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Abstract Pine wilt disease, which can rapidly kill

pines, is caused by the pine wood nematode, Bursa-

phelenchus xylophilus. It is expanding its range in

many countries in Asia and measures are being taken

at the EU level to prevent its spread from Portugal.

Due to the threat to European forests, it is important

to prevent additional introductions and target sur-

veillance to the points of entry that pose the greatest

risk. In this study, we present a model to identify the

European ports from which the nematode can spread

most rapidly across Europe. This model describes: (1)

the potential spread of the pine wood nematode based

on short-distance spread (the active flight of the

vector beetles) and long-distance spread (primarily

due to human-mediated transportation), and (2) the

development of pine wilt disease based on climate

suitability and the potential spread of the nematode.

Separate introductions at 200 European ports were

simulated under various climate change scenarios.

We found that the pine wood nematode could invade

19–60% of the study area (30�00 N–72�00 N,

25�00 W–40�00 E) by 2030, with the highest spread

from ports located in Eastern and Northern Europe.

Based on climate change scenarios, the disease could

affect 8–34% of the study area by 2030, with the

highest spread from ports located in South-Eastern

Europe. This study illustrates how a spread model can

be used to determine the critical points of entry for

invasive species, so that surveillance can be targeted

more accurately and control measures prioritised.

Keywords Accidental introduction � Climate

change � Human activities � Invasion � Nematode

Introduction

Given the increasing number of alien species intro-

duced to different parts of the world, and their

environmental and economic impacts (Pimentel et al.

2005; Work et al. 2005; Hulme et al. 2009a, b;

Roques et al. 2009), understanding the mechanisms

of biological invasions has become an important

issue. Approximately 1,300 alien terrestrial inverte-

brate species are now established in Europe, repre-

senting one of the most numerous groups of
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organisms (Roques et al. 2009). Thus it is important

to provide estimates of the potential risk of invasions

of alien species, and propose solutions appropriate to

the state of invasion, e.g. to target phytosanitary

measures to the most risky pathways to prevent entry

(see Phytosanitary Measures PM 9/1(3) and PM 9/10(1)

from the European and Mediterranean Plant Protec-

tion Organization, EPPO, http://archives.eppo.org/

EPPOStandards/regulatorysystems.htm), or apply con-

tainment and eradication measures to stop establish-

ment and spread of the invasion (see Liebhold and

Tobin 2008 for a review of the most appropriate

methods).

Bioclimatic models based on climate matching

using presence-absence data are often used to deter-

mine the potential distribution of a species (Guisan

and Zimmermann 2000; Kriticos and Randall 2001;

Elith et al. 2006). Although true absence data are

essential in distribution models (Václavı́k and

Meentemeyer 2009), they are sometimes not avail-

able and generating pseudo-absence data can induce

some errors in the models (e.g., Elith and Leathwick

2009, Lobo et al. 2010). This concern is even greater

for invasive alien species that are still spreading since

absence data may be misleading. In this case,

distribution models can be developed in combination

with some dispersal constraints (e.g., Meentemeyer

et al. 2008; Roura-Pascual et al. 2009). An important

factor in estimating the potential risk of expansion of

an invasive species is the dispersal ability of

individuals. Previous studies have mainly focussed

on natural spread, e.g. the ability of the species or its

vector to disperse by itself or passively by wind, with

models based on a random diffusion process, gener-

ating a travelling wave with a constant asymptotic

speed (Shigesada and Kawasaki 1997; Murray 2002).

However, possible long distance jumps combined

with short-distance movements, so-called stratified

dispersal, can significantly increase the speed of

expansion (Shigesada and Kawasaki 1997; Liebhold

and Tobin 2008). Increasingly, studies have shown

that human-mediated dispersal plays an important

role in the long-distance dispersal of invasive terres-

trial invertebrates (e.g., Gilbert et al. 2004; Muirhead

et al. 2006; Lippitt et al. 2008; Pitt et al. 2009;

Robinet et al. 2009). Since these long-distance jumps

have a low probability of occurrence and are difficult

to predict, the most appropriate models to describe

this type of spread are stochastic although hundreds

of replicate simulations may be required to obtain a

representative estimate of potential spread (Pitt et al.

2009; Robinet et al. 2009).

