed a similar pattern
of initial expansion followed by contraction.
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Figure 3. Land Use Transition in Lanzhou, 1980–2020.
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4.2. Spatiotemporal Evolution Characteristics of Urban Expansion and Ecosystem Services
4.2.1. Speed and Intensity of Urban Land Expansion

From 1980 to 2020, the rate of urban expansion in Lanzhou exhibited marked spa-
tiotemporal heterogeneity, with an overall trend of acceleration over time. This trend was
particularly evident during 2010–2020, when expansion activity in several districts and
counties substantially exceeded that of earlier periods (Figure 4 and Table A3). During
1980–1990, urban expansion remained at a low and stable level. Within the urban core,
only Qilihe and Honggu districts (both 0.04 km2/year) showed marginal growth, whereas
Chengguan, Anning, and Xigu districts, together with the peripheral counties (Yongdeng,
Gaolan, and Yuzhong), exhibited no measurable expansion, indicating a largely stable
urban configuration.

Figure 4. Urban expansion rate, 1980–2020.

Between 1990 and 2000, differentiation in expansion rates began to emerge within the
urban core. Chengguan District recorded the highest growth rate (0.08 km2/year), followed
by Qilihe, while Honggu and Xigu remained at relatively low levels. During this period,
peripheral counties, particularly Gaolan and Yuzhong, also experienced modest increases
in expansion rates.

During 2000–2010, urban expansion entered a phase of pronounced acceleration, with
especially rapid growth observed in the urban core. Chengguan’s expansion rate increased
sharply to 1.12 km2/year, while Anning (0.83 km2/year) and Xigu (0.28 km2/year) also ex-
hibited substantial increases. Among peripheral areas, Yuzhong (0.51 km2/year) expanded
relatively rapidly, and Yongdeng showed moderate growth.

In the period 2010–2020, the spatial focus of urban expansion shifted towards the
northern peripheral regions. Yongdeng (4.85 km2/year) and Gaolan (3.86 km2/year)
recorded the highest expansion rates across the study area. Within the urban core, Xigu
and Qilihe maintained relatively high growth levels, whereas Chengguan and Honggu
experienced a relative deceleration compared with the preceding decade.

From 1980 to 2020, the intensity of urban expansion in Lanzhou exhibited a
clear stage-wise differentiation, with an overall trend of fluctuating increase over time
(Figure 5 and Table A4). During 1980–1990, expansion intensity remained at an ex-
tremely low level. Within the urban core, only Honggu District (0.01) and Qilihe District
(0.13 × 10−2) showed marginal expansion, whereas Anning, Chengguan, and Xigu dis-
tricts, as well as the peripheral counties (Yongdeng, Gaolan, and Yuzhong), recorded no
detectable expansion.
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Figure 5. Urban expansion intensity, 1980–2020.

Between 1990 and 2000, regional disparities began to emerge. Expansion intensity was
relatively higher in peripheral counties, with Gaolan reaching 0.03, followed by Yuzhong
(0.02) and Yongdeng (0.01). In contrast, all districts within the urban core remained at low
levels, with Anning still exhibiting no expansion.

During 2000–2010, expansion intensity increased markedly. Among peripheral areas,
Yuzhong County recorded a relatively high intensity of 0.18. Meanwhile, internal differen-
tiation within the urban core became evident, with Anning (0.09) and Xigu (0.02) showing
more pronounced expansion, while Chengguan, Honggu, and Qilihe also experienced
moderate increases compared to the previous period.

In 2010–2020, the spatial pattern of expansion intensity shifted, with the center of
gravity moving towards the northern peripheral regions. Gaolan (1.32) and Yongdeng
(1.29) ranked highest in expansion intensity across the study area. Within the urban core,
Xigu District (0.11) maintained a relatively high level, whereas Anning and Chengguan
exhibited comparatively lower intensities.

4.2.2. Spatiotemporal Differentiation Patterns of Ecosystem Services

Between 1980 and 2020, the four key ecosystem services in Lanzhou exhibited pro-
nounced spatial heterogeneity and well-defined gradient patterns (Figure 6), with detailed
class proportions and temporal variations presented in Table A2.

