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Abstract
Pine wilt disease is a significant quarantine disease in China’s forests. Beyond
natural vector beetle transmission, human-mediated transmission plays a crucial
role in its spread and proliferation. This study selected the Three Gorges Reser-
voir area, a key region for pine wilt disease occurrence in China, to investigate
the landscape patterns of masson pine forests and the diffusion dynamics of pine
wilt disease with human activity intensity as the primary factor, aiming to elu-
cidate the disease’s diffusion mechanism. Results indicated an increasing trend
in the number of epidemic points in the Three Gorges Reservoir area in recent
years, while incidence rates in various regions have been brought under certain
control. In both epidemic and non-epidemic areas, the highest aggregation index
of masson pine forest patches was observed in Dadukou (a non-epidemic area)
at 98.6406, while the highest patch isolation index was in Zigui (a non-epidemic
area) at 0.9318. Analysis of variance revealed no significant correlation between
masson pine forest landscape patterns and pine wilt disease. Further investiga-
tion into the relationship between pine wilt disease and human activity intensity
demonstrated that disease incidence exhibits strong correlations with regional
road network density and total population, but weak correlations with regional
GDP and freight turnover. In Yichang, the correlation coefficients between pine
wilt disease incidence and road network density and total population were 0.985
and 0.866, respectively; in Chongqing, these values were 0.924 and 0.999, re-
spectively. Additionally, based on road network density and total population,
we projected the pine wilt disease epidemic in the Three Gorges Reservoir area
over the next decade. The projections indicated that with expanding road net-
work density and growing population, pine wilt disease incidence in Yichang
will exhibit a gradual upward trend, with R² values of 0.919 and 0.637, respec-
tively; Chongqing demonstrated a consistent pattern, with R² values of 0.976
and 0.992, respectively.
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Abstract: Pine wood nematode disease represents a major quarantine pest
in China’s forests. While natural transmission occurs through vector beetles
(Monochamus alternatus), human-mediated dispersal plays a crucial role in the
proliferation and spread of this disease. This study focused on the Three Gorges
Reservoir Area, a key region for pine wood nematode outbreaks in China, to
investigate the landscape patterns of Pinus massoniana forests and the diffusion
dynamics of pine wood nematode disease, with human activity intensity as the
primary factor, in an attempt to elucidate the underlying dispersal mechanisms.

The results revealed an increasing trend in the number of epidemic sites in
the Three Gorges Reservoir Area in recent years, though incidence rates in
various regions have been brought under control. The highest patch aggregation
index (98.6406) for P. massoniana forests occurred in Dadukou, a non-epidemic
area, while the highest division index (0.9318) was found in Zigui, also a non-
epidemic area. Analysis of variance demonstrated no significant correlation
between P. massoniana landscape patterns and pine wood nematode disease.
Further investigation of the relationship between pine wood nematode disease
and human activity intensity showed significant positive correlations between
disease incidence and road network density (correlation coefficient: 0.985) and
total population (correlation coefficient: 0.866) in Yichang. In Chongqing, the
correlation coefficients were 0.924 for road network density and 0.999 for total
population, while correlations with GDP and freight turnover were weak.

Based on these relationships, we predicted the disease trend for the next decade
using road network density and population data. The results indicated that as
road network density and population continue to expand, pine wood nematode
disease in Yichang will show a gradually increasing trend, with R² values of
0.919 and 0.637 respectively. The trend is more pronounced in Chongqing, with
R² values of 0.976 and 0.992 respectively, suggesting a steady increase in disease
incidence.
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Introduction
The gradual diffusion and invasion of pine wood nematode disease has become
an undeniable reality in China’s forests. The disease is transmitted through
the vector beetle Monochamus alternatus during its feeding process, introduc-
ing the nematode into host trees and causing wilting and death within months.
Currently designated as a major forest biological disaster in China, the disease
has reached epidemic proportions with increasingly severe scope and impact.
While numerous studies have focused on the disease and its vector insect, con-
trol efforts have proven ineffective, with the affected area expanding annually.
Human-mediated indirect transmission is considered a critical mechanism for
long-distance dispersal, as infected wood products move through human activity
corridors. Economic development levels significantly influence disease diffusion,
making the study of human activity factors essential for effective control.

