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Abstract: Among the most concerning threats impacting global forest ecosystems is the
pinewood nematode (Bursaphelenchus xylophilus (Steiner and Buhrer, 1934) Nickle, 1970),
the causal agent of pine wilt disease. In Europe, effective management of this pest requires
comprehensive regulatory and monitoring strategies, including the annual collection of
thousands of wood samples from symptomatic trees and their surroundings, inspection of
wood packaging materials like pallets, and the trapping of the insect vector, Monochamus
spp., through national networks. Insects and wood samples are sent to official laboratories,
where the latter are sometimes incubated at 25 ◦C for 15 days, aiming to maximize the
probability of the detection of the nematode. This study expected to elucidate the effect of
the wood incubation process on the detection of B. xylophilus by analyzing wood samples
from pallets and green wood obtained from pine stands, both harbouring nematodes
in adult and juvenile stages. Additionally, the investigation sought to assess how the
presence of fungi, which serve as a food source for the nematodes, enables B. xylophilus
to persist in treated pallet wood that is colonized by these fungi. The results indicated
that the incubation period is unnecessary for detecting B. xylophilus in pallets, except when
the wood is heavily colonized by fungi providing suitable nutrition for the nematodes,
although such occurrences are expected to be rare. Furthermore, this study found no
significant differences in population growth between the two stages of the nematode’s
life cycle. This suggests that second-stage juveniles present in wood samples, despite not
undergoing sexual differentiation, do not hinder the reproductive capacity of B. xylophilus.
The risk of a potential infestation in treated pallet wood is unlikely if the treatment has been
performed correctly, and the incubation does not contribute to increasing the probability
of detecting the PWN. Conversely, for samples obtained from trees, the incubation period
significantly enhances nematode detection.

Keywords: pinewood nematode; detection; inspection; wood treatment; pallets

1. Introduction
Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle, the pinewood nematode (PWN),

is a species native to North America and has become an invasive pest in Asia, spreading to
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Europe and causing pine wilt disease (PWD), one of the most serious threats to coniferous
forests [1]. The spread of PWD poses a major environmental risk, especially across Asia
and Europe, leading to the degradation of habitats, loss of biodiversity, and significant
disruptions in forest ecosystems [2].

The disease is complex and involves a tripartite interaction: the nematode (B. xy-
lophilus), its insect vector (Monochamus spp.), and the host pine tree [3]. In this dynamic,
fungi also play a crucial role, supporting the nematode’s survival by colonizing weakened
trees [4,5]. The nematode enters the tree through wounds caused by the insect vector
and migrates to the resin canals, where it feeds on parenchymal cells [6]. This feeding
activity severely disrupts the tree’s water transport system, ultimately resulting in tree
mortality [7]. Different pine species show varying resistance, largely due to anatomical
differences in their resin canals. In Europe, studies have shown that Pinus pinaster Ait. is
particularly susceptible due to its resin canal density, allowing the nematode to move more
easily through its tissues [8–10]. The nematode’s vector, Monochamus spp., locates its hosts
by detecting volatile organic compounds emitted by stressed trees, making P. sylvestris and
P. pinaster primary hosts for disease transmission, although the PWN has been detected in
other species in Europe, such as P. nigra [11] and P. radiata [12].

The disease manifests with characteristic symptoms, including needle chlorosis, fol-
lowed by browning, without premature needle shedding [13]. The rapid death of infected
trees exacerbates the forest’s vulnerability to further infestation and degradation (Figure 1).

Forests 2025, 16, x FOR PEER REVIEW 2 of 12 
 

 

1. Introduction 
Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle, the pinewood nematode (PWN), 

is a species native to North America and has become an invasive pest in Asia, spreading 
to Europe and causing pine wilt disease (PWD), one of the most serious threats to 
coniferous forests [1]. The spread of PWD poses a major environmental risk, especially 
across Asia and Europe, leading to the degradation of habitats, loss of biodiversity, and 
significant disruptions in forest ecosystems [2]. 