Carbon storage displayed a clear southeast–northwest gradient, with lower values
in the southeast and higher values in the northwest. The medium-value class (average
proportion of 60.39%) constituted the dominant category, being extensively distributed
across the loess hilly regions of southern Yongdeng, central Gaolan, and northern Yuzhong.
High-value areas were mainly concentrated in the northwestern part of Yongdeng and the
southern mountainous margins of Yuzhong, whereas the urban core districts (Chengguan
and Qilihe) were characterized by concentrated low values. Over time, the class composi-
tion changed markedly, with low- and lower-value areas increasing by 0.18% and 3.71%,
respectively, while medium- and higher-value areas declined by 1.57% and 2.54%.

Water yield exhibited a pronounced gradient increasing from southeast to northwest,
with high-value areas dominating the overall pattern (average proportion of 43.19%),
primarily located in Yongdeng and Gaolan in the northwestern periphery. From a temporal
perspective, the proportion of lower-value areas in the urban core (Chengguan and Qilihe)
and southern Yuzhong decreased by 24.17%, while medium-value areas in relatively flat
valley zones (central Yuzhong and southern Gaolan) declined substantially by 31.92%. In
contrast, low-value areas expanded progressively from northwest to southeast, with an
overall increase of 3.60%.
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Figure 6. Spatial distribution of ecosystem service types, 1980–2020.

Habitat quality exhibited a distinct “low-center, high-periphery” spatial configuration.
High-value areas (average proportion of 67.35%) were predominantly distributed in the
forested mountainous regions of northwestern Yongdeng and southern Yuzhong, whereas
low-value areas (average proportion of 3.31%) were concentrated in the urban core (Cheng-
guan and Qilihe) and along major transport corridors. During the study period, the class
structure underwent notable changes, with the proportion of low-value areas increasing
by 3.71%, lower-value areas (widely distributed in central Yuzhong and southern Gaolan)
decreasing by 2.54%, and high-value areas declining by 1.40%.

Soil conservation exhibited substantial spatial differentiation but relatively limited
temporal variability. Low-value areas (average proportion of 78.54%) were widely dis-
tributed across the flat valley zones of Chengguan, Qilihe, Xigu, and eastern Yuzhong,
whereas higher-value classes were mainly concentrated in the mountainous margins of
northwestern Yongdeng and southern Yuzhong. Over time, the class composition showed
modest adjustments, with the proportions of low-, lower-, and medium-value areas de-
creasing by 1.56%, 1.85%, and 1.01%, respectively, while higher- and high-value areas
increased slightly.

4.3. Driving Factors of Spatiotemporal Changes in Ecosystem Services

Prior to the quantitative detection of driving factors, variance inflation factor (VIF)
analysis was performed to test the multicollinearity among the selected variables. The
results showed that the VIF values of the ten driving factors ranged from 1.25 to 4.32, all
below the critical threshold of 5, indicating the absence of significant multicollinearity and
confirming the statistical reliability of the model evaluation results.

From 1980 to 2020, the driving mechanisms of ecosystem services in the study area ex-
hibited pronounced stage-specific variations (Figure 7). Natural factors consistently played
a dominant role, whereas the influence of anthropogenic activities increased substantially
over time. In terms of influence direction, natural factors generally exerted positive effects
on ecosystem services, while socioeconomic factors exhibited significant negative stress
effects. Regarding topographic factors, slope (X2) maintained a persistent controlling effect
on soil conservation, with q values ranging from 0.06 to 0.24, and showed a significant
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positive correlation with soil conservation services, indicating that areas with steeper slopes
exhibited a stronger dependence on soil conservation functions. Elevation (X1) demon-
strated relatively strong explanatory power for water yield services, with q values ranging
from 0.21 to 0.34.

Figure 7. Explanatory power of natural environment and socio-economic factors on the spatial
distribution pattern of different ecosystem services. Note: X1 represents Elevation, X2 represents
Slope, X3 represents Aspect, X4 represents Mean Annual Precipitation, X5 represents Mean Annual
Temperature, X6 represents Evaporation, X7 represents NDVI, X8 represents Population Density, X9
represents Night-time Light, and X10 represents GDP.
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Among the climatic factors, annual precipitation (X4) exerted a strong positive driving
effect on water yield services, with the q value reaching a peak of 0.51 in 1990. In contrast,
temperature (X5) exhibited a negative correlation with carbon sequestration services by
influencing evapotranspiration processes, with q values ranging from 0.16 to 0.17. The vege-
tation factor NDVI (X7) showed a significant positive correlation with carbon sequestration
services, with q values ranging from 0.17 to 0.26.

