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Pest detection dogs for wood 
boring longhorn beetles
Charlotte Holmstad Arnesen & Frank Rosell*

Invasive alien species are increasing due to globalization. Their spread has resulted in global economic 
losses. Asian [Anoplophora glabripennis (Motschulsky)] (ALB) and citrus [A. chinensis (Forster)] 
(CLB) longhorn beetles are two introduced wood borers which contribute to these economic losses 
e.g. the destruction of tree plantations. Early detection is key to reduce the ecological influence 
alongside the detrimental and expensive eradication. Dogs (Canis lupus familiaris) can detect these 
insects, potentially at an early stage. We trained two privately owned dogs to investigate their use as 
detection tools. We tested the dog’s ability to discriminate ALB and CLB from native wood borers by 
carrying out double-blind and randomized experiments in three search conditions; (1) laboratory, (2) 
semi-field and (3) standardized field. For condition one, a mean sensitivity of 80%, specificity of 95% 
and accuracy of 92% were achieved. For condition two and three, a mean sensitivity of 88% and 95%, 
specificity of 94% and 92% and accuracy of 92% and 93% were achieved. We conclude that dogs can 
detect all types of traces and remains of ALB and CLB and discriminate them from native wood borers 
and uninfested wood, but further tests on live insects should be initiated.

Invasive alien species are species intentionally or unintentionally introduced by humans outside their natural 
geographical  range1. Their presence is likely to cause damage to the economy and environment as they may 
threaten agriculture, forestry, and the original states of long established native ecosystems and native  species2,3. 
Introduction of alien species are increasing with the efficiency, frequency and volume of  transportation4,5 result-
ing in global economic losses of hundreds of billions per  year3,6,7. Globalization in terms of transportation and the 
trade of goods have compromised natural geographical and ecological barriers between countries and continents 
through the transportation of species which contributes to their establishment in a new  ecosystem4,8. Invading 
species may enter as contaminants on or inside  containers9, raw logs for saw  mills9,10, untreated wood for pack-
age  material11 or live plant  import12.

Asian longhorn beetle (ALB) [Anoplophora glabripennis (Motschulsky)] and citrus longhorn beetle (CLB) 
[A. chinensis (Forster)] are two wood boring beetles which can spread through global trade and transportation 
network from their native countries; China, Korea and  Japan13,14. While ALB usually spread through untreated 
wood packing  material11, CLB mainly spread through live plant  import15. Usually, the feeding adults do not cause 
severe damage. The real harm is caused by the subsequent attacks of the wood boring larvae, which eventually 
kills the host tree by tunneling deep into the heartwood, producing structural weakness and compromising water 
and nutrient  flow16,17. CLB generally attack further down the trunk than ALB, usually at ground level or on the 
roots below ground, or  exposed18,19. Recently, attacks from these species in European countries such as Italy and 
France have shown that they prefer hosts in the genera maple (Acer spp.), birch (Betula spp.), willow (Salix spp.), 
horse chestnut (Aesculus spp.), poplar (Populus spp.) and citrus (Citrus spp.) (CLB)19,20.

Both species are considered highly destructive pests due to their polyphagous (non-fastidious) 
 characteristics14,20. They are responsible for an estimated loss of billions of dollars in  China17 and hundreds of 
billions in the  US21. Due to their damaging life cycle, the beetles threaten various forestry sectors including urban 
 forestry16, tree  nurseries15, and agriculture such as fruit orchards and poplar  plantations11,18. The eradication 
program of these beetles are both destructive and expensive, and have accustomed both species to quarantine 
status (emergency measures to prevent introduction and spread of the invasive alien species) in  Europe22–24.

Studies have shown that the time to complete their life cycle depends on the temperature and their chosen 
host (in relation to the species and its condition) for  ALB25,26. Their life cycle varies between one and two  years27, 
with two-year cycles often appearing in colder  areas28. Studies on how temperature effects ALB indicates that the 
larvae will most likely initiate pupating after two years in northern European  countries25,26. Early detection is 
therefore key, and could reduce the extent of the damage as the infestation may not be visually detectable when 
the larvae is tunneling deep inside of its  host29.
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Several studies have explored different detection methods for these invasive pests. One of these methods 
includes the use of lure-baited traps containing plant  volatiles30 or a combinations of plant volatiles and beetle 
pheromones to attract, detect and trap the  beetles31,32. Another explored method is  acoustics33 and laser vibrom-
etry  detection34, which detects feeding and moving larvae inside its host by using sensors and specialized software 
calibrated to the feeding larvae`s sound frequency. However, the most frequently used detection method is visual 
detection, through ground surveys using high contrast binoculars, or tree crown surveys using ladders, hydraulic 
lifts or trained tree  climbers35. These human detectors look for noticeable signs and symptoms of infestations such 
as dieback, adult feeding damage on leaves and branches, exit holes, oviposition pits, oozing sap and  frass18,35. 
While ground surveys have proven to be a fast, but uncertain method of checking for infestation, the tree crown 
surveys are slower and more costly, but with a higher detection  rate26,36. Since early detection of infestation is 
crucial to reduce the pests ecological and economic influence, a sensitive and efficient method focusing on non-
visual signs of infestation would be of highly importance.

