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Abstract

Ecological security patterns are an important foundation for enhancing human
well-being and maintaining regional sustainable development. Focusing on the
Shaanxi-Gansu-Ningxia region, which encompasses ecologically sensitive areas
and ecological transition zones, this study constructs a research framework of
“supply-demand matching-pattern analysis-optimization and reorganization.”
Using the InVEST model and integrated supply-demand parameters, it eval-
uates the dynamic changes in the supply-demand relationships of ecosystem
services, and, combined with circuit theory, analyzes the characteristics of the
ecological security pattern to propose optimization and reorganization strategies.
The results show that: (1) The ecosystem service supply-demand relationships
in the Shaanxi-Gansu-Ningxia region exhibit significant spatiotemporal differ-
entiation. Overall, supply exceeds demand, presenting a pattern of “supply in
the south and demand in the north, with localized imbalances.” (2) From 2000 to
2020, ecological source areas followed a pattern of contiguous, concentrated dis-
tribution “from north to south” ; both ecological corridors and ecological pinch
points exhibited the characteristic of “first decreasing and then increasing in
number, with continuous contraction in length and area” ; the number of eco-
logical barrier points increased by 49, and their area increased by 588.66 km?.
(3) Based on the spatiotemporal characteristics of ecosystem service supply-
demand relationships and ecological security patterns in the Shaanxi-Gansu-
Ningxia region, the study proposes an ecological security pattern construction
and optimization strategy of “one axis and one point” and “two shields and
multiple zones,” providing a scientific basis and methodological reference for
formulating regional ecological conservation planning and promoting future sus-
tainable development.
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Abstract

Ecological security patterns constitute a critical foundation for enhancing hu-
man well-being and maintaining sustainable regional development. This study
examines the Shaanxi-Gansu-Ningxia region, a typical ecologically sensitive area
and ecological transition zone, by constructing a research framework of “supply-
demand matching—pattern analysis—optimization and restructuring.” Using the
InVEST model and comprehensive supply-demand parameters, we assessed the
dynamic changes in ecosystem service supply-demand relationships and ana-
lyzed ecological security pattern characteristics through circuit theory to pro-
pose optimization strategies. The results demonstrate that: (1) The supply-
demand relationship of ecosystem services in the Shaanxi-Gansu-Ningxia region
exhibits significant spatiotemporal heterogeneity, with overall supply exceeding
demand and a characteristic pattern of “southern supply, northern demand,
and local imbalances.” (2) From 2000 to 2020, ecological source areas followed
a concentrated and continuous distribution pattern from north to south. Both
ecological corridors and pinch points showed a trend of “decreasing then in-
creasing in number, with continuous contraction in length and area.” The num-
ber of ecological barrier points increased by 49, with a total area increase of
588.66 km?. (3) Based on the spatiotemporal characteristics of ecosystem ser-
vice supply-demand relationships and ecological security patterns, we propose
an ecological security pattern construction and optimization strategy of “one
axis and one point” and “two screens and multiple zones,” providing scientific
basis and methodological reference for regional ecological protection planning
and sustainable development.

Keywords: ecosystem services; Shaanxi-Gansu-Ningxia region; supply-
demand matching; circuit theory; ecological security pattern

Introduction

Accelerated urbanization and rapid economic development have increasingly
highlighted environmental pollution, ecosystem degradation, and resource over-
consumption. These interconnected issues create complex ecological dilemmas
that not only damage ecosystem stability and service functions but also severely
constrain socioeconomic development and threaten the very foundation of hu-
man survival. The Shaanxi-Gansu-Ningxia region, as a typical ecologically sen-
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sitive area and ecological transition zone in China, faces severe constraints on
coordinated development between natural environments and socioeconomic sys-
tems due to fragile ecosystems, degraded service functions, and intensifying
ecological risks. Therefore, constructing scientifically sound ecological security
patterns is essential for ensuring ecosystem service capacity and achieving sus-
tainable human-nature coexistence.

Ecological security patterns are intimately linked to ecosystem services, which
serve as the bridge connecting natural and socioeconomic systems and form the
foundation for building ecological security patterns. Defined as the direct or
indirect contributions of ecosystems to human well-being and welfare, ecosys-
tem services encompass both the provision of services by ecosystems and human
consumption of these services. Current research on ecosystem services has inte-
grated with regional ecological resilience, ecological security, ecological function
zoning, and ecological risk prediction. Evaluating supply potential, clarifying
demand structures, and revealing supply-demand differences are necessary path-
ways for understanding ecosystem functions and values, as well as essential tools
for constructing ecological security patterns.