The disease is complex and involves a tripartite interaction: the nematode (B. 
xylophilus), its insect vector (Monochamus spp.), and the host pine tree [3]. In this dynamic, 
fungi also play a crucial role, supporting the nematode’s survival by colonizing weakened 
trees [4,5]. The nematode enters the tree through wounds caused by the insect vector and 
migrates to the resin canals, where it feeds on parenchymal cells [6]. This feeding activity 
severely disrupts the tree’s water transport system, ultimately resulting in tree mortality 
[7]. Different pine species show varying resistance, largely due to anatomical differences 
in their resin canals. In Europe, studies have shown that Pinus pinaster Ait. is particularly 
susceptible due to its resin canal density, allowing the nematode to move more easily 
through its tissues [8–10]. The nematode’s vector, Monochamus spp., locates its hosts by 
detecting volatile organic compounds emitted by stressed trees, making P. sylvestris and 
P. pinaster primary hosts for disease transmission, although the PWN has been detected 
in other species in Europe, such as P. nigra [11] and P. radiata [12]. 

The disease manifests with characteristic symptoms, including needle chlorosis, 
followed by browning, without premature needle shedding [13]. The rapid death of 
infected trees exacerbates the forest’s vulnerability to further infestation and degradation 
(Figure 1). 

 

Figure 1. Maritime pines, Pinus pinaster Ait., with symptoms of pine wilt disease caused by the 
pinewood nematode in Tróia (38°29′28″ N, 8°54′11″ O), Portugal. 

Figure 1. Maritime pines, Pinus pinaster Ait., with symptoms of pine wilt disease caused by the
pinewood nematode in Tróia (38◦29′28′′ N, 8◦54′11′′ O), Portugal.

Bursaphelenchus xylophilus was first described in Japan in 1970 [14]. It is now
widespread in Asia and North America and has been detected in Europe, particularly
in Portugal [11,13,15,16] and Spain [12,17], in different pine species. Unique among plant-
parasitic nematodes, B. xylophilus has both a phytophagous and an obligatory mycophagous
phase [3]. This allows it to survive even after the host tree dies by feeding on fungi that
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colonize decaying wood. The nematode goes through six developmental stages, including
a dispersal juvenile stage (JIV) adapted for transportation by its insect vector [8,18,19].

In Europe, the longhorn beetle M. galloprovincialis (Olivier, 1975) is the primary known
vector of B. xylophilus. The beetle colonizes weakened pine trees, particularly those already
stressed by biotic or abiotic factors. This vector relationship creates a feedback loop where
the nematode weakens the tree, providing ideal conditions for beetle reproduction [20]. The
nematode moves into the tracheae and other beetle body parts in its dispersal juvenile stage,
which is then transmitted to healthy trees when the adult beetle feeds or lays eggs [21–23].
In its mycophagous phase, B. xylophilus feeds on fungal species, mostly blue stain fungi such
as Ophiostoma ips (Rumbold) Nannfeldt [5]. These fungi colonize the wood of weakened
or dead trees, providing a food source for the nematode. In the laboratory, B. xylophilus is
often cultured on Botrytis cinerea Persoon to study its life cycle [24], although this fungus is
typically not present in adult trees under natural conditions.

As B. xylophilus is considered a quarantine organism within the EU, stringent measures
and several national action plans have been implemented to monitor and prevent its
spread [25]. Ports of entry are critical locations for the inspection and mitigation of non-
indigenous organisms and border agencies and National Plant Protection Organizations
(NPPO) facilitate the flow of trade and are responsible for enforcement activities. Also,
round wood is often piled and stored at processing facilities, and organisms attracted
to recently cut trees may enter these trunks and logs, thus creating the wood packaging
material (WPM) chain. For all these reasons, sawn wood intended for use in WPM for
international trade must undergo treatments to kill organisms that remain in or on the
wood used. International Standards for Phytosanitary Measures (ISPMs) are guidelines
and recommendations produced by the secretariat of the International Plant Protection
Convention (IPPC). The standards are designed to achieve international harmonization
of phytosanitary measures to facilitate world trade. ISPM No. 15 describes acceptable
procedures for treating and labelling WPM as having been treated to reduce the risks of
live quarantine organisms being present [26]. Thus, WPM must be treated according to
ISPM 15 [27] and be marked to indicate it has been subjected to an approved phytosanitary
treatment [28]. WPM with commodities imported from third countries or other EU member
states is inspected, and, when signs of pests’ activity are detected, the wood is sampled for
laboratory analysis to confirm the efficiency of the heat treatment (HT) procedure, the most
commonly used method under ISPM 15 for eliminating forestry pests. Although only a
small proportion of WPM is inspected (approx. 2%), the implementation of ISPM 15 has
been responsible for a 36%–52% reduction in infested WPM intercepted at U.S. ports [29]

