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Abstract

Sex pheromone baited monitoring traps are a critical tool for integrated pest management decisions against
many insects, particularly codling moths (Cydia pomonellal.).The addition of cameras for remote monitoring
has the potential to enhance the usefulness of these important tools. However, changes in trap design could
potentially alter plume structure and trapping efficiency of these new traps. Here we look at several trap
configurations designed to optimize the capture of codling moths in traps equipped with cameras. We found
that, in both wind tunnel and field trials, camera equipped triangle traps and camera equipped rectangle traps
(both V1 and V2) caught codling moths equivalent to a standard ‘delta’ style trap. While catch was unaffected,
altering our rectangular trap opening from 4 to 8 cm (V1 and V2, respectively) decreased frequency of moths
contacting the front of trap and increased the frequency of moths flying directly into the trap. We show that
these novel camera equipped semiochemical-baited traps catch equivalent to the industry standard white

delta trap.
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Semiochemical-baited traps have been used to monitor codling moth
Cydia pomonella (L.) (Lepidoptera: Tortricidae) in fruit orchards for
over 40 yr (Butt et al. 1974, Maitlen et al. 1976, Knight and Light
2005a). Catch data are used to determine the temporal and spatial
distribution of codling moth in orchards and inform pest manage-
ment decisions. Monitoring traps are essential for establishing biofix
(Riedl et al. 1976), timing pesticide applications (Gut and Wise 2016),
and estimating pest populations (Adams et al. 2017a). Monitoring
traps are also used to measure the effectiveness of mating disruption
(Gut and Brunner 1998, Thomson et al. 2001, Miller and Gut 2015)
and sterile insect release programs (Dyck et al. 1993, Judd 2016).
While critically important to codling moth management, checking
hundreds of traps over vast acres of commercial apple orchards is
time consuming and labor intensive, leading some researchers to ex-
plore the possibility of making management decisions without traps
(Jones et al. 2008). Nevertheless, trapping data is widely viewed as
critical for accurate pest management decisions, and research has
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shown that increasing the number of traps improves pest density
estimates (Adams et al. 2017b). Recent advances in camera tech-
nology offer the possibility of collecting this important data in real
time at a fraction of the time and cost.

In recent years there has been a growing interest in using dig-
ital cameras and other types of sensors for pest monitoring in a
variety of agricultural settings (Epsky and Shuman 2001, Hahn et
al. 2016, Potamitis et al. 2017, Zhu et al. 2017). One approach is
to incorporate sensors directly into insect traps, such that the trap
counting process can be automated (Doitsidis et al. 2017). Then by
using wireless networking technologies, these ‘internet of things’
(IOT)-based traps can be accessed remotely, and pest capture data
can be aggregated over large areas. This approach has several
benefits, but most importantly, networked IOT-based traps could
provide growers with data in real time. This would allow growers
to implement pest management tactics sooner than would otherwise
be possible, and potentially reduce crop losses. Camera traps are

2004

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered or
transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:afrewin@semios.com?subject=

Journal of Economic Entomology, 2022, Vol. 115, No. 6

2005

particularly appealing in this regard as technicians can inspect trap
images remotely to validate automated counts if necessary.

Various trap designs have been evaluated for monitoring cod-
ling moth (Vincent et al. 1990, Knight 2002) and related tortricid
pests (Lewis and Macaulay 1976, Cha et al. 2013). Historically, cod-
ling moth traps have been made from inexpensive and disposable
materials, such as cardboard or plastic in a variety of shapes. Much
of the early research on codling moth monitoring was conducted
using white wing-style traps (Butt et al. 1974, Proverbs et al. 1975,
Riedl 1980, Beers et al. 1993). In the late 1990s (Gut and Brunner,
1998) the industry started to move to more durable plastic triangle
(delta) style traps such as Scentry LP (Large Plastic Delta Trap,
Scentry Biologicals, Billings, MT) and Trécé VI (Pherocon VI Delta
trap, Trécé Inc., Adair, OK). While no differences were found be-
tween trap types (Knight et al. 2002) the durability of the plastic
trap made it more desirable and it remains the standard today. The
current technology for digital image capture and data transfer is still
relatively large and requires secure housing to protect components
from sun and rain. As such, IOT-traps will likely be bulkier, and
made with more durable materials than conventional traps. It is im-
portant to confirm that these additional design features do not influ-
ence the efficacy of the trap.