With respect to socioeconomic factors, population density (X8) and GDP (X10) exerted
significant negative stress effects on habitat quality, while their explanatory power increased
continuously over time. Specifically, the q value of population density increased from 0.12 to
0.15, whereas that of GDP increased from 0.05 to 0.17. These findings suggest that, with the
intensification of economic development and human activities, the disturbances induced by
urban expansion on ecosystem services became increasingly pronounced during 1980–2020.

Between 1980 and 2020, the interactions among driving factors of ecosystem services
in the study area were significantly enhanced, exhibiting an evolutionary characteristic
shifting from “natural factor dominance” to “synergy between natural and human fac-
tors. “The interaction between climatic and economic factors had the most pronounced
impact on water yield services (Figure 8). The interaction q-values between mean annual
precipitation (X4) and GDP (X10) reached 0.56 and 0.50 in 1990 and 2020, respectively.
These values were significantly higher than single-factor effects, indicating that water
resource supply is controlled simultaneously by climate and economic activities. Regarding
carbon sequestration services, the interaction q-value between NDVI (X7) and elevation
(X1) increased from a lower level in 1980 to 0.33. Meanwhile, its interaction with slope (X2)
strengthened to over 0.30 after 2000, suggesting that vegetation and topographic conditions
have a synergistic enhancement effect on carbon storage. For soil conservation services,
the interaction between slope (X2) and mean annual precipitation (X4) reached 0.33 in
2010, which was higher than in other periods. The interaction between NDVI (X7) and
slope (X2) rose to 0.10 in 2020, reflecting that vegetation restoration and topography jointly
inhibit soil erosion. Overall, the synergistic enhancement among climatic factors (e.g.,
precipitation), topographic factors (e.g., slope, elevation), and socioeconomic factors (e.g.,
GDP, population density) became the primary driving force for the changes in various
ecosystem services from 1980 to 2020.

4.4. Coupling Coordination Analysis of Urban Land Expansion and Ecosystem Services
4.4.1. Coupling Coordination Analysis of Urban Land Expansion Intensity and
Ecosystem Services

Overall, during the study period, the coordination level between the two underwent
an evolutionary process shifting from widespread incoordination to gradual improvement.
However, significant differences in development trends were observed between the central
urban areas and the peripheral counties (Figure 9).

From 1980 to 1990, the coupling coordination degree was generally in a state of
incoordination. In the central urban area, water yield capacity in Chengguan (0.21), Xigu
(0.23), Anning (0.25), and Honggu (0.30) districts, as well as soil conservation service
in Qilihe District (0.29), all exhibited moderate incoordination. Among the peripheral
counties, carbon storage in Gaolan County (0.15) was at a level of severe incoordination,
while water yield capacity in Yongdeng (0.26) and Yuzhong (0.32) counties also remained
at moderate incoordination levels. This indicates that the initial stage of urban expansion
exerted widespread stress on ecosystem services.

From 1990 to 2000, this situation of widespread incoordination did not undergo funda-
mental change. In the central urban area, Chengguan District was in moderate incoordina-
tion regarding carbon storage (0.26) and remained deeply mired in severe incoordination
regarding habitat quality (0.17). Anning District even exhibited severe incoordination in
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carbon storage (0.20). In contrast, the peripheral Yuzhong County remained in a stage of
moderate incoordination for water yield capacity (0.33) and carbon storage (0.31), failing to
escape the predicament of incoordination.

Figure 8. Explanatory power of the interaction between natural environment and socio-economic
factors on the spatial distribution pattern of different ecosystem services. Note: X1 represents
Elevation, X2 represents Slope, X3 represents Aspect, X4 represents Mean Annual Precipitation, X5
represents Mean Annual Temperature, X6 represents Evaporation, X7 represents NDVI, X8 represents
Population Density, X9 represents Night-time Light, and X10 represents GDP.

