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Editorial on the Research Topic
Focus on Popillia japonica: New research for IPM of the Japanese beetle

The arrival of the Japanese Beetle, Popillia japonica Newman, in continental Europe (1)
has sparked new interest in this well-known invasive species, and initiated international
collaboration for its control, not only within Europe but also across the Atlantic. A session
dedicated to this invasive pest at the International Congress of Entomology in Helsinki in
2022 enabled exchange between leading Popillia experts from the US and Canada and
scientists involved in the containment of the Japanese Beetle in Europe. The most
important work presented during this session is compiled in the presented e-book, along
with other research updates regarding the biology, ecology and management of P. japonica,
which was not included in previous reviews about this pest (2-4).

In this Research Topic, entitled “Focus on Popillia japonica,” two articles deal with more
robust estimates of P. japonica damage to important crops like wine grapes. Ebbenga et al.
estimates the impact of P. japonica infestation on yield and grape quality. Although it is
long known that grapes (cultivated and wild) is one of the beetle’s preferred host plants, this
paper is the first to assess the damage and impact on several berry/juice quality parameters.
Straubinger et al. carried out a survey among Italian wine growers and attempted to put a
price tag on the P. japonica invasion into the Piedmont wine growing region. Their findings
show that increasing labor costs as a consequence of the invasion are responsible for about
two thirds of the farmers’ loss, while yield loss and costs of the plant protection treatments
themselves are less important.

Investigations on the spatial distribution of the pest in certain crops as well on a wider
scale are the topic of another two contributions. Henden and Guedot investigated how
geographic, climatic, and landscape factors influence the spatial distribution of P. japonica
abundance. They found that the abundance of Japanese beetles was higher in vineyards
with pastures in the surrounding landscape, with higher temperatures, and located further
east in the area of Southern Wisconsin. High leaf damage occurred at similar sites, but only
when pesticide use was low. A tool that comes in handy in IPM against P. japonica was
developed by (Toninato et al.). With their sequential sampling plan, farmers can estimate a
P. japonica population density in raspberry fields, and consequently get a robust basis for a
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control decision, within an inspection time of about 11minutes per
site only. They also could show that spatial patterns of the Japanese
beetle abundance are not influenced by the use of insecticides, at
least in cases where aggregation behavior may be triggered by
stronger factors like host plant preference.

Alternatives to time-consuming monitoring of P. japonica with
lure traps are presented in the following articles. Ribeiro et al. tested
the feasibility of remote sensing for the detection of P. japonica in
soybean. They found evidence that injury on leaves caused by P.
japonica tends to reduce soybean canopy reflectance at wavelengths
of 700-1000 nm. Such technology may come in handy for pest
detection on large fields. Another paper by Ebbenga et al. describes
a degree-day model to forecast flight periods of adult Japanese
beetles. They were able to develop a straight forward model by
summarizing degree-days starting from January 1° and setting
lower and upper thresholds of 15 and 21.7°C, respectively. Upon
reaching 257 and 345 degree-days, respectively, 10% and 50% of P.
japonica adult emergence is forecasted to be underway.

Two contributions focus on the current invasion of P. japonica
in continental Europe. Gotta et al. describe the many control
attempts undertaken by Italian authorities and producers since
the first detection of the pest in northern Italy in 2014. They
review the strengths and weaknesses of chemical, physical, and
biological control measures deployed for containment of P. japonica
in the infested zones of the Lombardy and the Piedmont region.
Poggi et al. performed a pest risk analysis for the pest-free (to date)
region of Metropolitan France, which is quite close to infested
regions geographically and also well-connected with infested zones
by major routes of transport of humans and goods. They
recommend early detection and early-stage eradication measures
against P. japonica in outbreak zones as the most important
measure to control the risk of pest invasion.

The development of environmentally friendly control measures
against the invasive pest is the main goal of the last two
contributions to this e-book. Graf et al. present experiments for
biological control of P. japonica with entomopathogenic fungi
(EPF). Their study gives evidence that Japanese beetle larvae are
resistant to EPF infection, while adults are very susceptible.
Consequently, more resources should be invested into the control
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of adult P. japonica with EPF. Carroll et al. tested gene silencing by
feeding P. japonica with double-stranded RNA as a novel control
approach. They show that fast degradation of dsRNA in the insect’s
gut may be avoided by micro-encapsulation, which increases gene
knock-down and, consequently, efficacy of the control approach
against the invasive pest.

As you read this summary, P. japonica continues to expand its
range, slowly but steadily, in the US and Canada as well as in Italy and
Switzerland, bringing new challenges to producers as well as plant health
specialists on both continents. It is clear that single control measures will
never stop this invasion, and that elaborate IPM strategies are necessary
for successful P. japonica containment. We are hopeful that the
contributions compiled in this e-book will contribute to the
development of a sustainable response to the ongoing invasion.

Author contributions

GG: Writing - original draft, Writing - review & editing. GT:
Writing - review & editing. WH: Writing - review & editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

3. Shanovich HN, Dean AN, Koch RL, Hodgson EW. Biology and management of
Japanese beetle (Coleoptera: Scarabaeidae) in corn and soybean. ] Integ Pest Manage.
(2019) 10:9. doi: 10.1093/jipm/pmz009

4. Althoff ER, Rice KB. Japanese Beetle (Coleoptera: Scarabaeidae) invasion of North
America: history, ecology, and management. J Integ Pest Manage. (2022) 13:2.
doi: 10.1093/jipm/pmab043

frontiersin.org


https://doi.org/10.3389/finsc.2022.1006092
https://doi.org/10.3389/finsc.2022.1075807
https://doi.org/10.3389/finsc.2023.1175138
https://doi.org/10.3389/finsc.2022.1079756
https://doi.org/10.3389/finsc.2023.1138427
https://doi.org/10.3389/finsc.2023.1151789
https://doi.org/10.1146/annurev.ento.47.091201.145153
https://doi.org/10.1093/jipm/pmz009
https://doi.org/10.1093/jipm/pmab043
https://doi.org/10.3389/finsc.2024.1532825
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 26 April 2022
doi: 10.3389/finsc.2022.887659

OPEN ACCESS

Edited by:

Michael Brewer,

Texas A&M AgriLife Research,
United States

Reviewed by:

David Gonthier,

University of Kentucky, United States
Adekunle W. Adesanya,

Washington State University,

United States

*Correspondence:
Dominique N. Ebbenga
ebbe0031@umn.edu

Specialty section:

This article was submitted to
Invasive Insect Species,

a section of the journal
Frontiers in Insect Science

Received: 01 March 2022
Accepted: 30 March 2022
Published: 26 April 2022

Citation:

Ebbenga DN, Burkness EC, Clark MD
and Hutchison WD (2022) Impact of
Adult Popillia japonica (Coleoptera:
Scarabaeidae) Foliar Feeding Injury on
Fruit Yield and Quality of a Temperate,
Cold-Hardy Wine Grape, ‘Frontenac’.
Front. Insect Sci. 2:887659.

doi: 10.3389/finsc.2022.887659

Check for
updates

Impact of Adult Popillia japonica
(Coleoptera: Scarabaeidae) Foliar
Feeding Injury on Fruit Yield and
Quality of a Temperate, Cold-Hardy
Wine Grape, ‘Frontenac’

Dominique N. Ebbenga ™, Eric C. Burkness', Matthew D. Clark? and William D. Hutchison'

" Department of Entomology, University of Minnesota, St. Paul, MN, United States, 2 Department of Horticultural Science,
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Popillia japonica (Newman), is a highly polyphagous, invasive species, first recorded in
the U.S. in 1916, and detected in Minnesota in the late 1960s. Historically, research
on this pest in the Midwest U.S. has focused primarily on ornamental and turf crops,
with little attention placed on adult feeding damage to fruit crops. Recently, wine grape
producers in the region noted substantial increases in defoliation from R, japonica feeding,
confirming concerns for this perennial high value crop. To address these concerns,
studies were conducted during the summers of 2020-2021 to understand the impact of
P, japonica foliar feeding on the quality and yield of wine grapes. Trials utilized vines of
the wine grape variety, ‘Frontenac.’ In addition to open plots, whole vines were caged
within fine mesh netting and infested with P japonica at 0, 25, 50, and 100 beetles
per meter-row of vine. Beetles used for infestations were collected from natural field
populations of P japonica and left to feed until grapes were ready for harvest. During
harvest, data collection included leaf samples for obtaining average percent defoliation,
cluster weights, and berry subsamples for soluble solid content, pH, titratable acidity, and
phenolic compound measurements. Results from these studies demonstrated that as
beetle population density and defoliation per m-row increases, at-harvest measurements
of quality parameters are significantly and negatively affected (P < 0.05) when compared
with uninfested vines. The negative impacts to fruit quality exhibited in these studies
will be important in the development of future management strategies for P japonica
in ‘Frontenac.’

Keywords: invasive species, defoliation, soluble solid content, titratable acidity, artificial infestation

INTRODUCTION

Japanese beetle, Popillia japonica Newman (Coleoptera: Scarabaeidae), is an invasive insect, native
to Japan (1). The species was first detected in the United States in New Jersey in 1916, and eventually
found in Minnesota in 1968 (2). Since the arrival in the U.S., P. japonica have become a major
pest in turfgrass, ornamental and horticultural settings (3, 4). In response to the beetle’s pest status
in the U.S., a quarantine program has been in place for most western states to prevent further
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Popillia japonica on Wine Grapes

spread and establishment (5, 6). Popillia japonica exhibit a
holometabolous life cycle. The larvae, or white grubs, live beneath
the soil surface feeding on the roots of various grasses, potentially
killing turfgrass and causing aesthetic damage to lawns and golf
courses (7). Conversely, the adult life stage lives above ground
and feeds on the fruit, flower, and foliage of more than 300
different plant species; primarily focusing on the foliage by
defoliating the leaves in a characteristic pattern often referred to
as skeletonization (3, 8).

Most of the published research on P. japonica has been
focused on the biology, phenology, and control of the immature
larval instars, particularly to lawns and golf courses (7, 9), while
relatively little research has explored the impact of P. japonica
adult feeding on horticultural crops (4, 5). When considering
wine grapes (Vitis vinifera L. and Vitis hybrids), a highly preferred
host of adult P. japonica, only a few studies have examined
the impact of high defoliation rates on yield or juice quality
(10-13). Because wine grapes depend on adequate leaf surface
area for photosynthesis to provide sugars and non-structural
carbohydrates vital to survival and fruit development (14), it is
critical to understand the impacts of defoliation. As described
by Pfeiffer (14), early season leaves are soft and delicate and
photosynthesize sunlight to encourage shoot and cluster growth.
Later in the season, during véraison (i.e., when fruit begins
to change color), leaves become more tough and can tolerate
more leaf feeding, and individual berries begin to become the
main sink for sugars accumulated through photosynthesis (15).
Understanding the susceptibility of different growth stages can be
important when looking at P. japonica phenology in Minnesota.
Popillia japonica adults typically emerge in late June to early
July and populations persist until mid-October (16). This period
of adult activity overlaps with most of the wine grape growth
stages including when leaves are delicate, véraison, and through
harvest. Because the foliar feeding activity of adult P. japonica and
susceptible growth stages of wine grapes coincide, wine grapes in
Minnesota may be at high risk for negative impacts to grape berry
yield and quality.

Fruit quality refers to juice attributes of grapes both prior
to and at harvest that determine the eventual quality of wine
contributing to organoleptic properties, storage, stability, and
color (15). Examples of this would be soluble solid content (SSC
in °Brix) which estimates roughly as the percent sugar in a grape
berry and depending on the value, can be a predictor of the
percent alcohol in the subsequent wine and impacts flavor. SSC is
typically measured prior to harvest in the field to inform growers
when harvest should occur in addition to tasting and visual
cues (17). Another quality parameter is total titratable acidity
(TA), which measures the acid content in the grape juice and
will impact the flavor of the subsequent wine. TA is typically
measured after the grapes have been harvested (18) and if needed,
wine-making practices can be used to adjust the wine flavor. A
few other parameters include pH which will further describe the
acidity, and finally phenolic compounds found in the grape skin
and measured after grapes have been crushed to determine the
color and sensory properties (tannin content) of the wine (19).
Depending upon the region and the variety of grapes grown,
different harvest recommendations are made to ensure the best

quality wine possible (19). Furthermore, yield refers to the weight
of clusters at the time of harvest.

In Minnesota, wine grapes account for over $80 million dollars
in economic activity making it a high value crop that growers and
other stakeholders wish to protect (20). The paucity of data for
how defoliation by P. japonica affects wine grapes, both within
season and over multiple growing seasons of a perennial crop,
leads to many concerns for how to proceed agronomically and
the financial impact that may occur. Current pest management
strategies for P. japonica adults, in Minnesota wine grapes, rely
heavily on the use of insecticides (3). However, there are currently
no research-based action or economic thresholds for this pest
in vineyards. If P. japonica adults are present at any level in the
crop, insecticides may be applied for management. Furthermore,
in times of high population density, insecticides can be sprayed as
often as weekly intervals (personal observations). These excessive
insecticide applications may cause unnecessary environmental
impacts and gives cause to continue research on this pest’s impact
to wine grapes.

We therefore developed the following research objectives to
better understand the degree to which P. japonica feeding activity
may affect wine grape yield and juice quality under a midwestern
U.S. climate, to better guide the development of integrated pest
management (IPM) strategies. Our study focused specifically on
a popular cold-hardy Minnesota wine grape variety, ‘Frontenac’
(21), to determine potential yield impacts, as well as fruit and
juice quality, in response to a range of P. japonica infestation
levels. However, results from these studies could also be beneficial
and applicable to other regions P. Japonica has invaded.

MATERIALS AND METHODS
Impacts on Fruit Yield and Quality

Trials to assess the impact of P. japonica feeding and subsequent
defoliation on fruit yield and quality were conducted at a
25-hectare production vineyard near Prior Lake, Minnesota
(44.621776N, —93.442489W) in 2020 and 2021. Vines used in
experimental plots were 6 or 7 years old depending on the
year studies were conducted. Experimental plots were established
on 19 June 2020, and 21 June 2021, during the wine grape
growth stage known as ‘pea-size berry’ (22). This timing for
plot establishment was selected because it occurs after flower
pollination, so that netting would not interfere with fruit set,
but before P. japonica emergence (16), to minimize any foliar
injury from natural beetle populations prior to infestations of
the netted vines. A total of 5 treatments were evaluated each
year and consisted of: (1) an open plot to allow for natural
beetle feeding, (2) a netted check plot with zero-beetle, (3) a
netted plot infested with 25 beetles/m-row, (4) a netted plot
infested with 50 beetles/m-row, and (5) a netted plot infested
with 100 beetles/m-row. Each treatment was replicated 4 times
in a randomized complete block design, within one trellised row
measuring ~156 m, of ‘Frontenac’ wine grapes selected each year.
Netted plots each used a 3m by 4m piece of 80-gram mesh
netting (ExcludeNet, Tek-knit Industries, Quebec, CA) to cage
an entire vine (23, 24) measuring to be 2 m in length. A previous
study, under Minnesota growing conditions, showed that the
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FIGURE 1 | Example of exclusion netting plot used in trials. Netting was
tossed over the top wire, rolled up on all edges and fastened with binder clips
and wires to seal the netting. Poles were installed with wires attached to
elevate the netting above the canopy.

same 80-gr mesh netting product did not significantly affect
ambient temperatures during summer, compared to open plots
(23). To keep the netting from resting on top of the plant canopy,
3.96 m poles were installed with wires attached that maintained
the netting elevated above the canopy. To secure the netting
around the vines, the ends of the netting were rolled into each
other and then held together using large and medium steel binder
clips (Office Depot Inc., Boca Raton, FL). In areas where clips did
not create a tight enough closure around vines and trellis wires,
15- gauge wire was used to tightly wrap and secure netting (24).
An example of a netted plot used in trials can be seen in Figure 1.

Infestations of treatments occurred on 15 and 9 July in
2020 and 2021, respectively, during the ‘pea-size berry’ growth
stage. Beetles for infestations were collected from naturally
occurring populations in a raspberry research field at UMore
Park near Rosemount, MN (44.727839N, —93.097000W), placed
in ventilated containers and transported immediately to the
vineyard in Prior Lake for same-day release in the caged plots.
Once infestation occurred, the beetles were allowed to feed on
vines until harvest. After infestation, vines were observed weekly
to assess the health and feeding activity of the beetles, ensure
cages were securely sealed, and to take beetle counts in 1 m of
row of each open plot.

Harvest of leaf, cluster and berry samples from experimental
plots occurred on 5 Oct. 2020, and earlier on 9 Sept. 2021,
due to drought conditions causing concern for loss of leaf
samples; methodology was similar to that of Ebbenga et al. (25).
For each plot, 10 randomly selected leaves were collected and
placed in 20 cm by 25 cm re-closable bags (Minigrip Re-closable
bags, Consolidated plastics, Stow, OH) to obtain average percent
defoliation for each treatment using the LeafByte app (26).
Additionally, all clusters were hand harvested from each plot
and placed into 49 L plastic bags (Warp Bros., Chicago, IL) and
weighed on a Doran 8000 digital scale (Doran Scales Inc. Batavia,
IL) to obtain the 1-m row average weight. After weights were
obtained, 5-7 clusters were randomly selected from the harvested
clusters for each plot. Among these clusters, 10 randomly selected
berries were removed from the remaining clusters from each
plot and placed in individual 30-ml cups (Dart Container Corp.,
Mason, MI) and capped. The selected clusters and samples of
berries were placed in coolers and immediately transported to
the University of Minnesota’s Horticultural Research Center,
Grape Breeding and Enology Laboratory in Excelsior, MN
for processing.

Laboratory Processing for Quality

Parameters

Once the 5-7 clusters of grapes arrived at the enology lab, the
same day as harvest, they were juiced, utilizing methods similar
to Ebbenga et al. (25). The juicing process consisted of placing the
clusters from each plot in a 1-gallon Ziploc® bag (S.C. Johnson
& Son, inc., Racine, WI), and crushed by hand. Once crushed,
the subsequent juice was poured and pressed through a stainless-
steel China Cap Strainer (New Star Foodservice, Chino, CA). The
resulting juice was collected in a Falcon 50 ml Conical Centrifuge
Tube (Fisher Scientific, Hampton, NH) and used to measure
pH, and titratable acidity (25). In 2021, a second vial of juice
was collected, labeled, and stored in a freezer at —62°C until
the samples were delivered via overnight express shipment to
the ETS laboratories (St. Helena, CA) to obtain measurements
of tannin, polymeric anthocyanins, total anthocyanins, and
polymeric anthocyanins/tannin index. Lastly, the 10 randomly
selected individual berries placed in individual 30 ml plastic cups
with lids (Dart Container Corp., Mason, MI) from each plot
were used to obtain average SSC using a refractometer (Shen
Zhen YIERYT Technology Co., Ltd Shen Zhen City, Guang Dong
Province, China) (27).

Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) with R
statistical software (28). Trials were established in a randomized
complete block design (RCBD). To achieve this, replications
were made into four blocks and each of the five treatments
were randomized within each block. Analysis comparing the
treatments of the different beetle densities and replications were
included in the linear model. When significant differences were
found, a mean separation was conducted using Tukey’s honest
significant difference test [Agricolae, HSD.test, (29)]. Analytical
assumptions for a one-way ANOVA were met prior to analysis
and no transformations were conducted on the data.
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significantly different (P > 0.05); ANOVA with Tukey’s HSD mean separation test.
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FIGURE 2 | Mean (£SEM) measurements of mean percent defoliation per leaf for years 2020 and 2021. Bars within a year followed by the same letter are not

RESULTS

For 2020, open plots averaged 10.94 P. japonica per m-row,
observations of zero-beetle per m-row plots remained at zero,
and all other treatments had the sufficient amount of beetles
present in the cages based on infestations. Mean percent
defoliation across plots based on leaf samples collected at harvest
exhibited a significant increase [F(4,12) = 19.050, P < 0.001]
as beetle densities increased with the highest beetle density
of 100 per m- row showing approximately 35% defoliation;
this compared to near 0% defoliation with the zero-beetle
per m-row treatment (Figure 2). Results from the fruit quality
analysis indicated that several parameters were significantly
affected by P. japonmica defoliation. For the SSC results, we
observed a significant decrease [F(4;5) = 5.514, P = 0.009] in
accumulation of SSC in grape samples as beetle densities and
subsequent defoliation increased (Figure 3A). The TA parameter
demonstrated a significant increase [F4 5 = 8.4118, P =

0.002] in acidity levels in treatments when higher densities of
beetles and defoliation occurred (Figure 3C). Furthermore, SSC
and TA parameters from these trials indicate that at about 50
beetles per m-row, and >30-35% defoliation we begin seeing
undesirable trends where SSC values are lower and TA values
are greater, relative to our treatments with little to no beetle
feeding occurring. To further demonstrate the differences across
treatments, a ratio of TA to SSC was also examined. Data
from this analysis affirms that as treatments increase in beetle
density and subsequent defoliation, there is a significant increase
[F(4,12) = 19.938, P < 0.001] in the TA/SSC ratio (Figure 3E).
The pH results obtained for 2020 indicated a significant and
negative trend in pH, or higher acidity [F(4;,) = 7.042, P =
0.004], as percent defoliation increased (Figure 3G). In contrast
to the juice quality parameters, however, yield in 2020, measured
based on the mean weight of clusters per m-row, did not show
significant differences [F(4 1) = 0.8650, P = 0.5124] in response
to infestation treatments. Mean (£SEM) weight (kg) for yield

Frontiers in Insect Science | www.frontiersin.org

10

April 2022 | Volume 2 | Article 887659


https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/insect-science#articles

Ebbenga et al.

Popillia japonica on Wine Grapes

A B
—
o 30 a a ab 30
a a
% L ab ab b
~— 25-] 254
)
=
3 20 20
(=
[}
o 15 154
=
8 10 10
°
L 54 5+
=
[}
o) o- 0-
Open 0 beetle/m 25 beetle/m 50 beetle/m 100 beetlel Open 0 beetle/m 25 beetle/m 50 beetle/m 100 beetle/
(10.94 beetle/m) (3.13 beetle/m)
(o D
2 15+ 15+ b b
o —==—
= B b a ab =&
ab a —— a —I=
2 a a — = = =
- 10 == - 10 ——
©
©
2
o 54 5
©
©
—
=
P 0 T T T T T 0 T T T T T
Open 0 beetle/m 25 beetle/m 50 beetle/m 100 beetle/ Open 0 beetle/m 25 beetle/m 50 beetle/m 100 bestle/
(10.94 beetle/m) (3.13 beetle/m)
E F
0.7
O 0.6
=
g 0.5+ ab bc c
o 0.4
0
0.3
24
0.2
g
0.1
0.0-
Open 0 25 b 50 b 100 b Open 0 le/: 25 50 b 100 b
(10.94 beetle/m) (3.13 beetle/m)
G H
4 4
N . ab | a b b &
% .
1+ 14
0- 0-
Open 0b / 25b Im 50 beetle/m 100 beetl Open 0b 25b 50 b 100 b
(10.94 beetle/m) (3.13 beetle/m)
Treatment
FIGURE 3 | Mean (+SEM) measurements of fruit quality for a 10-berry subsample for soluble solid content (SSC in °Brix) in 2020 (A) and 2021 (B), titratable acidity in
2020 (C) and 2021 (D), Acid/SSC Ratio in 2020 (E) and 2021 (F), and pH in 2020 (G) and 2021 (H). Bars within a year followed by the same letter are not significantly
different (P > 0.05); ANOVA with Tukey’s HSD mean separation test.

Frontiers in Insect Science | www.frontiersin.org

11 April 2022 | Volume 2 | Article 887659


https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/insect-science#articles

Ebbenga et al.

Popillia japonica on Wine Grapes

was 1.59(£0.01) kg/m-row for the open plot treatment, while
the netted plots yielded 1.71 (£0.28), 1.61 (£0.26), 1.59 (£0.28),
and 2.14 (£0.35) kg/m-row, for 0, 25, 50 and 100 beetles per
m-row, respectively.

For 2021, the open plots averaged 3.13. P. japonica per m-
row, while observations for the zero-beetle per m-row plots
remained at zero, and all other treatments had the sufficient
amount of beetles present in the cages based on infestations.
Similar to results in 2020, leaf samples used to obtain average
percent defoliation across plots showed significant differences
[F(4,12) = 44.977, P < 0.001]; as beetle densities increased with the
highest beetle density at 100 per m- row showing 51% defoliation,
compared to near 0% defoliation with the zero-beetle per m-row
treatment (Figure 2). Results for fruit quality parameters again
demonstrated significant differences in SSC [F(42) = 5.861, P =
0.009] in accumulation of SSC in grape samples as beetle densities
and subsequent defoliation increased (Figure 3B). Next, our TA
parameters demonstrated a significant increase [F(42) = 8.649,
P = 0.002] in acidity levels as treatments increased to higher
densities of beetles and defoliation (Figure 3D). For a second
year, our SSC and TA parameters trials indicate that at about 50
beetles per m-row, and >30-35% defoliation we begin observing
the negative impacts of decreased SSC and increased TA values.
Ratios of TA to SSC data demonstrate again that as treatments
increase in beetle density and subsequent defoliation, there is a
significant increase [F(4,12) = 12.287, P < 0.001] in the TA/SSC
ratio (Figure 3F). Results obtained from our pH in 2021 observed
a significant [F(4,1;) = 10.815, P < 0.001] and negative trend for
pH values as percent defoliation increased (Figure 3H). Similar
to 2020, there were no significant differences in yield [F(42) =
0.593, P = 0.674] across infestation treatments. Mean (&=SEM)
weight (kg) for yield was 4.96 (£0.53) kg/m-row for the open
plot treatment, while the netted plots yielded 5.44 (£0.88), 5.05
(£0.32), 4.48 (40.58), and 4.43 (£0.13) kg/m-row, for 0, 25, 50
and 100 beetles per m-row, respectively.

Also in 2021, juice samples analyzed for measurements of
phenolic compounds demonstrated additional negative impacts
by P. japonica. For example, significantly lower polymeric
anthocyanins [F(415) = 5.516, P = 0.009], total anthocyanins
[F(4,12) = 6.608, P = 0.005], and polymeric anthocyanins/tannin
index [F(4)2 = 4.882, p = 0.014] were observed as beetle
density and subsequent defoliation increased (Table 1). Phenolic
compound measurements for the tannin index alone did not
show significant differences across treatments [F4 1) = 2.883,
P = 0.069]; however, we observed a decreasing trend in tannin
values as beetle density increased.

DISCUSSION

In this study, we conceived research objectives to better
understand the degree to which P. japonica feeding activity
may have a negative impact on fruit yield and quality of
wine grape, Frontenac, and thus provide results that would
be beneficial to growers who are motivated to improve their
IPM programs. Overall, our results suggest that yield was not
significantly impacted by an increase in P. japonica density. Any

differences observed for yield in our study was more likely due
to the natural variation in vine production or abiotic stressors
for that given year, vs. the impacts of P. japonica treatments.
However, data collected on the fruit quality parameters produced
numerous significant impacts as beetle densities and subsequent
defoliation increased.

Fruit quality parameters of ‘Frontenac’ at harvest
demonstrated negative impacts to the SSC (°Brix) values
among the different treatment levels of beetle infestations
(Figures 3A,B). In a wine grape variety such as ‘Frontenac,
grapes should measure between 22 and 25 °Brix and could be
as high as 30 °Brix for dessert wines per recommendations
from the University of Minnesota (30). While SSC for every
treatment falls within this recommended harvest threshold,
the data demonstrate that P. japonica feeding is impacting the
plants’ ability to properly photosynthesize and accumulate sugars
in berries in an efficient manner (14). This becomes especially
concerning in a cold climate such as Minnesota, because delaying
harvest to boost SSC could place a grower at risk of losing the
crop to an early frost, or berry breakdown for some varieties in
some years.

For both years, treatments applied to TA resulted in a
significant increase in acidity levels as beetle densities increased
(Figures 3C,D). High TA in the grape juice can have an undesired
impact on the flavor of the wine as it relates to the acid/sugar
balance in the finished wine product. In a cold hardy wine
grape variety such as ‘Frontenac’ with naturally high acidity, it
is vital the acidity level remain below 15 g/L as described by
Clark (30). Per these recommendations, we can note all our
treatments remain below this threshold having little impact on
the subsequent wine. However, it is still important to know that
even though values remain within the recommended threshold,
we again observe the negative impacts P. japonica feeding has on
the wine grape berry quality.

Values for pH in both years also demonstrate significant
differences across treatments (Figures 3G,H). Current
recommendations for pH are set to a value between 3 and
3.3 (30). In 2020, harvest of our trials occurred during the typical
harvest window for ‘Frontenac’ in Minnesota. All pH values
in 2020 were within the recommended threshold, but we still
observed a negative trend for pH values as percent defoliation
increased. In 2021, due to drought conditions during the season,
harvest occurred sooner than recommended as to avoid loss of
defoliated leaf samples. However, this does not negate the results
collected from this trial. While we cannot comment on the pH
being within recommended parameters, we see a similar pattern
of negative trends as percent defoliation of the crop exceeded
30%, and >50 beetles per m-row were placed in a cage.

Finally, grape juice samples in 2021 that were analyzed
to capture the phenolic compounds demonstrated significant
differences in some measurements when compared to the zero-
beetle treatment (Table 1). Like SSC, TA, and pH, these results
alone do not make the wine unmarketable, but the impacts
made by P. japonica feeding add an extra layer of work and
consideration in the wine making process. For example, looking
specifically at the tannin measurements, while it may not be
statistically significant, we see a numerical trend for a decrease
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TABLE 1 | Measures of juice quality parameters for the wine grape variety Frontenac, under different infestations with P, japonica, Prior Lake, MN, 2021.

Treatment Tannin (mg/L)

(mg/L)

Mean (+SEM) Mean (+SEM)

Polymeric Anthocyanins

Total Anthocyanins
(mg/L)
Mean (+SEM)

Polymeric anthocyanins/tannin
index

Mean (+SEM)

Open (3.13 bestle/m) 86.25 (£3.97) a 4.00 (£0.41) b
Net 0 beetle/m 92.00 (+3.32) a 5.25 (£0.25) a
Net 25 bestle/m 84.25 (£2.50) a 4.00 (+£0.00) b
Net 50 beetle/m 81.25 (£1.98) a 4.00 (+£0.00) b
Net 100 beetle/m 81.75 (£1.11) a 3.74 (+0.25) b

860.25 (£94.11) ab

1073.50 (+136.74) a
776.25 (+28.11) ab
559.75 (£49.14) b
516.50 (£61.62) b

0.046 (+0.008) b
0.057 (+0.001) a
0.048 (+£0.001) ab
0.049 (0.001) ab
0.046 (+0.008) b

abp\eans within columns followed by the same letter are not significantly different (o > 0.05); ANOVA with Tukey’s HSD mean separation test. Results from ETS laboratory analysis,

Juice samples collected on Sept. 9, 2021.

in tannin with the increase in beetle density treatments. Tannins
not only impact the flavor and mouthfeel of the wine, but they
also help wine retain its color, also referred to as anthocyanins,
during the fermentation process (31). ‘Frontenac’ creates a red
wine, and to achieve high quality, the grower must retain a deep
red color. Given our results from our 2021 trial, it demonstrates
that P. japonica feeding results in decreased tannins present,
which in turn will impact the wines retention of anthocyanins.
To correct this during the wine making process, growers will
need to add additional tannins to ensure their red wine retains
the proper anthocyanins. Table1 further demonstrates this
phenomenon when we observe the anthocyanin measurements
across treatments.

Results from these trials consistently demonstrate that as
beetle density (>50 beetles per m-row) and defoliation (>30%)
increase, there is a significant and negative impact on the quality
of the fruit. Boucher et al. (32), concluded that just after a 20%
leaf area loss, net photosynthesis began to decline quickly. This
observation agrees with our results that when >30% defoliation
by P. japonica is observed, negative impacts on the quality of the
fruit begin to develop.

Thus far, only limited research has been conducted on this
topic, but our studies agree with past literature from Boucher
and Pfeiffer (10) where similar trials demonstrated that with
high enough defoliation, fruit quality parameters such as SSC
are negatively impacted in the wine grape variety ‘Seyval Blanc.’
Another study, published on the impact of P. japonica to young
vines in Michigan, demonstrated little impact to the vine’s
vegetative growth (11). However, in the Michigan study, beetles
were only exposed to the vines for 2 weeks starting at véraison
and infested at much lower levels with the highest being 40 beetles
per cage. Also, because the focus of these trials was on young
vines that were not yet fruiting, it is difficult to compare our
studies directly, as our vines were ~7 years old and producing
fruit. Furthermore, our trials had beetles feeding on the vine after
the berries were at the pea-size stage and until harvest occurred
creating a much longer window for beetle feeding to impact the
crop. Finally, Hammons et al. (13) indicates how varieties may
differ in both susceptibility and response to P. japonica foliar
feeding. Our study focused exclusively on ‘Frontenac’ whereas
Hammons et al. (12) compared yield and quality parameters
of 5 different varieties. Results indicated yield impacts varied
between the different varieties, meaning some varieties exhibited

a decrease in cluster yield such as ‘Cabernet Franc’ and ‘Norton,
while ‘Concord’ did not. Furthermore, none of the tested varities
exhibited any significant impact to fruit quality. Results from this
study emphasize the importance of continuing trials on other
wine grapes to understand how different varieties respond to P.
japonica foliar feeding.

In conclusion, results indicate that P. japonica feeding has
a negative impact on the development of ‘Frontenac’ berries
after ~30-35% defoliation, and >50 P. japonica per m-row.
These data support the use of a tentative action threshold
of 25-30% defoliation or >25 P. japonica per m-row would
warrant management action to minimize negative impacts to
the quality parameters of the crop. Trials were conducted in an
area of Minnesota where P. japonica has not yet exhibited high
natural densities, which explains the low densities recorded in
open plots. However, observations in other areas of Minnesota,
where P. japonica is better established, often yield >25 beetles
per-m row during peak beetle activity in mid to late summer
(personal observation). This study is specific to ‘Frontenac’
and with the limited number of studies published on wine
grapes (10-13), there is a critical need for additional research in
other varieties. In areas where P. japonica continues to invade
new regions, including Europe (33), it will be important to
continue these studies on other varieties in different climates
and potentially evaluate long term impacts to vines and berry
quality after successive years of beetle injury. Moreover, in
areas where P. japonica is now established such as Minnesota,
climate change projections during the twenty first century
of additional increases of 4°C increase summer months, and
6°C increase during winters (34) portend additional abiotic
benefits to P. japonica population growth, overwintering success,
and potential range expansion (33). Expanding our knowledge
of the impact P. japonica has on high value crops such
as wine grapes, will benefit growers and other stakeholders
in finding sustainable IPM solutions for managing the pest
now, and into the future as the pest is likely to invade
new areas.
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Effects of feeding injury from
Popillia japonica (Coleoptera:
Scarabaeidae) on soybean

spectral reflectance and yield

Arthur V. Ribeiro!, Theresa M. Cira®, lan V. MacRae?
and Robert L. Koch™

Department of Entomology, University of Minnesota, Saint Paul, MN, United States, 2Department of
Entomology, University of Minnesota, Northwest Research and Outreach Center, Crookston, MN,
United States

Remote sensing has been shown to be a promising technology for the
detection and monitoring of plant stresses including insect feeding. Popillia
Jjaponica Newman, is an invasive insect species in the United States, and a pest
of concern to soybean, Glycine max (L.) Merr., in the upper Midwest. To
investigate the effects of P. japonica feeding injury (i.e., defoliation) on
soybean canopy spectral reflectance and yield, field trials with plots of caged
soybean plants were established during the summers of 2020 and 2021. In
each year, field-collected P. japonica adults were released into some of the
caged plots, creating a gradient of infestation levels and resulting injury.
Estimates of injury caused by P. japonica, ground-based hyperspectral
readings, total yield, and yield components were obtained from the caged
plots. Injury was greatest in the upper canopy of soybean in plots infested with
P. japonica. Overall mean canopy injury (i.e., across lower, middle, and upper
canopy) ranged from 0.23 to 6.26%, which is representative of injury levels
observed in soybean fields in the Midwest United States. Feeding injury from P.
Jjaponica tended to reduce measures of soybean canopy reflectance in near
infra-red wavelengths (~700 to 1000 nm). These results indicate that remote
sensing has potential for detection of injury from P. japonica and could
facilitate scouting for this pest. Effects of P. japonica injury on total yield
were not observed, but a reduction in seed size was detected in one of the
two years. The threat to soybean yield posed by P. japonica alone appears
minimal, but this pest adds to the guild of other defoliating insects in soybean
whose combined effects could threaten yield. The results of this research will
guide refinement of management recommendations for this pest in soybean
and hold relevance for other cropping systems.

KEYWORDS

herbivory, integrated pest management, Japanese beetle, remote sensing, yield

frontiersin.org
16


https://www.frontiersin.org/articles/10.3389/finsc.2022.1006092/full
https://www.frontiersin.org/articles/10.3389/finsc.2022.1006092/full
https://www.frontiersin.org/articles/10.3389/finsc.2022.1006092/full
https://www.frontiersin.org/articles/10.3389/finsc.2022.1006092/full
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/finsc.2022.1006092&domain=pdf&date_stamp=2022-10-20
mailto:koch0125@umn.edu
https://doi.org/10.3389/finsc.2022.1006092
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/insect-science#editorial-board
https://www.frontiersin.org/journals/insect-science#editorial-board
https://doi.org/10.3389/finsc.2022.1006092
https://www.frontiersin.org/journals/insect-science

Ribeiro et al.

Introduction

Japanese beetle, Popillia japonica Newman (Coleoptera:
Scarabaeidae), is native to Japan and known to feed on more
than 300 plant species (1). Popillia japonica has expanded its
geographic range and became an invasive species in the United
States in the early 1900s and Canada in 1998 (1, 2). More
recently, P. japonica was also reported in mainland Europe (3)
and it is now present in at least three European countries (4).
Additionally, P. japonica has the potential to expand its range
even further and invade Central and South America, Africa, and
Oceania (5). In its region of origin, P. japonica is a minor
agricultural pest, probably due to unfavorable environmental
conditions and the presence of natural enemies (1). However, in
invaded regions, P. japonica is an economically important pest
of ornamental plants and turf in landscapes, and horticultural
and field crops (1, 2, 6).

Soybean, Glycine max (L.) Merrill (Fabales: Fabaceae), is one
of the most valuable crops worldwide due to its seed
composition (i.e, oil and protein content) and versatility of
end-use (7). The United States is the second largest soybean
producer worldwide (8), but its production is compromised by
the attack of insect pests (7). Defoliation caused by insect feeding
is a common injury seen in soybean fields that can potentially
lead to yield losses due to the reduction of plant photosynthetic
area and disturbance of physiological processes (9). In soybean,
P. japonica adults feed on leaves, creating a characteristic lace-
like pattern of defoliation (6). Infestations of P. japonica alone
can cause up to 20% loss of soybean yield (10), but P. japonica
damage to soybeans can be even more problematic when
combined with other defoliating insects (11). However,
impacts of P. japonica feeding have not been well quantified in
contemporary soybean varieties.

Current management of defoliating insects in soybean generally
relies on the presence of the pest and estimation of percent
defoliation across the whole field based on visual assessment of
leaves from the top, middle, and bottom of plants selected from
throughout the field (6). For P. japonica, assessment of the entire
canopy of the crop is of particular importance because adults
aggregate on the upper leaves of the plants and abundance tends
to be higher at the edge of the fields, which can lead to
overestimation of defoliation, especially at the field edges (6).
Overall, traditional scouting and decision making for defoliating
pests, like P. japonica, in soybean can be time consuming and
therefore increase the overall cost of management.

Remote sensing became prominent in the past decades as a
promising method for the detection and monitoring of plant
stresses (e.g., insect feeding) (12-15). Remote sensing may be
preferable to conventional scouting methods because it is faster
and offers better coverage of the field (13, 14). Furthermore,
remote sensing allows for early detection of diseases and pests
(13). Typical applications of remote sensing consist of using
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sensors for contactless measurement of the electromagnetic
radiation reflected from plants (12, 13). Numerous studies
have documented the effects of pest injury and diseases on
spectral reflectance of crops, mainly in the visible and near
infra-red ranges of the electromagnetic spectrum (16-21).
Studies assessing the effects of defoliation on plant spectral
reflectance have focused mainly on forest areas (13-15), but
field crops have also been investigated (22-26). In soybean, the
normalized difference vegetation index (NDVI) was proposed
for the detection of defoliation with simulated (22) and actual
insect feeding by lepidopteran pests (25). More recently, Iost
Filho et al. (2022) (26) evaluated the effects of defoliation by two
lepidopteran pests on soybean leaf reflectance using individual
wavelengths from the visible and near infra-red spectrum.
There is a lack of information of the effects of defoliation on the
spectral reflectance of soybean that include individual wavelengths
from the visible and near-infrared spectrum for other defoliators,
such as P. japonica, especially under field conditions. Additionally, as
abovementioned, a better understanding of the impacts of P. japonica
feeding on yield of contemporary soybean varieties is also required.
Thus, this study was done to assess the effects offeeding injury from P.
japonica on the spectral reflectance, total yield, and yield components
of soybean. Results of this study will help advance integrated pest
management programs for P. japonica in soybean fields.

