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Comparison of two traps for monitoring California red
scale (Hemiptera: Diaspididae)
Andrew Frewin', Brian Lopez', Abigail Cox', Eric Hoffman?, and Jordan Hazell**

Abstract

California red scale, Aonidiella aurantii (Maskell) (Hemiptera: Diaspididae) is an economically important pest of citrus. In many cases, California red
scale pest management is based on pheromone trap captures of males during their flight period. In California, where this study was conducted, Cali-
fornia red scale pheromone traps are deployed from Mar until the end of Oct, at densities of 2 to 4 traps per 4 ha. Therefore, monitoring for California
red scale represents a significant time expenditure for orange growers, and improved monitoring tools would be beneficial. This study was conducted
to compare the efficacy of 2 California red scale trap designs during a 7-mo-long field study conducted in a commercial navel orange grove. In particu-
lar, we compare trap captures, and the occurrence of management thresholds, between a double-sided California red scale trap and a single-sided
California red scale trap, both baited with commercial California red scale lures. The single-sided California red scale trap was incorporated into an
internet-of-things platform designed for automated or remote monitoring. Mean trap captures, the occurrences of management thresholds, and the
seasonal phenology of capture were similar between both trap types. Importantly, the proportion of traps reaching management thresholds were
not significantly different between trap types. These results suggest that both trap types can be used in a similar fashion to monitor California red
scale in commercial settings using currently recommended monitoring guidelines.

Key Words: citrus; integrated pest management; internet of things; pheromone; wireless

Resumen

La escama roja de California, Aonidiella aurantii (Maskell) (Hemiptera: Diaspididae) es una plaga de los citricos de importancia econémica. En muchos
casos, el manejo de escama roja de California se basa en la captura de machos con trampas de feromonas durante su periodo de vuelo. En California,
donde se realiz6 este estudio, las trampas de feromonas de escama roja de California se implementan desde marzo hasta el final de octubre, con
densidades de 2 a 4 trampas por 4 ha. Por lo tanto, el monitoreo de la escama roja de California representa un gasto de tiempo significativo para los
productores de naranjas, y una mejor herramienta de monitoreo seria beneficiosa. Este estudio se realizd para comparar la eficacia de 2 disefios de
trampa de la escama roja de California durante un estudio de campo de 7 meses de duracion realizado en un huerto comercial de naranja navel. En
particular, comparamos la captura de las trampas y la ocurrencia de umbrales de manejo, entre una trampa de dos lados y una trampa de un solo
lado para la escama roja de California, ambas cebadas con cebos comerciales para la escama roja de California. La trampa de escama roja de California
de un solo lado se incorpord a una plataforma de “Internet de Cosas” disefiada para el monitoreo automatico o remoto. El promedio del nimero
de las capturas, las ocurrencias de umbrales de manejo y la fenologia estacional de captura fueron similares entre ambas trampas de captura. Es
importante destacar que la proporcidn de trampas que alcanzan el umbral de manejo no fue significativamente diferente entre las clases de trampas.
Estos resultados sugieren que ambas clases de trampas pueden usarse de manera similar para monitorear la escama roja de California en entornos
comerciales utilizando las pautas de monitoreo actualmente recomendadas.

Palabras Clave: citricos; manejo integrado de plagas; Internet de Cosas; feromona; inalambrico

California red scale, Aonidiella aurantii (Maskell) (Hemiptera: Di-
aspididae), is an economically important pest of citrus now found in
most citrus growing regions (CABI 2018). California red scale damage is
2-fold, the presence of scales on fruit may result in rejection or down-
grading of the commodity by wholesalers, whereas severe infestations
may cause defoliation, branch die-back, and eventually tree death
(Grafton-Cardwell & Reagan 1995). California red scale has a complex
temperature dependent life cycle consisting of 3 to 5 generations per
yr (Grout et al. 1989; Forster et al. 1995). Female California red scale
will produce > 100 offspring known as crawlers, which is the only mo-
bile immature life-stage (Tashiro & Beavers 1968). Crawlers travel short
distances either by walking or wind-mediated dispersal, and settle on

twigs, leaves, or fruit to develop (Willard 1974). Male California red
scale will complete 2 larval instars and 2 pupal stages, and then emerge
as short-lived winged adults (Tashiro & Beavers 1968). The emergence
of adult male California red scale corresponds with the development
of third instar females; males are attracted to these females by the
release of a sex pheromones (Tashiro & Chambers 1967; Roelofs et al.
1977).