Dogs (Canis lupus familiaris) have assisted humans for decades in ecological management, conservation 
and pest management, through the use of their nose to detect endangered, vulnerable, small and cryptic species 
alongside their biological traces like feaces, dens and  nests37. Studies have shown that dogs can be used to detect 
beetles (Coleoptera) such as red palm weevil [Rhynchophorus ferrugineus (Olivier)]38, hermit beetle [Osmoderma 
eremita (Scopoli)]39, bark beetle [Ips typographus (Linnaeus)]40,  ALB41,42 and emerald ash beetle [Agrilus pla‑
nipennis (Fairmaire)]43. These beetle studies have shown promising results, but some discrepancies that could 
potentially confound and bias their result were discovered. Unblind handler and test  personnel44,45, insufficient 
discrimination  training46,47, constant target scent  presence48, non-random sample positions and number of sam-
ples  present49 are all factors that contribute to discrepancies and make the use of detection dogs questionable.

We implemented a testing and training protocol created to minimize bias and confounding results to investi-
gate the potential use of dogs as a tool for the early detection of two invasive alien beetle species. We trained two 
privately owned dogs to detect all life stages and traces of ALB and CLB, and to discriminate them from native 
wood borers such as ribbed pine borer [Rhagium inquisitor (Linnaeus)], small white-marmorated longicorn 
[Monochamus sutor (Linnaeus)], and small poplar borer [Saperda populnea (Linnaeus)]. After the training was 
completed, we tested the dog`s abilities to detect and discriminate the invasive wood borers from non-target 
scents such as native wood borers in three different experiments carried out in three different search conditions: 
(1) laboratory, (2) semi-field, and (3) standardized field. We hypothesized that the dogs would both (1) detect 
all odors originating from ALB and CLB, and (2) discriminate these from non-target scents such as native wood 
borers in all three test conditions.

Results
Experiment one: scent platform. The two dogs detected ALB and CLB with a mean accuracy of 92.2% 
(± 3.1 SD) (Fig. 1 and Table 1). Of the 128 scent samples searched, the two dogs falsely detected ALB and CLB 
five times with a mean, specificity of 95.1 (± 1.9) and falsely rejected ALB and CLB five times with a mean sensi-

Figure 1.  Results presented as accuracy (correct indications among all indication) in percent for all three 
experiments: laboratory on a scent platform (1), semi-field (2) and field (3).



3

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16887  | https://doi.org/10.1038/s41598-021-96450-0

www.nature.com/scientificreports/

tivity of 80.4% (± 9.2 SD) (Fig. 1 and Table 1). The incorrectly identified samples contained frass (three samples), 
adult (one sample) and larvae (one sample) from ALB and CLB, and frass (one sample), larvae (one samples), 
adult (two samples) and pupae (one sample) from small white-marmorated longicorn and ribbed pine borer.

Experiment two: semi-field. The two dogs detected ALB and CLB when searching on trees and untreated 
wooden pallets indoors with a mean accuracy of 92.2% (± 5.5 SD) (Fig. 1 and Table 2). Of the 274 scent samples 
searched, the two dogs falsely detected ALB and CLB 11 times with a mean specificity of 94.1% (± 4.2 SD) and 
falsely rejected ALB and CLB 12 times with a mean sensitivity of 87.8% (± 16.5 SD) (Fig. 1 and Table 2). The 
incorrectly identified samples contained frass (six samples), larvae (two samples) and adults (four samples) from 
ALB and CLB, and frass (six samples), adult (one sample) and larvae (four samples) from small poplar borer, 
ribbed pine borer and small white marmorated longicorn.

Experiment three: standardized field. The two dogs detected ALB and CLB when searching on trees 
and untreated wooden pallets in the field with a mean accuracy of 93.1% (± 5.8 SD) (Fig. 1 and Table 3). Of 
the 300 scent samples searched, the dogs falsely detected ALB and CLB 17 times with a mean specificity of 
91.6% (± 5.8 SD) and falsely rejected ALB and CLB five with a mean sensitivity of 95.3% (± 10.1 SD) (Fig. 1 and 

Table 1.  Mean results presented as sensitivity, specificity and accuracy in percent, including ± standard 
deviation (SD), calculated from 16 randomized and double-blind experimental searches on a scent platform 
that was carried out between the 17th and 19th of December 2018 at the University of Southeast Norway 
including both invasive and native wood borers. A dog`s response to a scent sample could be either; TP true 
positive response, FP false positive response, TN true negative response and FN false negative response. CR 
total number of correct responses, ICR total number of incorrect responses, and TOT R total number of 
responses.

Dog TP FP TN FN CR ICR TOT R Sensitivity (%) ± SD Specificity (%) ± SD Accuracy (%) ± SD

Akira 11 2 49 2 60 4 64 84.6 ± 1.7 96.1 ± 0.1 93.8 ± 0

Chilli 10 3 48 3 58 6 64 76.9 ± 13.5 94.1 ± 2.6 90.6 ± 4.4

SUM 21 5 97 5 118 10 128 – – –

MEAN – – – – – – – 80.4 ± 9.2 95.1 ± 1.9 92.2 ± 3.1

Table 2.  Mean results presented as sensitivity, specificity and accuracy in percent, including ± standard 
deviation (SD), calculated from 21 randomized and double-blind experimental searches carried out on trees 
and untreated wooden pallets in a semi-field condition between 11 to 20th of May 2020 at the University 
of Southeast Norway including both invasive and native wood borers. A dog`s response to a scent sample 
could be either; TP true positive response, FP false positive response, TN true negative response and FN false 
negative response. CR total number of correct responses, ICR total number of incorrect responses, and TOT R 
total number of responses.

