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Abstract

Constructing ecological networks (ENs) is an effective measure to mitigate the conflict
between urban development and ecological conservation. However, existing simulating
methods lack adequate consideration of human ecological demands and the spatial scale
differences between these demands and natural ecological processes. This might lead to
issues such as incomplete ecological process cycles or structural mismatches being over-
looked during ENs simulations. To address these gaps, this study proposed an urban
multi-scale nested ENs simulating framework that integrates human ecological demands
with natural ecological processes. The framework first simulated an ENs focused on nat-
ural ecological process cycles at a global scale (GS). Then, it simulated an ENs centered on
human ecological needs within the core urban areas at local scale (LS). Finally, it nested
these multi-scale ENs by using cross-scale ecological supply sources as connecting points.
This framework was applied to simulate spatio-temporal pattern changes in ENs of Jinan
City, a core city in downstream of the Yellow River in China, aiming to mitigate cross-
scale ecological conflicts between human-nature interactions under the background of
urbanization. The study’s findings revealed that the area of demand sources increased by
8.56 times over 20 years. the area of cross-scale supply sources decreased by 15 km? relative
to 2000, and the deterioration in connectivity was more pronounced in GS compared to LS,
with a decline of approximately 13.8%. These changes indicate the presence of incomplete
ecological process cycles and structural mismatches across the multi-scale boundaries
within the study area, which have been worsening annually. We recommend optimizing
Jinan City’s multi-scale ecological network through three key strategies: rectifying internal
structural mismatches, protecting core ecological areas, and aligning regional ecological de-
mands. Implementing these strategies could significantly improve the network structure,
reduce cross-scale mismatches, and enhance ecological connectivity by about 9%. This study
highlights the importance of addressing structural mismatches and promoting complete
ecological cycles in urban multi-scale ENs simulating, providing valuable insights for for-
mulating urban multi-scale ecological conservation and restoration policies.

Keywords: multi-scale ecological networks; scale nesting; urbanization process; human
ecological demands
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1. Introduction

Since the 20th century, the global urbanization process has accelerated continuously,
posing severe threats to the ecological environment [1,2]. The conflict between human so-
cial development and ecological conservation has become increasingly prominent. To
date, governments worldwide have implemented various measures to mitigate this con-
flict, such as the construction of ecological networks (ENs) [3], ecosystem restoration [4],
and the construction of green ecological parks [5]. Among these, the construction of ENs
is considered one of the most effective strategies for balancing urban ecological conserva-
tion with human social development [6,7]. Its role in urban ecological planning and na-
tional spatial planning has been recognized globally [8]. However, urbanization levels,
ecological resource distribution and functions, and ecological processes exhibit significant
spatial scale effects [9]. The conflicts between human development and ecological conser-
vation may vary considerably across different scales [10]. Therefore, it is crucial to con-
struct multi-scale urban ecological networks. This is of paramount importance for pro-
moting the sustainable development goal of harmonious coexistence between humans
and nature, as well as for maintaining the integrity of ecological processes [11].

Early ENs were conceived as greenway systems that connected green parks, nature
reserves, and cultural landscapes, primarily aimed at urban landscape planning and en-
vironmental management [12,13]. Over time, ENs have evolved to focus on mitigating the
conflict between human social development and natural ecological conservation [14]. This
evolution has promoted the establishment of a fundamental research paradigm [15,16]:
identifying ecological sources—constructing ecological resistance surfaces—extracting
ecological corridors—evaluating ecological networks. However, a critical issue that still
needs attention is the significant differences in the ecological resource functions and char-
acteristics of ecological processes across various urban spatial scales. Specifically, when
considering the whole city as a large spatial scale, the primary ecological processes involve
biological migration and the circulation of matter and energy between ecological sources
[17]. The main function of ecological resources at this scale is to maintain regional ecosys-
tem stability and biodiversity [18]. In contrast, the core urban areas, which are character-
ized by intense human activity and high levels of urban development, represent a smaller
spatial scale. Here, the ecological resources not only need to sustain basic ecological pro-
cesses and facilitate species migration but also have to provide ecosystem services to hu-
man society [19]. This indicates unique and pronounced human ecological demands in
this scale. Therefore, simulating multi-scale ENs is a necessary approach to address the
needs of both human and natural systems.

In existing studies [20,21], scholars typically simulate ecological networks at different
scales separately and then construct a multi-scale ecological network by directly overlay-
ing these individual networks. Although this method achieves multi-scale integration, it
pays relatively little attention to the connection issues at cross-scale boundaries [17,22].
This may lead to the lack of connections between different scales in the internally con-
structed multi-scale ecological network and the incompleteness of the ecological process
cycle simulation. Moreover, in the simulation of small-scale ENs, current studies [17,23]
often focus solely on the obstructive effects of human activities on ecological processes,
neglecting the significant issue of human ecological demands [19,24]. This oversight ham-
pers the creation of an urban ENs system that genuinely fosters harmonious coexistence
between humans and nature. Therefore, there is an urgent need to conduct research on
the simulation and optimization of multi-scale ecological networks that integrate human
ecological demands. This approach aims to fulfill human well-being while advancing the
protection and planning of ecological environments.

