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Abstract

In this study, factors affecting Japanese beetle (JB) trap captures (e.g., wind direction and
speed, lure type, trap deployment and efficiency) were investigated in the field using
semiochemical baited traps. Fifty-two percent of 667 JB observed flew directly upwind toward
a trap with a dual lure (sex pheromone + floral kairomone), especially when wind speed
exceeded 1.5 m/s. Within thirty seconds after approaching 2-m of a trap baited with a dual lure,
43%, 35% and 22% of 138 observed beetles were captured, flew away or landed on the trap,
respectively. Of 265 884 beetles captured, 48% were captured by a cluster of three traps each
with a single dual lure, 30% by a single trap baited with three dual lures, and 22% by a single
trap baited with one dual lure. Traps baited with the floral lure (i.e., kairomone) and the floral
lure and the sex pheromone (i.e., dual lure) captured similar numbers (39% and 41%,
respectively) of JB and both captured more beetles than traps baited with the pheromone alone
(12% and 8% for the sex-pheromone from the dual lure and sex-pheromone standard,
respectively). Traps baited with the floral kairomone alone or with sex pheromone captured a
1:1 sex ratio (M:F) while pheromone-only traps captured a 3:1 (M:F) ratio of JB. No additive
or synergistic effects of the pheromone and floral kairomone were observed. To our knowledge,
this study is the first to quantify in real time the flight behaviour of a beetle toward traps in the

field.
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Introduction

Since its introduction to New Jersey (USA) from Japan in 1916 the Japanese beetle (JB),
Popillia japonica (Coleoptera: Scarabaeidae), has spread to 28 states in the USA and five
Canadian provinces (Potter and Held 2002; Shanovich et al. 2019; Althoff and Rice 2022).
Subsequently, JB from North America were the suspected origin of populations in Portugal
(Azores), Italy and Switzerland (Potter and Held 2002; EPPO 2017). In the early 2000s the cost
associated with JB control and land restoration on turf and ornamentals alone was estimated at
$460 million in the USA (USDA/APHIS 2015). The total current costs associated with JB are
likely to be much higher due to the continued increase in distribution and associated access to
new host plants. The cost will likely increase if the beetle colonizes additional habitats where

it has not yet been detected (e.g., Africa, Oceania) (Della Rocca and Milanesi 2022).

The biology of JB makes it a challenge to manage. The larvae feed belowground on grass roots
making it difficult to monitor and target this stage. It is possible to manage larvae with
insecticide application, however, adults can fly long distances (Lessio et al. 2022). After
emergence, adults disperse to feed and mate and often aggregate on host plants (Potter and
Held 2002). This cycle can occur multiple times during the 4 to 6 week lifespan of the insect.
Adults are polyphagous, attacking a wide variety of hosts including some crop, orchard, small
fruit and ornamental plants (Flemming 1972). A highly effective dual lure that combines floral
volatiles (kairomones) with synthetic sex pheromone was developed and is used for monitoring
JB adults. The floral attractant is a combination of phenethyl propionate + eugenol + geraniol
(Ladd et al. 1981). The sex pheromone released by females was identified as (R,Z)-5-(1-

decenyl)dihydro-2(3H)-furanone, and is called Japonilure (Tumlinson et al. 1977).
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Trap performance in operational surveillance and detection programs is affected by numerous
factors (Allison et al. 2014, Allison and Redak 2017, Staton et al. 2023). Trap protocol (e.g.,
how many traps are deployed, trap placement relative to landscape features or gradients and
other traps) and abiotic factors (e.g., wind speed, direction) are important considerations for
the optimization of capture efficiency and to minimize deployment costs. Although
considerable research effort has been invested on the development of survey and detection tools
for JB, the primary focus has been the development of attractants. Comparatively less is known
about how deployment protocol and abiotic factors influence the capture of JB. A few studies
have observed that trap height, repellency from decaying beetles, lure types, trap placement
relative to infested plants and trap collection container design are factors that impact capture
of JB (Gordon and Potter 1985; Gordon and Potter 1986; Alm et al. 1996; Pifiero and

Dudenhoeffer 2018).

