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Abstract

A study was conducted to determine rates of recapture of marked Agriotes obscurus (AO) males released in a grassy field on
four occasions in the centre of pheromone trap squares with traps spaced 2.5, 5.0, 7.5 and 10.0 m apart. Concurrent catches
of naturally occurring and naturally dispersed (wild) AO were also recorded. Catch of marked AO was highest during
peak emergence when maximum weekly temperatures ranged from 15.7 to 17 °C, and rainfall was light. Mean catch in the
2.5-10.0 m trap squares was, respectively, 82.0, 79.0, 77.0 and 65.0%, which occurred within one week of release. Catch of
marked AO were lower (range in 2.5-10.0 m squares: 74.5-50.5%) when released early in the activity period, due to lower
temperatures and higher rainfall, and catch was protracted over 3 weeks. Catch during two releases under favourable weather
late in the activity period was also reduced (range: 25-58%), likely due to loss of AO vigour and/or pheromone trap efficacy.
Catch of wild AO was highest in traps spaced 7.5 or 10.0 m apart, suggesting independence of these traps, and between-trap
competition at 2.5 and 5.0 m spacings. From these data, we estimated that an effective spacing for traps in mass trapping
arrays would be approximately 6 m. Significantly higher catch of marked or wild AO occurred in traps that were upwind in
all trap squares, indicating wind direction should be considered in structuring the placement of trap arrays in mass trapping
programs in non-farmed headland areas.
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Introduction

Three invasive species of wireworms from Europe, Agriotes
obscurus (L.), A. lineatus (L.) and A. sputator (L.), have
become major pests of several key crops (i.e., potatoes, car-
rots, cereals, corn) in the provinces of British Columbia
(BC), Prince Edward Island and Nova Scotia, Canada (van
Herk and Vernon 2021a; Vernon and van Herk 2022). These
species, which have larval life cycles in soil of 4-5 years,
become permanently established in new agricultural areas
primarily via the mobile adult click beetle stage. Since
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habitats containing grasses are preferred for click beetle
oviposition and subsequent wireworm development, the
non-farmed undisturbed headland areas surrounding arable
fields are typically the first colonized. Once established, all
life stages of one or more of these Agriotes species can be
found, culminating in the annual production of click beetles
that can repeatedly invade adjacent arable fields whenever
suitable oviposition hosts are planted (i.e., pasture, cereal
and forage crops) (Brian 1947).

Once established in arable fields, the management of
wireworms generally defaults to the use of insecticides
applied prophylactically to crop seed (i.e., cereals, forages,
potatoes) or to soil at the time of planting (i.e., granules or
in-furrow sprays). Although effective, the use of insecticides
for wireworm control since the 1940s has often been con-
troversial due to earlier products being highly residual in
soil (i.e., organochlorines such as aldrin, heptachlor and lin-
dane) or being highly toxic to humans and other organisms
in the environment (i.e., organophosphates and carbamates)
(Elliott et al. 1996; Vernon and van Herk 2022). A global
consequence of these concerns has been the gradual removal
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of the most effective insecticides used for wireworm control,
and many of the newer classes of insecticides, although pro-
viding crop protection through repulsion (e.g., pyrethroids:
van Herk and Vernon 2007; Vernon et al. 2009; van Herk
et al. 2015) or long term morbidity (e.g., neonicotinoids,
diamides: van Herk et al. 2015), do not result in significant
reductions in wireworm populations (Vernon et al. 2009;
van Herk et al. 2018a; 2021b). As a result, populations of
various wireworm species are on the increase throughout the
Holarctic despite the use of these contemporary insecticide
treatments.

Since the turn of the current century, the re-emergence
of wireworms as key economic pests of many crops has
prompted considerable research into alternative controls,
including: biological (i.e. microbial and nematode); cultural
(i.e. allelopathic crops, strategic rotations); and semiochemi-
cal methods (mating disruption and mass trapping) (Parker
and Howard 2001; Ritter and Richter 2013; Barsics et al.
2013; Traugott et al. 2015; Vernon and van Herk 2022).
As has been the case with insecticides, the aim of these
alternative methods has been to target various elaterid life
stages present within arable fields. Unfortunately, many of
these alternative control methods are less practical, more
expensive or less efficacious than insecticides, and treated
fields are always prone to chronic reinvasion by click bee-
tles emerging within the surrounding non-farmed headlands
(Traugott et al. 2015; Furlan et al. 2016; Vernon and van
Herk 2022). Alternatively, one or more control methods
that target these non-farmed headland reservoirs should be
given greater consideration, since these areas occupy only
a fraction of farmland area and would not interfere with in-
field farming activities (Vernon et al. 2014b; Vernon and van
Herk 2022). Of the alternatives mentioned, semiochemical
methods such as mass trapping and/or mating disruption,
which generally involve species-specific pheromones, are
strong candidates, since effects on non-target vertebrates and
invertebrates occurring in non-farmed areas are minimized
(Vernon and van Herk 2022).

In the case of the invasive species in Canada mentioned
above (A. obscurus, A. lineatus and A. sputator), phero-
mones and trap devices have been developed (Furlan et al.
2002; Furlan and Téth 2007; Téth et al. 2003; Vernon and
Téth 2007; van Herk et al. 2018b, 2021c¢, 2022), and pilot
mass trapping studies have been conducted both ‘in-field’
(Balkov 1991; Hicks and Blackshaw 2008; Sufyan et al.
2011), and in ‘non-farmed headlands’ (Vernon et al. 2014a,
b). In the non-farmed headland studies, parallel transects of
A. obscurus (AO) or A. lineatus (AL) pheromone traps with
rows and traps spaced 3 m apart along corridors of grassy
headland recaptured 85.6% of mark-released AO and 77.8%
of marked AL with arrays of their respective pheromone
traps, mostly within the first week of release. In arrays of
mixed AO and AL traps, recapture rates were 77.8% and

@ Springer

83.3%, respectively (Vernon et al. 2014a). These results,
and those from concurrent trapping studies with wild, non-
marked AO and AL (Vernon et al. 2014b), suggested that
mass trapping might be used to remove sufficient male AO
and AL beetles to significantly reduce mating and associated
oviposition in nonfarmed habitats.

