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Abstract

Understanding vegetation resilience gradient effects across hierarchical administrative bor-
ders is critical for cross-jurisdictional land management yet remains underexplored. This
study integrates an AR(1) model with XGBoost-SHAP analysis to assess resilience and its
drivers across provincial, municipal, and county borders in the Beijing-Tianjin—Hebei (BTH)
region using NDVI data (2000-2025). The results show that (1) vegetation resilience across
hierarchical border belts experienced an initial decline followed by recovery. A notable shift
in resilience optimality was observed from city borders in 2005 to provincial borders by
2020. Gradient effects were stronger in northern city borders. The stable-fluctuating type
dominated, followed by peak and valley types. (2) Precipitation, tree age, and altitude sup-
press gradient formation. Conversely, cross-boundary economic disparity, nighttime light
differences, and land use composition tend to be associated with amplified gradient effects
in a hierarchical manner: cropland and built-up expansion intensify gradients at provincial
borders but reduce them at city borders, suggesting a potential role of governance coordi-
nation. (3) Based on these findings, a tiered governance framework is suggested—northern
high-gradient provincial and city borders are proposed as priority areas for intensive in-
terventions, while county borders (where gradient effects are weakest) may benefit from
moderate, low-intensity interventions focused on maintaining land use continuity. At the
provincial level, stronger inter-provincial coordination—through cross-boundary ecological
compensation and harmonized environmental standards—may help mitigate gradient
effects. Collectively, this study provides insights for cross-jurisdictional land governance in
the BTH region and other analogous urban agglomerations.

Keywords: vegetation resilience; administrative border belts; ecological gradients; spatial
heterogeneity; Beijing—Tianjin-Hebei region

1. Introduction

Vegetation resilience is a key metric for evaluating ecological restoration outcomes and
sustaining regional ecosystem stability [1-3]. While substantial research has focused on
vegetation resilience dynamics within watersheds or urban systems, the spatial behavior of
resilience within administrative border zones remains largely unexplored [4]. This knowl-
edge gap is concerning, as such border areas are not peripheral but functionally significant.
Take the Beijing-Tianjin—-Hebei (BTH) region as an example. Based on the calculation using
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2020 gridded GDP and population data, a 30 km wide buffer along provincial boundaries
houses approximately 28.82 million people and contributes about 22.00% of the region’s
GDP, forming a distinct “border socio-ecological system”. Yet, fragmented governance due
to overlapping administrative mandates hinders accurate resilience assessment and effec-
tive cross-boundary coordination [5]. This institutional gap directly undermines progress
toward SDGs 15 and 17, which call for sustainable ecosystem management and trans-
boundary partnership [6,7]. Addressing this gap requires a systematic understanding of
vegetation resilience dynamics within these governance transition zones—a scientific chal-
lenge essential for advancing integrated cross-jurisdictional environmental management.

Recently, vegetation resilience in administrative border areas has garnered increas-
ing scholarly attention [8,9]. Previous studies have provided a foundational basis for
evaluating vegetation resilience performance, primarily emphasizing overall recovery
status and temporal evolution patterns [10-12]. Nevertheless, the spatial heterogeneity
of vegetation resilience across administrative borders—particularly concerning gradient
typologies, magnitude variations, and spatial extent—remains inadequately characterized.
More importantly, it remains unclear whether gradient effects differ significantly across
administrative levels (provincial-provincial, city—city, and county—county borders), and
which level exhibits the most pronounced boundary influence.

A deeper gap concerns the mechanisms driving these gradient configurations, particu-
larly the interplay between environmental and socioeconomic factors in shaping gradient
intensity [13]. While it is widely accepted that vegetation resilience in border regions results
from long-term biophysical and human interactions [14,15], the specific pathways through
which terrain complexity, climate variability, economic growth, and land-use pattern jointly
influence gradient structures remain poorly understood [16-18].

This study focuses on three hierarchical administrative border belts in the BTH region:
provincial-provincial, city—city, and county—county boundaries. Considering their spatial
scales, buffer zones extending 15 km, 10 km, and 5 km on each side were established,
respectively. Based on annual NDVI datasets from 2000 to 2025 and the first-order au-
toregressive [AR(1)] model, vegetation resilience was estimated for 2005, 2010, 2015, and
2020. Gradient patterns were modeled using GAM, with gradient types classified and
intensity quantified. A combined XGBoost-SHAP framework integrated with Random
Forest modeling was applied to evaluate the contributions of natural and socioeconomic
factors to gradient type and intensity across the three administrative levels. This study
addresses three objectives: (1) characterizing the spatiotemporal distribution of vegeta-
tion resilience across the three border belts; (2) identifying systematic gradient patterns,
determining spatial range thresholds, and conducting comparative analyses across admin-
istrative levels; and (3) examining how drivers interact to shape gradient type and intensity
across hierarchical borders. The findings are anticipated to establish a scientific foundation
for strengthening cross-jurisdictional ecological governance and supporting differentiated
management strategies across administrative levels.