Numerous factors can influence a trap’s ability to catch a target
insect, including trap placement within the tree canopy (Riedl et al.
1979) and within an orchard (Knight 2007). Trap color can influ-
ence captures for many day flying insects, particularly those with
highly developed visual systems like pollinators (Campbell and
Hanula 2007). However, the importance of trap color is less clear for
nocturnal species like codling moth who have less developed visual
systems (van der Kooi et al. 2021). Some research has suggested that
orange traps catch more male codling moth than white traps, how-
ever in a wind tunnel this effect was only observed at 6 lux and not
2 lux, and color did not affect female moths regardless of light inten-
sity (Knight and Miliczky 2003, Knight and Fisher 2006). However,
other studies have found no effect of trap color on captures of cod-
ling moth, and related fruit tree pests, Choristoneura rosaceana
(Harris), Grapholita molesta (Busck), and Platynota idaeusalis
(Walker), (Myers et al. 2009). The main disadvantage of white col-
ored traps is they catch more dipteran and hymenopteran bycatch
(Knight and Miliczky 2003, Knight and Fisher 2006, Myers et al.
2009, Preti et al. 2020). However, in commercial settings, white delta
traps are the industry standard (Doerr et al. 2004), with orange also
used by a portion of the industry. As bycatch can interfere with dig-
ital observations, we selected red for our trap bodies, and compared
it to the industry standard white.

The composition and dose of the semiochemical lure can also
affect trap capture (Knight and Light 2005b, Judd 2016, Liu et al.
2016). For codling moth numerous lure formulation are commer-
cially available and consist of various doses of the sex-pheromone
codlemone, attractive to males, pear ester, attractive to females, or
a combination thereof attractive to both sexes. The shape of a trap
body and its openings determine the structure of the odor plume
emanating from a trap and can influence trap captures (Lewis and
Macaulay 1976). The structure of the plume affects the findability,
the probability that an insect arrives at the trap, and the efficiency,
the probability that an insect will enter the trap, and the retention, the
probability that the insect stays in the trap (Miller et al. 2015). The
measurement of the number of individuals arriving at the trap, di-
vided by the number captured has also been defined as the capture
rate (Pelozuelo and Frerot 2006, Carde et al. 2018). Understanding
if and how changes to trap design impact capture rate, or trap effi-
ciency, is critical to the successful adoption of IOT-traps.

In this study, we compare the efficacy of several I[OT-traps with a
white delta trap for monitoring codling moth (Fig. 1). The IOT-traps
used in this study are based on a common platform, which consists
of a weatherproof housing containing a digital camera, lights, and
wireless networking components. First, we examine the behavioral
response of male codling moth towards these traps in a wind tunnel,
looking at the location of first contact with the trap. Then we ex-
amine the efficacy of these traps in two field experiments in commer-
cial apple orchards. First in an orchard under area-wide sterile insect
release-based management, and the second conducted in an orchard
under mating disruption-based management.

Methods
Moths

Codling moths were obtained from the Okanagan-Kootenay Sterile
Insect Release Program (OKSIR), Kelowna BC. Moths were reared
according to established protocols (Dyck and Gardiner 1992).
Unirradiated late instar larvae and pupae arrived in trays of artificial
diet (Brinton et al. 1969) and were held in a controlled environ-
mental chamber set to 23°C, 60% RH with a 16:8 (L:D) photope-
riod, until the majority of larvae had pupated. Moth pupae were
removed from the diet, sorted by sex (Peterson 1965), and male
pupae were individualized in 30 ml portion cups. Isolated male
pupae were held in a controlled environmental chamber as above.
The chamber was checked daily for adult emergence, and only moths
between 24 and 96 hr old were used in experiments.

