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Summary. The potential distribution of Bursaphelenchus xylophilus in Asia was investigated through eco
logical niche modelling. The modelling procedure was developed based on night environmental variables. 
Principal component ~nalysis was used to describe environmental niche differentiation of the species. The 
analysis identified temperature and precipitation as the most important factors affecting the invasiveness 
of B. xylophilus. This implied that water and energy played the dominant role in the potential spreading 
of B. xylophilus. No significant relationship was found between human population density and environ
mental niches exhibited by B. xylophilus. Further monitoring effect should be enhanced in those natural 
landscapes with moderate temperature and precipitation, for example, temperate zone in China, Japan 
and Korea. Areas with relatively low precipitation would suffer higher risk of the species as indicated by 
ecological niche visualization. Some areas in SW China will become highly susceptible to the species in 
the 2050 because of climate change. Controlling pest species Monochamus altematus was a highly effi
cient surrogate· for controlling B. xylophilus in the fieldwork. My findings contribute to further under
standing the invasive ecology of B. xylophilus and have implications in sustainable integrated pest man
agement practices. 
Key words: Bursaphelenchus xylophilus, ecological niche modeling, GARP model, human population 
density, invasive species, principal component analysis. 

Biological invasion induced by alien species is 
one of the most urgent global issues affecting hu
mans (Zhu et al., 2007). Increasing global trade 
and travel has increased the risks of introducing 
exotic species to new areas around the world 
(Xiong et al., 2007). Nematode species is an im
portant component contributing to global alien 
specie_s. The invasive nematode Bursaphelenchus 
xylophilus is a destructive species in the forest in
dustry because it causes serious damage to the 
trees in the genus Pinus. Generally this species has 
been regarded as the 'cancer' of pines in East Asia 
(Wang et al., 2007). 

Bursaphelenchus xylophilus presumably origi
nated from North America and was transported to 
the southern Japanese island of Kyushu at the be
ginning of the 20th century (EPPO, 2007 and ref
erences therein). From Japan, B. xylophilus has 
spread to other East Asian countries - China and 
Korea (Liu et al., 2003; Song & Xu, 2006). Native 
American conifers are mostly resistant to the spe
cies, while Asian species are susceptible (Han et 
al., 2007; EPPO, 2007). This developmental dif-

ferentiation leads to massive destruction of Asian 
pines. 

Bursaphelenchus xylophilus is found mainly on 
Pinus spp. For example, P. bungeana, P. densiflora, 
P. luchuensis, P. massoniana and P. thunbergii (na
tive in Asia) are the major plants attacked by the 
species (Song & Xu, 2006; EPPO, 2007). Bur
saphelenchus xylophilus has two modes of life cy
cle, a propagative mode and a dispersal mode 
(Wingfield, 1983). In both cases, the nematodes 
are transmitted from one host to another by in
sects from the genus Monochamus, principally M 
alternatus (Song & Xu 2006; EPPO, 2007). 

Extensive amount of information exist on the 
use of ecological niche models to predict species' 
potential distribution ( e.g. Xiong et al., 2007; Zhu 
et al., 2007). However, few studies have attempted 
to predict the geographical distribution of destruc
tive nematodes (Boag et al. 1992; Neilson & Boag, 
1996). In searching the historical literature, only 
the potential distribution of Longidorus elongatus 
and Xiphinema diversicaudatum were predicted 
(Boag et al., 1991; Neilson & Boag, 1996; Boag et 
al., 1997). But these previous studies on nematode 
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species' distribution are based on the CLIMEX or 
simple statistical model and only focused on the 
geographic region in Europe (e.g., Boag et al., 
1991, 1997). However, in recent years, major dis
tribution modelling techniques have been devel
oped and applied. Therefore, using new tools to 
identify high-risk hotspots for B. xylophilus will be 
an interesting research topic. In addition, predict
ing nematode species in Asian countries will pro
vide a complementary perspective of global nema
tode distribution. In this study, new mathematical 
models were introduced to predict the geographic 
expansion of an invasive nematode species B. xylo
philus in Asia. 

Human population density is regarded as an 
important factor affecting species richness (Diniz 
et al., 2006, 2007; Luck, 2007) and population 
structure (Telles et al., 2007), both of which have 
great implications in conservation biogeography 
(Diniz et al., 2006, 2007; Araujo & Rahbek, 2007). 
However, previous studies related only to native 
species, and it is not known whether there is any 
correlation between human population density and 
invasive species. It is hypothesized that human 
population density is not only correlated with in
vasive species richness (Luck, 2007), but also with 
the predicted suitable environmental niches of in
vasive species. We will test the latter assumption 
herein because the niche visualization is possible. 

