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Abstract
Many quarantine pests, such as the pine wood nematode (PWN, Bursaphelenchus xylophilus), are surveyed 
annually in all EU countries. Although a lot of resources are spent in the surveys, the confidence in pest 
freedom achieved with them is not commonly analysed. We assessed the probability that Finland is free 
from PWN, based on the surveys done in 2000–2018. We used the methods employed in the risk-based 
estimate of system sensitivity tool (RiBESS), which has recently been recommended for quarantine pest 
applications. We considered two scenarios: 1) the surveys aimed to justify phytosanitary import require-
ments and to facilitate exports and 2) the surveys aimed to detect invasions early to enable eradication of 
outbreaks. These differed only in the pest prevalence that the surveys were expected to detect. The surveys 
appeared to support the assumption that PWN is not present in Finland, but they did not seem extensive 
enough to ensure early detection of invasions. The sensitivity of the import-export surveys was greater than 
0.6 in 13 years, whereas that of the early detection surveys was always below 0.25. The probability of free-
dom achieved in 2018 following 19 years of surveys increased asymptotically with the mean time between 
invasions. For the import-export surveys, this probability was at least 0.95 unless the mean time between 
invasions was less than 13 years. For the early detection surveys, the probability of freedom was less than 
0.73 unless the mean time between invasions was 63 years or more. The results were rather robust with 
respect to the parameters for which exact information was lacking. To improve the assessment, a quantita-
tive estimate of the probability of PWN invasion to Finland and a thorough assessment of the maximum 
area of an eradicable infestation would be needed. To gain an understanding about the true impact of 
quarantine pest surveys on biosecurity, more assessments, like the one presented in this paper, are needed.
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Introduction

All countries of the European Union (EU) are required, by legislation, to conduct an-
nual surveys for several quarantine pests, such as the pine wood nematode (PWN, Bur-
saphelenchus xylophilus) (European Council 2000; EU 2016). One aim of the surveys 
is to show pest freedom to justify phytosanitary import requirements and to facilitate 
export to countries with corresponding requirements. In addition, the hope is that 
the surveys will detect pest invasions early enough to enable successful eradication of 
outbreaks. However, the confidence in pest freedom achieved with the surveys is not 
commonly assessed and thus their impact on biosecurity is not known.

PWN is the causal agent of pine wilt disease, which, under suitable conditions, 
can lead to mass mortality of susceptible pine trees (e.g. Futai 2013). It is thought to 
be native to North America and has been introduced in Asia, in Japan, China, Taiwan 
and South Korea (Mamiya 1988; Tzean 1997; Shin 2008; Zhao 2008) and in Europe, 
in Portugal and Spain (Mota et al. 1999; Robertson et al. 2011).

PWN can spread over long distances through the transport of wood and wood 
packaging material (Evans et al. 1996; EPPO 2009). From tree to tree, it is spread 
by longhorn beetles of the genus Monochamus via feeding and oviposition (e.g. Linit 
1988). Feeding by an infested vector transmits PWN to healthy trees, whereas when 
being spread via oviposition, PWN is transmitted only to weakened trees, recently 
felled logs or logging waste, as the vectors do not breed on healthy trees (e.g. Akbulut 
and Stamps 2012). The most susceptible hosts to PWN are in the genus Pinus, but 
other conifers such as Abies, Picea and Larix can also be attacked (e.g. Takeuchi 2008).

PWN is not expected to cause pine wilt disease in areas where the mean temperature 
of the summer months is below 20 °C (Evans et al. 2008; Gruffudd et al. 2016). Hence, 
in much of Northern Europe, including Finland, PWN is unlikely to cause any symp-
toms. In such conditions, PWN is very unlikely to spread further from trees infected 
by feeding of the beetles. Moreover, as visible symptoms are not expected in these areas, 
PWN surveys must be based solely on laboratory analysis of asymptomatic samples.

In the EU, PWN is a quarantine pest, whose introduction into and spread within 
the Union is prohibited (European Council 2000; EU 2016; European Commission 
2019a). Moreover, after PWN was first detected in the EU in 1999 (Mota et al. 1999), 
specific emergency measures that aim to prevent its further spread have been in force 
(EU 2012). The measures require all EU countries to conduct annual surveys to deter-
mine whether PWN is present in their territory.

In addition to PWN, EU member states must carry out annual surveys for several 
other quarantine pests. Regular surveys must be carried out for all quarantine pests 
and the so-called priority pests, such as PWN, must be surveyed every year (EU 2016; 
European Commission 2019b). The surveys of the priority pests must include a suf-
ficiently high number of visual examinations, sampling and testing to ensure, as far as 
possible, the timely detection of the pest, with a high degree of confidence.

Due to these requirements, a lot of resources are being used in surveys of quaran-
tine pests in the EU. For example, in the PWN surveys, approximately 16,000–21,000 
samples were collected and analysed annually in 2014–2016 (European Commission 
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2018). In Finland alone, the cost of the PWN survey in 2000–2018 was up to approxi-
mately 100,000 euros per year (unpublished estimate based on information obtained 
from the Finnish Food Authority). Despite such significant investments, we did not 
find any published assessments of the confidence in pest freedom achieved with the 
surveys. However, if the confidence were assessed, it could be used to evaluate the 
benefit of the surveys and possibly to cut down the resources needed for future surveys.

The European Food Safety Authority (EFSA) is currently training the national 
plant protection organisations (NPPOs) of EU countries to plan the surveys required 
by the EU legislation with the risk-based estimate of system sensitivity tool (RiBESS) 
(EFSA 2012; EFSA 2018). The tool is based on principles presented by Cannon 
(2002) and Martin et al. (2007) and it was originally designed for estimating the sam-
ple size needed in the surveys of Echinococcus multilocularis infections in dogs and for 
calculating the survey sensitivity once the samples are collected (EFSA 2012). The 
methods employed in the tool have been used for designing surveillance of invasive 
species, including plant pests (e.g. Dominiak et al. 2011; Kean et al. 2015). However, 
quantitative assessments of the confidence in pest freedom are still exceptions rather 
than the rule.

We used the methods employed in RiBESS to assess the sensitivity of the annual 
PWN surveys carried out in Finland in 2000–2018 and the probability that Finland 
was free from PWN in 2018. We made these assessments for two separate scenarios 
with different assumptions: a) while assuming that the surveys were done to justify 
import requirements related to PWN and to facilitate exports to countries with respec-
tive requirements and b) while assuming that the surveys were aimed to detect inva-
sions at an early stage to facilitate eradication. We show what kind of information is 
needed in the analysis and how the uncertainties of that information can be accounted 
for. Additionally, we highlight the value of quantitative estimates of the probability of 
pest invasion and demonstrate the dangers of using a seemingly uninformative prior 
probability of pest freedom when accumulating evidence for pest freedom from multi-
annual surveys.

Methods

The surveys

PWN surveys were conducted in 2000–2018 in all the fifteen Centres for Economic 
Development, Transport and the Environment of Finland (Fig. 1), but the self-gov-
erning province of the Åland Islands was not included in the surveys. The survey was 
conducted by inspectors of NPPO of Finland and regional bodies to which the tasks 
had been delegated.

The main body of the surveys consisted of sampling of wood of PWN host plants, 
i.e. Scots pine (Pinus sylvestris) and Norway spruce (Picea abies). However, in 2012–
2018, the PWN vector beetles present in Finland (M. galloprovincialis, M. sutor and M. 
urussovii) were also sampled using pheromone traps.
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Figure 1. The fifteen administrative regions covered in the survey.

Wood sampling

Wood sampling was done according to the PWN survey guidelines of the NPPO, 
which were based on the EU PWN survey protocol (European Commission 2009). 
Samples were taken from risk areas, i.e. areas where the likelihood of PWN introduc-
tion is elevated and from regular forest areas. The risk areas were defined as pine forests 
at 5 km radius from harbours, industrial areas, landfills, wood storage areas and loca-
tions that receive imported wood packaging material.

All samples were taken from trees, wood or logging residuals that had signs of 
Monochamus activity or from pine trees that were dead or dying for no apparent reason. 
Each sample contained 0.5 l of wood chips and it was collected from an area that was, 
at most, 2 ha. If the whole sample was taken from one tree or a pile of logs, the distance 
between two samples was at least 200 m.

Samples were taken and stored so that their temperature was held below 26 °C, to 
ensure that the nematodes did not die in the process, as they needed to be alive to be 
detected. All samples were collected between April and October to maximise the prob-
ability that adult nematodes also would be present in the sample, as only adults can be 
identified to species, based on morphological features.

The number of wood samples collected from the different administrative regions 
in 2000–2018 is presented in Table 1.
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Monochamus trapping

The traps were placed in places that were attractive to Monochamus beetles, such as 
storage areas of wood with bark and places with plenty of fresh logging residuals. The 
distance between traps was at least 500 m. The traps were set up in early June, in-
spected every other week and taken down at the end of August.

The trap type and attractant used varied between years and locations. Both multi-
funnel and cross-vein traps and several pheromone and kairomone products, such as 
Gallowit, Galloprotect 2 D, and Galloprotect Pack, were used. In addition, some bee-
tles were collected by hand. All samples were mailed to the laboratory with an ice brick 
that kept them cool.

The number of traps and the number of Monochamus individuals caught in the 
different administrative regions in 2012–2018 are presented in Table 2.

Table 1. The number of wood samples collected in 2000–2018.