The pine wood nematode, Bursaphelenchus xylo-

philus (Steiner and Buhrer) Nickle, is usually

considered to be a secondary pathogen in stressed

or recently dead trees in North America, its native

area (Bergdahl 1988). However, it causes severe

damage to Pinus trees in countries where it has been

introduced in Asia (Japan, China, Taı̈wan, South

Korea) (Togashi and Shigesada 2006). The nematode,

or more precisely, the pine wilt disease transmitted by

the nematode, has already caused the death of

millions of pines. In Japan, despite control efforts,

the volume of damaged timber had reached 2.4

million m3 per year and 500,000 ha of pine forest was

infested by the 1980’s (Mamiya 1984). Pine wilt

disease is one of the major forest threats to Europe

because of its devastating impacts on host trees and

the difficulties in containing its spread and eradicat-

ing the nematode after introduction (Evans et al.

1996; Suzuki 2002; Pérez et al. 2008; Økland et al.

2010). Pine wilt disease was discovered in Portugal in

1999 in the Setúbal Peninsula (Mota et al. 1999) and,

in spite of strict control and containment measures, it

spread approximately 150 km northward in

2008–2009 and now infests a major part of the

country (Mota et al. 2009).

The pine wood nematode is transmitted between

trees by long-horn beetles of the genus Monoch-

amus (Coleoptera: Cerambycidae) over relatively

short distances. It is often detected close to port

areas (Mota et al. 2009) because of the human

transportation of infested material, notably wood

packaging. Accidental transportation by humans can

effectively spread the beetles and the nematodes

over long distances. Seasonal drought and high

temperature causing water stress in the host trees

plays an important role in disease develop-

ment (Anonymous 2007; Evans et al. 2008). Due

to the increase in the mean global temperature pre-

dicted by climate scenarios (?1.8–4.0�C between

1980–1999 and 2090–2099; Meehl et al. 2007), it is

important to predict the effects of climate change

on the invasion risk. Decision makers in Europe

need estimates of the invasion risk of pine wood

nematode and pine wilt disease in Europe to define,

as soon as possible, effective surveillance and

control measures.
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Here we present a model to determine the

European ports from which the nematode and the

wilt disease can spread most rapidly across Europe if

introduced. This model describes the potential spread

of the pine wood nematode and pine wilt disease

throughout Europe under current and future climates.

We considered separate introductions at 200

European ports in addition to the spread of the

existing Portuguese populations to identify the entry

points which are the most important to control. This

model, derived from the model of expansion of the

pine wood nematode in China (Robinet et al. 2009),

describes (1) the potential spread of the pine wood

nematode in Europe based on short-distance spread

(active flight of the vector beetles) and long-distance

spread (primarily due to human-mediated transporta-

tion) taking into account a proxy for the abundance of

susceptible trees; and (2) the potential future devel-

opment of pine wilt disease based on climate

suitability and the potential spread of the nematode.

Although the mechanism for disease expression is not

fully understood, the mean temperature in July is

widely considered in the literature to be the main

driver (e.g., Rutherford and Webster 1987; Evans

et al. 1996; Pérez et al. 2008). Based on the

temperature constraint (temperature in July above

20�C), we compare predictions under current climate

based on 1950–2000 temperatures, and three global

climate change scenarios (A1, A2 and B2; IPCC

2007).

Materials and methods

Study system (disease, nematode and vector)

The pine wilt disease develops in susceptible species

of Pinus under suitable climatic conditions (high

summer temperature and drought), and the infected

tree can wilt and die within weeks of being infested.

This disease is transmitted by the pine wood nema-

todes, but the presence of the nematode in a tree does

not necessarily produce the symptoms of pine wilt

disease.

The pine wood nematodes are transmitted by long-

horn beetles of the genus Monochamus during the

feeding of the adult insects (maturation feeding by

either sex), or during oviposition by the females.

Various Monochamus species can carry B. xylophilus,

particularly M. carolinensis (Olivier) in North America

(Dropkin et al. 1981; Linit et al. 1983; Linit

1988), M. alternatus (Hope) in infested regions of

Asia (Mamiya 1972; Lee et al. 1990; Chang et al.