Dog TP FP TN FN CR ICR TOT R Sensitivity (%) ± SD Specificity (%) ± SD Accuracy (%) ± SD

Akira 45 7 81 4 126 11 137 92.8 ± 8.3 92.8 ± 6.0 92.6 ± 5.9

Chilli 40 4 85 8 125 12 137 82.8 ± 22.3 95.4 ± 0.9 91.8 ± 5.9

SUM 85 11 166 12 251 23 274 – – –

MEAN – – – – – – – 87.8 ± 16.5 94.1 ± 4.2 92.2 ± 5.5

Table 3.  Mean results presented as sensitivity, specificity and accuracy in percent, including ± standard 
deviation (SD), calculated from 30 randomized and double-blind experimental searches carried out on trees 
and untreated wooden pallets in field condition between 26th of July to 10th of July 2020 at the University of 
Southeast Norway and forest areas in close vicinity of the University including both invasive and native wood 
borers. A dog`s response to a sample could be either; TP true positive response, FP false positive response, TN 
true negative response and FN false negative response. CR total number of correct responses, ICR total number 
of incorrect responses, and TOT R total number of responses.

Dog TP FP TN FN CR ICR TOTR Sensitivity (%) ± SD Specificity (%) ± SD Accuracy (%) ± SD

Akira 56 6 87 1 143 7 150 98.5 ± 3.7 93.9 ± 4.9 95.6 ± 2.5

Chilli 52 11 83 4 135 15 150 92.1 ± 13.7 89.3 ± 6.0 90.1 ± 7.2

SUM 108 17 170 5 278 22 300 – – –

MEAN – – – – – – – 95.3 ± 10.1 91.6 ± 5.8 93.1 ± 5.8
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Table 3). The incorrectly identified samples contained frass (two samples), larvae (two samples) and adult (one 
sample) from ALB and CLB, and frass (ten samples), larvae (four samples) and adults (three samples) from small 
poplar borer, ribbed pine borer and small white-marmorated longicorn.

Discussion
According to our hypothesis we have shown that with a testing and training protocol in place that minimizes bias 
and confounding factors, our dogs were able to detect all traces and remains of ALB and CLB and discriminate 
them from non-target scents such as native wood borers and uninfested wood. Our dogs were able to do so in 
three different test scenarios; laboratory with a scent platform, semi-field and standardized field, searching a 
total of 702 scents (Appendix 2). They falsely rejected 22 target samples (N = 210) and falsely detected 33 scent 
samples originating from native wood borers (N = 152). They also correctly rejected all scent samples originating 
from uninfested wood/wood shavings/natural growing trees (N = 186) and blanks (N = 154).

Our results are similar to those from previous studies carried out on beetle scent. The red palm weevil study 
achieved a mean detection accuracy of 78%38 and the hermit beetle study achieved a detection accuracy ranging 
from 71 to 93%39. The Swedish bark beetle study tested dogs in laboratory conditions searching for synthetic 
bark beetle pheromone. The dogs managed to detect the pheromones 99% of the time and correctly rejected the 
control samples 55% of the  time40. The previous ALB study from 2016 achieved an overall detection accuracy of 
94%41 and the emerald ash borer study achieved a sensitivity ranging from 73.3 to 100% and specificity ranging 
from 88.9 to 99.8%43. These beetle studies have shown promising results, however, some discrepancies that could 
potentially confound and bias their result were discovered.

A dog`s exceptional ability to interpret intentional and unintentional cues from humans have proven to have 
an extensive effect on problem solving  tasks50–52. Dog-handlers and test personnel in vicinity to the dog should 
be unaware of scent sample  ratio49, scent sample  order49 and target scent  presence48, in order to create a double-
blind test  design45. We followed a strictly double-blind test design for all our olfactory tests, indicating that our 
dogs did not use human cues to detect ALB and CLB or ignore non-target scents. Unfortunately, the number of 
target scents present (and material) were known to both dog-handler and test personnel in the previous ALB 
 study41 and the emerald ash borer  study43. Thus, if two target scents were approached early in the test trial, 
the handler could easily guide the dog to perform TN responses (correctly ignoring non-target scents) for the 
remaining scents. This was also the case in the red palm weevil study, though the dog-handler and test personnel 
had only knowledge of the sample  ratio38. While the dog-handler in the hermit beetle study was blinded, the test 
personnel was not (single blind)39. Finally, the bark beetle study carried out both single and double-blind  tests40.

Scent generalization is the concept of generalizing between target  variations49,53. Target scent variations 
(e.g. different age, reproductive status, diet, population, sex and concentration) enable dogs to identify a scent 
denominator between targets and is therefore important in scent dog detection  work53,54. Since ALB and CLB are 
quarantine species, all signs of their presence is crucial to detect. We therefore exposed our dogs to scent mate-
rial such as frass (larvae and adult), dead adult beetles, dead larvae, infested wood and eggs. Our results suggest 
that the dogs were able to detect scents from specimens and even traces of them, even though the scent material 
differed in age (some ALB frass samples were over 10 years old and stored at room temperature), provided from 
different specimens and collected from four different laboratories across the world (France, Canada and the USA).