Region Number of wood samples
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Uusimaa 100 4 5 37 57 61 65 55 52 45 45 45 49 47 45 20 24 30 13
Varsinais-Suomi 75 3 3 30 50 50 51 29 45 50 45 57 45 45 46 46 46 45 20
Satakunta 75 0 0 50 50 50 40 46 50 50 42 43 47 43 45 45 45 42 45
Häme 50 0 0 0 0 0 0 25 25 25 19 18 22 19 20 20 20 22 21
Pirkanmaa 50 0 0 0 0 0 0 25 25 25 20 20 19 21 20 5 20 20 20
Kaakkois-Suomi 100 8 0 72 98 95 27 23 33 40 36 40 22 29 41 22 30 31 33
Etelä-Savo 50 1 0 0 0 0 0 54 52 53 46 46 45 45 45 45 45 50 23
Pohjois-Savo 50 0 0 0 0 0 0 24 23 26 28 20 17 10 20 10 20 7 29
Pohjois-Karjala 75 0 0 50 50 38 52 55 23 38 67 33 29 39 47 16 22 19 22
Keski-Suomi 50 0 0 0 0 16 52 52 53 51 45 47 29 9 20 20 15 20 20
Etelä-Pohjanmaa 50 0 6 0 0 0 0 25 25 27 21 20 20 20 20 20 20 20 20
Pohjanmaa 75 0 0 0 48 0 0 50 50 50 45 45 45 44 45 45 45 45 45
Pohjois-Pohjanmaa 75 0 0 51 54 51 50 54 50 53 45 45 45 44 45 45 20 17 16
Kainuu 50 0 0 0 0 0 16 28 15 27 20 20 19 28 20 9 9 9 5
Lappi 50 0 0 4 0 0 0 0 13 23 23 5 15 20 16 20 20 20 20
Total 975 16 14 294 407 361 353 545 534 583 547 504 468 463 495 388 401 397 352

Table 2. The number of traps used and the number of Monochamus individuals captured in 2012–2018. 
In some of the regions and years, Monochamus were caught by hand and, therefore, the number of Mono-
chamus can be positive even though the number of traps is zero.

Number of traps / Monochamus
Region 2012 2013 2014 2016 2017 2018
Uusimaa 2 / 1 2 / 0
Kaakkois-Suomi 6 / 0 6 / 5 6 / 9 6 / 0 0 / 6 0 / 1
Etelä-Savo 0 / 2
Pohjois-Savo 0 / 1
Pohjois-Karjala 2 / 0 2 / 0 2 / 0 2 / 0
Pohjois-Pohjanmaa 0 / 4
Kainuu 2 / 0 2 / 0 2 / 18 2 / 0    
Total 10 / 0 10 / 5 10 / 27 10 / 0 2 / 10 2 / 5



Salla Hannunen & Juha Tuomola  /  NeoBiota 58: 75–106 (2020)80

Analysis of the samples

Extraction and identification of nematodes from the samples was done by the author-
ised plant health laboratory of Finland, according to a protocol that was based on the 
standards of the European and Mediterranean Plant Protection Organization (EPPO) 
on nematode extraction (EPPO 2013a) and on the diagnostics of PWN (EPPO 2013b) 
and on Hooper (1986) and Bergdahl et al. (1991).

Wood samples were first incubated at 20–25 °C for 14 days to allow the nematodes 
to reproduce. Then, the nematodes were extracted to a Petri dish using the Baermann 
funnel technique (Baermann 1917).

From the Monochamus samples, nematodes were extracted by sectioning the bee-
tles to four parts and by leaving them on a Petri dish with water overnight. From the 
Petri dish, nematodes were searched using a stereomicroscope. If potential PWN were 
found, they were placed on pine discs to moult to adults and to reproduce. After the 
discs had been incubated at 20–25 °C for 14 days, the nematodes were extracted to a 
Petri dish using the Baermann funnel technique (Baermann 1917).

While in the Petri dish, the adult nematodes were searched under a stereomi-
croscope and all potential PWN were placed on a microscope slide for morpho-
logical identification. From 2011 onwards, if PWN had been found, the identifi-
cation would have been verified using a Real-time PCR protocol (François et al. 
2007; Ye 2012).

Entry sites, risk areas, and the target population

The survey guidelines were based on the assumption that the probability of PWN 
introduction was elevated in harbours, industrial areas and landfills and that the prob-
ability of PWN infestation was elevated at 5 km radius from such areas. In this paper, 
the areas with elevated probability of PWN introduction (i.e. harbours, industrial areas 
and landfills) are referred to as entry sites. The areas with PWN host plants at 5 km 
radius from entry sites are referred to as risk areas.

In principle, the survey design was risk based, since samples were collected from 
the risk areas and from regular forest areas and the sampling site type was recorded for 
each sample. However, when we delineated the spatial extent of the risk areas using 
the Finnish Corine Land Cover 2012 data at 20-m2 resolution (Härmä et al. 2015), 
we found that, in thirteen of the fifteen administrative regions, the risk areas covered 
more than 80% of the area with PWN host plants (see Table 3). Since the inspectors 
did not have such delineation available when collecting the samples, we considered 
that the sampling site type data were likely to be flawed and decided not to use it. As 
sampling in the remote locations that did not fit the definition of the risk areas was 
probably rare, we assumed that all sampling was done in the risk areas. Thus, the target 
population of the survey was the risk areas.
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Defining the aim of the survey with design prevalence

Proving that a pest is absent from a host population is not possible unless all members 
of the population are tested with a perfect test. Therefore, the aim of a survey must 
be defined in terms of design prevalence and sensitivity. Roughly, design prevalence 
determines the minimum prevalence that the survey is aimed to detect and sensitivity 
determines the probability with which the survey is expected to succeed in this aim. 
If the pest prevalence is equal to or greater than the design prevalence, at least one 
infested individual will be detected in the survey, with the probability equal to the 
sensitivity of the survey.

If the survey has not yet been done, the number of samples needed can be deter-
mined so that the survey fulfils its aim and proves that the pest prevalence is below the 
design prevalence with the desired sensitivity. In an ex-post analysis, such as this study, 
the sensitivity of the surveys, given a predefined design prevalence, can be determined, 
based on the number of samples taken.

Since the aim of the Finnish PWN surveys was not predefined in terms of design 
prevalence, we had to start by doing that. We did it by assuming the aim was a) to pro-
vide evidence to justify import requirements related to PWN and to facilitate export to 
countries with corresponding requirements and b) to detect possible PWN invasions ear-
ly enough to enable successful eradication. These two cases were analysed separately. The 
first is referred to as the import-export survey and the latter, as the early detection survey.

Table 3. The area with PWN host plants, the area of entry sites (EA), the area of the target population 
(Pop, i.e. risk areas) and the mean area covered with PWN host plants in hypothetical PWN infestations 
with a 20-km diameter (InfA). Entry sites are areas with elevated probability of PWN introduction, i.e. 
harbours, industrial areas and landfills. Target population is the areas with PWN host plants at 5 km 
radius from entry sites.

Region Host plants, km2 Entry sites, km2 Target population, km2 Host plant area in 
hypothetical infestations, km2

Uusimaa 5,640 940 5,260 156
Varsinais-Suomi 6,713 604 5,678 149
Satakunta 5,609 474 5,486 185
Häme 7,285 486 7,199 192
Pirkanmaa 9,566 546 9,475 202
Kaakkois-Suomi 8,042 604 7,774 170
Etelä-Savo 11,832 214 11,102 202
Pohjois-Savo 13,593 454 12,657 209
Pohjois-Karjala 15,003 293 12,301 200
Keski-Suomi 14,220 384 13,681 224
Etelä-Pohjanmaa 9,520 380 9,423 210
Pohjanmaa 9,391 443 8,437 187
Pohjois-Pohjanmaa 27,607 667 22,717 212
Kainuu 19,150 209 13,627 239
Lappi 61,783 538 31,229 210
Total 224,956 7,236 176,046
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The sensitivity of the surveys was assessed so that each wood sample and Monochamus 
trap was assumed to represent an inspection of a fixed-sized area with PWN host plants, 
i.e. the inspection site. Therefore, design prevalence had to be defined at two levels, name-
ly, at the level of inspection sites (local-level design prevalence) and at the level of the 
administrative regions and Finland (regional- and/or national-level design prevalence).

The local level design prevalence refers to the proportion of PWN-infested wood 
objects and Monochamus beetles per inspection site. Regional- and/or national-level 
design prevalence refers to the proportion of PWN-infested area (where the PWN 
prevalence is at or above the local level design prevalence) of the total target population 
(i.e. risk area) in the region or the country.

At both levels, design prevalence had to be such that PWN could reach it, at least 
at some point in time, if it were established in the considered area. Additionally, design 
prevalence had to be such that it corresponded to, at least, one whole infested unit (i.e. 
wood object, Monochamus beetle or inspection site) per considered area (i.e. inspection 
site, region or country). The design prevalences used in this study are summarised in 
Table 4 and the justification for them is given below.

Local level design prevalence

We defined the local level design prevalence, based on the prevalence of Bursaphelenchus 
mucronatus in the wood samples collected in the Finnish PWN surveys in 2012–2018. 
This was considered appropriate, as B. mucronatus is closely related to PWN, widely 
established in Finland in coniferous forests (Tomminen et al. 1989) and, like PWN, 
it is vectored by Monochamus beetles (Tomminen 1990). Furthermore, B. mucronatus 

Table 4. Local-, regional- and national-level design prevalences and effective probabilities of infestation 
used in the import-export and early detection surveys.

Parameter Import-export Early detection
Local-level design prevalence for the wood sampling component of the survey (DPwood) 0.12 0.06
Local-level design prevalence for the Monochamus trapping component of the survey (DPMonochamus) 0.09 0.045
National-level design prevalence (DPn) 0.01
Effective probabilities of infestation for the import-export survey (EPI) and regional-level design prevalence for the early detection 
survey (DPr)

Uusimaa 0.020 0.030
Varsinais-Suomi 0.013 0.026
Satakunta 0.010 0.034
Häme 0.010 0.027
Pirkanmaa 0.012 0.021
Kaakkois-Suomi 0.013 0.022
Etelä-Savo 0.005 0.018
Pohjois-Savo 0.010 0.017
Pohjois-Karjala 0.006 0.016
Keski-Suomi 0.008 0.016
Etelä-Pohjanmaa 0.008 0.022
Pohjanmaa 0.009 0.022
Pohjois-Pohjanmaa 0.014 0.009
Kainuu 0.004 0.018
Lappi 0.011 0.007
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does not cause any symptoms (Tomminen 1993), which is expected to be true also for 
PWN in the current Finnish climate (Gruffudd et al. 2016).

