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Abstract

Administrative fragmentation, whereby political boundaries are used as analytical extents,
can disrupt ecological flows and weaken ecological network planning by creating a mis-
match between governance units and ecological processes. However, the pathways through
which such fragmentation alters network structure and function remain insufficiently quan-
tified. This study quantifies these effects and identifies the landscape conditions that shape
the effectiveness of cross-boundary integration. Using a multi-scale buffer experiment
(1–32 km) across 30 representative counties in China, we constructed ecological networks
based on Morphological Spatial Pattern Analysis and on the minimum cumulative resis-
tance model. Results show that relaxing administrative boundaries reduced structural
distortions and lowered total ecological flow cost, indicating that fragmentation increases
connectivity costs. Mechanistically, reducing redundant internal links and forced detours
improved network efficiency mainly by shortening corridors and lowering flow costs,
whereas mean corridor resistance changed little. This suggests that functional degradation
is driven primarily by topological disruption rather than by declines in corridor quality.
The benefits of cross-boundary integration were greater in counties with regular shapes,
high grassland cover, humid climates, and rugged terrain, but weaker under strong human
pressure and warmer temperatures. Improvements leveled off beyond 32 km, suggesting a
32 km buffer (study-specific) for integration and supporting context-specific strategies for
ecological network planning.

Keywords: administrative fragmentation; ecological network; cross-boundary integration;
multi-scale buffer experiment; context-specific strategy; total ecological flow cost (TEFC)

1. Introduction
Landscape fragmentation constitutes a principal driver of global biodiversity loss and

ecosystem degradation [1–4]. Amidst intensifying land-use change and rapid urbanization,
natural habitats are increasingly dissected by roads, croplands, and built-up areas (i.e.,
impervious surfaces) into isolated patches, thereby severely disrupting ecological processes
such as species movement and material flows [2]. In this context, the construction of
ecological networks is increasingly recognized as a critical spatial strategy for maintaining
regional ecological security, enhancing landscape connectivity, and fostering human–nature
coexistence [5,6]. By identifying core ecological sources and restoring or protecting potential
connecting corridors, ecological networks not only bolster ecosystem resilience to climate
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change and anthropogenic disturbances [7–9] but also provide a scientific blueprint for
regional ecological infrastructure planning [10,11]. Consequently, the ecological network
concept has been deeply integrated into major conservation policy frameworks, includ-
ing the Convention on Biological Diversity’s Global Biodiversity Framework [12] and the
Ecological Conservation Redline in China [13]. However, the practical implementation of
ecological networks faces significant methodological challenges [14–17]. A key yet often
overlooked constraint concerns the spatial delineation of the analysis unit—specifically,
overreliance on administrative boundaries—which increasingly undermines their ecologi-
cal effectiveness [10,15–19].

Contemporary ecological network construction generally adheres to a standardized
workflow encompassing ecological source identification, resistance surface modeling, and
corridor extraction, with Morphological Spatial Pattern Analysis (MSPA) and the Min-
imum Cumulative Resistance (MCR) model serving as the predominant technical com-
bination [20,21]. Although the spatial extent of analysis demonstrably and substantially
influences the modeling of ecological processes, a persistent misconception in practice
equates administrative boundaries with ecologically meaningful spatial units, despite their
frequent mismatch with the continuity of actual ecological processes [22]. Such an approach
fundamentally disregards the inherent continuity and cross-boundary nature of ecosystem
processes [18,22–24]. We define “administrative fragmentation” as a methodological limita-
tion whereby the rigid adoption of a single administrative unit as the analytical boundary
artificially severs cross-jurisdictional ecological flows and landscape connectivity, thereby
systematically underestimating regional connectivity [23,25] (Figure 1). Administrative
fragmentation represents a specific manifestation of scale mismatch, wherein management
actions fail to align with the ecosystems they affect [18,19,25,26].

Figure 1. Conceptual illustration of administrative fragmentation effects on ecological networks.
(A) Corridor connections between ecological source patches under unconstrained conditions;
(B) corridor connections between ecological source patches when constrained by administrative-
boundary fragmentation.

Administrative fragmentation represents a manifestation of institutional scale mis-
match in global ecological governance rather than merely a technical constraint [16,19,23,27].
This phenomenon reflects the fundamental incongruence between the spatial scales of eco-
logical processes (e.g., species dispersal, hydrological cycles, and material exchange) and
administrative jurisdictions, engendering the pervasive dilemma wherein ecological sys-
tems operate without boundaries whereas management actions remain bounded [18,28].
Such an administrative-centric analytical paradigm not only generates severe misalign-
ment with the actual spatial scales of ecological processes [23,24] but also jeopardizes
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conservation investment efficiency through the systematic neglect of critical ecological
subsidies from adjacent regions, including cross-boundary source habitats and connecting
corridors [10,11,29]. Although previous studies have acknowledged the potential inter-
ference of administrative boundaries with ecological network integrity (e.g., [10,30]), a
systematic understanding of the pathways, quantitative characteristics, scale effects, and
context-dependent mitigation strategies of these distortions remains lacking. In particular,
neither the mechanisms linking structural distortions (e.g., missing corridors, detours,
redundancy) to functional degradation (e.g., increased ecological flow costs) (Figure 1) nor
the role of county-specific background characteristics (e.g., topography, climate, land use) in
shaping cross-boundary integration effectiveness have been clarified [31,32]. Furthermore,
the policy costs associated with such fragmentation—including misallocated conservation
expenditures and unmet biodiversity targets—have received insufficient emphasis [33].
Consequently, scientifically incorporating cross-boundary information to mitigate adminis-
trative fragmentation effects while maintaining management operability and identifying
optimization pathways tailored to heterogeneous regional contexts constitute urgent priori-
ties for enhancing the ecological efficacy and practical applicability of ecological network
planning [11,28,34].