Traps

In these experiments, several novel trap designs were evaluated, the
Semios triangle trap in red, and the Semios rectangle trap in both red
and white, with a 4 cm high opening (V1) and with a larger 8 cm
high opening (V2) (Fig. 1, Table 1) (SemiosBio Technologies Inc,
Vancouver, BC, Canada). These designs were compared to a white
delta trap (PHEROCON VI Trap, Trécé Inc., Adair, OK). White delta
traps were chosen for this experiment because they are the industry
standard used in commercial orchards. All traps were fitted with
appropriately sized sticky liners (Alpha Scents Inc, West Linn, OR)
(Table 1). Traps were described in terms of their open space and
closed space (Table 1). Here we defined open-space as the area of
the opening where an insect can enter a trap (Fig. 1B). Closed space
is defined as the area of the face of trap framing the open space
(Fig. 1B). The trap body is defined as the trap surface not visible
when viewed from the open end. The area of the trap opening of the
Semios rectangle trap V1 was equivalent to the delta trap, however,
the vertical dimension of the trap opening was smaller than the delta.
The Semios rectangle V2 was modified from the V1 such that the
vertical dimension of the trap opening was equal to the delta trap.

Wind Tunnel

Wind tunnel experiments were performed in the University of
Guelph Engineering Boundary Layer Wind Tunnel (Brunskill
and Lubitz 2012) in 2019. The wind tunnel has a cross section of
1.2 x 1.2 m and was 9.7 m long with a series of viewing and access
ports along its length. All experiments were conducted in a 3 m long
section at the intake end of the wind tunnel, separated from the rest
of the tunnel by a mesh screen. The tunnel was illuminated from
above with low levels of red incandescent light (ca. 3.2 lux). The
wind tunnel was configured to produce a wind speed of 18 cm/s.
Wind speed was measured with an Ultrasonic Anemometer Model
81000 (R. M. Young Company, Traverse City, MI) situated on the



2006

Journal of Economic Entomology, 2022, Vol. 115, No. 6

pNAY_|-

Fig. 1. A. Photograph of trap designs used in this study. Left to right; Trécé delta trap, Semios triangle trap, and Semios rectangle trap V1. B. Trap schematics
illustrating open and closed space of (left to right) Trécé delta trap, Semios triangle trap, Semios rectangle trap V1 and V2. Here we defined closed space (shaded
gray) as the surface area (cm?) surrounding one (of the two) trap openings. Open space is defined as the trap opening or the area (cm?) framed by the closed

space. SeeTable 1 for dimensions.

Table 1. Dimensions and color of traps used in wind tunnel and field trials with codling moth

Trap type
Trap Characteristic Delta Triangle Rectangle V1 Rectangle V2
Color White Red Red Red
Exterior dimensions 27 x20 x 11 27 x20 x 18.5 24.5 x 14 x 24.5 24.5 x 14 x 24.5
L x Wx H (cm)
Sticky liner dimensions 20.3 x 17.8 20.3x 17.8 17.8 x 12.7 17.8 x 12.7
L x W (cm)
Height of open space (cm) 8.0 9.8 4.0 8.0
Area of open space (cm?) 50.0 100.5 50.4 96.0
Area of closed space (cm?) 56.1 109.8 238.2 192.9
Ratio of open over closed space (%) 49.5 47.79 17.5 33.2

Open space and closed space values are for one end of the trap as in Fig. 1B.

wind tunnel centerline behind the moth release platform. Due to the
size and construction of the wind tunnel, it was not feasible to use
intake and exhaust filters. However, the wind tunnel was housed in
a large warehouse-type building that allowed the small amount of
pheromone released from the pheromone lure to exhaust out of the
tunnel, on the downwind end, and dissipate into the larger space.
One hour before scotophase, individualized adult male cod-
ling moths were placed in a cooler on ice for ca. 10 min. Moths
were then transferred individually to 3 x 3 ¢m cylindrical alu-
minum mesh cages. Mesh cages were then acclimated in the wind
tunnel facility until the start of experiments. Individual cages were
cleaned with Fisherbrand Sparkleen 1 Detergent (Fisher Scientific
Co., Pittsburgh, PA) between uses and were not reused for at least

3 d. Moth flights were conducted ca. 5 min after the onset of
scotophase and conducted for no longer than 2.5 hr a day, at a
temperature of 26°C.