An eradication program in the lower mainland of British Columbia (Canada) for JB was
initiated in 2018 by many stakeholders including the Canadian Food Inspection Agency (CFIA)
which is responsible for regulations and surveillance in the eradication program (Allison et al.
2021). In support of this JB eradication program, this study aimed to examine trap deployment
protocols to provide guidance on effective implementation of traps to detect and delimit JB
infestations (e.g., detecting JB infestations to inform decisions on pesticide application by
stakeholders). Specifically, field trapping and direct observation experiments were used to

assess: 1) the impact of wind speed and direction on the approach of JB to green Trécé Pherocon
traps baited with the Trécé dual lure; ii) the impact of using trap clusters versus single traps on

the number of JB captured; iii) comparison of the number and sex-ratio of JB captured by the
floral lure, pheromone lure and floral and pheromone lure together, and iv) the capture

efficiency of baited traps.
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Materials and methods
Field Site
Field trials were conducted at the Southeastern Turfgrass Research Center in Kentucky (USA)

(http://setrc.com/experiment-station.html) (Figure 1). This facility has 20 acres of highly

maintained turf and 230 acres of sod production and crops and forages used for research. Field
trials were run between 12-15 July, 2022. Each experiment was run at different times of the
day and on different days between 0900 and 1700 (Table 1 supplementary material). Green
Trécé Pherocon® JB traps were hung from metallic poles ca. 1.3-m above ground. At
collection, trap catches were placed in re-sealable bags on ice in a cooler and transported daily
to a freezer and subsequently transported on ice in a cooler to the laboratory (16 of July 2022),

at which time they were placed at -20°C until they could be processed.

Experiment 1: JB direction of approach to a baited trap

A single trap baited with a dual lure from Trécé was placed in the middle of a 2-m diameter
circle. The circle was divided into six equal sections of 60 degrees, with the first section starting
from magnetic north. Three observers were placed on the outside of the circle 120 degrees apart
with each observer positioned at the border of two adjacent sections. When a beetle was
observed to enter the circle, the time and section it entered were recorded. Simultaneously,
date, time and wind direction and speed were recorded with a 3D sonic anemometer (CSAT3B,
Campbell Scientific, Logan, Utah, United states) deployed ~1-m above the trap. All wind
speeds observed fell within the range of measurement of the sonic anemometer (0 to 4.74
m/sec). Each of the four replicates in this experiment was conducted once and separately (i.e.,

one at a time), each at a different location at the field site (red flags, Figure 1).
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Figure 1: Top view of the field site. For experiment 2, the location of the five replicates of the three
treatments (1L, 3L and 3T) are shown by the white triangles. The red flags indicate the locations where
experiments 1 and 3 were conducted. The concentric circles in the rose plots represent the frequencies
of wind direction and speed (mean £ STD) measured for experiment 1. The wind speed categories and
a spatial scale are showing in on the bottom right. The top right panel shows the location of the field

site in Kentucky (USA).

Experiment 2: Single vs. cluster trap trial

The National Plant Protection Organization for Canada, the CFIA, was interested in the
relationship between trap sensitivity or the number of beetles captured and the number of traps
and lures deployed per location. To explore this relationship, a total of five replicate blocks
were simultaneously deployed and each replicate block consisted of the following treatments:
1) a single trap baited with a single dual lure (1L), ii) a single trap baited with three dual lures

(3L), and iii) a cluster of three traps each baited with a single dual lure (3T) (white triangles,



UNCLASSIFIED - NON CLASSIFIE

Figure 1). The three treatments in each replicate block were deployed one per vertex of an
equilateral triangle with 50-m sides. Replicate blocks were placed at least 50-m from each
other. Three replicate blocks were deployed on turf, and two in an old hop field with few
remaining living plants surrounded by turf. For the 3T treatment, the first trap was placed 50-
m away from the other two treatments. The two other traps of treatment 3T were placed in a 2-
m equilateral triangle in the opposite direction of the 1L and 3L to avoid interference among
treatments. Replicates of field trapping trials were run for less than 1.5 hours to avoid trap
saturation. After each collection, traps were emptied, and treatments were rotated clockwise
for a total of 9 collections over 3 days for a total of 45 (9 temporal x 5 spatial) replicate blocks,

each comparing the three treatments.

Experiment 3: Lure type & sex ratio

We wanted to test the interaction between pheromone and kairomone as some uncertainty
exists in the literature about whether synergy between the pheromone and kairomone occurs.
A single replicate block with one trap with each of the following treatments was established: 1)
a pure pheromone standard, ii) Trécé dual lure, iii) Trécé floral lure from the dual lure and iv)
Trécé pheromone septum from the dual lure. The pure standard pheromone treatment was made
of a septum impregnated with 10 ul of 3 ppm pheromone (donated by Trécé) diluted in n-
hexane. The four treatments were deployed one per corner of a 2-m square. Treatments were
rotated clockwise after every collection for a total of 7 collections all on the same day (i.e.,
seven temporal replicates). Each temporal replicate was run between 20-60 minutes. The sex-
ratio was determined in the lab by sexing a haphazard selection of 100 individuals from each
trap based on front leg morphology (Fleming 1969). When fewer than 100 individuals were

present in a single trap capture, all the beetles were sexed.
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Experiment 4: Trap efficiency upon first approach