Administrative fragmentation systematically compromises the structural integrity and
functional connectivity of ecological networks through cascading mechanisms that funda-
mentally conflict with the continuous nature of ecological processes [6,18]. Firstly, source
omission represents the most direct consequence of administrative delineation (Figure 1).
When ecological source patches span administrative boundaries, portions falling outside
the jurisdiction are forcibly excluded, resulting in the underestimation or complete omis-
sion of source areas. This misclassification may erroneously designate large, continuous
habitats that should function as key nodes as isolated small patches, thereby compromising
the network’s core supporting capacity [35,36]. Secondly, administrative constraints force
corridor detours (Figure 1). Prohibited from establishing cross-boundary connections, mini-
mum cost path algorithms are restricted to seeking alternative routes within administrative
regions, frequently generating corridors that detour along boundaries. Such paths typically
traverse high-resistance anthropogenic disturbance areas (e.g., built-up areas, croplands),
violating species’ natural migration preferences, and are unlikely to be utilized by dispers-
ing organisms in reality, thereby functioning as spurious linkages [37]. These not only fail to
facilitate effective migration but also risk misleading conservation investments [29]. Thirdly,
topological distortion of network patterns ensues (Figure 1). On the one hand, strategic
corridors connecting key habitats inside and outside the jurisdiction are systematically
eliminated, severing the core pathways of cross-boundary ecological flows [22]; on the
other hand, when a single continuous ecological patch is divided by administrative lines,
numerous short-range, high-resistance “pseudo-connections” are generated between inter-
nal sub-units, resulting in redundant internal links [28]. This dual distortion of “external
loss and internal redundancy” renders networks built upon administrative boundaries
superficially connected while substantially impairing their actual capacity to promote
population dispersal, material cycling, and ecosystem service provision [2,38], ultimately
resulting in a severe disconnect between structural and functional connectivity.

Addressing the inherent tension between continuous ecological processes and the
fragmentation imposed by administrative boundaries necessitates a multi-scale optimiza-
tion framework grounded in ecological functioning. Such an approach aims to identify
“effective integration scales” that enhance landscape connectivity without compromising
administrative feasibility [18,39]. Existing studies predominantly rely on structural connec-
tivity indices [21] (e.g., IIC and PC); however, these metrics fail to quantify the operational
and management costs of ecological networks, often resulting in a disconnect between
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planning schemes and conservation practices [38]. Consequently, evaluation indicators
must move beyond purely structural descriptions to capture the core function of ecological
networks: facilitating efficient, low-cost ecological flows [40]. To this end, we adopt Total
Ecological Flow Cost (TEFC) as the core functional indicator. Defined as the sum of mini-
mum cumulative resistance values across all ecological corridors within a region, TEFC
quantifies the total “ecological engineering” cost required to maintain landscape connectiv-
ity [41]. This metric aligns with cost–benefit principles in conservation planning [29] and
directly reflects resource-use efficiency in management decisions [42], thereby bridging the
gap between structural connectivity metrics and practical conservation implementation.

Based on this framework, we conduct an empirical study across 30 ecologically rep-
resentative counties in China, using a multi-scale buffering experiment (1–32 km) to sys-
tematically investigate the distortion effects of administrative boundaries and potential
optimization pathways. We address four core research questions: (1) Does administra-
tive fragmentation systematically distort network structure (i.e., missing cross-boundary
corridors [MCC], detour forcing, and redundant internal links [RIL]) and function (i.e.,
Total Corridor Length [TCL], mean corridor resistance [MCR], and total ecological flow
cost [TEFC])? (2) What is the mechanistic link between structural distortion and functional
degradation? (3) How do county-level characteristics (geometry, topography, climate, land
use, and human disturbance) modulate network sensitivity to cross-boundary integration
(buffer expansion)? (4) How do buffer distance and various background characteristics di-
rectly moderate raw structural metrics (e.g., corridor loss, detouring, internal redundancy)
and functional metrics (e.g., total length, mean resistance, TEFC) across different contexts?

2. Materials and Methods
2.1. Study Area and Sampling Design

The effectiveness of ecological network construction is highly context-dependent [43].
To systematically investigate how administrative fragmentation distorts ecological net-
works and how such distortions vary with scale, we employed a stratified sampling
strategy to select 30 ecologically and geographically representative counties from China’s
2730 county-level administrative units. We compiled an 11-dimensional attribute ma-
trix encompassing geometric complexity, topographic heterogeneity, climatic conditions,
anthropogenic disturbance, and land-use composition. These variables included shape
index, elevation difference, mean elevation, annual mean temperature, annual precipitation,
Human Footprint Index, impervious surface proportion, forest land proportion, cropland
proportion, shrubland proportion, and grassland proportion, derived from circa-2020
datasets (Section S1). Following Z-score standardization, K-means clustering was applied
to partition counties into 30 characteristic clusters, with k = 30 determined by the elbow
method and silhouette width maximization [44,45]. One county was randomly selected
from each cluster, yielding a sample spanning eastern plains, southwestern mountains,
northwestern arid zones, and northeastern forest–grassland ecotones (Section S1).

The spatial distribution of the 30 selected counties is shown in Figure 2. These coun-
ties are distributed across different ecological and geographic regions of China, including
eastern plains, southwestern mountains, northwestern arid zones, northeastern forest–
grassland ecotones, and high-elevation plateau areas. The inset cluster map shows the
30 characteristic groups derived from K-means clustering, while the PCA ordination indi-
cates that the selected counties broadly cover the main gradients of county-level background
characteristics. Detailed information on county names, area, shape index, elevation, climate,
land-use composition, and human disturbance is provided in Table S1.4.
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Figure 2. Spatial distribution and representativeness of the 30 selected counties in China. The
main map shows county locations; the upper-right inset shows K-means clustering results; and the
lower-right inset shows PCA ordination of all county-level units and selected counties. Red points
indicate selected counties, and gray points indicate national county-level units (Section S1).

2.2. Multi-Scale Spatial Analysis Unit Construction

We implemented a multi-scale buffer experiment to quantify the distorting effects of
administrative boundaries on ecological network structure and function, and to examine
how county-level characteristics modulate responsiveness to boundary relaxation. For each
county, we generated concentric external buffers at radii of 1, 2, 4, 8, 16, and 32 km around
the official administrative boundary, yielding seven nested analysis units. This exponential
sequence spans local to regional ecological influence scales while balancing computational
efficiency [46].

The outermost buffer of 32 km was adopted based on technical analysis to cover the
expected scale of ecological influence and to balance computational feasibility. This value is
specific to our study design and is not intended as a general recommendation. This thresh-
old captures the effective dispersal distances of medium-sized terrestrial vertebrates [47,48],
aligns with county-level administrative diameters in China (50–80 km), and facilitates coor-
dination with municipal planning frameworks [49]. Furthermore, this threshold represents
a connectivity saturation point beyond which marginal gains decline precipitously [50,51],
with pilot analyses confirming <5% equivalent connectivity improvement beyond 32 km.