The Yellow River, as the largest river in northern China, flows through 33 cities and
covers a basin area exceeding 750,000 km?, holding significant social, economic, and
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ecological strategic importance [25]. The urbanization process in the Yellow River basin
has been extremely intense, with rapid population growth, yet the region’s ecosystems
are highly fragile and sensitive, with poor environmental carrying capacity [16]. Jinan, as
the core city of the Shandong Peninsula urban agglomeration and the downstream of the
Yellow River basin [26], faces even more acute conflicts between human social development
and ecological conservation. However, we have observed that the current formulation of
ecological management policies and implementation of ecological restoration measures of-
ten lacks consideration of human demands and the spatial scale differences between human
demands and natural ENs. This oversight might give the appearance of overall urban eco-
logical improvement, but in reality, numerous underlying ecological issues may persist.
These include spatial structure problems such as disharmonious cross-scale ecological pro-
cess connections and structural mismatches within natural ENSs, as well as ecological func-
tion issues like incomplete ecosystem service flows and neglected human ecological de-
mands. This situation hinders the achievement of sustainable development goals that pro-
mote harmonious coexistence between humans and nature. It urgently necessitates the
adoption of appropriate optimization measures to address these gaps.

To address these issues, we used Jinan, a typical city in downstream of the Yellow
River basin, as a case study. We simulated ecological networks dominated by natural eco-
logical processes and dominated by human ecological demands at the global scale (GS)
and local scale (LS), respectively. Following this, we employed cross-scale sources linkage
approach to nest and couple ENs of both scales, and evaluated their ecological connectiv-
ity. Finally, we proposed optimization strategies for the ENs based on the study findings
and current policies, and validated the effects of the optimizations. This study aims to
address the following key objectives: (1) Simulate multiscale urban ecological networks
integrating human ecological demand and natural ecological processes. (2) Analyze
changes in ENs elements and network connectivity across scales under urbanization. (3)
Optimize multiscale ecological networks by jointly considering human demand and nat-
ural processes. The study findings will provide theoretical reference and scientific basis
for the construction of multi-scale urban ecological networks, ecological resource conser-
vation, and sustainable development. They are crucial for advancing the goal of achieving
harmonious coexistence between humans and nature.

2. Materials and Methods
2.1. Study Area

Jinan, located in the central part of Shandong Province, China (Figure 1), is situated
on the North China Plain and exemplifies a temperate monsoon climate city [26]. The
study area features a topography that slopes from high elevations in the south to lower
elevations in the north. The Yellow River and Tuhai River traverse the central and north-
ern parts of the study area, while the Taishan Mountains are situated in the southern re-
gion [27]. The study area has a forest coverage rate of 50%, predominantly in the southern
mountainous regions, whereas the northern plains are mainly covered by agricultural
green spaces. The primary urban area boasts a greening coverage rate of over 40%. Ac-
cording to the Jinan Statistical Yearbook, by the end of 2022, Jinan’s GDP reached 1202.75
billion yuan, with an urbanized area of 854 km? and a resident population of 8.1995 million.
The central urban area is home to 7.1984 million people, constituting 87.8% of the total
population [28]. In recent years, the ongoing urbanization process has led to a rapid pop-
ulation increase, significantly boosting ecological demands in the core urban areas. Con-
sequently, the ecological environment has suffered substantial degradation, and the in-
tegrity and stability of the urban ecosystem have gradually declined. Against this back-
drop, it has become increasingly critical to effectively manage the conflict between human
development and ecological protection within the study area.
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Figure 1. Study Area Overview: (a) The regional location of Jinan City within China. (b) The popu-
lation density distribution of Jinan City in 2022. (¢) Land use/land cover of Jinan City. (d) Population
statistics of Jinan City from 1970 to 2020. (Drawn using ArcGIS 10.8 software; URL:

https://www .esri.com/arcgis/geospatial-platform/overview, accessed on 7 May 2024).

Based on the ecological issues at different scales and the national land spatial plan-
ning, this study divides Jinan into two spatial scales: (1) Global Scale (GS): This scale con-
siders Jinan as a whole and is the optimal scale for conducting large-scale urban ecological
planning [10,29]. At this scale, characterized by wide-ranging ecological process cycles,
extensive material and energy flows, and high ecosystem stability, it stands as the optimal
one for maintaining biodiversity. Meanwhile, human activities in this area are relatively
scattered, mainly encompassing farming, road construction, and urban expansion. The
conflict between urban spatial expansion and biodiversity conservation is particularly
prominent. (2) Local Scale (LS): This scale focuses on the main core urban areas of Jinan and
represents a smaller spatial scale. It is the region where human socio-ecological demands
and activities are most intense. At this scale, human activities are relatively concentrated,
complex, and intense, leading to low ecosystem stability. Simultaneously, human socio-eco-
logical demands are prominent—the ecosystem must meet such demands of human society
while sustaining its own stability. However, ecological resources are often relatively scarce
and exhibit a high degree of fragmentation at this scale, making efforts related to ecological
protection and restoration particularly challenging. This implies that the conflict between
human socio-ecological demands and ecological environment restoration is most prominent
at the LS. Among these, the scope of the LS was defined by integrating Jinan’s urban devel-
opment planning and current status, nighttime light distribution, population density distri-
bution, as well as ecological resources distribution.

2.2. Data Sources

In this study, we primarily utilized three categories of data: remote sensing imagery
data, natural environmental data, and socio-economic data (Table 1). The remote sensing
imagery data were used to interpret land use/cover (LULC) and to derive the Normalized
Difference Vegetation Index (NDVI). Natural environmental data and statistical yearbook
data were employed to quantify ecosystem services and construct the ecological resistance
surface. Socio-economic development statistics were used to quantify the demand for eco-
system services, and socio-economic data were also used in constructing the ecological
resistance surface. All data pertained to the spatial extent of Jinan City. The projection
coordinate system was standardized to WGS 1984 UTM Zone 50 N, with a spatial
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resolution unified to 30 m. The temporal intervals for the data were set for the years 2000,
2010, and 2020. For datasets with spatial resolutions not originally at 30 m, the downscal-
ing to 30 m was performed using the resampling tool in ArcGIS 10.8.