1995; Yang 2004) and M. galloprovincialis (Olivier)

in Portugal (Evans et al. 1996; Sousa et al. 2001;

Sousa et al. 2002; Penas et al. 2006). The latter

species is mostly found on pine trees in southwestern

Europe and North Africa but it also occurs in North

and Central Europe (Hellrigl 1971, see also

http://www.faunaeur.org/). Other Monochamus spp.

are also potentially able to carry the nematode,

especially in continental Europe. However, no

potential vector is present in the United Kingdom and

Ireland.

Distribution of the pine wood nematode

and containment measures in Portugal

Symptoms of pine wilt disease were discovered in

Portugal in 1999, and the presence of B. xylophilus

was confirmed. Maritime pine (Pinus pinaster Aiton)

trees infected by pine wilt disease were discovered at

two sites in Portugal: Marateca/Pegoes and Vale de

Landeira (Mota et al. 1999), located approximately

3 km from each other in the area of Setúbal.

As soon as the pine wood nematode was detected,

some containment measures were immediately

applied through the National Eradication Programme

for the Pinewood Nematode Control (PROLUNG).

The affected zone (currently covering 510,000 ha) and

a buffer zone of 20 km width (currently covering

500,000 ha) was delimited and adjusted over the years

according to disease spread (Rodrigues 2008). Peri-

odic surveys, eradication and insect vector control

actions are being conducted on the whole affected and

buffer zone (known as the demarcated area). Forestry

activities related to conifers are intensively controlled

(felling and transport permits are needed) and symp-

tomatic trees are cut and destroyed in the demarcated

area. A survey is also conducted in the free zone and

some materials are collected to test the presence of the

pine wood nematode (see Rodrigues 2008 for further

details). In 2007, all coniferous hosts were eliminated

within a clear cut belt (3 km wide, currently covering

130,000 ha) to prevent further spread. In addition,

some traps have been installed along the outer limit of

the affected zone to capture the vector during its flight

period.
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Despite the immediate application of containment

measures, the disease has not been successfully

contained and newly infested stands were observed

in other parts of Portugal (Mota et al. 2009). In 2008,

the pine wood nematode was found at 65 of the 2,443

Portuguese locations surveyed (source: Ministry of

Agriculture, Portugal, unpublished report). Infesta-

tions were mainly recorded in the central part of the

country (near Lousa) at more than 150 km from the

initial location in the Setúbal Peninsula. The pine

wood nematode has also been detected in Spain in

November 2008 in a single tree (at around 50 km

from the border with Portugal; eradicated) and in

December 2010 in seven trees in Galicia (at 5 km

from the border). Since we have only incomplete

information of the latest Spanish outbreak, we did not

include this location in this study and only considered

the Portuguese distribution in 2008 as the initial

population for the model.

Limiting factors

In China, Robinet et al. (2009) used the climatic

constraints defined for the vector, M. alternatus, i.e. a

July mean temperature of C21.3�C and January mean

temperature of C- 10�C (Kobayashi et al. 1984; Ma

et al. 2006), to predict the potential distribution of the

pine wood nematode. As mentioned previously, other

potential Monochamus vector species exist in most of

Europe, apart from the UK and Ireland. The pine

wood nematode can survive without food and in

conditions of severe drought and cold (Mamiya 1972,

1984) and therefore, assuming suitable hosts and

vectors are present, could probably establish in large

parts of Europe. However, the disease has apparently

never occurred where the mean air temperature of the

warmest month was below 20�C (Rutherford and

Webster 1987; Rutherford et al. 1990; Pérez et al.

2008). Consequently, the main limiting factor in

terms of climate is associated with pine wilt disease

expression in Europe. Although, drought is also

implicated, the relationship with disease expression is

poorly known and we therefore only modelled

temperature.

The second important limiting factor is the capa-

bility for spread. Although it is an important factor,

we have little information about the dispersal ability

of the European vector species. The dispersal limits

for the North American vector, M. carolinensis and

the Asian vector, M. alternatus, are considered to be

around 2–3 km (1.8 km in Takasu et al. 2000, greater

than 2 km in Linit and Akbulut 2003 and 3.3 km in

Kawabata 1979). The spread rate of the infestation is

greater than this, probably because of the combina-

tion of various factors, such as natural and human-

assisted dispersal. The spread rate was estimated to

2–15 km per year in Japan (Togashi and Shigesada

2006) and 7.5 km per year in China (Robinet et al.