All network modeling procedures—including ecological source identification and
corridor extraction—were conducted independently within each buffer extent, whereas
evaluation metrics were calculated strictly within original administrative boundaries to
ensure cross-scale comparability [52].

The methodological workflow of this study is summarized in Figure 3, encompassing
county selection, multi-scale buffer construction, ecological network modeling (source
identification, resistance surface construction, and corridor extraction), metric calculation
(structural: MCC, DFC, RIL; functional: TCL, MCR, TEFC), and statistical analyses (slope
analysis, SEM, MLR, LMM).
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Figure 3. Methodological workflow. Rectangles: main steps; dashed boxes: sub-processes. Includes
ecological network construction, metric calculation, and statistical analyses.

2.3. Ecological Network Construction

We constructed ecological networks for each county and its multi-scale buffer extents
using a standard three-stage workflow comprising ecological source identification, resis-
tance surface modeling, and corridor extraction [53]. All spatial analyses were conducted
in ArcGIS 10.2 using a 30 m raster resolution. This resolution was selected for three rea-
sons. First, it is consistent with the native or widely used standard resolution of the major
land-use and environmental datasets employed in this study, thereby minimizing uncer-
tainty introduced by repeated resampling. Second, 30 m provides sufficient spatial detail
to capture county-scale landscape heterogeneity and corridor structure while remaining
computationally feasible for repeated ecological network modeling across 30 counties and
seven nested buffer scenarios. Third, using a uniform 30 m grid ensured full comparability
among ecological source identification, resistance surface construction, corridor extraction,
and subsequent metric calculation.

2.3.1. Ecological Source Identification

Ecological sources were identified using Morphological Spatial Pattern Analysis
(MSPA) implemented in Guidos Toolbox v2.2 [21]. This morphological image process-
ing method avoids percolation biases and window-bound limitations associated with
traditional convolution approaches, thereby enhancing pixel-level precision. Forest, grass-
land, shrubland, and wetland were classified as ecological foreground, whereas cropland,
impervious surface, water, and bare land were treated as background [49,52]. Only MSPA
core patches ≥ 1 km2—consistent with China’s ecological redline standards and viable
population thresholds [49,54]—were retained and converted to centroid points to serve as
network nodes.
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2.3.2. Resistance Surface Construction

The ecological resistance surface was developed by integrating land use, slope, eleva-
tion, and the Human Footprint Index via Spatial Principal Component Analysis to derive
objective weights (land use: 0.82; Human Footprint: 0.79; slope: 0.65; elevation: 0.58; PC1
explained 68.2% variance, PC2 explained 17.5%) followed by weighted summation. The
apparent difference between the weights reported in the Supplementary Materials and the
main text reflects different stages of the analysis: the Supplementary Materials show the
raw SPCA factor loadings, whereas the main text reports the final standardized weights
used to generate the integrated resistance surface for MCR calculations. This categorical
matrix approach balances assessment accuracy with practical applicability, providing reli-
able proxies for patch importance ranking while primarily influencing corridor delineation
rather than prioritization outcomes [55] (Section S2).

2.3.3. Ecological Corridor Identification

Potential corridors were extracted using Linkage Mapper v2.0.4 implementing the
Minimum Cumulative Resistance model, which quantifies movement difficulty by inte-
grating distance and landscape resistance through cost-weighted path analysis [24,56].
The links corresponding to the lowest 95% of cost distances were retained for analysis,
while the top 5% of highest-cost links were excluded. Model parameters, including the
normalized cost corridor (NCC) threshold used to delineate potential corridors, are detailed
in Section S3. Identification of ecological corridors using the MCR model. This selection
ensures that the majority of ecologically relevant pathways are considered while removing
extreme-cost connections that are unlikely to be utilized [32]. Ecological corridors were
identified using the Minimum Cumulative Resistance (MCR) model implemented through
the Linkage Mapper toolbox (v2.0.4) in ArcGIS 10.2. Core ecological sources were defined
as centroids of MSPA core patches ≥ 1 km2, and the SPCA-derived integrated resistance
surface served as input [21,22].

The Pinchpoint Mapper module was applied to identify potential bottlenecks along the
least-cost corridors [6]. Additionally, CircuitScape 5.0 was employed to simulate multiple
dispersal pathways and cumulative current flow across the resistance surface [24]. The
CircuitScape outputs were overlaid with MCR corridors to highlight redundancy and
critical pinch points, ensuring that multiple dispersal pathways were considered.

All structural and functional metrics—Total Corridor Length (TCL), Mean Corridor
Resistance, and Total Ecological Flow Cost (TEFC)—were calculated based solely on MCR-
defined corridors within each buffer extent [38,41]. CircuitScape results were used to
validate corridor redundancy and pinch points but were not directly included in metric
calculations (Section S3).

2.4. Evaluation Metric System

We developed a dual-tiered metric system integrating structural metrics (MCC, DFC,
RIL) derived from binary habitat maps and functional metrics (TCL, MCR, TEFC) based
on resistance-weighted ecological flows to diagnose administrative fragmentation effects
and assess multi-scale buffering improvements [43,57]. This approach captures both struc-
tural distortions and functional degradation while ensuring comprehensive assessment of
habitat availability. All metrics were computed within original administrative boundaries
and normalized per 10,000 km2 via area-proportional scaling and landscape shape index
(LSI)-based correction to control for area effects and ensure cross-county comparability
(Section S4).
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2.4.1. Structural Distortion Diagnostics

Structural distortion was quantified using three complementary metrics normalized
per 10,000 km2. Missing Cross-boundary Corridors (MCCs) count connections present
in buffered scenarios but absent in unbuffered ones, indicating strategic linkages severed
by administrative boundaries. Detour Forcing Count (DFC) quantifies corridors forced to
circumvent boundaries along higher-resistance edge routes when direct cross-boundary
paths are excluded. Redundant Internal Links (RILs) capture spurious connections be-
tween sub-patches of single continuous habitats artificially fragmented by administrative
delineation [40] (Figure 1).