Quarantine restrictions in European countries caused us to use only dead specimens in training and testing. 
This may affect our dogs in later field searches as the dogs may find it challenging to generalize between live and 
dead specimens due to the metabolic processes in live insects. However, an Australian study tested if dogs were 
able to identify live insects when only trained on insect extracts or dead specimens, due to problems such as 
quarantine  restrictions55. They trained four dogs using either insect extract or dead specimens from the bronze 
orange bug [Musgraveia sulciventris (Staal)] to test whether the dogs could detect live insects in the final olfac-
tory test. The dogs successfully detected live insects in the final test with a mean sensitivity of 100% and 75%55. 
The headspace chromatograms of the scent extraction and the dead specimens showed VOCs similarities of 71% 
and 77% with live  insects55 indicating that live and dead insect may to some extent excrete similar scents and 
dogs may generalize between them. A Taiwanese study carried out on scent detection dogs and the red imported 
fire ant [Solenopsis invicta (Buren)] used dead specimens in the preliminary training, before further training 
and testing with live specimens without any  problems56, also indicating scent similarities between live and dead 
ants. However, some scent detection dogs do discriminate between live and dead insects to detect only ongoing 
infestations, such as bed bug [Cimex lectularius (Linnaeus)] detection  dogs57,58. Nevertheless, all signs of the 
insect pests (dead or alive) are important to detect since Norway (or the majority of Europeans countries) do 
not have an establishment of the species; therefore any detection would be valuable to lessen the expensive and 
detrimental eradication programs.

A large sample size goes hand in hand with enabling dogs to detect the target`s scent denominator. A UK 
study discussed the memory of dogs, as their dogs possibly remembered 117 unique training scent samples, 
their results showed an unmistakable decline when 124 naïve scent samples were used in a final olfactory  test54. 
Therefore, a large sample size will increase the probability of a detection dog to learn the target`s signature 
 odor53,54. A limited sample size (e.g. pseudo-replication of individuals, one type of scent material, one population 
or one area) will increase the chances of the dog remembering specific  samples54. We therefore implemented a 
large sample size (N = 420, target = 210, non-target = 210) and used naïve samples for the three olfactory tests to 
decrease the chance of the dogs remembering specific samples. We also changed the training samples with new 
material/individuals at least twice during the training period. None of the previous beetle studies mentioned the 
sample size or if naïve scent samples were used in the final olfactory tests.

A dog`s highly sensitive nose has an unique ability to discriminate between species, diseases and biologi-
cal and chemical  compounds37. The difficulty of the discrimination training should be evaluated based on the 
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deployment of the detection dog. In laboratory conditions the researcher can control which scents the detection 
dog may encounter and in field conditions the researcher cannot. Specificity is crucial in situations where the 
target`s presence may play an important ecological or economic role in conservation of vulnerable/endangered 
species, or the eradication of invasive species. It was therefore of high importance to prepare the dogs for 
scents they could potentially encounter in the field such as frass, larvae, or adult beetles from other longicorns 
(Cerambycidae). High quality discrimination training can potentially prevent further species identification in 
laboratories as the result in the field is immediate. The bark beetle, red palm weevil and the previous ALB study 
did not use non-targets scents they could have encountered in  field39–41. The previous ALB study used empty 
paper sheets or uninfested wood as non-target scents in their two test  conditions41. They did report that in the 
old orchard, nine of 14 dogs falsely indicated the presence of ALB, but further discussed that the aim was not 
to test their dog`s discrimination abilities, but rather their ability to detect  ALB41. Nevertheless, they achieved a 
high sensitivity (75–88.1%) and specificity (85.3–95.6%) under standardized field tests searching for  ALB41. In 
the emerald ash borer study, they used trees attacked by the fungus ash dieback (Hymenoscyphus fraxineus) as 
non-target scents for one of the seven experimental set ups, while in the rest of the experiments they used logs, 
fire woods, ash trees and other deciduous trees as non-target scents. The hermit beetle study did include non-
target scents from species closely related to the hermit beetle in training and testing, but unfortunately stopped 
the preliminary discrimination training as they experienced higher error  rates39. However, in the final tests non-
target scents were included and the dog showed a lower sensitivity (29%) towards flower chafer species compared 
to the hermit beetle (69%) and specificity from the tests including natural growing trees ranged from 73 to 92%.

Dogs have proven to be an effective detection tool with both a  higher59–61 and  faster60,62 detection rate than 
humans. The revisiting of areas to collect hair, insects or video footage from hair, pheromone or camera traps are 
removed since dogs only need one sweep around the search area to disprove or confirm the targets  presence63. 
The use of dogs can also reduce search bias, as they are highly oriented on olfaction cues, rather than convenient 
search paths or visual  cues53. While human detectors may need to bring specimens to the laboratory for further 
identification and may not be able to discriminate symptoms (e.g., exit-holes, frass or oviposition pits) from other 
similar species, dogs with proper discrimination training may potentially identify their presence immediately 
as they are trained to ignore other wood borers with a similar ecology and morphology in addition to detect all 
life stages from egg to adults and their frass or infested wood.

Successfully training detection dogs can be expensive and time consuming from providing and preparing 
samples to the dogs training, testing and maintenance. However, when you have already found a suitable detec-
tion dog, additional target scents can be learned. Williams and  Johnston64 showed that dogs could detect and 
discriminate 10 target odors from non-targets with a high detection rate within a short time frame in laboratory 
conditions. Such dogs can also detect several trained target animals within one  search65,66. Furthermore, extinc-
tion training (training on not to indicate the presence of previous conditioned  targets67) can also be implemented 
on previous targets that has lost its importance for the researcher. Orkin et al.68 suggested that partnership with 
public agencies or the police could reduce the cost of training and deploying detection dogs as they have been 
previously used for scent detection.