Information about the presence or absence of B. mucronatus was available for 
2,876 wood samples and B. mucronatus was detected in 353 of these samples. Thus, 
using the binomial probability distribution, the apparent prevalence of B. mucronatus 
in the wood objects that were considered suitable for sampling in the PWN survey was 
estimated to be 0.12, with 95% confidence limits of 0.11 and 0.14.

To translate this estimated apparent prevalence to true prevalence, the sensitivity of the 
analysis (i.e. the probability that the pest is detected in the analysis, given that it was pre-
sent in the object from which the sample was taken) should be known. Unfortunately, this 
information was not available for B. mucronatus or PWN. However, we concluded that by 
defining the local level design prevalence as the apparent local level design prevalence, we 
could link it directly to the estimated apparent prevalence of B. mucronatus. This is because 
the sensitivity of the analysis is likely to be roughly similar for the two species and, thus, 
a given true prevalence is likely to result in a similar apparent prevalence for both species.

To define the local level design prevalence for the Monochamus trapping compo-
nent of the survey so that it matched the local level design prevalence of the wood 
sampling component, we used an estimate provided by Økland et al. (2010). They es-
timated that most likely 75% of Monochamus offspring emerging from PWN-infested 
objects are infested with PWN. Based on this, we assumed that the PWN prevalence 
in Monochamus adults should be 75% of that in wood objects suitable for sampling, 
i.e. 0.09. This is a rough estimate since it is based on the apparent prevalence of B. mu-
cronatus in the wood samples instead of the true prevalence of B. mucronatus in wood 
objects, used for breeding by Monochamus beetles.

Finally, for the import-export surveys, the apparent local level design prevalence 
was set equal to the estimated apparent prevalence of B. mucronatus (Table 4). This was 
assumed to represent a prevalence of a PWN population that has been established long 
enough to reach its maximum density. For the early detection surveys, the apparent 
local level design prevalence was set to half of the estimated apparent prevalence of B. 
mucronatus (Table 4). This was assumed to represent a prevalence of a PWN popula-
tion that is in the exponential phase of the sigmoid growth curve, i.e. the population is 
established, but still clearly growing.

Regional- and/or national-level design prevalence

When the aim of the survey is to show pest freedom to justify import requirements or 
to facilitate exports, design prevalence at the level of the region or country cannot be 
defined objectively. Furthermore, the design prevalence that should be used in such 
surveys is not defined in the Food and Agriculture Organization of the United Nations 
(FAO) standard on surveillance (FAO 2018) or the one on the requirements for the 
establishment of pest-free areas (FAO 2017). In this study, the national-level design 
prevalence of the import-export survey was set to 0.01, corresponding to 1,760 km2 of 
forest with coniferous trees.
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The probability that the region j is infested, given that the country is infested at the 
national-level design prevalence, was defined by the effective probability of infestation 
(EPI). It was calculated for each region as (Martin et al. 2007; Efsa 2012)

� �
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where j denotes the administrative region, DPn = the national-level design prevalence, RPj 
= the relative probability of PWN invasion to the region j and PropPopj = the proportion 
of the target population (i.e. risk areas) in region j of the target population in Finland. 
The relative probability of PWN invasion to region j (RPj) was assumed to be equal to 
the proportion of the area of entry sites in region j of the area of entry sites in Finland, i.e.

15

1

j
j

j
j

EA
RP

EA
�

�

�
	 (2)

where EAj = the area of entry sites in region j. The area of entry sites was obtained from 
the Finnish Corine Land Cover 2012 data with a resolution of 20 m2 (Härmä et al. 
2015) (Table 3). The effective probabilities of infestation defined in the above manner 
for the import-export survey ranged from 0.004 to 0.02 (Table 4).

For a survey that aims to detect invasions early enough to enable the eradication of 
outbreaks, regional- and/or national-level design prevalence can be determined, for ex-
ample, based on the maximum area from which eradication could be attempted. The EU 
emergency measures for PWN (EU 2012) allow member states to refrain from attempting 
eradication if the diameter of the infested area exceeds 20 km. Therefore, we assumed that, 
in the early detection survey, infestations should be detected before they reach this size.

The regional-level design prevalences (DPr) of the early detection survey were de-
fined assuming that, within the early stages of invasion, PWN infestations would be 
confined to one region. Thus, the regional-level design prevalences were calculated as:

j
j

j

InfA
DPr

Pop
� 	 (3)

where InfAj = the mean area covered with PWN host plants in hypothetical PWN 
infestations with a 20-km diameter in region j and Popj = the area of the target popula-
tion (i.e. risk areas) in region j.

To estimate the mean area with PWN host plants in hypothetical PWN infesta-
tions with a 20-km diameter (InfAj), we assumed that the infested area would be circu-
lar and that its centre would be in an entry site. Then to simulate such circular PWN 
infestations with a 20-km diameter, we selected hundred points randomly in the entry 
sites of each administrative region and delineated the area at 10-km radius from the 
randomised points. Finally, we calculated the mean area with PWN host plants within 
those areas separately for each region. The regional-level design prevalences defined in 
the above manner for the early detection survey ranged from 0.007 to 0.034 (Table 4).
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Assessment of the probability of freedom from PWN

We assessed the probability of freedom from PWN with the methods used in RiBESS 
(EFSA 2012), which is based on principles developed by Cannon (2002) and Martin 
et al. (2007). We applied a hierarchical procedure 1) starting from the sensitivity of 
inspections per inspection site, 2) moving on to the sensitivity of the annual surveys 
at the regional and 3) the national level and 4) finally arriving at the probability of 
freedom achieved, based on the multiannual survey at the regional and national 
level. The hierarchy of the calculation of the sensitivity of the annual surveys is pre-
sented in Figure 2.

For some of the parameters needed in the assessment (such as the density of wood 
objects suitable for sampling and the density of Monochamus adults), information was 
uncertain or lacking. To account for this, the parameters were expressed as probability 
distributions and the assessment was done with Monte Carlo simulation. The number 
of iterations used was 10,000 in all the simulations. The simulations were done with R 
version 3.52 (R Core Team 2018) and the package mc2d version 0.1–18 (Pouillot and 
Delignette-Muller 2010).

The sensitivity of inspections

The sensitivity of inspections (inspection sensitivity, ISe) is the probability that the 
pest will be detected at an inspection site when it is present in the site at a prevalence 
equal to the local-level design prevalence. Inspection sensitivity was assessed separately 
for wood sampling (ISewood) and Monochamus trapping (ISeMonochamus). It was calculated, 
based on the hypergeometric probability distribution, which is suitable for assessing 
the sensitivity of sampling from a finite population. The round of inspection sensitivity 
for hypergeometric distribution is (Cameron and Baldock 1998):

Figure 2. A schematic presentation of the analysis of the sensitivity of the annual surveys. The equation 
numbers (Eq. 4–8) refer to the equations presented in the main text. Abbreviations: ISe = the sensitivity 
of the inspections, GSe = the sensitivity of the annual surveys in the fifteen administrative regions and SSe 
= the sensitivity of the annual surveys in Finland.
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where i denotes either the wood or Monochamus and pi = the total population size, i.e. 
the number of wood objects suitable for sampling or the number of adult Monochamus 
per inspection site, ni = the number of wood objects or Monochamus adults sampled 
per inspection site and DPi = the local level design prevalence. TSei = the test sensitiv-
ity for wood or Monochamus samples, i.e. the probability that the pest is detected in 
the laboratory analysis, given that it was present in the object from which the sample 
was taken. However, since the local level design prevalence was defined as the apparent 
prevalence, TSe was set equal to one.

The sensitivity of the annual surveys

The sensitivity of the annual surveys is the probability that the pest will be detected in an 
area (that may be an administrative region or the entire country) in a given year if it is 
present in the area at a prevalence equal to the design prevalence of the considered area.

The sensitivity of the annual surveys in the 15 administrative regions (group sen-
sitivity, GSe) was first calculated separately for wood sampling (GSewood) and Monocha-
mus trapping (GSeMonochamus), which were then combined to obtain an overall sensitivity 
for each region (GSe). Then, the sensitivity of the annual surveys at the national level 
(system sensitivity, SSe) was obtained by combining the overall sensitivities of the an-
nual surveys in the different regions (GSe).

The wood and Monochamus components of the group sensitivity were calculated, 
based on the binomial probability distribution, which is suitable for assessing the sen-
sitivity of sampling from an infinite population (e.g. EFSA 2012):

,
, ,1 (1 ) i jN
i j j i jGSe DPr ISe� � � � 	 (5)

where i denotes either wood or Monochamus and j denotes the administrative region, 
Ni,j = the number inspection sites in the region, with either wood sampling or Mono-
chamus trapping, ISei,j = the inspection sensitivity in the region for wood sampling or 
Monochamus trapping and DPrj = the region level design prevalence. For the import-
export survey, effective probability of infection (EPI, see equation 1) was used as the 
regional-level design prevalence.

Binomial distribution was considered appropriate for this assessment because the 
total area of the target population (i.e. risk areas) per administrative region (Table 3) 
was high compared to the number of inspection sites (Tables 1, 2). The rule of thumb 
is that a population can be considered infinite when the sample size is less than 10% 
of the total population size (Evans et al. 2000). This condition was fulfilled for all the 
regions for both wood and Monochamus samples.

The overall group sensitivity for each administrative region was obtained from:
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which is the complement of the probability that, if PWN is present in the region at or 
above the design prevalence, it is not detected in wood sampling or Monochamus trapping.