2.4.2. Functional Optimization Metrics

Functional connectivity was assessed using three resistance-based metrics normalized
per 10,000 km2 where applicable. Total Corridor Length (TCL) quantifies the geometric
extent of the network. Mean Corridor Resistance (MCR) measures average movement
efficiency across all corridors, with lower values indicating reduced impedance. Total Eco-
logical Flow Cost (TEFC) integrates network extent and quality by summing cumulative
resistance values, representing the total energetic investment required to maintain connec-
tivity and aligning with cost–benefit optimality in conservation planning [29,41,56]. This
functional suite complements structural metrics by linking spatial patterns to ecological
processes, avoiding purely descriptive analysis [38] and enabling quantitative identification
of optimization thresholds for planning applications.

2.5. Statistical Analysis

We employed a multi-stage analytical framework to examine the impacts of adminis-
trative fragmentation on ecological networks, elucidate the structural–functional pathways
of distortion, and assess how county-level context modulates the efficacy of cross-boundary
integration. All continuous variables, with the exception of buffer distance, were Z-score
standardized. Buffer distance was log-transformed to linearize its non-linear relationship
with connectivity and to align with scale-dependent ecological process models [24,54].

2.5.1. Slope Analysis of Evaluation Metrics with Respect to Buffer Distance

We quantified county-scale sensitivity to cross-boundary integration by regressing
each of the six structural and functional metrics (MCC, DFC, RIL, TCL, MCR, TEFC) against
log-transformed buffer distance. The resulting slope coefficients served as standardized
indicators of responsiveness to spatial scale expansion [54]. Negative values for MCCslope,
DFCslope, RILslope, TCLslope, MCRslope, and TEFCslope indicate stronger positive buffering
effects (i.e., greater reductions in distortions and costs). This approach enabled cross-county
comparability of network-performance sensitivity and facilitated the identification of coun-
ties where administrative fragmentation most severely constrains ecological connectivity.

2.5.2. Structural Equation Modeling (SEM)

We employed SEM to disentangle the causal pathways linking administrative fragmen-
tation to functional degradation. We hypothesized that structural distortions (MCCslope,
DFCslope, RILslope) mediate network scale (TCLslope) and quality (MCRslope), thereby driv-
ing total ecological flow cost (TEFCslope) [38,40]. The model was fitted via maximum
likelihood estimation, with standardized path coefficients quantifying direct and indirect
effects. Model fit was assessed using χ2/df, RMSEA, GFI, and SRMR following standard
criteria [58].
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2.5.3. Multiple Linear Regression Models

We used separate multiple linear regression models to examine how county-level
biophysical and anthropogenic characteristics influenced the responsiveness of ecological
networks to cross-boundary integration, with the slope of each metric (MCCslope, DFCslope,
RILslope, TCLslope, MCRslope, and TEFCslope) as the response variable. Candidate predictors
included SHID, ELED, ELEM, TEMP, APRE, HMFT, ISP, FLPR, CLPR, SLPR, and GLPR,
together with selected theoretically meaningful two-way interaction terms. All continuous
predictors were Z-score standardized. Multicollinearity was evaluated using variance
inflation factors (VIF), and variables with VIF ≥ 5 were not included in the same candidate
model. Final models were selected using AICc-based stepwise comparison [59], and
adjusted R2 was used to assess explanatory power. Table 1 reports the standardized
coefficients of the best-fitting model for each slope metric.

Table 1. Standardized regression coefficients (β) of the best-fitting multiple linear regression models
for the slope parameters of six ecological network indicators.

Predictors MCCslope DFCslope RILslope TCLslope MCRslope TEFCslope

SHID 0.148 *** 0.084 −0.051 — — −0.002
ELED — 0.099 −0.257 * −0.022 * 0.005 —
HMFT — 0.042 0.321 ** — 0 —
APRE −0.177 ** −0.05 — −0.016 0.003 —
TEMP 0.224 *** 0.06 — 0.008 0 0.015
CLPR — — −0.199 — — —
FLPR −0.047 0.029 −0.340 *** −0.007 −0.008 −0.006
SLPR — — — 0.016 0.119 —
GLPR — — — — — 0.017

ISP −0.042 0.034 −0.471 ** — — —
SHID × GLPR — — — — — −0.041 **
TEMP × GLPR — — — — — −0.002
TEMP × SLPR — — — −0.024 — —
HMFT × ISP — −0.038 — — — —
Adjusted R2 0.643 0.273 0.477 0.310 0.088 0.480

Notes: Dependent variables are the slope values (rate of change with log-transformed buffer distance) of six
indicators: MCC (Missing Cross-boundary Corridor), DFC (Detour Forcing Count), RIL (Redundant Internal
Link), TCL (Total Corridor Length), MCR (Mean Corridor Resistance), and TEFC (Total Ecological Flow Cost). In-
dependent variables include: SHID (Shape Index), ELED (Elevation Difference), HMFT (Human Footprint), APRE
(Annual Precipitation), TEMP (Annual Mean Temperature), CLPR (Cropland Proportion), FLPR (Forest Land
Proportion), SLPR (Shrub-land Proportion), GLPR (Grassland Proportion), ISP (Impervious Surface Proportion),
and selected two-way interaction terms. Cells marked with “—” indicate the variable was not selected in the final
model for that indicator (p ≥ 0.1). Significance levels: *** p < 0.001, ** p < 0.01, * p < 0.05. Adjusted R2 values are
reported for each model.

2.5.4. Linear Mixed-Effects Models (LMMs)

We used linear mixed-effects models to assess how raw ecological network metrics
(MCC, DFC, RIL, TCL, MCR, and TEFC) varied with buffer distance and county-level con-
text across all county–buffer combinations. Fixed effects included log-transformed buffer
distance (BUFFER), the same contextual variables used in the regression analysis, and
selected theoretically meaningful two-way interaction terms, especially those involving
BUFFER. County identity was included as a random intercept to account for repeated
observations across the seven buffer scenarios within each county. Continuous predictors
were standardized, whereas BUFFER was log-transformed. Because residual spatial au-
tocorrelation was significant (Moran’s I = 0.32, p < 0.01), a spatial lag term was included
as an additional fixed effect [60]. Models were fitted using restricted maximum likelihood
(REML) with VIF screening (<5) and AICc-based model selection [24]. Table 2 presents the
standardized coefficients of the final mixed-effects models.
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Table 2. Standardized coefficients (β) from linear mixed-effects models assessing the effects of
landscape, climate, and buffer distance on raw ecological network metrics.