The experiment was conducted for 1 hour at the same four different locations as the direction
of approach experiment (red flags, Figure 1), but not at the same time. For this experiment,
when a beetle entered the 2-m circle a 30-second timer was started. A pilot study indicated that
we could confidently track beetles from this distance to the trap. That assay length was
arbitrarily chosen to assess if the trap was efficient at rapidly capturing flying beetles. During
that time, three observers standing 120 degrees apart around a 2-m diameter circle with the trap
at its center recorded the first of the three outcomes: the insect was captured, landed on the trap
or flew away. If any of these three outcomes occurred before 30 seconds, the observation was

terminated. An event was only recorded if all three observers reported the same outcome.

Statistical analyses

For Experiment 1 the 3D sonic anemometer collected measurements at 20 Hz continuously
during the time of the experiment and these data were averaged for every second. Time of
recording and wind speed and direction were computed, and magnetic north was corrected to
true north in subsequent analyses. Wind speed and direction were extracted to match the exact
time a beetle entered the circle. The direction the beetle approached the trap (i.e., which of the
six sections the beetle entered) was analyzed relative to the wind direction. Beetles were scored
as “upwind flight” if the vector that described wind direction exited the circle from the section
the beetle entered the circle. If the beetle and vector that described wind direction entered the
same section, the beetle was scored as “downwind flight” (Figure 2A). Cross upwind and cross
downwind referred to beetles entering the circle from the sections sharing a side with the
current upwind or downwind section, respectively. A multinomial logistic regression and a 2
tailed Z-test on the regression coefficients were used to determine the effect of wind speed and

direction on the direction of beetle approach to the trap. The direction of approach relative to
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wind direction was also tested against theoretical frequencies (1/3 for cross downwind and

cross upwind, 1/6 for downwind and upwind) with a y? test.
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Figure 2: Direction of JB approach to baited traps. Panel A: Section labelling relative to the wind
direction during real time measurement. When the wind was blowing from left to right (black arrow)
the section situated directly downwind relative to the trap placed at the center was labelled “upwind”
(for upwind flight). Panel B: Percentages of JB captured (mean + STD) approaching the trap from
different directions relative to the wind direction. All four treatments differed significantly from each
other. Panel C: Wind speed (mean = STD) for each of the different directions of flight approach.
Different letters indicate significant differences. Panel D: The influence of wind direction (mean + STD)

on how beetles approach a trap. No effect of wind direction was observed.

For Experiment 2: “single trap vs. cluster design”, Kruskal-Wallis tests showed no significant

differences among spatial replicates (H(4) = 8.86, p-value = 0.06) or trap positions within each

9
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block (H(14) = 9.79, p-value = 0.77) on the number of beetles collected per hour, but
differences between days (H(2) = 43.31, p-value <0.0001) and time of day when the collection
occurred (H(8)= 84.78, p-value <0.0001) were observed. Similarly, Kruskal-Wallis tests
showed a significant effect of time of collection (H(6) = 14.54, p-value = 0.02) in Experiment
3: “lure type & sex ratio”. For these reasons, data collected in experiment 2 and 3 were first
normalized into number of beetles captured per hour by 1) adjusting the absolute number of
beetles based on the time elapsed between baiting the trap and collecting the beetles to account
for time variation, and ii) transformed to percentages of beetles captured per hour for each
treatment of each replicate to account for spatial variation. Kruskal-Wallis tests were
subsequently used for each experiment to determine if at least one treatment was different from
the others. For each experiment when differences were shown, a Dunn’s test with an “Holm”
correction was performed (Holm 1979). All statistical analyses were performed in R V4.3.1 (R

core team, 2017) using Rstudio (Posit team, 2025).

Results
A total 0f 293 916 JB were captured in the direction of trap approach, single versus cluster trap

and lure type trials.