2. Materials and Methods
2.1. Study Area

The study area, covering approximately 187,432 km?, comprises buffer belts extending
15 km, 10 km, and 5 km on each side of provincial, city, and county administrative bound-
aries within the BTH region, respectively (Figure 1). The hierarchical buffer zones were
delineated using ArcGIS 10.6 and subsequent data processing and statistical modeling were
implemented in Python 3.10. The selection of hierarchical buffer widths follows the spatial
scales of different administrative levels and avoids the incorporation of urban built-up
areas in county-level analysis. The study area exhibits pronounced spatial heterogeneity in

https://doi.org/10.3390/land 15071321


https://doi.org/10.3390/land15071321

Land 2026, 15, 1321

3 0f 26

land use patterns across its border belts. In the southern belts (Hebei-Shandong-Henan),
cropland dominates with interspersed urban and rural built-up areas, where agricultural
activities and urbanization exert strong influences on vegetation resilience. In the western
belts (Hebei—Shanxi), located in the Taihang Mountains, forest ecosystems prevail with high
vegetation cover but complex terrain, where ecological restoration and forest management
are primary determinants of resilience. In the northwestern belts (Hebei-Inner Mongolia),
situated in an agro-pastoral ecotone, grassland and desertified land dominate under fragile
ecological conditions, where vegetation resilience is highly sensitive to climate variability
and grazing intensity. In the belts surrounding Beijing (Hebei-Beijing), forest ecosystems
dominate due to capital function decentralization and ecological barrier construction, with
extensive distribution of ecological public welfare forests and water conservation forests
under substantial ecological restoration investment. These diverse natural and land use con-
texts provide an ideal natural laboratory for systematically comparing vegetation resilience
gradient effects across hierarchical administrative border belts.
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Figure 1. Study area. (a) Interprovincial border belts between Shanxi and Hebei; (b) interprovincial
border belts among Hebei, Shandong, and Henan; (c) interprovincial border belts between Inner
Mongolia and Hebei; (d) interprovincial border belts between Beijing and Hebei.

2.2. Data Sources

This study employs multiple datasets, including administrative boundary vectors,
annual NDVI data [19], and various socioeconomic and environmental indicators (Table 1).
Socioeconomic datasets consist of population density, GDP, nighttime light intensity, and
road network vectors. Environmental datasets include annual precipitation, annual temper-
ature, digital elevation model (DEM), soil organic matter, soil moisture, soil clay content,
tree age, and biodiversity integrity index. Based on these datasets, 21 candidate explanatory
variables were derived and grouped into socioeconomic and natural environmental cate-
gories. To ensure spatial consistency and comparability across all variables, each indicator
was standardized and resampled to a uniform spatial resolution of 1 km. A summary of
all potential influencing factors and their corresponding data sources is provided in the
table below.
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Table 1. Data sources and potential influencing factors.

Category Data Sources Or;igmal SPatlal Data Source References
esolution
Total GDP (TG) GDP data per year 1 km [20]
Total nighttime (TN) lighting Data on nighttime lighting per year 1 km [21]
Average road network (AR) Road network data - [22]
Proportion of land designated for construction (PC) Land-use data 30m
Lateral total GDP difference (LG) GDP data per year 1 km -
Socioeconomic Lateral total night-time lighting difference (LN) Data on nighttime lighting per year 1 km -
indicators Lateral average road network (LR) difference Road network data - -
. e . Mean interpolated GDP
Economic radiation intensity (EI) GDP data per year 1km within the border belt
Absolute GDP difference
Cross-boundary economic disparity (ED) GDP data per year 1 km between the two sides of
the border
Five-year mean precipitation (MP) Annual precipitation data 1 km [23]
Five-year mean temperature (MT) Annual temperature data 1 km [24]
Average tree age (TA) Tree age dataset 1 km [25]
Lateral mean biodiversity integrity index difference (LB) Biodiversity integrity index dataset 1 km -
Natural Lateral mean altitude difference (LA) DEM data 30 m -
environmental Mean biodiversity integrity index (MB) Biodiversity integrity index dataset 1 km [26]
indicators Mean altitude (MA) DEM data 30m [27]
Proportion of farmland (PF) Land-use data 30m -
Proportion of grassland (PG) Land-use data 30 m -
Mean soil orgapic matter content (SOM) Dataset of soil properties for land 5 km
Mean soil clay content (CC) surface modeline over China 5 km [28]
Mean soil moisture content (SM) & 5 km

https://doi.org/10.3390/land 15071321


https://doi.org/10.3390/land15071321

Land 2

026, 15,1321

50f26

2.3. Methods

To determine the appropriate buffer widths for each administrative level, we tested
alternative distances of 5, 10, 15, and 20 km on both sides of the boundaries. The selected
widths (15 km for provincial, 10 km for city, and 5 km for county borders) were identified
as optimal for capturing peak and valley gradient patterns, as narrower buffers failed to
capture full gradient transitions while wider buffers introduced noise from non-boundary-
related ecological variation (Figure S2). A total of 3264 border belt samples were delineated
at regular intervals across the study area. Vegetation resilience was quantified using the
first-order autoregressive [AR(1)] model, which is grounded in temporal autocorrelation
theory. Subsequently, Generalized Additive Models (GAM) were employed to fit the spatial
variation curves of vegetation resilience across the border belts. Five gradient types and
their corresponding intensities were identified based on predefined classification rules. The
spatial range thresholds of gradient effects were determined using Pettitt change-point
detection. Finally, a combined XGBoost-SHAP framework integrated with Random Forest
modeling was applied to analyze the influence mechanisms of socioeconomic and natural
environmental factors on gradient types and intensities across the three administrative
levels (Figure 2).

Evolutionary characteristics and gradient effects of vegetation resilience in hierarchical administrative border belts
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Figure 2. The conceptual framework of the study.