Predictors MCC DFC RIL TCL MCR TEFC

BUFFER −0.412 *** −0.441 *** −0.613 *** −0.044 *** −0.021 *** −0.066 ***
SHID −0.554 *** −0.475 *** 0.284 ** — — −0.241 *
ELEM — −0.453 * 0.947 ** −0.916 *** 0.260 *** —
TEMP −0.276 * — — −0.578 * 0.172 ** −0.755 ***
APRE 0.268 * — — — −0.103 * —
CLPR — — 1.459 * — — —
FLPR — — 1.056 *** — — —
SLPR — — — — 0.747 *** —

HMFT — — −0.749 *** — — —
GLPR — — — — — −1.782 ***

ISP — −1.050 * 1.320 *** — — —
BUFFER × SHID 0.163 *** 0.110 * — — — —
BUFFER × ELEM — — — — −0.019 *** —
BUFFER × FLPR — — −0.264 *** — — —
BUFFER × TEMP — — 0.225 *** — — —
TEMP × HMFT — — — — — −0.070 *
TEMP × SLPR — — — — −1.650 *** —
TEMP × GLPR — — — — — −0.895 ***
SHID × GLPR — — — — — −0.752 ***
HMFT × ISP — 0.662 * — — — —
Marginal R2 0.65 0.38 0.51 0.73 0.63 0.72

Notes: Dependent variables are the raw values (not slopes) of six ecological network metrics: MCC (Missing
Cross-boundary Corridor), DFC (Detour Forcing Count), RIL (Redundant Internal Link), TCL (Total Corridor
Length), MCR (Mean Corridor Resistance), and TEFC (Total Ecological Flow Cost). BUFFER is log-transformed
buffer distance. SHID: Shape Index; ELEM: Mean Elevation; TEMP: Annual Mean Temperature; APRE: Annual
Precipitation; CLPR: Cropland Proportion; FLPR: Forest Land Proportion; SLPR: Shrubland Proportion; HMFT:
Human Footprint Index; GLPR: Grassland Proportion; ISP: Impervious Surface Proportion. Cells marked with
“—” indicate the variable was not included in the final model for that metric or its effect was non-significant
(p ≥ 0.05). Significance levels: *** p < 0.001, ** p < 0.01, * p < 0.05. Coefficients are shown to three decimal places.
Marginal R2 values represent the proportion of variance explained by fixed effects. All models controlled for
spatial autocorrelation and potential confounding variables, with “County” included as a random intercept.

2.6. GenAI Tool Usage Declaration

During the preparation of this manuscript, GenAI tools, including Doubao v13.2.0,
Tencent Yuanbao v2.68.0, and Qianwen v6.9.5.2879, were used for specific tasks under the full
supervision, review, and final approval of the authors. Their specific uses are as follows:

• In the statistical analysis process, R 4.3.0 software was employed, and GenAI was
leveraged to optimize the code;

• GenAI was used to refine the language of the manuscript.

During the preparation of this manuscript, the authors used Doubao, Tencent Yuanbao,
and Qianwen (web versions accessed in April 2026) for code optimization assistance and
language polishing. The authors reviewed and edited all AI-assisted outputs and take full
responsibility for the content of this publication.

3. Results
3.1. Administrative Fragmentation Systematically Distorts Network Structure and Function

Across the 30 sample counties, administrative fragmentation was associated with sys-
tematic, scale-dependent disruptions in ecological network structure and selected aspects
of network function (Figure 4). Frequency distributions of metric-specific response slopes
(i.e., rates of change with respect to log-transformed buffer distance) revealed that five of
the six indicators exhibited significantly negative slopes (all p < 0.001).
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Figure 4. Frequency distributions of county-specific slope coefficients for six ecological network indi-
cators across 30 counties. Slopes were estimated by regressing each indicator against log-transformed
buffer distance. Negative values indicate decreases with buffer expansion, reflecting mitigation of
administrative-fragmentation effects. Red dashed lines indicate mean slopes. (a) Frequency distri-
bution of MCCslope; (b) Frequency distribution of DFCslope; (c) Frequency distribution of RILslope;
(d) Frequency distribution of TCLslope; (e) Frequency distribution of MCRslope; (f) Frequency distri-
bution of TEFCslope.

Structural distortion metrics demonstrated the strongest sensitivity to boundary re-
laxation. Missing Cross-boundary Corridors (MCCs) exhibited the steepest decline with
buffer expansion (mean slope = −0.845, 95% CI: −1.021 to −0.668), followed sequentially
by Redundant Internal Links (RILs; mean slope = −0.617, 95% CI: −0.783 to −0.451) and
Detour Forcing Count (DFC; mean slope = −0.444, 95% CI: −0.592 to −0.296) (Figure 4a–c).

Functional metrics corroborated these structural degradation patterns. Total Corridor
Length (TCL) declined significantly with increasing buffer width (mean slope = −0.043,
95% CI: −0.068 to −0.018; Figure 4d), whereas Total Ecological Flow Cost (TEFC) exhibited
the second-steepest response (mean slope = −0.066, 95% CI: −0.091 to −0.041; Figure 4f).
Mean Corridor Resistance (MCR), derived using the Minimum Cumulative Resistance
model, showed no significant improvement with buffer expansion (mean slope = −0.021,
95% CI: −0.053 to 0.011, p = 0.229; Figure 4e). Here, MCR is the indicator of average corridor
resistance, and the MCR model is the method used to calculate it.

3.2. Structural Distortions Drive Functional Degradation Through Cascading Pathways

Structural equation modeling (SEM) confirmed the hypothesized mediation pathways
linking structural distortion mitigation to functional cost reduction (Figure 5). The model
exhibited excellent fit (χ2/df = 1.82, CFI = 0.94, RMSEA = 0.052, SRMR = 0.048). Reductions
in redundant internal links (RILslope) significantly predicted declines in total corridor length
(TCLslope; standardized β = 0.56, p < 0.001). Both RILslope (β = 0.28, p < 0.05) and reductions
in detour forcing (DFCslope; β = 0.43, p < 0.001) significantly predicted improvements
in mean corridor resistance (MCRslope). By contrast, missing cross-boundary corridors
(MCCslope) showed no significant direct effects on either TCLslope (β = −0.18, p > 0.05)
or MCRslope (β = −0.28, p > 0.05) (dashed lines in Figure 5). Network scale reduction

https://doi.org/10.3390/f17050611

https://doi.org/10.3390/f17050611


Forests 2026, 17, 611 12 of 21

(TCLslope) and efficiency improvement (MCRslope) both significantly predicted decreases in
total ecological flow cost (TEFCslope), with standardized path coefficients of 0.81 (p < 0.001)
and 0.49 (p < 0.001), respectively. The direct path from RILslope to TEFCslope was non-
significant (β = −0.11, p > 0.05).