Although promising, the spacing of 3 m between traps
in these mass trapping arrays was considered at that time to
be too expensive for multi-year deployment (i.e., 4 years for
AO and AL) in non-farmed areas. Therefore, before mass
trapping can even be considered as a valid strategy for reduc-
ing AO and AL populations in non-farmed habitats, greater
spacing between traps would be required to reduce costs
while maintaining rates of male removal equal to the 3 m
trap arrays tested previously. The data obtained in our pre-
liminary studies, as well as data reported on trap spacing for
AO and AL by others (Hicks and Blackshaw 2008; Sufyan
et al. 2011), suggested that trap spacings between 3 and
10 m should be tested in arrays for AO and AL in permanent
grassy habitats. The studies conducted herein investigated
the efficacy of traps placed in square, 4 trap arrays with traps
spaced 2.5, 5.0, 7.5 and 10 m apart in trapping wild and
marked populations of AO males on 4 occasions in a grassy
field in 2014. In addition, the effect of wind direction on
the efficacy of various traps in each array was investigated.

Materials and methods
Experimental design

Trap spacing studies were conducted in an area of long-term
permanent grass surrounding a field of highbush blueberries
at the Agassiz Research and Development Centre (ARDC,
Agriculture and Agri-Food Canada) in Agassiz (49° 14’ 50"
N; 121° 45" 45" W; WGS84), situated at the eastern end
of the lower Fraser Valley of BC (Fig. 1). The traps used
were Vernon Beetle Traps (VBTs, described by Vernon
2004) used in earlier mark recapture trials and baited with
A. obscurus pheromone bubble caps (Contech Inc., Delta,
BC) (Vernon et al. 2014a, b). Traps were arranged in 4-trap
squares, with traps in squares spaced 2.5, 5.0, 7.5, or 10.0 m
apart (Fig. 1). Trap squares were arranged in randomized
linear blocks, with at least 12 m separating traps between
squares in replicates, and 15 m separating trap squares from
the nearest replicate. Each trap was positioned in the mid-
dle of 40 cm square areas of removed sod (depressions of
about 8—-10 cm relative to the top of surrounding mowed
grass). Since VBTs are square, flow-through traps open only
on opposing sides, the trap orientation was approximated
with the flow-through axis pointing toward the middle of
each square trap array (Fig. 1B). Traps were positioned rela-
tive to the estimated predominant wind direction in the area
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Fig.1 Square trap arrays used to determine the effectiveness of pher-
omone traps spaced 2.5, 5.0, 7.5 and 10.0 m apart (n=35 replicates) in
a grass field (A) in capturing marked Agriotes obscurus (AO) males
released in the centre of each square (B), as well as naturally dis-

(approx. south to north), such that one trap in each square
was always upwind (Fig. 1B). The actual predominant wind
directions during the studies were later determined from an
Environment and Climate Change Canada weather station
at the ARDC (World Meteorological Organization Identi-
fier: 71,113, approx. 300 m from the study site). Since AO
adults appear to be most active at temperatures > 10 °C (van
Herk, personal observation), predominant wind directions
were determined for each study period using wind direc-
tion measurements only during hours when temperatures
were > 10 °C and wind speeds > 5 km/h. Treatments (trap

persed wild AO beetles. Releases were done on 4 occasions in 2014,
with AO beetles marked different colors that were randomized in
squares within replicates in each release. Traps in squares were posi-
tioned according to the N, E, S, and W cardinal directions (B)

spacings) and replicates (n =35) were kept the same between
consecutive studies. The grass was kept short (about 7 cm
high) throughout the study by mowing with a ride-on lawn
mower between trapping sessions (2-3 weeks).

Mark-release method
Mark-release was used to determine how effective the
various trap spacings were in capturing A. obscurus males

released in the centre of each square (Fig. 1B). Releases
were conducted from 16 April to 7 May (Study 1), 7-21 May
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(Study 2), 3—16 June (Study 3), and 18 June to 9 July (Study
4). Within one week prior to each release, wild male AO bee-
tles were collected in additional VBTs in the general region
of the studies and stored at room temperature (c. 16—18 °C)
in well ventilated Plexiglas cages (30X 100 % 100 cm). The
day before each release, beetles were marked on their prono-
tums with various acrylic paints (Golden Artist Colors, Inc.,
New Berlin, NY, USA 13411-3616). The paints used were
pre-tested on lab populations and had no detrimental effects
on click beetle health or behaviour. During storage, beetles
were fed with freshly cut apple slices every 2-3 days. On
the day of release, 20 healthy and well-marked AO beetles
were placed in 10 cm diameter Petri dishes and released in
the centre of each trap square. The Petri dishes were opened
and immediately covered with 15X 15 cm plywood lids that
were elevated approx. 1 cm above the dishes such that bee-
tles were released under shade. Four colors were used for
each beetle release, with different colored beetles randomly
assigned to each trap square in a replicate, and the same
color colors not released in adjacent squares. On the day
following each release, Petri dishes were examined and any
unreleased beetles due to death or morbidity were counted.
Thereafter, walking within each trap square was prohibited
during each release period.