Methods
Field sites

This study was done in soybean fields of approximately 1 ha
located at the University of Minnesota (UMN) Saint Paul
campus (44.9898369° N, 93.1802096° W), and at the UMN
Research and Outreach Center (44.7113597° N, 93.1041755°
W) in Rosemount, Minnesota, United States, during 2020 and
2021, respectively. The soybean variety Stine ‘19EA32’ was
planted on 15 May 2020 and the variety Golden Harvest
‘1012E3’ on 15 June 2021 with a seeding rate of 370,000 seeds/
ha and row spacing of 0.76 m. When plants were at the V3
growth stage (plants with three fully expanded trifoliate leaves
(27), plots of soybean were caged for manipulation of insect
populations. Individual plots comprised two rows of soybean
that were 1.5 m long (approximately 80 plants per plot), and
caged with a 1.5x1.5x1.5-m polyvinyl chloride (PVC) frame
covered with white no-see-um mesh (Quest Outfitters, Sarasota,
FL, USA). A total of 32 and 24 plots (i.e., cages), arranged in 8
and 6 blocks, were caged in 2020 and 2021, respectively. Before
caging, plants were visually inspected for the presence of insects
and any individuals found on the plants were manually removed.

In each year, half of the plots in each block were randomly
selected for infestation with field-collected P. japonica adults on
four dates to create a gradient of insect injury. Adult P. japonica
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were collected from soybean fields using dual-lures (female sex
pheromone and floral attractant) attached to Trece Pherocon®
standard traps (yellow top and green vented catch can) (Tréce
Inc., Adair, OK, USA). Two days prior to each infestation, P.
japonica were collected from traps 4-5 times per day to reduce
insect mortality due to excess heat inside the traps. Trapped P.
japonica adults were transferred to 34.29x34.29x60.96-cm pop-
up insect cages (Bioquip, Rancho Dominguez, CA, USA). As a
food source, each cage contained 3-4 field-collected soybean
stems cut at the soil level with the cut end of the stems placed
inside 20-mL tubes with pierceable caps containing water. For
infestations, live (i.e., actively moving) P. japonica adults were
manually collected from the pop-up cages and placed in
containers to be transported to the field. The number of P.
japonica adults in each container was estimated based on fresh
biomass using the methods of Ebbenga et al. (2022) (28) and an
analytical scale (Sartorius ENTRIS224-1S, Sartorius Lab
Instruments GmbH & Co. KG, Goettingen, Germany). In
2020, P. japonica were released on 28 July (1037 individuals
per plot), 3 August (224 individuals per plot), 13 August (212
individuals per plot), and 24 August (39 individuals per plot) for
a total of 1512 individuals per plot. Similarly, in 2021, P. japonica
were released on 4 August (831 individuals per plot), 9 August
(877 individuals per plot), 16 August (945 individuals per plot),
and 24 August (80 individuals per plot) for a total of 2734
individuals per plot.

Data collection

Spectral measurements were recorded within 2 h of solar
noon (to reduce atmospheric and solar angle effects), with clear
sky conditions or with low cloud cover (< 20%) and a clear view
between the sun and the field. Measurements of canopy spectral
reflectance were taken on 30 July and 4 September of 2020, and
17 August and 30 August of 2021, using a hyperspectral
spectroradiometer (FieldSpec® HandHeld 2™ VNIR
spectroradiometer, ASD Inc., Boulder, CO, USA) able to detect
wavelengths ranging from 325 to 1075 nm with accuracy of +1
nm. On each sample date, the spectroradiometer was calibrated
immediately before the beginning of measurements and every 7-
10 minutes throughout data collection with a Spectralon®

10.3389/finsc.2022.1006092

reference standard (Labsphere, Inc. Sutton, NH, USA). In each
plot, four spectral measurements were manually taken, two from
each row, at approximately 0.5 m above the canopy. Cages were
opened immediately before and closed immediately after
measurements. Canopy-level spectral reflectance data were
processed using the software ViewSpec Pro version 6.2.0 (ASD
Inc., Boulder, CO, USA) and individual measures were averaged
for each plot. Four vegetation indices were calculated from
canopy-level spectral reflectance (Table 1) for each plot. These
indices were selected because they were used in previous studies
investigating the effects of insect feeding and diseases on soybean
spectral reflectance (20, 29, 30).

To avoid effects on canopy reflectance measures caused by
disturbing the soybean plant canopies, inspection of plants for
other insects was performed one day before or one day after
collection of spectral data. To do so, whole-plant counts of other
insects were recorded for five plants per plot, which were later
averaged for each plot. Insects observed on the plants were not
removed. Estimates of injury from P. japonica were done one
day before or after measurements of canopy spectral reflectance.
Five leaflets were randomly selected and collected from the
lower, middle, and upper portions of the canopy of each plot
(i.e., 15 leaflets/plot). These leaflets were placed in individually-
labeled 17x17-cm resealable plastic bags, which were placed in a
cooler with ice packs for transportation to the laboratory where
they were stored in a refrigerator at 5°C to avoid desiccation. To
quantify P. japonica feeding injury (i.e., percentage of leaflet area
removed), leaflets were placed individually on a white surface
and were fully extended and flattened under a transparent glass
circle (180 mm diameter). Measurements of injury were
performed on pictures of each individual leaflet using the
software LeafByte version 1.3.0 (31) with an iPad (A1893,
Apple Inc., Cupertino, CA, USA). Mean canopy injury (%) for
lower, middle, and upper canopy and total canopy (i.e., across
lower, middle, and upper canopy) were obtained for each plot.

On 9 October 2020, plants were hand-harvested and seeds
obtained with a threshing machine (LPR UMB, Almaco, Nevada,
IA, USA). On 19 October 2021, plots were harvested with a small
plot combine. Seeds were then manually inspected to remove
debris, placed in individual paper bags for each plot and brought
back to the laboratory for assessment of yield. Total yield (ton
per ha) was obtained by weighing all the seeds from a plot on a

TABLE 1 Vegetation indices tested in this study for the detection of effects of Popillia japonica feeding injury in plots of caged soybean plants in
the field during 2020 and 2021 in Saint Paul, MN and Rosemount, MN, respectively.

Index Name Equation* Reference
NDVI Normalized Difference Vegetation Index (Rgoo-Reso)/(Rgoo+Res0) (20)
NDRE Normalized Difference Red Edge (R750-R705)/(R750+R705) (29)
GNDVI Green Normalized Difference Vegetation Index (Rgo1-Rs50)/(Rgo1+Rs50) (29)
MCARI Modified Chlorophyll Absorption Reflectance Index [(R700-Re70)-0.2%(R700-Rs50) ] X(R700/Re70) (30)

*Ry, reflectance at wavelength x.
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scale (Scout Pro SP 4001, Ohaus Corp., Pine Brook, NJ, USA).
Seed size (g) was estimated by separately weighing three sub-
samples of 100 seeds from each plot (i.e., 100-seed weight). Total
number of seeds for each plot (i.e., seed number) was calculated
using the total weight of seeds for each plot and the 100-
seed weight.

Data analyses

As mentioned, plants in the caged soybean plots were
inspected for the presence of other insects one day before or
one day after collection of spectral data. Aphis glycines
Matsumura (Hemiptera: Aphididae) was present in some of
the cages, but no honeydew was observed on the plants. For the
purposes of the present study, plots with average A. glycines
densities above 20 aphids/plant were removed to avoid potential
confounding effects of A. glycines feeding on soybean spectral
reflectance. This threshold was used because previous research
indicated that densities lower than 20 aphids/plant have
negligible effects on soybean canopy reflectance (20, 32). A
total of 3, 8 and 7 plots with average A. glycines densities
above 20 aphids/plant were removed from 4 September 2020,
17 August 2021 and 30 August 2021, respectively. Thus, the total
number of plots analyzed was 16 uninfested and 16 infested with
P. japonica adults on 30 July 2020, 15 uninfested and 14 infested
on 04 September 2020, 7 uninfested and 9 infested on 17 August
2021, and 10 uninfested and 7 infested on 30 August 2021.
However, to account for the potential effects of A. glycines, even
at low numbers (i.e., densities lower than 20 aphids/plant), on
the spectral reflectance of soybean, A. glycines density was also
included in the analyses (see below).

All analyses were performed and graphs made using the
software R version 3.5.1 (33) and RStudio Desktop version
1.1.463 (34). For each date in each year, stratum-specific
injury (ie., lower, middle, and upper canopy), total canopy
injury, and spectral reflectance of the canopy were evaluated
using variable dispersion beta regression models with a logit link
function (package, code: betareg, betareg (35)). These response
variables were included in the models as proportions (i.e., values
between 0 and 1). For stratum-specific injury, infestation status
(i.e., uninfested or infested with P. japonica), canopy stratum
(i.e., lower, middle, or upper canopy) and their interaction were
included as explanatory variables; and infestation status was
included as an additional regressor for the estimation of the
model precision parameter. For total injury, infestation status
was used both as the explanatory variable and for the estimation
of the model precision parameter. For spectral reflectance of the
canopy, wavelengths and vegetation indices were analyzed
separately, with total canopy injury used both as the
explanatory variable and for the estimation of the model
precision parameter. The inclusion of a precision parameter
significantly improved the models, which was checked via a
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likelihood-ratio test comparing the full model with and without
this parameter (Imtest, Irtest (36)). Block, Aphis glycines density
and its interaction with total canopy injury were initially
included in the models as explanatory variables, but they were
overall non-significant (P > 0.05) and therefore removed from
the models. Model assumptions were assessed with diagnostic
plots of residuals. Similarly to Geissinger et al. (2022) (37), the
significance of explanatory variables for stratum-specific injury
was obtained via sequential nested likelihood-ratio tests (Imtest,
Irtest (36)), and mean separation tests with P-values of pairwise
comparisons adjusted with the Tukey method were done using
estimated marginal means (o = 0.05) (emmeans, emmeans (38)).
The significance of explanatory variables for total canopy injury
and spectral reflectance of the canopy was estimated with partial
Wald tests (stats, summary (33)).

Seed number, 100-seed weight, and total yield were analyzed
with general linear models (stats, Imm (33)) with injury (%) as the
explanatory variable. Block was initially included in the models,
but it was overall non-significant and therefore removed from
the models. Linear model assumptions were visually checked
with residual and quantile-quantile scatterplots, and formally
with a global validation test (gvlma, gvlma (39)). The presence of
outliers was assessed a priori with a Bonferroni outlier test (car,
outlierTest (40)). One observation was indicated as an outlier
and model assumptions were accepted after its removal.

Results
Feeding injury

The interaction between P. japonica infestation status and
canopy stratum was significant on 4 September 2020 and 17
August 2021 (P < 0.001) (Table 2). However, on 30 July 2020 and
30 August 2021, the interaction between P. japonica infestation
status and canopy stratum was not significant. On these two
dates, canopy injury of soybean was significantly affected by P.
japonica infestation status (P < 0.001) and canopy stratum (i.e.,
lower, middle, and upper canopy) (P < 0.001) (Table 2). Overall,
injury in uninfested plots did not differ among canopy strata, but
injury in plots infested with P. japonica was greater in the upper
stratum of the soybean canopy (Figure 1). Across the two years,
mean canopy injury ranged from 0.13 to 0.37%, 0.59 to 0.97%,
and 0.25 to 1.40% in the lower, middle, and upper strata,
respectively, in uninfested plots (Figure 1). For plots infested
with P. japonica adults, mean canopy injury ranged from 0.95 to
1.35%, 1.58 to 5.45%, and 4.46 to 12.00% in the lower, middle,
and upper strata, respectively, across the two years (Figure 1).
Similarly, mean total canopy injury (i.e., across lower, middle,
and upper strata of the canopy) ranged from 0.42 to 0.91% and
from 2.28 to 6.51% in uninfested and infested plots, respectively,
and was significantly higher in plots infested with P. japonica
adults (P < 0.001) (Table 2 and Figure 1).
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TABLE 2 Likelihood ratio tests of beta regression models testing the effect of Popillia japonica infestation status (i.e., infested or unifested),
canopy stratum (i.e., lower, middle, or upper canopy) and their interaction on feeding injury within the canopy, and of P. japonica infestation
status on total feeding injury in plots of caged soybean plants in the field during 2020 and 2021 in Saint Paul, MN and Rosemount, MN,

respectively.
Date

Infestation status

30 July 2020 ) = 13.04 X = 29.84
P < 0.001 P < 0.001

4 September 2020 2o = 33.92 X = 2613
P < 0.001 P < 0.001

17 August 2021 Py = 3644 2oy = 2148
P < 0.001 P < 0.001

30 August 2021 2o = 28.67 Yo = 1611
P < 0.001 P < 0.001

Significant P values are boldfaced.

Spectral reflectance

On 30 July 2020, spectral reflectance of the soybean canopy
was not affected by injury from P. japonica. On 4 September
2020, a significant decrease in reflectance was observed at
wavelengths above 723 nm. In 2021, a significant increase in
reflectance was observed at wavelengths below 420 nm, and a
significant decrease in reflectance from 722 to 898 nm on 17
August. On 30 August 2021, a significant increase in reflectance
was generally observed from 427 to 529 nm and from 563 to 698

Within canopy

Canopy stratum

Total

Interaction Infestation status
oy =477 Lo = 1611

P =0.092 P < 0.001

X =1338 2y = 2465

P =0.001 P < 0.001

o = 29.54 Xy = 2845

P < 0.001 P < 0.001

Xz(z) =3.28 Zz(l) =2421

P=0.194 P < 0.001

nm, and a significant decrease in reflectance from 735 to 944 nm
(Figure 2). Across the three sample dates with significant effects
of injury from P. japonica on spectral reflectance, the highest
pseudo coefficients of determination (R*) were observed for
wavelengths around the 780 nm region (Figure 2).

The vegetation indices were generally not affected by injury
from P. japonica in 2020, except for MCARI on 4 September
2020 (Table 3). On this date, injury from P. japonica significantly
decreased MCARI. In 2021, a significant reduction was also
observed for NDVI, GNDVI (Green Normalized Difference

B3 Uninfested B8 Infested

30 July 2020 4 September 2020
15 a * 15 :a *
= 10 b . 10 b o
g‘ °
Z 5 be,  be :ﬁ 5 ‘be bc: be *
9, ® ° oL © ° al
oot BB BT ¥ | o meh i T
Low Mid Up Total Low Mid Up Total
17 August 2021 30 August 2021
20 a * 20 . a *
X 15 ¢ 15
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'E‘ L] e @
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Canopy strata

FIGURE 1

Canopy strata

Percentage of leaf area injured in the lower (Low), middle (Mid), upper (Up) and total (i.e., across lower, middle, and upper) canopy in plots of
caged soybean plants in the field that were uninfested or infested with Popillia japonica on two sample dates in each of 2020 and 2021.
Different letters within each graph indicate significant differences among lower, middle, and upper canopy strata according to the Tukey's test
(P < 0.05). Asterisks indicate significant differences within each graph between infestation treatments for total canopy injury according to the

Tukey's test (P < 0.05).
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Estimates and 95% confidence intervals of intercepts and slopes, and pseudo coefficients of determination (R?) from beta regression models
testing the effect of feeding injury from Popillia japonica on canopy spectral reflectance in plots of caged soybean plants in the field across 676
narrowband wavelengths on two sample dates in each of 2020 and 2021. Black horizontal bars within graphs in the middle column indicate that
estimates of slopes for wavelengths differ from zero according to partial Wald tests (P < 0.05)

Vegetation Index) and NDRE (Normalized Difference Red Edge)
with increasing injury on 30 August (Table 3). Pseudo
coefficients of determination (R?) values ranged from 0.001 to
0.172 in 2020, and from 0.003 to 0.304 in 2021 (Table 3). Overall,
higher pseudo R* were observed around 780 nm.

Total yield and yield components

In 2020, injury from P. japonica adults did not affect seed
number (mean: 2.52 x 107; range: 1.86 x 10° - 3.04 x 107), 100-
seed weight (mean: 16.60 g; range: 13.92 - 18.70 g), or total yield
(mean: 4.17 ton per ha; range: 3.21 - 5.05 ton per ha) of soybean
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(Table 4). A similar result was found in 2021 for seed number
(mean: 1.90 x 107; range: 1.39 x 107 - 2.28 x 107) and total yield
(mean: 3.24 ton per ha; range: 2.55 — 4.01 ton per ha). However,
a significant effect was detected for 100-seed weight (mean: 17.06
g; range: 15.55 - 18.36 g), which decreased 1.6 g for every 10%
increase in injury (Table 4).

Discussion

Popillia japonica is an invasive insect species of global
concern for food crops in North America (1, 2) and, more
recently, Europe (4). In this study, feeding injury by P. japonica
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TABLE 3 Summary outputs of beta regression models testing the effects of Popillia japonica feeding injury on vegetation indices from canopy
spectral reflectance in plots of caged soybean plants in the field during 2020 and 2021 in Saint Paul, MN and Rosemount, MN, respectively.

Date Index Parameter Estimate
30 July 2020 NDVI Intercept 2.58
Slope -0.01
NDRE Intercept 1.11
Slope -0.01
GNDVI Intercept 1.65
Slope -0.01
MCARI Intercept -2.66
Slope 0.01
4 September 2020 NDVI Intercept 1.18
Slope -0.04
NDRE Intercept -0.48
Slope -0.03
GNDVI Intercept 0.23
Slope -0.01
MCARI Intercept -1.28
Slope -0.05
17 August 2021 NDVI Intercept 2.28
Slope -0.01
NDRE Intercept 0.95
Slope -0.02
GNDVI Intercept 1.48
Slope -0.01
MCARI Intercept -2.48
Slope -0.01
30 August 2021 NDVI Intercept 2.58
Slope -0.02
NDRE Intercept 1.12
Slope -0.01
GNDVI Intercept 1.74
Slope -0.02
MCARI Intercept -2.82
Slope -0.01

Significant P values are boldfaced.

was detectable and greater in the upper stratum of the canopy of
soybean, with potential effects on canopy spectral reflectance
and minimal effects on total yield and seed quality. This is
consistent with the top-down feeding patterns well documented
for P. japonica on a range of host plants (1).

Overall mean canopy injury ranged from 0.23 to 6.26%. The
levels of injury attained in this study are representative of levels
of P. japonica injury observed in soybean fields in the Midwest
(41, 42). Such levels of injury (i.e., overall mean canopy injury <
15%) are also commonly observed in other crops fed on by P.
japonica (28, 43). In soybean, typical infestation levels of P.
japonica may not be a threat to yield (11). However, P. japonica
is part of a complex of defoliating pests that, in combination, can
result in defoliation greater than the economic thresholds
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Std. Error z value P value Pseudo R”
0.06 4133 <0.001 0.002
0.03 -0.26 0.792
0.05 23.19 <0.001 0.002
0.02 -0.37 0713
0.05 3025 <0.001 0.001
0.03 -0.26 0.798
0.06 -45.21 <0.001 0.003
0.02 0.57 0.568
0.06 19.98 <0.001 0.076
0.03 -1.45 0.146
0.06 -8.34 <0.001 0.037
0.02 -1.02 0.307
0.04 5.55 <0.001 0.010
0.02 -0.47 0.639
0.05 -24.07 <0.001 0.172
0.02 -2.60 0.009
0.09 26.72 <0.001 0.017
0.02 -0.72 0473
0.07 12.79 <0.001 0.037
0.01 -1.25 0.210
0.08 19.27 <0.001 0.003
0.01 -0.63 0.527
0.06 -44.07 <0.001 0.047
0.01 -0.86 0.387
0.03 9631 <0.001 0.304
0.00 -8.64 <0.001
0.03 37.46 <0.001 0.115
0.00 -3.82 <0.001
0.03 60.07 <0.001 0.136
0.00 -5.81 <0.001
0.05 -56.39 <0.001 0.079
0.01 -1.41 0.158

currently adopted in the Midwest (i.e., 30% before bloom or
20% from bloom to pod fill (6)).

Leaf injury reduces photosynthetic area of plants and can
cause disturbance of physiological processes including water and
nutrient transportation, as well as eliciting the expression of
defense responses, which are energetically costly and therefore
reduce plant efficiency (9). Popillia japonica feeding was
previously found to increase transpiration and consequently
water loss in soybean leaflets without affecting carbon
assimilation rates or photosynthetic efficiency (9). However,
physiological effects observed at the leaf level are not
necessarily reflected at the canopy level. For example, Ostlie
and Pedigo (1984) (44) observed higher transpiration from
soybean leaflets following artificial defoliation; but artificial
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TABLE 4 Summary outputs from general linear models estimating the effects of feeding injury (%) from Popillia japonica adults on seed number
(seeds/ha x 10°), 100-seed weight (g) and total yield (ton/ha) in plots of caged soybean plants in the field during 2020 (n = 28) and 2021 (n = 17)

in Saint Paul, MN and Rosemount, MN, respectively.

Factor Parameter Estimate

2020

Seed number Intercept 24.44
Slope 0.39

100-seed weight Intercept 16.97
Slope -0.21

Total yield Intercept 4.14
Slope 0.01

2021

Seed number Intercept 19.46
Slope -0.16

100-seed weight Intercept 17.46
Slope -0.14

Total yield Intercept 3.39
Slope -0.05

Significant P values are boldfaced.

defoliation or actual feeding by the green cloverworm, Hypena
scabra (Fabricius) (Lepidoptera: Noctuidae), and the cabbage
looper, Trichoplusia ni (Hubner) (Lepidoptera: Noctuidae),
actually decreased canopy transpiration. Similarly, Klubertanz
etal. (1996) (45) observed higher soil moisture in potted soybean
plants following artificial defoliation.

The morphophysiological changes of plants caused by biotic or
abiotic stresses can alter the spectral reflectance of plants including
the visible and near infra-red ranges of the electromagnetic
spectrum (15). For insect pests, this effect seems to be density-
dependent as shown for A. glycines (20) and two lepidopteran pests
(26) in soybean. In this study, a significant increase in soybean
canopy reflectance of plants fed on by P. japonica at wavelengths in
the visible range was observed, but this effect was inconsistent.
However, a decrease in reflectance in the near infra-red associated
with an increase in canopy injury from P. japonica was observed in
three of the four dates across the two years. Lack of spectral
response on the first sample date in 2020 was likely due to the
low levels of injury observed on this date (Figure 1). Similarly,
feeding injury by two lepidopteran species increased the visible and
decreased near infra-red reflectance of soybean leaves in a
greenhouse experiment (26). In contrast, an increase in both
visible and near infra-red reflectance of leaves of peanut, Arachis
hypogaea (L.) (Fabales: Fabaceae), was observed following injury by
Stegasta bosqueella (Chambers) (Lepidoptera: Gelechiidae) and S.
cosmioides (Walker) in the greenhouse (23).

Feeding injury from P. japonica to soybean tended to reduce
spectral reflectance in the canopy in near infra-red wavelengths
(~700 to 1000 nm). Furthermore, higher pseudo coefficients of
determination (R?) around 780 nm indicate that this region is
optimal for the detection of P. japonica injury in soybean.
Canopy reflectance at 780 nm has also been shown to be
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Std. Error t value P value
0.78 31.23 <0.001
0.33 1.20 0.242
0.30 56.68 <0.001
0.13 -1.63 0.114
0.13 31.09 <0.001
0.06 0.23 0.819
0.70 27.71 <0.001
0.16 -1.05 0.309
0.14 120.07 <0.001
0.03 -4.37 <0.001
0.12 29.25 <0.001
0.03 -2.09 0.054

optimal for the detection of A. glycines in soybean (46).
Although A. glycines was present at densities lower than 20
aphids per plant in some plots used in this study, this effect was
non-significant across all dates. For this reason, the results
presented here are due to the effects of P. japonica injury
alone. This corroborates previous findings indicating that A.
glycines at densities lower than 20 aphids per plant result in
negligible effects on soybean canopy reflectance (20, 32).
Nevertheless, such overlapping effects on canopy spectral
reflectance around 780 nm suggests that P. japonica feeding
resulting in mean canopy injury of > 5% may confound the
detection of A. glycines or other herbivores in soybean. Thus,
further investigation of spectral data that includes P. japonica
injury coincident with other pests such as A. glycines is needed.

Inconsistent results were observed for the vegetation indices
evaluated for the effects of P. japonica injury on soybean canopy
reflectance. This lack of a consistent effect is probably because
the vegetation indices tested here incorporate reflectance from
the visible spectrum. Previous studies found the vegetation index
NDVI is associated with the distribution of three lepidopteran
pests, but not with their feeding injury in soybean fields (25). In
cotton, differences in NDVI were observed for plants fed on by
Spodoptera exigua (Hubner) (Lepidoptera: Noctuidae), but not
for T. ni in the field (47).

Taken together, these findings indicate that plant spectral
responses to defoliation are likely species-dependent, and care
should be taken when generalizing across species of plants and
defoliators. Furthermore, some of the results documented in the
cited literature come from leaf measurements performed in the
laboratory. Comparisons of canopy spectral reflectance obtained
in the field to laboratory measurements can further create
discrepancies between studies.
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In this study, effects of P. japonica feeding injury on total
yield were not observed, but a reduction in seed size was detected
in one of the two years. Although soybean is tolerant to
defoliation (48), the spatiotemporal distribution of canopy
defoliation seems to have a differential impact on soybean
yield. The intensity of feeding injury from P. japonica was
quantified among strata of the soybean canopy more
thoroughly than in previous studies. The lack of an effect of P.
japonica feeding on total soybean yield confirms that
contemporary soybean varieties likely respond similarly to this
pest as those studied in the past.

In conclusion, near infra-red wavelengths may hold promise
for remote sensing of P. japonica feeding injury in soybean.
Because remote sensing can also be affected by other soybean
pests, further studies incorporating near infra-red wavelengths
and standard red, green and blue (RGB) imagery to differentiate
P. japonica injury from that of other defoliators in soybean are
needed. These results can facilitate refinement of management
recommendations for P. japonica in soybean.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

AR, investigation, formal analysis, writing (original
draft, review, and editing). TC, conceptualization,
methodology, investigation, writing (review and editing). IM,
conceptualization, writing (review and editing). RK, project
administration, funding acquisition, conceptualization,
methodology, writing (original draft, review, and editing). All

References

1. Potter DA, Held DW. Biology and management of the japanese beetle. Annu
Rev Entomol (2002) 47:175-205. doi: 10.1146/annurev.ento.47.091201.145153

2. Althoff ER, Rice KB. Japanese Beetle (Coleoptera: Scarabaeidae) invasion of
north America: History, ecology, and management. ] Integr Pest Manag (2022)
13:2. doi: 10.1093/jipm/pmab043

3. EPPO. First report of popillia japonica in Italy. EPPO Report Service (2014)
10:179. Available at: https://gd.eppo.int/reporting/article-3272.

4. EPPO. Popillia japonica. EPPO global database (2022). Available at: https://
gd.eppo.int/taxon/POPIJA/distribution.

5. Kistner-Thomas EJ. The potential global distribution and voltinism of the
Japanese beetle (Coleoptera: Scarabaeidae) under current and future climates.
J Insect Sci (2019) 19:16. doi: 10.1093/jisesa/iez023

6. Shanovich HN, Dean AN, Koch RL, Hodgson EW. Biology and management
of Japanese beetle (Coleoptera: Scarabaeidae) in corn and soybean. ] Integr Pest
Manag (2019) 10:9. doi: 10.1093/jipm/pmz009

7. Shea Z, Singer WM, Zhang B. “Soybean production, versatility, and
improvement”. In: Hasanuzzaman M, editor. Legume crops - prospects,
production and uses. London: IntechOpen (2020). doi: 10.5772/intechopen.91778

Frontiers in Insect Science

24

10.3389/finsc.2022.1006092

authors contributed to the article and approved the
submitted version.

Funding

Funding for this research was provided by the Minnesota
Soybean Research and Promotion Council and the Minnesota
Invasive Terrestrial Plants and Pests Center through the
Minnesota Environment and Natural Resources Trust Fund.

Acknowledgments

We thank Rosa (Tina) Lozano, Rafael Carlesso Aita, James
Menger, Grace Doyle, Samantha Janecek, Gunnar Morris, Ellen
Adjeiwaa and Gloria Melotto for their help during
data collection.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

8. FAO. FAOSTAT statistical database (2022). Available at: https://www.fao.
org/faostat/en/#data/QCL.

9. Aldea M, Hamilton JG, Resti JP, Zangerl AR, Berenbaum MR, DeLucia EH.
Indirect effects of insect herbivory on leaf gas exchange in soybean. Plant Cell
Environ (2005) 28:402-11. doi: 10.1111/j.1365-3040.2005.01279.x

10. Gould GE. Japanese Beetle damage to soybeans and corn. J Econ Entomol
(1963) 56:776-81. doi: 10.1093/jee/56.6.776

11. Hammond RB. “Japanese beetle”. In: Higley LG, Boethel DJ, editors.
Handbook of soybean insect pests. Lanham, MD: Entomological Society of
America (1994). p. 64-5.

12. Mulla DJ. Twenty five years of remote sensing in precision agriculture: key
advances and remaining knowledge gaps. Biosyst Eng (2013) 114:358-71.
doi: 10.1016/j.biosystemseng.2012.08.009

13. Zhang J, Huang Y, Pu R, Gonzalez-Moreno P, Yuan L, Wu K, et al. Monitoring
plant diseases and pests through remote sensing technology: a review. Comput Electron
Agric (2019) 165:104943. doi: 10.1016/j.compag.2019.104943

14. Abd El-Ghany NM, Abd El-Aziz SE, Marei SS. A review: application of
remote sensing as a promising strategy for insect pests and diseases management.
Environ Sci pollut Res (2020) 27:33503-15. doi: 10.1007/s11356-020-09517-2

frontiersin.org


https://doi.org/10.1146/annurev.ento.47.091201.145153
https://doi.org/10.1093/jipm/pmab043
https://gd.eppo.int/reporting/article-3272
https://gd.eppo.int/taxon/POPIJA/distribution
https://gd.eppo.int/taxon/POPIJA/distribution
https://doi.org/10.1093/jisesa/iez023
https://doi.org/10.1093/jipm/pmz009
https://doi.org/10.5772/intechopen.91778
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1111/j.1365-3040.2005.01279.x
https://doi.org/10.1093/jee/56.6.776
https://doi.org/10.1016/j.biosystemseng.2012.08.009
https://doi.org/10.1016/j.compag.2019.104943
https://doi.org/10.1007/s11356-020-09517-2
https://doi.org/10.3389/finsc.2022.1006092
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Ribeiro et al.

15. Rhodes MW, Bennie JJ, Spalding A, ffrench-Constant RH, Maclean IMD.
Recent advances in the remote sensing of insects. Biol Rev (2022) 97:343-60.
doi: 10.1111/brv.12802

16. Reisig D, Godfrey L. Spectral response of cotton aphid-(Homoptera:
Aphididae) and spider mite-(Acari: Tetranychidae) infested cotton: controlled
studies. Environ Entomol (2007) 36:1466-74. doi: 10.1603/0046-225X(2007)36
[1466:SROCAH]2.0.CO;2

17. Yang C-M, Cheng C-H, Chen R-K. Changes in spectral characteristics of
rice canopy infested with brown planthopper and leaffolder. Crop Sci (2007)
47:329-35. doi: 10.2135/cropsci2006.05.0335

18. Huang J, Liao H, Zhu Y, Sun J, Sun Q, Liu X. Hyperspectral detection of rice
damaged by rice leaf folder (Cnaphalocrocis medinalis). Comput Electron Agric
(2012) 82:100-7. doi: 10.1016/j.compag.2012.01.002

19. Krishna G, Sahoo RN, Pargal S, Gupta VK, Sinha P, Bhagat S, et al.
Assessing wheat yellow rust disease through hyperspectral remote sensing. Int
Arch Photogramm Remote Sens Spat Inf Sci (2014) XL-8:1413-6. doi: 10.5194/
isprsarchives-XL-8-1413-2014

20. Alves TM, Macrae IV, Koch RL. Soybean aphid (Hemiptera: Aphididae)
affects soybean spectral reflectance. J Econ Entomol (2015) 108:2655-64.
doi: 10.1093/jee/tov250

21. Ramos APM, Gomes FDG, Pinheiro MMF, Furuya DEG, Gongalvez WN,
Marcato Junior ], et al. Detecting the attack of the fall armyworm (Spodoptera
frugiperda) in cotton plants with machine learning and spectral measurements.
Precis Agric (2022) 23:470-91. doi: 10.1007/s11119-021-09845-4

22. Board JE, Maka V, Price R, Knight D, Baur ME. Development of vegetation
indices for identifying insect infestations in soybean. Agron J (2007) 99:650-6.
doi: 10.2134/agronj2006.0155

23. Pinto J, Powell S, Peterson R, Rosalen D, Fernandes O. Detection of
defoliation injury in peanut with hyperspectral proximal remote sensing. Remote
Sens (2020) 12:3828. doi: 10.3390/rs12223828

24. Furuya DEG, Ma L, Pinheiro MMF, Gomes FDG, Gongalvez WN, Marcato
Junior J, et al. Prediction of insect-herbivory-damage and insect-type attack in
maize plants using hyperspectral data. Int J Appl Earth Obs Geoinf (2021)
105:102608. doi: 10.1016/j.jag.2021.102608

25. Greene AD, Reay-Jones FPF, Kirk KR, Peoples BK, Greene JK. Spatial
associations of key lepidopteran pests with defoliation, NDVI, and plant height in
soybean. Environ Entomol (2021) 50:1378-92. doi: 10.1093/ee/nvab098

26. lost Filho FH, Pazini ] de B, de MAD, DL R, Yamamoto PT. Assessment of
injury by four major pests in soybean plants using hyperspectral proximal imaging.
Agronomy (2022) 12:1516. doi: 10.3390/agronomy12071516

27. Fehr WR, Caviness CE. Stages of soybean development. Ames, IA:
Cooperative Extension Service (1977).

28. Ebbenga DN, Burkness EC, Clark MD, Hutchison WD. Impact of adult
Popillia japonica (Coleoptera: Scarabaeidae) foliar feeding injury on fruit yield and
quality of a temperate, cold-hardy wine grape, ‘Frontenac”. Front Insect Sci (2022)
2:887659. doi: 10.3389/finsc.2022.887659

29. Liu S, Yu H, Sui Y, Zhou H, Zhang J, Kong L, et al. Classification of soybean
frogeye leaf spot disease using leaf hyperspectral reflectance. PloS One (2021) 16:
€0257008. doi: 10.1371/journal.pone.0257008

30. Vigier BJ, Pattey E, Strachan IB. Narrowband vegetation indexes and
detection of disease damage in soybeans. IEEE Geosci Remote Sens Lett (2004)
1:255-9. doi: 10.1109/LGRS.2004.833776

Frontiers in Insect Science

25

10.3389/finsc.2022.1006092

31. Getman-Pickering ZL, Campbell A, Aflitto N, Grele A, Davis JK, Ugine TA.
LeafByte: a mobile application that measures leaf area and herbivory quickly and
accurately. Methods Ecol Evol (2020) 11:215-21. doi: 10.1111/2041-210X.13340

32. Marston ZPD, Cira TM, Hodgson EW, Knight JF, Macrae IV, Koch RL.
Detection of stress induced by soybean aphid (Hemiptera: Aphididae) using
multispectral imagery from unmanned aerial vehicles. J Econ Entomol (2020)
113:779-86. doi: 10.1093/jee/t0z306

33. R Core Team. R: a language and environment for statistical computing
(2021). Available at: https://www.r-project.org/.

34. RStudio Team. RStudio: integrated development for r (2018). Available at:
http://www.rstudio.com.

35. Cribari-Neto F, Zeileis A. Beta regression in r. ] Stat Softw (2010) 34:1-24.
doi: 10.18637/jss.v034.i02

36. Zeileis A, Hothorn T. Diagnostic checking in regression relationships. R
News (2002) 2:7-10. Available at: https://cran.r-project.org/web/packages/Imtest/
vignettes/Imtest-intro.pdf.

37. Geissinger EA, Khoo CLL, Richmond IC, Faulkner SJM, Schneider DC. A
case for beta regression in the natural sciences. Ecosphere (2022) 13:23940.
doi: 10.1002/ecs2.3940

38. Lenth RV, Buerkner P, Herve M, Love J, Riebl H, Singmann H. Emmeans:
estimated marginal means, aka least-squares means. CRAN (2020). Available at:
https://cran.r-project.org/web/packages/emmeans/index.html.

39. Pena EA, Slate EH. Gvima: global validation of linear models assumptions.
CRAN (2019). Available at: https://cran.r-project.org/package=gvlma.

40. Fox J, Weisberg S. An r companion to applied regression. Sage: Thousand
Oaks (2019). Available at: https://socialsciences.mcmaster.ca/jfox/Books/
Companion/.

41. Hodgson EW, VanNostrand GR, Dean A, Berns KR. Japanese Beetle
insecticide efficacy evaluation in Northeast Iowa Vol. 1 2019. Ames: Iowa State
Univ Res Demonstr Farms Prog Reports (2020). Available at: https://www.
iastatedigitalpress.com/farmreports/article/id/11345/.

42. Hodgson EW, VanNostrand GR, Dean A. Japanese Beetle insecticide efficacy
evaluation in central Iowa Vol. 1 2020. Ames:Iowa State Univ Res Demonstr Farms
Prog Reports (2021). Available at: https://www.iastatedigitalpress.com/
farmreports/article/id/12547/.

43. Shanovich HN, Ribeiro AV, Koch RL. Seasonal abundance, defoliation, and
parasitism of Japanese beetle (Coleoptera: Scarabaeidae) in two apple cultivars. J
Econ Entomol (2021) 114:811-7. doi: 10.1093/jee/toaa315

44. Ostlie KR, Pedigo LP. Water loss from soybeans after simulated and actual
insect defoliation. Environ Entomol (1984) 13:1675-80. doi: 10.1093/ee/13.6.1675

45. Klubertanz TH, Pedigo LP, Carlson RE. Soybean physiology, regrowth, and
senescence in response to defoliation. Agron J (1996) 88:577-82. doi: 10.2134/
agron;j1996.00021962008800040014x

46. Alves TM, Moon RD, MacRae IV, Koch RL. Optimizing band selection for
spectral detection of Aphis glycines matsumura in soybean. Pest Manag Sci (2019)
75:942-9. doi: 10.1002/ps.5198

47. Sudbrink DL, Harris FA, Robbins JT, English PJ, Willers JL. Evaluation of remote
sensing to identify variability in cotton plant growth and correlation with larval densities
of beet armyworm and cabbage looper (Lepidoptera:Noctuidae). Florida Entomol (2003)
86:290-4. doi: 10.1653/0015-4040(2003)086[0290:EORSTI]2.0.CO;2

48. Turnipseed SG. Response of soybeans to foliage losses in south Carolina. J
Econ Entomol (1972) 65:224-9. doi: 10.1093/jee/65.1.224

frontiersin.org


https://doi.org/10.1111/brv.12802
https://doi.org/10.1603/0046-225X(2007)36[1466:SROCAH]2.0.CO;2
https://doi.org/10.1603/0046-225X(2007)36[1466:SROCAH]2.0.CO;2
https://doi.org/10.2135/cropsci2006.05.0335
https://doi.org/10.1016/j.compag.2012.01.002
https://doi.org/10.5194/isprsarchives-XL-8-1413-2014
https://doi.org/10.5194/isprsarchives-XL-8-1413-2014
https://doi.org/10.1093/jee/tov250
https://doi.org/10.1007/s11119-021-09845-4
https://doi.org/10.2134/agronj2006.0155
https://doi.org/10.3390/rs12223828
https://doi.org/10.1016/j.jag.2021.102608
https://doi.org/10.1093/ee/nvab098
https://doi.org/10.3390/agronomy12071516
https://doi.org/10.3389/finsc.2022.887659
https://doi.org/10.1371/journal.pone.0257008
https://doi.org/10.1109/LGRS.2004.833776
https://doi.org/10.1111/2041-210X.13340
https://doi.org/10.1093/jee/toz306
https://www.r-project.org/
http://www.rstudio.com
https://doi.org/10.18637/jss.v034.i02
https://cran.r-project.org/web/packages/lmtest/vignettes/lmtest-intro.pdf
https://cran.r-project.org/web/packages/lmtest/vignettes/lmtest-intro.pdf
https://doi.org/10.1002/ecs2.3940
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/package=gvlma
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://www.iastatedigitalpress.com/farmreports/article/id/11345/
https://www.iastatedigitalpress.com/farmreports/article/id/11345/
https://www.iastatedigitalpress.com/farmreports/article/id/12547/
https://www.iastatedigitalpress.com/farmreports/article/id/12547/
https://doi.org/10.1093/jee/toaa315
https://doi.org/10.1093/ee/13.6.1675
https://doi.org/10.2134/agronj1996.00021962008800040014x
https://doi.org/10.2134/agronj1996.00021962008800040014x
https://doi.org/10.1002/ps.5198
https://doi.org/10.1653/0015-4040(2003)086[0290:EORSTI]2.0.CO;2
https://doi.org/10.1093/jee/65.1.224
https://doi.org/10.3389/finsc.2022.1006092
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Insect Science

‘ @ Check for updates

OPEN ACCESS

Giulia Torrini,
Council for Agricultural and
Economics Research (CREA), Italy

Davide Martinetti,

Biostatistique et Processus Spatiaux
(INRAE), France

Mattia Falaschi,

University of Milan, Italy

Christelle Guédot
guedot@wisc.edu

This article was submitted to
Invasive Insect Species,

a section of the journal
Frontiers in Insect Science

04 June 2022
12 October 2022
27 October 2022

Henden J and Guédot C (2022) Effect
of surrounding landscape on Popillia
Jjaponica abundance and their spatial
pattern within Wisconsin vineyards.
Front. Insect Sci. 2:961437.

doi: 10.3389/finsc.2022.961437

© 2022 Henden and Guédot. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Insect Science

Original Research
27 October 2022
10.3389/finsc.2022.961437

Effect of surrounding landscape
on Popillia japonica abundance
and their spatial pattern within
Wisconsin vineyards

Jacob Henden and Christelle Guédot*

Department of Entomology, University of Wisconsin-Madison, Madison, WI, United States

Landscapes surrounding agroecosystems can provide resources that may
benefit insect pests. This project examined the influence of the surrounding
landscape on the abundance and spatial pattern of Popillia japonica
(Coleoptera: Scarabaeidae) in vineyards. Twenty vineyards across Southern
Wisconsin, spanning a gradient of 5-80% cropland in a 1.5km radius
surrounding landscape, were sampled in 2017 and 2018 for P. japonica adults
and leaf injury. The distribution of P. japonica and leaf injury was assessed by
sampling along a transect at the edge, halfway from the edge to the center, and
at the center of each vineyard. The proportion of cropland and pasture in the
surrounding landscape along with abiotic factors of temperature, precipitation,
longitude, and pesticide use (determined using Environmental Impact
Quotient) were included in models to explain the variation of P. japonica
abundance and leaf injury. No significant relationship was observed between
proportion cropland in the surrounding landscape and P. japonica abundance
or leaf injury. Combined effects of pasture, longitude, and temperature best
explained variation in the abundance of P. japonica adults while longitude,
temperature and EIQ best explained variability in leaf injury. Vineyards with
more pastures in the surrounding landscape, located further east, and with
higher temperatures, generally had more P. japonica adults and vineyards
further east with higher temperature and lower EIQ pesticide use generally
had higher levels of leaf injury. Additionally, variability in weekly temperature
and precipitation influenced weekly abundance, with higher temperatures and
less precipitation resulting in greater weekly abundance of P. japonica adults.
Significantly more adult P. japonica and greater leaf injury were found at the
edges than in the center of vineyards. Our results suggest beetles from the
surrounding landscape likely contribute to populations of P. japonica adults
found feeding on vines on vineyard edges, and P. japonica abundance and
associated leaf injury are influenced by geographical location, local weather
conditions, and pesticide use.
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Highlights

o The amount of pasture in the surrounding landscape,
longitude and temperature best explained the
abundance of P. japonica adults

o Vineyards further east with higher temperature and
lower EIQ pesticide use experienced higher levels of
leaf injury.