Ecological security patterns originated from landscape ecological planning, ini-
tially focusing on actual habitats as ecological sources and species migration
paths as corridors, without identifying potential sources, corridors, and criti-
cal points. However, with the refinement of ecosystem service theory, a basic
paradigm centered on “source identification—resistance surface construction—
corridor extraction” has gradually formed, shifting research from single themes
to multi-objective coordination of natural-social interaction mechanisms. Schol-
ars have developed integrated multi-model, multi-method frameworks such as
the Minimum Resistance Model (MCR), Grain Inverse Analysis, Morphological
Spatial Pattern Analysis (MSPA), and Circuit Theory. Nevertheless, most cur-
rent ecological security pattern studies rely solely on natural conditions without
incorporating human activities and demands, resulting in patterns that lack
dynamic adaptability and may fail to effectively guarantee regional ecological
security and human well-being.

The Shaanxi-Gansu-Ningxia region serves as a critical corridor connecting the
Northwest Arid Zone, the middle-upper reaches of the Yellow River Basin, and
the Loess Plateau, bearing multiple ecological functions including windbreak
and sand fixation, soil and water conservation, and water source conservation.
Climate change & high-intensity human activities have exacerbated ecosystem
service supply-demand imbalances and highlighted ecological degradation risks.
Scientifically identifying supply-demand matching characteristics to construct
ecological security patterns has become an urgent issue for ecological protection
and high-quality development in this region. This study establishes an inte-
grated framework of “supply-demand matching—optimization and restructur-
ing,” combining ecosystem service supply-demand relationships with the spatial
topology of ecological “sources—corridors—pinch points—barrier points” to sys-
tematically reveal the evolution patterns of ecological service supply-demand
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and construct cross-regional ecological security pattern optimization schemes.

1.1 Study Area Overview

The Shaanxi-Gansu-Ningxia region is located in the middle and upper reaches
of the Yellow River Basin, encompassing 10 prefecture-level cities in Shaanxi
Province, 12 prefecture-level cities and two autonomous prefectures in Gansu
Province, and 5 prefecture-level cities in Ningxia Hui Autonomous Region. The
total area is approximately 69.78$x107{4}$ km?, representing a critical transi-
tion zone between the Yellow River Basin and Northwest inland areas [Figure
1: see original paper|. The region features complex and diverse topography,
including plateaus, mountains, basins, plains, deserts, and Gobi. Significant
elevation gradients create distinct climate variations, transitioning from sub-
tropical monsoon climate in the south to plateau alpine climate, with annual
precipitation ranging from 36-1240 mm and temperatures from -9 to 16°C. The
area has dense river networks and abundant water resources, with the main
Yellow River channel crossing the Ningxia Plain, its largest tributary Wei River
flowing through Tianshui City in Gansu and the Guanzhong Plain in Shaanxi,
and inland rivers Heihe and Shule supporting oasis economies in the Northwest
Arid Zone.

1.2 Data Sources

This study utilized data from 2000, 2010, and 2020, including Digital Elevation
Model (DEM) data, land use data, annual precipitation and average temper-
ature, soil data, evapotranspiration data, plant-available water content data,
population density, and Normalized Difference Vegetation Index (NDVI). Sta-
tistical data were obtained from corresponding statistical yearbooks .

1.3 Research Methods

Ecosystem service supply and demand jointly constitute the dynamic flow from
natural ecosystems to human society. This study first assessed the supply, de-
mand, and importance of four ecosystem services—carbon sequestration, food
provision, water conservation, and soil retention—to identify ecological sources.
Second, we constructed a comprehensive ecological resistance surface and ap-
plied circuit theory to extract ecological corridors, pinch points, and barrier
points. Finally, we analyzed ecological element characteristics to propose eco-
logical security pattern construction strategies.

1.3.1 Ecosystem Service Supply-Demand Assessment Supply Assess-
ment: Carbon sequestration, water conservation, and soil retention were cal-
culated using the InVEST model (Carbon Storage and Sequestration, Water
Yield, Sediment Delivery Ratio). Food provision was calculated using the ra-
tio of NDVI values. For carbon sequestration assessment, carbon density was
corrected based on its positive correlation with annual precipitation and weak
correlation with average temperature .
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Demand Assessment: Ecosystem service demand is primarily determined by
regional population density and socioeconomic development. Carbon seques-
tration demand was calculated using carbon emissions, food demand using per
capita grain consumption, water conservation demand using water resource con-
sumption, and soil retention demand using actual soil erosion .

Supply-Demand Relationship Assessment: The relationship between sup-
ply and demand can be expressed using the ecosystem service supply-demand
ratio. The comprehensive supply-demand ratio reflects the overall status of
multiple ecosystem service functions:

S.— D,
ESDR, = =——*
* S, + D,

1 m
CESDR, = — Y ESDR,
M=

where ESDR, is the supply-demand ratio for grid cell ¢, S; and D, are supply
and demand quantities, CESDR, is the comprehensive supply-demand ratio
(ranging from -1 to 1, where >0 indicates surplus and <0 indicates deficit), and
m is the number of ecosystem services studied.