2.3.1. Vegetation Resilience Assessment

Vegetation resilience is critical for recovering ecosystem structure and function after
disturbance. In this study, resilience is quantified using an autocorrelation-based approach,
centered on a first-order autoregressive (AR(1)) model of NDVI time series with a moving
10-year window for each target year (2000-2010 for 2005; 2005-2015 for 2010; 2010-2020
for 2015 and 2020) [29]. While adjacent windows partially overlap, this design provides
sufficient temporal coverage to estimate ecosystem recovery dynamics while smoothing
interannual climatic variability. The calculation is grounded in the “memory effect” theory
of ecosystems: if an ecosystem exhibits high resilience, its current state depends less on past
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states, corresponding to weak autocorrelation; conversely, strong autocorrelation indicates
lower resilience. The resilience index is defined as:

Resilience = —r 1)

where p is the first-order autocorrelation coefficient of the NDVI time series, obtained via

linear regression:
NDVL;= o + B x NDVI;_1 + € (2)

Here, NDVI; and NDVI;_; represent the normalized difference vegetation index of the
current year and the previous year, respectively. « represents the baseline contribution
of environmental conditions to NDVI, B is the autoregressive coefficient reflecting the
temporal persistence of vegetation state, and €; denotes the random error term capturing
environmental fluctuations and disturbance events not explained by historical states.

2.3.2. Quantification of Vegetation Resilience Gradient Types and Effect Intensity in
Hierarchical Border Belts

To capture and identify the nonlinear relationship between vegetation resilience and
distance from administrative boundaries at different hierarchical levels (provincial, city, and
county), this study employed Generalized Additive Models (GAM) for curve fitting and
pattern recognition [30,31]. GAM allows flexible nonlinear associations between response
and predictor variables, with the general form expressed as:

yi = Botf(xi) + € 3)

where y, is the observed vegetation resilience, x; denotes the perpendicular distance of the
sampling point to the administrative boundary, {(-) represents smooth functions describing
nonlinear effects and €; is the random error term.

Based on the fitted GAM curves, five gradient types were classified according to
geometric and statistical criteria, including overall slope, location of extrema, and devi-
ation from linearity. Monotonic decreasing: curve exhibits a significant overall decline
(normalized slope < —0.5) without notable upward fluctuations. Monotonic increasing:
curve shows a significant overall rise (normalized slope > 0.5) without notable downward
fluctuations. Peak type: curve displays a pronounced convex peak within 5 km from
the boundary (maximum positive deviation > 0.25). Valley type: curve exhibits a dis-
tinct concave dip within 5 km from the boundary (maximum negative deviation < —0.25).
Stable fluctuating: curve remains relatively flat (range < 0.12) or shows no significant
directional trend.

To compare the effect intensity across different gradient types, type-specific met-
rics were applied. Monotonic types were characterized by the mean absolute gradi-
ent, reflecting the rate of change. Peak and valley types were quantified by the range
(maximum — minimum) to capture fluctuation amplitude. The stable fluctuating type was
measured by the standard deviation, indicating the degree of variability. All intensity
values were normalized to a 0-1 scale for comparability.

To further quantify the spatial extent of gradient effects, the spatial range
threshold—defined as the distance from the boundary at which vegetation resilience fluctu-
ations stabilize—was determined using Pettitt change-point detection. This nonparametric
test identifies statistically significant breakpoints in the fitted GAM curves separately for
the left (negative distance) and right (positive distance) sides. The total effect range was
calculated as the sum of absolute left and right thresholds, representing the full width of
the boundary influence zone. The threshold was considered significant only when p < 0.05.

https://doi.org/10.3390/land 15071321


https://doi.org/10.3390/land15071321

Land 2026, 15, 1321

7 of 26

2.3.3. Mechanisms of Gradient Effect and Intensity

Subsequently, the study applied an interpretable machine learning classifier (XGBoost-
SHAP) to analyze the influence of socioeconomic and natural environmental factors on
the formation of the five gradient types within each administrative level [32]. In the
classifier, the stable fluctuating type was assigned as class 1, while the four gradient
types—monotonic increasing, monotonic decreasing, peak, and valley—were collectively
treated as class 2, jointly representing the manifestation of gradient effects. The model was
configured with 150 estimators, a maximum depth of 6, and a learning rate of 0.1, and
optimized using a binary logistic loss function:

AN

Liy,y) =Y |vilog(y) + (1 —y)log(l — y,)] 4)

where y, denotes the true binary label and }Ali represents the predicted probability of
gradient type formation. The model was trained separately within each climatic zone
to capture region-specific ecological dynamics, and its performance was evaluated through
accuracy metrics and confusion matrices. For each observation and feature, the SHAP
value quantifies the marginal contribution of that feature to the prediction relative to the
average prediction:

% = Loy oS s u g - £69) ®)

where N is the set of all features, S denotes a subset of features, and {(S) represents the
model prediction using only the features in subset S. The mean absolute SHAP value was
computed to quantify feature importance:

importancei = %Z?:l@ii’ (6)

Finally, the study used a random forest model to examine the mechanisms influencing
gradient-effect intensity [33,34]. Initially, the 21 driving factors were aggregated into four
latent variables: Socioeconomic Sum, Socioeconomic Difference, Natural Sum, and Natural
Difference. A random forest regression model was then built to capture the nonlinear
relationship between gradient-effect intensity and each driver:

y = fre(xix, .., %p) 7)

where frp represents an ensemble of 200 decision trees, each constructed by recursively
partitioning the data to minimize mean squared error. The number of trees was selected
based on monitoring out-of-bag error stabilization, and the model performance was eval-
uated using R? and RMSE on the test set. To quantify the influence of each factor on
gradient-effect intensity, a standardized influence coefficient was derived by combining
feature importance from the random forest model with the directional information pro-
vided by Pearson correlation coefficients. Specifically, the influence coefficient for factor j

was calculated as: I
mp;

T Yk Impy

where Imp; denotes the Gini importance of factor j from the random forest model, and

G -sgn ;) (8)

sgn(rj) is the sign of the Pearson correlation coefficient between factor j and the target
variable, indicating whether the factor exerts a positive or negative effect. The resulting
coefficients were normalized to a range of approximately [—0.5, 0.5] to facilitate cross-
factor comparison. Additionally, the 21 factors were aggregated into four latent variable
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groups—Socioeconomic Sum, Socioeconomic Difference, Natural Sum, and Natural
Difference—to evaluate the composite effects of each category on gradient-intensity formation.