From 2000 to 2010, the coordination state entered a critical transition period. The
improvement in coordination degrees in peripheral counties was particularly evident.
Yuzhong County reached the level of “on the verge of incoordination” in water yield
capacity (0.57), carbon storage (0.49), and soil conservation service (0.55). Although it had
not yet crossed into the coordination range, it showed a positive trend. Conversely, in the
central urban area, apart from Xigu District which remained in moderate incoordination
for habitat quality (0.30), most areas, such as Qilihe and Honggu districts, were largely in a
state of moderate incoordination or on the verge of incoordination. The ecological pressure
resulting from urban expansion remained substantial.
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Figure 9. Coupling coordination degree between urban land expansion intensity and ecosystem
services in Lanzhou.

From 2010 to 2020, the spatial differentiation pattern of coupling coordination de-
grees was further consolidated. The peripheral counties demonstrated strong momentum
for improvement: Yongdeng County achieved “good coordination” in both water yield
capacity (0.84) and habitat quality (0.91), and Gaolan County also realized “good coordi-
nation” in habitat quality (0.99). Although Yuzhong County showed progress in multiple
service indicators, it basically remained at the level of “on the verge of incoordination” or
transitioning toward “primary coordination.” While the overall coordination level of the
central urban area improved compared to the previous period, most areas still hovered
between severe and moderate incoordination. For instance, Chengguan District remained
in severe incoordination regarding water yield capacity (0.18) and habitat quality (0.11),
while multiple indicators for Qilihe, Anning, and Honggu districts were generally in states
of moderate incoordination or on the verge of incoordination.

4.4.2. Coupling Coordination Analysis of Urban Land Expansion Speed and
Ecosystem Services

Overall, the coordination level between the two evolved from widespread severe
incoordination in the initial stage to being dominated by “on the verge of incoordination”
and “primary coordination” in the later stage. However, distinct differences existed in the
evolutionary paths of the central urban area and peripheral counties (Figure 10).

https://doi.org/10.3390/land15050853

https://doi.org/10.3390/land15050853


Land 2026, 15, 853 20 of 29

Figure 10. Coupling coordination degree between urban land expansion rate and ecosystem services
in Lanzhou.

From 1980 to 1990, the coordination status was generally poor. In the central urban
area, Chengguan District exhibited moderate incoordination in water yield capacity (0.21)
and carbon storage (0.27), and severe incoordination in habitat quality (0.19). The coupling
coordination degrees for various ecosystem services in Qilihe, Xigu, Anning, and Honggu
districts also mostly fell within the moderate incoordination range. Peripheral counties
were similarly in a state of incoordination; for instance, water yield capacity in Yongdeng
(0.26), carbon storage in Gaolan (0.15), and water yield capacity in Yuzhong (0.32) all fell
into the categories of severe or moderate incoordination. This indicates that the rapid initial
phase of urban land expansion caused widespread negative impacts on ecosystem services.

From 1990 to 2000, incoordination remained the dominant theme, though slight
local improvements emerged. In the central urban area, Chengguan District remained in
moderate incoordination for carbon storage (0.32) but slipped into severe incoordination
for water yield capacity (0.13), reflecting the instability of its internal development. Most
peripheral areas, such as Yongdeng (water yield 0.28) and Yuzhong (water yield 0.31), still
hovered in the moderate incoordination stage, showing slow improvement in coordination.

From 2000 to 2010, the region entered a critical turning point. Progress in peripheral
counties was particularly significant; Yuzhong County transitioned from incoordination
to “on the verge of incoordination” in water yield capacity (0.53) and soil conservation
service (0.52). Meanwhile, the central urban area also showed a positive catching-up trend.
Chengguan District reached “on the verge of incoordination” in carbon storage (0.55) and
soil conservation service (0.54), as did Qilihe District in carbon storage and soil conservation

https://doi.org/10.3390/land15050853

https://doi.org/10.3390/land15050853


Land 2026, 15, 853 21 of 29

service (0.50). This marked a preliminary improvement in the relationship between urban
expansion speed and ecological protection in the central region.

From 2010 to 2020, the coupling coordination pattern was further optimized, pre-
senting a trend of “periphery leading, center following.” Peripheral counties achieved
high-level coordinated development: Yongdeng County attained “good coordination” in
water yield capacity (0.85), carbon storage (0.91), and habitat quality (0.92). The coordi-
nation degree in the central urban area also generally improved; Qilihe District reached
“primary coordination” in carbon storage and soil conservation service (0.71). However,
Chengguan District remained in moderate incoordination for water yield capacity (0.28),
and Anning District was in severe incoordination for carbon storage (0.20), revealing
persistent development shortcomings within the central urban area.