Finally, the sensitivity of the annual surveys at the country level (system sensitivity, 
SSe) was calculated. For the import-export survey, it was obtained as the complement 
of the probability that, if PWN is present in Finland, it is not detected in any of the 
regions as follows:
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1
1 (1 )j

j
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�
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where j denotes the administrative region. For the early detection survey, it was calcu-
lated as the sum of the regional-level sensitivities weighted by the relative probability 
of PWN invasion in the respective region as:
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where RPj = the relative probability of PWN invasion in region j (see equation 2).

The probability of freedom from PWN based on evidence from several years

The probability of pest freedom is the probability that the prevalence of the pest is be-
low the design prevalence if the pest is not detected in the surveys. It was estimated for 
each administrative region and for the entire country in a stepwise manner by progres-
sively updating the estimate with evidence gained in the surveys in 2000–2018 using 
Bayes’ theorem as follows:
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(Martin et al. 2007), where j denotes the area considered (that may be an administra-
tive region or the entire country), t = time, PriorPfreet,j = the prior probability of pest 
freedom and Se = the sensitivity of the survey. For the administrative regions, Se = GSej 
(i.e. group sensitivity) and, at the national level, Se = SSe (i.e. system sensitivity).

The initial prior probability of freedom, (i.e. the prior probability of freedom for 
the first time-step) was assumed to be 0.5 for all the regions and for the entire country, 
indicating that no information was available about the presence/absence of PWN be-
fore the surveys were started. To study the impact of this assumption on the probability 
of freedom achieved by 2018, the assessment was done also assuming an initial prior 
probability of freedom equal to 0.25.
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For all the other time steps, the prior probability of freedom was calculated as the 
complement of the probability that a) the prevalence of the pest was above the design 
prevalence although it was not detected in the previous survey or b) the pest was intro-
duced to the area after the previous survey as (Martin et al. 2007):

� � � �, 1, , 1, ,1 1 1t j t j t j t j t jPriorPfree Pfree Pinv Pfree Pinv� �
� �� � � � � � �� �	 (10)

where Pinvt,j = the probability that the pest was introduced to the considered area after 
the survey conducted at time t—1.

The probability of invasion to the region j was calculated as:

j FINLAND jPinv Pinv RP� � 	 (11)

where PinvFINLAND = the probability of invasion to Finland and RPj = the relative prob-
ability of PWN invasion to region j (see equation 2). Since the probability of PWN 
invasion to Finland was not known, a wide range of probabilities was studied. When 
presented in the results, the probability of invasion per year was translated to mean 
time between invasions to make the results easier to comprehend.

The parameters needed in the assessment

The number of wood objects and Monochamus sampled per inspection site

According to the survey guidelines of the NPPO of Finland, one wood sample could 
be composed of wood extracted from one or several trees or dead wood objects suit-
able for sampling. Unfortunately, information on the number of objects from which 
the samples were collected was not recorded. Based on discussions with inspectors 
who had undertaken the surveys, we concluded that the samples were typically com-
posed of wood from a minimum of one, maximum of five and most often two objects.

These estimates were used to define a Pert probability distribution, which describes 
the probability distribution of the number of wood objects sampled per inspection site 
(nwood). The lambda parameter, which defines the peakedness of the Pert distribution, 
was set to one, implying low confidence in the most likely estimate.

The number of Monochamus sampled per inspection site (nMonochamus) in a given 
year and region was estimated by dividing the number of Monochamus caught by the 
number of traps used (Table 2). In the cases where Monochamus were caught by hand, 
each Monochamus was assumed to have been caught from a different inspection site.

The density of wood objects suitable for sampling

The density of wood objects suitable for sampling (Dwood) was estimated based on 1) the 
density of wood objects that are suitable for Monochamus breeding and 2) the propor-
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tion of these objects that is suitable for sampling, i.e. the proportion of objects that 
have signs of Monochamus activity.

Since data from Finland were not available, the density of dead wood objects that 
are suitable for Monochamus breeding was estimated, based on data from Norway. Ac-
cording to Økland et al. (2010) in Norway, the number of dead wood objects suitable 
for Monochamus breeding per km2 is most likely to be 288, whereas the minimum 
number is 166 and the maximum, 398. These estimates were used to define a Pert 
distribution describing the probability distribution of the density of dead wood ob-
jects suitable for Monochamus breeding (obj). The lambda parameter, which defines 
the peakedness of the Pert distribution, was set to one, implying low confidence in the 
most likely estimate.

The proportion of the Monochamus suitable dead wood objects (obj) that is suitable 
for sampling (psam) was not known and, therefore, it was described with a uniform 
distribution between 0.05 and 0.95. Finally, an estimate of the density of wood objects 
suitable for sampling (Dwood) was obtained by multiplying the two distributions (obj × 
psam) using Monte Carlo simulation. The median of the resulting distribution was 136 
objects per km2 and the 2.5th and 97.5th percentiles were at 19 and 309 wood objects 
per km2, respectively.

The density of Monochamus adults

Two Monochamus species (M. galloprovincialis and M. sutor) are known to be widely pre-
sent in Finland (Heliövaara et al. 2004; Rassi et al. 2015), but information about their 
density was not available. Therefore, the density of Monochamus adults (DMonochamus) was 
estimated using the following data from Norway. The number of dead wood objects oc-
cupied by Monochamus per km2 (obju) is most likely to be 28.8 (min 13.3, max 47.8), the 
number of Monochamus eggs laid per Monochamus-suitable dead wood object (fobj) is most 
likely to be 31 (min 6, max 88) and the proportion of Monochamus surviving from egg to 
egg-laying adults (surv) is most likely to be 0.25 (min 0.1, max 0.4) (Økland et al. 2010).

These figures were used to define the Pert distributions describing the probability 
distributions of the above-listed parameters (obju, fobj and surv). The lambda parameter 
of the Pert distributions was set to one, implying a low confidence in the most likely es-
timate. An estimate of the probability distribution of the density of Monochamus adults 
was obtained by multiplying these Pert distributions (obju × fobj × surv) using Monte 
Carlo simulation. The median of the resulting distribution was 266 adults per km2 and 
the 2.5th and 97.5th percentiles were at 47 and 862 adults per km2, respectively.

The size of the inspection sites

To convert the density of wood objects suitable for sampling (Dwood) and the density of 
Monochamus adults (DMonochamus) to the number of wood objects suitable for sampling 
per inspection site (pwood) and the number of Monochamus adults per inspection site 
(pMonochamus), respectively, we needed to define the size of the inspection sites.
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If the size of the inspection sites were defined based on the instructions given in the 
survey guidelines of the NPPO, it would have been, on average, 3 ha for the wood sampling 
(a sample per 2 ha or at least 200 m between samples) and 25 ha for the Monochamus trap-
ping component of the survey (at least 500 m between traps). To control whether these sizes 
were appropriate considering the selected design prevalences, we checked if they were such 
that the number of infected individuals per inspection site at the design prevalence would 
be at least one. This was done by studying the estimated probability distribution of the 
density of wood objects suitable for sampling and that of the density of Monochamus adults.

The probability that the number of wood objects per inspection site was high 
enough was only 3.3%, whereas, for the number of Monochamus adults per inspection 
site, it was 97.6%. Hence, in the wood sampling component of the survey, the original 
size of the inspection site was too small, but in the Monochamus trapping component, 
it was adequate. We corrected this by adjusting the size of the inspection sites so that, 
at the apparent local level design prevalence, the number of infected individuals was at 
least one with a 95% probability. This adjusted size was 35 ha for the import-export 
survey and 63 ha for the early detection survey.

Adjusting the size of the inspection sites retrospectively was somewhat problem-
atic. This is because some of the samples may have been collected so close to each other 
that, when the size of the inspection sites was increased, all samples did not actually 
represent the different inspection sites. However, this was deemed unlikely to have an 
impact on the results because the number of samples (Table 2) was very low compared 
to the total area covered by the surveys (Table 3).

Results

The PWN was not found in any of the 8,097 wood or 47 Monochamus samples col-
lected and analysed in Finland in 2000–2018.

The sensitivity of inspections

The sensitivity of inspections was clearly higher for the wood sampling than for the 
Monochamus trapping component of the surveys (Table 5). In the import-export sur-
veys, the median inspection sensitivity of the wood sampling component was 0.32 
and, in the early detection surveys, it was 0.17. For the Monochamus trapping, the 
median inspection sensitivity was 0.00 in both types of surveys.

Table 5. The sensitivity of inspections of the import-export and early detection surveys. Only the regions 
and years with sampling activity were included. Abbreviations: ISewood = the inspection sensitivity of the 
wood sampling component, ISeMonochamus = inspection sensitivity of the Monochamus trapping component.

Import-export Early detection
Median 2.5% 97.5% Median 2.5% 97.5%

ISewood 0.32 0.12 0.48 0.17 0.06 0.27
ISeMonochamus 0.00 0.00 0.60 0.00 0.00 0.36
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The sensitivity of the annual surveys

At the level of the administrative regions, the sensitivity of the annual surveys was 
rather low in most years and regions (Fig. 3). For the import-export surveys, it was at 
most 0.62 and, for the early detection surveys, it was at most 0.55 in all the regions and 
years with 97.5% probability.

At the national level, the sensitivity of the annual surveys was clearly higher than at 
the regional level for the import-export surveys, but not for the early detection surveys 
(Fig. 4). It was also clearly different for the two surveys types. For the import-export sur-
veys, the sensitivity was at least 0.6 in 13 years with 97.5% probability, whereas, for the 
early detection surveys, the sensitivity was below 0.15 in 18 years, with 97.5% probability.

Figure 3. The sensitivity of the annual surveys in 2000–2018 in the administrative regions of Finland. 
The dots denote the medians and the bars the 95% confidence intervals of the assessment results. Red 
denotes the import-export surveys and blue denotes the early detection surveys.
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Figure 4. The sensitivity of the annual surveys in 2000–2018 in Finland. The dots denote the medians 
and the bars, the 95% confidence intervals of the assessment results. Red denotes the import-export sur-
veys and blue denotes the early detection surveys.