« Higher P. japonica populations and greater leaf injury
were found at vineyard edges

« Management of P. japonica populations could be targeted
towards vineyard edges

Introduction

The surrounding landscape can influence the abundance of
pest insects within agricultural fields by providing shelter, refuge,
and nutritional resources throughout the year (1, 2), by acting as
natural barriers to movement (3), or by supporting populations of
natural enemies which help suppress pest populations (4, 5). Insect
diversity generally increases with a higher proportion of natural or
uncultivated land in the surrounding landscape (6-8), but many
insect pests may benefit from a higher proportion of cultivated
land surrounding target crops (9, 10). Highly mobile and
polyphagous insect pests can utilize a variety of alternative host
plants across large areas and can be influenced by the availability of
resources in surrounding cultivated and uncultivated land (11, 12).
Understanding how the composition of landscape surrounding
agroecosystems affects pest populations can be critical in assessing
risk and implementing management strategies for particular pests.

Popillia japonica (Newman) (Coleoptera: Scarabaeidae), a
widely established invasive herbivore across the Eastern and
Central U.S (13). known to feed on over 300 plant species, has
become the key pest of several small fruits, ornamentals, and field
crops (14, 15). The larvae of P. japonica cause damage to grasses
by feeding on roots and the adults through defoliation of leaves
and sometimes direct feeding on fruits (16). The adult beetles have
a strong flight capacity, being able to sustain flight for over 5 km
(17), which allows them to move between habitats and feed on
numerous host plant species including wild and cultivated species
(16). Additionally, in the U.S. P. japonica does not appear to
experience pressure from natural enemies that would significantly
influence their populations (13). A previous study suggested that
the density of P. japonica populations is largely determined by the
total availability of preferred host plants in the area, and that
emerging adults fly to and aggregate at sites with an abundance of
preferred host plants (18). Landscapes with higher proportions of
cropland in the surrounding area have previously been shown to
result in higher number of adults captured in traps in Illinois,
likely due to the availability of corn and soybean which are both
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suitable hosts to P. japonica adults (19). In addition to preferred
adult host plants, P. japonica can also be influenced by the
availability of optimal oviposition sites or areas where there is
high soil moisture (20, 21) and where there is sunlight and short
grass cover (22). These conditions are often found in pastures and
turfgrasses, and the presence of these can also increase the
prevalence of P. japonica (23, 24).

As P. japonica are generalists, suitable host plants and oviposition
sites may be available within and outside of susceptible agricultural
crops. For example, highbush blueberry fields offer suitable
oviposition sites between rows of plants where larvae can
overwinter, as well as preferred host plants for adults to feed on
(14). Larvae and adults were found to be more abundant towards the
edges of fields in blueberry (25) and soybean (26), and the number of
larvae found in the spring in blueberry fields was correlated to the
number of adults found later in the summer which suggests the
overwintering larvae significantly contribute to the number of adults
found feeding on blueberry plants in the summer (25). Grapes, which
have an economic value estimated nationally at over $6 billion per
year (27), are a preferred host of adults (28), and turfgrass, which is
commonly used as ground cover within vineyards, is a highly suitable
oviposition site for these beetles (16). It is unclear what proportion of
P. japonica adults found feeding on grapevines move in from the
surrounding landscape or overwinter as larvae within a vineyard.
How different landscape types contribute to populations of P.
japonica within agroecosystems is important to understanding
their dispersal, and for growers to assess risk based on the
composition of the landscape surrounding their farm.

Abiotic factors, such as precipitation and temperature, can
affect P. japonica population abundance and feeding behavior.
Higher precipitation can influence P. japonica abundance as
beetles prefer to oviposit in wetter soils (20, 21), and variability in
summer rainfall may explain year to year variability in P. japonica
abundance as the larvae survive better in wetter conditions (29).
Temperature may also influence P. japonica behavior as adults tend
to have higher consumption rates at higher temperatures (30);
however, no research has addressed the impact temperature and
precipitation may have on adult abundance in vineyards.

The main objectives of this study were to assess how the
surrounding landscape along with other abiotic factors influence
P. japonica populations and to determine the distribution of
adults from field edges to field interiors in vineyards. To address
these objectives, we conducted a two-year, season-long study
assessing P. japonica adult population abundance and leaf injury
at selected vineyards across Southern Wisconsin with variable
landscape composition surrounding vineyards. We expected to
see a higher abundance of P. japonica and associated leaf injury
as the amount of cropland increased in the landscape
surrounding vineyards and higher population densities as well
as increased leaf injury near field margins compared to field
interiors in vineyards. A better understanding of how the
surrounding landscape and other abiotic factors contribute to
the abundance of P. japonica and how beetles are distributed
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within vineyards can provide valuable information for assessing
risk and can allow growers to make more targeted applications of
pesticides (31) to manage this detrimental pest.

Materials and methods

To assess the effect of the proportion of cropland in the
surrounding landscape on P. japonica abundance in vineyards, we
conducted a two-year study from June to September in 2017 and 2018,
when P. japonica are known to occur in Southern Wisconsin (32). We
monitored P. japonica adults as well as leaf injury caused by adults at
20 vineyards across Southern Wisconsin, USA (Supplemental
Table 1). The average vineyard size was approximately 12000 m?,
with a range of 4000-32000 m”, and the average transect length was
87 m, with a range of 50-150 m. Vineyards were all planted with a
mixed variety of cold climate grapes.

Site selection

The surrounding landscape of vineyards were evaluated and
described using satellite-derived Cropland Data Layer (NASS
USDA 2017) using ArcMap 10.3 (ESRI, Redlands, CA). The
composition of the surrounding landscape was calculated around
a 1.5 km radius from the center of each vineyard based on typical
dispersal of P. japonica shown in capture-mark-recapture
experiments (17). Data from landcover classes was reclassified to
focus on broader landscape categories of interest (33, 34): 1)
Cropland, which included all cultivated crops excluding hay and
non-alfalfa pastures; 2) Woodland, which included forests,
deciduous forests, mixed forests and woody wetlands; 3) Non-
pasture Grassland, which included non-alfalfa hay, shrublands,
herbaceous wetlands, and fallow croplands, and; 4) Pasture, which
included only the class specified as “Grassland/Pasture” in the
Cropland Data Layer (NASS USDA 2017) (Supplemental Table 2).

In Southern Wisconsin, grassland and pastures were relatively
uncommon land cover types surrounding potential vineyards we
would sample at, while cropland and woodland were more
prevalent landcover types. We selected 20 vineyards with less
than 30% pasture and non-pasture grassland in the surrounding
landscape and where at least 75% of the surrounding landscape was
comprised of non-pasture grassland, pasture, cropland, and
woodland (Figure 1). Selected vineyards spanned a gradient from
low to high (4.8-78%) cropland in the surrounding landscape
(Supplemental Table 1).

Experimental design
To assess the distribution from field edges to field interiors of

P. japonica within vineyards, we set up a diagonal linear transect
at each vineyard, which consisted of three sampling locations: one
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at the edge of the vineyard, one at the halfway point from the edge
to the center, and one at the center of the vineyard (Figure 2). For
each diagonal transect, the sampling location at the edge was
established at a corner of the largest and most rectangular
available field within the vineyard. Corners were selected which
would allow for the maximum possible length of the diagonal
transect. When multiple corners fit these criteria, we selected a
corner that had at least two different types of bordering landscapes
to reduce the impact of a single bordering landscape on the
sampling design. Each vineyard was sampled for adult P. japonica
and estimates of leaf damage were taken once a week between the
hours of 09:00 and 17:00. Sampling began in mid-June, before the
start of adult P. japonica emergence (32) and continued until no
more adults were observed at the vineyards for two consecutive
weeks, resulting in 17 weeks of sampling in 2017 and 16 weeks of
sampling in 2018.

Adult sampling and leaf
injury assessment

To determine the abundance of P. japonica adults in
vineyards, we carefully hand-collected all adults present on
sections of the 6 grapevines associated with each of the
sampling locations, the first vine (out of 6 plants sampled at
each sampling point) intersects with the established transect and
the next 5 grape plants were located sequentially along the row of
plants away from the edge of the vineyard where the transect
begins (Figure 2). Collected adults were placed into a container
with soapy water and were then placed in a freezer at -20°C upon
return to the laboratory where they were later counted.

Each week, leaf injury was estimated at one of the six vines at
each sampling location and 40 leaves on the closest shoot to the
center of the vine were counted starting at the distal end of the
shoot. For consistency across all of our counts and to avoid
possible variability that may occur in different parts of the plant
we always started with leaves on the most central shoot. If a
shoot did not have 40 leaves, the next adjacent shoot was
counted until 40 leaves were assessed. Each week, vines
sampled were alternated as we would sample the first vine (out
of the 6 per sampling point) on the first week of sampling, and
then the second vine on the second week of sampling, until the
seventh week where we would start again at the first vine and
cycle through the vines again, additionally the shoots sampled
were alternated (left or right of the center of the vine every other
week). Leaf injury assessment was conducted following methods
by Boucher and Pfeiffer (35) by counting the number of leaves
visually estimated to have at least 10% area loss due to P.
japonica feeding damage characterized by the skeletonization
of leaves. Leaf counts and associated leaf injury estimates were
removed from our dataset for the 3™ week of sampling in 2017
as the methodology used for leaf counts during this week was not
consistent with our other weekly assessments.
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FIGURE 1

(A) Map showing the location of the 20 vineyards with pie charts of the composition of the respective 1.5 km surrounding landscapes for each
vineyard across Southern Wisconsin where sampling occurred. Vineyards are labeled 1-20 and correspond to those listed in Supplemental Table
1. (B) Locator map to give spatial reference to map shown in panel (A). (C) Legend indicating different landscape types (detailed in Supplemental

Table 1).

FIGURE 2

Simplified diagram of a vineyard field to show our experimental design. At each vineyard a diagonal transect (represented by the dashed line)
was established from the corner of a field to its center, and we would sample from grape plants within the rows at three points (labeled as P1,
P2, and P3) representing the edge of the field, a point halfway from the edge to center, and the center of the field respectively. Each week at
every sampling point adult P. japonica would be collected from 6 vines (shown as rectangles outlined in black, labeled 1-6), and one vine per
sampling point would be used for leaf injury assessment starting with the first vine (labeled as 1) on the first week, to the second vine (labeled as
2) on the second week, until the seventh week where we would start again at the first vine (labeled as 1) and cycle through again.
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Weather conditions

To assess the impact that temperature and precipitation may
have on the abundance of P. japonica adults throughout the
season, estimates of weather conditions at each vineyard
throughout the course of adult emergence were obtained from
Oregon State University Parameter-elevation Regressions on
Independent Slopes (PRISM) Model (http://prism.oregonstate.
edu). The spatial resolution for this weather data was 4km. The
average daily temperature and precipitation for vineyards from
June to September in 2017 and 2018 were downloaded to
evaluate conditions when adults were present.

Pesticide usage

To account for variable levels of insecticide applications
between vineyards used to manage P. japonica, an
Environmental Impact Quotient (EIQ) was calculated using an
online field use EIQ calculator from Cornell University (nysipm.
cornell.edu/eig/calculator-field-use-eiq/) for each vineyard and
each year of the study. The EIQ uses the rate and frequency of
pesticide applications combined with toxicological and
environmental data available on those pesticides to generate a
standardized score that can be used to compare management
programs (36). For our purposes, the average EIQ per year for
each vineyard was calculated based only on insecticide
applications and did not account for fungicide or herbicide
applications. We produced yearly EIQ estimates per vineyard
as each vineyard sprayed insecticides on their own schedule not
allowing for weekly EIQ estimates across vineyards. No
sampling occurred immediately following a pesticide
application. The date, active ingredient, and application rate of
all insecticides was self-reported by each vineyard manager for
each year and the average EIQ values across the two years of the
study for the different vineyards ranged from 0-140.

Vineyard location

We included longitude values for each vineyard in our data
analysis, to account for the potential variations in levels of P.
japonica establishment across Eastern to Western Wisconsin. As
our vineyards were spread throughout Southern Wisconsin, they
span different broader ecological landscapes with variable
climate, soils, hydrology, and landcover (37), which could
influence the establishment of P. japonica populations (17, 38).

Data analysis

Multiple regressions were used to build two sets of models to
explain the effect of cropland, pasture, precipitation and
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temperature throughout the season (average of both years
from June to September), the average EIQ of the vineyard
(averaged across both years), and the longitude of the vineyard
on the abundance of P. japonica adults (the average number of
adult P. Japonica collected per vineyard per week across the two
years) and estimated proportion of leaf injury (average estimated
proportion of leaf injury recorded per vineyard per week across
the two years). Interaction effects between variables were also
included in these two sets of models.

Each set of models were evaluated based on Akaike
Information Criterion (AIC) with a correction for small
sample size (AICc), where models with lower AICc scores
were considered to better fit the data (39). Models were also
evaluated for multicollinearity, and models where any variable
included had a variance inflation factor greater than 10 were
excluded (40). Additionally, due to our relatively small sample
size (n=20) we chose to include no more than three variables in a
given model. A logarithmic transformation was also applied to
the abundance of adults in order for the data to better fit
assumptions of equal variance and normality (41). In each set
of models we included all possible combinations of the
independent variables and interaction effects that were not
excluded by our previous mentioned criteria (Supplemental
Tables 3 and 4). We additionally used this same model
selection process, but modified the variables of cropland and
pasture to reflect their proportion in the landscape surrounding
vineyards at different buffer widths (0.5km, 1km, 1.5km, 2.5km,
5km, 10km). However, across different spatial scales there was
no change in what individual factors were statistically significant
or which models were evaluated to be better based on AICc, and
therefore we chose to only present data for the 1.5 km
spatial scale

Multiple regressions were also used to build a set of models
to explain the effect of vineyard, week of sampling, year, weekly
precipitation, and weekly temperature (for temperature and
precipitation variables 7 days were averaged, consisting of the
6 days prior to when sampling occurred along with the day of
sampling itself), on the weekly average abundance of P. japonica
adults (Supplemental Table 5). A quadratic term for week
sampled was also added to better fit the models to the seasonal
variation in our data. We included vineyard, week of sampling,
and year in all models built also testing possible combinations of
precipitation, temperature, and interactions between precipitation
and temperature. These models were evaluated based on Akaike
Information Criterion (AIC) and models with lower AIC scores
were considered to better fit the data. A logarithmic transformation
was applied to the abundance of adults (per vineyard per week) in
order for the data to better fit assumptions of equal variance and
normality (41).

A Pearson’s correlation test was used to assess correlations
between the abundance of P. japonica adults and estimated
proportion of leaf damage. The same test was used to assess the
correlation between the proportion of cropland and the

frontiersin.org


http://prism.oregonstate.edu
http://prism.oregonstate.edu
https://nysipm.cornell.edu/eiq/calculator-field-use-eiq/
https://nysipm.cornell.edu/eiq/calculator-field-use-eiq/
https://doi.org/10.3389/finsc.2022.961437
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Henden and Guédot

proportion of woodland in the surrounding landscape and the
correlation between the longitude of the vineyard and the
amount of cropland in the surrounding landscape.

One-way ANOVA tests were used to compare the
abundance of adults and estimated proportion leaf injury
between the three sampling points to determine if there were
significant differences between the relative abundance of beetles
and estimated leaf injury across different sampling points.
Following a significant p-value for the ANOVA, a Tukey HSD
test was used to perform pairwise comparisons between
sampling points. All statistical analysis was performed in R (R
Development Core Team 2021).

Results

The proportion of cropland and woodland surrounding
vineyards were strongly negatively correlated (r(18)=-0.98,
p <.001),indicating that from our selected sites, vineyards
surrounded by less cropland generally had more woodland in
the surrounding landscape. The proportion of cropland in the
surrounding landscape and the longitude of the vineyard were
somewhat positively correlated (r(18)=0.47, p<0.04), as selected
vineyards located further east in Wisconsin had on average
higher amounts of cropland in the surrounding landscape than
vineyards further west.

The best-fitting model (lowest AICc) for the average adult P.
japonica abundance included pasture, temperature, and
longitude (R* = 0.75, p<0.001) (Table 1). This model shows
adult abundance being higher in vineyards with more pastures in
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the surrounding landscape, with higher temperatures, and
located further east in Southern Wisconsin.

The best-fitting model for the average estimated proportion
of leaf injury included temperature, longitude, and EIQ (R* =
0.44, p=0.007) (Table 2), with vineyards located further east,
with less intensive pesticide use (lower EIQ), and higher
temperatures generally having higher levels of leaf injury than
vineyards further west, with higher levels of pesticide use, and
lower temperatures.

The best fitting model for weekly P. japonica abundance
included year, week, vineyard, weekly precipitation, and weekly
temperature (R* = 0.51, p<0.001) (Table 3) (Supplemental
Table 6), with the models indicating that higher temperatures
and less precipitation in the week leading up to sampling
resulted in a greater weekly abundance of P. japonica.

The abundance of adults and the estimated proportion of leaf
injury were positively correlated ((18)=0.87, p <.001) indicating
that there was more leaf injury when adult beetles were more
abundant. There were significant differences in the proportion of
adults collected at the different points along the transects (F,s; =
12.44, p<0.00001), with a higher proportion of adult P. japonica
collected at the edges of the vineyards (Mean + SEM: 0.46 + 0.06)
compared to the center (0.18 + 0.03; t;; = 4.17, p<0.001) and
halfway from the edge to the center (0.25 + 0.03; t;; = 3.13,
p=0.002) (Figure 3). Leaf injury varied between sampling locations
(F257 = 10.49, p<0.0001), with a significantly higher relative
amount of estimated leaf injury at the edges of the vineyards
(0.40 + 0.02) compared to both the center (0.29 + 0.14) (¢, = 1.23,
p=0.0001) and halfway from the edge to the center of the
vineyards (0.32 + 0.01) (t;; = 2.06, p=0.008) (Figure 3).

TABLE 1 Parameter estimates + SE of selected model (R? = 0.75, p<0.001) explaining variation in the average abundance of average P. japonica

adults per vineyard per week (transformed by log base 10).

Coefficients Parameter Estimate + SE
Intercept 71.84 + 18.78

Pasture 0.06 + 0.02

Temp 1.09 + 0.36

Long 1.03 £ 0.17

t value Pr>(|t])
3.83 <0.01
2.38 0.03
3.01 <0.01
5.94 <0.002

Variables included in the selected model were: 1) averaged daily temperature (°C) from June-September of 2017 and 2018 at the vineyard (temp) and 2) longitude value of the center of each

vineyard (long).

TABLE 2 Parameter estimates + SE of selected model (R? = 0.44, p=0.007) explaining variation in average leaf injury observed at vineyards.

Coefficients Parameter Estimate + SE
Intercept 4.14 + 2.89

Temp 0.15 + 0.06

EIQ -0.002 + 0.0001

Long 0.08 £ 0.03

t value Pr>(|t])
143 0.17
236 0.03
-2.87 0.01
2.67 0.02

Variables included in the selected model were: 1) averaged daily temperature (°C) from June-September of 2017 and 2018 at the vineyard (temp); 2) Environmental Impact Quotient score
for the vineyard averaged across 2017 and 2018 (EIQ); and 3) longitude value of the center of each vineyard (long).
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Discussion

Our results showed that the location of the vineyards, the
proportion of pastures in the surrounding landscape, and
temperature best explained the variability in P. japonica adult
populations, while location, temperature, and pesticide usage
best explained variability in leaf injury. Vineyards located further
east with higher temperatures and more pasture in the
surrounding landscape had more P. japonica adults present
and vineyards further east with higher temperatures and lower
EIQ pesticide usage had greater levels of leaf injury. We also
found that week, year, and vineyard beetles were sampled from
along with the prior week’s variability in temperature and
precipitation best explained weekly variability in P. japonica
abundance across vineyards, with a greater abundance of P.
japonica typically sampled when the temperature of the previous
week was higher, and the precipitation was lower. Our results

10.3389/finsc.2022.961437

also showed an edge-biased distribution of P. japonica adults
and leaf injury along our established transects, with more adults
and leaf injury near the vineyard edge compared to the interior
of the vineyards.

We hypothesized that more P. japonica adults would be more
abundant as the amount of cropland increased in the landscape.
Contrary to our expectation, the amount of cropland in the
surrounding landscape, as defined in this study, did not have a
significant effect on P. japonica abundance or leaf injury. The
composition of the surrounding landscape can influence pest
populations (2, 7, 8), and we did find landscape, specifically the
proportion of pastures in the surrounding landscape, helped
explain more variability in P. japonica abundance across
vineyards. Our findings of greater P. japonica abundance at
vineyards with more pasture in the surrounding landscape are
consistent with previous research and may be driven by the
availability of highly suitable oviposition sites for P. japonica

TABLE 3 Analysis of variance table for the selected model explaining variability in weekly abundance of P. japonica across 20 vineyards.

Df Sum Sq
Week” 1 031
Week 1 351.80
Year 1 3.04
Vin 19 559.95
Precip 1 5.93
Temp 1 11.16
Residuals 575 829.72

Mean Sq F value Pr (>F)
0.31 022 0.64
351.80 243.80 <0.0001
3.04 2.10 0.15

29.47 2042 <0.0001
593 4.11 0.04
11.16 7.74 <0.01

1.4

The variables included in models include 1) Week (the week we sampled, 1** week for the year; 2)Year (year of sampling, 2017 or 2018); 3) Vin (vineyard sampled V01-V20); 4) Precip
(average precipitation at the vineyard sampled for the previous 7 days); and 5) average temperature at the vineyard sampled for the previous 7 days.

>
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Proportion of P. japonica collected per sampling location
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FIGURE 3
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(A) Mean proportion + SEM of adult P. japonica collected from three sampling locations along transects from field edges to field interiors at
twenty vineyards. Different letters signify significant differences between the means of groups (p<0.05). (B) Mean relative estimated leaf injury +
SEM from three sampling locations along transects from field edges to field interiors at twenty vineyards. Different letters signify significant

differences between the means of groups (p<0.05).
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(23, 24). We had also expected to find an impact from the amount
of cultivated land as previous studies suggest that more cultivated
land in the surrounding landscape can increase population
densities for a variety of insect pests (2, 9, 42). Here, the
proportion of cropland in the surrounding landscape was less
important than the geographical location, management practices
of the vineyard, and proportion of pastures in the surrounding
landscape in explaining the variation of P. japonica adults and leaf
injury. As an invasive species with minimal pressure from natural
enemies (13), P. japonica may likely not experience the indirect
effects of uncultivated landscapes supporting larger populations of
natural enemies that may contribute to pest suppression (e.g. 43—
45), but would be expected to be influenced by resource
availability from cultivated or uncultivated landscapes (42).
Popillia japonica are extreme generalists and highly mobile (17,
46), which may allow them to utilize a wide variety of resources
across landscapes with variable compositions (47), minimizing the
variability in densities of P. japonica across different landscapes.
The number of vineyards in our study did not enable us to
perform a more complex analysis of multiple landscape
characteristics, and the level of detail available to us from the
Cropland Data Layer (NASS USDA 2017) did not allow us to
calculate precise estimates of relative abundance of preferred host
plants (19) and suitable oviposition sites (18), which could
influence P. japonica populations. Future research with a greater
number of study sites and a higher resolution of surrounding
landscape composition may help elucidate finer scale landscape
effects on P. japonica abundance.

Over the past century, P. japonica have gradually extended
their range westward in the United States (38), and the larger
abundance of adults observed in Eastern Wisconsin could be a
result of an earlier establishment. A study on stink bug damage
in Mid-Atlantic tomato fields observed a similar pattern with
greater amounts of damage caused by the brown marmorated
stink bug, Halyomorpha halys (Stal) (Hemiptera: Pentatomidae),
in fields further east, closer to the invasion epicenter for this pest
(11). Invasive species often have lag times where population
densities in newly invaded areas are initially low and then later
dramatically increase (48), therefore the population densities we
observed could be influenced by P. japonica’s invasion history.

Alternatively, the geographical differences in population
density could be attributed to other abiotic or biotic
conditions varying across the state. The vineyards sampled in
this study span a distance of over 200 km and are located in
different broader ecological landscapes across Southern
Wisconsin which vary in climate, soils, hydrology, and
landcover (37), and vineyards located further east did
generally have a slightly higher percent cropland in their
surrounding landscapes. The variable conditions throughout
the state could influence the establishment of P. japonica and
their relative abundance across these locations (16, 38), but
further work is needed to evaluate the specific landscape features
that affect the abundance of P. japonica.
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Previous research has shown the defoliation caused by P.
japonica can have a negative effect on the growth and
productivity of grape vines, and that the susceptibility to leaf
injury and the subsequent impact on the vines is determined by
the time of the season when leaf injury occurs (49), the age of the
vine (50), and the specific cultivar (28). Here we showed that a
combined effect of longitude, EIQ, and temperature best
explained the estimated proportion of leaf injury within
vineyards, with more leaf injury seen at vineyards that were
further east, that had not used pesticides or used pesticides with
lower environmental impact quotients, and had higher
temperatures compared to vineyards that were further west,
that had greater or more environmentally impactful pesticide
usage, and experienced lower temperatures. As expected,
vineyards with a higher EIQ generally had a lower estimated
proportion of leaf injury. The most common active ingredient
applied across the vineyards sampled was carbaryl (Sevin),
which contributed to the EIQ scores and has been shown to
reduce defoliation from P. japonica (16, 51). Past research has
also shown P. japonica adults tend to have higher consumption
rates at higher temperatures (30), consistent with our findings of
greater leaf injury, and our collection of more beetles on vines at
vineyards with higher mean temperatures.

Our results show that the weekly variability in P. japonica
abundance is influenced by the previous week’s weather
conditions of temperature and precipitation, with higher
temperature and lower precipitation leading to higher adult
abundance. Previous research has shown greater herbivory by
P. japonica at higher temperatures in the laboratory (30) and
that temperature and UV-radiation may encourage P. japonica
adults to feed and aggregate on raspberry plants (52).
Conversely, higher precipitation led to fewer P. japonica the
following week on grapevines, consistent with historical
observations of reduced flight activity and feeding of P.
japonica during rain and dense cloud cover (53). A study that
looked at variability between hourly abundance of P. japonica
collected from traps with lures also found that flight activity and
aggregation of P. japonica was sensitive to changes in weather
conditions, capturing less beetles during hours with dense cloud
cover and high winds (54).

As expected, our results showed a positive correlation
between the abundance of P. japonmica and estimated
proportion of leaf injury and that more beetles and leaf injury
was observed at the edges of vineyards compared to the interior
of vineyards. This result is consistent with research in soybean
and blueberry, which found a similar edge-biased spatial
distribution for P. japonica (25, 26). One explanation for these
results is that many of the adults found on grape vines moved in
from the surrounding landscape, then started feeding on vines
which immediately bordered the surrounding landscape. Popillia
japonica respond to plant kairomones from feeding damage (55)
and sex pheromones from female beetles, which can result in
large aggregations of beetles feeding in concentrated locations
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(56). Alternatively, P. japonica adults which emerge from within
the vineyards may start to distribute outwards and may stop at
the vineyard edges in response to the distinct change in habitat
(57), so these aggregations could result from beetles which had
overwintered further within the vineyards. Edge effects, or edge-
biased distributions, have been widely observed across many
insect species, but theories explaining this phenomenon have not
been extensively tested (58). Understanding the spatial
distribution of pest insects is important as it can influence
management practices, such as encouraging more targeted
applications of insecticides (31). For P. japonica adults in
vineyards, our results suggest that it may be more effective to
focus management specifically near vineyard edges.

Conclusions

Understanding the composition of the surrounding
landscape can be important when assessing risk posed to crops
by different pest insects. Our results showed that the abundance
of P. japonica within vineyards was not significantly influenced
by the amount of cropland in the surrounding landscape but
rather was better explained by the amount of pasture,
geographical location of the vineyard and temperature, and
that leaf injury was influenced by geographical location of the
vineyard, temperature, and pesticide usage. Additionally, we
found weekly adult P. japonica abundance was greater when
recent temperatures were higher and precipitation was lower.
The edge-biased spatial distribution of P. japonica along linear
transects within vineyards suggests that targeted management
strategies to vineyard edges may be useful for reducing
populations of adult beetles and their associated leaf injury.
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SUPPLEMENTAL TABLE 1

This table describes various characteristics of the vineyards in our study,
as well as a summary of collected data used in our analysis, the table
includes the following columns: 1) A vineyard identification label for each
vineyard V01-V20 (VID); 2) Latitude of the vineyard in decimal degrees
(Lat); 3) Longitude of the vineyard in decimal degrees (Long); 4) Area of the
vineyard in hectares [Area (ha)l; 5) Length of diagonal transect established
at the vineyard [Transect (m)]; 6) Proportion of surrounding 1.5km
landscape defined as cropland (Cropland); 7) Proportion of surrounding
1.5km landscape defined as woodland (Woodland); 8) Proportion of
surrounding 1.5km landscape defined as Non-Pasture Grassland (Non-
Pasture Grassland); 9) Proportion of surrounding 1.5km landscape defined
as Pasture (Pasture); 10) Average precipitation (mm) from June-
September for 2017 [2017 Precip (mm)]; 11) Average temperature(°C)
from June-September for 2017 [2017 Temp (°C)]; 12) Average
precipitation (mm) from June-September for 2018 [2018 Precip (mm)];
13) Average temperature(°C) from June-September for 2018 [2018 Temp
(°C)]; 14) Average precipitation (mm) from June-September for 2017 and
2018 [2017,2018 Precip (mm)]; 15) Average temperature(°C) from June-
September for 2017 and 2018 [2017,2018 temperature(°C)]; 16)
Environmental Impact Quotient Estimates for June-September 2017
(2017 EIQ); 17) Environmental Impact Quotient Estimates for June-
September 2018 (2018 EIQ); Average Environmental Impact Quotient
Estimates for June-September 2017 and 2018 (2017,2018 EIQ); 18)
Number of collected P. japonica adults during sampling in 2017 (2017 P.
Japonica); 19) Number of collected P. japonica adults during sampling in
2018 (2018 P. japonica); 20) Average number of collected P. japonica
adults during sampling in 2017 and 2018 (2017,2018 P. japonica); 21)
Average estimated leaf injury in 2017 (2017 leaf injury); 22) Average
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estimated leaf injury in 2018 (2018 leaf injury); 23) Average estimated leaf
injury across 2017 and 2018 (2017,2018 leaf injury).

SUPPLEMENTAL TABLE 2
Reclassification table of USDA NASS land cover classes.

SUPPLEMENTAL TABLE 3

The AIC, AAIC (difference between AIC of the model and AIC of the
selected model), Adjusted R square, and p-values of the 37 simple or
multiple regression models produced to examine variables to explain the
variation in average adult P. japonica abundance (log transformed) across
vineyards. Variables included in the model selection included: 1)
proportion of the surrounding landscape covered in cropland
(woodland); 2) averaged daily precipitation (cm) from June-September
of 2017 and 2018 at the vineyard (precip); 3) averaged daily temperature (°
C) from June-September of 2017 and 2018 at the vineyard (temp); 4)
Environmental Impact quotient score for the vineyard averaged across
2017 and 2018 (EIQ); and 5) longitude value of the center of each vineyard
(long). No more than three variables were included in single model. The
selected model with the lowest AICc shown in bold.

SUPPLEMENTAL TABLE 4

The AICc, AAICc (difference between AlCc of the model and AlCc of the
selected model), Adjusted R square, and p-values of the 37 simple and
multiple linear regression models with interaction effects produced to
examine variables to explain the variation in average estimated proportion
of leaf injury across vineyards. Variables included in the model selection
included: 1) proportion of the surrounding landscape covered in cropland
(woodland); 2) averaged daily precipitation (cm) from June-September of
2017 and 2018 at the vineyard (precip); 3) averaged daily temperature (°C)
from June-September of 2017 and 2018 at the vineyard (temp); 4)
Environmental Impact quotient score for the vineyard averaged across
2017 and 2018 (EIQ); and 5) longitude value of the center of each vineyard
(long). No more than three variables were included in single model. The
selected model with the lowest AICc shown in bold.

SUPPLEMENTAL TABLE 5

The following table represents models we built exploring weekly
variability in adult Pjaponica (log transformed to meet assumptions of
normality) across 20 vineyards. The variables included in models were 1)
Week (the week we sampled, 1st week for the year; 2) Year (year of
sampling, 2017 or 2018); 3) Vin (vineyard sampled V01-V20); 4) Precip
(average precipitation at the vineyard sampled for the previous 7 days);
and 5) average temperature at the vineyard sampled for the previous 7
days. The AIC, AAIC (difference between AIC of the model and AIC of the

References

1. Gurr GM, Wratten SD, Landis DA, You M. Habitat management to suppress
pest populations: Progress and prospects. Annu Rev Entomol (2017) 62:91-109.
doi: 10.1146/annurev-ento-031616-035050

2. Rusch A, Chaplin-Kramer R, Gardiner MM, Hawro V, Holland J, Landis D,
et al. Agricultural landscape simplification reduces natural pest control: A
quantitative synthesis. Agriculture Ecosyst Environ (2016) 221:198-204.
doi: 10.1016/j.agee.2016.01.039

3. Bhar R, Fahrig L. Local vs. landscape effects of woody field borders as barriers
to crop pest movement. Conserv Ecol (1998) 2:1-19.

4. Letourneau DK, Jedlicka JA, Bothwell SG, Moreno CR. Effects of natural
enemy biodiversity on the suppression of arthropod herbivores in terrestrial
ecosystems. Annu Rev Ecology Evol Systematics (2009) 40:573. doi: 10.1146/
annurev.ecolsys.110308.120320

5. Petit S, Muneret L, Carbonne B, Hannachi M, Ricci B, Rusch A, et al.
Landscape-scale expansion of agroecology to enhance natural pest control: A
systematic review. Adv Ecol Res (2020) 63:1-48. doi: 10.1016/bs.aecr.2020.09.001

Frontiers in Insect Science

10.3389/finsc.2022.961437

selected model), Adjusted R square, and p-values are shown for
all models.

SUPPLEMENTAL TABLE 6

Parameter estimates + SE of selected model (R2=0.51, p<0.001)
explaining variation in the average weekly abundance of average P.
japonica adults per vineyard (transformed by log base 10). Variables
included in the selected model were: 1) Week (quadratic term added to
fit the data); 2)Year (2017 or 2018); 3) Vineyard (V02-V20) (vineyards were
considered categorical in this model, so coefficients for vineyards V02-
V20 are shown relative to VO1); 4) average weekly temperature (°C)
representing an average of 7 days of daily temperature consisting of the
6 days prior to when sampling occurred along with the day of sampling
itself (Temp) and ; 5) average weekly precipitation (mm) representing an
average of 7 days of daily temperature consisting of the 6 days prior to
when sampling occurred along with the day of sampling itself (Precip).

SUPPLEMENTAL TABLE 7

This table includes all data collected from vineyards in our study for and
includes the following columns: 1) Day of the year (Day); 2) Month of the
year (Month); 3) Year of the study, 2017 or 2018 (Year); 4) Time of day
when sampling occurred (Time); Week of the study in the given year
(Week); Vineyard Identification label for the 20 vineyards, VO1-V20 (VID);
Point Identification for sampling points along the transect P1 = Edge of
vineyard, P2 = halfway from edge to center, P2 = center of vineyard (PID);
Indicated which of the 6 vines associated with each sampling point was
used for leaf injury estimates, vines sequentially numbered along the row
of plants starting at the beginning of the sampling point moving further
into the vineyard (Vine Number); 9) Indicates where on a grape plant
sampling took place from the perspective of the collector standing in
front of the plant within the vineyard row, RC = Right cordons, or shoots
on the right side of the plant, LC = Left Cordons, or shoots on the left side
of the plant, EV = Entire Vine, or collecting from both left and right side of
the plant in order to count up to 40 leaves (Vine Cordon); 10) Number of
leaves counted, counts less than 40 indicate a limited number of leaves on
the plant of adequate size to assess (Leaves Counted); 11) Out of all of the
leaves counted, the number that were visually estimated to have at least
10% leaf area loss (Leaved Injured);12) The proportion of damaged leaves
out of all leaves counted (Proportion Leaf Injury); 13) The number of P.
Jjaponica adults collected (P. japonica); 14) The number of P. japonica
female adults collected (P. japonica Females); 15) The number of P.
Jjaponica male adults collected (P. japonica Males); 16) Average daily
precipitation (mm) [Precip (mm)]; 17) Average daily temperature [Temp
(°C)]l; 18) Average weekly precipitation for the day of sampling and
previous 6 days [Weekly Precip (mm)]; 19) Average weekly temperature
for the day of sampling and previous 6 days [Weekly Temp (°C)].

6. Tscharntke T, Steffan-Dewenter I, Kruess A, Thies C. Contribution of small
habitat fragments to conservation of insect communities of grassland-cropland
landscapes. Ecol Appl (2002) 12:354. doi: 10.2307/3060947

7. Rosch V, Tscharntke T, Scherber C, Batary P. Landscape composition,
connectivity and fragment size drive effects of grassland fragmentation on insect
communities. ] Appl Ecol (2013) 50:387-94. doi: 10.1111/1365-2664.12056

8. Zou Y, Bianchi FJJA, Jauker F, Xiao H, Chen J, Cresswell ], et al. Landscape
effects on pollinator communities and pollination services in small-holder
agroecosystems. Agric Ecosyst Environ (2017) 246:109-16. doi: 10.1016/
j.agee.2017.05.035

9. Bianchi FJJA, Booij CJH, Tscharntke T. Sustainable pest regulation in
agricultural landscapes: A review on landscape composition, biodiversity and
natural pest control. Proc Biol Sci (2006) 273:1715-27. doi: 10.1098/rspb.2006.3530

10. Chaplin-Kramer R, O’'Rourke ME, Blitzer EJ, Kremen C. A meta-analysis of
crop pest and natural enemy response to landscape complexity. Ecol Lett (2011)
14:922-32. doi: 10.1111/j.1461-0248.2011.01642.x

frontiersin.org


https://doi.org/10.1146/annurev-ento-031616-035050
https://doi.org/10.1016/j.agee.2016.01.039
https://doi.org/10.1146/annurev.ecolsys.110308.120320
https://doi.org/10.1146/annurev.ecolsys.110308.120320
https://doi.org/10.1016/bs.aecr.2020.09.001
https://doi.org/10.2307/3060947
https://doi.org/10.1111/1365-2664.12056
https://doi.org/10.1016/j.agee.2017.05.035
https://doi.org/10.1016/j.agee.2017.05.035
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.3389/finsc.2022.961437
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Henden and Guédot

11. Rice KB, Troyer RR, Watrous KM, Tooker JF, Fleischer SJ. Landscape
factors influencing stink bug injury in mid-Atlantic tomato fields. ] Econ Entomol
(2017) 110:94-100. doi: 10.1093/jee/tow252

12. Sivakoff FS, Rosenheim JA, Dutilleul P, Carriére Y. Influence of the
surrounding landscape on crop colonization by a polyphagous insect pest.
Entomologia Experimentalis Applicata (2013) 149:11-21. doi: 10.1111/eea.12101

13. Althoft ER, Rice KB. Japanese Beetle (Coleoptera: Scarabaeidae) invasion of
north America: History, ecology, and management. ] Integrated Pest Manage
(2022) 13(1):2. doi: 10.1093/jipm/pmab043

14. Isaacs R, Szendrei Z, Wise JC. Evaluation of new approaches for
management of Japanese beetles in highbush blueberries. Small Fruits Rev (2004)
3:349-60. doi: 10.1300/J301v03n03_12

15. Pfeiffer DG. “Japanese beetle and other Coleoptera feeding on grapevines in
eastern North America” In Arthropod Management in Vineyards. Dordrecht, ZH:
Springer (2012) p. 403-29. doi: .1007/978-94-007-4032-7_17

16. Potter DA, Held DW. Biology and management of the Japanese beetle. Annu Rev
Entomol (2002) 47:175-205. doi: 10.1146/annurev.ento.47.091201.145153

17. Fleming WE. Biology of the Japanese beetle. U.S: Department of Agriculture
(1972). p. 129. Available at: https://play.google.com/store/books/details?id=
cKYoAAAAYAA].