2009). Several factors, such as susceptible host tree

density, vector beetle density, nematode density

carried by the beetles, maximum air temperature

and wind can affect the dispersal ability of the beetles

(Humphry and Linit 1989; Togashi 1990; Lai 1998;

Lai et al. 1999; Linit and Akbulut 2003). In addition

to short distance spread, pine wilt disease can also be

introduced several hundred kilometres from previ-

ously infested areas through the accidental transport

of infested material by man (Robinet et al. 2009).

Human population density was found to be a good

indicator for the risk of human assisted transportation

of the pine wood nematode (Robinet et al. 2009) and

other insect species e.g., the horse chestnut leafminer,

Cameraria ohridella (Gilbert et al. 2004) and the

emerald ash borer, Agrilus planipennis (Muirhead

et al. 2006).

Modeling approach

Until now, models have mainly focussed either on

small-scale dispersal mechanism without considering

the climatic constraint for the disease expression

(e.g., in Japan; Takasu et al. 2000; Takasu 2009) or

on small-scale mechanism for the disease expression

without considering the dispersal capabilities (Iberian

Peninsula; Anonymous 2007; Evans et al. 2008;

Pérez et al. 2008). A first model to assess the

probability of detection and eradication was devel-

oped for South-East Norway (Økland et al. 2010).

This model, derived from the small-scale dispersal

model developed in Japan, is aimed at tracking the

trees virtually infested by the pine wood nematode.

Although many parameters are still unknown about

the spread of the nematode, the vector beetles, and

the disease in Europe, the challenge is now to provide

predictions about the potential spread of the nema-

tode and the disease at the European scale.

We modified the large-scale model describing the

spread of the symptoms in China (Robinet et al. 2009)
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to take into account the proportion of land covered by

pines to calculate the proportion of infested area and

proportion of host trees infested in 2030 assuming no

control action (Fig. 1). This model was implemented

in R (R Development Core Team 2009), on grid cells

(500 9 450 cells, with a cell size Dx = Dy = 10 km)

covering our study area (30�00 N–72�00 N, 25�00 W

–40�00 E). For the initial conditions, we considered

that N0% of susceptible trees were infested at the 65

infested locations in 2008. We then derived the

proportion of initially infested area based on this

value and the proportion of the area covered by

susceptible trees (within each cell). Then, for each

time t from 2009 to 2030, we applied a reaction–

diffusion model which describes the spread of the

carrier beetles and a stochastic model combining a

dispersal kernel and a function of the human popu-

lation density which describes the human-mediated

spread (Fig. 1a). Two different kernels were used to

describe human-mediated dispersal in China (because

two different patterns were observed in the field), one

to describe the dispersal before 2001 and the other for

the dispersal after 2001 when human-assisted spread

was much more important. In Europe, we used the

second kernel to model the role played by human-

assisted spread because it takes current trade activity

into account. When the model predicted dispersal in a

cell without Pinus, we considered that the pine wood

nematode could not survive in this cell. We made 200

replicate simulations to obtain a representative output

of the model for each scenario (Fig. 1b, see Appendix

S1) and calculated the mean proportion of the area

infested (N) and the mean number of host trees

infested (I) over these 200 replicate simulations, for

each cell. These results give the potential spread of

the pine wood nematode. The spread of the pine wilt

disease was considered to be the same as the potential

spread of the nematode with the exception that the

spread is considered to be impossible where the mean

temperature in July (TJul) is below 20�C (N = I = 0

in this case) (Fig. 1b). The outputs were summarised

as follows for each scenario: the mean proportion of

the area infested (Nm), the mean proportion of host

trees infested (Im), the percentage of cells where the

proportion of infested area N was greater than 0, 0.25,

0.50 and 0.75 (PN0, PN25, PN50 and PN75 respec-

tively) and the percentage of cells where the propor-

tion of infested host trees I was greater 0, 0.25, 0.50

and 0.75 (PI0, PI25, PI50 and PI75 respectively).

These means and percentages were calculated over

all the cells.