Table 1. Data sources and profiles.

Spatial
T N S
ypes ame ources Scale
Remote America EROS (https://www.usgs.gov/cen
sensing Landsat 5/8 ps: USES'5 30m
data ters/eros, accessed on 11 May 2024)
Net primary America LAADS DAAC (https://lad-
productivity sweb.modaps.eosdis.nasa.gov, accessed on10 500 m
(NPP) May 2024)
China soil map based harmonized world soil
database (HWSD) (v1.1) (2009). National Ti-
Soil types  betan Plateau/Third Pole Environment Data 1:1,000,000
Nature
. Center. (https://data.tpdc.ac.cn/, accessed on 12
environmental
data May 2024)
Precipitation China Resource and Environmental Science
and Data Registration and Publication System 1000 m
Evaporation (http://www.resdc.cn, accessed on 10 May 2024)
Geospatial Data Cloud
DEM (https://www.gscloud.cn/, accessed on 9 May 30m
2024)
Statistical
. . austica Jinan Municipal Government Public Data None
Socio-economic  Yearbook
development = Administra- hitos: ndit 4
statistics  tive Division [ttPS//Www.tianditu.gov.cn/, accessed on9 . 45 19
May 2024
Data
Social Road net- Open-Street-Map (https://www.open- 1:100,000
cconom works streetmap.org/, accessed on 11 May 2024)
data Y Population =~ America LandScan Population (https://land- 1000 m
density scan.ornl.gov/, accessed on 10 May 2024)
2.3. Methods

The technical framework of this study (Figure 2) primarily comprises four steps: (1)
identifying ecological sources for GS and LS; (2) constructing ecological resistance sur-
faces for the supply side and the demand side, respectively; (3) extracting ecological sup-
ply corridors and ecological demand corridors using different methods; (4) evaluating the
connectivity of the ecological networks at both the GS and LS.
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Figure 2. The technical framework: Land use/land cover (LULC); Normalized Difference Vegetation
Index (NDVI).
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2.3.1. Quantification of Ecosystem Services

In 2015, the United Nations introduced the Sustainable Development Goals (SDGs),
aiming to comprehensively address issues in the social, economic, and environmental di-
mensions between 2015 and 2030 [30]. Within the first five targets of Goal 15, “Life on
Land,” four primary ecosystem services (ESs) have been identified as crucial for global
ecological conservation and restoration efforts [31]. These key ESs include water conser-
vation, carbon sequestration, habitat quality, and soil conservation. In this study, we fol-
low the methodologies from a previous study, primarily using the InVEST model, the
ULSE formula, and other approaches to quantify the supply and demand functions of
these four ESs (Table 2). The quantified ESs supply functions are used to identify ecolog-
ical sources at both the GS and LS, while the quantified ESs demand functions are used
exclusively for identifying demand sources at the LS.

Table 2. Methods and formulas for quantifying the supply function and demand function of ESs.

ESs Types Function Formula
WR = min (1, ———) x min (1,0.3TI) X
Velocity
min (1,55%) X WY, 1)

where WR represents the annual average water

retention capacity, which signifies water conserva-
Supply function tion supply. Velocity represents the flow velocity
coefficient, TI represents the terrain index, K4
represents the soil saturated hydraulic conductiv-
ity, WY, represents the water yield per unit grid
(calculated by the water yield module of the Invest

Water model),

Conservation
Dyy = Dperwater X Pxpop 2)

Dperwater = Dyqter ~ P (3)
where Dy represents the water resource usage
demand per unit grid, which indicates the de-
Demand function mand capacity for water resourc.e services.

perwater represents the per capita water con-
sumption, Py,,, represents the population within
a unit grid, Dy,q¢er represents the total annual wa-
ter consumption, P represents the total popula-
tion.
Sycarpon = 1.63 X NPPx ()
where Syqrpon represents the total carbon supply
Supply function in a unit grid, which is carbon sequestration sup-
ply. NPPx represents the total net primary
productivity in a unit grid.
Dxcarbon = Dpercarbon X Pxpop (5)
Dpercarbon = Dcarbon +P (6)
Carbon Dearbon = Eau X C¢ )
Sequestration where D.qpon represents the total carbon emis-
sions. Ej,1 represents the total electricity con-
Demand function sumption, including residential, industrial, and
agricultural electricity data for the entire society.
C; represents the carbon emission coefficient. P
represents the total population. Dyercarpon r€pre-
sents the per capita carbon emissions. Py, repre-
sents the population count in a unit grid. Dycgrpon
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represents the carbon emissions in a unit grid,
which represents carbon sequestration demand
services.

A=RXKXLSX(1—-CXxP) 8)
where A represents the annual average soil con-
servation amount, R represents the rainfall ero-
sivity factor, K represents the soil erodibility fac-

Soil Supply function tor (calculated based on the percentage of silt,
Conservation sand, clay, and organic matter in the soil), LS rep-
resents the topographic factor, C represents the
crop management factor, and P represents the
conservation practice factor.

Demand function InVEST model SDR module
Supply function InVEST model habitat quality module
— JHQDst—Qx,Qx<HQDs
HQD = { 0.0x2HaDs; t} ©)
Habitat where HQD represents the habitat quality de-

mand, Q, represents the habitat quality supply
index, which is the habitat quality supply capacity
calculated based on Invest, HQD,, represents the
habitat quality demand standard.