3. Results
3.1. Spatiotemporal Patterns of Vegetation Resilience

Figure 3 illustrates the spatial distribution and temporal dynamics of vegetation
resilience across the three hierarchical administrative border belts (provincial, city, and
county) in the BTH region from 2005 to 2020. Overall, vegetation resilience displayed

substantial spatial heterogeneity and a declining pattern over the study period, with
a recovery observed in 2020.
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Figure 3. Spatiotemporal dynamics of vegetation resilience within the BTH region: (a) 2005; (b) 2010;
(c) 2015; (d) 2020.
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In 2005, high-resilience belts in provincial border zones produced relatively contigu-
ous clusters, primarily located along the southeastern Hebei-Shandong border. In 2010
and 2015, the high-resilience areas shifted to the northwestern Inner Mongolia—Hebei
border. By 2020, high-value zones became concentrated in the northeastern tri-junction
area of Inner Mongolia—Hebei-Liaoning. For city border belts, high-resilience areas in
2005 were predominantly concentrated in the southern parts, notably along borders such
as Shijiazhuang-Baoding and Hengshui-Cangzhou. Between 2010 and 2015, vegetation
resilience significantly declined across city borders, whereas by 2020, high-resilience zones
re-emerged in the northeast, particularly along the Chengde-Tangshan and Chengde-
Qinhuangdao borders. For county border belts, the highest vegetation resilience in 2005
was observed in the southern and northeastern county borders. During 2010-2015, high-
resilience areas were mainly concentrated along county borders adjacent to Shanxi Province,
and by 2020, they had shifted to the northeastern county borders within Chengde City.

From a proportional perspective, notable differences emerged across the three admin-
istrative levels. In 2005, city border belts exhibited the highest vegetation resilience status
overall, with the combined proportion of relatively high resilience and above reaching
45.5%. In contrast, provincial and county border belts accounted for only 25.2% and 37.3%,
respectively. Between 2010 and 2015, the proportion of relatively high resilience areas
declined across all three hierarchical border belts. By 2020, provincial border belts had
become the most resilient, with the combined share of relatively high resilience and above
reaching 36.5%, followed by county border belts at 33.1% and city border belts at 31.8%.

3.2. Gradient Effects of Vegetation Resilience

Figures 4 and 5 show the composition, spatial configuration, and magnitude of gra-
dient types across the three hierarchical administrative border belts (provincial, city, and
county) in the BTH region for 2005, 2010, 2015, and 2020. The effective range of gradient ef-
fects was 15.12 km for provincial borders, 10.07 km for city borders, and 5.03 km for county
borders (Figure S1). Across all three levels, the stable-fluctuating type was consistently
predominant, followed by the peak and valley types, whereas monotonic increasing and
decreasing types remained comparatively rare throughout the study period. Provincial
border belts exhibited significantly stronger gradient effects than city and county belts in
2005, with the combined proportion of peak and valley types exceeding 50.65%, compared
to only 44.08% and 25.92% for city and county belts, respectively. Subsequently, in 2010 and
2015, gradient effects declined markedly across all three hierarchical levels. In 2010, the
stable-fluctuating type accounted for over 51.83% of city and county belts and 41.81% of
provincial belts. By 2015, the stable-fluctuating type had further increased to over 67.74% in
city and county belts and 57.59% in provincial belts, with provincial borders still exhibiting
stronger gradient effects than city and county borders. By 2020, city border belts displayed
slightly stronger gradient effects than provincial and county belts, with the combined
proportion of peak and valley types reaching 47.10%, monotonic types accounting for
22.15%, and stable-fluctuating type comprising 30.75%. Meanwhile, provincial border belts
exhibited 46.23% for peak and valley types, 18.49% for monotonic types, and 35.28% for
stable-fluctuating types.
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Figure 4. Spatial distribution of vegetation resilience gradient types within the BTH region across
four periods: (a) 2005; (b) 2010; (c) 2015; (d) 2020.

Figure 6 presents the average proportion of gradient effect types within cities. The
results reveal that vegetation resilience gradient effects were generally stronger in the north-
ern part of the BTH region than in the southern part. Specifically, cities such as Zhangjiakou,
Tangshan, Langfang, and Qinhuangdao exhibited consistently stronger gradient effects
across the study period. The proportion of unstable fluctuating types in Zhangjiakou aver-
aged 45.80% across 2005-2020, ranking among the highest of all cities. Tangshan followed
closely with an average of 43.53%, with notably high proportions in 2005, 2010, and 2020.
Langfang and Qinhuangdao also showed elevated levels, with averages of 43.20% and
40.68%, respectively. In the southern part, Shijiazhuang and Baoding showed relatively
strong effects, with Xingtai, Handan, and Hengshui displaying the weakest gradient effects.
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By 2020, the gradient effects in city and county border belts had increased substantially,
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Figure 5. Effect magnitudes and frequency distributions of vegetation resilience gradient types at
multiple administrative levels (provincial, city, and county): (a) 2005; (b) 2010; (c) 2015; (d) 2020.
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Figure 6. Statistics on the proportion of vegetation resilience gradient types showing unstable
fluctuation gradients across cities within the BTH region: (a) 2005; (b) 2010; (c) 2015; (d) 2020.