To evaluate the robustness of the model, we

undertook a sensitivity analysis on the principal

parameters when modelling spread from Portugal

(Table 1). The values used in this study were derived

from the study in China (Robinet et al. 2009), except

for N0 (a new parameter). For the previous param-

eters, we tested the effects of a 10% increase and

decrease. We calculated the difference in the model

outputs. For N0, information was available only for a

few locations near Setúbal between 1999/2000 and

2006/2007 (Rodrigues 2008). In this study we used

the value reported for these locations in the first year

of their discovery (around 20%). We tested a large

range of values (1, 20, 40, 60, and 80%) for the

sensitivity analysis and calculated the resulting

difference in the model outputs.

Description of the datasets

Host tree distribution

In Portugal, pine wood nematode and pine wilt

disease were detected on Pinus pinaster (Mota et al.

1999) but many Pinus spp. are potentially susceptible

to the disease (Evans et al. 1996). Cedrus spp., Larix

decidua and Picea abies Karsten are also potential

host trees in Euro-mediterranean countries (Evans

et al. 1996). For simplification, we considered that all

European Pinus species are potential hosts. The

European Forest Institute provided a GIS map of the

proportion of Pinus in the total land area at a

resolution of 1 9 1 km (see Tröltzsch et al. 2009 for

further details) (Fig. 2a).

Human-population density

The distribution of human population in 2005 was

taken from the Gridded Population of the World,

version 3, with a 2.5’ resolution (Center for Interna-

tional Earth Science Information Network (CIESIN),

Centro Internacional de Agricultura Tropical (CIAT)

2005; Fig. 2b). As previously mentioned, human

population density is assumed to be a good indicator

of the risk for the accidental transport of infested

material. These density values were used as inputs for

the formula used by Robinet et al. (2009) to calculate
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the probability that the nematode is transported to a

given location (Fig. 1a).

Testing several climate scenarios

We tested four scenarios: current climate, represented

by mean temperature in July for 1950–2000, and

three HadCM3 climate change scenarios for the

2020s (A1, A2 and B2). The mean temperature in

July currently ranges from 0.8 to 28.2�C in the study

area, with an average of 17.7�C. Temperatures were

on average 1.7�C higher than the current scenario in

the A1 scenario,1.1�C higher in the A2 scenario and

1.5�C higher in the B2 scenario.

Historical gridded temperature data were down-

loaded from http://www.worldclim.org/ (Hijmans

et al. 2005), and climate scenarios from http://gisweb.

ciat.cgiar.org/GCMPage/ (accessed on January 6th, 2011).

We tested the climate scenarios A2 and B2 (2020s)

using the HCCPR-HADCM3 model and the A1

Fig. 1 a Description of the

model algorithm and b the

method to calculate the

potential spread of the pine

wood nematode and the

pine wilt disease
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scenario (2020s) using the UKMO-HADCM3 model

at a resolution of 5 min.

Testing entry in European ports

The pine wood nematode has been intercepted in

packaging wood in many ports even in material

coming from countries considered as non-infested

(Mota et al. 2009). Therefore, maritime transportation

is an important pathway for the nematode. Possible

introductions via other means of transport (e.g. roads

and railways) within Europe are taken into account

by the long distance dispersal kernel because they

connect highly populated areas. To identify the ports

Fig. 1 continued

Table 1 Description of the

parameters used in the

model and the values used

for the predictions

Parameter Description Value

D Diffusion coefficient 6.480 km2/year

e Growth rate 2.17

m Mean dispersal distance 377.22 km

r SD of dispersal distance 240.45 km

mlong Mean number of long distance jumps each year 18.2

rlong SD of the number of long distance jumps each year 5.89

N0 Initial proportion of infested trees 20%
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which require high priority surveillance to prevent

the invasion of the pine wood nematode and wilt

disease, we simulated the spread of the nematode in

2008 from the 200 largest European ports separately

(source: http://www.worldportsource.com/), and from

Portugal.

Fig. 2 a Host tree distribution (percentage of land covered by pines). b Human population density (number of inhabitants per km2 in

2000)

2988 C. Robinet et al.
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Results

Model predictions

For all scenarios (no climate, current climate, A1, A2

and B2 scenarios), the largest variation (8.5–57.7%)

was obtained for PN0 (the percentage of cells among

the study area where the proportion of infested area is

above 0) and PI0 (the percentage of cells where the

proportion of host trees is above 0). The other outputs

varied by a much smaller amount (less than 0.8%).

Therefore, hereafter we consider only the variation in

PN0 (see the complete results in Appendix S2).