The European Food Safety Authority (EFSA) outlines the necessary procedures for
wood sampling, recommending prior incubation to increase the likelihood of detecting B.
xylophilus through population growth [30]. Incubation at 25 ◦C for about 15 days in the lab,
which is optimal for B. xylophilus growth [31], will allow for egg hatching and population
increase, enhancing detection chances [32]. However, this incubation process delays the
analysis, creating logistical and financial challenges for perishable goods at ports.

This study aimed to investigate two key aspects: (i) Incubation impact: To assess
how the incubation of wood samples affects the detection of B. xylophilus. The research
analyzed infested wood from both treated pallets and pine trees, examining the effect
of nematode density and life stage (juvenile or adult) on its reproduction and detection.
(ii) Influence of fungi: To evaluate how the presence of fungi in treated wood (subjected
to heat treatment (HT) and drying) affects the persistence of nematodes and the ability to
detect them, especially in scenarios where the wood becomes rehydrated.
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2. Materials and Methods
2.1. Effect of Wood Sample Incubation on PWN Numbers

A suspension of B. xylophilus (reference isolate Bx013.003 from the Nematology col-
lection of INIAV) was prepared by culturing the nematodes on the mycelial mat of a
non-sporulating strain of B. cinerea in 90 mm Petri dishes with PDA Difco® (Becton, Dickin-
son and Company, Sparks, MD, USA) medium. The cultures were incubated in the dark
at 25 ± 1 ◦C for 7 days. After incubation, the contents of the plates were subjected to
extraction using the tray method [33] for 24 h, followed by collection of nematodes using a
20 µm sieve. In the resulting pure suspension of B. xylophilus, adult pairs and second-stage
juveniles (J2) were selected for further testing.

Pallet Wood (Heat-treated)
Heat-treated Pinus sp. pallet wood was cut into cubes (10 cm on each side) and

autoclaved twice, subsequently maintaining a certain level of moisture, as occurs in pallets
treated with HT. The experimental design consisted of cubes inoculated with 2, 10, or
30 nematodes, with 5 replicates per treatment. The inoculation of nematodes involved
placing the randomly handpicked nematodes in Eppendorf tubes with 500 µL of sterile
distilled water then using a Pasteur pipette to transfer the suspension into 2 cm deep holes
drilled into the wood cubes. The holes were then sealed with the resulting sawdust.

Green Wood
In parallel, green P. pinaster branches were also collected at Tróia forest, 150 km

from Lisbon, from 12-year-old trees and cut into cylinders similar in size (approximately
10–15 cm diameter and 10 cm long) to the pallet wood cubes. After autoclaving, which
maintained a certain level of humidity in the wood pieces, the same inoculation method
was applied, resulting in different experimental conditions described in Table 1.

Table 1. Bursaphelenchus xylophilus inoculation modalities. For each modality, 5 replicates
were prepared.

Life Stage of
Bursaphelenchus xylophilus Inoculation Density

Adult

Low (1 adult pair ♀+ ♂)

Medium (5 adult pairs ♀+ ♂)

High (15 adult pairs ♀+ ♂)

Second-stage juveniles (J2)

Low (2 nematodes)

Medium (10 nematodes)

High (30 nematodes)

After inoculation, the 30 cubes/cylinders for each group were kept in the incubation
room at 25 ◦C for 15 days (T15). At the end of this period, the cubes were cut into 1 cm3

cubes using an electric saw and extracted for 48 h using the tray method.
The suspension from each sample was observed under a Leica MZ6 stereomicroscope

(Wetzlar, Germany), and the number of nematodes was counted using a Hawksley counting
chamber (England). The wood was discarded, and the sieves were disinfected with 96%
ethanol and washed between samples to avoid cross-contamination.