From 2005 to 2020, vegetation resilience and gradient effects exhibited an inverse

relationship across administrative levels. In 2005, city border belts showed higher resilience

but weaker gradient effects (peak and valley types at 44.08%), whereas provincial belts

displayed lower resilience yet stronger gradient effects (peak and valley types exceeding

50.65%). By 2020, this pattern had reversed: provincial belts had become more resilient

with weaker gradient effects (46.23%), while city belts showed stronger gradient effects

(47.10%) despite lower resilience.

To assess the robustness of our classification framework, we conducted a sensitivity

analysis by systematically varying the three key thresholds across all four study periods
from 2005 to 2020 (Figure 7). The results demonstrate that the classification is highly
stable with respect to slope and deviation threshold variations, with sample reclassification

rates remaining below 6% for slope and below 1.3% for deviation across most years.
Although the range threshold exhibited relatively higher sensitivity with 14.5% to 37.5% of
samples reclassified, this is expected given its direct role in distinguishing the dominant

stable-fluctuating type, which consistently comprised 37.3% to 83.4% of samples across

years. More importantly, the temporal patterns remained consistent regardless of threshold
selection. The stable-fluctuating type dominated in 2005, 2010, and 2015 with proportions of
70.0%, 70.0%, and 83.4%, respectively, followed by a marked decline to 37.3% in 2020. This
decline was accompanied by substantial increases in monotonic types from approximately

5% to 10% each and peak and valley types from approximately 9% to 19% and 9% to
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23%, respectively. These consistent temporal trajectories across diverse threshold settings
confirm that our classification results are robust and reflect genuine ecological changes
rather than artifacts of arbitrary parameter selection.
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Figure 7. Sensitivity analysis of county-level gradient type classification results for (a) 2005, (b) 2010,
(c) 2015, and (d) 2020.

The land use composition within the border belts corresponding to each gradient
category was further examined (Figure 8). Overall, the land use composition across the
three hierarchical border belts was dominated by cropland, forest, grassland, and built-up
surfaces. From 2005 to 2020, city and county belts consistently exhibited higher proportions
of cropland and built-up area than provincial belts. Specifically, built-up area accounted
for an average of 12.09% and 15.78% in city and county belts, respectively, compared
to 8.16% in provincial belts; cropland occupied 59.52% and 52.76% versus 43.38%. In
contrast, forest and grassland were more prevalent in provincial belts, with forest coverage
averaging 23.32%, substantially exceeding the 15.44% and 14.85% observed in city and
county belts. Over the study period, forest proportion increased slightly in provincial belts
but declined modestly in city and county belts, while cropland in city and county belts
showed an initial decrease followed by a subsequent recovery. Built-up area expanded
across all three administrative levels.
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Figure 8. Land use composition of different gradient types across hierarchical administrative borders

in the BTH region.
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Based on the gradient type comparison, the stable-fluctuating type exhibited the low-
est proportion of unused land (0.57%), compared to monotonic increase (1.1%), monotonic
decrease (0.97%), peak type (1.03%), and valley type (0.74%). The monotonic increase,
monotonic decrease, and valley types showed the highest forest and grassland coverage, at
17.49%, 16.46%, and 16.80%, respectively, exceeding those of the peak type (15.35%) and
stable-fluctuating type (15.87%). In contrast, the peak type had the highest impervious
surface proportion (12.86%), higher than monotonic increase (11.98%), monotonic decrease
(12.32%), valley type (11.71%), and stable-fluctuating type (11.25%). These patterns imply
that an increase in unused land may amplify gradient effects along administrative bound-
aries. In border zones with higher forest and grassland coverage, vegetation resilience is
more likely to reflect cross-boundary disparities in management intensity or governance
effectiveness, giving rise to monotonic increase, monotonic decrease, or valley type gradient
patterns. Conversely, the expansion of built-up surfaces near the boundary often signals
improved vegetation management and maintenance conditions, which tends to foster peak
type gradient patterns of vegetation resilience.

3.3. Gradient Effects and Intensity Attribution

Based on Moran’s I spatial autocorrelation analysis, we assessed the potential influence
of spatial dependence among the 21 explanatory variables and the target variable of
gradient types. The results showed that only 4 out of 21 factors exhibited significant spatial
autocorrelation with p < 0.05, including mean soil moisture content SM, mean soil clay
content CC, average road network AR, and lateral total night-time lighting difference LN,
with Moran’s I values of 2.7599, 0.9670, 1.2091, and —0.4725, respectively. The remaining
17 factors showed no significant spatial clustering. More importantly, the target variable of
gradient types exhibited no significant spatial autocorrelation with Moran’s I = 0.0202 and
p = 0.3990, indicating that the classification of gradient types is not spatially clustered.