Spread of the pine wood nematode (no climatic

constraint)

For the simulations made without climatic constraint,

19.3% (for Malaga, Spain) to 57.7% (for Budapest,

Hungary) of cells could be infested (N [ 0) by the

pine wood nematode by 2030 (see Appendix S2). The

principal ports from where the nematode could spread

most rapidly were primarily located in Eastern and

Northern Europe (see Fig. 3a). Introductions at some

ports in Hungary, Slovakia, Russia, Poland, Croatia,

Sweden, or Germany could result in nematode spread

(N [ 0) over more than 50% of the study area by

2030.

Spread of the pine wilt disease (current climate)

Under current climatic conditions, 8.5% (La Coruña,

Spain) to 21.7% (Constanta, Romania) of cells could

be infested by the disease by 2030 (see Appendix S2).

An introduction in some ports in Romania, Bulgaria,

Croatia and Ukraine could have the greatest effect on

disease spread across Europe (more than 20% of the

study area would be infested) (Fig. 3b).

Spread of the pine wilt disease (A1 scenario)

Under the A1 scenario, 14.2% (La Coruña, Spain) to

33.9% (Constanta, Romania) of cells could be

infested by the disease by 2030 (see Appendix S2).

An introduction to the ports in countries already

identified under current climate conditions would

have the greatest effect in addition to ports located in

Hungary, Slovakia, Greece, Italy, Slovenia, Russia,

Poland, Switzerland, Germany, France, Lithuania and

Latvia (more than 20% of the study area would be

infested) (Fig. 3c).

Spread of the pine wilt disease (A2 scenario)

Under the A2 scenario, 9.9% (La Coruña, Spain) to

28.1% (Constanta, Romania) of cells could be

infested by the disease by 2030 (see Appendix S2).

An introduction to the ports in countries already

identified under current climate conditions would

have the greatest effect in addition to ports located in

Hungary, Greece, Italy, Slovakia, Slovenia (more

than 20% of the study area would be infested)

(Fig. 3d).

Spread of the pine wilt disease (B2 scenario)

Under the B2 scenario, 10.9% (La Coruña, Spain) to

30.9% (Constantza, Romania) of cells could be

infested by the disease by 2030 (see Appendix S2).

An introduction to the ports in countries already

identified under current climate conditions would

have the greatest effect in addition to ports located in

Hungary, Slovakia, Greece, Italy, Slovenia, Russia,

Poland (more than 20% of the study area would be

infested) (Fig. 3e).

Sensitivity analysis

The difference observed in the mean proportion of

infested area and infested host trees when using a

large range of N0 values (from 1 to 80%) was less

than 0.004. The largest effect was observed for the

percentage of cells where the proportion of infested

host trees was above 0.75, with a difference of around

3% (Table 2).

Among the other parameters, those associated with

the long-distance dispersal kernel (m and r) had the

largest effects on the results, especially on the

percentage of infested cells (N [ 0 or I [ 0), with a

difference of less than 3% (Table 2).

Discussion

Since the disease is only locally present in Europe and

containment measures have been applied to stop the

spread, it was not possible to use European data to

analyse the spread pattern in Europe, identify the main
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pathways, or even validate this model in Portugal. This

model assumes that nothing is done or measures are

unsuccessful in slowing the spread of pine wilt disease

and eradicating new infestations because the objective

of the study was to identify areas where symptom

expression is likely to occur in order to concentrate

control efforts on the most susceptible locations. We

therefore used the parameter values for short and long-

distance dispersal obtained when analysing the spread

of pine wood nematode in China (Robinet et al. 2009).

Although using the spread distance estimates from

China may be subject to error, several factors show that

these estimates are realistic. First, based on current

knowledge, the maximum distances flown by the

different vector species should be of the same order of

magnitude (see the Pest Risk Analysis, PRA 09-15449,

p. 29–30, http://www.eppo.org/QUARANTINE/Pest_

Risk_Analysis/PRA_documents.htm). Secondly, human

activities may not facilitate the spread of the nematode

in the same way in China and Europe. However, in the

model, we do not use the absolute human population

density. We consider the combination of a dispersal

Fig. 3 Potential spread in case of a separate introduction at the

200 main ports in Europe. The symbol indicates the percentage

of cells where the infested area N is above 0% in 2030 if the

nematode was introduced at the port located there. a Spread of

the pine wood nematode without climatic constraint. Spread of

the pine wilt disease assuming: b a stable climate, c the A1

scenario, d the A2 scenario and e the B2 scenario. Area in grey

is the study area

b

Fig. 3 continued
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kernel and a function of the human population density,