The remaining cubes/cylinders were kept in the incubation room at 25 ◦C for 15 days
(T15). At the end of this period, the cubes were also cut, and the nematode extraction
process was carried out as previously described.
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2.2. Influence of Incubation of Wood on PWN Reproduction in the Presence of Fungi and Moisture

To address the second objective of this study, treated pallet wood samples were tested
for nematode persistence in the presence of fungi and moisture.

Wood samples were collected from P. pinaster logs (from Tróia pine stand), as wood
chips, using a low-speed drill, and each sample weighed 60 g. The samples were autoclaved
twice, followed by drying at 80 ◦C, ensuring moisture content below 20%. For fungal
preparation, 90 mm Petri dishes with PDA Difco® medium were used to culture B. cinerea.
After approximately one week, each wood chip container was inoculated with half of the
mycelial mat from each plate.

Two nematode densities were tested: low (10 nematodes) and high (50 nematodes).
Nematodes were randomly handpicked and placed in two suspensions with 10 nema-
todes/mL and 50 nematodes/mL. Each replicate consisted of 20 samples of 60 g wood
(600 g total per assay). The preparation involved weighing the wood chips and placing
them into jars. Samples were then moistened by spraying sterilized dH2O until visibly wet
on the surface. The fungal inoculum was introduced in half of the jars by scraping the Petri
dishes, and the nematode suspension (1 mL, calibrated to 10 or 50 nematodes/mL) was
added to each jar (Figure 2). This experiment was repeated three times.

Forests 2025, 16, x FOR PEER REVIEW 5 of 12 
 

 

counting chamber (England). The wood was discarded, and the sieves were disinfected 
with 96% ethanol and washed between samples to avoid cross-contamination. 

The remaining cubes/cylinders were kept in the incubation room at 25 °C for 15 days 
(T15). At the end of this period, the cubes were also cut, and the nematode extraction 
process was carried out as previously described. 

2.2. Influence of Incubation of Wood on PWN Reproduction in the Presence of Fungi and 
Moisture 

To address the second objective of this study, treated pallet wood samples were 
tested for nematode persistence in the presence of fungi and moisture. 

Wood samples were collected from P. pinaster logs (from Tróia pine stand), as wood 
chips, using a low-speed drill, and each sample weighed 60 g. The samples were auto-
claved twice, followed by drying at 80 °C, ensuring moisture content below 20%. For fun-
gal preparation, 90 mm Petri dishes with PDA Difco® medium were used to culture B. 
cinerea. After approximately one week, each wood chip container was inoculated with half 
of the mycelial mat from each plate. 

Two nematode densities were tested: low (10 nematodes) and high (50 nematodes). 
Nematodes were randomly handpicked and placed in two suspensions with 10 nema-
todes/mL and 50 nematodes/mL. Each replicate consisted of 20 samples of 60 g wood (600 
g total per assay). The preparation involved weighing the wood chips and placing them 
into jars. Samples were then moistened by spraying sterilized dH2O until visibly wet on 
the surface. The fungal inoculum was introduced in half of the jars by scraping the Petri 
dishes, and the nematode suspension (1 mL, calibrated to 10 or 50 nematodes/mL) was 
added to each jar (Figure 2). This experiment was repeated three times. 

 

Figure 2. Inoculation of wood chip samples: (a) scraping of the fungus Botrytis cinerea with a scalpel; 
(b) fungus on moistened wood chips; (c) introduction of 1 mL of Bursaphelenchus xylophilus suspen-
sion into the previous assembly. 

The samples were incubated at 25 °C for 15 days. Afterward, they were subjected to 
extraction as described before, for 48 h, and the number of nematodes was counted. 