In summary, this study is principally to analyze 
the spatial patterns of B. xylophilus in Asia through 
ecological niche modelling. We will address the 
following ecological parameters for B. xylophilus: 
1) potential distribution trend under the current 
climatic scenario; 2) potential distribution shift 
under a future climatic scenario; 3) visual descrip
tion of predicted suitable niches and identification 
of important factors shaping the niches along envi
ronmental gradients; and 4) testing of possible re
lationship between human population density and 
ecological niches of the species. · 

.MATERIAL AND METHODS 

Distributional dataset. Due to the limitation of 
data collection, the geographical distributional 
records of B. xylophilus were only gathered in 
China between year 2000 and 2007. The data were 
collected through cumulative online and literature 
search. The final dataset is composed of 72 distri
bution records in China and is available upon re
quest. 

Environmental dataset. We used night envi
ronmental variables to develop prediction models, 
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which were all downloaded from the homepage of 
DesktopGARP software (http://www.nhm.ku.edu/ 
desktopgarp/index.html). These include elevation, 
slope, aspect, annual average precipitation, radia
tion, annual average temperature, evaporation, 
annual average number of frost days and humidity. 
Additional predicted climatic data were 
downloaded from the data distribution centre of 
IPCC (http://www.ipcc-data.org/). Predicted re
sults of the HadCM2 model, developed at the 
Hadley Centre, Bracknell, UK were chosen as the 
basal data for climatic change scenario (Peterson 
et al., 2002; Jones et al., 2003). HadCM2 has a 
spatial resolution of 2.5°x 3.75° (latitude by longi
tude), and the representation produces a grid box 
resolution of 96°x73° grid cells (http://www.ipcc
data.org/is92/ hadcm2_info. html). 

The data of worldwide human population den
sity was downloaded from Gridded Population of 
the World Version 3 (GPW v3.0) (Center for In
ternational Earth Science Information Network, 
Columbia University; http://sedac.ciesin. colum
bia.edu/gpw). 

Methods. The GARP method, the abbreviation 
of the full name 'Genetic Algorithm for Rule-set 
Production', was used as the ecological niche 
model to predict the potential distribution. As one 
of genetic algorithms, GARP model works in an 
iterative manner for rule construction, evaluation 
and incorporation or rejection to produce a het
erogeneous rule-set describing the species' ecologi
cal niche (Stockwell & Peters, 1999; Peterson & 
Vieglais, 2001; Zhu et al., 2007). As a genetic al
gorithm, GARP model has been applied widely in 
modelling species potential distribution (Peterson 
& Vieglais, 2001; Peterson, 2005; Ron, 2005; Li et 
al., 2006; Zhu et al., 2007). Herein we briefly in
troduce the genetic algorithms, which develop 
rules to build niche models by a process analogous 
to natural selection. First, the performance of sets 
of rules is evaluated. Only the rules with the high
est performance are maintained for the next gen
eration. Then, processes analogous to genetic mu
tation, recombination, and crossing over modify 
the rules randomly. Finally, the modified rules are 
selected before the next generation based on their 
performance. The process is iterated until addi
tional generations do not improve the performance 
of the set of rules (Stockwell & Peters, 1999; Ron, 
2005). 

GARP prediction modelling was developed us
ing the free open source software OpenModeller 
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Fig. 1. Current distribution range of B. xylophilus in Asia. 
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Fig. 2. Potential distribution range of B. xylophilus in Asia (year 2050). 

Probability 
~ I I 2001o 
ml 40% 
ml60% 
ml80% 
ml 100% 

s 

Probability 
~ I . I 2oo/o 
-- 40°/o 
ml ~0°/o · 
111180°/o · 
1111100% 

s 

t. 

3 



Y.-H. Chen 

,/"' . " 

' • 
l 

Fig. 3. The distribution range of the vector beetle Monochamus alternatus in Asia. 

desktop version 1.0.5 (Sutton et al., 2007), which 
was downloaded from http://openmodelle~.source
forge.net/. OpenModeller was originally developed 
under the GPL License, based on several algo
rithms that were derived from ecological niches of 
species evaluating correlations between distribu
tional occurrences and environmental characteris
tics, such as GARP, Bioclim, and Climate Space 
Model. We utilized the GARP algorithm with best 
subsets. The GARP model is projected onto geo
graphic maps, and ArcView v3.3 (ESRI: 
http://www.esri.com/) is used to display the po
tential distribution expanding areas. 