Traps were inspected on a weekly basis following each
release on two (releases 2 and 3) or three occasions (releases
1 and 4). Following each release, traps were emptied into
plastic containers labelled according to date, trap square
(spacing), trap location in squares (N, S, E, W) and replicate,
placed in a 4 °C cooler, and numbers of colored and wild
beetles counted within 2 days of collection.

Statistical analysis

Data were analyzed with generalized linear model (Proc
GENMOD), using a log-link function and a negative bino-
mial distribution, using separate analyses per beetle release.
Model factors were ‘trap spacing’, ‘trap position’, and ‘treat-
ment’. Pairwise comparisons between either trap spacings or
trap positions were done using the ‘Ismeans’ statement with
Tukey’s adjustment. All analyses were performed in SAS
Enterprise Guide v.7.1 (SAS Institute, Cary, NC, USA). For
each release date, analyses were performed on both the total
number of wild or marked beetles captured, and on weekly
captures of these.
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Results
Trap spacing
Release 1 (16 April-7 May)

This 3-week release-recapture period was characterized by
low mean daily air temperatures (wks. 1, 2 and 3, respec-
tively, 10.1, 11.8 and 14.2 °C), and high weekly precipita-
tion (respectively, 59.9, 49.4 and 30.3 mm) (Fig. 2A). The
release coincided with the major upswing and peak of wild
AO emergence in the area (Fig. 2B).

Marked AO captures

At first inspection (23 April), it was noted that a small
number of beetles (6/400 released) had not left the Petri
dishes, and these were removed from the field. The mean
(SD) percent recapture rates of marked beetles in the 2.5,
5.0, 7.5 and 10.0 m trap squares at this date were, respec-
tively, 63.2 (7.3), 52.1 (7.6), 26.2 (12.3) and 26.7 (24.5)%
(Chi=16.5, P=0.0009, Tukey’s=A, AB, B, B, respec-
tively). This trend was reversed at second inspection (30
April), where captures in the 2.5-10.0 squares were, respec-
tively, 6.2 (4.3), 9.1 (10.8), 24.1 (17.0) and 16.0 (14.3)%
(Chi=9.69, P=0.021, Tukey’s=B, AB, AB, A), which
persisted into the third inspection (7 May) with recaptures
0f 5.2 (6.4),5.1(6.1), 12.2 (4.6) and 8.0 (15.2)% (Chi=3.17,
P=0.37). Although significantly more catches occurred in
the 2.5 and 5.0 squares during the first week of release, there
were no significant differences in recapture rates among the
2.5-10.0 m squares overall (respectively, 74.5 (9.7), 66.3
(2.2), 62.4 (16.1) and 50.7 (13.3)%; Chi=5.39, P=0.15)
(Table 1 and Fig. 3A). It was also noted that some marked
beetles had left the trap squares of their releases and were
captured in other squares which were a minimum of 12 m
away. This occurred with 4, 9 and 10 marked AO over the
3 inspection dates, respectively, amounting to 5.8% of the
total beetles released, and these beetles are not included in
Table 1 or Figs. 3 and 5.

Wild AO captures

In contrast to the release of a finite number of marked AO
in the centre of the various trap squares, the collection of
unmarked, wild AO in these traps were from larger popula-
tions more uniformly distributed throughout the grassy study
area. As such, wild beetles could access individual traps in
the trap squares from all directions. In contrast to the recap-
ture of significantly higher levels of marked beetles at first
inspection (23 April), mean (SD) numbers of wild males
taken in the 2.5-10.0 m trap squares were not significantly



Capture of wild and marked Agriotes obscurus in pheromone traps according to distance, wind... 533

A Release 1 Release 2 Release 3 Release 4
25 ] ] f ] f - 50
L 45
20 - 40
> >
35 ©
3 a
= 15 30 =
a =
[
5 L 25 €
[ (]
(14
c 10 b 20
3 Y s
F (o]
= 15 2
5 L 10
L d il 1.1 :
0 1 | |_| . _m 0
L JL JL JL JL J L JL J L JL JL J
B wk 1 wk 2 wk 3 wk 1 wk 2 wk 1 wk 2 wk 1 wk 2 wk 3
12
& 10 +
[ -
~ // ~ ~
o 8 >
o it %\
\
g % \
n d \
8 x \
© 4 e < N
E W L
O o | TSl
< “ | T .. .~ _
0 Se~me-ao____ e - - n
0 7 14 21 28 35 42 49 56 63 70 77 84

Days after start of study

Fig.2 Mean daily temperature and rainfall from 16 April to 9 July, trends (mean=+SEM) of wild AO beetles caught in pheromone traps
2014, during which time four releases of marked A. obscurus males in the area during this time period are shown (B)
were conducted in a field of grass in Agassiz, BC (A). Population

Table 1 Mean (SD) number and proportion of marked Agriotes obscurus beetles recaptured/trap in arrays of traps, in which traps were spaced
one of four distances apart