 
Figure 5. Structural equation model illustrating pathways from administrative fragmentation to total
ecological flow cost. Solid arrows: significant; dashed arrows: non-significant.

3.3. Context-Dependent Sensitivity of Network Responses to Cross-Boundary Integration

Multiple linear regression models revealed that county-level biophysical and an-
thropogenic characteristics substantially modulated network responsiveness to buffer
expansion (Table 1). As all slope-dependent variables were negative (indicating improve-
ment with buffer expansion), positive regression coefficients denote characteristics that
attenuated sensitivity (i.e., slower improvement), whereas negative coefficients denote
characteristics that amplified sensitivity (i.e., faster improvement).

Sensitivity of structural distortion to buffer expansion varied significantly across
contextual gradients. Counties with higher Shape Index (SHID) exhibited attenuated
sensitivity in Missing Cross-boundary Corridors (MCCs; β = 0.148, p < 0.001). Similarly,
higher Annual Mean Temperature (TEMP) attenuated MCC sensitivity (β = 0.224, p < 0.001).
Conversely, higher Annual Precipitation (APRE) amplified MCC sensitivity (β = −0.177,
p < 0.01).

Internal redundancy reduction (RILslope) was significantly predicted by multiple
land-use and topographic variables. Higher Forest Land Proportion (FLPR; β = −0.340,
p < 0.001), Impervious Surface Proportion (ISP; β = −0.471, p < 0.01), and Elevation Differ-
ence (ELED; β = −0.257, p < 0.05) all amplified RIL sensitivity. Human Footprint Index
(HMFT) attenuated RIL sensitivity (β = 0.321, p < 0.01). No significant predictors emerged
for Detour Forcing Count slope (DFCslope; adjusted R2 = 0.273).

Functional cost sensitivity (TEFCslope) was primarily driven by interaction effects. The
SHID × GLPR interaction significantly amplified TEFC sensitivity (β = −0.041, p < 0.01).
Elevation Difference amplified Total Corridor Length reduction (TCLslope; β = −0.022,
p < 0.05). No single county characteristic or interaction term significantly predicted Mean
Corridor Resistance slope (MCRslope; all p > 0.05).

3.4. Buffer Distance and Landscape Characteristics Jointly Shape Network Dynamics

Linear mixed-effects models (LMMs) showed that buffer expansion significantly re-
duced all six ecological network metrics (all p < 0.001; Table 2), indicating that relaxing
administrative boundaries consistently alleviated structural distortion and functional cost.
Because the dependent variables were raw metric values, negative coefficients for BUFFER
indicate that larger buffer distances were associated with lower levels of network disruption
or movement cost. The fixed effects explained a substantial proportion of the variance
across models, with marginal R2 values ranging from 0.38 for DFC to 0.73 for TCL.
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For the structural indicators, buffer distance had strong negative effects on MCC, DFC,
and RIL, confirming that boundary relaxation reduced missing cross-boundary corridors,
detour forcing, and redundant internal links. However, these improvements were not
spatially uniform. The positive BUFFER × SHID effects for MCC and DFC indicate that,
in counties with more complex landscape shapes, the beneficial effect of buffer expansion
was weaker, suggesting that irregular landscape configuration constrains the extent to
which boundary relaxation can restore structural connectivity. By contrast, the negative
BUFFER × FLPR effect on RIL suggests that higher forest cover strengthened the reduction
in redundant internal links with buffer expansion, whereas the positive BUFFER × TEMP
effect indicates that this improvement was attenuated in warmer counties.

Among the functional metrics, TCL declined significantly with increasing buffer
distance, and its negative associations with elevation and temperature suggest that corridor
extent was generally lower in higher and warmer counties. MCR also decreased with
buffer expansion, but its response was comparatively modest. Elevation and temperature
both had positive main effects on MCR, indicating generally higher corridor resistance in
high-elevation and warmer counties, whereas the negative BUFFER × ELEM interaction
suggests that buffer expansion reduced MCR more strongly in high-elevation settings,
although this reduction remained constrained by persistent topographic resistance.

TEFC showed a significant negative response to buffer distance, indicating that eco-
logical flow became less costly as administrative boundaries were relaxed. Because TEFC
represents the cumulative cost of ecological movement across the network, lower TEFC
values can be interpreted as improved ecological connectivity and more efficient movement
pathways. Several landscape characteristics further modified this pattern. In particular,
GLPR had the strongest negative main effect on TEFC (β = −1.782, p < 0.001), highlighting
grassland proportion as the most influential predictor of reduced ecological flow cost. The
negative SHID × GLPR and TEMP × GLPR interactions suggest that grassland-dominated
landscapes further reduced TEFC under more complex landscape structure and warmer
climatic conditions. Likewise, the negative TEMP × HMFT interaction indicates that the
relationship between human footprint and ecological flow cost was also conditioned by
temperature. Taken together, these results suggest that the connectivity benefits of bound-
ary relaxation are strongest where grassland availability is high and where landscape
context reinforces reductions in cumulative movement cost.

4. Discussion
Multi-scale buffer experiments conducted across 30 ecologically representative Chi-

nese counties provide the first regional-scale empirical quantification of how administrative
fragmentation—an institutional-scale mismatch—systematically distorts ecological net-
work structure and function. By disentangling causal pathways from structural distortion
to functional degradation and identifying context-dependent mitigation strategies, this
study advances theoretical understanding of scale mismatches in social–ecological sys-
tems [18,19], while offering actionable guidance for cross-boundary conservation planning
within fragmented governance landscapes.

4.1. Mechanisms of Administrative Fragmentation: From Structural Distortion to
Functional Degradation

Our results indicate that administrative boundaries can distort ecological networks
through three recurrent structural effects: loss of cross-boundary linkages, detour forcing,
and artificial internal redundancy. With increasing buffer distance, Missing Cross-boundary
Corridors (MCCs), Detour Forcing Count (DFC), and Redundant Internal Links (RILs) all
declined significantly, indicating that many “missing” or inefficient configurations in
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county-based networks were partly produced by the analytical truncation of ecological pro-
cesses at administrative borders. This pattern supports the broader argument that ecological
processes and management units often operate at mismatched spatial scales [18,19,23].