2.3. Data Analysis 

The results of each experiment were statistically analyzed to determine significant 
differences between the evaluated parameters. Statistica 64, version 12 [34], was used to 
conduct the variance analysis (ANOVA), employing significance and least significant dif-
ference (LSD) tests to establish homogeneous groups with a confidence level of 95% (α = 
0.05). 

Figure 2. Inoculation of wood chip samples: (a) scraping of the fungus Botrytis cinerea with a scalpel;
(b) fungus on moistened wood chips; (c) introduction of 1 mL of Bursaphelenchus xylophilus suspension
into the previous assembly.

The samples were incubated at 25 ◦C for 15 days. Afterward, they were subjected to
extraction as described before, for 48 h, and the number of nematodes was counted.

2.3. Data Analysis

The results of each experiment were statistically analyzed to determine significant
differences between the evaluated parameters. Statistica 64, version 12 [34], was used
to conduct the variance analysis (ANOVA), employing significance and least significant
difference (LSD) tests to establish homogeneous groups with a confidence level of 95%
(α = 0.05).

3. Results
3.1. Effect of Wood Sample Incubation on PWN Numbers

Two life stages (adult pairs and J2) were tested at three different nematode density
levels (2, 10, and 30 nematodes), using two types of wood samples (pallet wood and
green wood) and evaluated after 15 days of incubation. The results reveal a highly sig-
nificant discrepancy between nematode numbers found after incubation in pallet wood
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when inoculated with adults, (F(2, 24) = 231.2265; p < 0.0001) or juveniles (F(2, 24) = 7710.5;
p < 0.0001) (Figure 3). The differences were not statistically different after incubation
when two adult nematodes were inoculated, although no live nematodes were found in
any replicate.
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Figure 3. Number of Bursaphelenchus xylophilus observed in pallet wood samples inoculated with
adults (A) and juvenile nematodes (B) after a 15-day incubation period. Letters near each vertical bar
of standard errors represent LSD post hoc homogeneous groups after factorial ANOVA. T0 and T15
refer to lack of incubation and incubation for 15 days, respectively.

Regarding the results obtained after incubation of the green wood inoculated samples,
the numbers of nematodes increased over 100 times, with the exception of the inoculation
of two juveniles, where only 50 nematodes were found, on average.

The inoculation of 30 individuals was the main contribution to the statistical differ-
ences found after incubation with 6033 adult nematodes (F(2, 24) = 3.7105; p= 0.0394) and
7154 juveniles (F(2, 24) = 3.7313; p= 0.0388) recovered, on average (Figure 4).
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Figure 4. Number of Bursaphelenchus xylophilus observed in green wood samples inoculated with
adults (A) and juvenile nematodes (B) after a 15-day incubation period. Letters near each vertical bar
of standard errors represent LSD post hoc homogeneous groups after factorial ANOVA. T0 and T15
refer to lack of incubation and incubation for 15 days, respectively. The results indicate that the wood
type and the inoculation density significantly influenced nematode reproduction. All the nematodes
in pallets died after the incubation period, with exception of 1 single nematode recovered from one
out of five samples inoculated with 10 juveniles and another with 30 juveniles.

Incubation in forest-derived samples (green wood) increased nematode populations
significantly in all treatments, with a higher effect when numbers above ten specimens
were initially present.
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3.2. Influence of Incubation of Wood on PWN Reproduction in the Presence of Fungi and Moisture

The second assay aimed to evaluate the effect of incubation on the PWN number
in moistened wood samples colonized by fungi. From the evaluated variables, only the
presence/absence of B. cinerea produced statistically significant differences in the PWN
populations (F(1 36) = 26.1716; p < 0.0001). In the absence of the fungus, the nematode popu-
lation reached over 22,000, on average, representing a growth of 740-fold after incubation.
When B. cinerea was added, the nematode population after incubation achieved around
69,000 individuals, on average, a population growth of 2300 times the initial inoculation.
The data suggest that fungal presence tripled B. xylophilus reproduction, although it is not
strictly necessary for nematode breeding, since the PWN reproduced very well in moist
conditions alone (Figure 5).
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refer to lack of incubation and incubation for 15 days, respectively.