Trap spacing (m) Beetle release date

16 April 7 May 3 June 18 June
Means Prop Means Prop Means Prop Means Prop
2.5 3.7(29) 0.74 (0.58) 4.1(5.3) 0.82(1.06) 2.7(2.9) A 0.54(0.59) 2224 A 0.44 (0.48)
5 3321 0.66 (0.43) 4.0 (4.5) 0.79(0.90) 293.1)A 0.58(0.62) 1.42.0)A 0.27 (0.41)
7.5 31(14) 0.62(0.29) 3.9(5.5) 0.77 (1.09) 2.1(2.6) AB 0.41(0.52) 2.024) A 0.40 (0.49)
10 25(2.3) 0.51(0.48) 3.3(4.1) 0.66 (0.83) 1.3(1.8)B 0.25 (0.35) 1.3(2.0) A 0.44 (0.40)
Spacing Chi=5.39, P=0.15 Chi=4.43, P=0.22 Chi=9.86, P=0.02 Chi=8.00, P=0.046
(df=3,60)
Position Chi=21.74, P <0.0001 Chi=84.19, P<0.0001 Chi=31.21, P<0.0001 Chi=46.88, P <0.0001
(df=3,60)
Spacing X Posi-  Chi=16.70, P=0.054 Chi=23.69, P=0.0048 Chi=17.17, P=0.046 Chi=6.72, P=0.67
tion (df=9,60)
Replicate (df=4 Chi=1.33, P=0.86 Chi=2.67, P=0.62 Chi=2.84, P=0.58 Chi=5.75, P=0.22
60)

Weekly collections (2-3) for each beetle release period were combined for analysis. Numbers in a column followed by the same letter are not
significantly different from each other (P> 0.05)

different (respectively, 19.5 (13.2), 15.1 (8.2), 23.4 (15.3) that time. This trend began to change at second inspec-
and 19.5 (15.0) AO per trap; Chi=6.15, P=0.10), suggest-  tion, where numbers of wild AO were numerically high-
ing trap squares were attracting wild beetles equally during  est in the 7.5 and 10.0 m trap squares (respectively, 22.2
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Fig.3 Mean proportion of marked male A. obscurus beetles recaptured for each week after releases on 4 occasions in a grassy field in 2014
(A-D). There were 3 weekly collections in Releases 1 and 4, and 2 collections in Releases 2 and 3

Table 2 Mean (SD) number of wild Agriotes obscurus beetles captured/trap in arrays of traps, in which traps were spaced one of four distances

apart
Trap spacing (m) Beetle release date

16 April 7 May 3 June 18 June
2.5 97.3 (88.5) AB 58.6 (48.1) 9.7 (4.7) 4624 B
5 85.0(83.7)B 53.9(32.5) 13.1 (10.8) 7.8 (7.6) AB
7.5 126.8 (97.3) A 75.5(62.2) 14.3 (12.3) 9.8(8.9) A
10 115.2(97.2) AB 75.3 (68.5) 11.8 (12.0) 5.8(5.8)B

Spacing (df=3,60)

Position (df=3,60)

Spacing X Position (df=9,60)
Replicate (df=4, 60)

Chi=10.11, P=0.018
Chi=11.12, P=0.011
Chi=4.08, P=0.91

Chi=75.65,
P <0.0001

Chi=2.81, P=042
Chi=6.09, P=0.11
Chi=6.00, P=0.74

Chi=50.99,
P <0.0001

Chi=3.83, P=0.28
Chi=6.09, P=0.11
Chi=8.83, P=0.45

Chi=59.80,
P <0.0001

Chi=18.39, P=0.0004
Chi=28.35, P<0.0001
Chi=19.49, P=0.021

Chi=37.43,
P <0.0001

Weekly collections (2-3) for each beetle release period were combined for analysis. Numbers in a column followed by the same letter are not
significantly different from each other (P>0.05). Beetle release date indicates when marked beetles were released in this study

(27.1),23.9 (38.3), 33.0 (37.6) and 34.1 (37.5) AO per trap;
Chi=6.87, P=0.08), which was even more pronounced at
third inspection (respectively, 55.7 (52.9), 46.0 (44.1), 70.4
(52.9) and 61.7 (49.6) AO per trap; Chi=9.56, P=0.023,
Tukey’s=AB, B, A, AB). When data were combined, catch
was highest overall in the 7.5 m trap squares, followed by
the 10.0 and 2.5 m spacings (respectively, 97.3 (88.5), 85.0
(83.7), 126.8 (97.3), 115.2 (97.2) AO per trap for 2.5-10.0 m
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spacings; Chi=10.11, P=0.018, Tukey’s=AB, B, A, AB)
(Table 2 and Fig. 4A).

Release 2 (7-21 May)
This 2-week release-recapture period was characterized by

higher mean daily air temperatures (wks. 1 and 2, respec-
tively, 15.8 and 17.0 °C), and low precipitation (wks. 1 and
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Fig.4 Mean number of wild male A. obscurus beetles captured per trap for each week after releases on 4 occasions in a grassy field in 2014
(A-D). There were 3 weekly collections in Releases 1 and 4 and 2 collections in Releases 2 and 3

2, respectively, 13.0 and 2.6 mm) (Fig. 2A), and coincided
with initially high but thereafter dropping wild AO popula-
tion levels (Fig. 2B).

Marked AO captures

At first inspection (14 May), the mean (SD) percent recap-
ture of marked beetles in the 2.5-10.0 m trap squares
were, respectively, 82.0 (7.6), 79.0 (13.4), 77.0 (15.2) and
65.0 (13.7)%, with no significant differences occurring
between trap squares (Chi=3.43, P=0.33). At second
inspection, only one additional marked beetle was taken
(10.0 m square), indicating that catch in all trap squares
was accelerated under the warmer and drier conditions of
this release relative to Release 1 (Table 1, Figs. 2A, 3B).
Higher numbers of marked beetles left the trap squares
in Release 2 relative to Release 1, with 50 and 3 marked
AO being captured in other squares over the two inspec-
tion dates, respectively, amounting to 13.3% of the total
beetles released.