These structural distortions also had functional consequences. Total Corridor Length
(TCL) and Total Ecological Flow Cost (TEFC) declined with buffer expansion, showing
that cross-boundary integration can reduce both the geometric extent and the cumulative
resistance cost of the network. In practical terms, networks defined strictly within adminis-
trative borders required longer or less efficient routing to maintain internal connectivity.
By contrast, boundary relaxation allowed more direct configurations and lower overall
movement cost. This is consistent with previous work showing that cross-jurisdictional
ecological connections can improve the efficiency and robustness of ecological security
patterns [10,22,61].

The response of Mean Corridor Resistance (MCR) was more nuanced. In the county-
level slope analysis, the average decline in MCR with buffer expansion was not significant,
indicating that improvements in corridor quality were weaker and less consistent than
improvements in network topology. At the same time, the mixed-effects models detected a
modest overall decline in raw MCR across all county–buffer combinations. Taken together,
these results suggest that relaxing administrative boundaries can improve corridor resis-
tance in some contexts [62], but that the dominant effect of administrative fragmentation
lies in how boundaries reorganize the network—by removing strategic links, forcing de-
tours, and generating redundant internal paths—rather than in uniformly degrading the
intrinsic quality of individual corridors [24,38].

4.2. Unpacking the Chain Mechanism: From Structural Repair to Functional Enhancement

The structural equation model helps explain how these structural changes translate
into lower ecological flow cost. Specifically, reductions in redundant internal links were
strongly associated with shorter total corridor length, while reductions in both redundant
internal links and detour forcing were associated with lower mean corridor resistance. Total
corridor length and mean corridor resistance then jointly contributed to lower TEFC. This
pathway indicates that the functional benefit of boundary relaxation did not arise from a
single mechanism; instead, it emerged through the combined effects of network shortening
and modest resistance improvement.

One important result is that MCC did not show a significant direct effect on either TCL
or MCR in the SEM. This should not be interpreted as meaning that missing cross-boundary
corridors are unimportant. Rather, it suggests that, in our dataset, the measurable reduction
in ecological flow cost was more immediately associated with correcting inefficient internal
topology—especially redundancy and detour forcing—than with restoring missing cross-
boundary links alone. Missing corridors may still matter indirectly, or their effects may
depend more strongly on local landscape context than can be captured by direct paths in
the SEM [34,42].

The stronger role of RIL in the pathway to lower TEFC is particularly informative.
Administrative fragmentation can split continuous habitats into multiple internal sub-units
and thereby create spurious short-range links that increase network complexity without
improving movement efficiency. When these artificial internal redundancies are reduced,
the network becomes structurally simpler and functionally cheaper to maintain. Likewise,
reducing detour forcing helps replace boundary-constrained routes with more direct path-
ways. Together, these results suggest that the benefit of cross-boundary integration is not
simply the addition of more corridors, but the reorganization of the network into a more
coherent and less costly configuration.
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4.3. Differentiated Optimization Strategies Based on Background Characteristics

The responsiveness of ecological networks to cross-boundary integration is profoundly
regulated by county-level biophysical and anthropogenic characteristics, necessitating
context-specific rather than standardized optimization strategies. Multiple regression
and mixed-effects models revealed that geometric, climatic, and land-use factors govern
the magnitude and mechanisms of buffer expansion benefits through both main and
interaction effects.

Geometric and climatic context: Counties with regular boundaries exhibited attenu-
ated sensitivity to Missing Cross-boundary Corridors (MCCs) because compact geometry
inherently minimizes cross-boundary habitat continuity. This geometric constraint, com-
bined with the finding that the majority of Chinese counties exhibit intermediate boundary
complexity, suggests that most jurisdictions face moderate rather than severe geometric
barriers to cross-boundary integration. The positive moderating effect of temperature on
MCC slope indicates that, all else being equal, warmer regions exhibit weaker responses
in cross-boundary corridor restoration to buffer expansion. This phenomenon can be at-
tributed to higher metabolic costs and constrained dispersal behaviors of species under
thermally stressful environments, which limits the actual enhancement of cross-boundary
habitat connectivity [35,63]. Conversely, humid climates amplified MCC sensitivity, sug-
gesting that precipitation-mediated productivity supports denser habitat networks where
cross-boundary connectivity yields stronger functional gains.

Land-use composition and redundancy dynamics: The amplified sensitivity to Re-
dundant Internal Links (RILs) within forested, urbanized, and rugged terrains reveals
distinct mechanisms of internal network distortion. In forested landscapes, administrative
boundaries frequently bisect continuous woodland patches, generating abundant redun-
dant internal links that can be eliminated through cross-boundary recognition. This pattern
corroborates findings that forested matrices facilitate responsive internal network ratio-
nalization when boundary constraints are relaxed [64]. Urbanized counties exhibit similar
patterns because impervious surfaces force corridor detours, creating artificial internal
connections among fragmented habitat remnants. Rugged terrain amplifies RIL sensi-
tivity because topographic complexity concentrates habitats along elevational gradients,
rendering administrative boundaries more likely to intersect continuous habitat patches.
However, the attenuating effect of human footprint intensity suggests that intensive an-
thropogenic activity fundamentally alters network topology—where human disturbance is
pervasive, habitat patches are already functionally isolated, and cross-boundary integra-
tion cannot restore connectivity that has been eliminated rather than merely obscured by
administrative delineation.

Interaction-driven functional optimization: The dominance of interaction effects over
main effects in predicting Total Ecological Flow Cost (TEFC) sensitivity indicates that
optimal integration strategies require simultaneous consideration of multiple contextual di-
mensions. The interaction between Shape Index (SHID) and Grassland Proportion (GLPR)
demonstrates that regular boundaries combined with extensive grasslands achieve dis-
proportionate efficiency gains—likely because grassland matrices facilitate low-resistance
movement, and regular geometries enable complete capture of cross-boundary flows within
modest buffer distances. The combination of regular county boundaries and extensive
grassland cover represents a particularly favorable context for mitigating administrative
fragmentation. The interaction between Temperature (TEMP) and Grassland Proportion
(GLPR) indicates that warm-climate grasslands remain functionally connected despite
thermal stress, possibly because these landscapes support continuous herbaceous cover
that facilitates species movement. Conversely, the interaction between Temperature (TEMP)
and Human Footprint (HMFT) attenuates cost improvements, highlighting that intensive
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human activity in warm climates creates compounding barriers that buffer expansion alone
cannot overcome, necessitating complementary in situ conservation interventions.