The probability of freedom from PWN based on 19 years of surveys

The probability of pest freedom achieved by 2018 increased asymptotically with the 
mean time between PWN invasions (Figs 5, 6). In the administrative regions, the 
increase levelled out when the mean time between invasions was equal to 6–14 years 
and 6–17 years for the import-export and early detection surveys, respectively. At 
this levelling-out point, the probability of freedom was, at most, 0.05 lower than 
if the mean time between invasions was 100 years. At the national level, a similar 
levelling-out point occurred when the mean time between invasions was equal to 13 
and 63 years for the import-export and early detection surveys, respectively.

The probability of pest freedom at the above-defined levelling-out point was 
rather high in many regions, both for the import-export and early detection surveys 
(Fig. 5). For both survey types, it was greater than 0.8 in five regions (with 97.5% 
probability). However, at the national level, the probability of pest freedom at the 
levelling-out point was clearly different for the two survey types (Fig. 6). It was 0.95 
for the import-export and 0.73 for the early detection surveys (Fig. 6). The uncer-
tainty of the assessment appeared to be low, since the probability distributions of the 
probability of pest freedom were narrow for both types of surveys (Figs 5, 6).

The used initial prior probability of freedom did not affect the probability of 
freedom achieved by 2018 in the import-export surveys, as it was similar for initial 
prior probabilities of freedom equal to 0.5 and 0.25 (Fig. 7). However, the probabil-
ity of freedom achieved in the early detection surveys by 2018 was affected by the 
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Figure 5. The probability of freedom from PWN achieved by 2018 in the administrative regions of 
Finland. The coloured areas show the 95% confidence intervals of the assessment results. Red denotes 
import-export surveys and blue denotes the early detection surveys.

initial prior probability of freedom that was used. It was clearly higher if the initial 
prior probability of freedom was 0.5 than if it were 0.25. This was true for all prob-
abilities of invasion, except for those that were very high (Fig. 7).

Discussion

Reliable information about the distribution of quarantine pests is needed to prevent 
the pests from spreading with international trade. Additionally, if pest invasions are to 
be eradicated, they must be detected at an early stage, because, if the pest is widespread, 
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Figure 6. The probability of freedom from PWN achieved by 2018 in Finland. The coloured areas show 
the 95% confidence intervals of the assessment results. Red denotes the import-export surveys and blue 
denotes the early detection surveys.

Figure 7. The probability of freedom from PWN by 2018 for two initial prior probabilities of freedom. 
The solid lines indicate the median of the assessment results when the initial prior probability of freedom 
was equal to 0.5 and the dashed lines indicate the results when the initial prior probability of freedom was 
equal to 0.25. Red denotes the import-export surveys and blue denotes the early detection surveys. Only 
one red line is visible, as the two lines overlap.
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eradication is usually not feasible (Pluess et al. 2012a, b) To this end, all EU countries 
are required to conduct annual surveys for several quarantine pests, including PWN 
(European Council 2000, EU 2016). However, the sensitivity of these surveys has not 
yet been commonly analysed and, thus, it is not known if they are as useful for bios-
ecurity as aspired.

Guidance on how to assess the sensitivity of annual surveys and the probability 
of freedom achieved in multiannual surveys is available (Cannon 2002; Martin et al. 
2007; EFSA 2012, 2018), yet, so far, it has been widely applied mainly in the field of 
infectious animal diseases (e.g. Willeberg et al. 2011, but see, for example, Dominiak 
et al. 2011; Kean et al. 2015). Therefore, practical examples from the field of plant 
pests, such as the one presented in this paper, are essential for promoting a more objec-
tive analysis of official quarantine pest surveys and their impact on biosecurity.

The probability that Finland is free from PWN

The surveys support the assumption that PWN is not established in Finland. This 
is because the PWN was not found in any samples, although the sensitivity of the 
import-export surveys was rather high in many years and the probability of pest free-
dom achieved by 2018 was very high (≥ 0.95), unless the mean time between invasions 
was short (< 13 years). However, the surveys did not appear to be extensive enough to 
ensure early detection of PWN invasions. The sensitivity of the early detection surveys 
was very low in all years and the probability of freedom achieved by 2018 was rather 
low (< 0.73) unless the mean time between invasions was long (≥ 63 years).

The assessment seemed to be rather robust with respect to the parameters for which 
exact information was lacking (i.e. the density of wood objects suitable for sampling, 
the density of Monochamus adults and the number of wood objects from which a sam-
ple was collected). This is evident since the probability distributions of the sensitivity 
of annual surveys and especially those of the probability of pest freedom achieved by 
2018 were rather narrow. Better data on the uncertain parameters would obviously im-
prove the quality of the assessment, but acquiring such data does probably not deserve 
a high priority due to its minor impact on the outcome. It is noteworthy that aleatoric 
uncertainty (i.e. variation), which in these cases is inevitably large, cannot be reduced 
by more or better data.

Strictly speaking, the assessment of the probability of freedom did not cover the 
whole country, since the target population of the surveys was only the area with PWN 
host plants at 5 km radius from harbours, industrial areas and landfills (i.e. risk areas). 
However, these areas cover about 78% of the total area with PWN host plants in 
Finland (Table 3) and the probability of PWN infestation in the remaining remote 
locations is probably very low.

We did not find any published assessments of the sensitivity of PWN surveys done 
in other counties. However, Økland et al. (2010) assessed the probability with which 
the PWN surveys in Norway, together with the eradication measures proposed in the 
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Norwegian contingency plan for PWN, would result in successful eradication of a 
PWN outbreak. They did not report the sensitivity of the surveys for detecting a pre-
defined pest prevalence (i.e. design prevalence), but they did report that the probability 
with which a PWN outbreak would be detected during the first years of invasion was 
extremely low (0.00013 and 0.011 for the 1st and 4th year, respectively).

Quantitative estimates of the probability of invasion are needed

Being able to accumulate evidence for pest freedom from consecutive surveys would be 
very useful. For both survey types, the support for the assumption that PWN is absent 
from Finland was much stronger if the evidence from all the years were pooled than 
when the surveys done in different years were analysed separately. This was true for all 
except high probabilities of invasion.

To pool evidence from consecutive surveys, a quantitative estimate of the prob-
ability of pest invasion is needed. However, very rough estimates apparently may be 
sufficient because, when the mean time between PWN invasions was above a certain 
level, its increase had only a very small impact on the probability of pest freedom.

A quantitative estimate of the probability of PWN invasion to Finland is not avail-
able, although the probability of PWN entry to new areas in the European and Medi-
terranean countries has been assessed as “considerable” and the probability of PWN 
establishment as “highly likely” (EPPO 2009). Moreover, Douma et al. (2017) assessed 
the exposure of European pines to PWN via the trade of wood and they estimated that 
in Finland, at most, approximately 1.2 PWN per year come into contact with a host 
tree. However, to be able to translate this figure into probability of invasion, the prob-
ability that such a contact results in the establishment of a PWN population should 
be assessed too.

Most pest risk assessments are qualitative and, therefore, quantitative estimates of 
the probability of invasion are available only for some pest species/area at risk combi-
nations, such as Sirex noctilio and North America (Koch et al. 2009; Yemshanov et al. 
2009; 2010). EFSA Panel on Plant health (EFSA PLH Panel) has recently published 
a protocol for quantitative pest risk assessment (EFSA PLH Panel 2018a), which has 
been, this far, applied to nine assessments (EFSA PLH Panel 2016a; 2016b; 2016c; 
2016d; 2017a; 2017b; 2017c; 2017d; 2018b), some of which report estimates that 
could be translated to probability of invasion per year. Although the assessments were 
done at the EU level, they could probably be used to obtain an indication about the 
order of magnitude of the probability at the national level too.

Defining meaningful design prevalence is crucial

Defining design prevalences with care, so that they reflect the aims of the survey, is cen-
tral. Unfortunately, very little guidance is available for defining design prevalences for 



The probability of freedom from pine wood nematode 97

quarantine pests. Martin et al. (2007) advise that the design prevalences for infectious 
animal diseases should be based on international standards, requirements of the trad-
ing partners, political considerations, availability of resources and/or biological plausi-
bility. The list is relevant also for quarantine pest surveys if the aim of the survey is to 
justify import requirements and to facilitate export. However, if the aim of the survey 
is to detect pest invasions early enough to enable successful eradication of outbreaks, 
only the last two (availability of resources and biological plausibility) are relevant.

The international standard for phytosanitary measure that sets the requirements for 
surveillance (FAO 2018) encourages NPPOs to report the minimum pest prevalence 
that a survey is aiming to detect (i.e. design prevalence) and the probability with which 
it is expected to succeed in this aim (i.e. sensitivity). However, the standard comments 
neither on the appropriate levels of those parameters nor on how they should be de-
fined. Additionally, EU legislation leaves the definition of the design prevalence to the 
member states, although it requires that sound scientific principles are used and timely 
detection of the pests is ensured with a high degree of confidence. EFSA is currently 
preparing survey guidelines for several quarantine pests (EFSA 2018), which will hope-
fully aid NPPOs in defining design prevalences.

We defined the local-level design prevalences of PWN, based on the prevalence of a 
closely-related species, Bursaphelenchus mucronatus, in the samples collected in the PWN 
survey. Thus, all the biases in the sampling process of B. mucronatus and PWN were the 
same, which was perfect for our purpose. However, the reported prevalence of B. mucro-
natus cannot be expected to correspond to the prevalence of B. mucronatus in standing 
trees, because the sampling was targeted at material that had signs of Monochamus activity.

We defined the regional- and national-level design prevalences for the early detec-
tion surveys based on article 7 of the EU emergency measures for PWN (EU 2012), 
which allows member states to refrain from attempting eradication if the diameter of 
the infested area is more than 20 km. However, it is not clear if such a large infestation 
could be eradicated with the resources available for delimiting the infested area and 
conducting the eradication measures.