Wild AO captures

At first inspection (14 May), mean (SD) numbers of wild
AO were numerically lower in the 2.5 and 5.0 m squares
relative to the 7.5 and 10.0 m squares (respectively, 40.7

(36.1), 36.4 (30.8), 52.2 (47.8) and 54.9 (57.0) AO per
trap; Chi=3.52, P=0.32). At second inspection, numbers
of wild AO in the trap squares had generally dropped, with
no significant differences occurring among the 2.5-10.0 m
trap squares (respectively, 17.9 (12.9), 17.5 (10.9), 23.3
(20.2) and 20.4 (14.0) AO per trap; Chi=2.43, P=0.49).
When inspections were pooled, the highest numbers of
wild AO were caught in the 7.5 and 10.0 m trap squares
(respectively, 58.6 (48.1), 53.9 (32.5), 75.5 (62.2) and 75.3
(68.5) AO per trap. Chi=2.81, P=0.42), which was also
observed in weeks 2 and 3 of Release 1 (Table 2, Fig. 4B).

Releases 3 (3—-16 June) and 4 (18 June-9 July)

Weather during Release 3 was similar to Release 2, with
high mean daily air temperatures (wks. 1 and 2, respec-
tively, 16.3 and 14.7 °C), and low precipitation (wks. 1 and
2, respectively, 4.2 and 11.1 mm) (Fig. 2A). Traps had been
removed from plots at the end of Release 2 (21 May) and
re-installed on 2 June just before Release 3. Grass had been
cut on 30 May to a height of about 7 cm.

Weather during Release 4 was similar to Release 3, with
high mean daily air temperatures (wks. 1-3, respectively,
15.3, 18.8 and 18.4 °C), and low weekly precipitation (wks.
1-3, respectively, 9.4, 10.4 and 2.2 mm) (Fig. 2A). Traps
that were removed at the end of Release 3 (16 June) during
mowing were re-installed on 18 June just before Release 4.
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Marked AO captures

At first inspection of Release 3 (10 June), the mean (SD)
recapture rates of marked beetles in the 2.5-10.0 m trap
squares were, respectively, 50.0 (12.2), 57.0 (16.0), 39.0
(13.9) and 22.0 (14.4)%, with only 4.0 (2.2), 1.0 (2.2), 2.0
(2.7) and 3.0 (4.5)% recaptured at second inspection (16
June). When data were combined, significant differences
occurred in catch among the 2.5-10.0 m trap squares (Chi
= 10.45, P=0.02, Tukey’s=A, A, AB, B, respectively),
with highest catches once again in the 2.5-5.0 m squares
(Table 1 and Fig. 3C). During the two inspections, 23 and 10
marked beetles, respectively, were captured in other squares,
amounting to 8.3% of the total beetles released.

In Release 4, the percent recapture of marked beetles
at first inspection (25 June) in the 2.5-10.0 m trap squares
were, respectively, 43.0 (13.5), 27.0 (14.8), 35.0 (17.0) and
23.0 (15.7)%, with 1.0 (2.2), 0.0, 3.0 (4.5) and 2.0 2.7)%
AO recaptured at second inspection (2 July), and 2.0 (2.7)%
recaptured in the 7.5 m square at final inspection (July 9).
When data were combined, there were no significant differ-
ences in catch among the 2.5-10.0 trap squares (Chi=38.0,
P=0.046, Tukey's NS). During the three inspections, 43, 12
and 1 marked beetles were captured in other squares, respec-
tively, amounting to 14.0% of the total beetles released. The
lower recovery of marked beetles in Releases 3 and 4 relative
to Releases 1 and 2 are coincident with the declining vigour
of AO populations during that time (Fig. 2B).

Wild AO captures

At first inspection of Release 3, mean (SD) numbers of wild
AO caught in the 2.5-10.0 m trap squares were considerably
lower relative to Releases 1 and 2 (respectively, 6.6 (4.6), 8.8
(9.8), 9.8 (10.4) and 8.8 (10.3) AO per trap) and even more
so at second inspection (respectively, 3.1 (2.5), 4.4 (3.2),4.5
(3.3) and 3.0 (2.4) AO per trap) (Fig. 4C). There were no
significant differences in catch of wild AO among trap spac-
ings in the individual or pooled inspections (respectively, 9.7
(4.7), 13.1 (10.8), 14.3 (12.3) and 11.8 (12.0) AO per trap;
Chi =3.83, P=0.28) (Table 2, Fig. 4C).

In Release 4, significant differences in catch of wild AO
per trap among the 2.5-10.0 m squares occurred at first
inspection (respectively, 2.1 (1.5), 3.9 (4.2), 2.9 (2.6) and
2.0 (2.5); Chi=10.52, P=0.015, Tukey’s=AB, A, AB, B,
respectively), second inspection (respectively, 1.9 (1.4),
2.9 (3.7), 5.0 (5.8) and 3.0 (3.0); Chi=13.51, P=0.0037,
Tukey’s=B, B, A, B, respectively), third inspection (respec-
tively, 0.6 (0.9), 1.1 (0.9), 2.0 (2.5) and 0.9 (1.4). Chi =
16.61, P=0.0009, Tukey’s=B, AB, A, AB), and combined
inspections (respectively, 4.6 (2.4), 7.8 (7.6), 9.8 (8.9) and
5.8 (5.8); Chi=18.4, P=0.0004, Tukey’s=B, AB, A, B). It
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is interesting to note that the highest catches were in the 5.0
and 7.5 m trap spacings, which was also observed in Release
3 (Table 2, Fig. 4D).

Trap directional preferences

During Releases 1-4, the predominant wind directions at
temperatures 10 °C or higher and wind speed > 5 km/h were,
respectively, 228°, 227°, 224°, 230°, or generally from the
Southwest (Fig. 1B), with the percentage of time wind was
recorded from these directions being, respectively, 39, 53,
67 and 62%.