In the wind tunnel experiments, we evaluated, the red Semios
rectangle trap (V1 and V2) and the red Semios triangle trap
(Fig. 1, Table 1). These designs were compared to a white delta trap
(PHEROCON VI Trap, Trécé Inc., Adair, OK). For the wind tunnel
experiments, traps were baited with a single 10 pg codlemone lure
placed on its side at the center of the sticky liner (Judd et al. 2005).
Three experiments were conducted, 1) a comparison between the
delta and rectangle trap V1, 2) a comparison between the delta and
triangle traps, and 3) a comparison between the delta trap, and
Semios rectangle trap V1 and V2.
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Traps were hung from the roof of the wind tunnel, parallel to
the wind direction, such that the open ends of the traps faced di-
rectly upwind and downwind, with the center of the trap opening
located at the center of the wind tunnel cross section (i.e., 0.6 m
from the walls of the tunnel). A release platform fixed to a retort
stand was located 1.5 m downwind of the trap at the center-point
of the wind tunnel cross section. Mesh cages with individual moths
were introduced to the pheromone plume by placing the cage on
the release platform. After ca. 15 s in the pheromone plume a nylon
lead clipped to the lid of the mesh cage was pulled, from outside
of the tunnel, lifting the lid and releasing the moth. The moths’ be-
havior was observed for 2 min, and the occurrence of the following
behaviors and events were recorded: wing fanning, upwind flight,
contact with, and capture in the trap. Moths were also scored for
the location where they first contacted the trap. Location of contact
had three categories, contacting the closed space (lip and/or baffle),
entering the trap directly, or contacting the trap body. Moths which
exhibited poor flight ability were excluded from the analysis. This
manifested as moths would jump’ but never exhibit sustained flight.

Flight experiments were conducted such that each day’s flight
period was divided into two or three equal time periods, during
which a similar number of moths were flown to a specific trap. The
order in which traps were tested was randomized between days such
that each trap was tested during each time period in a given experi-
ment, this was repeated four times in experiment one and two, and
three times for experiment three. This design was chosen to con-
trol for potential variability in male codling moth response across
scotophase (Castrovillo and Carde 1979).

To visualize the plume structure generated by the traps, we used
a Model 5 Console, Helium Bubble Generator (Sage Action, Inc.,
Pinetop-Lakeside, AZ). The helium bubble generator produced
~4 mm helium filled bubbles, which were released upwind and in
line with the trap in the wind tunnel. The neutrally buoyant bubbles
follow fine scale air currents through and around the traps. Videos of
this process were taken and compiled into representative diagrams
that illustrate the airflow patterns in and around trap bodies. Video
was recorded with using Canon EOS T2i digital camera set to movie
mode. Still frames were exported from videos files and compiled
manually using GNU Image Manipulation Program (v. 2.10.18, The
GIMP Development Team). The wind speeds of the helium-bubble
image-capture experiments were identical to those used in the moth
flight experiments. The resultant airflow diagrams were used to ap-
proximate pheromone filaments emitted from various trap designs.

2014 Field Experiment

In 2014, we conducted a field experiment in a 3.3 ha organically
certified high-density apple orchard located in Cawton, BC. Here we
compared codling moth captures between the red Semios rectangle
trap V1, white Semios rectangle trap V1, and the white delta trap
(Fig. 1, Table 1). In 2014 traps were baited with CM L2 Lure (Trécé
Inc., Adair, OK) and lures were replaced every 4 wk. Lures were
hung from the center of the trap roof (Adams et al. 2017), and traps
were hung in the upper third of the tree canopy. Catch data was re-
corded manually and sticky liners replaced, weekly.