18. Régniére J, Rabb RL, Stinner RE. Popillia japonica (Coleoptera:
Scarabaeidae): distribution and movement of adults in heterogenous
environments. Can Entomologist (1983) 115:287-94. doi: 10.4039/ent115287-3

19. Hamilton RM, Foster RE, Gibb TJ, Sadof CS, Holland JD, Engel BA.
Distribution and dynamics of Japanese beetles along the Indianapolis airport
perimeter and the influence of land use on trap catch. Environ Entomol (2007)
36:287-96. doi: 10.1603/0046-225x(2007)36[287:dadojb]2.0.co;2

20. Allsopp PG, Klein MG, McCoy EL. Effect of soil moisture and soil texture on
oviposition by Japanese beetle and rose chafer (Coleoptera: Scarabaeidae). J Econ
Entomol (1992) 85:2194-200. doi: 10.1093/jee/85.6.2194

21. Régniére J, Rabb RL, Stinner RE. Popillia japonica: Effect of soil moisture
and texture on survival and development of eggs and first instar grubs. Environ
Entomol (1981) 10:654-60. doi: 10.1093/ee/10.5.654

22. Potter DA, Powell AJ, Spicer PG, Williams DW. Cultural practices affect
root-feeding white grubs (Coleoptera: Scarabaeidae) in turfgrass. J Economic
Entomology (1996) 89(1):156-64. doi: 10.1093/jee/89.1.156

23. Smitley DR. Incidence of popillia japonica (Coleoptera: Scarabaeidae) and
other scarab larvae in nursery fields. J Economic Entomology (1996) 89:1262-6.
doi: 10.1093/jee/89.5.1262

24. Ando Y. Seasonal prevalence and outbreaks of the Japanese beetle, Popillia
japonica Newman (Coleoptera : Scarabaeidae). Jap | Appl Entomol Zool (1986)
30:111-16. doi: 10.1303/jjaez.30.111

25. Szendrei Z, Mallampalli N, Isaacs R. Effect of tillage on abundance of
Japanese beetle, popillia japonica Newman (Col., scarabaeidae), larvae and adults in
highbush blueberry fields. ] Appl Entomology (2005) 129:258-64. doi: 10.1111/
j.1439-0418.2005.00961.x

26. Sara SA, McCallen EB, Switzer PV. The spatial distribution of the Japanese
Beetle,Popillia japonica, in soybean fields. J Insect Sci (2013) 13:1-9. doi: 10.1673/
031.013.3601

27. USDA National Agricultural Statistics Service (NASS). U.S. Census of
Agriculture: United States Summary and State Data, Vol. 1: Geographic Series,
Part 51 Report AC-17-A-51. US: Department of Agriculture (2019). Available at:
https://www.nass.usda.gov/Publications/ AgCensus/2017/Full_Report/Volume_1,
_Chapter_1_US/usv1.pdf.

28. Gu S, Pomper KW. Grape cultivar feeding preference of adult Japanese
beetles. HortScience (2008) 43:196-9. doi: 10.21273/hortsci.43.1.196

29. Hawley IM. The effect of summer rainfall on Japanese beetle populations. |
N Y Entomol Soc (1949) 57:167-76.

30. Lemoine NP, Drews WA, Burkepile DE, Parker JD. Increased temperature
alters feeding behavior of a generalist herbivore. Oikos (2013) 122:1669-78.
doi: 10.1111/§.1600-0706.2013.00457.x

31. Brenner RJ, Focks DA, Arbogast RT, Weaver DK, Shuman D. Practical use
of spatial analysis in precision targeting for integrated pest management. Am
Entomol (1998) 44:79-102. doi: 10.1093/ae/44.2.79

32. Maier RM. Alternative management strategies for Japanese beetles popillia
Jjaponica (Coleoptera: Scarabaeidae) in vineyards. Williamson CR, editor. Ann Arbor,
United States: The University of Wisconsin - Madison (2016). p. 83. Available at:
https://ezproxy library.wisc.edu/login?url=https://www.proquest.com/dissertations-
theses/alternative-management-strategies-japanese/docview/1932285290/se-2.

33. Werling BP, Meehan TD, Gratton C, Landis DA. Influence of habitat and
landscape perenniality on insect natural enemies in three candidate biofuel crops.
Biol Control (2011) 59:304-12. doi: 10.1016/j.biocontrol.2011.06.014

34. Pelton E, Gratton C, Isaacs R, Van Timmeren S, Blanton A, Guédot C.
Earlier activity of drosophila suzukii in high woodland landscapes but relative

Frontiers in Insect Science

36

10.3389/finsc.2022.961437

abundance is unaffected. J Pest Sci (2016) 89:725-33. doi: 10.1007/s10340-016-
0733-z

35. Boucher JT, Pfeiffer DG. Influence of Japanese beetle (Coleoptera:
Scarabaeidae) foliar feeding on “Seyval blanc” grapevines in Virginia. J Econ
Entomol (1989) 82:220-5. doi: 10.1093/jee/82.1.220

36. Kovach ], Petzoldt C, Degni J, Tette J. A method to measure the
environmental impact of pesticides (1992). Available at: https://hdl.handle.net/
1813/55750.

37. Wisconsin Department of Natural Resources ed. “Southeast Glacial Plains
Ecological Landscape” In The ecological landscapes of Wisconsin: An assessment of
ecological resources and a guide to planning sustainable management. Madison, WI:
Wisconsin Department of Natural Resources (2015). Available at: https://dnr.wi.
gov/topic/Landscapes/documents/1805Ch18.pdf.

38. Allsopp PG. Japanese Beetle, popillia japonica Newman (Coleoptera:
Scarabaeidae): Rate of movement and potential distribution of an immigrant
species. Coleopt Bull (1996) 50:81-95.

39. Bedrick EJ, Tsai C-L. Model selection for multivariate regression in small
samples. Biometrics (1994) 50:226-31. doi: 10.2307/2533213

40. Farrar DE, Glauber RR. Multicollinearity in regression analysis: The
problem revisited. Rev Econ Stat (1967) 49:92-107. doi: 10.2307/1937887

41. Martin Bland J, Altman DG. Statistics notes: Transforming data. BMJ (1996)
312:770. doi: 10.1136/bmj.312.7033.770

42. Rand TA, Waters DK, Blodgett SL, Knodel JJ, Harris MO. Increased area of
a highly suitable host crop increases herbivore pressure in intensified agricultural
landscapes. Agric Ecosyst Environ (2014) 186:135-43. doi: 10.1016/
j.agee.2014.01.022

43. Perdikis D, Fantinou A, Lykouressis D. Enhancing pest control in annual
crops by conservation of predatory heteroptera. Biol Control (2011) 59:13-21.
doi: 10.1016/j.biocontrol.2011.03.014

44. Martin EA, Reineking B, Seo B, Steffan-Dewenter I. Natural enemy
interactions constrain pest control in complex agricultural landscapes. Proc Natl
Acad Sci USA (2013) 110:5534-9. doi: 10.1073/pnas.1215725110

45. Blaauw BR, Isaacs R. Wildflower plantings enhance the abundance of
natural enemies and their services in adjacent blueberry fields. Biol Control
(2015) 91:94-103. doi: 10.1016/j.biocontrol.2015.08.003

46. Ladd TLJr. Japanese Beetle (Coleoptera: Scarabaeidae): Feeding by adults on minor
host and nonhost plants. J Econ Entomol (1989) 82:1616-9. doi: 10.1093/jee/82.6.1616

47. Kennedy GG, Storer NP. Life systems of polyphagous arthropod pests in
temporally unstable cropping systems. Annu Rev Entomol (2000) 45:467-93.
doi: 10.1146/annurev.ento.45.1.467

48. Crooks JA. Lag times and exotic species: The ecology and management of
biological invasions in slow-motionl. Ecoscience (2005) 12:316-29. doi: 10.2980/
i1195-6860-12-3-316.1

49. Mercader R], Isaacs R. Phenology-dependent effects of foliar injury and
herbivory on the growth and photosynthetic capacity of nonbearing vitis labrusca
(Linnaeus) var. Niagara. Am ] Enol Vitic (2003) 54:252-60.

50. Mercader R]J, Isaacs R. Phenophase-dependent growth responses to foliar
injury in vitis labruscana bailey var. Niagara during Vineyard Establishment Am ]
Enol Vitic (2004) 55:1-6.

51. Hammons DL, Kaan Kurtural S, Potter DA. Impact of insecticide-
manipulated defoliation by Japanese beetle (Popillia japonica) on grapevines
from vineyard establishment through production. Pest Manag Sci (2010) 66:565—
71. doi: 10.1002/ps.1908

52. Cramer ME, Demchak K, Marini R, Leskey T. UV-Blocking high-tunnel
plastics reduce Japanese beetle (Popillia japonica) in red raspberry. HortScience
(2019) 54(5):903-9. doi: 10.21273/HORTSCI13820-18

53. Hawley IM, Metzger FW. Feeding habits of the adult Japanese beetle.
Washington, DC: US Department of Agriculture (1940). Available at: https://
play.google.com/store/books/details?id=MTioESjcr8UC.

54. Lacey LA, Amaral JJ, Coupland J, Klein MG. The influence of climatic
factors on the flight activity of the Japanese-beetle (Coleoptera: Scarabaeidae):
Implications for use of a microbial control agent. Biol Control (1994) 4(3):298-303.
doi: 10.1006/bcon.1994.1038

55. Loughrin JH, Potter DA, Hamilton-Kemp TR. Volatile compounds induced
by herbivory act as aggregation kairomones for the Japanese beetle (Popillia
japonica Newman). ] Chem Ecol (1995) 21:1457-67. doi: 10.1007/BF02035145

56. Ladd TLJr. Sex attraction in the Japanese beetle. ] Econ Entomol (1970)
63:905-8. doi: 10.1093/jee/63.3.905

57. Bohlen PJ, Barrett GW. Dispersal of the Japanese beetle (Coleoptera:
Scarabaeidae) in strip-cropped soybean agroecosystems. Environ Entomol (1990)
19:955-60. doi: 10.1093/ee/19.4.955

58. Nguyen HDD, Nansen C. Edge-biased distributions of insects. A review
Agron Sustain Dev (2018) 38:11. doi: 10.1007/s13593-018-0488-4

frontiersin.org


https://doi.org/10.1093/jee/tow252
https://doi.org/10.1111/eea.12101
https://doi.org/10.1093/jipm/pmab043
https://doi.org/10.1300/J301v03n03_12
https://doi.org/.1007/978-94-007-4032-7_17
https://doi.org/10.1146/annurev.ento.47.091201.145153
https://play.google.com/store/books/details?id=cKYoAAAAYAAJ
https://play.google.com/store/books/details?id=cKYoAAAAYAAJ
https://doi.org/10.4039/ent115287-3
https://doi.org/10.1603/0046-225x(2007)36[287:dadojb]2.0.co;2
https://doi.org/10.1093/jee/85.6.2194
https://doi.org/10.1093/ee/10.5.654
https://doi.org/10.1093/jee/89.1.156
https://doi.org/10.1093/jee/89.5.1262
https://doi.org/10.1303/jjaez.30.111
https://doi.org/10.1111/j.1439-0418.2005.00961.x
https://doi.org/10.1111/j.1439-0418.2005.00961.x
https://doi.org/10.1673/031.013.3601
https://doi.org/10.1673/031.013.3601
https://www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf
https://www.nass.usda.gov/Publications/AgCensus/2017/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf
https://doi.org/10.21273/hortsci.43.1.196
https://doi.org/10.1111/j.1600-0706.2013.00457.x
https://doi.org/10.1093/ae/44.2.79
https://ezproxy.library.wisc.edu/login?url=https://www.proquest.com/dissertations-theses/alternative-management-strategies-japanese/docview/1932285290/se-2
https://ezproxy.library.wisc.edu/login?url=https://www.proquest.com/dissertations-theses/alternative-management-strategies-japanese/docview/1932285290/se-2
https://doi.org/10.1016/j.biocontrol.2011.06.014
https://doi.org/10.1007/s10340-016-0733-z
https://doi.org/10.1007/s10340-016-0733-z
https://doi.org/10.1093/jee/82.1.220
https://hdl.handle.net/1813/55750
https://hdl.handle.net/1813/55750
https://dnr.wi.gov/topic/Landscapes/documents/1805Ch18.pdf
https://dnr.wi.gov/topic/Landscapes/documents/1805Ch18.pdf
https://doi.org/10.2307/2533213
https://doi.org/10.2307/1937887
https://doi.org/10.1136/bmj.312.7033.770
https://doi.org/10.1016/j.agee.2014.01.022
https://doi.org/10.1016/j.agee.2014.01.022
https://doi.org/10.1016/j.biocontrol.2011.03.014
https://doi.org/10.1073/pnas.1215725110
https://doi.org/10.1016/j.biocontrol.2015.08.003
https://doi.org/10.1093/jee/82.6.1616
https://doi.org/10.1146/annurev.ento.45.1.467
https://doi.org/10.2980/i1195-6860-12-3-316.1
https://doi.org/10.2980/i1195-6860-12-3-316.1
https://doi.org/10.1002/ps.1908
https://doi.org/10.21273/HORTSCI13820-18
https://play.google.com/store/books/details?id=MTioESjcr8UC
https://play.google.com/store/books/details?id=MTioESjcr8UC
https://doi.org/10.1006/bcon.1994.1038
https://doi.org/10.1007/BF02035145
https://doi.org/10.1093/jee/63.3.905
https://doi.org/10.1093/ee/19.4.955
https://doi.org/10.1007/s13593-018-0488-4
https://doi.org/10.3389/finsc.2022.961437
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

& frontiers | Frontiers in Insect Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY

William D. Hutchison,

University of Minnesota Twin Cities,
United States

REVIEWED BY

Giulia Torrini,

Council for Agricultural and
Economics Research (CREA), Italy
Robert C. Venette,

Forest Service, United States
Department of Agriculture (USDA),
United States

*CORRESPONDENCE
Sylvain Poggi
sylvain.poggi@inrae.fr

SPECIALTY SECTION

This article was submitted to
Invasive Insect Species,

a section of the journal
Frontiers in Insect Science

RECEIVED 25 October 2022
AccepTED 25 November 2022
PUBLISHED 12 December 2022

CITATION

Poggi S, Desneux N, Jactel H, Tayeh C
and Verheggen F (2022) A nationwide
pest risk analysis in the context of the
ongoing Japanese beetle invasion in
Continental Europe: The case of
metropolitan France.

Front. Insect Sci. 2:1079756.

doi: 10.3389/finsc.2022.1079756

COPYRIGHT

© 2022 Poggi, Desneux, Jactel, Tayeh
and Verheggen. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Insect Science

TYPE Mini Review
PUBLISHED 12 December 2022
poI 10.3389/finsc.2022.1079756

A nationwide pest risk analysis
in the context of the ongoing
Japanese beetle invasion in
Continental Europe: The case
of metropolitan France

Sylvain Poggi™, Nicolas Desneux?, Hervé Jactel®,
Christine Tayeh* and Francois Verheggen®

HIGEPP, Institut Agro, Univ Rennes, INRAE, Le Rheu, France, ?University of Céte d'Azur, INRAE,
CNRS, UMR ISA, Nice, France, INRAE, University of Bordeaux, UMR Biogeco, Cestas, France,
“Expertise and Biological Risks Unit (ERB), Plant Health Laboratory, French Agency for Food,
Environmental and Occupational Health and Safety (ANSES), Angers, France, STERRA, Gembloux
Agro-Bio Tech, University of Liege, Gembloux, Belgium

The Japanese beetle, Popillia japonica, is native to Japan and became
established in North America in the early twentieth century. The beetle was
detected in Europe, first in Italy in 2014 and then in Switzerland in 2017.
Metropolitan France is at the forefront of the Japanese beetle threat, due to
its geographical proximity to the European populations established in the
Piedmont, Lombardy and Ticino regions. An express pest risk analysis for
metropolitan France was therefore conducted. The most likely pathways for
entry include (i) natural dispersion, (i) trades of plant products with adherent
soil and (iii) hitchhiking behaviour, leading to a high probability of entry. The
spread rate of P. japonica was also evaluated as high, resulting from natural
spread as well as human activities. Given the absence of significant limiting
factors, the potential impacts of P. japonica in France will likely be as important
as in its current geographic distribution. Although several sources of
uncertainty were highlighted throughout the evaluation, none of them has
significant impact on the conclusions of the present express pest risk analysis.
Measures to prevent entry, establishment and spread of P. japonica are
recommended and include surveillance with pheromone traps and control
via integrated pest management strategies. However, most efforts should be
concentrated on eradication measures while P. japonica is still in the early
stages of invasion.

KEYWORDS

Popillia japonica, biological invasion, risk assessment, surveillance, monitoring, pest
control, metropolitan France
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Introduction

The Japanese beetle, Popillia japonica Newman (Coleoptera,
Scarabaeidae), is native to Japan (1). In the early twentieth century,
it became established in North America, especially in the USA
where it was initially introduced in the states bordering the Atlantic
coast. Then, it quickly spread westwards (2) and became one of the
worst invasive pests, inflicting severe damage to many cultivated
and ornamental plants, trees, fruits, turfs and grasses. Its damage
has been estimated to be $460 million per year in the USA (3).

Based on the severity of the economic, social and
environmental impacts that P. japonica can cause in the
European Union territory (4, 5), the European Commission
classified P. japonica as a priority quarantine pest listed in Annex
IIB of Regulation 2019/2072, subject to compulsory control and
to a national sanitary emergency response plan, in accordance
with European Regulation (EU) 2016/2031. Specific
requirements are defined for imports of certain plants for
planting because of their likelihood of harbouring P. japonica,
depending on their origin ((EU) 2021/2285). Despite these
efforts, the beetle was detected in Europe, first in Italy in 2014
(6, 7) and then in Switzerland in 2017 (8), two countries where it
is now considered established. A few adults were also trapped in
south-western Germany in 2021 and 2022 (9, 10), yet these
sightings were considered as incursions without establishment.

The challenge for Europe is to counteract this invasion at a
very early stage to significantly enhance the chances of successful
eradication or containment. Because metropolitan France (i.e.
mainland France and Corsica as well as nearby islands in the
Atlantic Ocean, the English Channel and the Mediterranean Sea)
is at the forefront of the P. japonica threat, the French Agency
for Food, Environmental and Occupational Health & Safety
(ANSES) was asked to carry out an express pest risk analysis
(PRA thereafter; 11), based on the European and Mediterranean
Plant Protection Organization (EPPO) express PRA scheme
(12), in order to better and quickly prepare the State services
for the implementation of measures in the case of a suspected
and to implement control measures in the case of a confirmed
outbreak. The presumed time horizon of the assessment is five
years as suggested by EPPO (13). Following the recommended
guidelines for performing an express PRA (12), we aimed at
assessing the risks of entry, establishment, and spread of P.
japonica in France as well as its potential impacts. Based on the
overall risk, recommendations for surveillance and management

measures in the event of an outbreak were formulated.

Assessment of the phytosanitary risk
Brief overview of the pest

Popillia japonica is generally a univoltine species (as
observed in Japan, Italy and Switzerland) but its development
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can spread over two years under colder climates (1, 14, 15). The
beetle spends most of its life underground in immature forms
(eggs, three larval stages and pupae) and a few months above
ground as an adult. In Italy, adults are active from June to
September with an activity peak in mid-July (16). P. japonica is a
dietary generalist: larvae can feed on the rootlets of all host
plants while adults preferentially feed on leaves but also on fruits
and flowers. The symptoms caused by P. japonica adults are
easily observed and consist of skeletonization, adults chewing
the leaf tissue between the veins. An updated overview of the
host plants of P. japonica (17) emphasises how polyphagous the
beetle is (Figure 1): the adults feed on at least 401 host plants
belonging to 92 botanical families including fruit trees (e.g.
apple, plum), forest species (e.g. maple, poplar), field crops
(e.g. corn, soybean) or vegetables (e.g. asparagus, beans),
ornamental plants (e.g. roses), herbaceous species (species of
the genus Festuca, Lolium and Poa used in lawns and turfs), wild
species (e.g. clovers, brambles) and vines. Among this great
diversity of host plants, Tayeh et al. (17) identify 131 species as
“main” hosts, insofar as they favour the survival and
reproduction of P. japonica. We focused on these main hosts
in the following pest risk analysis.

Pathways for entry

Entry of a pest is the movement of a pest into an area where
it is not yet present, or present but not widely distributed and
being officially controlled (19). For each pathway, a sequence of
events was evaluated: (1) probability of the pest being associated
with the individual pathway at origin, (2) probability of survival
during transport or storage, (3) probability of surviving existing
pest management procedures, and (4) probability of transfer to a
suitable host or habitat. Six pathways were identified to assess
the likelihood of entry of P. japonica into France: (1) import of
plants for planting (except seeds, bulbs and tubers) with
adhering soil, (2) natural spread, (3) hitchhiking behaviour, (4)
import of soil (including potting soil and compost), (5) import of
cut flowers and foliage, and (6) import of fruits. The in-depth
assessment of each of these pathways of entry was based on data
available in the scientific literature, the situation in the invaded
countries and the flow of goods towards France (see
Supplementary Material). We concluded that the likelihood of
P. japonica entering metropolitan France is high with low
uncertainty. The entry will likely occur through natural spread,
since the beetle has high flight ability at the adult stage, or by
hitchhiking behaviour, given the recent adult sightings in Basel
(Switzerland, in 2021) and Baden-Wiirttemberg (Germany, in
2021 and 2022) close to railway track or freight depot (https://gd.
eppo.int/reporting/article-7240), in the Valle d’Aosta region
(Ttaly, in 2021) near a motorway service area, and in Sardinia
(Italy, in 2021) near the main airport of the island (20). If no
regulations were in place, the likelihood of entry would be
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Phylogeny of the main and secondary host plants of P. japonica generated by the V.Phylomaker package (18). A total of 131 host plants,
belonging to 39 families, are classified as "main” (17). This figure is also available as Supplementary Material to allow for magnification.

increased by imports of plants for planting with adherent soil
from infested countries, taking into account the probability that
the aerial and subterranean stages are associated at the origin
and transported, the diversity and volume of the transported
goods (such as roses and fruit tree plants especially from Italy),
the abilities of the beetles to survive without food (21, 22) during
transport, as well as their capacity of transfer to host plants
cultivated in France.

Establishment

Establishment is the perpetuation, for the foreseeable future,
of a pest within an area after entry (19). It depends mainly on the
presence of host plants and a suitable climate in the PRA area.
Four factors that can affect the establishment of P. japonica in a
new territory have been identified: (1) mild temperature, (2)
sufficient humidity for survival and development, (3) presence of
host plants and (4) lack of natural enemies. The likelihood of
outdoor establishment is considered high, based on the findings
from species distribution models (23-26), the high diversity and
abundance of host plants in metropolitan France (Figure 2), and
the limited impact of natural enemies. The uncertainty is
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considered low. Indeed, the entire French territory, except
mountainous areas, is suitable for the establishment of P.
japonica, because summer rainfall is sufficient, temperature is
favourable and many host plants are available. In addition,
irrigation practices increase the likelihood of establishment in
the less rainy areas of the Mediterranean region. In contrast, the
likelihood of establishment in protected conditions (e.g.
greenhouses) is considered low with a moderate level of
uncertainty. This is due to several points: (1) the facilities
concerned are generally small and subject to various pest
management methods, (2) there have been no recent reports
of P. japonica in greenhouses, (3) P. japonica populations seem
unlikely to be overlooked during regular inspections by growers

in indoor conditions.

Spread

Spread is defined as the expansion of the geographical
distribution of a pest within an area (19) and relies on natural
spread or human-assisted spread. All previous cases of
establishment of P. japonica have been followed by spread
activity. Natural spread of P. japonica is mainly achieved by
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Species richness in main host plants of P. japonica in each department (NUTS3 region) of metropolitan France.

the flight of adults, with both male and female imagoes having
functional wings. However, it appears that pioneer individuals
are more likely to be females (27). Data on flight capabilities are
essentially based on analyses of the speed of the colonisation
front by P. japonica, especially in the USA and more recently in
Italy. The progression of the invasion front is the result of
natural spread, probably coupled with hitchhiking, and
suggests spreading capabilities of about 10 km per year in the
USA (1, 28, 29). Examining the dynamics of the invasion in
Piedmont and Lombardy in Italy (30, 31) provides an equivalent
estimate. Human activities, resulting in movements of goods and
people, may also favour the long-distance spread of P. japonica.
In international trade, larvae may be transported in soil attached
to the roots of plants for planting, while adult beetles have been
intercepted on agricultural products, on packaging and in ships
and aircraft (16). Overall, the spread is expected higher than
10 km per year, which is considered a high magnitude according
to the EPPO guidance (32). The uncertainty is low, as no barriers
to spread within the metropolitan French territory have
been identified.

Impact

Within its current invasion range (data collected from the
USA and Italy), the magnitude of impact of P. japonica is
considered high, with low uncertainty. This results from: (1)
high direct damage in terms of loss of yield (fruit crops) and
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quality (ornamental crops), (2) high indirect costs related to
control (especially chemical and biological), (3) the generalist
diet of the insect that can affect many production sectors, with
significant damage locally. The potential environmental (e.g.
increase in phytosanitary treatments, competition with other
species) and social impacts (e.g. human health risks, loss of
availability of popular ornamental plants) were also considered.
In the USA, efforts to control the larval and adult stages were
estimated to be around $460 million in 2015 (3). No extensive
damage has been recorded in Europe yet, but recent studies (5,
33) suggest substantial potential damage costs. In particular,
Straubinger et al. (33) outlined that major grape and wine
producing countries like France and Italy would have a
potential economic damage of about €92 million and €68
million per year, respectively.

Within the French area at risk of establishment, the magnitude
of impact is also considered high with a low uncertainty. This
conclusion is mainly supported by (1) the importance of main host
plants in terms of area, yield and export volumes, (2) the absence of
currently deployed cultural practices that would significantly reduce
the impact of P. japonica and (3) chemical control is mainly based
on a single family of products (pyrethroids). The main point of
uncertainty concerns the level of susceptibility of French varieties of
the main host plants to P. japonica.

Overall, the risk posed by P. japonica for the threatened
French metropolitan area is considered high with a low
uncertainty. This risk is therefore considered as unacceptable
and justifies the recommendation of management measures.
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Recommendations for pest
risk management

To prevent the entry of P. japonica on the French territory,
an efficient surveillance strategy is needed to ensure the early
detection and to allow the rapid implementation of eradication
measures. Using semiochemical-based traps is recommended
along the border with infested countries to detect natural spread,
as well as near key entry points and transport networks (e.g.
national interest markets, airports, air cargo entry points,
railways, ports, road hubs, motorways service areas, and
unloading areas) to take the risk of hitchhiking behaviour into
account. Pheromone traps should be positioned in preferred
habitats such as grasslands, vineyards and fruit crops fields
located in the close vicinity of entry points. In addition, visual
inspections of the aerial parts of the main host plants of P.
japonica are recommended in these areas along the borders with
infested countries. Awareness raising of target stakeholders,
including for instance nurserymen and garden owners, is also
recommended. The use of pheromone-baited traps is the most
reliable monitoring method as it is selective and effective.
Compared to visual inspection of aerial parts, trapping ensures
permanent coverage of the area to be monitored with a higher
level of sensitivity.

In case of first capture, we recommend the deployment of a
systematic trapping network with one trap every 1 km on a
10 km square, centred on the trap with the first authenticated
capture. This 100-km” area would constitute the reinforced
surveillance zone within which an infested zone surrounded
by a buffer zone would be delimited. We suggest that the
delimitation of the infested zone is continuously adapted
according to the locations and amount of new captures,
following the concept of weighted barycentre (34). The limits
of the buffer zone remain to be determined according to new
knowledge on the dispersal capacities of the beetle in the
colonised area. We currently suggest a 5-km wide buffer based
on the dispersal capacity of P. japonica reported in recent studies
(35, 36). Since the infested area is a dynamic surface, changing
with each discovery of an infestation point, the boundaries of the
demarcated area (infested area + buffer zone) would be
updated accordingly.

Within the infested area, a combination of measures should
be implemented rapidly as part of an eradication strategy: (1)
chemical control with the use of authorized active substances
against adults and larvae, (2) biological control when available
[e.g. entomopathogens such as nematodes (37) or Paenibacillus
popilliae (3)], (3) cultural practices involving reduced irrigation
during the critical oviposition period (38) and tillage in the fall
(39, 40). Importantly, many chemical molecules used in the USA
to control P. japonica are banned in the European Union
(notably neonicotinoids), restricting the available arsenal
essentially to the family of pyrethroids.
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The movement of rooted plants, soil and growing media as
well as plant wastes originating from the infested area should be
prohibited. The same should apply to plants originating from the
buffer zone, which should not be moved out. These actions must
be carried out within a short period to increase the chances of
eradication. Otherwise, the containment strategy is both time
consuming and has, in our opinion, little chance of success,
since it would at most slow down the spread of P. japonica.
Furthermore, the containment strategy involves suppression of
P. japonica populations within the infested area by chemical
control, biological control and mass trapping, whose
effectiveness is reduced in case of heavy infestations.

Discussion and perspectives

Pest risk analyses commissioned at a national level bring out
limitations to the precise evaluation of the threat associated with
invasive pests and identify opportunities to control their impact.
In our study, we addressed specifically the invasive Japanese
beetle and its risk to metropolitan France. We assessed the
phytosanitary risks in terms of pathways for entry,
establishment, spread and economic impacts, and actionable
recommendations to mitigate this risk. In this section, we
highlight a few points that we believe deserve further attention.

Given the high capacity of P. japonica to hitchhike, it is
crucial to identify and quantify the movements of goods and
people from infested areas to susceptible regions. Eurostat, the
statistical office of the European Union, provides extensive
information on flows within well-defined pathways, notably
those listed in “pathways for entry”. However, specific custom
codes do not allow discriminating goods of particular interest
regarding the biology and ecology of P. japonica, making it
difficult to capture only relevant information. Furthermore,
whether on a national or European scale, if they exist, the
accessibility and visibility of data describing the connectivity of
means of transport deserve to be improved. Information on
freight by road, rail, air, the road traffic during the period of
beetle activity, the list of cars and trucks stop locations,
unloading areas, etc., would be valuable to better assess the
entry routes of the pest.

The biology and ecology of P. japonica have been extensively
studied (see for example 1, 41-44). However, further knowledge
would be useful, such as the attraction radius of pheromone
traps for P. japonica. Simple methods exist to estimate this
radius (45), useful information to optimise the density of
trapping networks. A better understanding of the role of fruit
odours on adult feeding attractiveness would also be helpful.
Knowing the correlations between the level of susceptibility of
host plants and the degree of defoliation should help in assessing
the impact on crop yield. It would also be interesting to develop
innovative and environmentally sound control strategies that are
in line with the European Union commitment to reduce the use

frontiersin.org


https://doi.org/10.3389/finsc.2022.1079756
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Poggi et al.

of pesticides, such as the use of biological control agents, and the
use of attract-and-kill, attract-and-infest, or push-pull strategies.

So far, in continental Europe, P. japonica is still confined to a
single and relatively small area of about 14000 square kilometres
(20) overlapping northern Italy and southern Switzerland. This
early stage of the invasion opens up opportunities for successful
control, provided that there is greater harmonisation of the
surveillance and control strategy on the European level. For
example, the insect is rapidly spreading but information on its
presence is not fully centralised, making it difficult to develop and
share distribution maps. As pointed out by Thompson et al. (46),
surveillance strategy and biosecurity measures should be informed
by epidemiological processes rather than limited by administrative
boundaries. The interception of an adult Japanese beetle in Basel (in
2021), at the intersection of three countries (France, Germany,
Switzerland) illustrates these difficulties. In line with recent
publications (47-49), we believe that biological invasions could be
better regulated by promoting international scientific and technical
collaboration to harmonise management practices and regulations.
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A degree-day model for
forecasting adult phenology of
Popillia japonica (Coleoptera:
Scarabaeidae) in a

temperate climate

Dominique N. Ebbenga™, A. A. Hanson?, E. C. Burkness*'
and W. D. Hutchison®

‘Department of Entomology, University of Minnesota, St. Paul, MN, United States, ?University of
Minnesota Extension, Extension Integrated Pest Management (IPM) Program, Morris,
MN, United States

Japanese beetle, Popillia japonica (Newman), was first detected in the United
States in New Jersey in 1916. The beetle gradually spread to the Midwest U.S.
region, and was first confirmed in Minnesota in the late 1960'’s. Popillia japonica
has subsequently become a major invasive insect pest in turfgrass and several
agricultural crops. As P. japonica continues to spread throughout the U.S., and
other countries, it is important to develop efficient ways to monitor adult
populations, and where possible, forecast the phenology of adult population
dynamics. During 2019-2021, field trials were conducted to develop a degree-
day model that can be used to forecast P. japonica adult phenology under
Minnesota, and Midwest summer climatic conditions in. We used commercially
available traps and lures to monitor adult flight phenology, specifically beetle
trap-catch, along with weather data at four locations in Minnesota, to relate
ambient field temperatures to population phenology. The concordance
correlation coefficient (CCC), an index of both precision and accuracy, was
used to develop a final degree-day model. Model development included
evaluation of simple and sine-wave degree-day calculation methods, start
dates between 1 Jan. and 1 April, and a range of lower (0-15 °C) and upper (20-
37 °C) thresholds. The optimum model was found to be a simple degree-day
calculation, using a biofix date of 1 Jan, and lower and upper thresholds of 15
and 21.7 °C, respectively, for predicting 10% beetle trap-catch. The model will
aid in future integrated pest management (IPM) and regulatory strategies by
providing a tool for prediction of P. japonica adult flight phenology.
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Introduction

Japanese beetle, Popillia japonica Newman (Coleoptera:
Scarabaeidae), is an invasive species first detected in 1916 in
New Jersey, following an accidental introduction from Japan, on
imported rootstock (1). Popillia japonica was first detected in
Minnesota in 1968, gradually increased in abundance (2), and
has only recently become a dominant pest, since 2010 (3, 4). The
beetle is currently a major invasive insect pest of turf, residential
ornamentals, and several agricultural crops in the Midwest U.S.
region (5-7).

Popillia japonica typically exhibits a univoltine life cycle in
the Midwest (8), where immature stages reside in the soil and
overwinter as late instar larvae (9, 10). Once P. japonica has
completed pupation in spring, adults eclose and emerge from the
soil to seek mates, and host plants for nutrition; adult longevity
ranges from 4-6 weeks (9). Although several trapping and
behavior studies have been conducted to understand adult
biology (6, 11), most of the research to date has been directed
toward understanding the development of the immature stages
and the larval damage inflicted upon turfgrass (11, 12). In recent
years, however, concerns have been raised regarding the biology
and impact of the adult beetles, particularly for several
horticultural and agricultural crops in the Midwest region (5,
6). With over 300 different host plants, there are many
opportunities, even in northern tier, temperate climates such
as Minnesota, for P. japonica adults to cause substantial
defoliation, mainly consuming leaf tissue within plant canopies
(7,9, 11). Adult feeding can be very concerning to producers as
they observe heavy defoliation with little knowledge or
predictability as to how the infestation may impact their crops.

Currently, P. japonica has spread to at least 36 states in the
U.S. (6, 13). Since 2014, concerns of P. japonica invading new
regions have caused some states, with no known established
populations, to implement quarantine protocols for either early
detection or to assist in mass trapping activities to help prevent
an introduction of P. japonica (13). However, in areas where P.
japonica has established, monitoring the pest has become
important for determining the geographic extent of invaded
areas, or used to inform producers of the potential threats to
high-value crops. Commercially available traps are currently
used for monitoring P. japonica (14-17) and the use of an in-
field, volumetric approach for rapid processing of trap samples
was recently validated (17). However, traps used for monitoring
only give notification of pest activity following emergence or
dispersal to specific field sites. Beyond weekly trapping, another
way to utilize trap-catch data is the development of models for
the purpose of forecasting emergence, or insect phenology
throughout the season (18-20).

Degree-day models are a useful tool for growers, crop
consultants and researchers to forecast or predict the
phenology of various important insect life-stage events (e.g.,
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19, 21), such as first emergence or peak (50%) adult emergence.
Clearly, access to local or regional ambient temperature data is
also critical for accurate degree-day modeling and forecasts. For
the Midwest climate, P. japonica adults typically becomes active
from mid-June to early July and continue to feed on several
crops through early September (4). However, as climates in the
Midwest continue to moderate with milder winters, and warmer
springs (22), this general timeframe of insect activity can differ
greatly. Currently for P. japonica, there are no established
degree-day models for adult activity in the Midwest region.

Most recently, research on P. japonica has increasingly
focused on adult beetle feeding injury and the need for
improved integrated pest management (IPM) strategies for
several fruit and agricultural crops (5-7, 23). Given the extent
of P. japonica feeding injury, it is critical to develop new tools
that can be shared with growers, crop consultants, and
researchers to monitor P. japonica before feeding damage
occurs. Therefore, research was conducted during the
summers of 2019-2021 to develop a model that can be used to
better track and forecast P. japonica adult phenology throughout
the growing season, in a temperate, Midwest U.S. climate. In this
study, we used commercially available traps and lures to monitor
adult P. japonica activity at four locations in southern
Minnesota, to better define adult P. japonica population
dynamics throughout the year. Specifically, our objective was
to develop a degree-day model to improve current IPM strategies
and regulatory planning for adult P. japonica monitoring.

Materials and methods
Monitoring adult P. japonica

During 2019- 2021, P. japonica Tréce ™ traps (Tréce™,
Adair, OK) were deployed near raspberry crops at both the
Rosemount Research and Outreach Center, near Rosemount,
MN (RROC), MN (44° 43’ N, 93° 05" W), and Forest Lake, MN
(45° 13’ N, 92° 53 W). Two additional trapping sites in
vineyards were located near Hastings (44° 41’ N, 92° 52’ W)
and the Horticultural Research Center (HRC), University of
Minnesota, in Excelsior (44°52’ N, 93°38” W), MN. Soils at each
location were classified as follows: RROC had approximately
0.1% sand, 62.4% silt, and 37.6% clay; Forest Lake had 58.8%
sand, 15% silt, and 26.2% clay; Hastings had 71.2% sand, 5% silt,
and 23.8% clay; HRC had 32.5% sand, 33.8% silt, and 33.8% clay.
Treceé traps, paired with semiochemical based lures containing a
blend of the P. japonica sex pheromone and floral compounds
(7, 14-16), were used for all traps. The lure used in traps is the
commercially available P. japonica dual lure system. The dual
lure consists of a food bait (phenethyl propionate + eugenol +
geraniol (3:7:3)) and the synthetic sex pheromone known as
Japonilure’ ((R,Z)-5-1-decenyl)dihydro-2(3H)-furanone) (16).
Since the lure has both a food and pheromone component, it
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is highly effective in attracting and capturing both male and
female P. japonica, making for an ideal lure to monitor
populations (7, 14, 15).

Samples were collected twice per week in 2019 and 2021;
however, due to COVID-19 restrictions in 2020, traps were
collected once per week. Trap samples were processed in the
field using a volumetric measurement method established by
Ebbenga et al. (7). Trap contents were placed in an Accu-
pourTM measuring pitcher (Gemplers, Janesville, WI), with a
capacity range of 100 - 2000 ml, rounded to the nearest 100 ml.
For beetle samples that were <100 ml, a smaller Accu-pour beaker
(Gemplers, Janeville, WI) was used, consisting of a range from 20
- 500 ml. In 2019, three traps were placed at each location on 3
Jun., and in 2020 and 2021, trap number was increased to 4 at
each location and traps were deployed on 9 Jun. and 25 May,
respectively, well before the first beetles were captured. Traps were
secured to green metal stakes approximately 1 m above the soil
surface, and were set approximately 10 m apart. Due to
constraints with research locations and allowability of trap
deployment, greater distances between traps were not achievable.

Temperature data

Each year, minimum and maximum daily temperatures were
collected from local weather stations and HOBO temperature
loggers (Onset Computer Corporation, Bourne, MA) depending
on the location. Locations in Forest Lake and Hastings used
weather station data collected from the Minnesota State
Climatology office (https://climateapps.dnr.state.mn.us/index.
htm) operated and maintained by the Department of Natural
Resources, Division of Ecological and Water Resources. For
these locations, all weather stations were within 16 km of trap
locations. For the HRC, an onsite weather station was used, and
data were collected from the NEWA website operated and
maintained by Cornell (newa.cornell.edu), which is the
preferred weather station used on this research site. Finally,
temperatures collected from RROC were collected using an
Onset HOBO MX2303 wireless temperature data logger
(Onset Computer Corporation, Bourne, MA). The Onset
HOBO MX2303 was set to read ambient air temperature every
2 hours 7 days per week. The temperature probe recording
ambient air temperatures was secured to a green metal stake
adjacent to a raspberry patch and sheltered from direct sunlight.