Marked AO captures

In Release 1, the mean (SD) proportion of marked AO in
traps positioned at the North, East, South and West (N, E,
S, W) cardinal directions of all 2.5-10.0 m trap squares
combined were, respectively, 18.9 (12.4), 17.2 (10.2), 26.8
(17.2) and 37.1 (18.6)% of the total captures, with signifi-
cantly higher captures in West than North and East traps
(Chi=21.74, P=0.0001, Tukey’s=A, A, AB, B, respec-
tively, N, E, S, W) (Fig. 5A). Subsequently, significantly
higher captures were observed in South traps relative to other
positions in Release 2 (Chi=84.19, P=0.0001, Tukey’s=B,
B, A, B), Release 3 (Chi square = 31.21, P=0.0001, Tuk-
ey’s=C, B, A, B) and Release 4 (Chi=46.88, P=0.0001,
Tukey’s=B, B, A, B) (respectively, Fig. 5B-D). These
trends in trap position preferences did not differ significantly
(Table 1) among the 2.5-10 m trap squares.

Wild AO captures

As was generally observed with the marked beetle catches,
the highest numbers of wild AO were taken in the South
traps (Fig. 6). Significant differences among N, E, S, W
trap positions, however, were only observed in Release 1
(Chi=11.12, P=0.01, Tukey’s=AB, B, A, AB, respec-
tively) (Fig. 6A) and Release 4 (Chi=28.35, P=0.0001,
Tukey’s=B, AB, A, B, respectively) (Fig. 6D). As observed
with the marked AO catches, trends in trap position prefer-
ences with wild AO did not differ among the 2.5-10 m trap
squares.

Discussion
Trap spacing efficacy: marked AO
In previous work (Vernon et al. 2014a, b), Vernon Beetle

Traps (VBTs) for A. obscurus (AO) were placed 3 m apart
in six 2 X 15 trap arrays centred along 45 m long by 10 m
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wide sections of a grassy dyke in Delta, BC. Of these arrays,
three contained only AO traps and three contained both AO
and A. lineatus (AL) traps in alternating rows. At the peak
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period of AO male activity in the area, beetles were released
randomly throughout each 45 m long trap array, and cap-
tures of marked (Vernon et al. 2014a) and wild AO (Vernon
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et al. 2014b) were recorded on a weekly basis throughout
the complete activity period. During this study, 85.6% and
77.8% of marked AO were recaptured in, respectively, pure
AO and mixed AO and AL arrays, mostly within the first
week of release. In addition, wild AO populations were sig-
nificantly reduced in the pure and mixed trap arrays, and it
was concluded that AO mating encounters would have been
significantly reduced due to a combination of timely male
removal and likely disorientation of untrapped males due to
overlapping pheromone saturation in the arrays. Based on
this preliminary work, a 75-86% recapture rate of marked
AO in the current trap square studies is a reasonable target
to match the efficacy of the 3 m trap arrays used in the pre-
vious study.

In the current study, VBTs were presented in squares
spaced 2.5, 5.0, 7.5 and 10.0 m apart, and marked AO were
released in the centre of each trap square (respectively,
1.76, 3.53, 5.30 and 7.01 m from AO release points to near-
est traps) on four occasions over the principal AO activity
period (16 April to 9 July). Of these, Release 2 best matches
the single marked AO release conducted in the previous
study (Vernon et al. 2014a) in terms of weather conditions
and peak AO activity. In the 2.5 m trap squares (closest spac-
ing to the 3.0 m trap arrays in the previous study) 82% of
marked AO were recaptured, mostly within the first week of
release (Fig. 3B), which falls within the 75-85% recapture
target. Where the current and previous studies differ, how-
ever, is that marked AO in the current study were released
in the centre of the 2.5 m square (1.76 m to nearest trap)
as opposed to random releases along the 3.0 m trap arrays
(0—2.12 m to nearest trap). As such, the majority of ran-
domly released beetles in the previous study would have
had a shorter distance to travel to the nearest trap. In addi-
tion, marked AO that left the 3.0 m trap squares could have
been caught in other adjacent traps along the 2 X 15 trap
arrays. Numbers recaptured in 2.5 m squares in the current
study, therefore, likely underestimate the recapture rates that
would be expected with random releases or natural emer-
gence along longer trap arrays. Release 2 of the current study
also showed that competitive rates of marked AO recapture
occurred in 5.0 m and 7.5 m trap squares (respectively 79
and 77%), which, for reasons stated above, would likely pro-
duce higher catch rates with longer trap arrays and randomly
dispersed populations. Traps spaced 10.0 m apart caught the
fewest marked AO (66%), suggesting the targeted 75-86%
recapture efficacy diminishes at trap spacings somewhere
above 7.5 m.

The current studies further expand on the previous study
in that the recapture efficacy of marked AO among the
2.5-10.0 m trap spacings varied considerably among the 4
releases (Fig. 4A-D). Recapture rates in Release 1 for exam-
ple, coinciding with the upswing of AO emergence, occurred
more gradually over a three-week period with lower overall
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catches in all trap spacings (respectively, 74, 66, 62 and 51%
recapture, Fig. 2A) relative to Release 2. This difference
is attributed to the cooler temperatures and higher rainfall
occurring during Release 1 (Fig. 2A), which would have
slowed the movement of marked AO and/or reduced the
release and dissipation of pheromone in the trap squares.
Supporting data for this was observed in the delayed col-
lection of marked AO in the 7.5 and 10.0 m squares relative
to the 2.5 and 5.0 m trap squares (Fig. 3A). Recapture rates
were also reduced in all trap squares during Releases 3 and
4 despite favourable weather conditions occurring, which is
attributed to populations of AO declining in numbers and/
or mating vigor at that time, and/or a possible reduction in
release of AO pheromone from traps. The reduction in trap-
ping efficacy of marked AO later in the activity period is of
low importance however, in that the majority of wild male
AO emerging naturally within mass trapping arrays would
likely have been captured by that time, as was shown in the
previous study (Vernon et al. 2014b).