The orchards were divided into twelve trap locations on a 3 x 4
grid. Traps within rows were separated by 60 m, and rows were
separated by 50 m. No traps were placed within 20 m of the edge of
the orchard. Four traps of each trap type were randomly assigned to
a trap location each week for 12 wk, between June and August, using
an RCB design. Groups of male and female sterile codling moth were
released into the orchard at a rate of ca. 324 moths per ha per week.

2017 Field Experiment

In 2017, we conducted field experiments in an organically certified
high-density apple orchard located in Orondo, WA, where mating
disruption was used for codling moth management. In this exper-
iment, we compared codling moth trap captures between the red
Semios rectangle trap, red Semios triangle trap, and the white delta
trap (Fig. 1, Table 1). In 2017 traps were baited with CMDA lures
(Trécé Inc., Adair, OK), and lures were replaced every 4 wk. CMDA
lures were used in this trial because of the use of mating disrup-
tion at these orchards. Lures were hung from the center of the trap
roof (Adams et al. 2017), and traps were hung in the upper third
of the tree canopy. This 23 ha orchard was divided into nine trap
locations, consisting of 2-3 ha blocks, minimum distance between
traps was 140 m. No traps were placed within 20 m of the orchard
edge. Three traps of each trap type were randomly assigned to a trap
location each week between June and September using an RCB de-
sign. Trap captures were manually recorded and sticky liners were
replaced weekly.

Statistical Analysis

All data analyses were performed at a significance level of o = 0.05
in R v3.5.1 (R Development Core Team 2015). Number of moths,
which 1) flew upwind towards the trap, 2) contacted the trap, and
3) were captured by trap, were analyzed with a generalized linear
model with a binominal distribution. Variance was partitioned into
the fixed effects of trap type, day of experiment, and their interac-
tion. Likelihood ratio test was used to assess significant effects, and
Tukey’s HSD was used to separate means. To analyze the location of
first contact, data within experiments were pooled across days and
analyzed as above, with only trap type as a fixed effect. To determine
if pheromone habituation within the wind tunnel facility influenced
moth behavior, a logistic regression was used to examine the rela-
tionship between minutes into scotophase and wing fanning for all
three experiments.

Data from each field study was analyzed with a generalized linear
mixed model with a negative binominal distribution. Variance was
partitioned into the fixed effect of trap type, and the random effects
of trap location and week of observation. Likelihood ratio test were
used to assess significant effects, and Tukey’s HSD was used to sep-
arate means. All models were validated by inspecting residual plots.

Results

WindTunnel Experiments 1-3
Both within and between wind tunnel experiments, the various traps
performed similarly (Table 2, Supp Table 1 [online only]). Moth be-
havioral response toward the various traps was consistent within
each of the three experiments, as indicated by the lack of any signif-
icant effects involving day (Supp Table 1 [online only]). Importantly
there were no significant differences between trap types in the pro-
portion of moths that flew upwind toward traps, contacted the traps,
or were captured by the traps (Table 2). The majority of moths
(98.5%, n = 350) which contacted a trap were ultimately captured
by it (Table 2). The proportion of moths that exhibited wing-fanning
behaviour after introduction into the wind tunnel did not change
over time during our experiments (Experiment 1: x2 = 0.34, df = 1,
P = 0.56; Experiment 2: %2 = 5.053, df = 1, P = 0.17; Experiment 3:
%2 =0.58,df =1, P = 0.75).

For moths that were caught, the location where moths first
contacted the trap was affected by trap type (Fig. 2, Supp Table 2
[online only]). The majority of moths flown to delta traps (62.1%,
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n = 161) and triangle traps (69.1%, n = 68) entered the trap's open
space, avoiding contact with the exterior surface. In contrast, 74.3%
of moths (1 = 74) captured by the rectangle trap V1 contacted closed
space on the front of the trap before being captured (Fig. 2). Of
these moths (7= 55), 14.55% contacted the trap lip (below the trap
opening), with the remaining 85.45% contacting the trap baffle
(above the trap opening) before being caught. In experiment three,
increasing the opening height (and area) of the rectangle trap V2
compared to V1 resulted in fewer contacts with the closed space
on the front of the trap and more moths directly entering the trap
opening. (Fig. 2). In this case, the proportion of moths that contacted
the lip and baffle were 78.95 and 21.05% (n = 19), respectively.

