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Abstract: We characterized the dispersal patterns of pine wilt disease (PWD) in the early stage of 
its invasion in the South Korea, and estimated the influence of environmental factors on the 
dispersal of PWD. Data were obtained in 10 regions with at least five consecutive years of data for 
10 years from 1994 to 2005. The dispersal patterns of PWD were categorized into four types: type 1 
is a jumping type of dispersal, forming new patches; type 2 infestations are ones without any 
expansion of patch size; and types 3 and 4, respectively, show uni-directional or multi-directional 
dispersal outward from an existing patch. Dispersal patterns changed during different phases of 
the pathogen’s invasion history: type 1 was the most frequent in the early invasion stage. Annual 
dispersal distance showed regional variations. Human population density had a positive 
correlation with the dispersal distance of PWD, indicating that anthropogenic factors can 
contribute to the dispersal of PWD. Our results suggested that dispersal through jumping from 
areas occupied by PWD was the main dispersal route in the early stage of invasion and that after 
this phase, the existing colonies expanded and merged. These results supported the existence of 
stratified dispersal patterns of PWD. 

Keywords: pine wood nematode; forest disease; spatial dispersal; patch; invasion history; invasive 
species; stratified dispersal 

 

1. Introduction 

Invasive species are among the most severe disturbances affecting ecosystems due to their 
potentially devastating effects on natural communities [1]. The invasion process can be categorized 
into four steps: introduction, establishment, expansion, and naturalization [2]. After the successful 
establishment of an invasive species in a new area, it will continue to occupy the new habitat by 
expanding its range up to its ecological limits [2]. Thus, the best management strategy to control 
invasive species is to prevent their establishment in the initial stage of an invasion. If they are 
established, the next best strategy is to slow down their dispersal speed to minimize their impact on 
ecosystems. A USA national program to manage the gypsy moth (Lymantria dispar) called “slow the 
spread” is an example of the successful use of this approach [3]. The dispersal speed of gypsy moth 
was reduced through the eradication of isolated colonies that had formed beyond the population 
dispersal front of the infested zone [4]. 
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Understanding the dispersal characteristics of a particular invasive species is essential to 
determining a suitable strategy to slow down its dispersal. Generally, invertebrates display a stratified 
dispersal based on the combination of long distance dispersal (LDD) and short distance dispersal 
(SDD) [5]. There are many examples of stratified dispersal including gypsy moth (L. dispar) [6], 
Argentine ant (Linepithema humile) [7], and mountain pine beetle (Dendroctonus ponderosae) [8]. 

Pine wilt disease (PWD), caused by the pine wood nematode (PWN), Bursaphelenchus xylophilus 
Nickle, a species native to North America, is one of the most serious threats to pine trees in Asia 
and Europe [9]. The PWN has invaded many Asian and European countries, including Japan in 
1905 [10], China in 1982 [11], Korea in 1988 [2], Portugal in 1999 and Spain in 2008 [12]. The PWN is 
a tree-parasitic nematode and its length ranges from 0.6 mm to 1.0 mm [2]. It develops to a female 
or male adult through several stages including egg and four juvenile stages. The third juveniles 
enter the body of vectors such as Monochamus alternatus through the tracheal system. The PWN 
takes five days to complete a generation at 25 °C [2]. The nematode forms novel mutualistic 
relationships with native Monochamus species, vectors of PWN, allowing the nematode to quickly 
and safely move between pine trees and increasing the number of freshly killed trees available for 
the reproduction of Monochamus beetles [13]. The area damaged by PWN was 72 ha in 1988 and 
increased to 7811 ha in 2005 [2], indicating that the PWN has been in the range expansion phase. The 
dispersal distance of PWD depends on the dispersal capacity of Monochamus beetles. Several 
approaches have been used to measure the dispersal capacity of PWD, including analysis of field 
occurrence data [2], and flight-mill experiments [14]. Therefore, it is important to identify dispersal 
patterns of PWD as well as major environmental factors influencing the dispersal speed for the 
management of PWD [15]. 