Between trap competition: wild AO

In addition to the desired 75-86% recapture rate, another
postulated requirement for successful mass trapping is
that competition between traps in trapping arrays should
occur, but without reducing total catch in individual traps
(Lanier 1990). Evidence to support this requirement among
the 2.5-10.0 m trap squares was not provided in the mark-
release studies, due to the finite numbers of marked AO
released in the centres of each square, and the strong direc-
tional recapture bias in the southernmost traps (discussed
below, Fig. 3A-D). However, concurrent catches of wild AO
that were dispersed randomly in high numbers throughout
the study area did suggest between trap competition was
occurring between certain trap spacings. During the first
2 release periods when populations were highest, pooled
numbers of wild AO per trap in the 2.5 and 5.0 m trap
squares were lower than in the 7.5 and 10.0 trap squares
(mean (SD) respectively, 4.5 (3.8), 4.0 (3.1), 5.8 (4.4) and
5.4 (4.6) AO/trap/day; Chi = 7.11, P=0.068). These data
suggest that between-trap competition was occurring in trap
squares spaced 2.5 and 5.0 m apart, which is desirable, but
that reductions in catch per trap (about 25%) was also occur-
ring relative to the larger trap squares. The data also suggest
that traps in both the 7.5 and 10.0 m squares, which caught
similar numbers of wild AO, were functioning indepen-
dently of each other, and that competition caused by phero-
mone overlap between these traps was likely not occurring
to the extent observed in the 2.5 and 5.0 m squares. What
this indicates is that maximum catch per trap and between-
trap competition will likely occur somewhere between traps
spaced 5.0 and 7.5 m apart. Assuming that increases in catch
of wild AO per trap between 5.0 and 7.5 m squares is linear,
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a conservative spacing of about 6.0 m should increase catch
per trap above the 2.5 and 5.0 m squares without sacrificing
between-trap competition.

Directional trap bias: marked and wild AO

The current study clearly demonstrated that marked AO
released in the centre of trap squares of all spacings gen-
erally responded significantly to traps in the upwind posi-
tion during the 4 releases (Fig. SA-D). This trend was also
observed with wild AO, where traps in the upwind position
consistently and sometimes significantly caught the high-
est numbers (Fig. 6A-D). In the case of wild AO, all traps
would have been upwind of the more dispersed AO distribu-
tion within and on all sides of the trap squares, but the most
upwind (south and west) traps would have been most attrac-
tive to those wild AO occurring within the trap squares.
These data conflict with other studies where the movement
of marked AO and AL released at increasing distances along
various cardinal directional transects radiating from single
pheromone traps did not show directional bias (Hicks and
Blackshaw 2008; Sufyan et al. 2013). In these other stud-
ies, releases were made in open fields of permanent pasture
(Hicks and Blackshaw 2008) or in fields of grass-clover
(Sufyan et al. 2013), where crop height was higher than the
pheromone traps used (Yatlorf traps, Csalomon, Budapest,
Hungary) in contrast to the mowed field surrounding trap
squares in the current study. The lack of directional bias
in the Hicks and Blackshaw (2008) study was postulated
to be due to the high grass surrounding the traps, which
would have resulted in pheromone being disseminated more
by ‘unbiased diffusion’ rather than a ‘wind-directed plume’.
This would likely have also been the case in the grass-clover
field studies by Sufyan et al. (2013). With single traps in
tall grass, therefore, pheromone dissipation would be more
multi-directional, especially during times of low or variable
wind movement (Hicks and Blackshaw 2008). In contrast,
wind-directed plumes were likely occurring in the current
study due to the shorter grass surrounding the traps, and
pheromone dissipation into trap squares by the upwind south
trap would have outcompeted the other traps leading to the
higher catches observed. It is also notable that in an indoor
setting, Blackshaw et al. (2018a) observed male AO to move
downwind, even in the presence of pheromone, when wind
speeds were >c. 20 km/h. It is possible that the avoidance
of wind gusts may have contributed to the lower than antici-
pated captures in the westernmost traps.

Optimization of AO mass trapping efficacy
and economics

The data presented herein expands and improves on our
previous mass trapping studies (Vernon et al. 2014a, b) in

ways that could improve the efficacy and economic viability
of mass trapping strategies to reduce reservoir populations
of AO in headland habitats (Blackshaw et al. 2018b). With
respect to efficacy, the current data suggest that between-
trap and between-row spacings of 6 m along grassy head-
lands will provide similar and timely removal of wild AO
populations to the 3 m spacings used in our previous stud-
ies. The data also showed that knowledge of the prevail-
ing wind direction during the most active periods of AO
emergence should be considered during placement of trap
arrays in headlands. For example, in 10 m wide grassy head-
lands (typical of agricultural areas in BC), two rows of traps
spaced 6 m apart should be positioned to provide optimal
wind-directed coverage of the headland area. Where no
wind effects are present, as along leeward- and downward-
sloping headlands, the 6 m trap arrays can be oriented with
both rows about 2 m from their respective headland edges.
Where the prevailing wind passes across an exposed head-
land, the array can be shifted about 1 m upwind to better
collect upwind populations.