2014 Field Experiment

In this experiment only sterile codling moths were detected in traps,
no wild-type moths were caught for the duration of the experiment.
Codling moth capture varied across time (Supp Fig. 1 [online only])
but mean codling moth capture was not affected by the trap type (x>
=5.85,df =2, P = 0.054) (Fig. 3). In general, trap captures increased
from June 2nd until mid-July after which captures decreased. When
analyzing for random effects, 97.78% (2.30 = 1.52) of the variance
was due to sampling date, while only 2.22% (0.052 = 0.23) was due
to trap position within the orchard.

2017 Field Experiment

Codling moth capture varied across time (Supp Fig. 2 [online only]).
However, the number of codling moth captured was not affected
by trap type (x* = 4.43, df = 2, P = 0.11) (Fig. 4). When analyzing
random effects, 37% (1.04 = 1.02) of the variance was due to

sampling date, while 63% (1.79 = 1.34) was due to trap position
within the orchard (Supp Fig. 2B [online only]).

Discussion

In these experiments, we compared the efficacy of novel 10T
enabled codling moth traps to a standard delta trap in a series of
wind tunnel and field-based experiments. Our primary interest was
to assess the relative performance of these IOT enabled traps with
a commercial standard. In both wind tunnel and field experiments,
the Semios camera traps caught codling moth equivalent to a
standard delta trap. In wind-tunnel experiments, we observed that
male moth landing behavior was different for the Semios rectangle
V1 trap vs. the V2, but this difference did not translate into a dif-
ference in catch.

In our wind tunnel experiments, male codling moth’s behavior
towards the various traps was consistent both within and between
experiments The proportion of moths exhibiting wing-fanning was
consistent over the course of the experiment, which suggests there
was no pheromone habituation in these experiments and impor-
tantly there were no differences in upwind flight, trap contact, or
trap capture. The location of first contact with a trap has been shown
to influence the capture rate of codling moths (Knight 2002), so we
recorded the instance and location of this contact. We observed that
significantly more moths contacted the front of the rectangle trap
V1 than the front of the delta trap. However, in our study, the vast
majority of moths that contacted a trap ultimately entered it and
were caught (Table 2). When moths landed on the front of the V1
rectangle trap, 85% landed on the baffle above the trap opening. The
baffle of the V1 trap was designed to reduce the trap opening thereby

Table 2. Proportion (+SE) of male codling moths exhibiting listed behaviors in response to codlemone baited traps in a wind tunnel

Experiment 1

Experiment 2

Experiment 3

Trap Delta Rectangle V1 Delta Triangle Delta Rectangle V1 Rectangle V2
n 70 55 90 91 56 49 56
Upwind flight 95.7+2.4a 96.4+2.5a 97.8+1.6a 96.7+19a 98.2=+1.8a 95.9+28a 98.2+18a
Contact 78.6 £5.0a 782=+5.6a 76.7+4.5a 747 £ 4.6 a 67.9+6.2a 714 +6.5a 75.0+5.8a
Capture 771 +5.0a 74.5+59a 76.7+4.5a 74.7 = 4.6 a 67.9+6.2a 67.4+6.7a 75.0=+5.8a

Proportions followed by different letters in a row, within an experiment, are significantly different (o = 0.05).
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Fig. 2. Location of first contact of male codling moths approaching various traps baited with codlemone lures in a wind tunnel. Means with different letters

between trap types are significantly different (a = 0.05).
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Fig. 3. Mean (+SE) codling moth trap capture by trap type for the 2014 field
experiment in high density organically certified apple orchard, with weekly
release of sterile codling moths. Means with different letters are significantly
different (o = 0.05).
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Fig. 4. Mean (+SE) codling moth trap capture by trap type for the 2017 field
experiment conducted in high density organically certified apple orchard
employing codling moth mating disruption. Means with different letters are
significantly different (o = 0.05).