Elevation and temperature modulation: Linear mixed-effects models corroborated
and extended these sensitivity patterns. While buffer expansion universally improves
network performance, the magnitude of improvement varies systematically with landscape
context. High-elevation counties achieve more rapid network rationalization because
topographic heterogeneity concentrates habitat distributions, rendering corridor networks
more responsive to boundary relaxation. However, elevation had a positive main effect on
MCR, indicating higher average corridor resistance in high-elevation counties. The negative
buffer × elevation interaction further suggests that increasing buffer distance reduced MCR
more strongly in these counties. Nevertheless, this reduction was not sufficient to overcome
the persistent resistance imposed by topography. This persistent resistance underscores the
need to integrate multi-species connectivity requirements, as topographic complexity often
disrupts habitat continuity for multiple taxa simultaneously [65]. Cool counties achieve
more rapid reductions in Total Corridor Length (TCL), whereas warm counties exhibit
attenuated improvements in Mean Corridor Resistance (MCR), reflecting metabolic and
dispersal constraints that limit functional returns from corridor restoration in thermally
stressful environments [66].

Context-independence of corridor quality: The absence of significant predictors for
MCR sensitivity corroborates the earlier finding that mean corridor resistance is largely
context-independent, responding minimally to either buffer expansion or county-level
characteristics. This reinforces the conclusion that functional degradation from administra-
tive fragmentation stems primarily from disrupted connection patterns—as captured by
TCL and TEFC—rather than from declines in individual corridor quality. This dissociation
between significant TEFC decline and non-significant MCR response highlights that admin-
istrative fragmentation degrades network function through topological disruption rather
than individual corridor quality decline, aligning with the distinction between structural
and functional connectivity [38].

Predictive resource allocation and governance integration: The observed differences
in TEFC and structural responses suggest that the benefits of cross-boundary integration
are not uniform across counties. Counties with amplifying interaction profiles—such as
high grassland cover under relatively regular boundary conditions—may benefit more
from broader integration, whereas counties with attenuating profiles (e.g., strong human
footprint under warm conditions) may require boundary relaxation to be combined with
local habitat restoration or resistance reduction measures. These patterns indicate that
conservation planning should match the degree of cross-boundary integration to local
landscape context. Because practical implementation also depends on governance capacity,
historical cooperation, and shared environmental goals, future planning should integrate
ecological and institutional considerations [67].

4.4. Towards an Ecological Process-Based Paradigm for Cross-Administrative Network Planning

These findings support planning approaches based on ecological processes rather
than administrative units. Modeling networks beyond boundaries but evaluating within
management units captures critical sources and pathways while remaining operationally
feasible [22,23].

Context-specific strategies are essential: integration should match local ecological and
anthropogenic conditions, combining technical optimization with institutional coordina-
tion [27,68]. In this study, the 32 km buffer was used as a study-specific technical analysis
scale for cross-boundary integration; larger extents may be required for broader ecological
processes [16,46].
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Total Ecological Flow Cost (TEFC) quantifies the cumulative cost required to maintain
ecological connectivity across the network [32,38,41]. While decreases in TEFC generally
reflect more efficient connectivity due to reductions in redundant internal links and detour
forcing, TEFC is influenced by overall network topology rather than the quality of individ-
ual corridors. Consequently, a low TEFC value does not necessarily indicate fully sufficient
connectivity in highly fragmented landscapes; some counties may still exhibit structural
discontinuities that limit actual species movement or material flow.

TEFC should be interpreted in combination with structural metrics (e.g., MCC, DFC,
RIL) to fully assess network integrity. Analysts and planners should recognize that
TEFC reductions primarily signal improvements in topological efficiency rather than abso-
lute connectivity sufficiency. This clarification establishes the interpretive boundaries of
TEFC and emphasizes the need for complementary structural indicators when evaluating
ecological networks.

Adopting ecological processes as the central organizing principle enables adaptive,
context-specific conservation planning, balancing functional benefits and administrative
constraints and aligns with global connectivity conservation frameworks [34,69].

4.5. Limitations and Future Prospects

This study is subject to three main limitations. First, the resistance surface adopted
herein assumes species-neutral movement patterns; future research should incorporate em-
pirical dispersal data to test the generalizability of our findings across different taxonomic
groups [70]. Second, optimal scales of integration likely vary with organism mobility; future
studies could utilize species-specific dispersal kernels to determine adaptive thresholds [46].
Third, the treatment of administrative boundaries as static constraints overlooks potential
institutional innovations in governance; integrating institutional feasibility metrics would
strengthen practical applicability [27]. Addressing these gaps requires closer coupling of
connectivity modeling, movement ecology, and institutional analysis.

5. Conclusions
Administrative fragmentation systematically distorts ecological networks by serving

cross-boundary linkages, forcing detours, and generating artificial internal redundancy.
Cross-boundary integration significantly mitigates these effects. Mechanistically, reductions
in redundant internal links (RILs) and detour forcing count (DFC) shorten total corridor
length (TCL) and reduce total ecological flow cost (TEFC), indicating more efficient eco-
logical connectivity and lower cumulative movement cost. These findings suggest that
administrative fragmentation primarily degrades network function through topological
disruption rather than substantial changes in mean corridor resistance.

The benefits of boundary relaxation are context-dependent. We recommend an ecolog-
ical process-based planning approach that (i) models ecological networks beyond admin-
istrative boundaries with evaluation within management units, (ii)prioritizes continuous
habitats bisected by jurisdictional borders and grassland-rich areas with strong poten-
tial for reducing ecological flow cost, and (iii) complements buffer expansion with local
habitat restoration in high-pressure settings. The observed results around the 32 km
buffer should be interpreted as specific to this study’s technical analysis and not as a
generalizable recommendation.

Future research should explore multi-species network responses, seasonal and long-
term dynamics, and the role of governance and institutional factors in cross-boundary
integration. Incorporating empirical species movement data and dynamic resistance
surfaces could further refine ecological network functional assessments and adaptive
conservation strategies.
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MLR Multiple Linear Regression
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