10.3389/finsc.2022.1075807

Temperature data collected at RROC was compared to nearby
local weather stations to confirm daily minimums and
maximums were similar, prior to use in model development.

Model development and validation

Model development and validation was based on the
approach developed by Hanson et al. (19), where field-based
trap-catch pest data are used to seek optimal model solutions.
This was done by using multiple locations to reflect natural
variability in pest phenology, and for multiple years to reflect
variable weather scenarios. Model development was conducted
using multiple site-year data sets, by iterating through all
possible combinations of model start dates, lower and upper
thresholds, and calculation methods for degree-days (19).
Separate, independent data sets were selected for several site-
years for model validation. All calculations and analyses were
performed according to Hanson et al. (19), using R version
412 (24).

To partition model development and validation data, the 12
site-years were divided in half and randomly selected for model
development (n=6), while the remaining data sets were used for
model validation (n=6) (Table 1). For model building, four start
dates often used in the Midwest U.S., were included, Jan. 1, Feb.
1, March 1, and April 1, and converted to Julian dates of 1, 32,
50, and 91, respectively (19). Lower and upper threshold
parameters, respectively, ranged from 0-15 °C (32-59°F) and
20- 37 °C (68-98.6°F), respectively, increasing by 0.56°C (1°F)
increments. Degree-day calculations were performed using both
a simple average degree-day method (25, 26) and the half-day
sine-wave method (27), for a total of 7,392 degree-day model
parameter combinations. Simple degree-days were calculated
according to McMaster and Wilhelm (28) using the average of
observed daily maximum and minimum temperatures minus the
lower developmental threshold (i.e., method 1), which is not to
be confused with another common simple-degree method (i.e.,
method 2) that, before averaging, changes the observed daily
maximum or minimum temperature to equal to the lower
developmental threshold if either falls below that threshold.

For each combination of start date, upper and lower
threshold, and calculation method, logistic regression [eq. 1]
was performed using the six-model development site-years

TABLE 1 Randomized location datasets used for P. japonica model development and validation, Minnesota, 2019-2021.

Location Development dataset year Validation dataset year
Rosemount 2020 2019, 2021

Hastings 2020 2019, 2021

Forest Lake 2019, 2021 2020

Excelsior 2019, 2021 2020
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eln (D)s+i

prop . emergence = eq. 1

where D = degree-days, s = slope, and i = intercept. Degree-
days were natural-log transformed to use a log-logistic
distribution for improved model fit with accumulated annual
degree-days as an independent variable and proportion
cumulative percent adult emergence as the dependent variable.
Observed degree-days for 10% trap-catch were determined from
each regression model to generate predicted dates of 10% trap-
catch activity in the model development data.

To assess the performance of the models, via predicted
versus observed dates of 10% trap-catch, the concordance
correlation coefficient (CCC) was used (19). The CCC was
selected because it reflects both precision (r) and accuracy (A)
where CCC= rA. (29-31). Typical CCC values range between 0
and 1 with 1 being a perfectly precise and accurate model, and 0
representing no precision or accuracy (19, 32).

During development, the model with the highest CCC value
was selected and used for model validation. Model validation
used the target date of 10% trap-catch to determine the best
performing model, given observed trap-catch and utilized data
from the remaining 6 site-years (Table 1). While CCC was
primarily used to rank models for 10% trap-catch, the Akaike
information criterion (AIC) was also used to compare fit across
the entire logistic distribution. When comparing AIC values

10.3389/finsc.2022.1075807

across models, the lowest value indicates for best agreement
across the distribution, and these values are on an unbounded
scale, so AIC is only used for relative comparisons between
models rather than absolute measures of fit (33).

Results
Monitoring adult P. japonica

The 3-year study provided high P. japonica adult
populations, with 111,497 beetles caught in semiochemical
based traps across all site years. Mean beetle phenology (mean
beetle trap catch/week), across the 4 locations and 3 years, is
illustrated in Figure 1. Given the 3-year study, total beetles
captured in datasets for model development were 42,968,
whereas validation datasets included 68,571 beetles. Across all
years, and for all locations, peak trap-catch on a calendar time
scale varied considerably. Mean trap catch was lowest in 2020.

Model development and validation

Development of the model indicated that the best model for
simple average and sine-wave calculation methods performed
similarly at 10% emergence (CCC = 0.899 and 0.895
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FIGURE 1

Mean number of P. japonica adults per trap, per week, for 2019-2021. Traps were deployed at Rosemount (A), Excelsior (B), Hastings (C), and

Forest Lake (D), MN
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respectively), and both had near-perfect agreement based on
CCC alone (Table 2). However, when considering both the
highest CCC and lowest AIC values to measure fit across the
entire distribution (Table 2), the simple degree-day method,
along with recommended lower and upper thresholds, was
selected as the most robust model (Figure 2A).

The best-performing, or optimum model using simple
degree-days, was based on lower and upper thresholds of 15
and 21.7 °C, respectively, with a start date of Jan. 1. All start dates
used in model development did not exhibit any differences in
CCC, so the Jan. 1 start date was selected as the biofix date
(Table 2). Compared to this simple method model (CCC =
0.899), multiple sine-wave models did have a similar CCC value
(CCC = 0.895) at 10% emergence. However, AIC values (ie.,
smaller values indicate better agreement) for these sine-wave
models indicated relatively poorer fit across the entire
distribution of emergence (Table 2). The selected simple
method model had an AIC of 46.23, which ranked 1,137 out
of 7,392 total models for fit across the entire distribution or fell
in the top 89% of the range of AIC values of 44.46 to 60.61. The
top ranked model based on AIC alone (AIC = 44.46) had a
slightly better AIC than the simple model, but also had a poorer
CCC of 0.745 at 10% emergence. The top-ranked sine-wave
model for CCC however, had an AIC of 51.26 and ranked much
lower for 6,195 out of 7,392 models when sorted by AIC alone.

Using these selected parameters for simple degree-days, no
significant differences were observed when adding a site-year

10.3389/finsc.2022.1075807

covariate interaction to intercept [F (5, 141) = 1.03, P = 0.40] or
the degree-day effect [F (5, 141) = 0.11, P = 0.99], which
indicated similar model performance of the degree-day effect
alone across site-years. When performing logistic regression
using only natural-log transformed degree-days as an
independent variable, intercept and slope terms were -43.34
and 7.41, respectively [eq. 1]. Additionally, mean differences
between predicted and observed days for 10% trap-catch, for
model development and validation was limited to
-1.4 d (Table 3).

Datasets used for model validation indicated a lower CCC of
0.785 (Figure 2B) but were still in strong agreement with an r of
0.837 and an A of 0.938. When degree-day accumulation to
proportion trap-catch data were plotted on the log-logistic
distribution, we observe a good fit for both model
development and validation data sets (Figures 3A, B). Finally,
fitting the data to the proposed model indicates that at 257
degree-days (Celsius), adult P. japonica populations will have
reached 10% trap-catch for the season. Furthermore, this model
can be utilized to create spatio-temporal maps adult trap catch
phenology, via the University of Minnesota VegEdge website
(https://vegedge.umn.edu/degree-day-models-select-insect-
pests-midwest-region). The software collects 2.5-km? resolution
daily temperature data to generate 7-day forecasts, provided
through the National Phenology Network (https://www.usanpn.
org/data/agdd_maps), and is used to produce pest development
maps (Figure 4). For the 2022 example shown in Figure 4A, the

TABLE 2 Modeling results to determine the optimum simple vs. sine-wave degree-day models, for 4 Minnesota locations, 2019-2021.

Lower threshold (°C) Upper threshold (°C)

15.0 21.7
15.0 21.7
15.0 21.7
15.0 21.7
15.0 22.2
15.0 22.2
15.0 22.2
15.0 22.2
15.0 22.8
15.0 22.8
15.0 22.8
15.0 22.8
14.4 23.3
14.4 23.3
144 23.3
14.4 23.3
11.7 34.4
11.7 344
11.7 34.4
11.7 35.0

Method Start date AIC cccC
Simple 1 46.226 0.899
Simple 32 46.226 0.899
Simple 50 46.226 0.899
Simple 91 46.226 0.899
Simple 1 47.068 0.899
Simple 32 47.068 0.899
Simple 50 47.068 0.899
Simple 91 47.068 0.899
Simple 1 47.979 0.899
Simple 32 47.979 0.899
Simple 50 47.979 0.899
Simple 91 47.979 0.899
Simple 1 48.599 0.899
Simple 32 48.599 0.899
Simple 50 48.599 0.899
Simple 91 48.599 0.899
Sine-wave 50 51.261 0.895
Sine-wave 1 51.262 0.895
Sine-wave 32 51.262 0.895
Sine-wave 50 51.308 0.895

Best performing model was determined by first selecting for the highest CCC, and then lowest AIC values. This table shows the top 20 models out of the 7,392 iterations created.
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degree-day forecast illustrates an early “hot spot” of adult
activity in the 7-county, Minneapolis-St. Paul, metro area,
compared to several surrounding rural areas.

Discussion

Development and validation of a degree-day model for P.
japonica indicated that a biofix date of 1 Jan., using the simple
average degree-day method was the most precise and accurate
model at 10% emergence, had improved agreement across the
entire emergence curve compared with the best 10% emergence
sine-wave model (Table 2). Overall, for the simple average
model, start dates did not differ in their CCC values (Table 2);
thus, Jan. 1 was selected as a start date to simplify when degree
days should begin to be monitored for the season.

In some cases, sine-wave models did have a better fit across
the whole emergence distribution than the selected simple model
when sorting by AIC alone. However, using only this metric
sacrificed fit at the target 10% emergence needed to alert growers
in a timely fashion. Instead, prioritizing fit at 10% emergence by
first sorting by CCC resulted in a simple model providing the
best prediction out of all models at 10% emergence while still
providing good prediction across the entire distribution where
the selected model ranked 1,137 out of 7,392 total models for
AIC (Table 2; Figure 3). AIC values do not indicate absolute
measures of agreement like CCC, but are useful for making
relative comparisons between models. These results also help
illustrate the need to use multiple measures of agreement in
modeling, especially when needing to optimize targeting a
specific point on the emergence curve for IPM planning versus
modeling the whole emergence period for wider uses. In
addition to increased overall model performance in this
instance, the simple degree-day calculations are less complex
than sine-wave, so the simple degree-day model is likely to have
a higher chance of adoption for use by growers (34). We
therefore recommend beginning the simple average degree-day
accumulation on Jan. 1 using a lower threshold of 15°C (59 °F)
and upper threshold of 21.7 °C (71 °F).

This model will be useful in predicting 10% beetle trap-catch
(257 degree-days, C), which should be early enough in the
season to give growers and crop consultants ample time to

TABLE 3 Summary statistics for predicted versus observed days when 10% trap-catch by P. japonica occurred among 12 site-years for both

model development and validation using the top simple degree-day model.

Development

Validation

Mean error (predicted-observed)

-1.5
-1.5
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Std. Dev Min Max
3.271085 -6 4
4.593474 9 4
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FIGURE 3

Proportion P. japonica adult trap-catch for development (A) and validation (B) of a degree-day model, in relation to cumulative degree-days,
with 95% confidence intervals (red line, predicted model) simple average degree-day model, with a 1 Jan. start date, lower threshold of 15 °C

and an upper threshold of 21.7 °C, MN, 2019-2021.

prepare for in-field sampling, and advance warning of peak
beetle activity. The model can also forecast a reasonable estimate
of beetle trap-catch at 25%, 50% (peak), 75% and 90%, for degree
days of 298, 346, 401, and 465 (°C), respectively (Table 4).
Knowledge of these degree-day forecasts will be useful for
estimating the onset and phenology of trap-catch within a
given year, and for comparing phenology across years.

To date, only a few previous studies have used laboratory-
based developmental rates, and modeling to predict
development of immature stages, to estimate P. japonica adult
emergence or phenology (12, 35, 36). While these studies
provided new insights into specific developmental thresholds
for P. japonica life stages, it is difficult to compare the previous
results with our field-based results. Our study, conducted in
2019-2021, used only ambient air temperatures collected from
nearby weather stations and trap-catch data in the modeling
analysis to attempt to characterize development of individuals in
the soil. Studies conducted by Regniere et al. (12) placed larvae in
individual cups and used laboratory-controlled temperatures to
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record the immature development of P. japonica. Further studies
in the laboratory were conducted to attempt to assess adult
maturation and time to emergence from rearing medium for
several constant temperatures (12). While this information is
important to understanding the biology of larvae, and adult
eclosion, our research aimed to assist with predicted timely
beetle emergence and phenology for IPM applications under
field conditions, often involving multiple unknown variables.
In our study, we initiated data collection after P. japonica
adults eclosed and found that this approach could be useful in
forecasting the adult life stage and are meant to be used as a tool
for monitoring and tracking the adult population, versus
previous studies which looked to measure development. Our
study was designed to allow potential confounding factors from
field conditions that can act as nuisance variables to be
incorporated as background variation across the selected
variables: calculation method, upper and lower threshold, and
biofix date. This allowed us to use air temperature, a more
accessible type of weather data than soil temperature and
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Japanese beetle

adult emergence
simple degree-days:
LT=15°C, UT=21.7°C
As of July 21, 2022

1 0: No

FIGURE 4

determine if air temperature alone could reliably predict
development while immature stages develop in the soil.
However, the tradeoff is that is our model parameters, such as
lower thresholds, are purposely confounded either with

Japanese beetle

adult emergence
simple degree-days:
LT=15°C, UT=21.7°C
As of July 28, 2022

[ 0: No

Example of a P. japonica predictive tool available to growers and crop consultants, via UMN Extension, showing real-time degree-day forecasts for 10-
75% emergence as of July 21°* (A) and July 28" (B) based on adult trap-catch, across Minnesota and nearby states during 2022. Maps are based on the
simple average degree-day model, with lower and upper thresholds of 15 °C and 21.7 °C, respectively. Arrows indicate the 7-county metro area of
Minneapolis-St. Paul, MN, which illustrates earlier beetle trap-catch (A, B), compared to many of the surrounding rural areas.

environmental effects, such as differences in soil and air

temperatures or soil moisture, or as interactions with the other
model terms. While this allows development of models with

simple inputs to represent complex field conditions, our

TABLE 4 Degree-day estimates for the simple model, in °C and °F in relation to predicted adult trap-catch of P. japonica*.

Proportion trap-catch Degree-days °C Degree-days °F
0.10 257 463
025 298 537
0.50 346 623
0.75 401 722
0.90 465 837

*Simple degree-day model using lower and upper thresholds of 15 and 21.7C, respectively (see Table 2). Proportion catch can be calculated using eq. 1 with °C degree-days, intercept -43.34

and slope 7.41. Degree-day requirements, from C to F, where F = C * 9/5 (19, 34).
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parameters will not necessarily be directly comparable to
previous studies in controlled laboratory conditions.

Understanding the differences in the aim of each study helps
to better understand why lower and upper thresholds appear to
be so different across the studies. Ambient air and soil
temperatures are closely related, but depending on the height
both above and below the soil surface where measurements are
taken, there can be substantial differences observed between air
temperature and what the insect actually experiences. These
differences, particularly in temperate regions, often occur during
spring, when soils warm relatively slowly compared to ambient
air temperatures (19). Also, air temperatures can change
drastically depending on cloud cover, precipitation events and
changes in solar radiation (37). By contrast, each of these factors
demonstrate what soil-dwelling insects are going to experience
in different developmental environments when compared to
adult life stages that have completed development and
emerged from the soil (38). Similar to traditional regression
analyses, background variation in an iterative modeling study
such as this can cause parameters, such as lower thresholds
based on air or soil temperatures, to deviate from thresholds
determined in controlled laboratory studies (e.g. 19). For
instance, the best sine-wave model did have a lower threshold
of 11.7°C, which is closer to the lower threshold of 10°C
described by Régniére et al. (12) than the simple model’s lower
threshold of 15°C. The thresholds in our models may be different
than laboratory studies due to the buffering effects of the soil,
differences in how simple and sine-wave calculations accumulate
degree-days, the interaction of those two effects (e.g., how well
each method accounts for soil buffer effects), or any number of
other field or model parameter combinations. Because each
model’s performance is dependent on the combination of
calculation method, upper and lower threshold, and to a lesser
extent for the top models in Table 2, start date, the effect of a
single parameter cannot be easily compared in isolation to
laboratory study thresholds. Other approaches could include
measuring soil temperature directly in a study such as this.
However, ambient air temperature measurements are much
more accessible relative to observed or modeled soil
temperatures, which makes it easier for growers and producers
to efficiently monitor their own degree-days.

Additionally, understanding the behavior of adult P.
japonica after emergence can help explain why in Figures 3A,
B, we observed a slight increase in the spread of observed data
points as the model approaches 50% trap-catch. We speculate
that this occurs for at least two reasons. At 10% trap-catch, or
soon after adult eclosion and emergence, male beetles have
specific tendencies to find a newly emerged, virgin female for
mating (12), and will soon be attracted to the pheromone baited
traps, following mating. These behaviors may explain why we see
such a tight fit to the predicted model as both males and females
will emerge from the soil and stay close to their emergence site
for mating and initial flights to traps. Once mating has occurred
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and virgin females are no longer the majority, males will begin to
expand their behavior to prioritize feeding on suitable hosts, and
potentially move significant distances to seek preferred host
plants such as wild grapes, wine grapes, or raspberry (9, 39-41).
The variation observed in data point spread is an indication of
this phenomenon as trap catch may now be accounting for
beetles that have immigrated from other emergence sites to find
suitable hosts for feeding and mating. Furthermore, progressing
through the season, beetle behavior and flight is heavily
dependent on other environmental factors such as cloud cover,
wind, rainfall, and humidity (9, 42). While these environmental
factors are still important after first emergence, beetles may not
be traveling to other host sites as much due to their priority of
mating with virgin females in the immediate area. However,
even with the wider distribution of data points as degree-days
reach the 50% activity, the model is still a beneficial predictive
tool, especially considering how indiscriminate beetle behavior
and dispersal becomes after initial mating goals have been met.
In addition, the increase in variation is occurring after the
primary target of predicting 10% trap-catch, as an early
warning forecast prior to peak beetle trap-catch at 50%.

Efficient monitoring of crop pests is fundamental to the
success of IPM programs, particularly for invasive arthropod
species (43). Development of this degree-day model for P.
japonica was created with the objective to produce an
additional tool to assist growers, crop consultants, and
regulatory staft, with an early-warning and predictive method
for tracking beetle population phenology more efficiently.
Calculations using a simple degree-day method, with the
recommended lower (15 °C) and upper (21.7°C) thresholds,
and a biofix date of 1 Jan. will provide growers and producers an
early warning forecast for when 10% trap-catch will occur, and
when crops should be monitored more closely for potential
feeding damage (e.g., 17). Even with potential background
sources of environmental variation, this model had very high
agreement at the target 10% emergence predictions, and was one
of the better performing models across the entire emergence
period, which indicates this model can be a reliable and tool with
relatively simple inputs for growers.

As the accumulation of degree-days reaches 257 °C, growers
and regulatory staff can also prepare for the predicted peak beetle
trap-catch, at 346 °C. The recent example, via the University of
Minnesota Extension, VegEdge website (https://vegedge.umn.
edu/degree-day-models-select-insect-pests-midwest-region), is
the regional map of P. japonica beetle phenology, illustrated in
Figure 4. The regional map is updated daily during the growing
season using the simple average degree-day model presented in
Figure 4. The degree-day maps provided real-time updates during
the growing season for both 10% and 50% trap-catch targets; in
addition, 7-day forecasts are also provided (e.g., www.fruitedge.
umn.edu), to assist growers in tracking P. japonica adult activity.
Although our model will be of immediate use in Minnesota, and
likely perform well in other temperate climates, future
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applications beyond the region may require additional validation.
Additional research could also be directed toward improved
understanding of the development and survival of the larval
instars during spring in relation to warming soil temperatures,
and for a variety of climate regions. This could assist with further
understanding of the efficacy of various management strategies
against the larval stage, the role of overwintering soil temperature
stress the larval stage (44), as well as improvements in phenology
models, particularly in newly invaded regions or countries.
Finally, the degree-day model presented here should continue to
be useful to growers for P. japonica management in the future,
given the context of global climate change for the Midwest region.
For example, in Minnesota, ambient temperatures over next 80
years are projected to increase by 4 to 6 °C, during summer and
winter periods, respectively (22).
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From lab to field: biological
control of the Japanese beetle
with entomopathogenic fungi

Tanja Graf“*, Franziska Scheibler™*, Pascal A. Niklaus?
and Giselher Grabenweger*

tExtension Arable Crops, Department of Plants and Plant Products, Agroscope, Zurich, Switzerland,
2Department of Evolutionary Biology and Environmental Studies, University of Zurich,
Zurich, Switzerland, *Department of Environmental Systems Science, ETH Zurich, Zurich, Switzerland

The Japanese beetle, Popillia japonica, is an invasive scarab and listed as
quarantine organism in many countries worldwide. Native to Japan, it has
invaded North America, the Azores, and recently mainland Europe. Adults are
gregarious and cause agricultural and horticultural losses by feeding on leaves,
fruits, and flowers of a wide range of crops and ornamental plants. Larvae feed
belowground and damage grassland. To date, no efficient and environmentally
friendly control measure is available. Larval populations of other scarab species
such as Phyllopertha horticola and Melolontha melolontha are controlled by
applying spores of the entomopathogenic fungi Metarhizium brunneum and
Beauveria brongniartii to larval habitats. Here, we tested this control strategy
against Japanese beetle larvae in grasslands, as well as spore spray applications
against adults in crops. Using both, large-scale field experiments and inoculation
experiments in the laboratory, we assess the efficacy of registered fungal strains
against Japanese beetle larvae and adults. Metarhizium brunneum BIPESCO 5
established and persisted in the soil of larval habitats and on the leaves of adult’s
host plants after application. However, neither larval nor adult population sizes
were reduced at the study sites. Laboratory experiments showed that larvae are
not susceptible to M. brunneum ART 212, M. brunneum BIPESCO 5, and B.
brongniartii BIPESCO 2. In contrast, adults were highly susceptible to all three
strains. When blastospores were directly injected into the hemolymph, both
adults and larvae showed elevated mortality rates, which suggests that the cuticle
plays an important role in determining the difference in susceptibility of the two
life stages. In conclusion, we do not see potential in adapting the state-of-the-art
control strategy against native scarabs to Japanese beetle larvae. However,
adults are susceptible to the tested entomopathogenic fungi in laboratory
settings and BIPESCO 5 conidiospores survived for more than three weeks in
the field despite UV-radiation and elevated temperatures. Hence, control of
adults using fungi of the genera Beauveria or Metarhizium is more promising than
larval control. Further research on efficient application methods and more
virulent and locally adapted fungal strains will help to increase efficacy of
fungal treatments for the control of P. japonica.

KEYWORDS

Popilla japonica, Beauveria brongniartii, Metarhizium brunneum, field experiments,
virulence, adult, larva, spore injection

55 frontiersin.org


https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/full
https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/full
https://www.frontiersin.org/articles/10.3389/finsc.2023.1138427/full
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/finsc.2023.1138427&domain=pdf&date_stamp=2023-05-10
mailto:tanja.graf@agroscope.admin.ch
https://doi.org/10.3389/finsc.2023.1138427
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/insect-science#editorial-board
https://www.frontiersin.org/journals/insect-science#editorial-board
https://doi.org/10.3389/finsc.2023.1138427
https://www.frontiersin.org/journals/insect-science

Graf et al.

1 Introduction

The Japanese beetle (Popillia japonica) is one of the most
important invasive insects threatening the agricultural and
horticultural sectors in its invasive range, and is listed as a
priority quarantine pest in the European Union (1) and other
countries (2, 3). It was accidentally introduced to the USA in the
beginning of the 20" century (4) and spread from New Jersey to the
west coast, up to Canada, and to the south of the USA (5). Since
2014, the Japanese beetle is present on mainland Europe (6), where
it has spread from northern Italy (Piedmont and Lombardy) into
southern Switzerland (Ticino), expanding its range each year. Both
countries have designated infested zones where phytosanitary
measures are in place to limit its spread (7-9).

Unlike many other insect pests, Japanese beetle cause significant
damage as both larvae and adults. Larvae are white grubs that feed
preferentially on grass roots (4), causing damage to grasslands,
football fields, golf courses and other areas with turf (10-12). After
emerging in early summer, adults move from the larval habitats to
feed on their host plants, where they live for four to six weeks. They
are gregarious and polyphagous, feeding on leaves, flowers, and
fruits of more than 300 plant species including grapevines, stone
fruits, berries, maize, soybean, roses and forest trees (4). Currently,
the control of Japanese beetle adults and larvae mainly depends on
the use of synthetic insecticides (13, 14), with the cost of damage
and control measures estimated at more than $400 million per year
in the USA alone (15). Besides these monetary costs, large-scale
insecticide applications to control this invasive pest pose a risk to
the environment and human health (16-18).

To date, no efficient and environmentally friendly control
strategy exists against Japanese beetles (14). However, several
biological agents have the potential to control this species,
including parasitic nematodes (Steinernema sp. and
Heterorhabditis sp.), bacteria (Paenibacillus popilliae and Bacillus
thuringiensis var. galleriae), and entomopathogenic fungi
(Metarhizium spp. and Beauveria spp.; 13, 14, 19-21).
Entomopathogenic fungi have proved effective against many
insect pests in the Coleoptera, Lepidoptera and Diptera, and fungi
of the genera Beauveria, Metarhizium, Isaria and Lecanicillium are
commercially applied worldwide (22-26). These fungi infect their
insect hosts by attaching to and breaching the cuticle (27). For
successful infection, the number of adhering spores is crucial, as
mortality is dose dependent (28, 29). Once the fungi have reached
the hemolymph of the insect, they form blastospores and exploit the
nutrients of the insect (30). Upon the death of the host the fungus
grows out of the insect to form new conidiospores (31, 32). The
duration of fungal incubation can vary from a few days to a couple
of months, and depends on the insect species, the virulence of the
fungus and environmental conditions (32, 33).

In Switzerland, adults and larvae of native scarab beetles such as
the cockchafer (Melolontha spp.), the June beetle (Amphimallon
spp.), and the garden chafer (Phyllopertha horticola) are highly
susceptible to different strains of Beauveria brongniartii or
Metarhizium sp., depending on the scarab species (33-36). In
contrast to the Japanese beetle, these native scarabs almost
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exclusively cause damage in their larval stages. Thus, the state-of-
the-art control strategy against native scarabs consists of culture of
the appropriate fungal strain on sterilized barley kernels and
application of fungus-colonized barley kernels (FCBK) with a no-
till seeder to the larval habitats (meadows, pastures, or turf; 36-38).
The Japanese beetle is closely related to these native scarabs and
shares a similar ecological niche and life cycle. Under laboratory
conditions, several fungal strains (Metarhizium spp. and Beauveria
spp.) have proven successful in infecting and killing Japanese beetle
larvae or adults (39-42). Furthermore, Behle et al. (21) achieved a
moderate to good control of larvae when applying the fungal strain
Metarhizium brunneum BIPESCOS5/F52 (Bip5) to turf in well-
controlled small scale-field experiments. However, there remains
a lack of research to test the efficacy of large-scale field application
of entomopathogenic fungi against Japanese beetle larvae
and adults.

Here, we tested the application of Bip5 against Japanese beetle
larvae and adults in the field. We hypothesized that the Japanese
beetle can be controlled in a similar way to its native relatives in
Europe. Thus, we tested the application of FCBK for control of
larvae on the Japanese beetle. Furthermore, we also assessed the
efficacy of a spray application of a Bip5 conidiospore suspension to
control adult populations. The objective of the field experiments
was to monitor the ability of Bip5 to establish and survive in both
adult and larval habitats and to measure its effect on insect survival
and the damage caused by adult beetles.

Additionally, we carried out two sets of laboratory experiments
with the overall aim of assessing the susceptibility of Japanese beetle
larvae and adults to three commercially available fungal strains, M.
brunneum ART 212, M. brunneum BIPESCO 5, and B. brongniartii
BIPESCO 2, under standard laboratory conditions. These
experiments revealed host stage-related differences in
susceptibility to fungal infection and we hypothesized that they
may be explained by cuticular defense mechanisms. We anticipated
that larvae have a stronger cuticular defense against soil-borne
pathogens than adults, owing to the long subterranean development
of the former. Moreover, we expected blastospores to induce faster
speed of kill under laboratory conditions due to their fast
germination and growth, while more robust conidiospores may be
slower in infesting their host.

Our experiments help to assess the potential of entomopathogenic
fungi as biocontrol agents against Japanese beetles in the field, and to
better understand the mechanisms underlying host-stage-specific
virulence of the applied fungal strains.

2 Material and methods
2.1 Fungal strains

All fungal strains used in the field and laboratory experiments
are commercially available. Beauveria brongniartii BIPESCO2
(Bip2) was originally isolated by H. Strasser from infected
Melolontha melolontha (43), Metarhizium brunneum BIPESCO5
(Bip5) was isolated in Austria from infected Cydia pomonella (44),
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and ART 212 was isolated from Agriotes sp. at Agroscope
(Switzerland). To ensure the fitness of the fungal strains, we
isolated spores from mycosed cadavers of Japanese beetle (Bip5
and ART 212) and cockchafer (Bip2) larvae from previous
inoculation experiments and plated them on selective medium
plates (SM: sabouraud 2% glucose agar (SDA) supplemented with
cycloheximide (0.05 g/1), streptomycin sulfate (0.6 g/1), tetracycline
(0.05 g/1), and dodine (50 mg/l); 45). The F2 generation was grown
for two weeks at 22°C and 80% RH in darkness and stored at 5°C
after the fungi fully sporulated on the plates.

2.2 Meadow field experiments

To test whether the state-of-the-art control of native relatives is
effective for Japanese beetles, we carried out two field experiments on
meadows infested with Japanese beetle larvae in Piedmont, Italy. Each
experiment consisted of 18 plots (9 x 10 m). Experiment 1 (45.6373°N,
8.6087°E, 311 m a.s.l.) was set up in September 2018 when second and
third instar larvae were present. Three treatments (six plots each) were
established: Bip5 FCBK (applied with a no-till seeder at an equivalent
concentration of 10 conidiospores ha™), treatment control (treatment
with no-till seeder without FCBK), and a control (untreated).
Experiment 2 (45.6354°N, 8.6377°E, 191 m as.l.) was set up in May
2019 before adults emerged and laid new eggs. Nine plots received the
Bip5 FCBK treatment, the other nine plots were left untreated as
control. This second meadow was irrigated once with 30 mm water
during peak flight in July 2019 because the soil was very dry.

2.2.1 Fungal inoculum

Bip5 was grown on sterilized barley kernels in polypropylene
zipper filter bags (Sac O,, Deinze, Belgium; 2 kg unpeeled barley, 1.5 L
tap water per bag). The bags were inoculated with sporulating Bip5
culture (F3 generation) that had been grown on complete medium
plates (CM: 10 g glucose, 0.36 g KH,PO,, 1.78 g Na,HPO,, 1 g KCI,
0.6 g MgS0O,7H,0, 0.6 g NH,4NO;, 5 g yeast extract, 20 g agar per 1 L
distilled water; 46; one plate per bag). Bags were incubated for 6-8
weeks at 23°C in the dark and were mixed after approximately two
weeks to increase conidiospore production. When fully sporulating,
FCBK bags were stored at 5°C until use. Conidiospore concentration
was determined by washing the spores from a subsample of each bag
with 0.1% aqueous Tween 80 (Sigma-Aldrich, Seelze, Germany) and
counting them with a hemocytometer.

2.2.2 Sampling

Soil samples were taken to estimate the number of Metarhizium
sp. colony forming units (CFU) in the soil before and after the
application of treatments. Four soil samples per plot (6 cm diameter
x 10 cm depth) were pooled, mixed, and stored in plastic bags at 5°
C until processing. The Metarhizium sp. CFU g of soil were
estimated as described by Kessler et al. (37). From each pooled
sample, three subsamples of 20-24 g were taken, suspended, and
plated on SM. After two weeks of incubation (22°C, 70% RH,
darkness), we counted the Metarhizium sp. colonies on each plate
and determined CFU g of soil dry weight. We measured the water
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content of the soil samples gravimetrically. The mean of the three
subsamples per plot was used for statistical analyses.

Larval density in the meadows was estimated by counting all
Japanese beetle larvae present in five 20 x 20 x 10-15 cm soil blocks
per plot. For statistical analysis, we used the sum of the number of
larvae found in the five soil blocks.

2.3 Soybean field experiment

To assess whether Bip5 conidiospores can provide control
against Japanese beetle adults, we carried out an experiment on
an infested soybean field in northern Italy (45.5354°N, 8.6512°E,
177 m a.s.l.). We compared four treatments: 1) Bip5 conidiospore
suspension (10"* conidiospores ha™ suspended in 600 L ha™ water
with 2% Telmion (Omya International AG, Oftringen, Switzerland)
as surfactant); 2) a surfactant control (water with 2% Telmion); 3)
an untreated control; and 4) a reference application of the
insecticide Karate Zeon 1.5 (15 g L' Lambda-Cyhalothrin,
Syngenta, Basel Switzerland, 1.5 L ha™). All treatments were
applied with an air-supported trail sprayer. We divided the field
into 24 plots (6 plots per treatment) of 21x21 m and assigned the
treatments randomly to plots. Treatments were applied at the
beginning of the peak flight in early July 2019 in the morning
and a second time 6 days later in the evening.

2.3.1 Fungal inoculum

Bip5 conidiospores were produced on barley kernels as
described above. Bags with fully sporulating Bip5 were opened
and air dried for 2-3 weeks, then conidiospores were removed from
the barley kernels (mycoharvester VBS (Agriculture) Ltd.,
Beaconsfield, United Kingdom), and stored at 5°C. The spore
concentration of the powder was determined using a
hemocytometer (with the powder in 0.1% aqueous Tween 80
solution). Immediately before application, the conidiospores were
formulated with water and 2% Telmion at the field site.

2.3.2 Sampling

To estimate the number of viable Metarhizium sp. spores on
soybean leaves, we removed nine randomly chosen healthy leaves from
all plots except the insecticide treated plots and stored them at 5°C in
extraction bags (forming subsamples of three leaves per bag; Bioreba
AG, Reinach, Switzerland) until processing. We added 10 mL buffer
solution (0.01M PBS, 0.05% (v/v) Tween 20) to each extraction bag and
homogenized the leaf samples with the buffer in each extraction bag
using a grinding machine. Aliquots of 100 UL of each sample were
pipetted and spread on SM plates for incubation (two weeks at 23°C,
80% RH, darkness). We counted Metarhizium sp. CFU on each plate,
distinguishing them morphologically from other fungi. For statistical
analysis, the mean of the three subsamples per plot was used.

To assess the effects on the Japanese beetle population, we
counted all adult beetles along 5 m transects of two rows of soybean
plants per plot. The sum of all counted beetles per plot was used for
statistical analysis. In addition, we scored damage on five randomly
selected plants per plot (0: no damage; 1: visible damage but less
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than half a leaf skeletonized; 2: leaves are green but at least half a leaf
is skeletonized; 3: at least one fully skeletonized brown leaf). For
each plot, the damage scores of the five plants were summed for
statistical analysis.

The effect of the Bip5 conidiospore treatment and the surfactant
control on the mortality of beetles was assessed immediately after the
first spray application. Ten adults per plot were collected, placed
individually in 90 mL plastic tubes filled with moist peat and hazelnut
leaves as food, closed with a perforated lid, and incubated for five
weeks (23°C, 60% RH, day-night cycle of 16:8 h). We replaced food
weekly and checked for mortality at the same time.

2.4 Laboratory inoculation experiments

We carried out two sets of laboratory experiments where we
combined different application methods (spraying, injection) with
different fungal strains (Bip2, Bip5 and ART 212), spore types, and
respective control treatments (Table 1). All treatments were applied
to either Japanese beetle larvae or adults and the timing of the
experiments was adjusted to the life cycle of the insect.

2.4.1 Insects

Japanese beetle adults and larvae were collected from wild
populations in an infested area in the Swiss-Italian border region.
Prior to experiments, adults were kept for 2-9 days in a refrigerator
(5-6°C, to maintain their fitness) in groups of approximately 50

animals, in plastic containers containing moist peat and vine or

TABLE 1 Treatment combinations in the laboratory inoculation experiments.

Treatment
Experiment 2020

Control

Tween 0.01%

Bip2

Bip5

ART 212
Experiment 2021

Control

Tween 0.01%

H,O

Bip2

Bip5

10.3389/finsc.2023.1138427

hazelnut leaves as food. Larvae were kept for 26-32 days
(experiment 2020) and 3-9 days (experiment 2021), individually
in six-well cell culture plates filled with moist peat and slices of
carrot as food (23°C, 60% RH, day-night cycle of 16:8 h). Before
exposure to treatments, larvae were cooled in a refrigerator (5-6°C,
for approximately 2 h).

2.4.2 Spore suspensions

F2 generation plates of the fungal strains served as starting
material for all spore suspensions. Conidiospore suspensions were
prepared by re-plating the F2 generation on SM plates and washing
spores off fully sporulating cultures (F3) with 15 mL of sterile Tween
80 solution (0.1% v/v). We removed mycelium and other large
particles from the suspensions by vacuum-filtration (Miracloth
filter, Merck KGaA, Darmstadt, Germany). Final spore
concentration was adjusted to 107 conidiospores mL™ by adding
sterile deionized water after counting using a hemocytometer.

Blastospore suspensions were obtained from liquid medium
cultures (medium: 3% sucrose, 2.5% yeast extract, 1% peptone and
1% barley flour in 500 mL deionized water) inoculated with six to
eight 7 mm-diameter plugs from F2 generation plates. After
incubation on an orbital shaker at 250 rpm and 28°C for 3 days
for Bip5, and 25°C for 4 days for Bip2, we filtered the liquid cultures
through Miracloth to remove the mycelium and washed the
remaining blastospores to remove the ingredients of the medium
and mycotoxins produced by Bip2 and Bip5 (centrifugation at
1174g for 20 min, removal of supernatant, resuspension in
deionized water, second centrifugation, resuspension in deionized

Spore type Application method
None None
None Spray
Conidiospores Spray
Conidiospores Spray
Conidiospores Spray
None None
None Spray
None Injection
Conidiospores Spray
Blastospores Spray
Blastospores Injection
Conidiospores Spray
Blastospores Spray
Blastospores Injection

Experiments were performed using third instar larvae and adult Japanese beetles (Experiment 2020, adults in June/July, larvae in October; experiment 2021, adults in July, larvae in September).
We used five replicates per treatment combination, and 15 individuals per replicate. For the spray applications, we used 107 spores mL ™" or 0.01% (v/v) Tween 80. For injections, we used 0.2 UL of

a suspension containing 10 spores mL™" (approx. 200 spores per insect) or deionized water.
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water and filtration using Miracloth). We determined the spore
concentration using a hemocytometer and adjusted to 107
blastospores mL™! by adding deionized water. For the injection of
blastospores, we diluted 1 mL of the blastospore suspension to 10°
spores mL .

2.4.3 Experimental procedure

For the spray treatments, we applied the respective spore solution
using a 30 mL spray flask; each insect received one spray dose from
each side. For the injection treatments, we used microsyringes (10 UL,
G31 injection needle, Hamilton Company, Reno, Nevada) to inject 0.2
UL of the respective suspension behind the third leg of the insect.
Germination rates were higher than 95% for all spore solutions
(quantified by pipetting three times 50 UL of spore suspension on
CM, incubation for 24 h (conidiospores) or 12-18 h (blastospores), and
counting 100 spores at 40x magnification).

After inoculation, insects were held individually in insect tubes
filled with moist peat and hazelnut leaves (adults) or carrot slices
(larvae) as food and closed with a perforated lid. All tubes from one
treatment and one replicate were kept together in a plastic box, and
these boxes were randomly placed on two racks in a climate-
controlled room (23°C, 60% RH, day-night cycle 16:8 h). We
assessed the mortality and fungal infection of the insects weekly
and replaced food at the same time (adults 4 weeks, larvae 10
weeks). Mycosed cadavers were stored at 5°C and fungal spores
were isolated from the cadavers on SM and grown for 2 weeks. The
isolates were kept at 5°C until used for genetic analysis.

2.4.4 Genetic analysis

From the experiments in 2021, we selected fungal isolates
according to morphology from each treatment to confirm their
identity using genetic analysis (simple sequence repeats; SSR).
Isolates were spread on CM plates covered with filter paper. After
4-5 days of incubation, the mycelia were scraped off the filters,
transferred to 2 mL Eppendorf tubes and frozen at -70°C. The
frozen mycelia were lyophilized, and cells were disrupted with glass
beads (3 mm and 1 mm) in a FastPrep-24 homogenizer (MP
Biomedicals, Eschwege, Germany; 25 s at 6 m s’l). We extracted
the DNA (sbeadex plant kit and King Fisher Flex Purification
system, Thermo Fisher Scientific, Waltham, Massachusetts) and
standardized the samples to 5 ng DNA L™

We used six SSR markers in two primer pair sets for each
species to analyze fungal genotypes (Bb1F4, Bb2A3, Bb2F8, Bb4H9,
Bb5F4, Bb8D6 for B. brongniartii; 47; Ma2049, Ma2054, Ma2063,
Ma2287, Ma327, Mal95 for M. brunneum; 48, 49). Reference
strains were included for both species (B. brongniartii, Bip2 and
Bip4; Metarhizium spp., Ma714, Ma500 and Bip5). Multiplex PCRs
and fragment size analyses were performed as described by
Mayerhofer et al. (50) and Fernandez-Bravo et al. (51).