1.3.2 Ecological Resistance Surface Construction The ecological resis-
tance surface characterizes the resistance encountered by organisms moving
through the study area. Based on previous research and regional conditions,
we selected elevation, slope, population density, distance to rivers, and land use
as positive indicators, and distance to roads and NDVI as negative indicators.
We used the Analytic Hierarchy Process to calculate weights and constructed
the resistance surface through weighted summation.

1.3.3 Extraction of Ecological Corridors, Pinch Points, and Barrier
Points Ecological corridors are linear or strip spatial structures that facili-
tate species migration, energy flow, and ecosystem function continuity between
ecological sources. Pinch points are narrow areas or critical nodes that deter-
mine connectivity and require priority protection. Barrier points are areas or
elements that block species migration, energy flow, or ecological function conti-
nuity. Circuit theory, based on Ohm’ s law and random walk theory, effectively
identifies these elements by analogizing ecological flow to electrical current. We
used Linkage Mapper to identify corridors, Pinch Point Mapper to extract high-
value areas as pinch points, and Barrier Mapper with an 800 m search radius
threshold to identify barrier points.

2 Results and Analysis

2.1 Spatiotemporal Characteristics of Ecosystem Service Supply and
Demand 2.1.1 Supply-Demand Characteristics: The Shaanxi-Gansu-
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Ningxia region showed overall supply exceeding demand with a “southern sup-
ply, northern demand, local imbalance” pattern [Figure 2: see original paper].
Carbon sequestration surplus areas had the highest proportion, concentrated
in forest-covered regions like Jiuquan, Gannan, and the Qinling Mountains in
southern Shaanxi, while deficit areas were mainly in the densely populated
Guanzhong Plain with expanding proportions. Food provision deficit areas
had the highest proportion, decreasing from 62.76% to 58.32%, with persistent
deficits in the Loess Plateau hilly region of northern Shaanxi and Northwest
Arid Zone due to soil erosion and desertification. Water conservation surplus
areas were stable (74.2% to 72.46%), concentrated in the southern region, while
deficit areas were in the low-precipitation, high-evaporation Northwest Arid
Zone. Soil retention surplus areas decreased from 83.85% to 80.91%, with im-
proved balance in the Northwest Arid Zone and Hexi Corridor due to ecological
restoration projects .

2.1.2 Supply-Demand Importance: Based on the “Ecological Protection
Redline Delimitation Guide,” we classified importance into five levels using the
quantile method. The most important level represents areas with the best eco-
logical resource endowment. From 2000 to 2020, the most important compre-
hensive supply areas decreased then increased, accounting for 21.93% of the
total area, concentrated in Gannan, southern Shaanxi, and the Hexi Corridor.
The most important comprehensive demand areas were in the densely populated
Guanzhong Plain, expanding from 0.45% to 1.03%. The most important com-
prehensive supply-demand areas showed similar spatial distribution to supply
areas [Figure 3: see original paper] .

2.2 Spatiotemporal Changes in Ecological Sources and Resistance
Surfaces Ecological sources are patches providing important ecosystem ser-
vices or radiation functions. We identified sources by overlaying the highest-
level intersections of comprehensive supply and supply-demand layers with areas
>100 km?. From 2000 to 2020, ecological sources followed a “north-to-south”con-
centrated distribution pattern, with area first increasing then decreasing while
numbers first decreased then increased, showing an overall increasing trend .
Sources were concentrated in the Hexi Corridor from Jiuquan to Wuwei, Gan-
nan, and the Qinling Mountains in southern Shaanxi, with a small portion in
Yan’ an, Shaanxi. The smallest area occurred in 2010 (8.91$x107{3}$ km?),
increasing to 14.96$x107{3}$ km? in 2020, with growth mainly in Jiuquan,
Longnan (Gansu), and the Qinling Mountains. However, sources shrank in
2020 due to economic development and urbanization encroachment.

The ecological resistance surface showed high resistance in the Northwest Arid
Zone with severe desertification and in parts of Xi’ an. Overall resistance de-
creased with environmental improvement, but continued rising in densely pop-
ulated Xi' an [Figure 4: see original paper] [Figure 5: see original paper].
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2.3 Spatiotemporal Changes in Ecological Corridors, Pinch Points,
and Barrier Points From 2000 to 2010, ecological corridors expanded under
natural dominance, with Baiyin and Xianyang as convergence areas providing
stable continuity for species migration [Figure 6: see original paper|. From 2010
to 2020, corridor numbers decreased by 10 to 136, total length shortened by
1367.27 km, showing contraction toward the east. In 2020, numbers slightly
increased to 138, but degradation of sources in the Ningxia Plain and southern
Shaanxi further reduced total length by 169.36 km.