Experiment 1: JB direction of approach to baited traps

A total of 667 beetles were observed (Figure 2 and Table 2 supplementary material). The
pattern of direction of beetles approaching the trap differed significantly from the expected
random pattern (y>= 696.76, df = 3, p-value < 0.0001). Beetles predominantly flew upwind (52
+ 25%, mean = STD), followed by cross upwind (36 £ 9%, mean + STD), cross downwind (9
+ 13%, mean = STD) and finally downwind (3 + 6%, mean + STD) (Figure 2B). The

multinomial logistic regression showed a significant effect of wind speed on the flight pattern

10
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but no effect of wind direction (relative to the cardinal points) (Figure 2C, D). Posthoc analyses
showed that the mean wind speed for downwind and cross downwind approach were similar
(0.99 £ 0.53 and 1.22 £ 0.60 m/s respectively, mean + STD) (p-values > 0.05) and was
significantly lower than the mean wind speed for upwind and cross-upwind approaches (1.56

+(0.78 and 1.87 = 0.71 m/s, respectively, mean = STD) (p-values < 0.05).

Experiment 2: Single trap vs. cluster design

A total of 265 884 beetles were captured in the traps deployed over 9 hours and 18 min of
sampling (Table 3 supplementary material). An average of 2 001 +1 535 (mean £STD) beetles
were captured per hour, ranging from 134 to 7 400 beetles captured per hour. Kruskal-Wallis
tests showed that at least one treatment captured a different percentage of beetles than the other
treatments (H(2) = 22.58, p-value <0.0001). Posthoc analyses showed that all treatments
captured significantly different percentages of beetles (p-value < 0.05). Treatment 3T followed
by 3L and 1L captured 48 + 8%, 30 + 7% and 22 + 7% (mean + STD) of the beetles per hour,
respectively (Figure 3). Each individual trap of the 3T treatment captured significantly fewer

beetles than the 1L treatment with an average of 16 + 3% per individual trap.

11
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Figure 3: Percentage of beetles captured (mean + STD) in the single trap with one lure (1L), single trap

with three lures (3L), cluster of three traps (3T) and the average percentage of beetles captured per hour

per trap of the 3T treatment (3T/3). Different letters indicate significant differences.
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Figure 4: Mean percentage of beetles captured in traps baited with the pheromone standard (Phero std),
the pheromone from the Trécé dual lure (Phero lure) alone, the Trécé dual lure (Dual lure) and the Trécé
floral lure (Floral lure) from the DL alone. A total of 2 710 beetles were individually sexed. Different
letters indicate significant differences. Sex ratio for the pheromone standard and Trécé septa was
approximately 3:1 (M:F) and 1:1 for the Trécé lure and Trécé patch. Numbers in grey indicate the

average percentage of males (blue) or females (red) captured for each treatment.

13
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Experiment 3: Lure type & sex ratio

A total of 2 710 JB were sexed from 27 227 beetles captured (Figure 4 and Table 4
supplementary material). Kruskal-Wallis tests showed a significant treatment effect on sex
ratio (H(3) = 17.31, p-value <0.001) and percentage of beetles captured (H(3) = 20.98, p-value
<0.001), but there was not a significant effect of the time of collection (H(6) = 2.14, p-value =
0.91). Posthoc analyses showed no differences between the floral lure (Trécé patch, 1:1 sex
ratio, 39 = 9% of beetles captured) and Trécé dual lure (1:1 sex ratio, 41 £ 11% of beetles
captured) in sex-ratio (Z = 0.75, p-value = 0.91) or percentage of beetles captured (Z = 0.16,
p-value = 0.09). Similarly, no differences were shown between the Trécé pheromone septa (3:1
sex ratio, 12 £ 5% of beetles captured) and pheromone standard septa (3:1 sex ratio, 8 £ 4% of
beetles captured) on sex-ratio (Z =-0.33, p-value = 0.74) or percentage of beetles captured (Z

=-0.81, p-value = 0.83).

Experiment 4: Trap efficiency upon first approach
A total of 138 beetles were observed for 30 seconds (or until one of the three outcomes was
observed) after entering a 2-m radius around the trap. For these beetles, 43% were captured,

22% landed on the trap and 35% exited the circle without being captured (Figure 5).

14
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Figure 5: Percentage of beetles that were captured, flew away or landed on a baited trap within thirty
seconds of approaching within 2m of a trap baited with a DL. Observations were conducted at four

different locations (red flags, Figure 1).

Discussion

The direction of JB flight is strongly linked to wind direction and speed in the field. Over half
of JB observed to approach a baited trap did so from the downwind direction (i.e., flew upwind
to the trap). This result is consistent with previous reports that male JB fly upwind to females
but no data were presented to support this observation (Fleming 1969). Upwind flight to
odorants in the field has only been observed in a few species of Coleoptera [i.e., Ips
typographus (Schlyter et al. 1987), Dendroctonus brevicomis (Byers 1988), Meligethes aeneus
(Williams et al. 2007), Dendroctonus frontalis (Sullivan and Brownie 2022), and Agriotes
obscurus (van Herk and Vernon 2023)]. Wind speed also affects the number of JB captured,

with trap catches significantly higher at wind speeds above 1.5 m/s. Wind direction (relative to

15
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the cardinal points) did not affect the direction of approach suggesting that the flight behavior
of the beetle was not an artifact of external factors (i.e., obstruction, position of the sun,
magnetic field, visual background). This is the first study we are aware of to characterize in

real-time the effect of wind direction and speed on the flight behaviour of a beetle in the field.