Misinformed initial prior probability of freedom may distort the assessment

The prior probability of freedom at the first time-step (i.e. the initial prior probabil-
ity) should be in line with the probability of invasion, unless reason exists to assume 
that the probability of invasion was different before the survey was initiated. In other 
words, if the probability of invasion is assumed to be high, assuming the initial prior 
probability of freedom is low is not logical and vice versa.

This appeared to be worth considering even when using a seemingly uninforma-
tive initial prior probability of freedom equal to 0.5. In the early detection survey, in 
which the sensitivity of annual surveys was low, the initial prior probability of freedom 
had an impact on the probability of freedom even after 19 years of surveys, unless the 
probability of invasion was very high.
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This shows that, if the sensitivity of the survey is low, the initial prior probability 
of freedom can have an impact on the probability of freedom for several years. Thus, in 
such cases, the results from the first years of surveys should be interpreted with caution 
if the initial prior probability is uncertain. This is especially relevant if the trend in the 
probability of freedom is decreasing because, in such cases, the results for the first years 
are likely to be too optimistic.

Statistical analysis should be considered already when planning surveys

Some complications encountered in the current assessment emphasise the importance 
of proper survey planning and indicate some of the issues that one should be aware of 
when planning surveys. First, risk areas should be defined so that they cover a sensible 
proportion of the total area at risk. Otherwise, the value of classifying areas according 
to risk is compromised. In the Finnish PWN survey guidelines, the definition of risk 
areas was such that they covered most of the area with PWN host plants and, therefore, 
the risk-based survey design could not be used in the assessment. The probability of 
freedom from PWN achieved with the surveys would probably be higher if a risk-based 
design were used.

Second, local design prevalence should be defined and the density of objects suit-
able for sampling should be estimated before the area covered by one inspection (in-
spection site) is defined. This is because the size of the inspection site should be such 
that, at the local level design prevalence, the number of infected objects per inspection 
site is at least one. In the Finnish PWN survey guidelines, the area covered by one in-
spection was so small that, at the local level design prevalence, the number of infested 
wood objects was less than one and, therefore, we had to redefine the size of the inspec-
tions site for this assessment.

Conclusions

The PWN surveys conducted in Finland in 2000–2018 appeared to support the as-
sumption that PWN is not present in Finland, but they did not seem extensive enough 
to ensure early detection of PWN invasions. Without corresponding assessments, it is 
not possible to tell if, for example, the PWN surveys in the other EU countries have 
been any better or how much the surveys of other quarantine pests benefit biosecurity.

The efficiency of the surveys could probably be improved by revising the definition 
of risk areas (e.g. to 2 km radius form harbours and industrial areas) and by optimising 
the number of inspected sites versus the number of samples collected per inspected 
site. However, without a thorough assessment, it is impossible to know if such revi-
sions could improve the efficiency enough, i.e. so much that PWN outbreaks would 
be detected, with a high degree of confidence, early enough to facilitate eradication.
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To enable analysis of pest freedom, based on multiannual surveys, quantitative 
estimates of the probability of invasion are needed, but rather rough estimates may be 
sufficient. Furthermore, methods for determining meaningful design prevalence, espe-
cially for early detection surveys are needed. Ideally, the design prevalence in early de-
tection surveys should represent the area from which eradication of the pest is feasible.

To learn whether the current quarantine pest surveys, in the EU and elsewhere, are 
as beneficial for biosecurity as aspired, we need many more examples of the sensitivity 
that is, in practice, achieved in the surveys. Otherwise, the only result of the surveys 
may be a false sense of biosecurity.

Acknowledgements

We thank the reviewers Dr. John Kean and Dr. Matt Hill for highly valuable comments on 
the manuscript. We also thank Jukka Tegel, Jyrki Tomminen, Liisa Vihervuori and Ville 
Welling for providing data and information about the sampling and laboratory analysis.

References

Akbulut S, Stamps WT (2012) Insect vectors of the pinewood nematode: A review of the 
biology and ecology of Monochamus species. Forest Pathology 42: 89–99. https://doi.
org/10.1111/j.1439-0329.2011.00733.x

Baermann G (1917) Ein einfache methode zur auffindung von anklyostomum (Nematoden) lar-
ven in erdproben. Geneeskundig Tijdschrift voor Nederlandsch-Indie Batavia 57: 131–137.

Bergdahl DR, Halik S, Tomminen J, Akar H (1991) Frequency of infestation of Monochamus no-
tatus and M. scutellatus by Bursaphelenchus xylophilus in Vermont. Phytopathology 81: 1–120.

Cameron AR, Baldock FC (1998) A new probability formula for surveys to substantiate free-
dom from disease. Preventive Veterinary Medicine 34: 1–17. https://doi.org/10.1016/
S0167-5877(97)00081-0

Cannon RM (2002) Demonstrating disease freedom – Combining confidence levels. Preven-
tive Veterinary Medicine 52: 227–249. https://doi.org/10.1016/S0167-5877(01)00262-8

Dominiak BC, Gott K, McIver D, Grant T, Gillespie PS, Worsley P, Clift A, Sergeant ESG (2011) 
Scenario tree risk analysis of zero detections and the eradication of yellow crazy ant (‘Anoplolepis 
gracilipes’ (Smith)), in New South Wales, Australia. Plant Protection Quarterly 26: 124–129. 
https://search.informit.com.au/documentSummary;dn=593474062968814;res=IELHSS

Douma JC, Werf W, Hemerik L, Magnusson C, Robinet C (2017) Development of a pathway 
model to assess the exposure of European pine trees to pine wood nematode via the trade 
of wood. Ecological Applications 27: 769–785. https://doi.org/10.1002/eap.1480

European and Mediterranean Plant Protection Organization (2009) Report of a pest risk analy-
sis for Bursaphelenchus xylophilus. European and Mediterranean Plant Protection Organiza-
tion (Paris): 1–17. https://gd.eppo.int/taxon/BURSXY/documents

https://doi.org/10.1111/j.1439-0329.2011.00733.x
https://doi.org/10.1111/j.1439-0329.2011.00733.x
https://doi.org/10.1016/S0167-5877(97)00081-0
https://doi.org/10.1016/S0167-5877(97)00081-0
https://doi.org/10.1016/S0167-5877(01)00262-8
https://search.informit.com.au/documentSummary;dn=593474062968814;res=IELHSS
https://doi.org/10.1002/eap.1480
https://gd.eppo.int/taxon/BURSXY/documents


Salla Hannunen & Juha Tuomola  /  NeoBiota 58: 75–106 (2020)100

European and Mediterranean Plant Protection Organization (2013a) EPPO standard PM 7/119 
(1) Nematode extraction. EPPO Bulletin 43: 471–495. https://doi.org/10.1111/epp.12077

European and Mediterranean Plant Protection Organization (2013b) EPPO standard PM 7/4 (3) 
Bursaphelenchus xylophilus. EPPO Bulletin 43: 105–118. https://doi.org/10.1111/epp.12348

European Commission (2009) EU Pinewood nematode Bursaphelenchus xylophilus survey 
protocol 2009. European Commission Health and Consumers Directorate-General (Brus-
sels): 1–11.

European Commission (2018) Pine wood nematode surveys in the EU – Annual report 2016. 
Publications Office of the European Union (Luxembourg): 1–7. https://ec.europa.eu/
food/sites/food/files/plant/docs/ph_biosec_pwn_ann-surveys_report-2016.pdf

European Commission (2019a) Commission implementing regulation (EU) .../...of XXX es-
tablishing uniform conditions for the implementation of Regulation (EU) 2016/2031 of 
the European Parliament and the Council, as regards protective measures against pests of 
plants, and repealing Commission Regulation (EC) No 690/2008 and amending Commis-
sion Implementing Regulation (EU) 2018/2019. Draft available at: https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=pi_com:Ares(2019)5318433

European Commission (2019b) Commission delegated regulation (EU) 2019/1702 of 1 
August 2019 supplementing Regulation (EU) 2016/2031 of the European Parliament 
and of the Council by establishing the list of priority pests. Official Journal of the Eu-
ropean Union L 260/8: 19.10.2019: 1–3. https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:32019R1702

European Council (2000) Council Directive 2000/29/EC of 8 May 2000 on protective meas-
ures against the introduction into the Community of organisms harmful to plants or plant 
products and against their spread within the Community. Official Journal of the Euro-
pean Communities L 169 10.7.2000: 1–112. https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=CELEX:32000L0029

European Food Safety Authority (2012) A framework to substantiate absence of disease: the 
risk based estimate of system sensitivity tool (RiBESS) using data collated according to the 
EFSA Standard Sample Description ‐ An example on Echinococcus multilocularis. Support-
ing Publications 2012 9(12): EN‐366: 1–44. https://doi.org/10.2903/sp.efsa.2012.EN-366

European Food Safety Authority, Ciubotaru RM, Cortiñas Abrahantes J, Oyedele J, Parnell S, 
Schrader G, Zancanaro G, Vos S (2018) Work-plan and methodology for EFSA to develop 
plant pest survey guidelines for EU Member States. EFSA supporting publication 2018 
15(3): EN‐1399: 1–36. https://doi.org/10.2903/sp.efsa.2018.EN-1399

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret 
JA, MacLeod A, Navajas Navarro M, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Van 
Bruggen A, Van Der Werf W, West J, Winter S, Mosbach-Schulz O, Urek G (2016a) Risk 
to plant health of Ditylenchus destructor for the EU territory. EFSA Journal 2016 14(12): 
4602: 1–124. https://doi.org/10.2903/j.efsa.2016.4602

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Jaques Miret JA, MacLeod A, 
Navajas Navarro M, Niere B, Parnell S, Potting R, Rafoss T, Urek G, Rossi V, Van Bruggen 

https://doi.org/10.1111/epp.12077
https://doi.org/10.1111/epp.12348
https://ec.europa.eu/food/sites/food/files/plant/docs/ph_biosec_pwn_ann-surveys_report-2016.pdf
https://ec.europa.eu/food/sites/food/files/plant/docs/ph_biosec_pwn_ann-surveys_report-2016.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=pi_com:Ares(2019)5318433
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=pi_com:Ares(2019)5318433
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32019R1702
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32019R1702
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0029
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32000L0029
https://doi.org/10.2903/sp.efsa.2012.EN-366
https://doi.org/10.2903/sp.efsa.2018.EN-1399
https://doi.org/10.2903/j.efsa.2016.4602