reducing bycatch. However, this baffle changed airflow and provided
a large surface area for moths to alight on. While we did not see
a reduction in mean catch, we wanted to decrease the instances of
landing on the outside of the trap and increase the probability of
moths entering directly into the trap and contacting the sticky card.
To that end, the rectangle trap was modified to the V2 with a larger
opening. Moth behavior towards the Semios rectangle trap V2 was
similar to the delta trap and triangle trap in the proportion of moths
directly entering the trap. When moths contacted the front of V2 trap
21.05% landed on the smaller baffle and 78.95% on the lower lip.
Since mean capture was not different, it is unlikely that this change
has any practical significance in terms of pest monitoring. However,
the larger opening allows more bycatch to enter the trap, which
could be significant as it may interfere with the camera’s ability to
capture images of codling moths, and may necessitate more frequent
liner replacements.

The wind tunnel provided important first-hand observations of
moth behavior and allowed us to visualize turbulent airflow with
helium bubbles. While airflow in this experimental design may be
more idealized than actual field conditions or flight tunnels typically
employed in pheromone research (Baker and Linn 1984), we believe

they provide valuable insights. When moths approached the V1 rec-
tangle trap, a typical flight path involved contact with the baffle above
the trap opening, followed by a short period of a relatively stationary
but drifting flight directly in front of the baffle. After a time, the
moth would descend down in front of the trap opening and enter. We
believe this behavior is a result of wind currents/turbulence created
by the trap itself. Visualizations generated using the helium bubble
generator support this hypothesis (Fig. 5). These visualizations re-
vealed a vortex above the rectangle V1 trap opening (Fig. 5C) in the
same position in which moths would hover while making contact
with the baffle. This vortex consisted of air exiting the trap opening
and flowing upward and then back toward the trap itself, in flight
experiments this vortex would have contained filaments of phero-
mone. Interestingly a smaller, and less stable vortex was occasion-
ally observed below the trap opening for all traps tested, and in all
experiments some moths would contact the trap lip before entering.
Based solely on the ratio of open space (Table 1), we would expect
more turbulence to be generated in the wake of the rectangle trap
V1 compared to either the triangle, rectangle trap V2, or delta traps,
with their more open designs. This turbulence would likely influence
pheromone plume structure and potentially final-approach flight
behavior (Mafraneto and Carde 1994). Interestingly, fewer moths
flown to the V1 trap (14.55%) alighted on the lip below the trap
opening compared to the V2 trap (78.95%). We suspect this pattern
is a result of the pheromone lure being placed on the sticky liner.
In this scenario, we would expect more pheromone filaments in the
vortex below the trap entrance than above it. Helium bubbles visu-
ally provide some evidence for this, the trajectory of many bubbles
passing through the V2 trap (Fig. 5D) was more inline with the di-
rection of the wind compared to the V1 (Fig. 5C). Since more air was
flowing undistributed through the trap above the lure, we would
suspect fewer pheromone filaments being deflected upwards.

Pheromone plume structure is known to influence trap capture.
In experiments with the pea moth (Cydia nigricana F.), traps that
generated narrower, more concentrated pheromone plumes caught
more moths than traps that generated defuse pheromone plumes
(Lewis and Macaulay 1976). In our field studies, all traps caught
similar numbers of codling moth, even though we suspected the
plume structure of the rectangle trap V1 to be slightly different
than the delta or triangle traps. This difference was supported by
our wind tunnel experiments, where we observed different moth ap-
proach behaviors just outside the trap.

Plume structure will also be influenced by the physical environ-
ment in which the trap is located. In complex environments, such as
an orchard canopy, atmospheric conditions may cause greater dis-
persal of pheromone compared to less complex environments such
as low-growing vegetative crops, as seen in Lewis and Macaulay
(1976). The estimated plume reach of a delta trap fitted with a
codlemone lure in an apple orchard is <5 m (Adams et al. 2017),
much shorter than plume reach estimates for other moth species
when measured in more open environments (Baker and Roelofs
1981; Elkinton et al. 1984). The practical implication of this is that
the influence of trap shape on pheromone plume structure may not
be as important for codling moth, and other moths living in complex
environments such as orchards and other forms of permaculture.