The highest number of beetles was captured by placing a cluster of three traps together.
However, placing one trap baited with three dual lures captured the highest number of beetles
relative to the cost per trap. The difference in beetle catch is likely caused by inter-trap
competition, as individual traps within the cluster on average captured fewer beetles than the
one trap with one lure treatment. The material cost of deploying a cluster of three traps is about
2.5 times greater than one trap baited with three dual lures but only captures 1.5 times more
JB. However, utilizing the trap configuration that captures the most JB may be beneficial and
a more accurate indicator of treatment success (e.g., insecticide application) within an
eradication program. The importance of optimizing the total number of beetles captured versus
number captured relative to the cost per trap will vary with program objectives. While
eradication programs are likely to emphasize optimizing the total number of beetles captured,
monitoring programs may focus on optimizing the number captured relative to the cost. Future
research on inter-trap distance and number of dual lures per trap in support of eradication and

monitoring efforts could consider these differences in program priorities.

We did not observe any evidence of synergism or additive effects of the floral attractant and
pheromone lure on JB captures. In fact, the dual lure was the most attractive treatment and the
number of JB captured was not affected by the removal of the pheromone lure. Potter and Held
(2002) report that Ladd et al. (1981) observed synergism of JB captures when traps were baited

with the floral attractant and pheromone, but examination of the original experimental design

16
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of Ladd et al. (1981) suggests that they could not have observed synergism as the pheromone
was not tested on its own. In another study, synergism between a pheromone and floral
attractant lure was reported but that study used a different floral blend without geraniol (Ladd
and Klein 1982). A later study tested the floral lure and the pheromone separately, but not the
combination of both in the same year (Ladd and Klein 1986). It is possible that the high density
of JB or differences in release rates of the floral lure and pheromone septum contributed to the
absence of an effect of the pheromone on the capture of JB by traps baited with the floral lure

in this study.

Traps baited with the floral lure captured a 1:1 sex ratio of JB with or without the presence of
the pheromone lure. However, the sex ratio shifted to 3:1 (M:F) and the number of beetles
captured decreased significantly when traps were only baited with the pheromone. These
results agree with the results of previous studies. Traps baited with the dual lure and placed in
soybeans captured a 1:1 sex-ratio (Switzer et al. 2009). Allsopp et al. (1992) reported no
differences in the sex-ratio or number captured by traps baited with the floral lure + pheromone
or floral lure alone. These authors also reported fewer beetles were captured by traps baited
with pheromone alone and the sex ratio was biased toward males and varied with beetle density.
However, only the lowest and highest mean number of catches were reported and the variation

in sex-ratio and in catch number between lures from that study are not clear.

Of the 138 JB observed to approach within 2-m of a baited trap, more were captured than
landed on the trap or flew away. However, individual beetles that made multiple approaches
without being captured within the 30 second observation period may have been counted more
than once, introducing a possible bias. Similar results were reported by Switzer et al. (2009)

where more JB were also captured than landed on the trap or flew away. Although not

17
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quantified, we observed that when more than one beetle landed on the trap, they could form an
aggregation that blocked the trap entrance. These blockages likely reduce trap performance. A
larger entrance hole or coating the traps with a lubricant (Graham and Poland 2012; Allison et
al. 2014) could mitigate this problem and increase trap efficiency. For heavily infested areas,
an adapted design with trash bins as a receptacle has been shown to be more efficient at mass

trapping beetles than traditional traps (Pifiero and Dudenhoeffer 2018).

In summary, this study demonstrated that the majority of JB that were captured had approached
traps from downwind and that a cluster of three traps captured the most JB. Our study was
limited to a single site and a one-week time window. However, large numbers of JB were
captured, suggesting that at least for this population and given environmental conditions, our
results have good statistical power. It is possible that given the broad distribution of this insect
that geographical variation exists. The very high numbers of JB at this site in Kentucky might
have influenced the outcome of the single trap vs. cluster design and lure type and sex ratio
experiments compared to if they were conducted in lower density populations such as those in
British Columbia. Further studies on the influence of JB density on the effect of trap
deployment protocol should be conducted to facilitate present and future implementation of

eradication programs.
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