The XGBoost classifier achieved overall accuracies of 0.965, 1.000, and 0.900 for provin-
cial, city, and county borders, respectively (Figure S3), indicating reliable model perfor-
mance for SHAP-based driver interpretation across all administrative levels. The results
reveal interpretable patterns in the drivers of vegetation resilience gradient formation across
the BTH region, with model performance falling within the range commonly reported in
ecological gradient studies (Figure 9). For provincial border belts, mean annual precipi-
tation (MP, 0.27) and average tree age (TA, 0.14) exert significant suppressive effects on
gradient effects, whereas cross-boundary economic disparity (ED, 0.16) and the difference
in nighttime light intensity (LN, 0.13) are associated with intensified gradient formation.
For city border belts, in addition to the suppressing effects of MP (0.37) and TG (0.21),
higher soil moisture (SM, 0.18) and cropland proportion (PF, 0.17) also mitigate gradient
effects. Conversely, mean temperature (MT, 0.19) and cross-boundary biodiversity disparity
(LB, 0.16) play promoting roles in gradient development. For county border belts, MP
(0.34) remains the dominant factor in eliminating gradient effects, with mean biodiversity
integrity (MB, 0.15) also exerting a moderating influence. Meanwhile, increased nighttime
light intensity (TN, 0.17) and a larger cross-boundary economic disparity (ED, 0.13) tend to
amplify gradient effects along county-level borders.
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Figure 9. Contribution scores from the XGBoost-SHAP model and corresponding SHAP scatter plots
for vegetation resilience gradient types across hierarchical administrative border belts in the BTH
region. (a) Provincial border belts; (b) city border belts; (c) county border belts.

The drivers of gradient-effect intensity also exhibit distinct patterns across administra-
tive levels (Figure 10). For provincial border belts, an increase in mean annual precipitation
(MP) consistently reduces gradient intensity, while tree age (TA, —0.46) and mean altitude
(MA, —0.35) further contribute to this suppression. Conversely, total GDP (TG, 0.40), cross-
boundary economic disparity (ED, 0.35), cropland proportion (PE, 0.33), and built-up area
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proportion (CC, 0.31) significantly amplify gradient intensity. In county border belts, higher
mean temperature (MT, —0.17) serves to weaken gradient intensity, whereas total GDP (TG,
0.25) acts as an intensifying factor. Notably, city border belts display a contrasting pattern:
cropland proportion (PF, —0.24) and total GDP (TG, —0.28) reduce gradient intensity, while
lateral total GDP difference (LG, 0.26) enhances it, distinguishing city belts from both
provincial and county counterparts.
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Figure 10. Influencing factors analysis of gradient intensity across three hierarchical administrative
border belts in the BTH region. (a) Provincial border belts; (b) city border belts; (c) county border belts.

4. Discussion

4.1. Temporal Decline and Recovery of Vegetation Resilience with a Shift from City to Provincial

Optimality in the BTH Region

Most studies have focused on the spatiotemporal dynamics of vegetation resilience

at the watershed or regional scale, yet few have specifically investigated the evolutionary
characteristics of vegetation resilience within administrative border belts. This lack of
research hampers effective cross-jurisdictional ecological coordination. To address this gap,
this study assessed vegetation resilience within the provincial, city, and county border belts
of the BTH region for the years 2005, 2010, 2015, and 2020, using a long-term NDVI dataset.
While 10-year NDVI-based resilience estimates involve overlapping temporal windows
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and differing buffer widths across administrative levels, the consistent temporal trends
within each level support our main conclusions.

The results reveal that vegetation resilience across the three hierarchical border belts
in the BTH region followed a trajectory of initial decline followed by a subsequent recovery.
Existing studies have confirmed that the period from 2000 to 2015 witnessed rapid socioe-
conomic development accompanied by a decline in environmental quality across the BTH
region. During this phase, the “growth-first” paradigm likely exerted considerable stress
on ecologically fragile zones, particularly administrative border belts [35]. However, since
approximately 2010, the implementation of ecological restoration projects has intensified
markedly. Notable examples include the Second Phase of the Beijing—Tianjin Sandstorm
Source Control Project initiated in 2013 and the cross-jurisdictional ecological compensation
mechanism for the watersheds of the Guanting and Miyun Reservoirs [36-38]. These trans-
boundary cooperative restoration efforts have been instrumental in stabilizing vegetation
resilience within border belts.

4.2. Pronounced Gradient Effects in Provincial and City Border Belts with a North—South
Disparity Across the BTH Region

The analysis of gradient types and intensities revealed a pronounced north-south
spatial disparity across the three hierarchical border belts. Northern cities (Zhangjiakou,
Tangshan, Langfang, Qinhuangdao) exhibited substantially stronger gradient effects than
southern cities (Xingtai, Handan, Hengshui), with Shijiazhuang and Baoding showing
moderate effects. This pattern is likely associated with underlying gradients in natural
conditions and anthropogenic pressures. The northern BTH region is characterized by
greater topographic relief, higher forest cover, and more fragmented landscapes, which may
contribute to boundary-induced ecological differences [39,40]. In contrast, the southern
plains are dominated by intensive agriculture and more uniform land use, which may
reduce the expression of gradient effects. Additionally, cross-boundary disparities in
economic development and ecological investment may be more pronounced in the north,
potentially further contributing to stronger gradient formation.

Regarding hierarchical differences, gradient effects were most pronounced in provin-
cial and city border belts, while county belts exhibited notably weaker effects. This ob-
servation is consistent with the finding that higher administrative levels tend to have
larger cross-boundary disparities in policy implementation, fiscal capacity, and land use
regulation [41]. Temporally, gradient effects followed a pattern of initial decline followed
by recovery from 2005 to 2020, mirroring the broader vegetation resilience trend. By 2020,
gradient effects in city and county belts had surpassed 2005 levels, suggesting delayed
transmission of ecological restoration benefits from higher to lower administrative tiers.
Furthermore, an inverse relationship between vegetation resilience and gradient effects
was observed: in 2005, city belts showed higher resilience yet weaker gradient effects,
while provincial belts showed lower resilience yet stronger effects; by 2020, this pattern
had reversed. This inverse relationship implies that higher resilience tends to diminish gra-
dient effects, whereas lower resilience amplifies them, raising the possibility that targeted
ecological restoration in less resilient border zones may effectively mitigate cross-boundary
gradient disparities.