5. Discussion
5.1. Drivers of the Coupling Coordination Between Urban Expansion and Ecosystem Services

The evolution of the coupling coordination between urban expansion and ecosystem
services in Lanzhou reflects a complex transition process characteristic of valley cities
operating under pronounced geographical constraints, wherein interactions between policy
interventions and socio-economic drivers facilitate a shift from low-level competition
towards higher-level synergies [60].

First, geomorphological conditions impose “hard constraints” that underpin regional
differentiation. The distinctive “two mountains flanking a river” configuration has gen-
erated a path-dependent, corridor-oriented mode of urban expansion [61]. This terrain
significantly limits lateral growth, intensifying competition between construction land
and valley ecological corridors within a confined spatial framework, thereby constituting
the primary physical explanation for persistently low coupling coordination in the urban
core [62]. By contrast, the relatively open spatial conditions in peripheral counties provide
greater developmental flexibility, enabling cluster-based expansion patterns that reduce
direct encroachment on ecologically sensitive areas, highlighting the importance of aligning
urban expansion trajectories with underlying geomorphological structures.

Second, policy transformation has fundamentally reconfigured the development
paradigm of urbanization [28,63]. During 1980–2010, an extensive growth model pri-
oritized economic expansion at the expense of ecological assets, leading to pronounced
trade-offs among ecosystem functions. In contrast, the post-2010 policy shift not only
promoted ecological restoration—through initiatives such as reforestation—but also en-
couraged more intensive land use via stock-oriented planning strategies. This transi-
tion suggests that policy serves not only as an external regulatory mechanism but also
as a key endogenous driver capable of mitigating resource constraints and enhancing
coupling coordination.

Finally, the interaction enhancement effect between natural and socioeconomic fac-
tors constituted the fundamental driving force underlying system evolution [64]. The
geographic detector results indicated that these interactions were not characterized by
simple additive effects but rather by synergistic amplification effects under ecologically
fragile conditions. With the intensification of socioeconomic activities, population density
and economic output interacted with ecological baseline conditions, such as natural pre-
cipitation, to form complex compound driving mechanisms. Consequently, the central
urban areas experienced pronounced “pressure superposition” under conditions of high
population concentration, whereas in the peripheral regions, the supporting role of natural
factors became increasingly prominent due to relatively low development intensity. These
findings further emphasize that urban development strategies should fully consider the
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differentiated responses of individual administrative units under varying conditions of
natural carrying capacity and economic development intensity [65–67].

5.2. Comparison with Previous Studies

The results of this study indicate that the relationship between urban expansion and
ecosystem services in Lanzhou experienced an overall transition from imbalance to gradual
improvement during 1980–2020, although marked regional differences were observed. This
finding is generally consistent with previous studies suggesting that urban expansion can
significantly affect the supply capacity of ecosystem services [68–70]. Existing research
has demonstrated that the expansion of construction land reshapes ecological spatial
patterns through land-use conversion, thereby influencing ecosystem services such as
carbon storage, habitat quality, and water conservation. In the present study, the central
urban area remained at a relatively low coordination level during the early stage of rapid
urban expansion, further indicating that intensive construction activities exert persistent
pressure on ecosystem services.

Compared with studies conducted in plain cities or coastal urban agglomera-
tions [71,72], Lanzhou, as a representative valley-type city, exhibits more pronounced
spatial constraints during urban expansion. Constrained by the distinctive geomorpho-
logical pattern of “mountains flanking a central valley”, construction land expansion has
mainly occurred along the Yellow River valley and transportation corridors, forming a
linear urban spatial structure. Within the limited valley space, construction land is more
likely to compete intensively with ecological land types, including cropland and grass-
land, thereby contributing to stronger spatial differentiation of ecosystem services. These
findings suggest that topographic conditions play an important role in shaping urban
expansion patterns and their corresponding ecological effects.

Regarding the driving mechanisms, the results indicate that natural environmental
factors consistently constitute the fundamental basis affecting the spatial differentiation
of ecosystem services, whereas the influence of socioeconomic factors, such as population
and GDP, gradually strengthened during the later study period. The geographic detector
results further reveal significant interaction enhancement effects among most factors,
indicating that the evolution of ecosystem services is generally driven by the combined
effects of multiple factors. This finding is in agreement with previous studies emphasizing
that ecosystem services are jointly influenced by natural environmental conditions and
anthropogenic activities [73–75].