In our 2014 field trial, we found no difference between the
white delta trap and the red and white Semios rectangle V1 traps
when deployed in a high-density orchard subjected to sterile insect
release. During this experiment, we did not catch any wild-type
moths. Under these conditions, sampling date had an effect on trap
captures whereas trap location did not. The seasonal pattern of trap
captures (Supp Fig. 1 [online only]) was likely influenced by local
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Fig. 5. Side view of various traps. This diagram is compiled from still frames of video recording of helium bubbles passing through traps in a wind tunnel. Air
current flows from left to right. Diagram of air currents flowing from a delta trap (A), Semios triangle trap (B), Semios rectangle trap V1 (C), and Semios rectangle

trap V2 (D).

temperature. Where flight behavior of the sterile moths and therefore
trap captures peaked in the first three weeks of July, and was lower
in both June and August. In this trial we saw no difference between
red and white colored versions of the Semios rectangle V1 trap. In
our experience we found less bycatch using the red version of the
Semios rectangle V1 trap.

In our 2017 field trial, we found no difference between the
white delta trap, and red Semios triangle, or red Semios rectangle
V1 traps when deployed in an orchard under commercial codling
moth mating disruption. Under the conditions of this experiment,
we found that both sample date and trap location had a significant
effect on the number of moths captured. The codling moth sampled
in this experiment originated from a natural infestation where we
would expect more spatial variation in pest density, particularly
when compared to the conditions in 2014 conducted under sterile
insect release.

We did not control for trap color in these experiments. The
delta traps used in these experiments were white (the industry
standard), while the triangle and rectangle traps used in the wind
tunnel experiments and 2017 field trials were red. While there are
a few papers that report slight differences in catch by color, others
have reported no effects of trap color on codling moth trap capture
(Myers et al. 2009). We found no evidence that color influenced male
codling moth trap captures in the 2014 field trial when comparing
the white and red rectangle traps. The 2017 field experiment was
conducted under mating disruption using female attractive lures.
Based on earlier research (Knight and Fisher 2006, Barros-Parada
et al. 2013), we did not expect to find a difference in female catch
by trap color.

Monitoring with semiochemical baited traps is a critical com-
ponent of codling moth management. Current recommendations
for monitoring codling moth are to assess trap captures at weekly
intervals during periods of adult flights and recommendations

for trap density range from as low as 0.4 trap/ha up to 1 trap/ha.
Although critical for pest management, collecting trap count data
and converting those counts into actionable reports is both labor-in-
tensive and time-consuming. From our experience, many growers,
for either logistic and/or financial reasons, use fewer traps per ha and
monitor those traps less frequently than recommended. However, by
employing IOT-based insect traps it may be possible to automate
and thus reduce labor costs associated with monitoring. For ex-
ample, in an analysis of 6 yr of data from an area-wide codling moth
monitoring program, it was found that only 47% of traps in any
given year had caught a moth (Gill 2014). In this example, if these
traps only required service once every 4 wk, to replace lures and
liners, this would have reduced labor costs by 35.25%. Additional
savings are likely as many traps with low catches would require
service only occasionally.

This research provides evidence that IOT-based traps, baited with
sex pheromone lures, perform as well as currently used standard
delta traps. Here we show that two IOT-based codling moth traps
perform in a similar fashion to commonly used delta trap in both a
wind tunnel and in two field trials. This study also emphasizes the
importance of revisiting IPM monitoring methods and equipment in
the context of new digital technologies. Knowing that the IOT-traps
tested caught no differently than standard white delta traps means
that these traps can be adopted without concerns over impacting
current action thresholds established with other traps. This is crit-
ical as IOT traps offer improved monitoring capabilities at substan-
tial labor savings. IOT traps also offer the possibility of collecting
real time data that will improve pest management decisions. To be
widely accepted, IOT-based traps must perform as well as commer-
cial standards, such that trap capture can be interpreted in the con-
text of available pest management literature and industry practices.
This paper should serve as a guide for others as future IOT traps
designs are developed.
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