Quality Demand function

2.3.2. Identification of Ecological Sources

Ecological supply sources emphasize different ecological functions when participat-
ing in ecological processes at various spatial scales [17]. Furthermore, regardless of the
scale, the connectivity and type of patches within a landscape directly influence their in-
volvement in ecological processes [5,32]. In summary, drawing on previous studies [33,34],
we use the “core” results from the Morphological spatial pattern analysis (MSPA) [35] as
the basic ecological source areas and then further identify ecological source areas using
different ecosystem service indicators, considering the characteristics of ecological pro-
cesses at different scales.

Considering that ecological patches at the GS primarily function to maintain biodi-
versity and facilitate natural material cycles, we identified ecological supply sources using
a combination of ecosystem service supply function evaluation, MSPA, and landscape
connectivity evaluation. For the LS, where ecological patches need to support biodiversity,
maintain ecological process cycles, and provide ecosystem services to human society, we
identified ecological supply sources using a combination of the ecosystem supply-de-
mand ratio [19], MSPA, and landscape connectivity evaluation. The ecosystem supply-
demand ratio is based on the ecosystem service supply and demand functions. Further-
more, considering the differences in spatial coverage between scales, we retained only
source areas with landscape connectivity greater than 1 and an area larger than 1 km? at
the GS scale, and those with landscape connectivity greater than 1 and an area larger than
0.5 km? at the LS scale. The core of constructing a multi-scale ENs lies in the proper inte-
gration of cross-scale boundaries. In this study, we considered ecological supply sources
spanning both GS and LS boundaries as the core ecological supply sources, which play a
crucial role in connecting ENs across different scales.

_ Zgl:lz}?:lpijxaixaj

2
Af

PC 1)

dPC =" % 1009 )
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where n represents the total number of landscape patches, a; and a; represent the ar-
eas of patches i and j, respectively. A, is the total landscape area of the study region.
P;; represents the maximum product of probabilities for all paths between patch i and
j. PC represents the potential connectivity of landscape patches, PC’ represents the po-
tential connectivity of the remaining patches after removing a certain patch.

ESs—ESg

SDR = ESs+ESq ©)

In this equation, SDR represents the supply-demand ratio within a single grid, ES;
represents the supply function of ESs per grid and ES; represents the demand function
of ESs per grid. When SDR > (, it indicates that the supply of ESs within the unit grid
exceeds the demand, suggesting a surplus in ES supply and the absence of supply-de-
mand imbalance. When SDR =0, it indicates that the ES supply within the unit grid ex-
actly meets the demand, resulting in a supply-demand balance. When SDR <0, it indi-
cates that the ES supply within the unit grid is insufficient to meet the demand, indicating
a supply-demand imbalance.

Relying solely on the ecological supply-demand ratio to identify ecological supply
sources primarily reflects the supply-demand issues within the supply sources themselves
and fails to adequately capture the significant human ecological needs in the LS. Therefore,
in this study, we introduced ecological demand sources in the LS to effectively address
human ecological demands. Ecological demand sources are areas of human habitation
with high demands for ecosystem services such as air quality, carbon sequestration, and
water resources. To identify these ecological demand sources, we quantified the demand
functions for four ecosystem services and derived a composite demand function by
equally weighting and aggregating these services. The results of the composite ecosystem
service demand function were then categorized into five levels using a combination of
natural breaks and manual breakpoints. This approach effectively avoids the subjectivity
of arbitrary classification and the potential biases of purely data-driven methods. We clas-
sified the top two levels as high ecological demand areas and identified them as ecological
demand sources.

2.3.3. Construction of Ecological Resistance Surface

When ecological processes flow or cycle across heterogeneous landscapes, they are
jointly influenced by both natural environmental conditions and human social activities
[36]. The ecological resistance surface refers to a type of spatial field [37] used to quantify
the magnitude of such influences [38]. Typically, it is derived through the overlay analysis
and calculation of multiple resistance factors. Existing studies [10] suggest that supply-
side and demand-side ecological processes encounter varying levels of resistance. There-
fore, in this study, On the basis of considering the ecological resistance factors of the sup-
ply side and the demand side, we have constructed their corresponding resistance sur-
faces, respectively.

(1) Ecological resistance surface of supply side

The supply-side ecological processes primarily involve the exchange of materials and
energy between ecological supply sources and the migration of species. These processes,
whether at the GS or LS, are fundamental to maintaining the integrity and ecological se-
curity of regional ecosystems. These processes are subject to cumulative resistance from
various factors. LULC are the most direct and primary factors affecting species migration
and the cyclical nature of ecological processes, thereby bearing significant weight. Human
activities, especially in densely populated areas, can significantly disrupt natural ecologi-
cal cycles. Additionally, surface transportation routes can strongly hinder species migra-
tion. Natural terrain and vegetation cover also directly impact ecological processes, with
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low elevation, flat terrain, and high vegetation cover favoring the diffusion of biological
processes. Given the considerable topographic variability in the study area, slope is con-
sidered to have a higher weight than elevation. Vegetation cover, having a relatively mi-
nor impact on surface ecological processes, is assigned a lower weight. Therefore, taking
into account both natural and human-induced resistance factors, we selected NDV]I, slope,
elevation, LULC, population density, and road intensity as resistance factors. Drawing on
previous studies [34,39,40] and the specific analysis of the resistance effect, we assigned
weights and resistance values to these factors (Table 3), and constructed the supply-side
resistance surface through weighted overlay.

Table 3. Classification, resistance values and weights of supply-side resistance factors.