2.5 Data analysis
For all field experiments, data collected after treatment at

multiple time points were aggregated at plot level (the unit of
replication of the applied treatments). We modeled the variables in
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dependence of the applied treatments by using linear models
summarized in analysis of variance (ANOVA) tables. These
analyses were performed for all CFU data, data on larval densities
in the soil of the meadow field experiments, and the abundance of
adult beetles and damage rate of the soybean field experiment. The
dependent variables of the two meadow field experiments were
square-root transformed before aggregation to increase
homoscedasticity. To test for different temporal dynamics in the
different treatments, we first regressed the dependent variables
against time, and then analyzed the temporal trends (slopes) with
a one-sample t-test. This two-step procedure avoids the modeling of
serial residual correlation structure, without loss of information.
CFU data from both meadow field experiments were square-root-
transformed before regression to increase homoscedasticity.

For the meadow fleld experiment 2 and the soybean field
experiment, we expected a natural gradient in the insect
populations on the study sites due to their surroundings.
Therefore, we added to each of the datasets the variables X and Y
to account for the order of the plots. We included those variables as
factors into our analysis and fitted them before the
applied treatments.

Insect mortality was analyzed using discrete-time hazard
models. Specifically, we used a binomial generalized linear model
with mortality measured during intervals as dependent variable,
with complementary log-log link and the logarithm of the interval
length as offset (ASReml-R V4 package, VSNi, Hemel Hempstead,
UK). The fixed-effect terms were, in this sequence, interval, the
experimental treatments, and the interaction between interval and
these treatments. Note that an interaction between interval and any
of the treatment indicates a deviation from proportional hazards.
The box that harbored the group of initially 15 insects was fitted as
random effect. To further inspect effects of the experimental
treatments, we decomposed these into a series of individual
contrasts and interactions with the time intervals. See results
for details.

3 Results
3.1 Meadow field experiments

The application of Bip5 FCBK increased the abundance of
Metarhizium sp. CFU in the soil in both experiments
(Figures 1A, C; experiment 1, F; 15 = 145, P < 0.001; experiment
2, F;, 14 = 51, P < 0.001). Despite increased CFU densities, Bip5
FCBK applications failed to reduce the larval populations
significantly (Figures 1B, D). In experiment 1, we found no effect
of Bip5 FCBK treatment on the larval population (F,, 5 = 0.5, P >
0.5); however, the population decreased over winter by
approximately 50% irrespective of the treatment (¢;,= 10.2, P <
0.001). In experiment 2, the larval population was in general lower
in Bip5 FCBK treated plots compared to the control, but the effect
was non-significant (F;, 14 = 3.3, P = 0.089). We did not find high
winter mortality in experiment 2. Metarhizium sp. CFU numbers
decreased over winter in Bip5 FCBK treated plots in both
experiments (slopes differ from 0, experiment 1, t5 = -2.6, P <
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FIGURE 1

Number of Metarhizium CFU g™* soil on square-root transformed y-axis (A, C) and mean number of larvae with standard error (B, D) before and

after treatments.

0.05; experiment 2, tg = -2.7, P < 0.05) but remained constant in the
control and treatment control (slopes do not differ from 0,
experiment 1, ;= -1.4, P > 0.1; experiment 2, tg= 0.8, P > 0.1).

3.2 Soybean field experiment

No Metarhizium sp. CFU were found on soybean leaves before
treatment and the application of Bip5 conidiospores increased the
number of Metarhizium sp. CFU g leaf tissue significantly
(Figure 2A; Table 2). CFU numbers decreased in Bip5
condiospore treated plots over time (slope differs from 0, t5 =
-3.1, P < 0.05), but the treatment effect persisted to the last sampling
at day 29.

The insecticide Karate Zeon significantly reduced the number of
Japanese beetle adults on the soybean plants during the peak flight
period (Figure 2B; Table 2). The Bip5 conidiospore suspension and
the surfactant control had a moderate effect on beetle abundance on
the soybeans, but there was no additive effect of the Bip5
conidiospores above that of the surfactant alone (Table 2). The leaf
damage score of the insecticide treated plots was significantly lower
than for all other treatments, while the Bip5 conidiospore treatment
and the surfactant control did not differ from the untreated control
(Table 2). Damage rates remained at pre-infestation levels when the
insecticide Karate Zeon was applied (Figure 2C; slopes do not differ
from 0, ts = 0.9, P > 0.1). In contrast, leaf damage increased in all
other treatments (slopes differ from 0, Bip5 conidiospore suspension,
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ts = 3.2, P < 0.05; surfactant control, t; = 7.6, P < 0.001; untreated
control, t5 = 4.0, P < 0.05). The Bip5 conidiospore application in the
field had a strongly significant effect on the mortality of the beetles
when incubated in the laboratory, in comparison with the surfactant
control (Figure 2D; F; 3, = 11.5, P < 0.01).

3.3 Laboratory inoculation experiments

3.3.1 Mortality

In general, adult Japanese beetles were more susceptible than
larvae to the application of conidio- or blastospores of Bip2, Bip5
and ART 212. The spray application of conidio- or blastospores of
all three fungal strains did not affect the mortality of larvae over the
10 weeks of the experiment (Figures 3A, C; Table 3). In contrast,
fungus-treated adults showed elevated mortality already seven days
after infection, with a clear effect on day 14 (Figures 3B, D; Table 3).
All mortality effects were due to the applied fungal spores, with the
corresponding control treatments having no statistically significant
effects (Table 3). Neither fungal strains nor spore types differed in
the mortality rates provoked in adults or larvae (Table 3). Injecting
blastospores directly into the insects significantly increased
mortality rates of both adults and larvae compared to H,O
injection (Figure 3; Table 3). In all experiments, mortality differed
between time intervals (Table 3). However, we found an interaction
between all treatments with blasto-or conidiospores and time
intervals only for adults and not for larvae (Table 3).
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(A) Metarhizium CFU g* leaf tissue on the square root transformed y-axis, showing the mean values of the three samples per plot. (B) Mean and
standard error of total number of beetles counted per plot. (C) Mean and standard error of leaf damage score per treatment. (D) Mortality of beetles
(mean and standard error) collected from the experimental field after the first spray application and incubated in the laboratory. Bip5: Bip5
conidiospore suspension, Control: untreated control, Insecticide: Karate Zeon, Surfactant: surfactant control.

TABLE 2 Analysis of the soybean field experiment.

Dependent variable Term df ddf F P
Log (CFU)
Bip5 < Surfactant, Control 1 15 145 <0.001
Control < Surfactant 1 15 0.06 >0.5
Damage
X 1 18 1.04 >0.1
Y 1 18 23.6 <0.001
Insecticide <> all other treatments 1 18 29.0 <0.001
Bip5 < Surfactant <> Control 2 18 2.30 >0.1
Log (total beetles)
X 1 17 1.87 >0.1
Y 1 17 47.6 <0.001
XxY 1 17 6.07 <0.05
Insecticide < all other treatments 1 17 156 <0.001
Bip5, Surfactant <> Control 1 17 193 <0.001
Bip5 « Surfactant 1 17 0.04 >0.5

Bip5, Bip5 conidiospore suspension; Control, untreated control; Insecticide, Karate Zeon; Surfactant, surfactant control. In bold are the P-values showing significant differences.
Effect of the different treatments on the dependent variables Metarhizium sp. CFU g leaf tissue, damage rating, and the total number of beetles on the soybeans. To disentangle the effects of the
different treatments, we applied contrasts. For the analysis of the total number of beetles, we excluded data from day 29, because peak flight ended prior to that date.
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FIGURE 3

Mortality of Japanese beetle adults and larvae over time. The mortality was assessed over 4 weeks for adults and over 10 weeks for larvae at weekly
time intervals. The figures show the mean number of dead individuals and the standard error. For larvae, results of the first 4 weeks and week 10 are
displayed. (A, B) show the results from the experiments conducted in 2020 with the three fungal strains applied superficially as conidiospores.

(C, D) show the results from the experiments conducted in 2021. Bip2 and Bip5 were statistically indistinguishable from each other; therefore, we
show the aggregated data, broken down by spore type and application method (treatment types).

3.3.2 Mycosis

In the experiment in 2020, Metarhizium sp. were observed
sporulating on one larval cadaver treated with Bip2 and three cadavers
each treated with ART 212 and Bip5. Beauveria sp. did not sporulate on
any larval cadavers. In contrast, all fungal strains were able to successfully
sporulate on the cadavers of adult Japanese beetles. Bip2 (58 mycosed of
73 dead beetles) was slightly more successful in colonizing the treated
adults than Bip5 (47 mycosed of 75 dead beetles) and ART 212 (43
mycosed of 75 dead beetles). We found Beauveria sp. on two cadavers of
adults treated with ART 212. We did not find Beauveria sp. sporulating
on any cadavers of adults in the control groups, but Metarhizium sp.
were found on five adults treated with Tween 0.01%.

In the experiment in 2021, all control treatments together
contained only three mycosed cadavers (one larva and two adults).
One of those isolates was genetically identical with Bip5, the other
two isolates differed genetically from Bip2 and Bip5. A few larval
cadavers from the spray treatments (blasto- or conidiospores)
showed mycosis of Beauveria sp. (10 cadavers) or Metarhizium sp.
(16 cadavers; Supplementary Table 1). In contrast, most adult
cadavers from the spray treatments were successfully colonized by
the respective fungal strain (111 with Metarhizium sp., 133 Beauveria
sp.; Supplementary Table 1). The results were similar for adults and
larvae in the blastospore injection treatments: Bip2 and Bip5 grew on
most of the cadavers of larvae and adults. SSR analysis revealed that
the fungal isolates from the cadavers matched genetically with the
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applied fungal strains in most cases (Supplementary Table 1). We
found only two unknown Metarhizium sp. strains, one each on an
adult and larval cadaver treated with Bip5.

4 Discussion

Japanese beetle adults and larvae cause major damage in their
invasive range. To efficiently protect valuable crops and grassland, a
control strategy targeting both life stages is crucial. We tested the
impact on Japanese beetle larvae in infested meadows of an
application method using M. brunneum Bip5 that is well
established for the control of scarab larvae native to Europe. In
addition, we targeted adults feeding on a soybean field with Bip5
conidiospore spray applications. We found that Bip5 established
and persisted in the soil of larval habitats and on the leaves of
soybeans. However, neither larval nor adult population sizes were
reduced by these treatments at the study sites. Subsequent
laboratory experiments revealed that young third instar larvae
were not susceptible to superficially applied blasto- or
conidiospores of two M. brunneum (Bip5 and ART 212) and one
B. brongniartii (Bip2) strain. In contrast, all spray applications of
blasto- or conidiospores of the same strains increased the mortality
of adults. Both life stages were susceptible to Bip5 and Bip2 when
blastospores were injected directly into the hemolymph of the
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TABLE 3 Analysis of the laboratory inoculation experiments. Effect of the different treatments on the mortality of Japanese beetle adults and larvae.

Term Larvae Adults
Experiment 2020 df ddf [F ‘ P df ddf ‘ [F ‘ P
Time
Interval 9 178.2 2.88 <0.01 3 51.0 17.05 <0.001
Controls
Control < Tween 0.01% 1 16.1 0.18 >0.5 1 35.1 0.06 >0.5
Interval x Control < Tween 0.01% 9 178.2 1.38 >0.1 3 49.6 0.84 >0.1
Fungal treatments
Tween 0.01% < Bip2, Bip5, ART 212 1 16.7 0.31 >0.5 1 31.1 4527 <0.001
Bip2 < Bip5 < Art 212 2 15.6 0.55 >0.5 2 15.6 0.55 >0.5
Interval x Control, Tween 0.01% < Bip2, Bip5, ART 212 27 178.2 0.94 >0.5 8 50.8 3.81 <0.01
Interval x Bip2 < Bip5 < Art 212 18 178.2 0.39 >0.5 5 51.0 1.76 >0.1
Experiment 2021 df ddf F P df ddf ‘ F ‘ P
Time
Interval 9 316.7 3.44 <0.001 3 83.5 27.03 <0.001
Control treatments
Control < H,O injection <> Tween 0.01% 2 37.6 0.82 >0.1 2 92.6 0.16 >0.5
Interval x Control < H,O injection < Tween 0.01% 18 315.7 1.04 >0.1 3 80.1 0.18 >0.5
Spray treatments
Tween 0.01% <> Blastospores' 2 38.2 0.95 >0.1 2 34.9 30.12 <0.001
Time interval x Tween 0.01% < Blastospores’ 18 315.7 0.83 >0.5 6 81.4 4.24 <0.001
Tween 0.01% <> Condiospores’ 2 41.7 0.53 >0.5 2 34.9 27.82 <0.001
Interval x Tween 0.01% < Condiospores' 18 315.5 0.33 >0.5 6 81.3 3.59 <0.01
Blastospores' <> Conidiospores' 3 40.1 0.56 >0.5 3 23.9 0.08 >0.5
Interval x Blastospores' <> Conidiospores’ 27 315.7 0.40 >0.5 9 823 4.10 <0.001
Injection treatments
H,O0 <« Blastospores' 2 26.4 10.13 <0.001 2 44.5 45.01 <0.001
Interval x H,O < Blastospores' 18 316.6 0.86 >0.5 5 80.8 0.14 >0.5
Blastospore application method
Injection’ « Spray" 3 29.6 10.87 <0.001 3 28.4 4.36 <0.05
Interval x Injection < Spray 27 316.2 0.94 >0.5 8 81.9 6.46 <0.001

! These terms include data from Bip2 and Bip5 of the respective application method or spore type. We did not perform separate analyses of the two fungal strains since their effects were

statistically indistinguishable. In bold are the P-values showing significant differences.

We applied different contrasts to disentangle the effects of application methods, spore types, fungal strains, and time interval.

insects, which suggests that the cuticle is an important factor in
determining the difference in susceptibility. We did not detect any
differences in the virulence of the different fungal strains, species or
spore types which shows the robustness of our findings. Our results
suggest that larvae are in general resistant to the three commercially
available fungal strains tested here. Thus, we do not see great
potential in attempting to adapt to Japanese beetle larvae the
state-of-the-art control of native scarabs. However, adults are
susceptible to all three fungal strains. Hence, the control of adults
with entomopathogenic fungi appears to be more promising.

Frontiers in Insect Science

In our meadow field experiments, we found evidence for good
establishment and persistence of Bip5 in the soil, but only a marginal
effect of Bip5 FCBK treatment on the abundance of P. japonica larvae.
This is in contrast with results of Ramoutar et al. (52) and Behle et al.
(21), who found clear, albeit variable, control effects when applying
Bip5 to turf in well-controlled small-scale field trials. In addition,
FCBK application at even lower doses has proven effective in the
control of native grubs, and the method is well established (34). Two
main factors are probably crucial for the success of the studies cited
above. First, clear control effects on white grubs of either Japanese
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beetle, cockchafer (Melolontha spp.), June beetle (Amphimallon spp.)
or garden chafer (P. horticola) were usually obtained when
experiments were conducted in moist environments. Additionally,
high soil temperature in summer promotes fungal growth and larval
infection (53). Furthermore, an intermediate level of moisture and high
temperatures have been shown to be most favorable for the infection of
P. japonica larvae by Metarhizium anisopliae (41), while infectiveness
is reduced under dry conditions (54). Second, the effectiveness of the
fungal treatments is affected by the larval stage targeted (55) with
greatest success reported for measures targeting first or second instar
larvae (21). We conclude that the optimal setting for the control of P.
japonica larvae with entomopathogenic fungi of the genera
Metarhizium are moist soils during summer months, when early
larval instars are present, and larvae are actively feeding directly
below the sod.

These conditions were not met in our studies. In our first field
experiment, Bip5 FCBK were applied in autumn and the soil was
moist during the winter season due to frequent rainfall. However,
most larvae were in their third instar and the activity of both P.
japonica larvae and Bip5, was limited by low soil temperatures. In our
second field experiment, we applied Bip5 FCBK in May to target eggs
and young larval instars. The experimental site received very limited
summer precipitation, and the resulting dry soils diminished the
efficacy of Bip5. We therefore argue that in the actual infested zone in
continental Europe, optimal conditions for entomopathogenic fungi
to infect P. japonica larvae are rarely met, since moist soils, high
temperatures and susceptible larval stages do not coincide.

The control of Japanese beetle adults in the infested zone in
northern Italy relies upon insecticide spraying, leaving organic
farmers without effective control measures against the invasive
pest (phytosanitary service Piedmont, pers. comm.). The spraying
of entomopathogenic fungi would offer an environmentally friendly
option for organic farmers to protect their crops. Our study shows
that Bip5 conidiospores can be applied effectively to soybean plants
and that infective propagules persist on leaves over the entire flight
period of the Japanese beetle, despite exposure to high temperatures
and strong solar radiation. However, Bip5 conidiospore treatment
was not more effective than the spore-free surfactant control. The
effectiveness of these two treatments averaged around 20-30%
(compared to around 70% for the Karate Zeon insecticide
treatment; effectiveness calculated according to Abbott; 56), and
likely is due to the surfactant in the formulation (57). The lack of an
effect of Bip5 conidiospore suspension on the abundance of beetles
in the plots was in stark contrast to the difference in the mortality of
beetles collected from Bip5 conidiospore treated and surfactant
control plots (Figure 2D). One explanation may be that a stronger
or more rapid effect of the surfactant masked the effect Bip5. The
relatively slow action of Bip5 also comes as a disadvantage in
comparison to the insecticide Karate Zeon, which caused an
immediate knock down of the beetles, with effects that lasted
throughout the entire flight period. To accelerate the speed of kill
of Bip5 conidiospore treatments, more spores need to come in
contact with the beetles, since time-to-death is directly correlated
with spore dose (unpublished data; 28). One solution might
therefore be to increase the spore concentration of the applied
suspension, or to spray repeatedly at shorter time intervals.
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Soybean infestation levels in our experimental field were
generally low, with an average of less than three beetles per plant.
Leaf damage did not exceed one fully skeletonized leaf per plant,
even in control plots. This damage level would not have justified the
application of an insecticide against Japanese beetles (14), and it
may be that effects of the Bip5 conidiospore treatment would have
been more readily detectable under a higher insect infestation level.

Our laboratory experiments showed that spray applications of
blasto- or conidiospores caused high mortality in adults but not in
larvae, independent of the fungal strain. This contrasts previous
studies (40, 41, 58); for example, Giroux et al. (40) found no
difference in mortality between adults and larvae of Japanese beetle.
However, that work used extremely high spore doses (40), which
were 8000 times higher than those used here (107 spores mL !, which
is commonly used in bioassays). In other laboratory studies, mycelial
particles were added to soil as source of infection, resulting in elevated
mortality of larvae caused by the applied fungi (41, 58), which
contrasts with our findings. To the best of our knowledge, our
study is thus the first that reports striking differences in the
susceptibility of Japanese beetle adults and larvae to M. brunneum
and B. brongniartii. There is, however, evidence from studies on other
insect species that susceptibility to fungal infection differs between
developmental stages, especially when larvae and adults do not share
the same habitat and are consequently not equally exposed to
entomopathogenic fungi (59, 60). Based on these findings, we
hypothesize that developmental stages with long periods of
exposure to soil-born fungal pathogens show higher resistance to
infection than stages that are exposed for only a short time. In
Japanese beetles, adults are exposed to attack by soil-borne pathogens
during only a very short time at emergence, and in females during
oviposition. In contrast, larval stages are exposed for more than half a
year, between egg hatch and pupation. It follows that defense
mechanisms in the latter should be stronger than in short-lived
adults with limited exposure to soil-borne pathogens.

Results from our injection experiments provide evidence that
this may be true at least for cuticular defense mechanisms in P.
japonica. When we injected blastospores of Bip5 and Bip2 directly
into the insects to override cuticular defense, we were able to infect
both adults and larvae. This indicates that larvae possess a cuticle
that protects them efficiently against fungal attack, while cuticular
defense mechanisms appear to be negligible in adults. This may
seem unexpected, since the heavily sclerotized cuticle of adult
beetles appears very robust when compared to the soft-bodied
larvae. Several studies have shown that M. anisopliae and other
entomopathogenic fungi have difficulties penetrating thick and
highly sclerotized areas of the integument of other beetle species
and cicadas (22, 59, 61). However, spores of M. anisopliae
preferably attach to the intersegmental membranes and around
the setae of locusts (62), and Beauveria bassiana presumably
penetrates Tribolium castaneum larvae through intersegmental
membranes (59). Based on these findings, we hypothesize that the
intersegmental membranes of adult Japanese beetles may be more
prone to fungal attack than the less sclerotized but generally more
robust cuticle of their larvae.

However, our results (Figure 3) suggest that cuticular defense
mechanisms only partially explain the difference in susceptibility of
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adults and larvae. Larvae were still more resistant to Bip5 and Bip2
than adults, even when blastospores were injected. Adults reached
more than 90% mortality after 7 days. In contrast, only around 30%
of the larvae were dead after this period, and mortality averaged
around 90% after 10 weeks only. This suggests that larvae are not
only better protected by their cuticle but also possess more efficient
internal defense mechanisms than adults.

Overall, we were able to successfully establish high numbers of
Metarhizium sp. CFU in the soil by applying Bip5 FCBK. However,
these did not effectively control Japanese beetle larvae in the field.
Our results were similar in two independent field sites at two
different dates, thus encompassing potential differences in
susceptibility of P. japonica according to the larval stage. We are
therefore confident that this finding is robust. We thus cannot
recommend Bip5 FCBK application against Japanese beetle larvae
in the infested zone in northern Italy as it is used against its native
relatives in Europe. While there clearly is room for improvement by
adopting more virulent and better-adapted fungal strains (63), and
by optimizing their field application, our laboratory experiments
indicate that Japanese beetle larvae are generally resistant to
entomopathogenic fungi. This conclusion is in line with a
literature review of laboratory and field experiments that found
that the control of Japanese beetle larvae with entomopathogenic
fungi is erratic and thus not recommended (13). Other
environmentally friendly alternatives such as the application of
entomopathogenic nematodes may be more promising for the
control of P. japonica larvae (20).

In contrast, the control of adult Japanese beetles with
entomopathogenic fungi appears more promising. We found
high susceptibility of adult beetles in laboratory settings to Bip2,
Bip5 and ART 212. Furthermore, we found that Bip5 can be used
in foliar sprays on crops with conidiospores persisting under high
UV radiation and heat. Although we did not find clear effects of
the Bip5 conidiospore suspension on Japanese beetle abundance
or crop damage in a soybean field, we were able to prove Bip5
infections in field-collected adults after application. More efficient
spraying techniques or alternative spore dissemination strategies,
such as attract and infest approaches (64, 65), may lead to a greater
impact on adult P. japonica populations. In field experiments in
which M. anisopliae treated and untreated adult Japanese beetles
were released, a significantly lower number of treated individuals
were recaptured compared to the control group (66).
Furthermore, adults that are attracted to traps equipped with
Metarhizium spp. conidiospores as inoculum are contaminated
with a sufficient spore dose to cause and increase mortality (64,
65). Those contaminated beetles spread the spores to non-infected
conspecifics (64, 65), further increasing fungal disease within the
population. We suggest that it would be valuable to further test
these attract and infest methods in regions with low Japanese
beetle population densities to assess whether it may serve as a tool
to reduce the flying population and, consequently, further spread
of this invasive pest. We conclude that the application of
entomopathogenic fungi can be an important tool in an
integrated pest management strategy targeted against P.
japonica adults but not against larvae.
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Gene silencing in adult
Popillia japonica through
feeding of double-stranded
RNA (dsRNA) complexed with
branched amphiphilic peptide
capsules (BAPCs)

Elijah Carroll ®*, Nitish Kunte ®*', Erin McGraw ®2,
Sujan Gautam ®?2, Ryan Range ®°?, Jose A. Noveron-Nunez ®?,
David W. Held ®° and L. Adriana Avila™

tDepartment of Entomology and Plant Pathology, Auburn University, Auburn, AL, United States,
2Department of Biological Sciences, Auburn University, Auburn, AL, United States

Gene silencing by feeding double-stranded (dsRNA) holds promise as a novel
pest management strategy. Nonetheless, degradation of dsRNA in the
environment and within the insect gut, as well as inefficient systemic delivery
are major limitations to applying this strategy. Branched amphiphilic peptide
capsules (BAPCs) complexed with dsRNA have been used to successfully target
genes outside and inside the gut epithelium upon ingestion. This suggests that
BAPCs can protect dsRNA from degradation in the gut environment and
successfully shuttle it across gut epithelium. In this study, our objectives were
to 1) Determine whether feeding on BAPC-dsRNA complexes targeting a
putative peritrophin gene of P. japonica would result in the suppression of gut
peritrophin synthesis, and 2) gain insight into the cellular uptake mechanisms and
transport of BAPC-dsRNA complexes across the larval midgut of P. japonica. Our
results suggest that BAPC-dsRNA complexes are readily taken up by the midgut
epithelium, and treatment of the tissue with endocytosis inhibitors effectively
suppresses intracellular transport. Further, assessment of gene expression in
BAPC- peritrophin dsRNA fed beetles demonstrated significant downregulation
in MRNA levels relative to control and/or dsRNA alone. Our results demonstrated
that BAPCs increase the efficacy of gene knockdown relative to dsRNA alone in P.
Jjaponica adults. To our knowledge, this is the first report on nanoparticle-
mediated dsRNA delivery through feeding in P. japonica.

KEYWORDS

Japanese beetle, Scarabaeidae, dsRNA (double-stranded RNA), pest management,
nanoparticles, oral delivery
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1 Introduction

Invasive species account for significant ecological and economic
impacts (1, 2). In 1916, a small, metallic-colored beetle from Japan,
Popillia japonica Newman, was first detected near Riverton, NJ,
USA. P. japonica is currently established in 28 states in the US, and
continues to expand its range west and north in North America into
previously non-infested states, territories, and provinces, likely
through human-mediated transport (3, 4). The polyphagous
nature, feeding on >300 plant species, and capable of forming
large feeding aggregations on host plants (5, 6) are key factors in
the success of P. japonica adults as pests in the extended geographic
range. This species is a target for substantial insecticide usage in
both larval and adult life stages, especially in areas with large
monocultures of turfgrass such as roadsides, golf courses, and
urban landscapes (6). Insecticide use targeting P. japonica adults
and larvae are associated with secondary pest outbreaks (7) and
interference with host finding by introduced natural enemies (8).

Targeting insect pests, especially beetles, with double-stranded
ribonucleic acid (dsRNA) molecules has shown great promise as an
alternative to chemical insecticides (9-11). Exogenous dsRNA
activates the RNA interference (RNAi) pathway, which is a
conserved and innate biological defense mechanism in eukaryotic
organisms against viruses and transposons via post-transcriptional
gene silencing (12). Unlike common chemical insecticides, dsRNAs
are designed to target mRNA sequences unique to the target pest
because of the necessity to have high sequence fidelity for gene
silencing to occur (9). Furthermore, dsRNA has a low potential for
persistence in the environment, including soil, sediment, and surface
water compartments, because of its instability in environmental
conditions and rapid microbial degradation (9, 13, 14).

The most field-applicable route of dsRNA delivery is via ingestion
by the target insect (15). So far, the only commercially available dSSRNA
product for insect control is facilitated by genetically modified plants
(10). However, these products involve plant transformation, which is
not feasible for all plants/crops due to the cost and time of production,
and extensive regulatory processes to evaluate environmental risk (16).
Thus, exogenously applied products in the form of bio-pesticides may
be a more feasible and cost-effective method for pest attacking multiple
plant/cropping systems. The general use of dsRNA as an insecticide
has been forestalled by the variability in efficacy of RNAi among
species, life stage, dosage, delivery method, and target gene (15, 17-19).
The observed variability in efficacy may be contributed to degradation
of dsRNA in the environment and in the insect gut, inefficient uptake
by the gut epithelium, defective RISC complex, and impaired systemic
delivery (15, 20-22).The enzymes present in body fluids of P. japonica
are highly efficient at degradation of dsRNA relative to other beetles
that have been successfully targeted (23). Hence, it is imperative to
provide a protectant to dsRNA for silencing effects to occur.

Nanoparticles can help to overcome the technical challenges
associated with the oral delivery and efficiency of dsRNA.
Nanoparticles are typically defined as particles ranging between 1
and 100 nm in size made of a variety of materials (i.e., lipids,
peptides, polymers and metals) (15, 24). In most cases,
nanoparticle/dsRNA complexes are formed by electrostatic
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interactions between the cationic groups of the nanoparticles and
the negatively charged phosphate groups of dsRNA (25).
Nanoparticles can prevent degradation of the dsRNA nucleotides
by nucleases in the salivary glands and in the gut by blocking target
sites for RNases (26, 27). Furthermore, the overall net charge of the
complexes are typically positive, which is suitable for uptake by cell
membranes (25, 28). Our research team developed branched
amphiphilic peptide capsules (BAPCs) (25). BAPCs are formed
through the spontaneous assembly of two branched amphiphilic
peptides, bis(Ac-FLIVI)-K-K,—~CONH, and bis(Ac-FLIVIGSII)-
K-K4-CONH,in water (29). Ingestion of BAPC-dsRNA
complexes targeting a major genes associated with the unfolded
protein response resulted in significant knockdown of gene
expression levels and mortality rates in the red flour beetle
(Tribolium castaneum) and in the pea aphid (Acyrthosiphon
pisum) (25). The properties of BAPCs also make the synthesis
scalable to large scale production as they can be stored for extended
periods, self-assemble in pure water, and are effective at low
UM concentrations.

In this study, BAPC-dsRNA complexes were evaluated for their
efficiency in 1) knockdown of the peritrophin expression and
subsequent mortality post-ingestion in adult P. japonica, and 2)
uptake and transport across the larval midgut epithelial cells.
Silencing of peritrophin can make insect gut more susceptible to
insecticides, phytochemicals and pathogens affecting their
metabolism, growth, development, and survival (30). We also
analyzed BAPCs and BAPC-dsRNA size in a buffered solution
with pH ~7.4 (similar to P. japonica midgut). Finally, we explored
the cellular mechanism for uptake of BAPC-dsRNA complexes and
transport across larval midgut (30). According with the literature
review, this is the first report on gene knockdown in adult
P. japonica using nanoparticle-mediated dsRNA delivery.

2 Methods
2.1 Specimens

Larvae of P. japonica were sourced from a commercial sod farm
near Murfreesboro, TN and collected in April 2022. Larvae used for
midgut assays were maintained by placing them in individual cells
of ice cube trays and fed with carrot strips. In July 2022, field
collected, adult female P. japonica used in the dsRNA feeding trials
were shipped overnight from Michigan State University. The beetles
were maintained in a container with sifted soil and fed on a diet of
crape myrtle (Lagerstroemia indica) and rose (Rosa spp.) flowers.
Female and male beetles were separated based on the morphology
of the tibial spur and only insects that were free of obvious
morphological defects or injuries were used in experiments (5).

2.2 Preparation of BAPCs and
BAPC-dsRNA complexes

To form the BAPCs, two monomeric peptides, bis(Ac-FLIVI)-K-
K,;-CONH, and bis(Ac-FLIVIGSII)-K-K,-CONH,, were synthesized
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using solid phase peptide synthesis as previously described by Avila
et al. (2018) (25). These peptides are referred to as H5 and H9,
respectively, after the number of residues in the hydrophobic branches.
After synthesis, dried peptide was dissolved in trifluoroethanol (TFE).
Concentration of each peptide was determined by measuring the
absorbance of phenylalanine and subsequently dividing that value by
two to account for the two phenylalanine residues per peptide. The two
peptides were then mixed in equimolar ratios to create a ImM final
stock. TFE was then evaporated off using a FreeZone2.5 and
refrigerated Centrivap Concentrator vacuum system (LabConco).
BAPCs were assembled by adding 1 mL nuclease-free water and
allowing the solution to sit at room temperature for 5 min, followed
by an incubation at 4°C for at least 1 hr. At room temperature, the
peptides spontaneously assemble into a bilayer and fuse, and the shift
to 4°C slows the fusing of complexes and locks the BAPCs in a size
range of 50-250 nm. At room temperature, the peptides spontaneously
assemble into a bilayer and fuse, and the shift to 4°C slows the fusing of
complexes and locks the BAPCs in a size range of 50-250 nm. BAPC-
dsRNA complexes were formed by mixing the appropriate
concentration of BAPCs with 111g dsRNA and allowing the mixture
to sit for 15 min at room temperature.

To form rhodamine-labelled BAPCs (Rh-BAPCs), half of the
bis (Ac-FLIVI)-K-K,-CONH, component was substituted with the
same peptide labeled with the N-hydroxysuccinimide ester of
rhodamine B covalently attached to the e-amino group of the C-
terminus lysine (bis (Ac-FLIVI)-K-K;-K(Rh)-CONH,). This
resulted in a final molar ratio of 1 H9: 0.5 H5: 0.5 Rh-H5. Rh-
BAPC-dsRNA complex were formed as described for unlabeled
BAPC-dsRNA complexes.

2.3 Dynamic light scattering and
electrophoretic retardation assay of
BAPCs and BAPC-dsRNA complexes

BAPCs and BAPC-dsRNA complexes were suspended in a
buffer simulating midgut pH, then size was measured via DLS using
the Zetasizer Nano ZS (Malvern Instruments Ltd., Westborough,
MA). A 500uM stock of BAPCs was prepared following the
protocol previously described. BAPCs were then complexed with
1 pg of dsRNA if needed, and the BAPCs or BAPC-dsRNA
complexes were transferred to phosphate buffered saline solution
(pH = 7.4). Samples were incubated at room temperature for 5-10
minutes prior to analysis, and all DLS measurements were
performed in triplicates. For the gel retardation assay, BAPC-
dsRNA complexes of 20uM and 60uM BAPCs complexed with
1ng dsRNA were assembled and incubated in pH 7.4 buffer as
described above. Following, complexes were mixed with RNA gel
loading dye (Invitrogen, Waltham, MA) at a 1:1 ratio. Samples were
then resolved onto a 2% agarose gel composed of 1x MOPS bufter
and SYBR green stain, then electrophoresed at 100 V for 30 min.
Control wells containing 1 pg of dsRNA only and BAPC
concentrations of 20uM and 60 puM without dsRNA were
included. The gel was imaged using ImageQuant LAS 4000 (GE
Healthcare, Pittsburgh, PA, USA).
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2.4 Selection of target gene and
dsRNA synthesis

Due to availability of only five known mRNA sequences of P.
japonica in NCBI database, we chose peritrophin, one of the
available sequences, as a target for RNAi. Peritrophins play key
protective roles during food processing in feeding life stages,
growth, and development of larvae. To synthesize dsRNA, first
total RNA was extracted from the gut tissue of P. japonica using a
commercially available TRIzol reagent. After purification of total
RNA, the RNA was reverse transcribed to ¢cDNA using
SuperScript II First-Strand Synthesis System, and the genomic
DNA was removed by DNase I treatment (Invitrogen). The
synthesized cDNA was then used as a template for the
amplification of the peritrophin gene segment using following
primers; forward primer: GCTGGTACCTACTTCAATCC,
reverse primer: CATACAACCTGCATCTTCGG. Both primers
were designed manually to amplify the peritrophin gene segment
of ~300 bps with T7 promoter sequence flanking at 5’ end of both
primer sequences. Upon amplification and purification of T7
flanked peritrophin DNA, sense and antisense RNA strands were
synthesized separately as per manufacturer protocol using
TranscriptAid T7 High Yield Transcription Kit (Thermo
ScientiﬁcTM, Carlsbad, CA, USA). After transcription, the sense
and antisense single-stranded RNA (ssRNA) were purified using
LiCl precipitation, quantified using nanodrop and resuspended
in duplex buffer (Integrated DNA Technologies Inc., USA). For
annealing, both RNA strands were mixed in 1:1 molar ratio and
annealed as recommended by the supplier. The quality of dsRNA
was verified by 1% agarose gel electrophoresis and using a
Nanodrop technique. In addition, we synthesized dsRNA
sequence non-specific to P. japonica and used as a non-
specific control.

2.5 Adult feeding and survivorship assay

One day prior to the experiment, 120 adult female beetles were
randomly selected from a container and transferred to a plastic cup
(Dart, Mason, MI) and deprived of food for 24 hr prior to feeding.
Whatman GF/A filter papers (25 mm diam., Cytivia life sciences,
Marlborough, MA) were cut into quarters and pinned between two
5 x 5 mm pieces of transparency film (Tri-state Visual Products,
Highland Heights, KY) using stainless steel insect pins. Each filter
paper quarter was treated with 40 uL of a 1 M sucrose solution and
allowed to dry for 12 hr prior to applying the treatment to promote
adult beetles feeding. Adult P. japonica will feed on filter papers
amended with 1 M sucrose (31). Upon drying, filter papers for seven
different treatment groups and 15 biological replicates were
prepared by applying 40 pL of BAPC-dsRNA complexes.

On day 0, 100 food-deprived beetles were selected for the
survivorship assay. Individuals were tested for vigor by flipping
them on their dorsum and used only if they could right themselves
within 5 min. Selected beetles were then transferred into an
individual wax-bottomed plastic cup and randomly assigned to
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one of the seven treatments. Three extra beetles were randomly
selected, deprived of food for 24 hr and their midgut tissues were
isolated and preserved in TRIzol to assess effect of starvation on
peritrophin gene expression. Once the beetles were transferred to
wax-lined cups, filter paper quarters with BAPC complexes were
placed inside and all beetles were transferred into a growth chamber
at 25 £ 0.5° C. Beetles were allowed to feed until a treatment group
had consumed either an average of 2/3 (66%) of the filter paper or
24 hr whichever occurred first. Post feeding, all filter papers were
replaced with leaf disks (20 mm diam.) taken from freshly collected
Virginia creeper (Parthenocissus quinquefolia) foliage, followed by
replacement of these leaf disks daily until day 6. Until the end of
experimental protocol or observed mortality, beetles were tested
daily for vigor as previously described. Beetles that failed to vigor
response were considered dead and eliminated from the study.
Three beetles from each group were selected at random and
dissected to isolate gut tissue for RNA extraction and analysis.

On day 7, a second dose of respective treatments was
administered to surviving beetles through filter papers using the
same methodology as described above. Data on survivorship was
collected every 24 hr until day 14. Filter paper consumption was
calculated using Image-J (32) by collecting the filter papers quarters
after both doses. The area of filter paper after the assays was
measured then a percentage of area consumed was calculated
based on the initial area. The initial area was the average of six
filter paper quarters not provided to beetles.

2.6 Quantitative polymerase chain reaction

Total RNA was isolated from adult P. japonica gut tissue with
TRIzol Reagent (TRIzol (Ambion, Inc., Carlsbad, CA, USA). RNA
concentration was measured using nanodrop and quality was
evaluated using 260/280 and 260/230 ratio. cDNA was
synthesized using SuperScript II Reverse Transcriptase
(Invitrogen, Carlsbad, CA) according to manufacturer
instructions and used as a template for the RT-qPCR. Each RT-
qPCR sample contained 10 pL of synthesized cDNA, 0.8 pL of each
primer (10 uM forward and reverse), 0.9 uL of nuclease free
ddH20, and 12.5 pL of Perfecta Sybr Green Supermix (Quanta
Biosciences, Gaithersburg, MD, USA); totaling 25 uL. All reactions
were performed using SYBR Green Master Mix and amplified under
the following cycling conditions: beginning cycle at 95°C, 40 cycles
at 95°C for denaturation, followed with 30s at 65°C for annealing
and extension, and ending with generation of a melting curve
consisting of a single peak to rule out non-specific product and
primer dimer formations. Each treatment group contained three
biological replicates and two technical replicates. The expression
levels of peritrophin and the number of transcripts per sample was
estimated based on the Ct value. Due to unavailability of
housekeeping gene sequences in P. japonica, we used B-actin gene
sequence from the closely related species Oryctes rhinoceros
(Coleoptera: Scarabaeidae) to design primers and used as an
internal loading control. Generated cDNA was then used to
quantify changes in gene expression levels among different
treatment groups by RT-qPCR. The expression levels of the genes
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were determined by 2—-AACt* proportional calculation method.
(The fold changes in peritrophin transcript levels relative to the
B-actin). For statistical analysis, we performed a one-way ANOVA
with Tukey’s post-test to evaluate differences between treatment
group P < 0.05.

2.7 Larval midgut transcytosis assay

To elucidate if transcytosis was involved in the translocation of
BAPCs through midgut epithelium cells, live third instar P. japonica
larvae were dissected to isolate the midgut tissues. The preparation
for assays in the Ussing chamber have been described in our
previous work (29). Larvae used in this assay were stored in a
fridge at 4°C for 48 hr prior to dissections to stabilize the gut tissues.
Incisions were made along the lateral-medial line of the larvae from
the anterior to the posterior using corneal scissors. Insect pins were
then used to secure the integument onto the dissection tray and
expose the digestive tract. Incisions were performed on the midgut
by making lateral-medial incisions anteriorly from the third gastric
caecum. The tissues were then isolated from the body, rinsed with
insect physiological solution described previously (29), and
immediately mounted onto a modified 0.01 cm? slide. Dissected
midgut tissue from larvae was inserted into a tissue holder slide
which was placed inside of a Ussing chamber. This chamber creates
an ex vivo gut environment through which transport of molecules
across tissue may be studied. Buffer containing rhodamine dye
labelled BAPCs was added to the luminal side of the tissue, and
transcellular transport was determined by measuring rhodamine
dye fluorescence on luminal as well as hemolymph side at discrete
time points. Dissections were conducted with meticulous effort to
avoid tissue punctures and to conserve orientation of the tissue
relative to the lumen and the hemolymph.