California red scale management regimes vary widely, and may rely
on several tactics including augmentative biological control (Moreno
& Luck 1992), mating disruption (Vacas et al. 2009, 2010), natural en-
emies (Vacas et al. 2012; Anonymous 2017), and various insecticides
(Grout & Richards 1991; Grafton-Cardwell & Reagan 1995; Grafton-
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Cardwell et al. 2006). Importantly, California red scale has demonstrat-
ed a capacity to develop resistance to conventional insecticides (Nel et
al. 1979; Grafton-Cardwell & Vehrs 1995; Levitin & Cohen 1998), which
has led to the development of integrated pest management programs
using combinations of insect growth regulators, horticultural oils, bio-
logical control, and mating disruption (Moreno & Luck 1992; Vacas et
al. 2009, 2010; Anonymous 2017).

In the context of integrated pest management, California red scale
is monitored by counting immobile scales on twigs or fruit, or by us-
ing pheromone-baited traps to capture males during their flight period
(Moreno & Kennett 1985; Anonymous 2017). Importantly, the number
of males caught during a flight can be used to predict fruit infesta-
tions at harvest (Moreno & Kennett 1985). Furthermore, pheromone
trap counts can be used to target pesticide applications and implement
mating disruption programs (Vacas et al. 2012, 2015). Particularly im-
portant are pheromone trap counts conducted for the final annual
generation, because these counts help inform the California red scale
management program in the spring. Pheromone traps for scale insects
typically consist of a pheromone-baited sticky card rather than a closed
trap (Hoyt et al. 1983; Gieselmann & Rice 1990). A typical California
red scale trap consists of a double-sided sticky card (Anonymous 2017)
baited with a California red scale pheromone lure containing (3S, 6R)-
3-Methyl-6-isopropenyl-9-decen-1-yl acetate, and (3S, 6S)-3-Methyl-
6-isopropenyl-9-decen-1-yl acetate (Tashiro & Chambers 1967; Roelofs
et al. 1977). In California, where this research was conducted, it is rec-
ommended that California red scale traps be deployed early in the yr
(e.g., Feb or Mar) before the first male flight, and monitored every wk
until the end of Oct (Anonymous 2017). Traps are deployed at density
of 2 to 4 per 4 ha (Anonymous 2017). In this region, 4 to 5 generations
are expected with an accumulation of about 611 degree-d between
the first and second male flight, and 1,833 degree-d between the first
and fourth male flight, both calculated using a lower threshold of 11.7
°C (Anonymous 2017).

Recently there has been growing interest in using digital sensors
to monitor agricultural pest insects (Potamitis et al. 2017; Zhu et al.
2017; Ahmad et al. 2018). One approach is to use digital sensors to
create self-counting insect traps (Doitsidis et al. 2017). These traps
(now referred to as “internet of things” traps or |OT traps) can then be
wirelessly networked, integrated across large areas, and accessed re-
motely (Potamitis et al. 2017). This approach could provide users with
pest data in near real-time, thereby expediting pest management deci-
sions and implementation. Furthermore, self-counting traps would be
beneficial additionally in situations where trap densities are high, and
monitoring is frequent as is with California red scale. In this paper, we
examine the efficacy of 2 California red scale traps during a 7-mo-long
field study conducted in a commercial navel orange grove. Specifically,
we compare trap captures, and occurrence of management thresholds,
between a single-sided California red scale trap incorporated into an
internet-of-things platform, and double-sided California red scale trap.