Resistance Factors Classification Value Weight

0-0.437 20
0.437-0.590 40

NDVI 0.590-0.682 60 0.09
0.682-0.757 80
0.757< 100
10-99 m 20
99-225m 40

DEM 225-350 m 60 0.10
350-500 m 80
500 m< 100
0.000-1.071° 20
1.071-3.013° 40

Slope 3.013-5.289° 60 0.12
5.289-8.235° 80
8.235°< 100
Grassland 10
Woodland 15
Waterbody 40

LULC Cropland 60 033
Bare ground 80
Construction land 100
0-908 20
908-3290 40

Population density 3290-7300 60 0.21
7300-15,940 80
15,940< 100
0-0.5km 20
0.5-1 km 40

Distance intensity 1-3 km 60 0.15
3-5km 80
5 km< 100

(2) Ecological resistance surface of demand side

Unlike supply-side ecological processes, demand-side ecological processes primarily
refer to the ecological processes between ecological supply sources and ecological demand
sources, aimed at meeting human ecological demands. This implies that the mechanisms
of flow between the two differ to some extent. Certain resistance factors that impede sup-
ply-side ecological processes can actually promote demand-side ecological processes.
These factors include population density and road intensity. Specifically, areas with
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higher population density and proximity to roads indicate higher human activity intensity,
which in turn suggests higher ecological demand, thereby promoting demand-side eco-
logical processes. On the other hand, topographic factors and land use types continue to
present varying degrees of resistance to these processes. This indicates that land use type
remains the most crucial influencing factor for the demand-side resistance surface and
should be assigned a relatively high weight. Topographic factors rank second; however,
consistent with the supply side, the impact of slope is more significant, and its weight is
higher than that of elevation. Therefore, considering the unique characteristics of demand-
side ecological processes, we selected only elevation, slope, and land use type as the re-
sistance factors for constructing the demand-side ecological resistance surface. We then
assigned weights and resistance values to these three factors accordingly (Table 4).

Table 4. Classification, resistance values and weights of demand-side resistance factors.

Resistance Factors Classification Value Weight

10-99 m 20
99-225 m 40

DEM 225-350 m 60 0.14
350-500 m 80
500 m< 100
0.000-1.071° 20
1.071-3.013° 40

Slope 3.013-5.289° 60 0.19
5.289-8.235° 80
8.235°< 100
Grassland 10
Woodland 15
Waterbody 40

LuLe Cropland 60 067
Bare ground 80
Construction land 100

2.3.4. Extraction of Ecological Corridors

Considering the differences between supply-side and demand-side ecological pro-
cesses, in this study we extracted ecological supply corridors and ecological demand cor-
ridors based on different ecological resistance surfaces using different methods.

(1) Ecological supply corridors

Ecological supply corridors connect two ecological sources and facilitate the flow of
ESs, natural material and energy cycles, and species migration between them. In this eco-
logical process, the ecological supply source acts both as a supplier and a demander of
ecological services. Consequently, this ecological process exhibits a “bidirectional” flow
characteristic. Additionally, considering that species migration also occurs within this eco-
logical process, it inherently includes the “random flow” characteristic unique to species
migration. Given these characteristics, ecological supply corridors embody both “bidirec-
tional flow” and “random flow.” Considering these characteristics, we found that circuit
theory [41,42] is more adaptable for simulating ecological corridors in this context. Con-
sequently, we used the Circuitscape tool and the Linkage Mapper plugin based on ArcGIS
10.8 software to extract ecological supply corridors, leveraging the supply-side ecological
resistance surface for this purpose.

(2) Ecological demand corridors

https://doi.org/10.3390/app16031431
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Unlike ecological supply corridors, ecological demand corridors are pathways that
connect ecological supply sources to ecological demand sources, facilitating ecological
processes that flow from supply sources to demand sources, thereby meeting human eco-
logical demands. Specifically, as areas of high human population density, ecological de-
mand sources have a strong demand for various ecosystem services such as water, fresh
air, and carbon sequestration, which they consume as these services are provided to the
demand sources. Ecological demand corridors do not encompass the ecological processes
of species migration; they solely cover the ecological processes of ecosystem services flow
directed towards human society [43]. Given these characteristics, we identify that the eco-
logical processes supported by ecological demand corridors exhibit a “unidirectional”
flow. In this context, the path selection tends to favor the route that overcomes the least
cumulative resistance. The Minimum Cumulative Resistance (MCR) model determines
ecological corridors by calculating the least cumulative resistance between the source and
the target points based on the resistance surface [24,44]. The extraction results of this
method are highly suitable for ecological demand corridors. In high-resistance spaces at
the LS, the MCR model can extract the optimal and shortest paths between sources. There-
fore, in this study, we utilized the MCR model based on the demand-side ecological re-
sistance surface to extract ecological demand corridors within this spatial scale.

MCR = f * min L520(Dy; X R;) 4)

where f represents a function of (D;; X R;) between MCR and variables, D;; repre-
sents the distance from patch i to patch j, R; represents the resistance coefficient of
patch i toecological processes, n is the number of sources, and m is the number of grid
cells in the resistance surface.

2.3.5. Evaluation of ENs

The connectivity between ecological corridors and ecological nodes is considered
fundamental for assessing the connectivity and spatial complexity of ENs [45]. The eval-
uation index system for complex network structures based on graph theory reveals the
complexity and connectivity of ENs through three specific indicators by counting the
number of ecological corridors and nodes [46,47]. These indicators are detailed in Table 5.
All three are positive indicators, meaning that higher values indicate better spatial con-
nectivity of the ENs. In this study, we first evaluated the connectivity of the GS ENs. Then,
we assessed the connectivity of the LS ENs. Finally, we conducted a comparative analysis
by combining the evaluation results from both spatial scales.

Table 5. Complex network evaluation indicators” formulas and meanings.