4. Discussion
Based on the statistics of the detection of quarantine pests in WPM coming with

consignments from abroad, it can be concluded that the application of the phytosanitary
treatments recommended by ISPM No. 15 does not eliminate the need for additional
verification by NPPO staff to ensure compliance with the requirements of the international
standard and to check for the presence of harmful organisms [35]. Wood samples collected
by inspectors from pallets or green wood coming from standing trees for the detection
of B. xylophilus follow European standard protocols, with a recommended incubation
period of 15 days at 25 ◦C before processing [30,32]. In this study, we assessed the effect of
incubation on the detection of B. xylophilus in two types of wood samples typically received
by laboratories (pallet wood and green wood), using different inoculum densities (2, 10,
and 30 nematodes) and two distinct life stages of the PWN (J2 and paired adult nematodes).

Our results revealed significant differences in the population increase in B. xylophilus
between pallet wood and green wood. Despite starting with the same number of nematodes,
after incubation of pallet wood, all nematodes died, whereas, in green wood, there was
a substantial increase in the PWN population, exceeding 7000 nematodes after an initial
inoculation of 30 individuals. Consequently, under the tested conditions, the incubation
process did not enhance the detection of B. xylophilus in pallet wood, though it clearly
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facilitated detection in green wood. This outcome supports the fact that the PWN requires
moisture for movement and survival [36]. The present result is consistent with concerns
regarding phytosanitary risks: the requirement is strict, with a zero-tolerance policy, for
samples from standing trees. Therefore, the requisite to incubate these samples makes
sense—nematodes may not be evenly distributed throughout the tree, and only a few
specimens may be collected during sampling. It is important to note that the primary issue
regarding pallets is the presence of insects, which indicates that the HT prescribed in ISPM
15 was due to undertreatment, insufficient treatment level, fraud, or other causes. Audits
by the European Union concluded that non-treatment and fraudulent ISPM 15 marks were
the biggest risks related to wood packaging material; however, when full compliance with
ISPM 15 was achieved, it proved to be effective [37].

If live nematodes are detected, whether they are PWNs or not—except for free-living
nematodes such as bacterial feeders originating from external environmental contamination
before WPM packing [28]—along with the presence of active insects, it is highly likely that
the wood material has not been properly treated and should be subjected to embargo, as is
required for WPM with insect infestations.

With respect to the inoculum densities, no differences were observed in nematode
numbers in pallet wood across different inoculation levels, while in green wood, the final
nematode population reflected the initial inoculum densities. Specifically, the number of
PWNs counted after incubation with 2 nematodes (1 pair or 2 J2) was lower than in samples
with 10 nematodes (5 pairs or 10 J2), and this number was further exceeded in samples
inoculated with 30 nematodes (15 pairs or 30 J2). This suggests that a minimum number of
nematodes is necessary for successful mating and reproduction. In view of these results, a
wood sample must include several collection points to increase the detection probability
when nematode populations are low, considering they cluster in the tree, or alternative
ways of sampling [38].

Comparing the two life stages of B. xylophilus, the nematodes were able to complete
their life cycle when either reproductive adults or J2 were introduced. No significant
differences were observed between these scenarios, as both stages fundamentally require
moisture to progress through their life cycle. Thus, this development was only observed in
green wood collected from standing trees.