In the two-dimensional visualization of suitable 
niches for B. xylophilus (Peterson & Williams, 
2008), for each environmental attribute, a t-test for 
two independent samples was applied to detect 
whether there was significant difference between 
the observed outbreak locations and predicted suit
able sites. 

Environmental data extracted from the pre
dicted suitable range were analyzed by principal 
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component analysis (PCA), with the aim of pre
senting suitable niche characteristic visually (Ron, 
2005). PCA is implemented by the program MVSP 
v3. li (Kovach Computing Services; 
http://www.kovcomp.com/) to order the invasion 
probabilities and spreading dynamics of B. xylophi
lus along the environmental gradients ( Zhu et al., 
2007). 

To infer whether there is a relationship between 
predicted suitable niches of invasive species and hu
man population density, we carried out a simple re
gression analysis to fit the possible relationship using 
Statistica v6.0 (StatSoft, http://www.statsoft.com/). 

RESULTS 

Under current climatic scenario, we found that 
areas along the southern side of Yangtze River 
(Fig. 1) were the most potential outbreak sites for 
this nematode species. The southernmost boundary 
could reach countries of Indochinese Peninsula, 
such as Vietnam, Laos and Thailand. 
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Fig. 4. Ecological niches of B. xylophilus in the suitable 2D environmental space produced by principal components I and 
II. Hollow squares indicate known localities; gray triangles indicated the 145063 predicted suitable locations. 

Under future climatic scenario (in 2050 year), it 
was predicted that the geographical expansion of B. 
xylophilus would shift to southern areas of China (Fig. 
2). The analysis further revealed that the suitable range 
will not cover the Shandong Peninsula, Liaodong 
Peninsula, North Korea, and Indochinese Peninsula 
in the predicted map. However, Sichuan Basin . and 
Yunnan-Guizhou Plateau will become highly suscep
tible to this nematode. 

To examiqe. the accuracy of the distribution ex
pansion range, the distribution of the host M. al
ternatus was mapped (Fig. 3) based on the sum
mary from Song & Xu (2006). Results from this 
prediction demonstrated that areas with 100% 
probability of B. xylophilus occurrence fell within 
the known range of M. alternatus: 

Three principal components with eigenvalues > 1.5 
accounted for 63.5% of the total variance based on 
the 9 variables that were measured (Table 1). Prin
cipal component I (axis I) was positively corre
lated with temperature (correlation: 0.493); while 

principal components II and III were both posi
tively correlated with precipitation ( the correla
tions for axes II and III were ·· 0.508 and 0.465, 
respectively). 

Suitable niches (predicted probabilities~ 20%) 
for the first two essential environmental determi
nants were exhibited for comparing with those 
known outbreak localities (Fig. 4). The annual 
average temperature range for known localities is 
between 1 l.5°C and 23.5°C. None of 72 known 
localities is located in regions where annual aver
age precipitation is below 800 mm. These known 
localities were arranged (Fig. 4) within the 
boundaries of predicted suitable niches defined by 
the bivariate environmental space of annual aver
age temperature and annual average precipitation. 
Annual average temperature at known localities 
(Mean= 16.49; SD=2.49) is not significantly differ
ent from the average at predicted localities 
(Mean=l8.2; SD=9.15; T-test: p=0.1136). How
ever, annual average temperature at known. 
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Fig. 5. The relationship between niche probability and human population density for B. xylophilus in Asia (The 
line denotes the simple regression fit: R2=Q.007; p<0.0001). 

localities (Mean=1425.0l; SD=317.41) and the 
average of predicted localities (Mean= 1051.25; 
SD= 842.48) is significantly different from each 
other (T -test: p< 0.0001). These results indicated 
that the species is expected to occur under a wide 
variety of temperature ranges (Ron, 2005), but has the 
distributional trend to invade arid areas with lower 
precipitation 

There were no remarkable relationship between 
human population density and invasive suitable 
nich~s (Fig. 5). The linear fit is very ·low 
(R2=0.007; p<Q.0001). An analogous result is also 
obtained in pqlynomial regression analysis (not 
showed herein). The hypothesis that the predicted 
suitable environmental niche of B. xylophilus is 
correlated to human population density may be 
rejected. 

DISCUSSION 
The phylum Nematoda comprises some impor

tant pests of forest and agricultural products (Liu 
et al., 2003; EPPO, 2007; Han et al., 2007). Some 
nematode species, such as Tylenchida spp. and 
Meloidogyne spp., can cause severe plant diseases. 
To understand more fully the epidemic character-
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istic of nematode species, it is important to reveal 
their ecological requirements on a spatial scale. In 
this study, applying ecological niche modelling, we 
made attempts to elucidate the distribution pat
terns of the nematode species B. xylophilus. 