Individual differences are often seen between scent detection dogs, as some may be more suitable than oth-
ers in relation to training drive, age or physical  condition69. No tests were carried out to compare the results of 
the two detection dogs, however, Akira achieved slightly higher results in all three experiments. Several factors 
can be the reason for this, such as age and favorable wind/temperature conditions. There is an age difference of 
eight years between Chilli and Akira, and Chilli was 13 years old when the study was finished. Even though the 
olfactory system may not be influenced by age after dogs are 14 years  old70, it may be by physical condition. Fac-
tors such as varying terrain, temperatures and working time may potentially have affected the physical exertion 
of Chilli and influenced her detection abilities due to e.g. excessive panting. Akira may also have experienced 
more favorable field conditions in relation to search strategies, environmental conditions, and detection distance 
such as e.g. higher wind speed, lower temperature and higher relative humidity (Savidge et al. 2011; Reed et al. 
2011; Glen et.al. 2018). Akira did more frequently use wind currents to navigate to the odor source due to higher 
wind speed than Chilli.

When it comes to the numbers of dogs used in the respective study, our numbers were limited. However, we 
did score two out of three possible points on the criteria list regarding number of dogs used in scent detection 
dog studies, based on a previous study on how to identify bias in scent detection  dogs49. It is also important to 
state that our dogs were privately-owned and not professional working  dogs71. However, the usage of privately-
owned dogs contrary to professional working dogs should imply that majority of dogs should be able to achieve 
similar research outcomes following the given training and test protocol.

We show that our dogs were able to detect all types of traces and remains of the ALB and CLB and discrimi-
nate it from native wood borers and other non-target scents such as uninfested wood. However, due to quarantine 
restrictions, tests were only carried out on dead specimens, and further testing including live insects should 
be initiated. We therefore conclude that dogs can be used as a detection tool for remains of ALB and CLB and 
tree symptoms caused by them such as frass and infested wood and be deployed as detection dogs in the field, 
preferably in addition to current detection methods.

Methods
Scent samples. Scent samples (N = 210) from ALB and CLB were provided from Animal and Plant Health 
Inspection Service (USDA-APHIS), Insect Production Service (IPS, Canada), Forest Service (FS, USDA) and 
European Biological Control Laboratory (USDA-EBCL, France), where the beetles were reared in laboratory 
conditions (Appendix 1). Scent samples from FS were collected during a quarantine period in 2010, while the 
remaining scent samples were collected in September–November 2018. All samples were frozen when killed 
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and/or collected, and were still frozen upon arrival by air mail (except the 10-year old frass samples from FS). 
Adults were reared on Acer spp. and Salix spp., while larvae were reared on either similar diets as the adults or 
an artificial diet. Dead animals were used because of quarantine restrictions and import challenges of invasive 
alien species into  Norway22,23.

Scent materials were handled with sterilized equipment such as tweezers and disposable gloves and separated 
by species, stage of life cycle (egg, larvae and adult) and type of traces (frass from larvae or adult and infested 
wood). Frass and infested wood were partitioned into glass jars with teflon lids (30 ml, 57 × 27.5 mm, QORPARK, 
USA) by weight (AND Electronic balance FA-2000, AC Adapter DC 12 V 0.3A, Norway) (mean = 2.26 g ± 0.3 
SD), while larvae, adults and eggs were separated into glass jars by individuals (some early developed larvae and 
eggs were separated by 1–7 individuals depending on their size) before frozen (− 20 °C). Half of the samples 
(105) were used in training, whereas the remaining (105) was used in experimental testing to ensure all samples 
in the final testing were naïve to the  dogs54. Scent sample material used during training were replaced 1–3 times 
during the entire training period to avoid familiarizing to specific specimens.

To assure a correct odor impression and decrease the chance of dogs detecting non-target scents during 
search situations, scents naturally occurring in real-search scenarios were added as controls (N = 210)46,47. Envi-
ronmental non-targets assumed to be easy for the dogs to discriminate from target scents were uninfested wood 
shavings, bark and human-made sawdust from preferred host trees [goat willow (S. caprea), Norway maple (A 
platanoides), white birch (B. pubescence), European ash (Fraxinus excelsior), European aspen (P. tremula), grey 
alder (Alnus incana) and European mountain ash (Sorbus aucuparia)]19,20 with no visual signs of infestation of 
wood borers. Uninfested wood shavings and bark were collected in broadleaf forestry areas around the University 
of South-Eastern Norway, Bø in Midt-Telemark municipality, while sawdust was made by sawing branches off 
preferred host species and collecting it. Non-targets assumed to be more challenging to discriminate from target, 
were infested wood, frass, larvae, pupae and adults from native wood borers, such as ribbed pine borer, small 
white-marmorated longicorn and small poplar borer. Those samples were collected in different broadleaf and 
coniferous areas within Midt-Telemark municipality. All samples were prepared similarly as the target samples 
(sterilized equipment and sample glasses), and half of the non-target samples were used during training (105) 
and the remaining (105) were used in the experimental testing. Empty sample glasses (phase one), disposable 
gloves (phase one), and blanks (nothing) (all training phases and experiments) were also used as non-targets.

Dog training and olfactory experiments. Two privately owned female dogs, grosspitz and border collie 
of three and 11 years old at start respectively, were used in this study. Both dogs had been used in previous scent 
detection work on beavers (Castor spp.)72,73 and grouse (Lagopus lagopus and L. muta)74. One female handler 
with some  experience74 trained and handled both dogs.