The first occurrence of PWD in the South Korea was reported at Mt. Geumjong in Busan in 
1988 [2] although it is suspected that PWD invaded Korea before 1986 [16]. Until 1997, distribution 
of PWN was restricted to the Busan area. Before the first detection of PWN on Korean white pine 
(Pinus koraiensis Siebold et Zuccarini) near Seoul in 2006, Japanese red pine (Pinus densiflora Siebold 
et Zuccarini), and Japanese black pine (Pinus thunbergii Parlatore) were known to be host plants for 
pine wilt nematode. The Japanese pine sawyer, Monochamus alternates Hope, is the PWN vector for 
these two pine species, whereas Monochamus saltuarius Gebler is the vector for Korean white pine. 

This study aims to characterize the dispersal patterns of PWD at both the stand (patch) and 
regional levels in the early stage of PWD invasion in South Korea. In addition, we identified the 
potential factors such as human population density, which affect the dispersal speed of PWD in the 
different study regions. 

2. Materials and Methods 

2.1. PWD Occurrence Data 

PWD occurrence data were obtained from the ‘Pine Wilt Disease Geographic Information 
Management System’ operated by the Korean Forest Service. The analog maps of PWD occurrence 
data in 53 regions (i.e., cities, counties, or districts) from 1994 to 2007 were digitalized using ArcView 
3.2 and ArcGIS 9.1 (ESRI, Redlands, USA) [17,18]. The dead pine trees were detected by ground 
survey to define the occurrence area of PWD. The dead trees inside the boundary of the PWD 
occurrence area in the previous year were considered as trees infected by PWD, whereas the dead 
trees outside of the boundary were examined for the infection status from the pine wood nematode 
based on wood samples collected from the trees by nematode experts. PWD occurrence data 
consisted of polygons without information on the number of trees infected by PWD. To estimate 
regional dispersal speed, data were selected in 10 regions where the occurrence data were recorded 
consecutively for at least 5 years (Figure 1). Among them, data from four regions (Gumi, Jinju, 
Tongyeong and Haman) were from 2001 to 2006, while those in the other six regions (Geoje, Gimhae, 
Miryang, Busan, Yangsan and Ulsan) were from 2001 to 2005. 
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Figure 1. (A) Survey areas and (B) schematic diagrams for four dispersal types of pine wilt disease 
(PWD). D is the annual dispersal distance of PWD. Type 1: a jumping dispersal from a patch forming 
a new patch; type 2: without any dispersal; types 3 and 4 are respectively unidirectional and 
multi-directional dispersals expanding from an existing patch. Dispersal distance of type 4 is a mean 
of four Ds D1–D4. 

To evaluate the factors affecting dispersal speed, we investigated two anthropogenic factors 
(road density and human population density) and a forestry factor (proportion of coniferous forests 
in each administrative region). Human population density was obtained from the Korean Statistical 
Information Service (http://www.kosis.go.kr), while road density was estimated from the GIS 
database as a ratio of the road area to total land area in each study region. The proportion of 
coniferous forest was estimated as a ratio to the total forest area in each region on the 1/25,000 scale 
map provided by the Korean Forest Service (http://www.forest.go.kr). We considered coniferous 
forests to be those areas with at least 25% coverage area of coniferous species. 

2.2. Dispersal Pattern of Patches 

PWD occurrence areas were recorded in polygons in each year. We considered polygons with a 
direct connection to another polygon as single patches. A patch cluster was defined as a group of 
patches with less than 2 km of uninfected areas between patches. To classify the dispersal pattern of 
PWD, annual changes in PWD patch shape and dispersal distances within and between the patches 
were analyzed at the regional level with reference to invasive history. We divided the regions into 
two groups based on the invasion history: initial stage of invasion if the regions were infested by 
PWD within the last four years and later stage of invasion if the regions had an invasion history 
greater than four years. We examined dispersal patterns for all patches between two consecutive 
years, and obtained approximately 10 different types with different dispersal distance at different 
directions. To simplify the analyses, we categorized dispersal patterns into four different types 
based on the shape of the patches. Type 1 is a jumping type of dispersal in which a new patch is 
formed, consisting of a colony of pine trees infected by the pine wood nematode; type 2 is a patch 
that does not expand; while types 3 and 4 of dispersal show uni-directional and multi-directional 
expansion outward from an existing patch (Figure 1). Dispersal distance from patches was estimated 
according to the dispersal pattern. The dispersal distance of type 1 events was estimated to be the 
distance between the nearest existing patch and a newly formed patch in two consecutive years 
(Figure 1), that of type 2 was considered to be 0 m (Figure 1), that of type 3 was estimated to be the 
nearest linear distance between the lines of polygons from two consecutive years (Figure 1), and the 
distance of type 4 was the mean value of dispersal distance of each of the four directional distances 
between lines of polygons over two consecutive years (Figure 1). We used the term “distance 
between patch clusters” for the distance between the centers of patch clusters. 
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Figure 2. (A) Changes in the proportion of dispersal types according to the number of years after the 
first occurrence of PWD; (B) Annual dispersal distance at different invasive stages. Early stage: 
within four years after the invasion; later stage: more than four years after the invasion. Dispersal 
distance of a patch was measured as D in Figure 1. 