4.3. Regulatory Roles of Economic Development and Land-Use Transition in Shaping
Gradient Effects

The attribution analysis reveals that natural endowments fundamentally shape veg-
etation resilience gradient effects across all three administrative levels. Mean annual
precipitation (MP) consistently emerges as the most important factor suppressing gradi-
ent formation, with contribution scores ranging from 0.27 to 0.37 across provincial, city,
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and county borders. This finding aligns with established knowledge that moisture avail-
ability governs vegetation growth and recovery capacity, particularly in water-limited
ecosystems [42]. When precipitation is abundant, vegetation resilience tends to be more
homogeneous across boundaries, dampening potential gradient effects. Similarly, tree
age (TA) and mean altitude (MA) further contribute to gradient suppression, suggesting
that mature forests and topographically complex terrains buffer against cross-boundary
ecological differentiation. These older, well-established ecosystems possess greater stability
and resistance to disturbance, reducing the likelihood of abrupt ecological transitions at
administrative boundaries [43,44].

Conversely, cross-boundary socioeconomic disparities and land use composition con-
sistently amplify gradient effects across administrative levels. Cross-boundary economic
disparity (ED) emerges as a key promoter at both provincial (0.16) and county (0.13) bor-
ders, while lateral GDP difference (LG, 0.26) specifically intensifies gradient effects at city
borders. This pattern suggests that when adjacent jurisdictions diverge in economic devel-
opment levels, vegetation resilience tends to differ markedly across the boundary—Ilikely
reflecting disparities in fiscal capacity for ecological investment, land use intensity, and
environmental regulation stringency [45]. Land use factors further modulate gradient
effects in a hierarchical manner. In provincial border belts, higher cropland proportion
(PF, 0.33) and built-up area proportion (CC, 0.31) significantly amplify gradient intensity,
indicating that agricultural expansion and urbanization create sharper ecological contrasts
across boundaries. In contrast, city border belts display a reversed pattern, where crop-
land proportion (PF, —0.24) reduces gradient intensity. This contrast is consistent with
the hypothesis that inter-jurisdictional coordination differs systematically across admin-
istrative levels. At the city level, borders fall within the same provincial administrative
framework, where unified policies, planning mandates, and fiscal arrangements promote
more coherent land use and ecological restoration coordination across city boundaries [46].
At the provincial level, however, borders separate independent administrative entities with
their own development priorities, environmental standards, and fiscal capacities, making
coordinated cross-boundary land management inherently more difficult [47,48]. This insti-
tutional asymmetry—where coordination is structured within provinces but largely absent
between them—offers a plausible explanation for why land use intensification amplifies
gradient effects at provincial borders but not at city borders. That said, landscape com-
position differences or scale-dependent confounding may also contribute to the observed
pattern, and direct examination of cross-jurisdictional policy variables or coordination
indices would be valuable to further validate this interpretation. The amplifying effect
of nighttime light differences (LN, 0.13; TN, 0.17) further supports this interpretation, as
nighttime illumination serves as a reliable proxy for urbanization intensity and economic
activity [49]. These findings suggest that enhancing inter-provincial coordination mech-
anisms for land use planning and ecological restoration—similar to the more integrated
intra-provincial model—could significantly mitigate cross-boundary gradient effects, high-
lighting the need for strengthened regional governance frameworks alongside targeted
conservation interventions.

4.4. Cross-Border Governance Strategies Based on Gradient Effect Analysis

The observed shift in resilience optimality from city to provincial borders by 2020
underscores the critical role of higher administrative levels in driving vegetation recovery,
while also revealing that city and county border belts continue to lag behind in resilience
gains. Although provinces have benefited from concentrated ecological restoration funding
and unified planning mandates, lower administrative tiers have experienced slower recov-
ery, as reflected in the persistently lower resilience gains at city and county levels compared
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to provincial belts [50]. This disparity points to the need for effective ecological restoration
that requires not merely project implementation but also strengthened cross-jurisdictional
coordination, increased financial support for local-level initiatives, and the integration
of lower-tier border belts into broader provincial planning frameworks [51]. Specifically,
the observed delayed recovery at county borders suggests that extending provincial-level
restoration funding mechanisms to municipal and county border zones could accelerate
resilience gains at lower administrative tiers.

The pronounced north-south disparity in gradient effects—with northern belts
(Zhangjiakou, Tangshan, Langfang, Qinhuangdao) exhibiting substantially stronger effects
than their southern counterparts—highlights priority areas for intervention. Given the
strong gradient effects in Zhangjiakou and Tangshan, where gradient effect types reached
45.80% and 43.53%, respectively, priority interventions should focus on these two cities.
Specific actions could include harmonizing land use policies between adjacent provinces
(e.g., Hebei and Inner Mongolia for Zhangjiakou) and aligning conservation investments
across provincial borders. Joint monitoring programs targeting vegetation resilience and
gradient indicators (e.g., NDVI trends, proportion of gradient effect types) should be estab-
lished in these high-gradient zones to track intervention effectiveness. Conversely, southern
belts, where gradient effects are weaker, may benefit from less intensive interventions fo-
cused on maintaining existing land use continuity and preventing future divergence.