Training was carried out at the dog laboratory at the University of South-Eastern Norway, Bø in Vestfold 
and Telemark county, and in forest areas around Bø. The dogs were trained during three periods instead of one 
continuous due to financial reasons: (1)  1st of October to  21st of December 2018, (2) 8th of January to 13th of 
June 2019 and (3) 8th of January to 25th of June 2020. The dogs were periodically trained within the respective 
time frames (0–3 sessions a week), and active training time ranged from 10 to 30 min for each dog in a session. 
We used 100% positive reinforcement training with operant conditioning using a  clicker75,76. Food, praise and/
or play was used as a reward. The training program was split into three phases: (1) target imprinting on a scent 
platform in the laboratory, (2) semi-field training and (3) standardized field training. A double-blind experiment 
was carried out after each training phase (i.e., three experiments) to ensure reliable and consistent detection.

Phase one: target imprinting on scent platform. A standard table platform adapted by Hundcampus Training 
Centre (HÄLLEFORS, Sweden) was used in phase one (Fig. 2). The rationale behind this scent platform is that 
one target scent is always present among three non-target scents (the platform holds a total of seven scent holes, 
one target scent and six non-target scents) (Fig. 2). Thus, the dog will learn to discriminate the target scent from 
the other non-target scents.

Responses to a scent sample in the scent platform was registered and used to calculate training and test 
statistics. Both dogs had been used in previous studies with similar initial training and taught to independently 
investigate a platform and lay down in front of a target sample to indicate its position for 3–5 s. When a dog was 
presented with a scent sample, it could respond in four different ways: 1) false positive (FP) response, the dog 
is performing a trained response on non-target sample, 2) true positive (TP) response, the dog is performing a 
trained response on a target sample, 3) false negative (FN) response, the dog falsely rejects a target sample and 
(4) true negative (TN) response, the dog correctly rejects a non-target  scent77,78.

Phase one started with target imprinting on the scent platform. We used one glass jar containing a target 
sample (frass from larvae, frass from adult, wood shavings, larvae, adult or eggs from ALB or CLB) placed in a 
plastic cup among six non-target scents (disposable glove and empty sample glass) also placed inside a plastic cup 
or blanks (nothing) (Fig. 2). We used disposable gloves and new plastic cups for each scent to avoid scent con-
tamination between target and non-target scents and the platform. To imprint the dogs with the target scent, two 
training sessions per target material were carried out and all indications on the target material was immediately 
rewarded with a click from the clicker and a food/praise reward. An accuracy level of ≥ 80% in two consecutive 
sessions was required before training with all variations of the target. One training session consisted of five 
searches where the handler rapidly changed target position ten times (i.e., a dog searched 200 scent samples per 
training session). When the dogs had imprinted on all types of target scents, the next training level was initiated.

The next training level within phase one included discrimination training. First, environmental non-target 
scents (uninfested wood shavings, human-made sawdust and bark from preferred host species) were added, 
and when the dogs achieved an accuracy of ≥ 80% in two consecutive sessions, scents from native wood borers 
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(ribbed pine borer, small white-marmorated longicorn and small poplar borer) were added. Experiment one 
was initiated after achieving an accuracy of ≥ 80% in two consecutive sessions in the discrimination training.

Experiment one: standard scent platform. The dogs were tested to see whether they could discriminate all life 
stages and traces of ALB and CLB from all types of control species and uninfested wood (non-target scents) 
using the scent platform. Experiment one (consisting of two experimental sessions) was carried out the 17th 
and 19th of December 2018. Contrary to phase one, the structure of a session was changed, and the dogs had to 
search the platform eight times per experimental session (i.e., a dog searched 32 scent samples per experimental 
session, thus a total of 64 scent samples was searched per dog in experiment one). To avoid as much interaction 
and unintentional cueing between the dog and the handler as possible, the handler was placed two meters in 
front of the platform (behind the dog), sending the dog to independently smell the  platform79.

An experimenter placed the scent samples within the platform to ensure the experiments were  blinded45,49. 
As in training phase one, only one target sample could be present in a search, but empty searches were included 
to ensure that the handler was unaware of the target presence, hence no unintentional cueing from the handler 
to the  dog51. Target presence (and its position in the platform) was further randomized each search using a 
random number generator so the handler was totally unaware of the sample ratio and unable to cue the  dog48,49.

After the scent samples were placed within the platform, the experimenter exited the training room, and the 
dog-handler team entered the training room (i.e., the experimenter and the dog-handler team were in separate 
rooms). In the second room, a video monitor connected to cameras allowed the experimenter to watch the dog-
handler team live, without the ability to cue the dog-handler team, i.e., double blind test  design45. The experi-
menter was equipped with a clicker that could be heard from across the two rooms. The clicker was used as a tool 
to validate the team’s response, and a click was provided if the response was correct (TP or TN) and withheld 
if incorrect response was made (FP or FN). We were therefore able to avoid target confusion (often associated 
with always reinforcing and rewarding each indication regardless of its correctness) and loss of confidence (often 
associated with always withholding reinforcement and rewards regardless of the indication`s correctness) in the 
experimental  design54,80.

Figure 2.  Table platform used in training and experiments one. All training and experimental trials involved 
a random sample layout and could contain additional non-target scents as well. Target: ALB [Anaplophora 
glabripennis (Motschulsky)] or CLB [A. chinensis (Forster)]. Non-target: small white-marmorated longicorn 
(WML) [Monochamos sutor (Linnaeus)], ribbed pine borer (RPB) [Rhagium inquisitor (Linnaeus) small poplar 
borer (SPB) [Saperda populnea (Linnaeus)], and non-infested wood from Salix spp. and Acer spp. 
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All experimental searches were recorded with two cameras (SONY HANDYCAM DCR-SR, Norway) filming 
the team`s responses. All recordings were watched and responses validated by an independent observer to avoid 
observation  bias81. When both experimental sessions were completed, phase two was initiated.