The probability of freedom from pine wood nematode 101

A, Van Der Werf W, West J, Winter S, Bosco D, Foissac X, Strauss G, Hollo G, Mosbach-
Schulz O, Gregoire J-C (2016b) Risk to plant health of Flavescence doree for the EU terri-
tory. EFSA Journal 2016 14(12): 4603: 1–83. https://doi.org/10.2903/j.efsa.2016.4603

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Chatzivassiliou E, 
Dehnen-Schmutz K, Gilioli G, Jaques Miret JA, MacLeod A, Navajas Navarro M, Niere 
B, Parnell S, Potting R, Rafoss T, Urek G, Van Bruggen A, Van der Werf W, West J, Winter 
S, Santini A, Tsopelas P, Vloutoglou I, Pautasso M, Rossi V (2016c) Risk assessment and 
reduction options for Ceratocystis platani in the EU. EFSA Journal 2016 14(12): 4640: 
1–65. https://doi.org/10.2903/j.efsa.2016.4640

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Chatzivassiliou E, 
Dehnen-Schmutz K, Gilioli G, Jaques Miret JA, MacLeod A, Navajas Navarro M, Niere 
B, Parnell S, Potting R, Rafoss T, Urek G, Van Bruggen A, Van der Werf W, West J, Winter 
S, Maresi G, Prospero S, Vettraino AM, Vloutoglou I, Pautasso M, Rossi V (2016d) Risk 
assessment and reduction options for Cryphonectria parasitica in the EU. EFSA Journal 
2016 14(12): 4641: 1–54. https://doi.org/10.2903/j.efsa.2016.4641

European Food Safety Authority Panel on Plant Health, Jeger M, Caffier D, Candresse T, 
Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret JA, MacLeod 
A, Navajas Navarro M, Niere B, Parnell S, Potting R, Rafoss T, Urek G, Van Bruggen A, 
Van Der Werf W, West J, Winter S, Boberg J, Porta Puglia A, Vettraino AM, Pautasso M, 
Rossi V (2017a) Scientific opinion on the pest risk assessment of Atropellis spp. for the EU 
territory. EFSA Journal 2017 15(7): 4877: 1–46. https://doi.org/10.2903/j.efsa.2017.4877

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Candresse 
T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret JA, Ma-
cLeod A, Navajas Navarro M, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Van Bruggen 
A, Van Der Werf W, West J, Winter S, Schans J, Kozelska S, Mosbach-Schulz O, Urek G 
(2017b) Scientific opinion on the pest risk assessment of Radopholus similis for the EU ter-
ritory. EFSA Journal 2017 15(8): 4879: 1–265. https://doi.org/10.2903/j.efsa.2017.4879

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret JA, 
MacLeod A, Navarro MN, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Urek G, Van 
Der Werf W, West J, Winter S, Gardi C, Mosbach-Schulz O, Koufakis I, Van Bruggen A 
(2017c) Scientific opinion on the pest risk assessment of Diaporthe vaccinii for the EU ter-
ritory. EFSA Journal 12017 5(9): 4924: 1–185. https://doi.org/10.2903/j.efsa.2017.4924

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret JA, 
MacLeod A, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Urek G, Van Bruggen A, 
Van Der Werf W, West J, Winter S, Bergeretti F, Bjorklund N, Mosbach-Schulz O, Vos S 
and Navajas Navarro M (2017d) Scientific opinion on the pest risk assessment of Eotetra-
nychus lewisi for the EU territory. EFSA Journal 2017 15(10): 4878: 1–122. https://doi.
org/10.2903/j.efsa.2017.4878

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen‐Schmutz K, Grégoire J‐C, Jaques Miret JA, MacLeod 
A, Navajas Navarro M, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Urek G, Van 

https://doi.org/10.2903/j.efsa.2016.4603
https://doi.org/10.2903/j.efsa.2016.4640
https://doi.org/10.2903/j.efsa.2016.4641
https://doi.org/10.2903/j.efsa.2017.4877
https://doi.org/10.2903/j.efsa.2017.4879
https://doi.org/10.2903/j.efsa.2017.4924
https://doi.org/10.2903/j.efsa.2017.4878
https://doi.org/10.2903/j.efsa.2017.4878


Salla Hannunen & Juha Tuomola  /  NeoBiota 58: 75–106 (2020)102

Bruggen A, Van Der Werf W, West J, Winter S, Hart A, Schans J, Schrader G, Suffert M, 
Kertész V, Kozelska S, Mannino MR, Mosbach‐Schulz O, Pautasso M, Stancanelli G, Tra-
montini S, Vos S, Gilioli G (2018a) Guidance on quantitative pest risk assessment. EFSA 
Journal 2018 16(8): 5350: 1–86. https://doi.org/10.2903/j.efsa.2018.5350

European Food Safety Authority Panel on Plant Health, Jeger M, Bragard C, Caffier D, Can-
dresse T, Chatzivassiliou E, Dehnen-Schmutz K, Gilioli G, Gregoire J-C, Jaques Miret 
JA, Navarro MN, Niere B, Parnell S, Potting R, Rafoss T, Rossi V, Urek G, Van Bruggen 
A, Van der Werf W, West J, Winter S, Day R, Early R, Hruska A, Nagoshi R, Gardi C, 
Mosbach-Schultz O, MacLeod A (2018b) Scientific opinion on the pest risk assessment of 
Spodoptera frugiperda for the European Union. EFSA Journal 2018 16(8): 5351: 1–120. 
https://doi.org/10.2903/j.efsa.2018.5351

European Union (2012) Commission Implementing Decision of 26 September 2012 on emer-
gency measures to prevent the spread within the Union of Bursaphelenchus xylophilus (Stein-
er et Buhrer) Nickle et al. (the pine wood nematode) (notified under document C(2012) 
6543) (2012/535/EU). Official Journal of the European Union L 266 2.10.2012: 42–52. 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02012D0535-20170310

European Union (2016) Regulation (EU) 2016/2031 of the European Parliament of the Coun-
cil of 26 October 2016 on protective measures against pests of plants, amending Regula-
tions (EU) No 228/2013, (EU) No 652/2014 and (EU) No 1143/2014 of the European 
Parliament and of the Council and repealing Council Directives 69/464/EEC, 74/647/
EEC, 93/85/EEC, 98/57/EC, 2000/29/EC, 2006/91/EC and 2007/33/EC. Official Jour-
nal of the European Union L 317 23.11.2016: 4–104. https://eur-lex.europa.eu/legal-con-
tent/EN/TXT/?uri=CELEX:32016R2031

Evans HF, McNamara DG, Braasch H, Chadoeuf J, Magnusson C (1996) Pest risk analysis 
(PRA) for the territories of the European Union (as PRA area) on Bursaphelenchus xylo-
philus and its vectors in the genus Monochamus. EPPO Bulletin 26: 199–249. https://doi.
org/10.1111/j.1365-2338.1996.tb00594.x

Evans M, Hastings N, Peacock B (2000) Statistical Distributions (3rd edn.). Wiley-Interscience 
Publication, 221 pp.

Evans S, Evans HF, Ikegami M (2008) Modeling PWN-induced wilt expression: A mechanistic 
approach. In: Mota M, Vieira P (Eds) Pine Wilt Disease: A Worldwide Threat to Forest 
Ecosystems. Springer, London, 259–278. https://doi.org/10.1007/978-1-4020-8455-3_22

Food and Agriculture Organization of the United Nations (2017) ISPM No 4 Requirements 
for the establishments of pest free areas. FAO, IPPC Secretariat (Rome): 1–9. https://www.
ippc.int/en/publications/614/

Food and Agriculture Organization of the United Nations (2018) ISPM No 6 Surveillance. 
FAO, IPPC Secretariat (Rome): 1–14. https://www.ippc.int/en/publications/615/

François C, Castagnone C, Boonham N, Tomlinson J, Lawson R, Hockland S, Quill J, Vieira 
P, Mota M, Castagnone-Sereno P (2007) Satellite DNA as a target for TaqMan real-time 
PCR detection of the pinewood nematode, Bursaphelenchus xylophilus. Molecular Plant 
Pathology 8: 803–809. https://doi.org/10.1111/j.1364-3703.2007.00434.x

Futai K (2013) Pine Wood Nematode, Bursaphelenchus xylophilus. Annual Review of Phytopa-
thology 2013 51: 61–83. https://doi.org/10.1146/annurev-phyto-081211-172910

https://doi.org/10.2903/j.efsa.2018.5350
https://doi.org/10.2903/j.efsa.2018.5351
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02012D0535-20170310
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32016R2031
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32016R2031
https://doi.org/10.1111/j.1365-2338.1996.tb00594.x
https://doi.org/10.1111/j.1365-2338.1996.tb00594.x
https://doi.org/10.1007/978-1-4020-8455-3_22
https://www.ippc.int/en/publications/614/
https://www.ippc.int/en/publications/614/
https://www.ippc.int/en/publications/615/
https://doi.org/10.1111/j.1364-3703.2007.00434.x
https://doi.org/10.1146/annurev-phyto-081211-172910


The probability of freedom from pine wood nematode 103

Gruffudd HR, Jenkins TAR, Evans HF (2016) Using an evapo-transpiration model (ETpN) 
to predict the risk and expression of symptoms of pine wilt disease (PWD) across Europe. 
Biological Invasions 18: 1–18. https://doi.org/10.1007/s10530-016-1173-7

Heliövaara K, Mannerkoski I, Siitonen J (2004) Suomen Sarvijäärät Longhorn Beetles of Fin-
land (Coleoptera, Cerambycicae). Tremex Press, Helsinki, 374 pp. [in Finnish]

Hooper DJ (1986) Extraction of nematodes from plant material. In: Southey JF (Ed.) Labora-
tory Methods for Work with Plants and Soil Nematodes. Ministry of Agriculture, Fisheries 
and Food, London, 51–58.