The influence mechanisms reveal several actionable insights for cross-border gover-
nance. Natural factors—particularly precipitation, tree age, and altitude—show consistent
associations with gradient effects, and that ecologically sensitive zones (e.g., mature forests,
high-altitude areas) should be prioritized as natural buffers. The contrasting roles of land
use across administrative levels suggest a differentiated governance pathway. At provincial
borders, the finding that cropland proportion (PE 0.33) and built-up area (CC, 0.31) are
associated with amplified gradient intensity suggests that inter-provincial coordination
in land use planning and ecological restoration should prioritize agricultural and urban
expansion control—particularly in high-gradient areas such as the Zhangjiakou border
zone. Quantitatively, reducing cropland expansion by 10% in these zones could potentially
reduce gradient intensity by approximately 0.03 based on our coefficient estimates. At
city borders, where cropland proportion is unexpectedly associated with reduced gradient
intensity, existing intra-provincial coordination appears more effective, potentially provid-
ing a foundation for higher-level cooperation. The finding that cross-boundary economic
disparity (ED, 0.16 at provincial borders) and nighttime light differences (LN, 0.13; TN,
0.17) amplify gradient effects further indicates that convergence in economic development
and urbanization intensity across borders—particularly reducing the GDP and nighttime
light gaps between adjacent provinces—could complement ecological restoration in miti-
gating gradient effects. This suggests that joint land use zoning, cross-boundary ecological
compensation mechanisms tied to economic performance indicators, and harmonized envi-
ronmental standards between neighboring provinces are priority policy instruments. The
amplifying effects of economic disparity and nighttime light differences further indicate
that socioeconomic convergence, alongside ecological restoration, is essential for reducing
cross-boundary ecological contrasts. Integrated governance strategies should thus combine
targeted interventions in high-gradient zones with policies that promote economic and
infrastructural alignment across administrative boundaries.

4.5. Limitations

While this study reveals the spatiotemporal patterns and driving mechanisms of
vegetation resilience gradient effects across hierarchical border belts in the BTH region,
several limitations warrant consideration. First, vegetation resilience was estimated using
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annual NDVI data based on the AR(1) model; future research could employ monthly or
higher-frequency remote sensing data (e.g., MODIS, Sentinel-2) to test the robustness of
the findings and capture finer-scale resilience dynamics. Second, this study systematically
examined gradient effect types and intensities, yet the spatial range thresholds of gradient
effects—identified via Pettitt change-point detection—merit further validation through al-
ternative statistical methods or field-based investigations. Third, the selected buffer widths
(15 km, 10 km, and 5 km) correspond to administrative hierarchies, though alternative
distance thresholds could be tested to assess result robustness. Future research integrating
higher-resolution remote sensing, field observations, and comparative methodological
approaches would provide deeper insight into the coupled natural-governance systems
shaping vegetation dynamics across administrative borders.

5. Conclusions

Administrative border belts represent critical yet often neglected zones where frag-
mented governance can hinder ecological recovery. Understanding the gradient effects of
vegetation resilience across hierarchical administrative boundaries is therefore essential for
effective cross-jurisdictional coordination. This study systematically assessed vegetation
resilience and its gradient effects across provincial, city, and county border belts in the BTH
from 2005 to 2020. By integrating GAMs, random forest and XGBoost-SHAP analysis, the
spatiotemporal patterns, gradient types, intensity dynamics, and underlying mechanisms
were elucidated. The main findings are as follows:

(1) Vegetation resilience across the three hierarchical border belts followed a trajectory
of initial decline followed by recovery, with a marked shift in resilience optimality from city
belts in 2005 to provincial belts by 2020. Gradient effects exhibited pronounced north—south
spatial disparity, with northern cities showing substantially stronger effects than southern
counterparts, which may be partly associated with greater topographic relief and differences
in ecological restoration investments in the north, potentially contributing to cross-city and
cross-county disparities. Among the five gradient types, the stable-fluctuating type was
consistently predominant across all levels, followed by peak and valley types.

(2) Natural endowments appear to play a fundamental role in shaping gradient
effects, with mean annual precipitation, tree age, and altitude consistently associated
with the suppression of gradient formation. Conversely, cross-boundary economic dis-
parity, nighttime light differences, and land use composition—particularly cropland and
built-up expansion—amplify gradient effects. Notably, these factors modulate effects
hierarchically—agricultural and urban expansion intensify gradients at provincial borders
but reduce them at city borders, suggesting a potential role of governance coordination.

(3) Based on these findings, a tiered governance framework is proposed: northern high-
gradient provincial and city borders—particularly Zhangjiakou and Tangshan—should
receive the highest priority for intensive interventions, given their pronounced gradient ef-
fects and critical roles as ecological barriers. Targeted actions in these zones should include
harmonizing land use policies across provincial boundaries, aligning conservation invest-
ments, and establishing joint monitoring programs tracking NDVI trends and gradient
dynamics. For county borders, where gradient effects are weakest and model explana-
tory power is lowest, we recommend moderate, low-intensity interventions focused on
maintaining land use continuity and preventing future divergence, rather than large-scale
restoration prioritization. At the provincial level, stronger inter-provincial coordination
via cross-boundary ecological compensation and harmonized environmental standards
should be pursued to mitigate gradient effects. Additional financial and technical support
should be directed toward lagging county-level areas within broader provincial planning
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frameworks to prevent further divergence, though with appropriate caution given the
lower predictive certainty at this scale.

Collectively, this study advances the scientific understanding of vegetation re-
silience gradient effects across administrative hierarchies and offers a framework for
cross-jurisdictional ecological governance in the BTH region and other analogous
urban agglomerations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/1and15071321/s1, Figure S1: Effective range of gradient effects for
border belts; Figure S2: Representative examples of gradient effect identification across provincial,
city, and county border belts; Figure S3: XGBoost-SHAP model performance for provincial, city and
county border belts.
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