2.3. Statistical Analysis 

The relationships between dispersal distance and its relative frequency at the regional level 
were estimated using the exponential decay function [19], showing the best fitting curve based on 
the CurveExpert (ver. 1.4) [20]: ( ) =   

where f(x) is a frequency at the dispersal distance (m) x, N0 is a frequency at the first smallest 
dispersal distance (i.e., initial value), and b is the decay constant. 

Linear regression analysis was conducted to estimate the relationship between the dispersal 
distance of PWD and its related environmental factors at the regional level. 

3. Results 

3.1. Characteristics of Dispersal Patterns 

Of the four dispersal patterns, type 1 was the most dominant (52% in the data) (Figure 2), 
followed by types 2, 4 and 3, accounting for 27%, 12% and 9% of dispersal, respectively. In 
particular, type 1 was dominant in the early stage of the invasion process, and its frequency 
decreased from the fifth year after the invasion (Figure 2). Dispersal distances between patches were 
1.00 and 1.03 km at the initial and later stages, respectively (Figure 2), while dispersal distances 
between patch clusters were 1.15 and 0.74 km at the initial and later stages, respectively (Figure 2). 

3.2. Annual Dispersal Distance at Patch and Regional Levels 

Most study regions displayed a high frequency of short annual dispersal distance of 0.37 km at 
the patch level, while some regions including Geoje, Busan, Ulsan, and Tongyeong displayed a 
relatively high frequency of long dispersal distance (Figure 3). Overall, 88.8% of annual dispersal 
distances were less than 1.0 km considering all regions together (Figure 3). Only 2.5% of annual 
dispersal exceeded 2.0 km, and the maximum annual dispersal distance was 7.71 km in Geoje 
(Figure 4). 

The relationships between the annual dispersal distance at the patch level and its relative 
frequency in the ten regions were well fitted by the exponential decay function (R2 > 0.99) with 
regional variations (Figure 3). The slopes of the function were highest in Miryang and lowest in 
Ulsan. Dispersal greater than 3 km was observed in Geoje, Gumi and Tongyeong. 
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Figure 3. Frequency of annual dispersal distances in ten different study regions: Geoje, Gumi, 
Gimhea, Miryang, Busan, Yangsan, Ulsan, Jinju, Tongyeong, and Haman. The lines were fitted by the 
exponential decay function. 

 

Figure 4. Frequency of annual dispersal distance with pooled data from the ten study regions and its 
accumulated percentage (dashed line). The solid line was fitted by the exponential decay function. An 
arrow indicates a maximum value (7,710 m) which is not visualized because of a low frequency value. 

Mean annual dispersal distances at the regional level varied by region and year. The longest and 
shortest mean annual dispersal distances at the regional level were 1.48 km in Geoje and 0.01 km in 
Miryang from 2001 to 2002. Deviations of mean annual dispersal distance between regions (0.71–0.86 
km) were larger than deviations between years (0.35–0.61 km). 

3.3. Influence of Socio-Environmental Factors 

The human population density, road density, and proportion of coniferous forests all varied by 
region. Human population density was highest in Busan with 45.7 person/ha and lowest in Miryang 
with 1.4 person/ha. Road density was highest in Gimhae with 15.9% of land covered and lowest in 
Geoje with 4.0% of land covered. The proportion of coniferous forests was highest in Geoje with 
42.5% and lowest in Gimhae with 23.8%. Annual dispersal distances increased as a function of the 
human population density (F = 11.02; df = 1, 7; p < 0.013; R2 = 0.61) (Figure 5A). However, they were 
not affected by road density (F = 0.050; df = 1, 8; p > 0.05) (Figure 5B) or proportion of coniferous 
forests (F = 0.13; df = 1, 8; p > 0.05) (Figure 5C). 
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Figure 5. Relationships between annual dispersal distance and (A) human population density;  
(B) fraction of coniferous forest to total area and (C) fraction of road density to total land cover area. 