Härmä P, Hatunen S, Törmä M, Järvenpää E, Kallio M, Teiniranta R, Kiiski T, Suikkanen 
J (2015) Corine 2012 Final Report Finland GIO Land Monitoring 2011–2013 in the 
framework of regulation (EU) No 911/2010 – Pan-EU Component – Grant Agreement 
3541/B2012/R0-GIO/EEA.55037. Final Report. Finland, 47 pp. https://www.syke.fi/
download/noname/%7BEEEAA343-6236-49F0-9A3E-8FF50ED9D476%7D/107967

Kean JM, Burnip GM, Pathan A (2015) Detection survey design for decision making during 
biosecurity incursions. In: Jarrad F, Low-Choy S, Mengersen K (Eds) Biosecurity Surveil-
lance Quantitative Approaches. CABI, USA, 238–250.

Koch FH, Yemshanov D, McKenney DW, Smith WD (2009) Evaluating critical uncertainty 
thresholds in a spatial model of forest pest invasion risk. Risk Analysis 29: 1227–1241. 
https://doi.org/10.1111/j.1539-6924.2009.01251.x

Linit MJ (1988) Nematode-vector relationships in the pine wilt disease system. Journal of 
Nematology 20: 227–235. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2618795/

Mamiya Y (1988) History of pine wilt disease in Japan. The Journal of Nematology 20: 219–
226. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2618808/

Martin PAJ, Cameron AR, Greiner M (2007) Demonstrating freedom from disease using mul-
tiple complex data sources 1: A new methodology based on scenario trees. Preventive Vet-
erinary Medicine 79: 71–97. https://doi.org/10.1016/j.prevetmed.2006.09.008

Mota MM, Braasch H, Bravo MA, Penas AC, Burgermeister W, Metge K, Sousa E (1999) First 
report of Bursaphelenchus xylophilus in Portugal and in Europe. Nematology 1: 727–734. 
https://doi.org/10.1163/156854199508757

Pouillot R, Delignette-Muller M-L (2010) Evaluating variability and uncertainty in microbial 
quantitative risk assessment using two R packages. International Journal of Food Microbi-
ology 142: 330–40. https://doi.org/10.1016/j.ijfoodmicro.2010.07.011

Pluess T, Cannon R, Jarošík V, Pergl J, Pyšek P, Bacher S (2012a) When are eradication cam-
paigns successful? A test of common assumptions. Biological Invasions 14: 1365–1378. 
https://doi.org/10.1007/s10530-011-0160-2

Pluess T, Jarošík V, Pyšek P, Cannon R, Pergl J, Breukers A, Bacher S (2012b) Which factors af-
fect the success or failure of eradication campaigns against alien species? PLoS ONE 7(10): 
e48157. https://doi.org/10.1371/journal.pone.0048157

R Core Team (2018) R: A language and environment for statistical computing. R Foundation 
for Statistical Computing, Vienna. http://www.R-project.org/

Rassi P, Karjalainen S, Clayhills T, Helve E, Hyvärinen E, Laurinharju E, Malmberg S, Man-
nerkoski I, Martikainen P, Mattila J, Muona J, Pentinsaari M, Rutanen I, Salokannel J, 
Siitonen J, Silfverberg H (2015) Provincial List of Finnish Coleoptera 2015. Sahlbergia 21 

https://doi.org/10.1007/s10530-016-1173-7
https://www.syke.fi/download/noname/%7BEEEAA343-6236-49F0-9A3E-8FF50ED9D476%7D/107967
https://www.syke.fi/download/noname/%7BEEEAA343-6236-49F0-9A3E-8FF50ED9D476%7D/107967
https://doi.org/10.1111/j.1539-6924.2009.01251.x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2618795/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2618808/
https://doi.org/10.1016/j.prevetmed.2006.09.008
https://doi.org/10.1163/156854199508757
https://doi.org/10.1016/j.ijfoodmicro.2010.07.011
https://doi.org/10.1007/s10530-011-0160-2
https://doi.org/10.1371/journal.pone.0048157
http://www.R-project.org/


Salla Hannunen & Juha Tuomola  /  NeoBiota 58: 75–106 (2020)104

Supplement 1: 1–164. http://www.luomus.fi/sites/default/files/sahlbergia/sahlbergia_21_
S1_2015.pdf

Robertson L, Arcos CS, Escuer M, Merino SR, Esparrago G, Abelleira A, Navas A (2011) Inci-
dence of the pinewood nematode Bursaphelenchus xylophilus Steiner & Buhrer, 1934 (Nickle, 
1970) in Spain. Nematology 13: 755–757. https://doi.org/10.1163/138855411X578888

Shin SC (2008) Pine wilt disease in Korea. In: Zhao BG, Futai K, Sutherland JR, Takeuchi 
Y (Eds) Pine wilt Disease. Springer, Japan, 26–32. https://doi.org/10.1007/978-4-431-
75655-2_5

Takeuchi Y (2008) Host fate following infection by the pine wood nematode. In: Zhao BG, 
Futai K, Sutherland JR, Takeuchi Y (Eds) Pine wilt Disease. Springer, Japan, 235–249. 
https://doi.org/10.1007/978-4-431-75655-2_23

Tomminen J (1990) Presence of Bursaphelenchus mucronatus (Nematoda: Aphelenchoididae) 
fourth dispersal stages in selected conifer beetles in Finland. Silva Fennica 24: 273–278. 
https://doi.org/10.14214/sf.a15582

Tomminen J (1993) Pathogenicity studies with Bursaphelenchus mucronatus in Scots 
pine in Finland. European Journal of Forest Pathology 23: 236–243. https://doi.
org/10.1111/j.1439-0329.1993.tb01341.x

Tomminen J, Nuorteva M, Pulkkinen M, Väkevä J (1989) Occurrence of the nematode Bursap-
helenchus mucronatus Mamiya & Enda 1979 (Nematoda: Aphelenchoididae) in Finland. 
Silva Fennica 23: 271–277. https://doi.org/10.14214/sf.a15547

Tzean SS (1997) [The occurrence and biological control of pine wilt disease caused by Bursap-
helenchus xylophilus] In: Chang TC (Ed.) Symposium of Forest Pathology and Entomology, 
Monograph No. 971. Chinese Forestry Society & Taiwan Provincial Forestry Experiment 
Station Press, Taiwan, 7–16. [in Chinese]

Willeberg P, Paisley LG, Lind P (2011) Epidemiological models to support animal disease sur-
veillance activities. Revue scientifique et technique (International Office of Epizootics) 30: 
603–614. https://doi.org/10.20506/rst.30.2.2059

Zhao BG (2008) Pine wilt disease in China. In: Zhao BG, Futai K, Sutherland JR, Takeuchi Y (Eds) 
Pine wilt Disease. Springer, Japan, 18–25. https://doi.org/10.1007/978-4-431-75655-2_4

Ye W (2012) Development of PrimeTime-real-time PCR for species identification of soybean 
cyst nematode (Heterodera glycines Ichinohe, 1952) in North Carolina. Journal of Nema-
tology 44: 284–290. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3547338/

Yemshanov D, Koch FH, McKenney DW, Downing MC, Sapio F (2009) Mapping invasive 
species risks with stochastic models: a cross-border United States Canada application 
for Sirex noctilio Fabricius. Risk Analysis 29: 868–884. https://doi.org/10.1111/j.1539-
6924.2009.01203.x

Yemshanov D, Koch FH, Ben-Haim Y, Smith WD (2010) Robustness of risk maps and survey 
networks to knowledge gaps about a new invasive pest. Risk Analysis 30: 261–276. https://
doi.org/10.1111/j.1539-6924.2009.01284.x

Økland B, Skarpaas O, Schroeder M, Magnusson C, Lindelöw Å, Thunes K (2010) Is eradi-
cation of the pinewood nematode (Bursaphelenchus xylophilus) likely? An evaluation of 
current contingency plans. Risk Analysis 30: 1424–1439. https://doi.org/10.1111/j.1539-
6924.2010.01431.x

http://www.luomus.fi/sites/default/files/sahlbergia/sahlbergia_21_S1_2015.pdf
http://www.luomus.fi/sites/default/files/sahlbergia/sahlbergia_21_S1_2015.pdf
https://doi.org/10.1163/138855411X578888
https://doi.org/10.1007/978-4-431-75655-2_5
https://doi.org/10.1007/978-4-431-75655-2_5
https://doi.org/10.1007/978-4-431-75655-2_23
https://doi.org/10.14214/sf.a15582
https://doi.org/10.1111/j.1439-0329.1993.tb01341.x
https://doi.org/10.1111/j.1439-0329.1993.tb01341.x
https://doi.org/10.14214/sf.a15547
https://doi.org/10.20506/rst.30.2.2059
https://doi.org/10.1007/978-4-431-75655-2_4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3547338/
https://doi.org/10.1111/j.1539-6924.2009.01203.x
https://doi.org/10.1111/j.1539-6924.2009.01203.x
https://doi.org/10.1111/j.1539-6924.2009.01284.x
https://doi.org/10.1111/j.1539-6924.2009.01284.x
https://doi.org/10.1111/j.1539-6924.2010.01431.x
https://doi.org/10.1111/j.1539-6924.2010.01431.x


The probability of freedom from pine wood nematode 105

Supplementary material 1

readme.txt
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Data type: instructions 
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Data.R 
Authors: Salla Hannunen, Juha Tuomola
Data type: R code
Explanation note: This script contains the data used in the assessment.
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Sensitivity_function.R
Authors: Salla Hannunen, Juha Tuomola
Data type: R code
Explanation note: This script contains a function that returns the sensitivity of the an-
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Copyright notice: This dataset is made available under the Open Database License 
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