Phase two: semi‑field training. Phase two was designed as an incremental step to prepare the dogs for field 
searches by an environment simulating more closely field conditions, while still remaining in familiar surround-
ings of the laboratory. Trees and untreated wooden pallets were now used as search object, contrary to the scent 
platform used in phase one.

Six truncated trees (height: 1.8 m, radius: > 7.5 cm, weight: < 20 kg, species: European aspen, European moun-
tain ash, European ash, Norway maple, goat willow, white birch and grey alder) were drilled with 7–10 holes 
per tree (scent jar measures: circumference = 12 cm and depth = 7.5 cm) at a varying height (from directly above 
ground to 1.8 m) (Fig. 3a). The scent jar openings were covered with unscented parafilm (2 in. × 250 ft. roll, 
BEMIS, USA) that later were perforated to allow scent molecules to exit the parafilm lid. Perforated parafilm 
lids were chosen to minimize the possibility of scent dissipating onto the trees when the jars were placed within 
the drilled cavities, which also made it possible to reuse the trees. The truncated trees were hung down from two 
railing systems on the roof of the laboratory (Fig. 3a). Each tree could be moved throughout the length of the 
rail; hence, the trees could be moved to different locations alongside the railing system.

Phase three started with training the dogs to pinpoint target positions on different objects than the scent 
platform, i.e. trees. First, target samples were placed inside cavities at a similar height to the dog´s head. The dogs 
were told to search while the handler pointed at the target position, clicking with the clicker immediately when 
they sniffed the target. Soon they understood that pinpointing the target position with their nose would result 
in a click and a reward. Distance from the dog to the target scent gradually increased, which enabled the dogs 
to follow the odor  source40. Target samples were now placed at varying height, from ground level up to 1.8 m, 
corresponding with the ALBs and CLBs general attack  pattern20,25,82.

When the dogs were able to pinpoint target positions at varying heights, the semi-field training continued. A 
training session consisted of six searches, i.e., a dog searched 36 trees per training session. Non-target samples 
and empty searches (searchers with no target sample present) were included so the dogs would still train on 
discriminating target scents from non-target scents. This should increase their detection reliability, as no indica-
tions should be given if the target scent was  absent48. Number of target and non-target scents per search varied 
and sample position was always randomized (MICROSOFT EXCEL, version: 16.16.3, 2016)49.

Every third training session, the dogs searched stacks of wooden pallets (three stacks of three pallets on top 
of each other) or pallet bedded walls (seven pallets; three and four pallets per long side of the wall) (Fig. 3b). The 
parafilm-covered scent jars were placed within the pallets in different hiding places to imitate beetle-attack in 
untreated wood packing  material11. Six searches were carried out per training session, either on the three pallet 
stacks, i.e., a dog searched 18 stacks of wooden pallets per training session, or the seven wall-bedded pallets, 
i.e., a dog searched 42 wooden pallets per training session. As with the tree searches, the number of target and 
non-target scents varied, as did sample  position49. When the dogs achieved an accuracy of ≥ 80% experiment 
two was carried out.

Figure 3.  (a) The laboratory during the semi-field condition and experiment two. Six truncated trees 
[European aspen (Populus tremula), European mountain ash (Sorbus excelsior), European ash (Fraxinus 
excelsior), Norway maple (Acer platanoides), goat willow (Salix caprea), white birch (Betula pubescence) and grey 
alder (Alnus incana)] were drilled with 7–10 scent holes and hanged down from two railing systems. The trees 
could be moved alongside the railing systems. (b) The laboratory during semi-field condition and experiment 
two. Seven pallets stacked against the wall or three stacks of three pallets.
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Experiment two: semi‑field. The dogs were tested to see whether they could discriminate all life stages and 
traces of ALB and CLB from all types of control species and uninfested wood (non-target scents) in a semi-field 
condition searching on trees and untreated wooden pallets indoor. Experiment two (consisting of four experi-
mental sessions; two sessions searching on pallet bedded walls and two sessions searching on trees) was carried 
out between 11 and 20th of May 2020.

Pallet and tree searches were carried out in the same manner as in phase two. Originally, an experimental 
session consisted of six searches of either the seven pallets or the six trees, but because both dogs experienced 
fatigue and lack of motivation during the last search, we readjusted the number of searches in the remaining 
experimental sessions to consist of five searches instead of six. Accordingly, a dog searched 35 pallets or 30 trees 
per experimental session (except for the first experimental session where the dogs searched 42 pallets each). 
We further followed the same procedures as in experiment one. When the four experimental sessions were 
completed, phase three was initiated.

Phase three: standardized field training. Training was carried out in forest areas searching on trees, or in close 
vicinity to the dog laboratory searching on stacks of wooden pallets. The time used to initiate this phase was 
controlled by factors such as finance (three training periods), detection accuracy (≥ 80% accuracy in two con-
secutive training sessions) and environmental factors (wind speed (m/s), temperature (C°), precipitation (mm) 
and snow). Training was only carried out with wind speed < 5.0 m/s, temperatures between 0 and 29 °C, pre-
cipitation < 1.5 mm and in addition the absence of snow. These weather factors were based on previous findings 
on search strategies, environmental factors and detection distance for detection  dogs83–88 and measured and 
registered before each training session. Terrain could vary from flat to very steep (flat, moderate, or very steep), 
temperature from 0 to 29 °C, precipitation from 0 to 1.5 mm and wind speed from 0 to 5.0 m/s.