Our estimate of 6 m trap spacings required for mass trap-
ping in ‘headlands’ varies considerably from other estimates
for ‘in-field’ mass trapping developed elsewhere. Hicks and
Blackshaw (2008) estimated that mass trapping of AO in
fields would require about 15 traps per ha with between-trap
spacing of about 25 m, and Sufyan et al. (2013) estimated
that 25 traps per ha, with between-trap spacing of about
20 m would be required to reduce AO male populations in
fields by 50%. Our current and previous studies (Vernon
et al. 2014a, b) however, suggest that the requirement for
between-trap competition (Lanier 1990) in traps spaced 20
or 25 m apart would be unlikely, especially where unbiased
pheromone diffusion occurs in actively growing pasture or
clover, and the likelihood of male/female encounters would
remain high. Any reduction in rapid and uniform capture of
AO males resulting in reduced mass trapping efficacy (i.e.,
continued mating and oviposition) is undesirable due to the
high cost involved with in-field and/or headland trapping
required over a 4-year period.

The current studies focussed on A. obscurus, which is
often present in headland areas with other pest elaterids
including AL and AS. In BC, for example, both AO and
AL are found together in almost all agricultural fields in
the lower Fraser Valley (Vernon et al. 2001; Blackshaw and
Vernon 2006; Vernon and T6th 2007), and mass trapping
would need to include both species. In the work of Hicks
and Blackshaw (2008), it was found that AL disperses more
rapidly than AO, and they determined that mass trapping of
AL in fields would require even fewer traps than AO (i.e. 10
versus 15 traps/ha). In our earlier work, we also found equiv-
alent catch of marked AL and AO males in 3 m trap arrays
(Vernon et al. 2014a). These studies indicate that increasing
inter-trap distance in arrays to 6 m for AO should also be
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effective for AL. Since we have found that placing AO and
AL pheromone traps 1.5 m apart has no effect on individual
trap efficacy (Vernon et al. 2014a), rows of AO traps spaced
6 m apart can include alternating AL traps midway between
AO traps.

With respect to the economics of mass trapping, the pro-
posed increased distance between traps in headland arrays
makes mass trapping a more affordable strategy for the long-
term management of AO. Since the goal of mass trapping
elaterids in headland areas is to functionally eliminate the
reservoir populations that annually invade arable fields, and
since the cost and effort involved are protracted over 4 years
(the life history for AO), such programs must be conducted
on an area-wide basis to justify the effort. Assuming this, we
can estimate the relative costs of mass trapping in agricul-
tural landscapes of various dimensions, where mass trapping
could be done either in-field (as proposed by Balkov 1991;
Hicks and Blackshaw 2008; and Sufyan et al. 2013) and/
or in surrounding headlands (as proposed by Vernon et al.
2014a, b). For example, an area containing 9, 5 ha square
arable fields in a 3 X 3 matrix with each field surrounded by
a 10 m wide grassy headland, would require 1,842 AO head-
land traps versus 12,477 in-field traps spaced 6 m apart in
various arrays. The cost of materials would involve the traps
(VBT =$6.40 USD) and lures (AO lures =$3.00), the former
lasting over 4 years and the latter having to be purchased
annually. Over 4 years of trapping, the total cost of mass
trapping (traps + lures) would be $33,896 in headlands ver-
sus $117,283 in-field, or respectively $8,474 versus $29,320
per year. Assuming successful mass trapping in headlands
or in-field would ultimately result in protection of arable
fields from economic wireworm damage, the cost of trapping
materials per ha would amount to $188/ha/year with head-
land trapping versus $652/ha/year with in-field trapping. In
addition, by removing wireworm populations from headland
reservoir areas, it would take at least an additional 4-years
post-trapping for wireworm populations to begin recovery
to levels able to invade surrounding fields. Since the cost of
chemical control of wireworm infested potato fields can be
high (i.e., the cost of Thimet 20G is about $160 USD per ha
and requires expensive application equipment), the amor-
tized cost of mass trapping in headlands, and the continued
wireworm crop protection post-trapping which requires no
in-field chemical intervention, is a reasonable alternative
control option.

Conclusions and future studies
Since these studies were conducted (2014), VBTs are no

longer available, but have been replaced in North Amer-
ica by the Vernon Pitfall Trap® (VPT, Intko Supply, Ltd.,
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Chilliwack, BC, Canada) which, when baited with phero-
mone lures used in Yatlorf traps (Csalomon, Budapest, Hun-
gary) provides equivalent or superior catch of AO and AL
males to the VBT (van Herk et al. 2022). In addition, the
cost of VPTs ($5.00 USD) is lower than VBTs and requires
much less time to assemble, install and service in the field,
making mass trapping even more economically feasible (van
Herk et al. 2022).

Although promising, some additional research would be
required to determine the effects of variations in headland
vegetation and AO (and/or AL) population levels on mass
trapping efficacy. Vegetation along headlands often varies in
the presence and abundance of ground cover preferred for
elaterid oviposition and wireworm feeding, and the unman-
aged growth of vegetation concurrent with adult emergence
could gradually change pheromone dissipation from initial
wind-directed plumes (as experienced in the current studies)
to unbiased diffusion (as discussed in Hicks and Blackshaw
2008). In addition, previous studies determined that opportu-
nities for mating encounters in 3 X3 m VBT arrays increased
for AL where populations in headlands were high (Vernon
et al. 2014b), which could be further intensified with trap
arrays spaced further apart. The effects of these variables
on mass trapping efficacy could be determined using release
recapture studies of AO and/or AL adults along headlands
with various vegetative characteristics and wild populations
of increasing size,
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