Index Formula Meaning

a represents the ratio of the actual
number of loops to the maximum pos-

a a= 12_::'51 1) sible number of loops in the network,
indicating the degree to which loops
are formed within the ENs.

B describes the ratio of the number of

corridors to the number of nodes in
v the ENs, reflecting the accessibility
within the network.
y represents the ratio of the actual
v y = 3) number of corridors to the maximum
3(v-2) possible number of nodes that could
be connected by corridors, effectively
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reflecting the degree to which all
nodes within the network are intercon-
nected.

[ represents the count of corridors, v represents the count of nodes.

3. Results

3.1. Spatio-Temporal Patterns of Ecological Sources

From the results of the MSPA spatiotemporal pattern (Figure 3a) analysis and the
landscape type statistics (Figure 3c), we found that the core is the predominant ecological
landscape type in the study area, accounting for over 60%. Furthermore, its area has been
gradually increasing from 2000 to 2020, with a particularly notable increase of 5% in the
last decade. On the other hand, islets represent the smallest proportion, at just 2.7%, and
have shown no change over the 20-year period. Additionally, patches such as perforations,
loops, bridges, and branches, which contribute to landscape connectivity, have been grad-
ually decreasing in proportion.

The results of the identification of ecological supply sources (Figure 3b) indicate that
the ecological sources in the study area exhibit a spatial pattern of being “concentrated in
the central part and dispersed at both ends.” In terms of area (Figure 3d), the areas of
ecological supply sources at both the GS and LS scales initially increased and then de-
creased, but in 2020, the area was larger compared to 2000, showing an overall increase.
The cross-scale source area also showed a trend of initially increasing and then decreasing,
with a significant reduction of 15 km? in 2020 compared to 2000. This reduction may be
due to the erosion of cross-scale sources by urban boundary expansion, leading to a
shrinkage in their area. This could potentially disrupt the connectivity of cross-scale eco-
logical processes. Unlike these trends, the area of demand sources increased rapidly over
the 20-year period, expanding by 8.56 times. Rapid social development and intense ur-
banization in recent years have further increased ecological demands, leading to the ex-
pansion of the area of demand sources. Additionally, we found that demand sources are
gradually isolating the two core sources, the Yellow River and the Taishan Mountains, in
spatial terms, which will lead to a decline in the integrity of regional ecological circulation,
especially in cross-scale boundary areas.
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Figure 3. Results of the MSPA analysis and the identification of ecological source areas in the study
area: (a) MSPA landscape type identification results; (b) ecological sources identification results; (c)
statistical results of the proportion changes of MSPA landscape types; (d) statistical results of the
area changes of various ecological sources. (Drawn using ArcGIS 10.8 software; URL:

https://www .esri.com/arcgis/geospatial-platform/overview, accessed on 7 May 2024).

3.2. Spatio-Temporal Patterns of Ecological Resistance Surface

The results of the integrated resistance surface construction are shown in Figure 4.
From the results of the supply-side resistance surface construction (Figure 4a), it is evident
that the ecological resistance surface exhibits a “central focus with multiple coexisting
points” spatial distribution pattern. Specifically, the central core built-up area is the region
with the highest ecological resistance, and over the past 20 years, the high-resistance areas
have gradually expanded. Additionally, there are multiple clusters of human activity in
the study area, characterized by numerous high-value areas that are spatially dispersed.
This spatial pattern is quite similar to Jinan’s urban development model. Due to popula-
tion growth and urban expansion, the high-value areas of the demand-side resistance
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surface have gradually expanded. Considering the topographical characteristics of the LS,
the demand-side resistance surface (Figure 4b) shows a “low in the south, high in the
north” spatial pattern. We conducted statistical analysis on the average values of the re-
sistance surfaces for both sides. From the statistical results (Figure 4c), it was found that
the average values of the supply-side resistance surface remained relatively stable, while
the average values of the demand-side resistance surface showed a very significant in-
creasing trend. We found that urban expansion is the primary factor driving the increase
in the average value of the demand-side resistance surface.
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Figure 4. Ecological resistance surfaces in the study area: (a) spatio-temporal pattern of supply-side
ecological resistance; (b) spatio-temporal pattern of demand-side ecological resistance; (c) average
ecological resistance change statistics at different scales. (Drawn using ArcGIS 10.8 software; URL:

https://www .esri.com/arcgis/geospatial-platform/overview, accessed on 7 May 2024).

3.3. Spatio-Temporal Pattern of Ecological Corridors

The GS ENs simulation results (Figure 5a) indicate that the network structure has
undergone minimal changes over the past 20 years. Additionally, we observed that the
spatial compactness of the network structure gradually decreases as it moves away from
the LS boundary. Figure 5b shows that the LS ENs is concentrated in the southern part of
the study area, characterized by high compactness, numerous corridor intersections, and
complex structures. This spatial pattern arises because the southern region of the study
area is a focal point for ecological function zones and a core ecological protection area,
maintaining a high overall integrity of ecological processes. We also found that there are
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certain structural deficiencies and incompleteness in the multi-scale ENs on the east and
west sides of the study area, which could potentially affect the overall integrity of regional
ecological process cycles. Due to the significant urbanization and rapid population growth
within the LS over the past 20 years, the ecological demand has substantially increased,
leading to a gradual rise in the number of ecological demand corridors. Furthermore, we
observed an annual increase in the number of long-distance corridors exceeding 30 km
(Figure 5c). The expansion of high-resistance areas leads to an increase in the number of
long-distance corridors (Figure 5d). However, an excessive number of long-distance cor-
ridors is not conducive to enhancing the stability of the ENs structure.
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Figure 5. ENs in the study area: (a) spatio-temporal pattern of GS ENs; (b) spatio-temporal pattern
of LS ENs; (c) statistics on the count of ecological corridors; (d) statistics on the count of ecological
corridors exceeding 30 km in length. (Drawn using ArcGIS 10.8 software; URL:
https://www .esri.com/arcgis/geospatial-platform/overview, accessed on 7 May 2024).