After mounting, slides were slotted into the two-sided chamber,
where tissues were then perfused with 3 mL of lumen or
hemolymph buffer according to tissue orientation (29). To study
the effect of inhibiting endocytosis on the transport of BAPC-
dsRNA complexes, three replicate tissues were pre-incubated with
10uM chlorpromazine (CPZ) for 30 min before the addition of Rh-
BAPC-dsRNA complexes. A final concentration of 50 pM Rh-
BAPCs with or without 1 ug dsRNA was then added to the lumen
side. Tissues were exposed for a period of 120 min, after which
fluorescence was read using a BioTek Cytation 3 plate reader (hex =
544 nm; Aem = 576 nm). Change in relative fluorescence over time
was plotted to visualize the transport of Rh-BAPCs due to
transcytosis. Fluorescence was measured in arbitrary fluorescence
units (AFU’s). To account for the variability of relative fluorescence
between replicates, data were normalized using proportions.

2.8 Statistical analysis

Data analysis and plots were done using GraphPad Prism
(version 8.0.0 for Windows, GraphPad Software, San Diego,
California USA). To estimate the sample size in the survivorship
assay, we employed the “resource equation method” (33). For
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survival curves we used the Log Rank Test. For the gene expression
analysis, consumption of filter papers, and DLS experiments, we
used one-way ANOVA using Tukey as post-test. Transcytosis
experiments were analyzed using two-way ANOVA and Tukey as
post-test. An alpha level of P<0.05 was used for all analyses.

3 Results

3.1 P. japonica artificial diets supplemented
with BAPC-dsRNA complexes

Males often perform less consistently in feeding assays relative
to females because their behavior is more directed toward mating
(31). Thus, we included adult females exclusively to evaluate the
efficiency of the BAPCs to deliver dsRNA targeting peritrophin
through feeding. As described in the methods section, the BAPC-
dsRNA complexes were applied on filter-paper containing sucrose,
a common phagostimulant used in P. Japonica assays (34, 35). The
potential of BAPCs to deliver dsRNA in P. japonica was evaluated
through survival assay and gene expression analysis.

We delivered two doses of BAPC-dsRNA complexes through
feeding on day 0 and day 7, allowing them to feed on the treatment
up to 24 hr (Figures 1A, B). Subsequently, we monitored all beetles
daily for mortality up to 14 days (normal life span of adult P.
japonica is 30-45 days). Survivorship by 14 days was only 33% in

10.3389/finsc.2023.1151789

insects fed on diets containing 1 ug dsSRNA+60 uM BAPCs (t;, - 7
4)- On the other hand, 60% and 53% survivorship were observed at
14 days in beetles fed only dsRNA and untreated control groups,
respectively. This difference in survivorship was not significant as
determined by a log-rank test (Day 7: P= 0.12 & Day 14: P = 0.6, df=
I). Feeding of beetles on a diet of non-specific (non-peritrophin)
dsRNA or with lower BAPCs concentration (1 ug dsRNA+ 20 uM
BAPC:s) also had no effect on survival (t;,, - 14 4) (Figure 1C).

Consumption of filter papers vary greatly among individuals within
same treatment group, therefore the average dosage delivered would be
lower than provided. We calculated surface area of filter paper
consumed as a proxy for dose ingested within 24 hr before being
replaced with a diet of Virginia creeper leaf discs. On average, 38% of
the filters were consumed across treatments, with an average of 22% of
the filter paper consumed in the control dsRNA treatment
(Supplementary Figure 1) (P<0.01, F = 3.087, Dfn =6, Dfd=139).
Thus, less than 1 pg of dsSRNA dose is sufficient to induce significant
knockdown effects when delivered with the aid of an effective
concentration of BAPCs.

3.2 Assessment of peritrophin-mRNA levels
isolated from P. japonica midgut

We quantified the peritrophin transcript levels by RT-qPCR
analysis to confirm that dsRNA induced gene silencing in the
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FIGURE 1

14

Survival curves of P. Japonica post-ingestion of BAPCs formulations: Experimental outline of dsRNA feeding assay in P. japonica adult females (A).
Treatment groups included in the feeding assay (B). The survival curve of P. japonica females upon feeding on BAPCs complexed with peritrophin-
dsRNA (n = 15) (C). The data were analyzed using a log rank test. There were no significant differences between treatment groups (P >0.05)
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targeted gene. Ingestion of 20 WM BAPCs+ 1 pg dsRNA resulted in
a 30-fold decrease in peritrophin gene expression, which was
significantly different (P<0.05, F= 6.840, Dfn= 4, Dfd= 10) from
the dsRNA alone group. Similarly, 60 uM BAPCs+ 1 g dsRNA had
the greatest gene silencing rate, with knockdown of expression by
approximately 34-fold relative to non-treated control group
(Figure 2). Although, quantification of the mRNA transcripts is
congruent with the trends observed in the survivorship study, our
results support the concept of BAPCs nanoparticles acting as
dsRNA stabilizer, and cellular uptake enhancer. Furthermore, we
also analyzed the integrity of the BAPCs formulations by measuring
the size in a buffered solution with a pH similar to the P. japonica
midgut (pH=7.4) (5).

3.3 Biophysical characterization of BAPCs
and BAPC-dsRNA complexes

From a biophysical perspective, the stability or integrity of
nanoparticles is used to describe the preservation of a particular
nanostructure property (i.e., size). We assessed BAPCs stability by
incubating in buffer of pH 7.4 using dynamic light scattering (DLS),
According with Figure 3A, the BAPCs-dsRNA complexes displayed
a size ranging between 250 to 350 nm, a size that is consistent with
our previously reported DLS measurements performed in distilled
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FIGURE 2

Analysis of gene expression upon dsRNA mediated gene silencing:
peritrophin-mRNA transcript levels in the midgut of P. japonica upon
feeding on BAPCs complexed with and without dsRNA analyzed using
RT-gPCR. Fold change in peritrophin expression is normalized using
B-actin as an internal control. Differences between values were
compared by one way ANOVA using Tukey as post-test. Statistical
significance: (¥) P < 0.05; (**) P < 0.01. Non-statistical significance (ns)
was considered when P > 0.05.
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water (29). BAPCs (60 M) not associated with dsRNA exhibited a
significant (F = 10.45, P= 0.0002, Dfn=3, Dfd=20) smaller
hydrodynamic diameters than the BAPC-dsRNA complexes,
confirming that the association of dsSRNA increases the size of the
BAPCs or causes BAPCs to cluster together. Furthermore, these
results indicate that the complexes do not dissociate or aggregate in
the buffered solution, proving structure stability in a pH
environment consistent with the gut of P. japonica adults.
Although multiple variables can play a role in nanoparticle
stability inside the midgut, the pH is critical since it can lead to
variation in nanoparticle charge and oxidation state. Regarding
nuclease degradation of dsRNA, studies performed in mammalian
cells support the notion that BAPCs protect dsRNA against
nuclease degradation (29, 36). Target sites of RNAs might no
longer be accessible to the catalytic core of RNases after the
association with the BAPCs surface (37). It is important to
mention that nucleases exclusively affect the dsRNA structure and
not BAPCs. The downregulation of the peritrophin transcript levels
also support the notion of nuclease protection conferred by BAPCs.

To elucidate the dsRNA binding capacity of BAPCs at
concentrations used for the survivorship assay, we evaluated their
electrophoretic mobility in a 2% RNA agarose gel. Our results
indicated that association of dsRNA with the BAPCs surface led to a
decreased migration of dsRNA that was dependent on BAPC
concentration (Figure 3B). The formulation with the highest
BAPCs concentration (60 uM) displayed a barely visible band,
suggesting that all added dsRNA has firmly adhered to the BAPCs
surface, which resulted in a poor interaction with the dye SYBR
green. However, lower concentrations of BAPCs yielded a more
visible dsRNA band, indicating more availability for SYBR green
binding due to a weaker interaction of BAPCs and dsRNA. As
expected, BAPCs not complexed with dsRNA showed no signal in
the well.

3.4 Midgut cellular uptake mechanisms of
BAPC-dsRNA complexes

The alimentary tract of adult and 3" instar larval stages of P.
japonica have only been described in separate publications with
supporting hand illustrations (38, 39) respectively. More recent
photo images of the digestive tract of neonate and 3" instar grubs
have been published (40). Here, for the first time we present
comparative images of the 3" instar larval and adult alimentary
tracts juxtaposed to highlight the morphological differences
(Gryphax® Series Avior microscope camera, Jenoptic, Jena,
Germany). These images confirm previous descriptions (38, 41)
stating the adult midgut is narrower in width relative to the larval
midgut. Through the many dissections for the reported
experiments, we noted less tissue strength of the adult gut leading
to those tissues tearing and shearing more easily than the larval
midgut tissues (Figures 4A, B). The width and sensitivity of the
adult midgut tissue was an obstacle to study BAPC-dsRNA
complexes cellular uptake and transport across gut tissue.
Consequently, only the larval midgut tissues were used to study
these mechanisms in P. japonica. For larval dissections, we used the
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(A) Stability assessment of BAPCs and BAPC-dsRNA complexes in a buffer mimicking P. japonica gut (pH 7.4). (B) BAPC loading capacity assessed by the
electrophoretic mobility shift assay. BAPC-dsRNA complexes were formed by mixing 20uM and 60uM BAPCs with 1ug dsRNA. Controls containing only
20uM or 60uM BAPCs without dsRNA were also run to show they did not produce background signal. Differences between values were compared by
one way ANOVA using Tukey as post-test. Statistical significance: (*) P < 0.05; (***) P < 0.001. Non-statistical significance (ns) was considered when

P> 0.05.

third gastric caecum to delineate between midgut and hindgut
tissues (Figure 4A).

BAPCs and BAPC-dsRNA complexes transport across the gut
tissue was assessed with the help of Ussing chamber (Figures 5A, B).
Both formulations are actively transported across the gut tissue, with
around 50% reduction in rhodamine fluorescence on luminal
compartment (Figure 5C). However, BAPCs complexed with dsRNA
slows significantly(P<0.05, F= 5.841, Dfn=2, Dfd=6). the rate of
transcellular transport compared to only BAPCs (Figure 5D). A
plausible reason for the diminished transport can be related to the
binding of the negatively charged dsRNA to the surface of BAPCs. The
dsRNA association blocks a portion of the positively charged lysine
residues exposed on the BAPCs surface thus becoming less cationic,
and reducing cellular uptake by epithelial cells (42) (Figure 5).

To assess the role of endocytosis on the uptake of BAPC-dsRNA
complexes, gut tissue was pre-incubated for 30 min with
chlorpromazine, an inhibitor of clathrin-mediated endocytosis.
Clathrin-mediated endocytosis is one of the major pathways by
which cells transport extracellular cargo from outside the cell
membrane to the interior via the formation of clathrin-coated
endocytic vesicles. Following CPZ addition, Rh-BAPC-dsRNA

- . 3rd gasffit caecum
!\ > & Rectal sac

]‘ srm% l

Midgut tissue I
Malpighian tubules

Rectum

FIGURE 4

complexes were added to luminal side, and the relative change in
rhodamine fluorescence was measured as described earlier. As Rh-
BAPCs are taken up from the luminal side, it is expected that
fluorescence of this compartment will decrease. Subsequently,
movement via transcytosis will deposit endocytosed Rh-BAPCs to
the hemolymph compartment, increasing its fluorescence over time
(29). Treatment of gut tissue with endocytic inhibitor abrogated
BAPC-dsRNA uptake from luminal side with no change in
rhodamine fluorescence up to 2h (Figure 5C). Similarly, there was
no significant increase in rhodamine fluorescence was observed on
hemolymph side (Figure 5D). It is also expected that a fraction of
BAPCs or BAPCs-dsRNA remain trapped within the P. japonica
gut cells, particularly in endosomal vesicles such as endosomes and
lysosomes (43-45). Retrograde transport is also possible and has
been documented for other nanoparticles (45). In other words, only
some of the material that enters cells will undergo transcytosis.

Overall, these results indicate that cellular uptake of BAPCs and
BAPC-dsRNA complexes is mediated by clathrin coated endocytic
vesicle. Nonetheless, cellular uptake is a complex process and
potentially other mechanisms can also be involved in the uptake
of BAPCs formulations.

Digestive tract of P. japonica. (A) Larval digestive tract including midgut tissue, 3™ gastric caecum, Malpighian tubules, rectal sac, and the rectum.
(B) Adult digestive tract including midgut tissue, hindgut, the pyloric valve, and Malpighian tubules (White, string-like organ).
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Cellular uptake study. Mechanism of Rh—BAPCs and Rh—BAPC-dsRNA cellular uptake by P. japonica midgut cells. (A, B) graphical representation and actual
set up of Ussing chamber used for ex vivo analysis of BAPC-dsRNA complexes uptake and transport across P. japonica midgut tissue. (C) Mean relative
fluorescence of Rh-BAPCs complexes on luminal side buffer and (D) Mean relative fluorescence of Rh-BAPCs complexes on hemolymph side buffer over 2
hr. Differences between values were compared by two-way ANOVA using Tukey as post-test. Statistical significance: (*) P< 0.05

4 Discussion

In summary, we reported the first gene knockdown study in
adult P. japonica by feeding of BAPC-dsRNA complexes. Although
there was a numerical (20%) difference in survivorship between the
60 UM BAPCs +1 pug of peritrophin-dsRNA treatment and the non-
treated control group, no statistical differences were observed
between treatment groups. Here, we discuss the potential reasons
for the lack of observed mortality in groups that ingested dsRNA.
Peritrophic matrix proteins (PMP’s) and analogs are diverse in
Coleoptera, and few have been experimentally demonstrated to
have significant effects on the structure and function of the
peritrophic matrix. A total of 11 genes encoding PMP’s have been
identified and screened for phenotypic and mortality effects in
Tribolium castaneum, of which only two resulted in lethal
phenotypes during early and late pupal stages post-injection (46,
47). Thus, targeting of peritrophin genes alone may not be sufficient
to achieve high mortality rates, but could be involved in important
roles including protection, detoxification, absorption of nutrients,
and increasing RNAI efficiency (46, 48, 49). Despite peritrophin
silencing making the insect gut more susceptible to chemicals and
pathogens affecting their metabolism, growth, and development,
these effects might not be as lethal as other genes such as vATPAse,
tubulin, or inhibitor of apoptosis (sequence not available). The
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future publication of a fully annotated P. japonica genome will
provide better target genes for pest management purposes.

The concentration of body fluid required to degrade 50% of
dsRNA (CB50) within one hour is between 45-94 fold lower relative to
the CB50’s of Tribolium castaneum and Leptinotarsa decemlineata
(23). These are two model coleopterans that account for a majority of
knowledge on how dsRNA impacts beetle species. P. japonica has a
broad ecological host range, and utilizes a suite of detoxification
enzymes induced by feeding to detoxify phytochemicals (35). For
these reasons, ingested dsRNA faces a complex biochemical
environment in the gut of P. japonica. When verifying gene
expression, naked dsRNA resulted in no significant difference in
expression relative to the non-treated control group. Although
ingestion of naked dsRNA did not lead to gene silencing, we
observed that the fold change in peritrophin expression in both
BAPC-dsRNA treatment groups was significantly lower (P < 0.05)
compared to the control groups (non-treated control and dsRNA
only). These results suggest that increasing molar concentrations of
BAPCs (>20 uM) improves efficiency of dsRNA delivery, resulting in
the desired biological response. Nonetheless, our previous work with
BAPCs in different organisms indicate that BAPCs concentrations >60
UM may trigger cytotoxicity (29, 36). Thus, higher BAPCs
concentrations were not tested. While the presence of cationic
moieties facilitate binding with the cell membrane, excessive cationic
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charge can also disrupt cell membrane’s potential and lead to cell
death (50-52). Therefore, the optimal dose of BAPCs and any other
cationic nanoparticle must be carefully optimized for each
nanoparticle to avoid undesirable outcomes. Our results support
that BAPC nanoparticles are effective protectants of dsRNA in
insect midgut environments and suggest protectants may be
required for efficient RNAI in P. japonica.

After ingestion, dsRNA passes into the P. japonica midgut (15).
The midgut is composed of three types of epithelial cells: columnar
cells, endocrine cells, and stem cells. Presumably, it is in these cells
where dsRNA uptake and processing take place. It has been reported
in insects that two main mechanisms are involved in the
internalization of dsRNA: receptor mediated uptake or endocytosis.
The best documented endocytic route in insects is the clathrin-
dependent pathway. In the experiment using 3rd instar larval P.
japonica midguts in an Ussing chamber, it was observed that
fluorescence decreased in the lumen compartment and increased in
the hemolymph in a time-dependent manner consistent with our
previous reports on transcytosis (29). However, in the presence of
CPZ, a clathrin-mediated endocytosis inhibitor, there was a noticeable
lack of change in the relative fluorescence in the lumen and smaller
increase in hemolymph fluorescence relative to BAPC’s alone.
Formation of a clathrin-coated pit is initiated by the rearrangement
of various accessory and cytoskeletal proteins along with the creation
of a clathrin-coated pit at the inner surface of the cell membrane. CPZ
inhibits the anchoring of clathrin and adaptor protein 2 (AP2)
complex to endosomes, thereby preventing the assembly of these
coated pits (53). This suggests that clathrin-mediated endocytosis may
play a significant role in the uptake of NP in the gut, but other
pathways are also likely present as some Rh-BAPCs movement was
still observed. Despite the increased number of articles demonstrating
nanoparticles-dsSRNA mediated gene silencing, fundamental
mechanisms such as uptake midgut cells or transport to the
hemolymph are not widely reported. Thus, our findings are
particularly relevant as they suggest mechanisms that could
potentially enable systemic delivery or can lead to a more tailored
nanoparticle design for gene silencing.

Overall, BAPCs provide a means of reliably protecting dsRNA
through oral delivery to P. japonica. BAPCs are a new class of
biomaterial developed by our research group that stands out in the
crowded field of nanoparticle delivery systems due to two crucial
features:1) they are assembled exclusively in water, and 2) they
contain four free lysine €-amino groups with pKa values between 9
and 10.5, which makes them stable in neutral and alkaline insect guts.
According with DLS, the BAPCs-dsRNA complexes form compact
clusters with size ranging from 250 - 350 nm in a pH environment
consistent with the gut of P. japonica adults. Association of BAPCs with
dsRNA confers protection to dsRNA by hidden target sites for RNases,
resulting in the stabilization of dsRNA. The use of dsRNA and
nanoparticles currently appears expensive when compared with
relatively low cost of common insecticides. It is unlikely that dsRNA
technology will replace the use of conventional insecticides for the
management of P. japonica. However, providing targeted control will
reduce the negative impacts on non-target arthropods associated with
the use of insecticides to control both economically important life stages
of P. japonica.
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Popillia japonica — ltalian
outbreak management
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Popillia japonica, a priority pest for the EU, was first detected in Northern Italy in
2014. Since its discovery, the outbreak extended over an area of more than
16,000 square kilometers in Northern Italy and Southern Switzerland. In this
review, we summarize the state-of-the-art of research conducted in Italy on
both the spreading capacity and control measures of P. japonica. Chemical,
physical, and biological control measures deployed since its detection are
presented, by highlighting their strengths and weaknesses. An in-depth study
of the ecosystems invaded by P. japonica disclosed the presence and
pathogenicity of natural strains of entomopathogenic fungi and nematodes,
some of which have shown to be particularly aggressive towards the larvae of this
pest under laboratory conditions. The Plant Health authorities of the Lombardy
and Piedmont regions, with the support of several research institutions, played a
crucial role in the initial eradication attempt and subsequently in containing the
spread of P. japonica. Control measures were performed in the infested area to
suppress adult populations of P. japonica by installing several traps (e.g., for mass
trapping, for auto-dissemination of the fungus Metarhizium anisopliae, and
"attract & kill"). For larval control, the infested fields were treated with
commercial strains of the entomopathogenic fungus M. anisopliae and
nematode Heterorhabditis bacteriophora. Future studies will aim at integrating
phenological and spread models developed with the most effective control
measures, within an ecologically sustainable approach.

KEYWORDS

biological control agents, biological invasion, chemical control, EU priority pest,
Japanese beetle, pest management, spatial analysis
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1 Introduction

The Japanese beetle, Popillia japonica Newman, 1841
(Coleoptera: Scarabaeidae) is a scarab beetle native to Japan and
known to be a pest of agricultural crops, turfs, ornamental and
forest plants in the introduction areas. The beetle has more than 300
host plants and is a strong flier, in addition, it has a great ecological
plasticity that allows it to invade large areas in a short time (1-4).

Popillia japonica was introduced in 1916 in the US (1) and,
within 100 years, it colonized most of the eastern and central US
territories along with a part of eastern and western Canada (5). In
Europe, P. japonica was detected for the first time in the early 1970s
on Terceira Island (Azores archipelago). Since its first discovery,
phytosanitary measures have been applied to manage P. japonica,
such as chemicals, mass trapping, and biological control agents (6-
10). Nevertheless, over the past 50 years, the infestation has reached
other Azores islands: Faial, Flores, Pico, So Jorge, Sao Miguel, and
Graciosa (11, 12). Due to its spread capacity and the potential impact
on crops, P. japonica has been included in the European Plant
Protection Organization (EPPO) list A2 as a quarantine pest
recommended for regulation (https://www.eppo.int/ACTIVITIES/
plant_quarantine/A2_list). In 2019, P. japonica was listed as a
priority pest (13) and classified as the second most crucial potential
priority pest in Europe (14, 15). In July 2014, a wildlife photographer
posted a photo of P. japonica on the naturalist forum “Natura
Mediterraneo” (https://www.naturamediterraneo.com/forum/). This
was the first report of this pest in north-western Italy and in mainland
Europe (16). The Ticino River valley, a Natural Park between the
Lombardy and Piedmont regions, located in Northern Italy, was soon
identified as the outbreak area as Plant Health authorities of the
Lombardy and Piedmont regions (parts of the National Plant
Protection Organization) detected a high-density of larvae, which
locally exceeded 300 individuals per square meter. This high level of
infestation attracted many vertebrate larval predators such as birds,
moles, and wild boars, which resulted in further damage to the turf.
However, the major impacts on crops, such as vineyards (Figure 1),
soybean, and corn, were caused by adults feeding on leaves and fruits.
Furthermore, the damage was also observed in private orchards of
peach, plum, apple, persimmon, and other types of fruit plants
present in the infested areas. Defoliation also involved vegetables
and ornamental plants (17). The Plant Health authorities of the
Lombardy and Piedmont regions reacted promptly, and several
phytosanitary measures were adopted to monitor the area and to
contain the P. japonica populations. Visual inspections and control
measures were focused on all high-risk sites, e.g., plant nurseries and
sites suitable for passive dispersal, such as industrial areas, trucking
companies, railway stations, sports fields, playgrounds, boulevards,
waste collection areas, petrol stations, car and truck parking areas,
swimming pools, and shopping centers, considering the hitchhiking
behavior of P. japonica adults (5, 18). Control measures were
performed in the infested area to suppress adult populations of P.
japonica by installing several double-baited traps that attract both
sexes using a floral attractant and a synthetic pheromone: i) funnel
traps for mass trapping, ii) traps for auto-dissemination of the fungus
Metarhizium anisopliae (Metch.) Sorok, 1883, and iii) “attract & kill”
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devices containing alpha-cypermethrin or deltamethrin (19, 20). For
larval control, 2,200 ha were treated with biological control agents
such as the entomopathogenic nematode Heterorhabditis
bacteriophora (Poinar, 1975) (Nematoda: Rhabditidae) and the
entomopathogenic fungus M. anisopliae (21). Specific risk-based
plans and peculiar prescriptions were provided in the airport and
cargo areas of Malpensa and Cameri (respectively in the Lombardy
and Piedmont regions), located within the infested area, to avoid the
spread of P. japonica adults from an infested to pest-free area.

The huge efforts made to cope with P. japonica limited the
spread of this pest in Italy, which reached 16,232 km? (Europhyt
Outbreak No. 574, Update 07/2022-12-05) (Figure 2). Nevertheless,
the pest was established also in the contiguous area of Ticino in
Southern Switzerland (22), while interceptions outside the current
area of infestation were reported in the Netherlands (23), Germany
(24), and Ttaly (25, 26).

Since the first year of discovery, several research activities were
conducted by the Plant Health authorities of the Lombardy and
Piedmont regions and national research institutions (University of
Brescia, Turin, Padua and Verona, and CREA-Research Centre for
Plant Protection and Certification of Florence), to understand the
ecology of the pest in the new introduction range and to contain
larval and adult populations.

Here, we reviewed and summarized the knowledge on the
processes determining the potential spread of P. japonica in
recently invaded areas in Italy. In addition, we reviewed the
chemical, physical, and biological control methods adopted
against this pest, by considering their pros and cons. Finally, we
pinpoint management techniques to be considered for the
development of integrated control strategies.

2 Potential spread of Popillia japonica
on the ltalian territory

2.1 Prevention of the spread of Popillia
japonica in ltaly

Nurseries are one of the highest risk sites and therefore deserve
a system of prescription and prevention measures to exclude the
presence of P. japonica. Notwithstanding the movement of plants
with soil, from infested to pest-free areas is banned, the Plant Health
authorities of the Lombardy and Piedmont regions may authorize
the movement if the plants have been grown in a pest-free
production site of a registered operator, as defined by the
Regulation (EU) 2016/2031 (art. 65) (27), subjected to official
inspections in compliance with the Commission Implementing
Regulation (EU) 2019/66 (28) and the Commission Implementing
Regulation (EU) 2021/2285 (29) for the detection of P. japonica.
However, one of the following requirements must be met to avoid
the passive transport of P. japonica: i) the plants must be grown in
sites with complete physical protection; ii) any soil residuals that
could harbor juvenile stages have to be removed; iii) only
commercial potting soil subjected to an insecticide soil treatment
is used. The reuse of potting soil is possible only after a heat
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FIGURE 1
Damage caused by adults of Popillia japonica on vineyards.

treatment at 49°C for at least 15 minutes. Concerning the field-
grown plants, some precautions should be applied such as: i) milling
the soil at least four times, at a depth of 15 cm, ii) treating the soil
with insecticides, and iii) removing, for large plants, the first 20 cm
of soil.

2.2 Spread of Popillia japonica
The study of the invasion process is essential to ensure the

implementation of proper management plans for both the
eradication and the containment of invasive species. The

Frontiers in Insect Science

development and use of different spatial approaches to study the
spread and support the management of invasive species have been
well covered over the past 15 years (30-32). Surprisingly, the spatial
dynamics of P. japonica have received little attention. Some authors
have focused on investigating the local patchy distribution of both
larvae and adults (33-36) or the flight activity of the species (4, 37).
However, the assessment of the population spread of P. japonica at
the landscape scale is less represented (38, 39).

This chapter explores and summarizes the available knowledge
on the processes determining the potential spread of P. japonica in
newly invaded areas, particularly the results of the data analysis and
modeling tools proposed for describing pest spread in Northern
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FIGURE 2
ltalian demarcated area of Popillia japonica.

Italy. We considered three fundamental steps in the spatial spread
of P. japonica: i) the dispersal process, ii) the pattern of population
growth, and iii) the rate of population spread.

2.2.1 Dispersal

The pattern of dispersal of P. japonica can be investigated by
considering two main components: i) individual short-distance
dispersal based on random movement or some sort of guided
flight based on cues related both to food resources (for both
males and females) and to mate finding (only for males), and ii)
the occurrence of a discrete event of long-distance dispersal based
on natural means or due to human-assisted transportation.

The individual dispersal capacity of P. japonica is highly
influenced by several parameters. Cloud cover, strong winds
(above 20 km/h), or suboptimal temperatures (above or below
25.5°C) (37), in addition to land management practices such as
intercropping systems (40, 41) or the application of pesticide
treatments (42), significantly reduce the flight activity. In Italy,
the main flight activity of P. japonica is known to occur between
12:00 pm and 3:00 pm in summer with low levels of relative
humidity (43). This pest can fly an average distance of about
2.3 km in 24 hours, with up to 12 km in some cases, as
demonstrated by means of a mark-capture technique (4). Popillia
japonica adults show strong gregarious behavior, which facilitates
finding food sources and/or mates. Mated females commonly
represent the pioneers that colonize novel areas. Then, both
sexual and feeding-induced odor attractants cause aggregation by
the joiner individuals, providing further mating opportunities to the
females, which have to mate more than once in their lifetime (2, 35).

Long-distance dispersal through the movement of infested soil
and/or plants for planting or hitchhiking is also possible for P.
japonica. The occurrence of long-distance spread events has also
been documented outside the global infestation areas (Germany
and the Netherlands) (23, 24). Between 2021 and 2022, new
incursions of P. japonica adults were also reported in other parts
of Italy such as Sardinia and Friuli Venezia Giulia regions (25, 26).
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Sondrio

These events could start new infestation foci from which a
continuous spread process can originate. The consequence of
stratified dispersal (44), summed to the continuous spread with
discrete and long jumps events is poorly investigated for P. japonica
but, as for other species, we expect it will be responsible for the
establishment of an exponential pattern of growth in the infested
area (45). To manage the risk associated with long-distance
dispersal, various measures (including monitoring, removal of
host plants, and treatments) are applied in high-risk areas such as
big parking areas, loading and unloading docks, refueling stations,
ports, and airports (46).

2.2.2 Population growth

The continuous spread of a pest can be considered the result of
both individual dispersal and population growth (44). Therefore,
knowledge about the population growth of P. japonica is
fundamental for better understanding the invasion process
occurring in Northern Italy and for planning and implementing
appropriate control measures (47, 48). The population growth
pattern of P. japonica was investigated during the ongoing
invasion process occurring in Northern Italy. Monitoring data on
larvae (through soil cores) and adults (using Tréce™ traps baited
with dual semiochemical lure that attracts both sexes) collected
since 2015 in the Lombardy region were analyzed to predict both
the phenological patterns of the species in the infested area (49)
(Figure 3) and its population growth pattern over the years of
infestation. The latter was estimated using a time-discrete logistic
model (the Beverton-Holt model, see 50) on the available adult
population abundance data collected through Trécé " traps. The
results showed that, during the first years of infestation in a novel
area, P. japonica population abundance is rather low, making the
early detection of the pest relatively difficult. After this initial phase,
in case the area is suitable for the presence of P. japonica,
population build-up is rather prominent following a logistic-type
(i.e., sigmoid) pattern that leads to high adult population density
(on average, the daily adult population abundance reaches 200-300
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FIGURE 3
Life cycle of Popillia japonica in the Italian outbreak.

individuals per trap per day after 4-5 years since the first
infestation). Model predictions show that P. japonica reaches the
maximum population abundance after 7-8 years since the
first outbreak.

2.2.3 Population spread

Most of the available knowledge on P. japonica spread comes
from studies conducted in the US. These studies report varying
results, depending on the time elapsed since the first infestation and
the overall suitability of the investigated area. In Smith and Hadley
(51), a spread rate ranging from 16 to 24 km/year was reported a
decade after the first infestation of P. japonica. Fox (52) later
reported a spread rate ranging from 3 to 24 km/year. Allsopp
(38) reported that the spread rate of P. japonica was increasing over
time, being 7.7 km/year between 1927 and 1938, and 11.9 km/year
between 1939 to 1951.

Different approaches and modeling tools were applied to
estimate and predict the spread rate of P. japonica populations,
and to explain the role of relevant variables influencing the
spreading process. Mondino et al. (39) proposed an iterative
spatially-based model to interpret and forecast the spreading
dynamics of P. japonica. Five years of trapping data were used for
model parametrization (2015-2016) and validation (2017-2019).
Variograms from both trapping data and model simulations
suggested a range of spatial autocorrelation ranging from 7.5 to
15 km (with a determination coefficient (R?) ranging between 0.39
and 0.87). The model proposed by Mondino et al. (39) includes a
source dilution factor describing the rate of P. japonica moving
away from a given position, based upon variograms, a parameter
quantifying the increase in P. japonica population at the same
location over years, and a mortality factor estimated based on
literature data. Mondino et al. (39) also considered the role of
land cover in determining the probability of colonization of new
areas. Prediction maps indicate a potential spread of P. japonica
mainly southwards and southeastwards, matching the distribution
of suitable land covers (e.g., meadows, croplands, woods).

With the comprehensive monitoring dataset (from 2015 to
2021) on the time-series adult catches of the infested areas in the
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Lombardy region, the spatial and temporal dynamics of P. japonica
population abundance were investigated using a discrete-time
continuous-space reaction-diffusion model (50, 53). This analysis
allowed the confirmation that the speed of invasion varies over
different spatial directions starting from the area of the
establishment. To better understand the spreading process and
the factors affecting the speed of invasion, 14 different spreading
trajectories were analyzed in that area. The estimated speed of the
traveling fronts showed a fair degree of variability (coefficient of
variation = 34%) with a maximum speed higher than 13 km/year
and a minimum speed lower than 5.5 km/year, 2.5 times less than
the maximum. The analysis showed that the suitability of the
habitats plays an important role in determining the speed of the
traveling fronts. In the fastest-moving directions, more than 80% of
the habitats are suitable for the presence of pest (e.g., arable land,
perennial meadows, broadleaf forests, urban green areas, rice fields,
or agricultural woodlands). In the slower speed trajectories, over
40% of the habitats are not suitable for the pest (e.g., coniferous or
mixed forests, or non-vegetated urban areas). From preliminary
estimates, it appears that the traveling front speed increases by
about 1.5 km/year for every 10% increase in areas suitable for P.
japonica. The data analysis on larval abundance from soil samples
(from 2015 to 2021 of the infested areas in the Lombardy region)
showed that P. japonica prefers soils that are not loamy sand or
acidic. In particular, the relation of pH on species’ suitability shows
a non-linear trend and it seems strongly influenced by soil particle
size (54-56). Soils with a medium organic matter content are
preferred by P. japonica, rather than soils with high or low
organic matter content (33, 56, 57). Results also showed a non-
linear trend between habitat suitability and soil humidity, with
extremely dry (58, 59) and relatively wet soils (56) being not suitable
for the pest. Similarly, extremely low (below 13°C) or high (above
34°C) temperatures are not suitable for the pest (2, 56, 58, 59). The
role of climate and climate change on the potential distribution of P.
japonica has been studied by Zhu et al. (60) and Kistner-Thomas
(59). Changing temperatures are expected to favor the occurrence of
the pest in areas above 37° N latitude. Global warming is also
expected to increase the area where the species is able to complete a
single generation per year, especially in areas above 37° N latitude
(59). These effects could lead to an increase in the population
abundance of P. japonica in the northernmost areas of its range,
which could have a positive effect on the population growth and
spread rate of the pest (44). In contrast, areas below 8° N latitude are
expected to become less suitable for the pest due to an increase in
temperature above the optimal range (59).

3 Popillia japonica
outbreak management
3.1 Chemical control
In the early stages of the spread of an invasive pest, the use of

insecticides is critical to meet immediate pest management needs.
The use of broad-spectrum insecticides to control growing P.
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japonica populations was widely used in the early years of the last
century in the US due to their effectiveness and relatively low cost
(2, 61, 62). Problems caused to non-target insect populations, as
well as to human health, and other warm-blooded animals, have
curtailed their use and changed spraying methods (5).

Extensive EU legislation regulates the marketing (Regulation
(CE) 2009/1107) (63), and use (Directive 2009/128/EC) (64) of
plant protection products and their residues in foodstuffs. While
this regulation reduces the environmental risks of the pesticide, it
negatively affects the availability of active ingredients (Als) for P.
japonica containment. The current limitation of products registered
against this species required experimental tests to evaluate the
effectiveness of the Als available in European countries.

In 2017-2019, field trials were carried out in vineyards in Novara
(North-eastern Piedmont) testing chemical insecticides and organic
products with repellent and/or phago-deterrent effects against P.
japonica adults. The effectiveness of the different substances was
evaluated by counting the adults before and after treatments and by
estimating the defoliation rates in the different plots. Deltamethrin,
etofenprox, lambda-cyhalothrin, acetamiprid, and chlorantraniliprole
showed a high-medium efficacy in reducing adult infestations and
defoliation rates, while tau-fluvalinate, chlorpyrifos-methyl, and
organic pyrethrins had lower activity. Among the repellent/phago-
deterrent substances, neem oil and zeolite (chabazite) were quite
ineffective, while kaolin clay reduced the number of adults feeding
on the vines (65). Additionally, the side effects on phytoseiid mites were
evaluated by inspecting leaf samples in the laboratory under a
stereomicroscope, but only pyrethroids negatively affected the
predatory mite populations (65).

In 2019 and 2020, 20 Als representative of chemical and organic
insecticides registered in Europe for the management of adult beetles
were tested. The trials were carried out at five sites located in the infested
area (Milano and Varese provinces). The target plant species were three
high-value crops (grapevine Vitis vinifera L., peach Prunus persica (L.)
Batsch, and corn Zea mays L.) and two landscape plants (goat willow
Salix caprea L. and Virginia creeper Parthenocissus quinquefolia (L.)
Planch.). For each site, branches were covered with a protective net (70 x
100 cm, mesh 1 x 1 mm) and 25 adult beetles were introduced. Three
experimental conditions were tested for each insecticide: contact, short-
term, and long-term (residual) effects. Beetles were introduced before the
spraying (contact), right after (short-term), and one week after (long-
term) (66). Four replicates in each experimental condition and site were
used and insect mortality was assessed until three weeks after the
treatment. Acetamiprid, deltamethrin, lambda-cyhalothrin, and
phosmet, which are broad-spectrum insecticides, showed to be effective
in killing beetles under all experimental conditions. Most of the other Als
were effective only by contact and short-term residual. The organic Als
were not effective under any condition; a mixture of an organic
ingredient, paraffinic mineral oil, with cypermethrin showed good
efficacy on contact (66, 67).

The lack of long-term efficacy of the insecticides registered in
Europe for adult management led to applications repeated many
times during P. japonica flight period, starting from adult emergence
(65). Moreover, the low selectivity of the effective Als suggests
integrating these chemicals into a general management plan that
envisages the use of these pesticides only where necessary. To limit
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the adoption of chemical products and preserve non-target species in
the environment, the use of Long-Lasting Insecticide-treated Nets
(LLINS) activated with pyrethroids has been tested since 2017 (68).
This technology was originally conceived to protect people from
vector-borne diseases, such as malaria or yellow fever, and then its use
has been extended to agricultural management (69-75). To protect
crops and stored products from P. japonica attract-and-kill devices
(frames containing floral attractant and synthetic pheromone lures),
covered with LLINs (usually made of polyester or polyethylene fibers)
impregnated with or coated by insecticides such as alfa-cypermethrin
or deltamethrin at concentrations ranging from 1 to 4 mg Al/g fiber,
are being used (Figure 4A). In this way, P. japonica adults are
attracted by the lure, get in touch with the LLIN and eventually
die. To evaluate the effectiveness of LLINs against P. japonica,
laboratory tests were performed with adult P. japonica. The insects
(both males and females) were allowed to walk on the LLIN at
different exposure times. At the end of the experiment, mortality
ranged from 89% to 100% for alfa-cypermethrin, while 100%
mortality was observed for deltamethrin irrespective of the
exposure time (68). An evaluation of how long alfa-cypermethrin
LLIN can be effective during the flight season was also carried out. As
a result, the mortality of P. japonica decreased by about 30% after one
month of field exposure, although still significantly different from the
control. After two and three months of field exposure, the mortality
was similar to that of the control (43). This is not unexpected because
pyrethroids are known to decay under sunlight exposure (76), and so
does their killing effectiveness. LLINs were deployed on a large scale
by the Plant Health authorities of the Lombardy and Piedmont
regions to control this pest in the infested area.

3.1.1 Experimental soil-injection machine

To control P. japonica larvae in the soil, an experimental soil-
injection machine (“Eco Defender 25”), was conceived and produced
in collaboration with the company “MA/AG” and tested in two
highly infested perennial meadows in the Lombardy region. The
machine injects liquid solutions into the soil with minimum turf
damage and soil agronomic characteristics perturbation. At the end
of the summer of 2020 and 2021, biological control agents
(entomopathogenic nematodes-EPNs, and fungi-EPF) and the
insecticide Acelepryn (AI chlorantraniliprole at 20%), authorized
for turf application by derogation in accordance with Regulation
(CE) 2009/1107 (art. 53) (63), were applied. The effects of the
products were evaluated by counting the number of live larvae in
the soil after 40 days of the application. There was a general reduction
of larval density in the treated plots, with the Acelepryn formulation
performing better in the short term (67).

3.2 Physical control

3.2.1 Weed mulching products and humidity
control on potted plants

Due to the restrictions on transporting plants/soil from areas
infested with P. japonica, a new approach was used to prevent beetle
oviposition in grapevine potted plants. In 2020, in a nursery located
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FIGURE 4

(A) Attract & kill device with long-lasting insecticide-treated net. (LLIN) The LLIN is mounted on a tripod frame made of telescopic tubes extendable
up to 2 min height (B) Traps (H: 35 cm, L: 60 cm, W: 18 cm) for auto-dissemination of the fungus Metarhizium anisopliae.

in the infested area of the Lombardy region, three commercial weed
mulching products for potted plants were used to assess the
oviposition ability of female P. japonica. The tested weed
mulching products were coconut fiber mulching discs (two
densities), jute fabric, and wood chips (Figure 5). Results showed
that coconut mulching was able to strongly reduce oviposition and
further larval development (67, 77).

In 2021, in the same nursery, the survival of P. japonica larvae
was challenged by applying a mild water stress treatment to potted
plants. In the pots subjected to daily irrigation, the average number
of larvae found was about five times higher than that in water-
stressed pots. At the end of the experiment, both daily irrigated and
mildly stressed plants returned to normal conditions (78).