Lastly, this study explored the possibility of reinfestation by the PWN in treated wood
and the effect of incubation on its detection, either by colonization by suitable fungi for
nematode feeding or by introducing favourable conditions for their survival. The experi-
ment assessed how the presence of B. cinerea in pallet wood promotes B. xylophilus growth.
It also tested the introduction of moisture to enhance PWN reproduction in pallet wood.
Two distinct inoculum densities (10 and 50 nematodes, standing for low and high inocu-
lum density) were included in the experiments. Overall, nematode population growth
was observed in all scenarios, with the lowest growth occurring in the absence of fungi.
Conversely, the presence of fungi and moisture led to a substantial increase in the PWN
population. Thus, the presence of B. cinerea led to an increment in nematode population
density, though it was not strictly necessary for reinfestation and subsequent population
increases in B. xylophilus. It is important to note, however, that pallets rarely contain fungi
suitable for the feeding of the PWN, as the dry wood fibres do not support the mycelial
development of these fungi, particularly blue stain fungi (Ophiostoma s.l) [39], which are
known for their preference for wood with higher moisture content and greener condi-
tions [40]. The viability of their fungal propagules is lost at humidity levels below 95% [41]
and temperatures above 30 ◦C [42]. In contrast, the darkening of pallets during transit,
even those marked with the HT symbol, is generally due to colonization by ubiquitous
moulds on plant and wood materials [43], particularly oligotrophic species adapted to
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grow in environments with low nutrient availability, such as Trichoderma [44–46] and Peni-
cillium [47,48], among other genera [49]. However, these fungi are generally not regarded
as a suitable food source for the nematode [22]. These species are expected to occur, given
that the lifespan of pallets is estimated to be between seven and eight years [26]. It can
therefore be concluded that a recently assembled pallet made from wood infested by the
PWN may also harbour blue stain fungi. If it has not been treated, or if it was improperly
treated, these fungi may continue to develop for some time while the pallet is in transit,
as long as it remains moist, along with the PWN, representing a natural incubation. In
such cases, the nematode population is likely to be significant, and there is no need to
further incubate samples from these pallets. If the pallet is old and the wood is dry, blue
stain fungi will likely die off, and the PWN populations will also decline due to a lack of
both suitable food and moisture [50]. In this case, additional incubation will also have
limited utility. Also, during transoceanic transport of wood chips, the temperature at the
bottom of the ship’s cargo holds easily reaches 35◦C, a suitable temperature for PWN
reproduction, effectively acting as an incubator during 17–19-day trips [51–53]. In any case,
it should always be considered that official laboratories possess the necessary expertise to
ensure that the detection threshold for B. xylophilus is as low as a single individual. It is
important to note that HT is a lifetime process, and, when properly applied, it ensures that
a pallet remains pest-free. The reinfestation of pallets in circulation will occur very rarely,
if at all [49], and has only been observed under very specific laboratory conditions [54].
Finally, it should be noted that the critical point in WPM inspection lies in sampling, as it
is impossible to sample 100% of the material. This always presents some risk, which the
incubation of samples is unlikely to fully mitigate, and, in this context, incubation may
represent a disproportionate measure relative to the risk, as it requires a minimum 2-week
hold on the consignment. In this regard, it is recommended that sampling be performed
on untainted wood (i.e., free from soil, standing water, etc.) and that the initial layer be
removed before drilling with a low-speed drill. Furthermore, the best strategy is to inspect
the wood in circulation with the HT mark as much as possible.

5. Conclusions
This study concluded that the incubation process for pallet wood samples is not

favourable for detecting the PWN. Excluding this step from the routine laboratory proce-
dure will expedite sample analysis, which is often urgent, and reduce the waiting time
for consignments entering ports. The only exception could be green wood pallets that
are visibly and heavily colonized by fungi as this sign may indicate the presence of B.
xylophilus. Additionally, although outside the scope of this study, it is known that pallets
with visible holes and/or galleries and sawdust, indicative of insect presence, should also
undergo incubation due to the risk of PWN infestation, even in low numbers [28]. In any
case, a pallet providing favourable conditions for the PWN to thrive will harbour all its life
stages, from egg to mobile stages. Even without incubation, detection can be achieved if
the analysis is conducted by experts.

In conclusion, the risk of detecting the PWN must therefore be weighed against
the waiting period imposed by the incubation process of pallet wood, which results in
shipments being held at entry ports, or the challenges of ensuring the traceability of the
pallet during transit. Conversely, for woody material from standing trees, the incubation
step should continue to be followed, as it promotes nematode multiplication, thereby
facilitating detection within the framework of a zero-tolerance policy for PWN presence.
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