There are many proposed approaches for infer
ring species potential distribution, among which 
GARP model is the most robust and the most 
widely used (Peterson & Vieglais, 2001; Peterson, 
2005). Because the maps generated from GARP 
could not be explained directly, principal compo
nent analysis was applied to reveal the underlying 
association between environmental factors and B. 
xylophilus. This kind of analysis has previously 
been used to reveal the distribution pattern of 
pathogens (Ron, 2005). 

Environmental envelop analysis provides visual 
graphical display of fundamental niche characteris
tic of B. xylophilus influenced by concrete and tan
gible ecological parameters (Ron, 2005; Zhu et al., 
2007). Through principal component analysis, the 
pivotal variables shaping geographic distribution of 
invasive species (Table 1 & Fig. 4) could be ob
tained, the top ones of which are temperature and 
precipitation. Therefore, we could conclude that 



water and energy are both vital to enhance the 
invasive success of B. xylophilus in pine trees. In 
general, moderate climatic parameters in the tem
perate zone of East Asia provide highly preferential 
condition for the invasiveness of B. xylophilus. 

Table 1. Character loading of percentage of variance 
explained by the first three principal components (PC) 
for 9 environmental variables at 145063 predicted suit
able locations in Asia (Fig. 4). * depicts the three most 
important variables correlated with each axis. The Ab
breviations: ASP: aspects; FRS: annual average frost 
days; PRE: annual average precipitation; RAD: radia
tion; SLO: slope; TMA: annual average temperature; 
V AP: evaporation; WET: humidity; ELE: elevation. 

PC I PC II PC III 

Eigenvalues 3.907 1.982 1.729 

Percentage of 
variance explained 32.559 16.516 14.409 
(%) 

ASP -0.022 0.058 -0.045 

FRS -0.467* -0.188 -0.049 

PRE 0.01 0.508* 0.465* 

RAD 0.441 * -0.055 -0.32* 

SLO -0.127 0.47* -0.284 

TMA 0.493* 0.128 0.012 

YAP 0.09 -0.464* 0.302 

WET 0.4 0.262 0.3 

ELE -0.37 0.252 0.396* 

The geographic coincidence between the pre
dicted range of B. xylophilus and the known occur
rence of the host pest M. alternatus (Fig. 3) indi
cated that M alternatus is a highly efficient surro
gate for controlling B. xylophilus in the field. Al
though there are other hosts for B. xylophilus, M 
alternatus was· the preferred one for the propaga -
tion of the nematode (Wang et al., 2007), There
fore, in practice, we suggested that the areas having 
populations of Monochamus species, especially M 
alternatus, would be the first to be considered for 
spread of B. xylophilus. We also suggested richness 
hotspots in SW China (Myers et al., 2000) such as 
Yunnan and Sichuan Provinces ( Chen & Bi, 2007) 
have higher probabilities of invasion by the species 
under climatic change (Fig. 2). This result has posi
tive implication for setting up necessary monitoring 
measures in SW China in preventing invasion of B. 
xylophilus (Wang et al., 2007). 

There was no significant relationship between 
potential invasive niches of B. xylophilus and hu
man population density. This implied that the dis
persal of invasive species is rather complex. Hu
man activity is a factor possibly influencing the 
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distributional range but may not 'play a dominant 
role. This result is different to those studies show
ing a positive relationship between native species 
and human population (Diniz et al., 2006, 2007; 
Telles et al., 2007). To some extent, this demon
strated that the spatiotemporal trend of B. xylophi
lus is human-independent. The suitable environ
mental niches of B. xylophilus distribute homoge
nously in regions with various human population 
densities. Climatic attributes are superior to human 
population density in interpreting the potential 
distribution of the species. Other factors such as 
host dispersal ability and tree richness maybe also 
contribute to its invasive success in Asia, although 
these have not been tested here. 

Although we present the predicted map under a 
future climatic scenario, this map is just a coarse 
assessment of the species' suitability under future 
climatic conditions, and is less explanatory com
pared with that of the current climatic scenario. 
The main reason for this is that climatic change is 
just one of the aspects regulating the distribution 
dynamics of invasive species. Other aspects such as 
unknown scourges, natural enemies and biotic re
sistance may jointly contribute to the future distri
bution range. In practice, the current predicted 
distribution range has more meaning than future 
predicted range. 

On technical aspect, there are two packages 
implementing GARP model: OpenModeller and 
DesktopGARP. The advantage of OpenModeller 
compared to DesktopGARP is to allow layers with 
different resolutions to work together directly 
without transformation. This becomes convenient 
because we do not need to input formalized envi
ronmental layers, which reduce the preparation 
time prior to develop the modelling. 