Pinch points decreased from 2000 to 2010 (reduced by 231, area decreased by
169.36 km?), concentrated in northwestern and central regions. From 2010 to
2020, central region pinch points drastically decreased due to corridor reduction,
while northwestern areas partially reconstructed. Pinch points in Baiyin and
Xianyang remained prominent but with weakened cross-regional flow functions.

Barrier points increased from 111 in 2000 to 160 in 2020, with area growing
from 111.46 km? to 588.66 km?, showing “scale expansion and spatial aggre-
gation” . They were concentrated in the southern region in 2000, but by 2020
they aggregated in the Guanzhong Plain, Ningxia Plain, and Lanzhou-Baiyin
metropolitan areas—ecological deficit zones where urbanization, agricultural in-
tensification, and human activities fragmented corridors and blocked ecological
flows [Figure 6: see original paper].

2.4 Ecological Security Pattern Construction Based on ecological func-
tion zoning and the spatial distribution characteristics of ecological elements, we
propose an optimization scheme of “one axis and one point” and “two screens
and multiple zones” [Figure 7: see original paper].

“One Axis and One Point” : The core axis runs through the entire study
area, connecting ecological barriers, protection zones, construction zones, and
core zones, forming a complete ecological network that maintains functional in-
tegrity. The “point” is located at the “throat” of the Hexi Corridor, surrounded
by numerous pinch points and corridor intersections, serving as a critical con-
nectivity node.

“Two Screens and Multiple Zones” : The Northwest Ecological Barrier
Zone and the Northern Shaanxi Loess Plateau Ecological Barrier Zone. The
Northwest Oasis, adjacent to the Qaidam Basin with scattered sources and
strong supply capacity, reduces desertification and serves as an ecological barrier.
The Loess Plateau in northern Shaanxi, with concentrated sources, functions as
a soil and water conservation barrier. “Multiple zones” include the Hexi Corridor
Ecological Protection Zone, Longdong-Ningxia Plain Ecological Construction
Zone, Northwest Ecological Construction Zone, Gannan Ecological Core Zone,
and Southern Shaanxi Ecological Core Zone.
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3 Discussion

This study introduces an ecosystem service supply-demand matching perspec-
tive, incorporating human well-being needs into a dynamic interaction frame-
work and expanding traditional single-perspective paradigms. The analysis re-
veals the unique “southern supply, northern demand” gradient pattern, rooted
in the region’ s special location at the intersection of three geographic units,
requiring integrated approaches to address Loess Plateau erosion, Northwest
Arid Zone desertification, and Yellow River water source conservation.

The proposed “one axis and one point” and “two screens and multiple zones”
strategy offers cross-regional solutions: strictly limiting development in sur-
plus areas (Gannan, Longnan, southern Shaanxi) to protect water conservation
and biodiversity; rationally planning urban layouts in deficit metropolitan cores
(Guanzhong Plain, Lanzhou-Baiyin, Yinchuan) to increase green and wetland
spaces; and intensifying restoration efforts in vulnerable, imbalanced high-risk
areas (Yan’ an, Yulin, northern Jiuquan) through measures like returning farm-
land to forest, sand fixation, and soil conservation.

However, limitations remain. The study does not deeply analyze the complexity,
dynamics, and uncertainty of ecosystem services or demand heterogeneity driven
by socioeconomic development. Cross-regional optimization strategies are also
subject to social, economic, and technical constraints. Future research should
focus on endogenous ecosystem mechanisms and deeply couple natural processes
with socioeconomic development needs to provide stronger support for dynamic
optimization of ecological security patterns.

4 Conclusions

From 2000 to 2020, ecosystem services in the Shaanxi-Gansu-Ningxia region
showed a “southern supply, northern demand” gradient pattern. Gannan, south-
ern Shaanxi, and the Hexi Corridor were supply-dominated areas of high impor-
tance, while urbanized areas like the Guanzhong Plain showed prominent contra-
dictions between human activity intensity and ecological resource consumption.
The Northwest Arid Zone faced high critical risk due to water shortage and
desertification.

Ecological sources followed a north-to-south concentrated distribution, with to-
tal corridor length decreasing by 2236.6 km and pinch point area decreasing
by 169.36 km?, indicating weakened ecosystem service flow functions. Barrier
points increased by 49 in number and 588.66 km? in area, showing “scale ex-
pansion and spatial aggregation.”

Based on supply-demand characteristics and ecological element distribution, the
“one axis and one point” and “two screens and multiple zones” pattern provides a
scientific foundation for regional ecological protection planning and sustainable
development.
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