Materials and Methods

FIELD EXPERIMENT

This study was conducted in a commercial navel orange grove in Tu-
lare County, California, USA. An approximately 30-ha-plot was divided
into 30 trap locations. Each trap location was separated by at least 70
m. A single-sided California red scale trap (Fig. 1A), and a commercial
double-sided California red scale trap (Trécé, Adair, Oklahoma, USA)
(Fig. 1B) were installed at each trap location, separated by 25 m. The
single-sided California red scale trap consisted of a scale card (Alpha
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Scents, Inc., West Linn, Oregon, USA), mounted on a 36 x 38 cm green
polypropylene corrugated plastic platform attached to a wireless net-
worked digital camera (Fig. 1A). All traps were installed in the north-
east quadrant of a tree just inside the canopy at a height of 1.8 to 2.4
m. The single-sided traps were oriented such that the sticky surface
was facing into the canopy. All traps were baited with a commercial
California red scale lure (Trécé, Adair, Oklahoma, USA). Lures were re-
placed approximately every 4 wk (Supplementary Table 1). All traps
were installed on 15 Feb and monitored every 7 to 29 d as weather and
grove management permitted (Supplementary Table 1).

Trap counts were assessed in 2 ways. First, the number of Califor-
nia red scale on the entire trap was counted to a maximum of 1,000,
subsequently referred to as actual California red scale counts. A 1,000
California red scale cut-off was chosen because it represents manage-
ment threshold for California citrus producers during the fourth male
flight (Anonymous 2017). Second, all California red scale within bound-
ing boxes on the trap were counted. The bounding boxes are used to
expedite manual trap counts; the boxes represented 13% and 20% of
the total sticky area of the single-sided and double-sided California red
scale traps, respectively (Table 1). To compare, box counts between trap
type counts were standardized to 193.50 cm’ such that counts could be
expressed in terms of the management threshold of 1,000 California
red scale per 193.50cm’ (Anonymous 2017). To achieve this, box counts
were multiplied by a factor of 10 and 5 for the singled-sided and double-
sided California red scale traps, respectively (Table 1). Box counts are
subsequently referred to as estimated California red scale counts.

Degree-d accumulation was calculated from hourly temperature
recordings retrieved from an onsite weather station (ATMOS 14, ME-
TER Group, Inc., Pullman, Washington, USA) located near the center of
the experimental plot. Degree-d were calculated with the single sine
horizontal method, with a lower threshold of 11.7 °C (Grout et al. 1989;
Anonymous 2017). Degree-d based on regional temperature records
were retrieved from http://ipm.ucanr.edu/weather/; degree-d were
calculated with the same parameters as above.

STATISTICAL ANALYSIS

The estimated California red scale counts during male flights were
analyzed with a generalized linear model, with negative binomial errors
and a log link function. Variance was partitioned into the main effects,
trap type, trap location (replicate), flight number, and all interactions.
Akaike information criteria was used to obtain a minimal adequate mod-
el. Significant effects were assessed with likelihood-ratio tests.

The proportion of all traps reaching management thresholds of 1,000
California red scale were analyzed using a generalized linear model with
binominal errors and log link function. Variance was partitioned into the
effects of trap type, sampling date, and a [trap type x sampling date]
interaction. To determine if data set (e.g., actual California red scale
count, estimated California red scale count), influenced the probability
of > 1,000 California red scale trap captures, a second analysis was con-
ducted as above with the effect of trap type, data set, sampling date, and
all 2-way interactions. All analyses were performed in R vers. 3.5.1 at a
significance level of a = 0.05 (R Development Core Team 2015).