3.4. Structural Deficiencies of Multi-Scale ENs

Furthermore, although the main structure of the external ENs in the LS has not un-
dergone significant changes, there are certain structural deficiencies (Figure 6). These
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deficiencies manifest in three key areas. First, there is a lack of “vertical” corridors at the
LS boundary (a symbol in Figure 6), resulting in a weak connection between the two core
ecological sources, the Yellow River in the north and the Taishan Mountains in the south.
Second, the missing ecological patches in the middle of the “horizontal” long-distance
corridors on both sides lead to higher ecological vulnerability in the corridor’s midsection
(b symbol in Figure 6), making it prone to disruption or damage. Third, there is a lack of
an external ENs on the eastern boundary of the LS (c symbol in Figure 6), causing a dis-
connection between the northern and southern networks. However, based on an analysis
of current policies in Jinan, we found that the city’s existing ecological protection and res-
toration strategies fail to address these issues. This oversight hinders the realization of
regional “integrated” sustainable development.

N

A

Ecological supply sources —GS corridors

® Ecological supply source sites ——LS corridors

Areas with ecological issues
« <@ m b
- O « O

Figure 6. Overview of deficiencies in the ENs structure of Jinan City: a and b represent the corridor
structural deficiencies of EN in the study area, while c and d denote the structural deficiencies of
EN’s sources. (Drawn using ArcGIS 10.8 software; URL: https://www .esri.com/arcgis/geospatial-

platform/overview, accessed on 7 May 2024).

3.5. Evaluation of Multi-Scale ENs

Over the past 20 years, the connectivity of the spatial structure of the ENs in the study
area has undergone significant changes. From the results (Figure 7a), we found that the
connectivity of the GS ENs has gradually deteriorated. This deterioration was especially
pronounced in the last decade, with the average decline across three indicators being ap-
proximately 13.8%. Similarly, the connectivity of the LS ENs has also been gradually de-
creasing (Figure 7b). However, the extent of deterioration in the LS network is noticeably
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less severe than that in the GS network. The differing levels of connectivity decline may
be due to urban expansion disrupting the ENs structure, particularly in cross-scale bound-
ary areas, leading to varying degrees of deterioration and causing misalignment in the
network structure across the urban cross-scale boundaries.
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Figure 7. Evaluation of different scale ENs: (a) Results of the GS ENs connectivity assessment; (b)

Results of the LS ENs connectivity assessment.

4. Discussion
4.1. Characterizations of Multi-Scale ENs in [inan City

In this study, we observed that the characteristics of changes in ENs elements vary
across different scales. For ecological sources, the magnitude of change in the area of GS
supply sources is less pronounced than that of LS. This is because the southern part of LS
is a large-scale open-pit mining concentration area in Jinan City [48], and it is also the core
natural ecological protection area of the Taishan Mountain Range, leading to persistent
contradictions between industrial and mining exploitation and ecological protection.
Since 2000, the Chinese government has introduced a series of open-pit mining concen-
tration areas restoration policies. The open-pit mining restoration areas in Jinan are
mainly located in the southern part of LS [37], which has resulted in a phenomenon where
the magnitude of change in ecological sources in LS is greater than that in GS. In contrast,
the magnitude of change in the supply-side ecological corridors of GS is more significant
than that of LS. Road construction and farmland reclamation hinder ecological processes,
leading to the displacement of ecological corridors [37]. In this study, road construction
and farmland reclamation outside LS are more extensive, which in turn gives rise to the
phenomenon that the magnitude of change in GS corridors is higher than that in LS. At
the same time, ecological demand is rapidly increasing, making it difficult to meet internal
ecological demands. To sum up, this study concludes that the elements of the ecological
network exhibit scale dependence. This dependence is mainly affected by two aspects: the
over-exploitation and destruction of ecological resources by humans, and changes in eco-
logical restoration measures at different stages.

4.2. Optimization Strategies for Multi-Scale ENs

Previous study on Jinan City [28,49] has predominantly concentrated on ENs studies
within comprehensive spatial planning or specific small-scale areas, frequently overlook-
ing the coupling and integration of multi-scale ENs. This oversight results in optimization
strategies proposed by studies at different scales being isolated from one another, making
effective transition and cohesion challenging. Consequently, the efficiency of ecological
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conservation and planning policies is significantly diminished, leading to discordant and
fragmented connections between ENs and resources across various regional scales.