Nevertheless, several limitations should be noted in this study. First, the results of
the coupling coordination degree model may be affected by spatial scale and indicator
construction methods, and the characteristics of spatial differentiation may vary across
different scales. Second, although the geographic detector model can effectively identify the
explanatory power of driving factors, it remains insufficient in capturing the temporal lag
effects associated with continuous ecological processes and policy interventions. In addi-
tion, this study was conducted based on five temporal nodes between 1980 and 2020, which
may limit the characterization of short-term dynamic changes. Future research should
incorporate higher temporal resolution data, multi-scenario simulations, and dynamic
modeling approaches to further explore the long-term feedback relationships between
urban expansion and ecosystem services.

5.3. Policy Implications

Building on the study’s findings and considering the unique characteristics of valley-
type cities in Lanzhou alongside the ecological protection imperatives of the Yellow River
Basin, several policy recommendations are proposed. First, spatial governance should be
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optimized through the delineation of differentiated development boundaries. The national
land development strategy of “northward expansion, southern control, western optimiza-
tion, and eastern coordination” should be rigorously implemented. In the central urban
area, ecological protection redlines and urban development boundaries must be clearly
demarcated, while increases in construction land within the valley core should be strictly
controlled. Redevelopment of underutilized land and urban renewal initiatives should
be promoted to mitigate the pressures of land use change on ecosystem services [76–78].
In peripheral counties, moderate expansion of urban space may be permissible under
the premise of ecological security, facilitating a “valley core–peripheral cluster” spatial
configuration that alleviates ecological pressures on the urban core.

Second, ecological restoration initiatives should be reinforced to enhance critical
ecosystem service functions [79]. In alignment with the ecological protection plan for the
Yellow River Basin, priority interventions should include greening of the surrounding
mountains, restoration of riverside wetlands, and integrated soil and water conservation
projects, thereby strengthening carbon storage, water retention, and soil conservation capac-
ities. In regions exhibiting low habitat quality, the establishment of ecological corridors and
green space networks is recommended to improve urban ecological microcirculation [80].

Third, a coordinated governance framework should be established to facilitate the syn-
ergistic development of ecological and economic systems [81]. The coupling coordination
between urban expansion and ecosystem services should be integrated into local govern-
ment planning and performance evaluation systems. An “urban development–ecological
compensation” mechanism is advised, wherein the central urban area provides ecological
compensation to peripheral counties demonstrating effective ecological outcomes. Fur-
thermore, industrial restructuring in the urban core should be encouraged, emphasizing
a transition toward greener and higher-value industries, thereby reducing the ecological
pressures imposed by high-energy-consumption and high-pollution sectors. Through the
integrated implementation of spatial governance, ecological restoration, and institutional
mechanisms, a systematic policy framework can be established to support the sustainable
development of valley-type cities.

6. Conclusions
This study presents a systematic assessment of the spatiotemporal co-evolution of

urban expansion and ecosystem services in Lanzhou, a representative valley city, over
the period 1980–2020. The findings indicate that, under the pronounced topographic
constraint of a “two mountains flanking a river” configuration, urban expansion exhibits
a distinctly corridor-oriented pattern. Such a spatial form results in a highly localized
and concentrated encroachment of construction land upon ecological spaces, particularly
cropland. From a spatiotemporal perspective, the coupling coordination relationship
demonstrates a marked “core–periphery” differentiation: the urban core, constrained by
historically intensive development and limited by terrain conditions, shows a lag in the
improvement of ecosystem service coordination, whereas peripheral counties, characterized
by relatively abundant ecological space and moderate cluster-based expansion, display
greater potential for coordinated development. Overall, the coupling relationship between
urbanization and ecosystem services in Lanzhou has transitioned from a state of widespread
imbalance driven by extensive expansion to a more locally coordinated pattern under policy
intervention, reflecting an adaptive reconfiguration of urban development pathways within
a complex environmental setting.