Results

The California red scale trap captures varied across time, and 3 dis-
tinct male flights were evident during the sampling period (Fig. 2A).
The first male captures occurred on 13 Apr, and this date was used as a
biofix. Predicted flight times based on accumulation of degree-d from
onsite and regional weather stations were similar for both the second
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Fig. 1. The California red scale traps used in this study deployed in the field. (A) Single-sided California red scale trap, consisting of a wirelessly networked digital
camera mounted to a sticky card platform. (B) A commercial double-sided California red scale trap.

(on-site 19 Jun; regional 18 Jun) and fourth flights (on-site 5 Sep; re-  Finally, mean estimated California red scale trap counts increased in
gional 2 Sep) (Fig. 2B). The occurrence of male flights conformed with  each successive male flight period (Fig. 3C).

the phenological growth model for California red scale (Anonymous
2017) (Fig. 2B). Estimated California red scale trap captures ranged

PROPORTION OF TRAPS WITH > 1,000 CALIFORNIA RED SCALE
from 0 to 8,350.

PER SAMPLING PERIOD

CALIFORNIA RED SCALE CAPTURES DURING MALE FLIGHT PERIODS The probability of a trap capturing > 1,000 California red scale was
affected only by sampling date for both actual California red scale
counts (x> = 169.36; df = 14; P < 0.001) (Fig. 4A), and estimated Califor-
nia red scale counts (x° = 237.24; df = 13; P < 0.001) (Fig. 4B), whereas
the effect of trap type (actual California red scale count: x* = 1.11; df =
1; P = 0.29; estimated California red scale count: x> = 0.16; df = 1; P =
0.69) and the interaction between trap type and sampling date (actual
California red scale count: x’ = 7.10; df = 14; P = 0.93, estimated Califor-
nia red scale count: x> = 3.52; df = 14; P = 0.99) did not have an effect on
the probability of capturing > 1,000 California red scale. Furthermore,
there was no difference between data sets in the probability of a >
1,000 California red scale trap capture (data set: x> =3.04; df = 1; P =
0.081, data set x trap: x* = 1.08; df = 1; P = 0.30; data set x date: x’ =
8.21; df = 14; P = 0.88).

The saturated model used to describe estimated California red
scale counts during male flights contained the effects of trap location,
trap type, flight number, and all interaction terms. The minimal ad-
equate model derived from Akaike information criteria contained only
the main effects of trap location (x° = 622.55; df = 29; P < 0.001) and
flight number (x* = 585.11.70; df = 2; P < 0.001). Importantly, there was
no effect of trap type (x> = 0.43; df = 1; P = 0.51). Estimated California
red scale trap counts varied widely between trap locations (Fig. 3A),
and there was no obvious pattern in their spatial distribution (Fig. 3B).

Table 1. Dimensions of the 2 California red scale traps used in this study.

Trap sticky Bounding
surface area box area Discussion

(cm?) (cm?)
Double-sided California red scale trap 193.50 3870 Literature comparing the efficacy of different pheromone baited
Single-side internet-of-things California red scale trap ~ 145.16 19.35

traps designs for monitoring armored scales is scarce (Hoyt et al.
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Fig. 2. (A) Mean ( SE) number of California red scale per trap by sampling date, based on estimate California red scale counts. Male flight periods are delimited
with vertical dashed lines. (B) Degree-d accumulation across sampling dates, for temperature data collected from onsite weather station and regional weather
station. Solid horizontal lines correspond to the degree-d requirements for the second and fourth male flights.

1983; Gieselmann & Rice 1990). Hoyt et al. (1983) examined vari-
ous sizes of pheromone baited tent traps and closed traps for moni-
toring male San Jose scale, Quadraspidiotus perniciosus (Comstock)
(Hemiptera: Diaspididae). In that study, all traps regardless of design
and size caught similar numbers of males per cm?’ of sticky surface;
however, the authors ultimately endorsed the use of the tent traps
due to concerns with by-catch. Similar results were observed here
because both trap designs caught equal numbers of male California
red scale per cm? of sticky surface during male flights. Furthermore,
in our study the temporal pattern of California red scale captures and
the probability of > 1,000 California red scale captures between traps
were equivalent. Together this suggests that both of these traps can
be used in a similar fashion to monitor California red scale. There
was no clear pattern in the spatial distribution of California red scale
infestation observed in this study; the infestation could be described
as patchy (Fig. 3), and this highlights the importance of pheromone-