4. Discussion 

4.1. Characteristics of Dispersal Patterns 

Our results showed that the frequency of dispersal patterns changed from a predominance of 
type 1 (displaying a jumping dispersal forming a new patch) at the early stage of the invasion 
process to types 3 or 4 (showing a uni- or multi-directional dispersal expanding from an existing 
patch) at the later stage of the invasion. This phenomenon can be attributed to the foraging behavior 
of the vector infected by pine wood nematode (PWN). Generally, cerambycid beetles, including 
Monochamus species, require weakened or freshly dead trees for oviposition. At the initial invasion 
stage, beetles infected by PWN search for such trees since available oviposition sites are probably 
limited, causing them to forage over wider areas to find suitable trees. During this foraging 
behavior, pine trees are infected by the maturation feeding of the adult beetles, and the number of 
pine trees infected by PWD increases. Beetle female fecundity is maximized if they can find suitable 
oviposition hosts near where they emerge, but in the early stages of invasion, suitable hosts so close 
at hand are often not available. 

The foraging behaviors of Monochamus species, including M. alternatus, have been intensively 
studied because these species are the major vectors of PWD in many countries: M. alternatus in Japan 
[21–23], M. galloprovincialis in Europe [14,24,25], and M. carolinensis in America [26]. Flight distances 
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of beetles heavily infected by PWN were shorter than those of lightly infected ones [26]. The beetles 
forage over broader areas to search for weakened or freshly dead pine trees at the initial stage of the 
PWN invasion. These foraging behaviors could cause the different spatial distributions of pine trees 
infected by PWN. Moreover, the proportion of pine trees with delayed symptoms may be different 
at different stages of the invasion. The proportion of trees with delayed symptoms was higher at the 
initial stage of the invasion than at the later stage, a phenomenon that might be caused by the lower 
phoretic pressure of PWN. 

Kwon et al. [27] suggested that all pine trees close to trees infected by PWD should be cut to 
control asymptomatic trees infected by PWD with an optimum clear cut radius of 20 m at the initial 
stage of the invasion and 10 m at the later stage. Our results partially support those of Kwon et al. 
[27] with respect to the foraging behavior of Monochamus beetles, but the exact radius needed for 
sanitary clear cutting should be re-examined. 

4.2. Annual Dispersal Distance at Patch and Regional Levels 

The combination of long distance dispersal (LDD) and short distance dispersal (SDD) results in 
stratified dispersal, including the establishment of new colonies far from the moving population 
front, growth of individual colonies, and colony coalescence contributing to the advance of the 
population front [4]. In this study, the annual dispersal distance of M. alternatus was 0.37 km and 
ranged from 0 to 7.71 km. However, careful interpretation on these dispersal distances is required, 
for several reasons. The first of these is that the estimation of the dispersal distance on the basis of 
field observation is spatial scale-dependent. Choi and Park [2] showed that the dispersal speed of 
PWD in Korea changed from 1.1 km/year to 13.8 km/year according to the invasive stage in the 
nationwide scale. Their dispersal distances were estimated on a relatively large scale based on 
administrative regions without considering dispersal within the administrative regions, while the 
dispersal distance in our study was estimated at both patch and regional scales. A second reason is 
that the dispersal distances include SDD, LDD, and human-mediated dispersal distance. The relative 
frequency of SDD is higher than those of LDD and human-mediated dispersal distance because 89% 
of dispersal distances were less than 1 km/year. David et al. [14] reported that the mean dispersal 
distance of M. galloprovincialis, a main European vector of PWD, was 16 km over the lifetime of the 
beetle on the basis of flight mill experiments. A modeling study showed that the maximum dispersal 
distance was 464 m, whereas a lifetime dispersal distance of M. galloprovincialis was observed in the 
range of 107 to 122 m in the field [25]. Similarly, the dispersal capacity of M. alternatus ranged from 
7.1 to 37.8 m in a P. thunbergii forest about 50 m in width [23] and the maximum dispersal distance in 
the forest was 54.9 m and 58.5 m for male and female beetles, respectively [22], suggesting that SDDs 
of Monochamus were a few hundred meters in the field and further dispersal distances might be 
underestimated. Therefore, the dispersal capacity of M. alternatus in Korea probably ranges from a 
few hundred meters to a few kilometers with a high probability that any single dispersal would be 
less than 1 km. Moreover, SDD might be the most dominant dispersal of the beetle and LDD and 
human-mediated dispersal could be the less frequent. This suggests that preventing longer dispersal 
by mediating human activity is the best strategy to slow down the dispersal speed of PWD. 