Landscape-level research on forest pest invasion and diffusion, and its relation-
ship with landscape patterns, has gained increasing attention from scholars as
a means to reveal causal mechanisms and develop new control strategies. Corri-
dors and matrix are important landscape components, with corridors serving as
the only elements that connect and facilitate dispersal in landscapes, playing sig-
nificant ecological roles. With rapid urbanization intensifying conflicts between
ecological resources and environmental problems, land use pattern transforma-
tions have become frequent, drawing growing attention to corridor functions.
Corridors have dual functions: they can act as ecological barriers that block bi-
ological and energy flows between sides, while also connecting patches and pro-
moting energy and biological flows between them. The ecological functions of
corridors are closely related to their scale, structure, and pattern. Corridors can
be categorized as natural (e.g., rivers) or artificial (e.g., roads and hedgerows).
Given that pine wood nematode disease spread is heavily influenced by hu-
man activities, studying corridor spatial patterns is crucial for understanding
transmission dynamics and developing control measures. This research takes
the Three Gorges Reservoir Area as a case study to examine the relationship
between corridor spatial patterns and pine wood nematode disease, providing
theoretical support for landscape-scale research and control.

1. Study Area Overview
The Three Gorges Reservoir Area extends from Yichang in Hubei Province in the
east to Jiangjin in Sichuan Province in the west, covering approximately 2 mil-
lion hectares between 106°–110°50�E and 29°16�–31°25�N. The region includes
Badong, Zigui, and Yubei, Changshou, Wuxi in Chongqing, characterized as
an intraplate uplift erosion middle-low mountain landform zone. Situated on
China’s second topographic step, the area has high terrain in the west and low
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in the east, with the Yangtze River as the main waterway. Valley plains account
for 4.3% of the total area. The reservoir area lies on the northern edge of the
subtropical zone, with an average annual temperature of 17–19°C and annual
precipitation of 1000–1250 mm. The current vegetation is dominated by conif-
erous forests (21.7%), coniferous-broadleaf mixed forests, deciduous broadleaf
forests, shrubs, and grassland degradation ecosystems. The primary coniferous
species is Pinus massoniana, commonly mixed with P. massoniana in coniferous-
broadleaf forests.

2. Data Sources and Methods
2.1 Data Sources

Pine wood nematode disease damage data were obtained from the Hubei Provin-
cial Forest Pest Control and Quarantine Station and Chongqing Academy of
Forestry. Since Yichang City confirmed its first epidemic site in 2003, the study
period spans 2003–2015. As the disease specifically damages P. massoniana
forests, all statistics and analyses reflect disease conditions through damage
to these forests, including damaged area and tree numbers. Vector data were
sourced from the Hubei Provincial Forestry Survey and Planning Institute and
the Chinese Academy of Sciences Resource and Environmental Science Data
Center, including national P. massoniana forest distribution data. National
economic data and road mileage statistics were obtained from Yichang and
Chongqing Statistical Yearbooks for 2006–2015.

2.2 Analysis Methods

Based on historical epidemic site distribution in the Three Gorges Reservoir
Area, the region was divided into eastern (Yichang section) and western
(Chongqing section) segments. Badong County, with minimal disease oc-
currence, was excluded from this study. Statistics were compiled at the
county/district level. Using ArcGIS software, epidemic site distributions were
mapped at large scales for 2006, 2010, and 2015, with township-level mapping
providing finer-scale description of disease conditions. The incidence rate
was calculated as the ratio of actual damaged area to total pine forest area
within each unit. The study area was divided into epidemic and non-epidemic
regions based on 2015 announcements from the State Forestry Administration.
Epidemic areas included Xiaoting, Wanzhou, and Fuling, while non-epidemic
areas included Wujia, Yichang City proper, and others.