based monitoring for this pest.
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Trap saturation, the decrease in trap capture due to the accumula-
tion of a target pest in a trap, can affect capture rates and influence the
reliability of trap counts (Brown 1984; Sanders 1986; Kuenen & Siegel
2016). In this study, there is no evidence that trap saturation was af-
fecting captures because mean California red scale count per cm? (in
this case standardized 193.50 cm?®) were not significantly different be-
tween the 2 traps (Table 1). If trap saturation was occurring, we would
expect to observe higher mean California red scale count per cm? for
the single-sided California red scale trap due to its smaller surface area.
Furthermore, mean California red scale counts for both trap designs
(Figs. 2 & 3) frequently exceeded the management threshold of 1,000
California red scale per 193.50 cm’ of trap surface. Therefore, it seems
implausible that trap saturation with California red scale would influ-
ence management decisions using either of these traps.

The design of the single-sided California red scale trap used in this
study incorporated a mounting platform to which the trap’s sticky sur-
face was attached (Fig. 1A). This mounting platform was designed to
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Fig. 3. (A) Mean (+ SE) California red scale counts (based on estimated California red scale counts) for all trap locations in this study. (B) Schematic of relative
position of trap locations in our field plot; shape indicates estimated marginal mean California red scale counts. In (A) and (B) circles are < 500 California red scale,
triangle is 501 to 1,000 California red scale, and squares > 1,000 California red scale. (C) Mean (+ SE) California red scale trap counts by flight number. Bars with

different letters are significantly different (o = 0.05).

stabilize (e.g., prevent rotation) and protect the trap’s sticky surface
from leaves and branches (e.g., trap saturation by debris), such that it
could be more easily photographed by the imbedded digital camera. It
seems reasonable that the mounting platform could act as funnel, like
a barrier pit-fall trap (Boetzl et al. 2018), such that California red scale
encountering the platform would be directed to the sticky surface, po-
tentially increasing trap captures. Alternatively, the mounting platform
could impede California red scale from being captured, depending on
the direction in which an individual California red scale approaches the
trap. Given that male California red scale have relatively poor upwind
flight ability (Rice & Moreno 1970), the trap orientation in relation to
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the prevailing winds may have some effect on trap captures. However,
since all the single-sided traps in this study were installed in the same
orientation, in the northeast quadrant of the tree with the sticky sur-
face facing inwards, we cannot assess the effect of the trap orientation
on trap captures.

The objective of this research was to compare the efficacy of a
single-sided California red scale trap incorporated into an internet-of-
things platform with a commercial double-sided California red scale
trap. In this field study, both California red scale traps performed simi-
larly and, importantly, the information content in terms of male flight
phenology and mean trap captures were equivalent. These results sug-
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Fig. 4. The probability of a trap capturing > 1,000 California red scale in a sampling period, based on (A) actual California red scale counts, and (B) estimated
California red scale counts. Male flight periods are delimited with vertical dashed lines.
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gest that single-sided internet-of-things traps can be used in a similar
fashion to double-sided traps for monitoring California red scale in
orange groves. The next step of this research is to develop an image
processing algorithm for California red scale detection, which can then
be used to automate California red scale trap counts. In general, this
study illustrates the potential for internet-of-things insect traps to con-
tribute to pest monitoring (Potamitis et al. 2017), by demonstrating
that traps modified to incorporate internet-of-things components can
function like those currently used for pest monitoring. Future work will
be required to determine if the potential benefits of internet-of-things
traps, such as automated pest counts, and real-time pest reporting,
are capable of meaningful improvements in California red scale pest
management programs.
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