The last reason to be cautious about dispersal distances is the potential inconsistency of data 
collection across studies. All data were collected by each local government of Korea, and the 
boundary criteria for patches could vary. Moreover, an exact criterion of boundary was not defined 
during data collection [18]. These factors have the potential to lead to differences in the estimation of 
occurrence areas in each local government and could induce errors in the estimation of dispersal 
distance of patches and between patches. In spite of these uncertainties, however, our results 
showed the dispersal characteristics of PWD in the field condition in spite of potential errors in 
estimating exact dispersal distances. 
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4.3. Influence of Socio-Environmental Factors on Dispersal 

Interestingly, the dispersal speed of PWD was high in areas with high human population 
density, suggesting that human-mediated dispersal accelerates the dispersal speed of PWD. The role 
of human-mediated dispersal in the spread of PWD was also reported in China [28,29]. 
Human-mediated dispersal plays an important role in the invasion process of many organisms: the 
emerald ash borer, Agrilus planipennis, in the USA [30], the yellow-legged hornet, Vespa velutina in 
France [31] and 17 invasive plants in China [32]. Human activities such as logging and trade which 
require wooden packaging material can increase the risk for the accidental transportation of infected 
materials by PWN and may be responsible for the rapid spread of the nematode [28]. According to 
the Korea Forest Service [33], the human-mediated movement of wooden materials infected by PWN 
was the main cause of new occurrences of PWD in eight administrative regions where the first 
invasion of PWD was reported in 2013. Besides the movement of wooden material infected by PWN, 
the accidental movement of beetles vectoring PWD by vehicle may be one of the causes for the rapid 
dispersal of PWD in Korea. Similarly, adults of walnut husk fly, Rhagoletis completa, were found to be 
transported passively by vehicles in Europe [34]. 

In spite of the possibility that beetle movement was facilitated by vehicles, road density was not 
found to be correlated with the dispersal speed of PWD in our analysis. This might be because our 
analysis focused on movements within administrative regions on a relatively small scale. In China, 
long-distance human-mediated dispersal by wooden material infected by PWD was observed, 
ranging from 111 to 339 km [28], suggesting that such longer dispersal distance by human-mediated 
dispersal was not included in our data. In addition, our data reflected only the road density rather 
than traffic density. Finally, our data were not based on individual trees, but based on the area for 
the occurrence of PWD. Therefore, estimating the influence of road density on the dispersal speed of 
PWD was limited by the nature of our data. The influence of the proportion of coniferous forest was 
not probably observed for similar reasons. Similarly, the dispersal speed of pine needle gall midge 
(Thecodiplosis japonensis), an invasive pest on pine trees in Korea, was dependent on the density of 
pine forests in the landscape, with higher speed associated with lower density of pine forest [2]. In 
highly coniferous forests, insect vectors are more sedentary because favorable feeding conditions are 
locally abundant. 

5. Conclusions 

The dispersal patterns of PWD were categorized into four types based on the dispersal rate and 
directions. The dispersal patterns were changed by invasive history from type 1 (i.e., jumping type 
of dispersal, forming new patches) in the initial stage of invasion to type 4 (multi-directional 
dispersal outward from an existing patch) in the later stage, suggesting that dispersal through 
jumping from areas occupied by PWD was the main dispersal route in the early stage of invasion, 
and human activity plays an important role in the long-term dispersal of PWD. These stratified 
dispersal patterns could be implemented in the dispersal spatial models in future studies. 
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