Landscape pattern differences were analyzed at the township scale using
Fragstats software. P. massoniana forest patches were converted to vector
data to calculate area (CA), number of patches (NP), patch density (PD),
landscape shape index (LSI), division index (Division), and aggregation index
(AI). One-way ANOVA was used to compare differences between epidemic and
non-epidemic areas. Human activity intensity was characterized using road
network density, population density, and freight volume to reflect changes in
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human activity intensity over the past decade. Factor analysis and principal
component analysis identified the most influential factors affecting pine wood
nematode disease, and prediction models were developed to assess future
disease trends.

3. Results
3.1 Expansion Trend of Pine Wood Nematode Disease in the Reser-
voir Area

The spatial distribution patterns of epidemic sites across three periods (2006,
2010, 2015) are shown in [Figure 1: see original paper]. The maps reveal
that Yichang City eradicated epidemic sites in Zigui County, while Chongqing
showed no clear county-level invasion. By 2015, Yichang had effectively con-
trolled outbreaks in Dianjun and Xiaoting districts, whereas Chongqing added
one new epidemic site. Epidemic sites were primarily distributed along the
Yangtze River, posing significant threats to ecological security on both banks.
The region’s rugged, hilly terrain makes it prone to geological disasters like
landslides once forests are damaged.

At the township level, the number of epidemic townships in Yichang increased
from 3 in 2006 to 13 in 2015, peaking at 15 in 2010. Chongqing showed greater
fluctuation, with epidemic townships increasing from 5 to 11 during the same
period. In terms of damage rates, Yichang exhibited a decreasing trend, from a
maximum of 0.5450% in 2006 to a minimum of 0.0268% in 2015, excluding the
initial discovery year of 2003. Chongqing showed a pattern of initial decrease
followed by marked increase, with rates rising from 0.2911% in 2006 to 0.4114%
in 2015.

3.2 Landscape Patterns in Epidemic and Non-epidemic Areas

Comparisons of P. massoniana forest landscape patterns between epidemic and
non-epidemic areas at the same administrative scale are presented in [Figure 2:
see original paper], [Figure 3: see original paper], and . The largest forest area
was in Dangyang (68,261 ha), while the smallest was in Wujiagang (615 ha).
The highest number of patches occurred in Shizhu, and the lowest in Xiling (1
patch). Patch density was highest in Yichang’s urban district (1.5515 km/km²)
and lowest in Changshou (0.0268 km/km²). The division index was highest in
Zigui (0.9318), while the landscape shape index was highest in Shizhu (8.8032).
The aggregation index reached its maximum in Dadukou (98.6406).

One-way ANOVA results showed no significant differences between epidemic
and non-epidemic areas for any landscape metrics: patch area (F = 2.38901,
P = 0.13476), patch density (F = 1.23841, P = 0.27636), number of patches
(F = 2.8537, P = 0.09616), landscape shape index (F = 2.8629, P = 0.09865),
division index (F = 1.5065, P = 0.22684), and aggregation index (F = 2.38901,
P = 0.13476).
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3.3 Human Activity Intensity and Principal Component Analysis

Selected indicators of human activity intensity (road network density, total
population, and freight volume) for Yichang and Chongqing showed consistent
increases from 2006–2015, with more pronounced growth in Chongqing. Road
network density increased in both cities, from 1.1845 km/km² to 1.3632 km/km²
in Yichang, and from 1.2172 km/km² to 1.5515 km/km² in Chongqing. Popu-
lation totals remained relatively stable in Yichang but increased in Chongqing.
Freight turnover showed substantial growth, particularly in Chongqing (from
51.04 to 2783.04 t/km).