which is then normalized so that the sum of the proba-

bilities is equal to 1. Although the absolute human

population density, and more generally, human activi-

ties, differ between China and Europe, the model

essentially describes the same process but adjusts the

probabilities. Lastly, there is a time lag between the

introduction of the nematode and its spread in China as

well as in Portugal. This time lag is of the same order of

magnitude in both countries (6 years in China compared

to less than 9 years in Portugal; see Robinet et al. 2009

for Chinese data) and the radius of these new outbreaks

is also roughly the same (111 vs. 150 km; see Robinet

et al. 2009 for the Chinese data). Although this pattern is

relatively common, these similarities in term of mag-

nitude also support our choice to apply the Chinese

parameters in Europe.

Our model aims to identify the ports from which

the pine wood nematode and pine wilt disease could

spread rapidly if introduced in order to target

surveillance and control measures. In this model,

we are modelling large-scale processes but small-

scale mechanisms, such as the dispersal capability of

the European carrier beetle and the environmental

conditions for the disease development, are still

important to predict the potential spread with the

accuracy required to draw conclusions at local scale.

This study provides scenarios for the spread of

pine wood nematode and pine wilt disease based on

separate introductions at the 200 main ports in

Europe. These scenarios will help decision makers

to identify the points which require higher surveil-

lance and thus strengthen the control measures

already implemented in Europe (see Appendix S3).

Based on the spread simulations, the most important

ports to monitor to prevent a rapid invasion of the

disease are clearly those in Romania, Bulgaria,

Croatia, Ukraine, Italy, Greece, Hungary, Slovakia

Table 2 Results of the sensitivity analysis

Parameter Value Nm Im PN0 PN25 PN50 PN75 PI0 PI25 PI50 PI75

N0 1 0.003 0.015 20.3 1.1 0.1 0.0 20.3 8.7 6.3 1.4

20 0.003 0.018 19.6 1.4 0.1 0.0 19.6 9.1 7.5 3.4

40 0.003 0.018 20.3 1.5 0.1 0.0 20.3 9.2 7.8 4.1

60 0.004 0.019 20.5 1.6 0.1 0.0 20.5 9.2 7.9 4.6

80 0.004 0.019 20.3 1.6 0.1 0.0 20.3 9.2 7.9 4.8

Difference 0.001 0.004 0.9 0.5 0.0 0.0 0.9 0.5 1.6 3.4

D 5.832 0.003 0.017 19.9 1.4 0.1 0.0 19.9 9.0 7.4 3.1

7.128 0.003 0.018 20.2 1.5 0.1 0.0 20.2 9.2 7.8 4.0

Difference 0.000 0.001 0.3 0.1 0.0 0.0 0.3 0.2 0.3 0.9

e 1.953 0.003 0.017 21.3 1.4 0.1 0.0 21.3 9.0 7.4 3.0

2.387 0.003 0.018 20.1 1.5 0.1 0.0 20.1 9.1 7.8 4.1

Difference 0.000 0.001 1.2 0.2 0.0 0.0 1.2 0.1 0.4 1.2

m 339.5 0.003 0.018 19.0 1.5 0.2 0.0 19.0 8.9 7.3 4.2

414.94 0.003 0.018 21.4 1.4 0.1 0.0 21.4 9.2 7.6 2.9

Difference 0.000 0.000 2.4 0.1 0.0 0.0 2.4 0.4 0.3 1.3

r 216.405 0.003 0.018 18.7 1.5 0.1 0.0 18.7 8.8 7.4 4.2

264.495 0.003 0.018 21.4 1.4 0.1 0.0 21.4 9.3 7.9 2.8

Difference 0.000 0.000 2.7 0.1 0.0 0.0 2.7 0.5 0.4 1.3

mlong 16.38 0.003 0.017 20.2 1.4 0.1 0.0 20.2 8.9 7.3 2.7

20.2 0.003 0.019 20.4 1.6 0.2 0.0 20.4 9.2 7.9 4.7

Difference 0.000 0.002 0.2 0.2 0.0 0.0 0.2 0.3 0.6 2.0

rlong 5.301 0.003 0.018 20.2 1.4 0.1 0.0 20.2 9.1 7.6 3.6

6.479 0.003 0.018 20.6 1.5 0.1 0.0 20.6 9.0 7.6 3.7

Difference 0.000 0.000 0.4 0.0 0.0 0.0 0.4 0.0 0.0 0.2
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and Slovenia. Assuming that containment of the