Tree searches were carried out in forest areas with a heterogeneous species compositions due to the ALBs and 
CLBs polyphagous  characteristics14,20. Forest areas were chosen based on tree availability and search scenario 
(operative industry areas, urban areas, or busy roads). All scent materials were inserted into small individual 
filter bags (tea bags, 50 × 70 mm) to ease placement and hiding on branches, inside cracks in the bark at different 
heights or under exposed roots to imitate beetle  attacks11,18,19. As the filter bags were hidden, no visual cues could 
be followed from neither the dog nor the  handler52. All trees searched were walked up to, in a random order, 
and touched by the person placing the scent samples before each search, so no scent trails could be followed 
to a specific scent  sample49,89. One training session consisted of six searches on six trees (i.e., a dog searched 
36 trees per training session), and to avoid familiarization, residual scent and scent trails, the same areas were 
never revisited before at least 3  weeks39. Dogs were on a tracking leash while searching, and the handler did no 
corrections using the leash, but simply guided the search so the dogs sniffed each tree in the trial while looking 
for indication behaviors.

Every third training session, the dog searched stacks of pallets outside near the laboratory. The training design 
was equal to the indoor training on pallets, but the dogs were now only searching on stacks of pallets (two stacks 
of five pallets), i.e., each training sessions consisted of six searches. Contrary to the tree search, all scent material 
was kept inside the sample jars as in the previous indoor training, using perforated parafilm lids, so the same 
pallets could be reused with minimal chance of residual scent. Experiment three began when the field training 
was completed (accuracy of ≥ 80% in three consecutive sessions).

Experiment three: standardized field. The dogs were tested to see whether they could discriminate all life stages 
and traces of ALB and CLB from all types of control species and uninfested wood (non-target scents) in field 
condition searching on trees and untreated wooden pallets outside. Experiment three (consisting of six experi-
mental sessions; three sessions searching on stacks of pallets and three sessions searching on trees) was carried 
out between 30th of June and 20th of July 2020.

The experiments took place at areas previously used in training, but to decrease the chance of residual target/
non-target scent, we used at least 3 weeks in between a search.

Experiment three was carried out in the same manner as phase three. Either two stacks of wooden pallets 
or six naturally growing trees were searched five times per experimental session, i.e., a dog searched 10 stacks 
of pallets or 30 trees per experimental session. Standardization of the search areas were done by marking the 
six trees that were to be searched with colored ribbons, so the dog handler knew which trees the dog needed to 
investigate for each search. The experimenter and dog-handler went through the order of trees together before 
a search. Further, the same experimental design as experiment one and two was used.

A search object (a tree or a stack of pallet) could in this experiment contain either one target scent, one non-
target scent or no scent (natural growing tree as non-target scent) or two target scents, two non-target scents or 
two blanks (one stack of pallet was divided into two (left and right side of the stack)). After the scent samples 
were placed within the trees/pallets, the experimenter visually exited the search area and the dog-handler team`s 
responses were now verified by telephone between the dog handler and the experimenter. A chest-mounted video 
camera (GOPRO HERO 5, 445222, Norway) recorded each search.

Environmental conditions were registered in the beginning and end of each experimental session, taking the 
average as measurements of temperature (TESTO SAVERIS 2, Norway), wind speed (EXTECH AN25, Norway) 
and relative humidity (%) (TESTO SAVERIS 2, Norway). Data on how many days since precipitation (0–1 days) 
was retrieved from a local weather  station90. All the field experiments were carried out in either sunny and cloud-
less weather, cloudy weather, or light rain (< 3 mm). Light rain was experienced in a total of nine experimental 
sessions (three for Chilli and six sessions for Akira) (Table 4). Only Chilli experienced experimental sessions 
without precipitation. Wind speed ranged from 0 to 4 m/s with a mean wind speed of 0.75 (± 1.26 SD) m/s 
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(Table 4). Temperature ranged from 14.4 to 25.5 °C with a mean temperature of 18.7 °C (± 3.4 SD) (Table 4). 
Relative humidity ranged from 45.1 to 95.2% with a mean percentage of 65.8% (± 17.5 SD) (Table 4).

Data analysis. Of the four responses TP, FP, TN and FN, three parameters were calculated to evaluate 
the dogs detection performance in the final  experiments91: correct responses among all responses, accuracy: 
(TP + TN) / (TP + TN + FP + FN), true positive responses among all target samples, sensitivity: TP / (TP + FN) 
and correct rejections of non-targets among all non-target samples: specificity: TN / (TN + FP). Accuracy express 
the percentage of correct responses (correctly identified targets and correctly rejected non-targets) among all 
possible responses (all scent samples in the experiment), while sensitivity express the percentage of correctly 
identified target scents among all target scents in the experiment and specificity express the percentage of cor-
rectly rejected non-targets among all non-target scents in the experiment.

Ethical note. We carried out all work in accordance with the relevant guidelines and regulations of our 
university. The experimental protocol was approved by our animal ethical committee at the Department of 
Natural Sciences and Environmental Health, University of South-Eastern Norway. The study was also carried 
out in compliance with the ARRIVE  guidelines92. Approvals from other ethics committees or ethics boards were 
not required. A written consent was not obtained from dog owners since both dogs are owned by the authors. 
Animals used in this study did not experience anesthesia, euthanasia or any kind of sacrifice.

Data availability
Data used in this study will be available through the USN Research Data Archive.
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