Factor analysis revealed strong correlations between disease incidence and both
road network density and population. In Yichang, the correlation matrix showed
coefficients of 0.985 between incidence and road density, and 0.866 between in-
cidence and population. The Kaiser-Meyer-Olkin measure confirmed sampling
adequacy for factor analysis. Principal component analysis extracted two com-
ponents with eigenvalues >1, explaining 96.748% of variance, with road network
density and population as the primary factors.

In Chongqing, correlation coefficients were 0.924 for road density and 0.999 for
population. The analysis similarly confirmed these as representative factors,
with two components explaining 98.474% of variance.

3.4 Disease Prediction Models

Based on the strong correlations identified, prediction models for the next
decade were developed using road network density and population trends. Ex-
pert modeler analysis determined that exponential smoothing with linear trends
provided the best fit. In Yichang, the model showed increasing disease incidence
with R² values of 0.919 for road density and 0.637 for population. In Chongqing,
the trend was more severe, with R² values of 0.976 for road density and 0.992 for
population, indicating a strong linear increase in disease risk as human activity
intensifies [Figure 5: see original paper], [Figure 6: see original paper].

4. Discussion
4.1 Masson Pine Landscape Patterns and Disease Occurrence

Pine wood nematode is an extremely important invasive forest pest in China,
causing irreversible damage to pine resources. While landscape ecology theory
offers important practical significance for control efforts, and P. massoniana is
the primary host, this study demonstrates that landscape patterns alone do not
directly determine disease epidemics. No significant correlation was found be-
tween P. massoniana forest spatial patterns and disease occurrence, suggesting
that human activity factors or regional landscape characteristics are more influ-
ential. However, since the disease depends entirely on host distribution, further
research on the relationship between forest component structure and disease at
the landscape level is warranted.
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4.2 Economic Development and Disease Occurrence

While previous studies have examined relationships between pine wood nema-
tode disease and landscape patterns, few have quantified human activity in-
tensity. This research establishes clear positive correlations between disease
incidence and both road network density and population totals. Increased so-
cietal demands have driven road network expansion and denser planning, fa-
cilitating more frequent inter-regional connections and inadvertently increasing
passive disease transmission probabilities. Major infrastructure projects like
the Yichang-Xiangyang Expressway and secondary road upgrades in the Three
Gorges region will likely intensify environmental and ecological impacts.

Increased road density also reflects heightened habitat patch isolation. Ac-
cording to percolation theory, habitat isolation effects exhibit critical threshold
phenomena where ecological impacts suddenly intensify beyond certain levels.
However, contrary to expectations that increased isolation might reduce disease
spread, pine wood nematode shows no decreasing trend, likely because its vector
beetle’s dispersal capabilities also respond to isolation thresholds.

4.3 Population Pressure and Disease Occurrence

Both Yichang and Chongqing showed stable or slightly increasing population
trends during the study period. Population growth intensifies production and
living pressures on resources and environments, leading to more diverse and
complex human landscapes. Human landscapes represent fundamental units
for studying landscape ecology and human interactions, with population size
reflecting dependence on natural resources. Larger populations create greater
demand for resources and environmental space, inevitably increasing human-
modified landscapes. Studying these landscapes helps clarify relationships be-
tween natural resource changes and human society, particularly regarding how
spatial heterogeneity of natural resources influences socioeconomic development.

4.4 Conclusions

This study in the Three Gorges Reservoir Area examined relationships between
three human activity indicators (road network density, population density, and
freight volume) and pine wood nematode disease diffusion. Results show sig-
nificant positive correlations between disease incidence and both road network
density and population totals, with correlation coefficients of 0.985 and 0.866 in
Yichang, and 0.924 and 0.999 in Chongqing. Linear trend models based on these
factors predict continued disease increase over the next decade, with R² values
of 0.919 and 0.637 for Yichang, and 0.976 and 0.992 for Chongqing. The findings
indicate that pine wood nematode disease will continue its gradual expansion
in both regions, with the trend being more severe in Chongqing.
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