Therefore, we propose a multi-scale nested ENs optimization strategy for Jinan City,
taking into account the natural baseline of the study area, current policies, and study find-
ings. This strategy addresses issues of internal structural mismatches and misalignment,
core ecological area protection, and human ecological demand. The specific layout for op-
timized construction is illustrated in Figure 8a. First, we aim to advance the construction
of “vertical” corridors along the LS boundary to strengthen the connectivity between the
Yellow River source and the Taishan source. This will enhance the stability of boundary-
scale connections and prevent disharmony caused by network structural mismatch at the
boundary. Second, we propose accelerating the development of artificial ecological patches
along the LS boundary. This serves two purposes: to address the decline in landscape con-
nectivity caused by the absence of networks on the eastern side, and to provide ecosystem
services to internal demand source areas within the LS, thereby alleviating internal ecolog-
ical demand pressures. Third, we plan to establish key stepping stone patches on both sides
of the study area. This approach, which involves adding “rest stations” [50], effectively in-
creases the resilience of “horizontal” multi-segment long-distance corridors against human
activities, ensuring the stable operation of an “integrated” ENs. We re-evaluated the ENs
structure after the proposed restoration. The comparison of results (Figure 8b) shows a sig-
nificant improvement in ENs connectivity in both the LS and GS, with an increase of over
9% in the LS. This demonstrates the effectiveness of our proposed optimization layout strat-
egy, which has significantly improved the connectivity and addressed the structural misa-
lignment issues of the multi-scale ENs in the study area. This provides valuable insights for
the formulation of related ecological protection and restoration policies.
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Figure 8. The optimization pattern of ENs in Jinan City (a) and the comparison of ENs connectivity
before and after optimization at different scales (b). (Drawn using ArcGIS 10.8 software; URL:
https://www .esri.com/arcgis/geospatial-platform/overview, accessed on 7 May 2024).

https://doi.org/10.3390/app16031431



Appl. Sci. 2026, 16, 1431

20 of 24

4.3. Simulation of Multi-Scale ENs

In this study, we divided the study area into two spatial scales, GS and LS, based on
the differences in urbanization processes and natural environmental conditions. Among
these scales, the urbanization process and human activities at the LS scale are more intense
[48], accompanied by more prominent socio-ecological demands of human society. Here,
ecological resources are required to meet substantial socio-ecological demands of human
society while maintaining ecosystem health. In contrast, at the GS scale, human activities
are relatively moderate, and maintaining ecological process cycles, material and energy
flows, and biodiversity constitutes the primary functions of ENs. Therefore, considering
the functional characteristics of ENs and the intensity of human activities across different
scales, this study simulated ENs at the LS scale that integrate both the socio-ecological
demands of human society and ecosystem health. At the GS scale, however, the simula-
tion focused on ENs supporting natural ecological process cycles and material and energy
flows. Subsequently, we coupled the GS and LS ENs through a scale-nesting approach.
The cross-scale sources were used as key ecological elements to link ENs at both scales,
thereby constructing a multi-scale ENs that simultaneously accounts for human ecological
demands and cross-scale ecological process cycles has been constructed for the study area.

Compared to previous studies [51-53], this approach not only reflects the character-
istics of urbanization levels and ecological processes at different scales but also ensures
internal connectivity within the multi-scale network, promoting its healthy functioning.
In addition, the construction of multiscale ecological networks in this study explicitly in-
corporates human ecological demand in core urban areas. In contrast, most previous stud-
ies primarily focused on the obstructive effects of human activities on ecological process
cycles, while largely neglecting the equally critical dimension of human well-being. Fur-
thermore, compared with the ENs constructed under a single scale, the network built
through this method is more comprehensive and detailed. It can provide better references
for the formulation of ecological planning and management measures at different scales.
Consequently, the construction of multi-scale ENs helps to advance the goal of achieving
sustainable development through harmonious coexistence between humans and nature.

4.4. Limitations and Future Work

In this study, we did not determine the width of ecological corridors. In fact, the issue
of corridor width has always been a key focus in ENs research. However, in practical eco-
logical processes, the width of ecological corridors varies across different segments [54].
Currently, existing methods cannot accurately determine the width of corridors with this
random variability. Secondly, in our study, we only fully considered the relationship be-
tween human societal ecological demands and natural environmental ecological supply
when identifying LS ecological sources. However, this approach primarily reveals the
“static” relationship between supply and demand in ecosystem services to identify eco-
logical sources. In reality, ecological processes also include a “dynamic” relationship be-
tween supply and demand [55]. There is still a lack of evaluation methods for this “dy-
namic” supply-demand relationship. In future work, we should consider both the “static”
and “dynamic” characteristics of ENs to construct a multi-scale ecological supply-demand
network that takes into account both natural ecological supply and human ecological de-
mand. We should also aim to propose protection and restoration strategies for multi-scale
ecological supply-demand networks.

5. Conclusions

Constructing multi-scale ENs in urban areas can effectively reveal ecological prob-
lems arising from differences in urbanization at various spatial scales, thereby assisting
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policymakers in proposing more comprehensive optimization and restoration measures.
Using Jinan, a typical city in downstream of the Yellow River, as an example, this study
comprehensively considered human ecological demands and adopted a novel nested ap-
proach to construct an urban multi-scale ENs that integrates both human ecological de-
mands and natural ecological processes. The main conclusions are as follows:

(1) This method overcomes the shortcomings of previous studies by addressing cross-
scale boundary integration, while also revealing that urbanization has intensified
ecological demand and disrupted network connectivity.

(2) At cross-scale boundaries, the area of cross-scale boundary sources has reduced by
15%. These spatio-temporal patterns in the network elements and spatial structure of
the networks at different scales indicate that there are issues of incomplete ecological
process circulation or mismatch of network structures at internal cross-scale bound-
aries within the study area, which have become increasingly severe over time.

(3) Based on these findings, we proposed an optimized multi-scale EN layout focusing
on structural repair, core area protection, and demand satisfaction, which improved
overall connectivity by approximately 9%.

(4) This study is limited by the use of uniform corridor widths and the unclear dynamic
relationships between supply and demand within ENs, which should be addressed
in future studies.

(5) Inthe future, it is suggested to adopt a combined approach of “static” and “dynamic”
characteristics to construct a multi-scale ENs that considers supply-demand relation-
ships, and to evaluate and optimize it. This would provide valuable insights for pol-
icy formulation regarding regional ecological space protection and restoration.
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