current outbreak in Portugal is unsuccessful, an

introduction to ports located in the likely range

expansion of the disease (Spain and Southern France)

may have little additional influence on the invasion

situation in 2030. The most important ports to control

to prevent the invasion of the pine wood nematode

are located in Eastern and Northern Europe. Since the

detection and eradication of the nematode seems very

difficult, at least in areas where the symptoms do not

appear (Økland et al. 2010), and containment and

enforcement measures may not be sufficient effective

to limit the spread of the disease (Japan and

Portugal), then increasing surveillance at critical

entry points mentioned above is fundamental in the

future.

Although the pine wood nematode could theoret-

ically be present without causing symptoms in

Northern Europe because of unfavourable climatic

conditions, this does not mean that these countries

will not be affected by the possible invasion of the

nematode. Embargoes against the importation of

coniferous wood from North America (where the pine

wood nematode is present however without causing

substantial damage in native coniferous species) lead

to important economic loss (Bergdahl 1988; Dwinell

1997). Therefore, the presence of the nematode in the

absence of the disease in northern European coun-

tries, could still lead to serious economic impacts, not

due to tree mortality, but due to loss of export

markets.

From the different climate scenarios used in this

study, climate warming could considerably increase

the potential spread of pine wilt disease across

Europe. The effects of climate warming will probably

be more important in Europe than in China. With a

temperature rise of 3�C, the area where the temper-

ature is suitable for the disease expression could

expand by 40% in China (Robinet et al. 2009) while

this area could more than double in Europe (23% of

the study area is potentially favourable for disease

expression based on the 1950–2000 data, and it

would reach 55% with a 3�C increase). Indeed, the

temperature in July would not reach the required

thresholds in a large part of Western China because

of a very high elevation ([3,000 m asl). Conse-

quently, with ongoing climate warming, the impor-

tance of preventing the additional introductions of the

pine wood nematode will continue to increase.
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Václavı́k T, Meentemeyer RK (2009) Invasive species distri-

bution modelling (iSDM): are absence data and dispersal

constraints needed to predict actual distributions? Ecol

Model 220:3248–3258

Work TT, McCullough DG, Cavey JF et al (2005) Arrival rate

of non-indigenous insect species into the United-States

through foreign trade. Biol Inv 7:323–332

Yang B (2004) The history, dispersal and potential threat of

pine wood nematode in China. In: Mota M and Vieira P

(eds) The pinewood nematode, Bursaphelenchus xylo-
philus. In: Brill, E. J Proceedings of an International

Workshop, University of Evora, Portugal, August 20–22,

2001. Nematology monographs and perspectives, vol 1.

Leiden, The Netherlands, pp. 21–24

Prediction of pine wilt disease in Europe 2995

123

http://dx.doi.org/10.1371/journal.pone.0004646
http://dx.doi.org/10.1371/journal.pone.0004646
http://www.R-project.org
http://dx.doi.org/10.1016/j.foreco.2008.09.012

	Applying a spread model to identify the entry points from which the pine wood nematode, the vector of pine wilt disease, would spread most rapidly across Europe
	Abstract
	Introduction
	Materials and methods
	Study system (disease, nematode and vector)
	Distribution of the pine wood nematode and containment measures in Portugal
	Limiting factors
	Modeling approach
	Description of the datasets
	Host tree distribution
	Human-population density

	Testing several climate scenarios
	Testing entry in European ports

	Results
	Model predictions
	Spread of the pine wood nematode (no climatic constraint)
	Spread of the pine wilt disease (current climate)
	Spread of the pine wilt disease (A1 scenario)
	Spread of the pine wilt disease (A2 scenario)
	Spread of the pine wilt disease (B2 scenario)

	Sensitivity analysis

	Discussion
	Acknowledgments
	References