Based on the above findings, this study further elucidates the driving mechanisms
underlying the interaction between urban expansion and ecosystem services in valley-type
cities, confirming that geomorphological constraints constitute the physical foundation,
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policy orientation functions as the regulatory variable, and the interaction enhancement
effect between natural and socioeconomic factors represents the fundamental driving force
of system evolution. The primary theoretical contribution of this study lies in the integration
of a modified coupling coordination degree model and the geographic detector method
to clarify the complex “pressure–state–response” interactions under ecologically fragile
conditions, thereby enriching the theoretical understanding of urbanization processes and
ecological effects in valley-type cities.

Nevertheless, several limitations remain in this study. For instance, the interpretation
of multi-temporal land-use remote sensing data may involve scale-related uncertainties
in capturing changes in fine-scale ecological patches, while the long-term disturbances
induced by extreme climate change on ecosystem service provision were not fully incorpo-
rated into the analysis. Future research should focus on developing dynamic simulation
models of urban expansion and ecosystem services under multiple scenarios, further
exploring the feedback mechanisms associated with different planning strategies, and
strengthening quantitative studies on cross-scale ecological compensation effects. Such
efforts would provide more robust scientific support for territorial spatial planning and
high-quality development under complex geomorphological conditions.
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Appendix A

Table A1. Percentage of Area by Land Use Type, 1980–2020 (Unit: %).

Land Use Type 1980 1990 2000 2010 2020

Grassland 60.85 60.69 60.50 60.62 59.28
Urban Land 0.79 0.79 0.80 1.07 2.17

Cropland 28.96 29.18 29.16 27.92 26.41
Forest 6.89 6.83 6.86 7.16 7.04

Rural Settlements 1.44 1.43 1.59 1.68 1.69
Other Construction Land 0.16 0.16 0.17 0.36 2.24

Water Body 0.52 0.52 0.52 0.53 0.58
Unused Land 0.39 0.39 0.39 0.67 0.58
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Table A2. Proportions of Ecosystem Services Statistics, 1980–2020 (Unit: %).

Ecosystem Service Level 1980 1990 2000 2010 2020

Carbon Sequestration

Low 0.40 2.39 60.85 28.96 7.41
Relatively Low 0.40 2.38 60.68 29.18 7.36

Medium 0.40 2.57 60.50 29.16 7.38
Relatively High 0.66 3.11 60.62 27.92 7.69

High 0.57 6.10 59.28 26.42 7.63

Water Yield

Low 3.26 24.57 34.64 28.68 8.03
Relatively Low 3.09 0.31 4.53 39.81 52.26

Medium 3.41 0.96 14.52 41.95 39.17
Relatively High 4.11 0.50 8.50 35.82 51.06

High 6.86 0.40 2.72 24.57 65.45

Habitat Quality

Low 2.39 28.96 0.40 0.53 67.73
Relatively Low 2.38 29.18 0.40 0.52 67.52

Medium 2.57 29.16 0.40 0.52 67.36
Relatively High 3.11 27.92 0.66 0.53 67.79

High 6.10 26.42 0.57 0.58 66.33

Soil Conservation

Low 79.50 8.52 6.61 3.68 0.86
Relatively Low 78.28 7.10 5.79 5.47 3.36

Medium 78.63 7.47 6.20 5.28 2.41
Relatively High 78.35 7.15 5.94 5.50 3.06

High 77.93 6.68 5.60 5.63 4.16

Table A3. Urban Expansion Speed, 1980–2020 (Unit: km2/year).

Region 1980–1990 1990–2000 2000–2010 2010–2020

CG 0.00 0.08 1.12 0.42
QLH 0.04 0.05 0.33 1.20
ANN 0.00 0.00 0.83 0.66

XG 0.00 0.01 0.28 1.90
HG 0.04 0.01 0.14 0.31
YD 0.00 0.02 0.16 4.85
GL 0.00 0.05 0.07 3.86
YZ 0.00 0.04 0.51 1.40

Table A4. Urban Expansion Intensity, 1980–2020.

Region 1980–1990 1990–2000 2000–2010 2010–2020

CG 0.00 0.00 0.03 0.01
QLH 0.00 0.00 0.01 0.04
ANN 0.00 0.00 0.09 0.04

XG 0.00 0.00 0.02 0.11
HG 0.01 0.00 0.02 0.04
YD 0.00 0.01 0.07 1.29
GL 0.00 0.03 0.03 1.32
YZ 0.00 0.02 0.18 0.18
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