Lack of some known localities due to collection 
limitations do not significantly influence the pre
dicted accuracy of the model. As evidenced in 
Figs. 1 and 2, the predicted range could reach 
those areas occupied earlier by B. xylophilus but 
lacking distributional information, such as Korea 
and Japan. In addition, as described above, most 
of the predicted range of B. xylophilus with highest 
probability (100%) is covered fully by the distribu
tional range of its host M. alternatus. Both demon
strate the robustness of the prediction model 
merely using limited known distribution points. 

In conclusion, under climate change, the po
tential distribution of B. xylophilus will spread to 
more southern areas of China where a biodiversity 
hotspot (Myers et al., 2000) is located. The poten
tial range will be constrained to S China and adja
cent countries in SE Asia when climatic condition 
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becomes hot. Water and energy rather than 
physiological factors (i.e. altitude, slope, and as
pect) play dominant roles in regulating the distri
butional trend of B. xylophilus through environ
mental envelope analysis. Moderate temperature 
and precipitation conditions will accelerate the 
invasive rate of the species. No direct relationship 
is found between predicted niches of the species 
and human population density. 
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CKOH 3KCITaHCJili JiHBa3JiBHOro BH)],a Bursaphelenchus xylophilus B A31ili. 
Pe3JOMe. I10Tem.1;11arr pacrrpocTJ)aHeHHH Bursaphelenchus xylophilus B A3HH 11ccrre.l],0BaH c rroMOIIJ;hIO 
MO)],err11poBaHJ151 3KOnor11qecKHX HHIII. ,[(eB51Tb rrepeMeHHbIX, OTJ)a)KaJOIIJ;JiX ycrrOBJ151 OKpy)KaJOrn;eif cpe
)],bI, JiCIIOJib30BaJIJiCb )],JI51 ITOCTJ)OeHH51 MO)],erreif. IIpoBe)],eHHbIH aHaJIJi3 Bbl5IBJ1JI 3HaqeHH51 TeMrrepaTypbI 
Ji ypoBH51 oca)],KOB KaK OCHOBHhie cpaKTOpbI, orpaH11q11aa10rn;11e pacrrpOCTJ)aHeHHe B. xylophilus. 3TO IIO
Ka3bIBaeT, qTo BJia)KHOCTb Ji JiHCOJI51IJ;Ji51 HrpaIOT OCHOBHYIO porrb B orpaHJiqeHJili B. xylophilus. He 6hIJIO 
o6Hapy)KeHO CB513Ji Me)K)],y IIJIOTHOCTblO HacerreHH51 Ji HaJIJiqJieM 3KOJIOr11qeCKJiX HHIII, OCBOeHHbIX B. xy
lophilus. Heo6XO)],JiM )],aJihHeHIIIJiH MOHJiTOpHHr B ecTeCTBeHHbIX 3KOCJiCTeMax yMepeHHOro KJIHMaTa B 
K11rne, 51rroHHH 11 Kopee )],JIH KOHTporrH pacrrpocTpaHeHHH 3THX HeMaTO.ll,. MeTO.ll. a113yarrmau;1111 3Korro
r11qecK11x HHIII IIOKa3bIBaeT, qTo Ha1160JihIIIeMy pHCKY IIO)],Bep)KeHhI perHOHbI co cpaBHHTeJibHO Hli3KHM 
ypOBHeM oca)],KOB. HeKOTOpbie paifOHbI IOro-BocToqHoro KHTa51 MoryT K 2050 r0)].y OKa3aTbC51 BeCbMa 
YH3BHMhIMH )],JIH B. xylophilus Ji3-3a rrpo11cxo.ll,HIIJ;HX KJIHMaT11qecK11x Ji3MeHeHHH. KoHTJ)OJih rrepeHocq11-
KOB - ycaqeif Monochamus alternatus - MO)KeT OKa3aTbC51 aechMa 3cpcpeKTHBHhIM cpe.ll,CTBOM orpaH11qe
HHH pacrrpocTpaHeHH51 B. xylophilus B IIOJieBhIX ycJIOB1i51X. BhrnBJieHHbie 3aKOHOMepHOCTJi Ba)l(Hbl )],JI51 
IIOHHMaHH51 3KOJIOrlili JiHBa3JiBHOro BH.l],a B. xylophilus Ji HMeIOT 3HaqeHHe )],JI51 rrrraHHpOBaHH51 Mep 
6opb6bI C 3Tl1.Mli Bpe.ll,HTeJIHMJi. 
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