FIGURE 5
Trial of physical barriers deployed above the soil in containers for
ornamental plants in a nursery.
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3.2.2 Nets barrier

To protect nursery plants from adult insect damage, in a heavily
infested nursery located in the Lombardy region, three net types
were tested as physical barriers to protect grapevine potted plants
from P. japonica adults. The types of nets were anti-hail nets, anti-
hail nets treated with permethrin, and insect-proof nets. All tested
nets were equally able to protect the plants from adult beetles for the
entire duration of the trial compared to those with no protection.
The use of an anti-hail net could be the best option to protect
nursery plants given the lower costs compared with an insect-proof
net (79).

4 Biological control

Several methods have been developed to control P. japonica and
environmentally friendly strategies, based on the use of natural
enemies, have been reported since 1920 (e.g., 80, 81), and tested also
in Italy. Many EPF are relatively common worldwide, often trigger
epizootics, and can therefore be considered an important factor in
controlling insect populations. Several EPF (Metarhizium spp.
Sorok. and Beauveria sp. Vuill.) have also been tested against
larvae, pupae, and adults of P. japonica in laboratory, semi-field,
and field trials worldwide but with contrasting results (2). At the
beginning of the Italian invasion, different species of commercial
EPF were tested in both controlled and open-field trials. Beauveria
bassiana (Bals.-Criv.) Vuill. (1912) (commercial strain ATCC
74040) was tested against adults in an ornamental plant nursery
in Northern Italy, but the treatment was found to be ineffective (67).
The genus Metarhizium, on the other hand, has been evaluated
several times. Benvenuti et al. (82) tested the commercial
Metarhizium brunneum Petch, 1939 strain BIPESCOS5 against
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pupae in semi-field applications and found an overall adult
mortality of about 40% in 12 days. Benvenuti et al. (83) tested an
experimental auto-disseminating device (Figure 4B) that attracts,
infects, and releases adults into the environment to spread the EPF
to healthy populations. The device was activated with the two
commercial products available in Italy (GranMet® and Met52®)
containing M. brunneum. In the horizontal transmission trials with
GranMet®, healthy P. japonica adults were in contact with a single
infected individual. In this case, a mortality of 100% was observed
after 19 days, while in the trial with Met52®, the mortality was 30-
65%. This result appeared promising and, if confirmed in extensive
field trials, could represent a new tool for biological control
strategies against the Japanese beetle. By contrast, Bosio et al. (65)
found that Met52® applied as a foliar spray against the adults did
not differ from the control. To cope with P. japonica populations,
Barzanti et al. (84) investigated the possibility of exploiting the
presence of native strains of Metarhizium spp. in natural
environments. For this purpose, the presence of Metarhizium
species was analyzed in the soils of P. japonica infested areas.
Four Metarhizium species were identified (M. robertsii J. F. Bisch.,
Rehner and Humber, 2009; M. brunneum; M. guizhouense Q.T.
Chen and H. L. Guo, 1986, M. lepidiotae ]. F. Bisch., Rehner and
Humber, 2009) and used in virulence laboratory tests, with M.
robertsii showing the best performance (84). The study confirmed
the presence of native Metarhizium strains that can attack this
invasive beetle and launched a debate on their future use in IPM
programs. Entomopathogenic nematodes (Heterorhabditidae and
Steinernematidae) have shown greater potential for the biological
control of P. japonica than other natural biological agents (2).
Therefore, EPNs, in association with other biological control agents,
have been an important component of integrated pest management
strategies in the US (2). The virulence of nematode species and
strains against P. japonica grubs differed substantially (e.g., 85, 86)
and contradicting results regarding the role of the larval stage on the
susceptibility of P. japonica to EPNs, in laboratory studies, were
reported. In Italy, for example, Paoli et al. (87) found that third-
instar susceptibility to Heterorhabditis bacteriophora was higher in
pre-overwintering than in overwintered larvae. Concerning EPN’s at
the beginning of the invasion in Italy, laboratory and field
experiments were conducted with several native and commercial
strains of H. bacteriophora and Steinernema carpocapsae Weiser,
1955 (Nematoda: Rhabditidae), in order to develop baseline data for
a biological control approach for this outbreak (88). In the
laboratory, H. bacteriophora strains caused higher mortality than
S. carpocapsae, and the same results were obtained in micro-plot (2
x 6 m) field trials with an autochthonous strain of H. bacteriophora.
Finally, in a large-plot (20 x 5 m) field trial, the commercial H.
bacteriophora product (Larvanem) provided 46% larval mortality
(88, 89) (Figure 6). This study highlighted that H. bacteriophora
strains have good potential as biological control agents for the
larvae of the invasive P. japonica in Northern Italy. This work,
together with the restriction that only native EPN species can be
field-released in Italy (EU Habitats Directive, art. 12, DPR 120/
2003), has encouraged the search for local and better adapted EPN
strains, especially in the two regions mostly infested by P. japonica:
Piedmont (90) and Lombardy regions (91). Torrini et al. (90)
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FIGURE 6
Treatments with entomopathogenic nematodes (EPN) in fields
infested with Popillia japonica larvae.

reported that soils in the Ticino valley are rich in EPNs. The
evaluation of all these EPN natural strains in laboratory assays
confirmed that larval mortality was higher for pre-wintering than
for post-wintering larvae, as already reported by Paoli et al. (87),
and that H. bacteriophora natural strains are more efficient in
controlling P. japonica larvae (88). Since native EPN isolates
possess physiological traits that are adapted to local ecological
conditions, the idea of supporting the ecosystem by propagating
EPNs that thrive in their native soil could be considered as a basis
for an eco-friendly approach to control this pest. In addition, a
density-dependent response of EPNs to P. japonica has been shown
since its introduction, indicating the great potential of these
organisms as natural regulators of P. japonica populations (91).
However, a decline in native scarab beetle populations has also been
observed, indicating the generalist nature of soil EPNs (91). In
addition to classic EPNs, other parasitic nematodes of P. japonica
have been reported in Italy, such as the new species Hexamermis
popilliae Poinar, 2017 (Nematoda: Mermithidae) (92) (Figures 7A,
B) and Oscheius myriophilus (Poinar, 1986) (Nematoda:
Rhabditidae) (93), both isolated from P. japonica. However,
further studies are needed to assess the specificity of these
nematodes and their possible use as biological control agents of P.
japonica. In Italy, no parasitoids have been identified so far.
However, it is noteworthy that the allochthonous parasitoid
wasps Tiphia vernalis Rohwer, 1924, and T. popilliavora Rohwer,
1920 (Hymenoptera: Tiphiidae), which attack larvae, have
established at low density in a wide range over the US. The same
situation was observed for the fly Istocheta aldrichi (Mesnil, 1953)
(Diptera: Tachinidae), which parasitizes adults (2) in the US. In
Italy, generalist invertebrates (e.g., spiders) and vertebrate
predators, (e.g., moles, birds) are under evaluation as potential
natural enemies of P. japonica. Predators, especially ants, carabids,
and spiders have caused high rates of mortality of P. japonica eggs
and young larvae in the US (94, 95). The microsporidian
Ovavesicula popilliae (Andreadis and Hanula, 1987) and the
pathogenic bacteria, particularly Bacillus spp. and Paenibacillus
popilliae (Dutky) Pattersson et al., 1999, causal agents of the
milky disease, are present in the US (2, 96), but there are no data
on their occurrence in Italy. In conclusion, considering that several
EPN natural strains have been isolated in Italy and that an
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FIGURE 7

Hexamermis popilliae: (A) free living specimen sensu Mazza et al. (92); (B) third-stage postparasitic juvenile emerging from Popillia japonica larva.

indigenous H. bacteriophora caused high mortality, EPNs seem to
be particularly relevant for the control of this insect in Italy. EPNs
can be combined with other methods such as insecticides (2) and
EPF (97) to increase the pest control rate. However, several factors
still limit the adoption of EPNs, such as the high cost, limited
availability, short shelf-life, and formulations (2).

5 Conclusions

The accidental introduction of P. japonica into mainland
Europe has led the Italian Plant Protection Organization to
promote the development of multiple strategies to control the
pest population and to deploy phytosanitary measures to prevent
its spread. Previous knowledge from the US guided the first
responses to the P. japonica invasion in Italy but, given the
peculiarities of the local landscapes/crops and legislation
restrictions on the use of chemicals and classical biological
control agents, in-depth studies were needed for the development
of management strategies to mitigate the impacts of P. japonica in
newly invaded areas. Different control methods (i.e., chemical,
physical, and biological control) have been developed and
effective phytosanitary measures were taken to prevent the spread
of the pest through the movement of plants, commodities, and
vehicles from infested to pest-free areas. Despite ongoing regulatory
efforts, P. japonica remains a threat and new areas have been
colonized. As it was not possible to eradicate the pest and
completely stop its natural spread, it is necessary to continue
working on more effective and sustainable solutions in the
context of an integrated management perspective.

In this context, the models developed to predict the phenology
and spread of P. japonica can support the regulatory authorities in
guiding decision-making toward rational and sustainable
management of the pest.

As the use of insecticides in landscapes is increasingly restricted
and registrations of some chemicals declined in the meanwhile, a
higher level of protection could be achieved through an integrated
approach that takes into account the specific landscape of an area
and the occurrence of the main hosts of the pest. In addition to the
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use of spraying chemicals, which are effective under most
conditions, the use of EPNs showed to be promising in lowering
the larval population of P. japonica in treated areas and therefore
can be a more eco-friendly or low-impact approach to control this
pest. Moreover, the use of attract-and-kill devices turned out to be
an effective strategy requiring minimal management effort with a
high impact on adult populations. This strategy could be useful to
slow down the spread rate of P. japonica. So far, EPF against larvae
have only shown a significant effect in laboratory experiments,
while results in the field seem to be limited. As far as parasitoids are
concerned, there are no cases of natural and effective parasitism in
Italy, and the possibility of importing parasitoids and other
biological control agents from the native area of P. japonica is
currently under investigation.

In conclusion, the knowledge of Popillia japonica acquired in
Italy in recent years made it possible to better assess the population
abundance, phenology, and spread. Moreover, these in-depth
studies provided the basis for validating and directing control
measures toward effective, sustainable, and environmentally
sound management, as well as for developing new legislation for
the control of this alien pest in the threatened European territory.
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The Japanese beetle (Popillia japonica) is classified as a high-priority pest in the
European Union and is reported to have caused extensive damage to grapevine
leaves in ltaly. As there are few studies, which measure the beetle's socio-
economic impact, we conduct a first descriptive assessment of grapevine
farmers’ perception of the beetle’s impact and assess the pest's effect on
private management costs using a partial budgeting approach. Our sample
includes data from 65 producers and 118 vineyard plots. In terms of farmers’
perception, we find that farmers anticipate increased management costs and
believe a further spread of the beetle will lead to at least moderate yield and
quality damages for the majority of plots (58-91%). While farmers do not expect
to stop grapevine cultivation for the majority of vineyard plots, affected farmers
they believe it is likely to very likely for 29% of plots. We also find that affected
farmers rate their vines’ resilience higher than unaffected farmers do. Using a
partial budgeting approach, we find that a Japanese beetle infestation leads on
average to a net income decrease of around €2727 per hectare. This decrease is
due to an average increase in labor costs of around €1715. Additionally, an
average yield reduction that results in a revenue loss of around €966 and
additional control costs of around €47 per infested hectare, further contribute
to the netincome decrease. Even though the small number of observations does
not allow us to make conclusions about the beetle’'s impact on the Italian
viticulture sector as a whole, our findings provide first insights and
demonstrate the need for environmentally friendly and effective control
products that can replace labor-intensive manual control measures, which are
currently applied in Japanese beetle infested vineyards.
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Straubinger et al.

1 Introduction

The beetle Popillia japonica (Japanese beetle), native to Japan, is
an invasive insect pest in Europe and considered a major threat to
European agriculture. It can feed on more than 300 different host
plants (1) and there are many areas in Europe with suitable climatic
conditions for its proliferation (2, 3). The beetle is considered a
priority pest candidate in the EU (4) and ranked as the 2" most
dangerous pest for crops by the European Food and Safety
Authority (5). In mainland Europe, the invasive insect was first
detected in Italy in the Ticino Valley Natural Park in 2014 (6). It has
since spread rapidly across the country. In 2020, the official
infestation zone in Italy covered an area of 7,550 km2 (7) and
only two years later in 2022, it increased to 16,232 km2 (Bosio,
personal communication)'. In Italy, the infested zone covers parts
of the Piedmont, Lombardy, and Emilia-Romagna regions, which
include major wine-producing areas (8). The delimited area also
includes part of the Valle d”Aosta region (9). In addition to Italy,
the Japanese beetle has been detected in other European member
states including Portugal (Azores) (10), Switzerland (11) and single
beetle findings in Germany (12) (Figure 1).

Although the Japanese beetle has been in mainland Europe for
almost a decade, there are limited studies on its socioeconomic
impact on agribusinesses and perception of affected farmers. Until
now, the majority of studies have focused on projecting the beetle’s
future impact. For example, Straubinger et al. (14) estimate that
without effective management of the beetle, a full infestation in the
EU could lead to potential annual damage costs of €30 million up to
€7.8 billion for the host crops of grain maize, soy, apple, peach,
cherry, and grapes. For Italy, it has been estimated that a full
Japanese beetle infestation could lead to annual damage costs of
around €68 million with grapes accounting for 74% of the damage
(14). Grapevine is one of the pests preferred host crops (15, 16) and
large numbers of the adult beetle can be found between June and
July in infested viticulture areas in Italy (7). Bosio et al. (17) report
that vineyards in Piedmont frequently deal with infestations of 200-
300 adult Japanese beetles per vine, with peaks of over 1,000 adults.
This has prompted concerns about the beetle’s impact on
Italian viticulture.

To address these concerns, we assess grape farmers’ perception
of the infestation and evaluate the impact of the Japanese beetle on
grape yield and private management costs using a partial budgeting
approach. Our assessment is based on a survey of 65 Italian grape
producers conducted in 2022 as well as secondary data from the
literature. We present a descriptive assessment of the pest’s
economic damage on yield and use the partial budgeting
approach to show the additional costs affected farmers may
accrue. To the best of our knowledge, this is the first study
assessing the private management costs of the Japanese beetle in
Europe using primary data. Thus, despite the small sample size, this
study provides an important case study for neighboring regions that
may be affected by the beetle in the future.

1 Notification from central phytosanitary service - ltaly to the europhyt

portal outbreak. (2023).
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FIGURE 1

Japanese beetle infestation zone, buffer zone and single detections
in mainland Europe. Source: adapted from ESV (13).

2 Materials and methods
2.1 Data compilation

To assess farmer perception and management costs associated
with a Japanese beetle infestation in viticulture, we collected
quantitative data on production and control methods through an
online survey using the survey tool Tivian and combined it with
secondary data on labor (18) and material costs (19-22). For the
survey, we used a structured questionnaire and voluntary response
sampling (see Appendix A). A preliminary version of the
questionnaire was designed based on surveys from the existing
literature on grapevine cultivation and translated from English to
Italian by an Italian native speaker. Before conducting the survey, it
was tested by an Italian wine grower, a wine expert and a
phytosanitary expert. We developed the final form of the survey
incorporating their feedback on the questionnaire draft. The link to
access the online survey was distributed through Italy’s largest
organization of wine producers (Vignaioli Piemontesi), the
phytosanitary service of Piedmont region (Regione Piemonte) and
the Council for Agricultural Research and Economics (CREA) from
August until October 2022. A minimum of 160 grape producers were
invited to participate via e-mail through the three institutes. Overall,
according to the wine association (Vignaioli Piemontesi), their
members produce about 30% of the wine in Piedmont with 325
members, which is made up of 291 individual wineries and 34
cooperative wineries, which represents about 6,000 individual
wineries (23). According to the FADN’s public database, in 2020,
there were 6,672 wineries in Piedmont and 88,692 in Italy (24). To all
participants of the survey, we guaranteed anonymity and the
publication of results only in aggregated form. In total, 65 Italian
farmers completed the survey and provided information on 119
vineyard plots.

The survey included questions about farm characteristics and
management practices that could be affected by a Japanese beetle
infestation in 2021 (see Table 1 for an overview of potential
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TABLE 1 Overview of additional private management costs potentially
caused by a Japanese beetle infestation.

Reason

Type of additional

costs

Labor Visual monitoring
Physical removal of Japanese beetles on vine
plants
Spraying of plant protection products
Insecticides Reduction of Japanese beetle population on vine

plants

Mass/Pheromone traps’ Reduction of Japanese beetle population on vine

plants

1 Mass/pheromone traps might be applied by the farmer to reduce population, however it
should be noted that generally they are not recommended by phytosanitary experts as they
might attract more Japanese beetles than they are able to capture (17).

additional management costs). The data were collected on the plot
level to be able to compare affected and unaffected plots within the
same farm. In addition, to understand the farmers’ perception of the
Japanese beetle’s future impact on vineyards, we included questions
about how a spread of the pest will affect the yield, quality,
management costs and future cultivation of their vineyard plots.
Moreover, the survey contained questions about how farmers
perceive the leaf damage tolerance level of their vines. We
considered this question important as the beetle damages
grapevine by feeding on its leaves, thereby limiting the plant’s
ability to photosynthesize and, in turn, affecting grape quality.

2.2 Analysis

Our analysis was conducted in two parts. First, we provide a
descriptive analysis of farmers’ perceptions of the beetle’s impact.
Second, we use a partial budgeting approach to assess the beetle’s
impact on private management costs.

The partial budget (PB) analysis is a commonly used method to
assess the direct economic consequence of a change at the farm
business level like the introduction of a pest (25, 26). It is one of
several main economic impact assessment techniques used in pest
risk analysis (26, 27), which focuses on the direct economic impact
on the farmer. Other methods like the partial equilibrium
modelling, input-output analysis and computable general
equilibrium model also take into account indirect effects caused
through price effects and linkages to other agricultural markets or
sectors (26). However, depending on the purpose of the analysis and
the contextual framework these methods might not be suitable (26).
In our case, where the Japanese beetle invasion in Europe is still at
an early phase affecting mostly grapevine farmers in the Piedmont
region, we can assume that it has resulted only in limited indirect
effects. Hence, the PB technique is the optimal choice because it
focuses on the producer. The method is based on the notion that
changes will lead to adjustments in the farming system such as
reductions or increases in some costs and revenues (14, 25, 28).
Adding up the negative and/or positive cost changes will lead to the
overall net change in profit (26) as presented in Table 2. A positive
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TABLE 2 Partial budgeting format. Based on the layout of Frem et al.
(28) & Soliman et al. (26).

Costs EUR Benefits EUR
A)  Additional costs C) Additional
revenues
Control & protection
costs
Labor costs
B)  Reduced revenues D)  Reduced costs

Yield and/or Quality
losses

Total costs: A + B Total benefits: C + D

Net change in profit: C+ D - A - B

net economic effect of a change can be achieved if the sum of the
positive economic effects exceeds that of the negative effects. Thus,
PB is a basic but popular tool due to its simplicity and transparency
(26). However, it is not designed to analyze the profit or loss of a
business as a whole but instead focuses only on the specific costs or
revenue components that could be affected by the change (25, 26).

This study assumes that a Japanese beetle infestation may
potentially lead to a net decrease in farm income of grape
producers. Our analysis focuses on comparing the economic
consequences of a Japanese beetle infestation in a vineyard. To
assess the per hectare net change in profit between affected and
unaffected vineyard plots, the potential yield loss and associated
costs per hectare of labor, insecticides and usage of other control
methods like pheromone traps have been calculated. This
calculation is based on primary and secondary data. To estimate
the costs of labor, we used the wages established in the collective
agreement for agriculture (18). The costs of control methods are
based on average application rates of the farmers combined with
recent market prices of the products (19-22).

3 Results
3.1 Sample characteristics

A total of 65 Italian grape producers completed the survey. The
respondents provided information on 118 vineyards plots, of which
47 were affected by the Japanese beetle in 2021 (Figure 2). Most of
the affected vineyards are located in the Piedmont region.

The average age of the surveyed farmers was between 44 and 49
years. Over 90% of respondents had completed an upper secondary
school education. In total, 27 farmers reported that they were
affected by the beetle and 38 were not affected.

Most of the farmers affected by the beetle had an income below
10000 € per year and managed their farm conventionally as a side-
business with a viticulture area of less than 10 hectares. In
comparison, most unaffected farmers identified farming as their
main business with over 50% having an annual income above 10000
€ per year. Furthermore, almost 50% of unaffected producers were
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e  Affected by the Japanese beetle
o Not affected by the Japanese beetle

FIGURE 2

Overview of vineyard plot locations. Each dot represents a vineyard. The observations were randomly placed within the regions and do not represent

the actual locations to preserve the anonymity of the survey participants.

using organic standards of production and even though the
viticulture area of most of the farmers is below 10 hectares, the
sample includes a few big grape producing businesses with a
viticulture area of more than 50 hectares and an annual income
over 120000 € (see Table 3).

3.2 Farmers’ perception of the Japanese
beetle infestation

The assessment of farmers’ perception of the Japanese beetle
infestation is based on the following four variables: the beetle’s
impact on yield damage, quality damage, management costs and the
possibility of having to stop the cultivation of grapevine on their
vineyard due to the pest. For the first three variables, farmers could
choose if they perceive the damage or the potential increase in
management costs on their vineyard as negligible, minor, moderate,
major or severe. For the fourth question, they could indicate the
likelihood of having to stop grapevine cultivation on their vineyard
due to the beetle as very unlikely, unlikely, neutral, likely or very
likely. In total, up to 56 farmers responded to these perception
questions for 103 vineyard plots. Fisher’s exact test was used to find
out if there was a difference regarding perceptions of the Japanese
beetle’s impact between affected and unaffected vineyard plots. The
test indicated no statistically significant difference between affected
and unaffected plots regarding the perception on yield (p=0.069),
quality damage (p=0.796), management costs (p=0.479) and the
possibility to stop the cultivation of grapevine on their
plot (p=0.581).

This study found that for around 75% of the unaffected plots
(N=45), farmers expect moderate to severe yield damage in the case
of a further spread of the Japanese beetle (see Figure 3). For affected
plots on the other hand, farmers expect that the beetle will lead to
such yield damage levels for around 58% of the plots (N=25). For
the remaining 42% of affected plots (N=18), producers state that a
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future spread of the beetle could also result in minor or negligible
damage to their yield. Farmers’ perception of the beetle’s impact on
grape quality shows that for around 70% of affected (N=30) and
73% of unaffected plots (N=43), producers believe in moderate up
to severe quality damage. Farmers also expect moderate to severe
increases in management costs due to the Japanese beetle for
around 91% of affected (N=41) and 89% of unaffected plots
(N=50). Only for around 9% of affected (N=4) and 11% (N=6) of
unaffected plots it was indicated that a minor or negligible increase
in management costs could be possible. Even though most of the
farmers expect the Japanese beetle to increase their management
costs, they think it is unlikely to very unlikely for around 47% of
affected (N=4) and 57% of unaffected plots (N=6) that they will have
to stop the cultivation of grapevine on their vineyard plot because of
the pest. For around 29% of affected (N=13) and 16% of unaffected
plots (N=9) however, producers indicated that it is likely to
very likely.

In addition to evaluating farmers’ perception of the Japanese
beetle impact on their grapevine production, we also wanted to find
out how they assess the leaf damage tolerance of their vines. In
order to do so, we asked the farmers for each of their plot(s) how
much leaf damage they think that the vines can tolerate before
experiencing significant negative impact on their grape yield and
quality. In total 54 farmers gave an answer and provided estimates
for 94 vineyard plots. Similarly as before, Fisher’s exact test was
performed to explore differences in answers between affected and
unaffected plots. The test revealed a statistically significant
difference between affected and unaffected plots on the perception
of vines’ leaf damage tolerance (p<0.001).

According to the results of the survey, for the majority of
unaffected plots (55%, N=26) farmers believe that their plants can
only tolerate leaf damage levels up to 10% before experiencing a
significant negative impact on their grape yield and quality (see
Figure 4). However, for most of the affected plots (79%, N=37)
farmers indicated a higher tolerance level, which is between 20 to 30%.
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TABLE 3 Socioeconomic characteristics of the farmers in the sample.

Affected Farmers (N=27)

10.3389/finsc.2023.1176405

Unaffected Farmers (N=38)

Characteristics Categories Respondents Respondents
No. (C2)) [\[o} (C2))
Age 48.67 13.9 43.68 10.8
>= 55 years 9 333 7 18.9
Education >= upper secondary 25 92.6 38 100
Farm as side-business 12 70.6 9 26.5
Total farm size (ha) 4.66 6.11 4191 97
<10 ha 21 77.8 17 44.7
10-49.9 ha 6 222 16 42.1
> 50 ha 0 0 5 13.2
Viticulture area (ha) 2.64 5.4 22 57.65
<10 ha 25 92.6 24 63.2
10-49.9 ha 2 7.4 11 289
> 50 ha 0 0 3 7.9
Labor (non-paid/own, family) 1.75 0.85 4.62 5.01
Labor (paid, all season) 0.11 0.32 2.94 4.76
Labor (paid, seasonal) 04 0.75 6.17 9.44
Organic 3 11.1 18 47.4
Farm income (€) < 10.000 17 85 15 48.4
10.001-120.000 3 15 12 38.7
>120.000 0 0 4 12.9

Due to missing observations, the respective percentage of respondents for the farm income variable refers to a total of 20 affected and 31 unaffected farmers.

3.3 Partial budgeting analysis

To investigate the Japanese beetle’s impact on the private
management costs of grape producers, we have calculated the
average difference in yield, labor and control measures between
affected and unaffected plots (see Table 4). Since most of the affected
plots were managed conventionally, we decided to exclude organically
managed vineyards from the sample in order to control for potential
differences in management practices. The sample for the PB analysis
hence includes 42 affected and 38 unaffected plots.

We combined the average yield per hectare of affected and
unaffected plots with the indicated average price of conventional
farmers, which is 77 € per quintal. The price estimate seems to be
realistic when compared to the latest available producer price of
grapes in Italy from Eurostat, which is 66.2 € per quintal for the year
2018 (29). In addition, we asked the participants about the total
amount of labor, which was necessary to manage their vineyard plot
in 2021. While it took on average 116 days to manage one hectare
when not affected by the Japanese beetle, this increases to around
148 days when affected by the pest. From Table 4 we can see that the
difference in labor of affected plots can be explained through an
increase in other control methods like visually inspecting the
vineyard or manually picking the beetle, which are labor-intensive
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control measures. It should be noted that we did not include these
two control measures in the PB analysis as those costs are already
accounted for in the labor per hectare estimate and are shown only
to provide additional information on the labor differences. The
difference in costs of control measures per hectare have been
calculated taking into account the average difference in
application rates between affected and unaffected plots and
multiplying it with the share of plots that use the specific product.
This value is then combined with recent market prices of the
products (19-22). One of the main differences in the use of
control products is that a higher percentage of affected plots was
treated with insecticides containing the active ingredient
acetamiprid (80%) and deltamethryn (45%) (see Table 4).
In addition, the average application rate for products with
acetamiprid was higher for affected plots. This increase
in application for insecticides containing acetamiprid and
deltamethryn makes sense since they are among the active
substances registered against adults of the Japanese beetle (3).
Table 5 shows the results of the PB analysis based on the above-
mentioned cost estimates. We found that vineyards experience, on
average, a reduction in net income of around 2727 € per infested
hectare compared to unaffected ones. Among the different cost
components, labor was the main additional expense affecting the
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FIGURE 3

Farmer perceptions of how the spread of the Japanese beetle will affect future grapevine production.

net income loss followed by a revenue reduction of around 966 €
due to yield loss. The cost difference in the usage of control methods
is around 47 € per infested hectare.

4 Discussion

In this study, we assess two sides of the Japanese beetle
infestation’s impact in Italy through farmers’ perceptions and the
partial budget analysis.

In our investigation of farmers™ perception of the effect of the
Japanese beetle on grapevines, we find that farmers expect at least
moderate yield and quality damages for the majority of plots (58-
76%, N=25-47). While farmers consider the possibility that they
might have to stop their grapevine cultivation as (very) unlikely or
neutral (71-81%, N=32-47), at least moderately increased
management costs are expected for the majority of vineyard plots
(90-91%, N=41-52). However, even though not statistically different
at the 95% level, there are some differences in opinion for affected and
unaffected plots, which are worth mentioning. Although unaffected
farmers are concerned about future yield damage, a large percentage
of affected farmers (42%, N=18) are less afraid about the beetle’s
impact on yield. This could be due to the fact that in our sample most
of the affected producers have smaller farms, which they manage
conventionally as a side-business. The group of the unaffected
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farmers, on the other hand, may be more concerned about the
future spread of the beetle as most of them run their farms full-
time and almost 50% of them are producing with organic standards,
for which only limited control options exist at the moment.

The responses of farmers regarding the leaf damage tolerance of
vines also shows differences between affected and unaffected plots,
which are statistically significant. While for 55% of the unaffected
plots (N=26), farmers state that their plants can only tolerate leaf
damage up to 10% before experiencing a significant negative impact
on their yield and quality, they do so only for 6.5% of the affected
plots (N=3). For around 90% of plots affected by the beetle (N=42)
higher tolerance levels have been indicated with most of them stating
that a defoliation between 20 to 30% is possible. As farmers with
affected plots differ in terms of perceived leaf damage tolerance,
farmers with affected plots might have more knowledge and
experience with leaf damages and accurately anticipate the impact
of defoliation on their plants. The expectations of these experienced
farmers are in line with a recent study from the US, which found that
with a defoliation higher than 30 to 35%, the feeding of the Japanese
beetle starts to show negative effects on various quality parameters of
the wine grape variety “Frontenac” (30).

In our partial budgeting analysis, we find that vineyards affected
by the Japanese beetle experience, on average, a net loss of around
2727 € per infested hectare with labor being one of the key cost
increases. Additional labor may be necessary due to increased
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FIGURE 4
Farmer perception of the leaf damage tolerated until there is a significant negative impact on grape yield & quality.

TABLE 4 Overview of yield, labor and control measures of affected and unaffected vineyard plots.

Affected Unaffected
. Plot (N=42) Mean application Cost (€ per appli- Plot (N=38) Mean application Cost (€ per
Particulars A ) e .
no. (if indicated) cation & ha) no. (if indicated)  application & ha)
(%) Mean (%) Mean
Yield per ha (in
. 714 50.4 71.1 62.9
quintals)
Price (€ per quintal) 77.3 77.3
Labor per ha (in
90.5 147.5 553 116.4
days)
Labor costs (€/hour) 6.9 6.9
Insecticides
Acetamiprid 81.0 2.1 66.3 485 1.5 66.3
Clorantraniliprolo 4.8 1.0 59.7 0.0 0.0 59.7
Deltamethryn 452 2.1 25.6 3.0 2.0 25.6
Emamectina
0.0 0.0 52.8 6.1 1.0 52.8
benzoato
Etofenprox 9.5 1.0 54.4 27.3 1.0 54.4
Flupyradifuron 4.8 2.0 38.8 242 1.0 38.8
Metossifenozide 0.0 0.0 39.2 6.1 1.0 39.2
Tau-fluvalinate 0.0 0.0 239 6.1 1.0 239
Bacillus
B 0.0 0.0 28.8 12.1 2.0 28.8
thuringiensis
Beauveria bassiana 4.8 1.0 133.8 0.0 0.0 133.8
Insect soap 0.0 0.0 24 6.1 1.0 24
Orange oil 2.4 2.7 52.5 9.1 3.1 52.5

(Continued)
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TABLE 4 Continued

Affected Unaffected
Particulars Plot (N=42) Mean application Cost (€ per appli- Plot (N=38) Mean application Cost (€ per
no. (if indicated) cation & ha) no. (if indicated)  application & ha)

(%) Mean (%) Mean
Paraffin oil 0.0 0.0 176.0 6.1 1.0 176.0
Pyrethrine 24 2.0 924 15.2 1.0 92.4
Rapeseed oil 2.4 2.0 103.2 3.0 1.0 103.2
Spinosad 0.0 0.0 95.4 152 1.0 95.4

Other control methods

Mass/pheromone
16.7 154 10.3 6.1 2.0 10.3
trap (trap per ha)
Insect picking by
35.7 38.7 0.0 NA
hand (h per ha)
Visual i ti
isual inspection s 206 s15 24

(h per ha)

Values written in italics indicate that the product was applied but the corresponding information on the number of applications is missing and therefore one application was assumed. The per hectare
costs of insecticides and other control methods is based on the recommended dosage per hectare combined with mean market prices of the products containing the active ingredient sourced from
online market shops (19-22). The costs of labor are based on the wages established in the collective agreement for agriculture (18). For the calculation of the mean yield, entries of 0 and more than 200

quintals per ha were removed. Similarly labour per ha of over 800 days and a price of less than five Euros per quintal were unlikely and were therefore removed from the dataset.

intensive monitoring, additional applications of insecticides or even
manual picking of the adult beetles every morning during their
flight period. Another important cost factor is the decrease in
revenue due to yield loss. Hence, Japanese beetle affected vineyard
plots have a net decrease in income per infested hectare due to yield
loss, additional applications of insecticides and increased workload.
However, the observed variations between affected and unaffected
vineyards cannot be interpreted as causal. As weather conditions
and other pest outbreaks could play a major role, future studies
should control for these factors. In addition, the PB analysis relies
on a small number of observations and the descriptive results can
therefore not be seen as representative of Italy.

In summary, the Japanese beetle can negatively affect viticulture
in Italy through a potential yield loss and increased labor and
control costs. This is also reflected in the perception of the farmers.
One of the main cost components identified in this study is the

additional labor required to deal with the pest. Farmers may be
forced to handpick the adult beetles from their vines because only
few control methods against the beetle currently exist. While
spraying of insecticides only helps in the short term, re-
infestation of the vines is possible within a few days after
treatment (17). Hence, additional insecticide applications are
necessary but not unlimited due to their negative effects on
beneficial organisms and the environment. Additionally, increased
consumer concerns about products with pesticide residues as well as
potential problems with pests developing resistance to synthetic
chemical products (31) make future research and investment in the
development of effective and environmentally friendly control
measures necessary. Finally, our study tries to give a first picture
on how the Japanese beetle affects grapevine producers in Italy.
However, as the beetle is spreading, future studies at the farm level
are essential, especially due to our small sample size and since the

TABLE 5 Partial budget analysis and net change in profits of Japanese beetle affected vineyard compared to unaffected vineyard.

Affected vs. Unaffected

€ EUR/ha Benefits € EUR/ha
A) Additional costs C) Additional revenues 0
Insecticides 21.62
Other Control methods 25.16
Labor 1,715.06
B) Reduced revenues D) Reduced costs 0
Yield 965.60
Total costs: A + B 2,727.44 Total benefits: C + D 0
Net change in profit: C+ D - A - B -2,727.44
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affected producers in our sample represent mostly small farms. In
addition, also the impact of the beetle on specific grape varieties as
well as other host crops like maize, blueberry or hazelnut, at
different levels of infestation across Europe needs to be evaluated.
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Spatial distribution and fixed-
precision sequential sampling
plans for Popillia japonica
(Coleoptera: Scarabaeidae)
adults in primocane raspberry:
influence of foliar insecticides

Adam G. Toninato, Eric C. Burkness' and William D. Hutchison*

Department of Entomology, University of Minnesota, St. Paul, MN, United States

The Japanese beetle, Popillia japonica Newman (Coleoptera: Scarabaeidae), an
invasive species from northern Japan, was first detected in Minnesota in 1968.
According to fruit growers and the Minnesota Department of Agriculture, population
size and feeding damage has been an increasing concern since 2010. Based on trap-
catch data, populations have recently exceeded 4,000 beetles/trap/week during
July-August near raspberry fields, and can increase by an order of magnitude within
7-10 days. The primary goals of this study were to assess the spatial distribution of P.
Japonica adults in raspberry, and to develop and validate a practical fixed-precision
sequential sampling plan for grower use. Taylor's Power Law (TPL) regression was
used to characterize the beetle’s spatial pattern in research plots and commercial
fields, either with or without insecticide applications. We then used Green's plan to
develop an enumerative sequential sampling plan to estimate P. japonica density in
primocane raspberry. Beetle population data were collected at two locations in
southern Minnesota, including the Rosemount Research and Outreach Center, and a
commercial field near Forest Lake. The TPL results, via slope comparisons, indicated
no significant differences in P. japonica spatial pattern between insecticide treated
plots versus untreated plots, or among 4 different insecticides (P>0.05). Utilizing all
spatial pattern data, we characterized the distribution of P. japonica beetles to be
highly aggregated in raspberry, with TPL slopes ranging from b = 1.38 to 1.55; all
slopes were found to be >1.0. Although the slopes were not significantly different, we
accounted for variability in spatial pattern by using 33 independent data sets, and the
Resampling for Validation of Sampling Plans (RVSP) model to validate a sampling plan
with a final average precision level of 0.25 (SEM/mean), recommended for integrated
pest management (IPM) purposes. The final sampling plan required an average
sample number of only 15, 1-m-row samples, while providing high relative net
precision (RNP), and thus a cost-effective, efficient sample plan for growers.

IPM decision-making, Japanese beetle, Taylor's Power Law, resampling, IPM,
sequential sampling
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Introduction

The Japanese beetle, Popillia japonica Newman (Coleoptera:
Scarabaeidae), is native to northern Japan and highly invasive in the
U.S. The beetle was first detected in New Jersey in 1916 (1, 2), and
gradually spread west and southwest. Popillia japonica has now
been documented in at least 31 states, and was first detected in
Minnesota in 1968 (3). Since then, P. japonica populations
remained relatively small and were primarily limited to urban
areas within the 7-county metro area of Minneapolis & St. Paul
(4). However, since 2010, P. japonica outbreaks have occurred more
frequently in Minnesota, and have increasingly been a concern to
growers of high-value fruit crops (5, 6). Popillia japonica adults are
known to colonize over 300 wild and cultivated plant species across
79 families, resulting in a characteristic leaf “skeletonizing” feeding
pattern (2). Adult feeding during July and August in the Midwest
U.S. can quickly result in high defoliation rates on economically
valuable hosts, particularly linden trees, roses, and numerous field
and horticultural crops (2, 3, 6, 7). In addition to direct feeding
damage, invasive arthropod species can often alter the feeding
patterns of native pests (e.g., 8), and consequently disrupt existing
Integrated Pest Management (IPM) programs (9, 10). Specifically,
P. japonica has been shown to exacerbate feeding injury by a native
insect, the Green June Beetle (Cotinis nitida), that is preferentially
attracted to grapes damaged by P. japomica. In turn, yeast
production and premature fermentation impacts fruit quality (8).

Among the most attractive fruit crops in the Midwest
region, raspberries, apples and wine grapes are readily damaged
(2, 5, 7, 11-13). In Minnesota, both summer (floricane) and fall
(primocane) raspberries are significant sources of income to growers.
DiGiacomo et al. (14) recently found that Driscoll Inc. (Watsonville,
CA) documented high consumer demand for raspberries in
Minnesota, where the Minneapolis-St. Paul market consumed
132% more fresh raspberries than the average U.S. household. High
in vitamin C and K, with high antioxidant capacity, modern
raspberry cultivars have been categorized as a “super food” (15). It
was recently estimated that raspberry production in Minnesota yields
3.51 million pounds of marketable product ($8.42 Ib/ac), valued
annually at $70.6 million (14).

Because of the value of raspberries to the Minnesota fruit
industry, many fruit growers utilize a “pick your own” production
system, as the need for frequent harvests is labor intensive (14).
However, scheduling both pest management activities, insecticide
applications, as well as safe harvest dates can be challenging (6, 14).
Raspberry is a perennial crop with one of two different harvest cycles;
floricane is harvested throughout the summer (primarily July-
August), and primocane harvested during autumn (August-
October). Primocane raspberries are most commonly grown in
Minnesota and are therefore at greater risk from insect pest feeding
on foliage from the mid-late portion of the growing season (5, 7, 14).
Popillia japonica prefer feeding on raspberry leaf tissue, even in the
presence of other known host plants (16). Burkness et al. (11), in a 3-
year study, found that the beetle attacked raspberry fruit ~20% of
time. In addition to direct damage to fruit, feeding injury to foliage
may also interfere with photosynthesis and late-season fruit
production (17). Primocane raspberries also endure the most
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feeding pressure from P. japonica during the transition from
vegetative growth to fruiting, as sucrose and nutrients are stored
for berry production during July and August (17); this period also
coincides with peak flights of P. japonica (7, 18).

Considerable Integrated Pest Management (IPM) research to
date has focused on the P. japonica larval (white grub) stage of the
insect’s life cycle (1, 3, 19). However, relatively little applied research
in the Midwest U.S. has been directed toward adult P. japonica
ecology or an understanding of the impact on fruit crops, including
yield or quality of raspberries. With concerns about the beetle’s
rapid colonization of fruit crops (e.g., 5, 6, 11), and that the highly
visible impact of feeding damage may increase insecticide use,
growers are currently in need of an effective monitoring tool to
estimate the number of P. japonica adults present, and thus make
objective IPM decisions. The primary control practice currently
includes the use of foliar insecticides soon after finding a few P.
japonica beetles, or high levels of defoliation. In addition, the
process of sampling for beetles, or estimating defoliation is a
challenge, depending on the experience of growers or consultants
(e.g. 1). As part of our research to develop new IPM programs,
monitoring systems are needed to track beetle population trends,
such as the use of semiochemical-baited traps to understand
regional pest pressure (5). In addition, for individual crops such
as raspberries, statistically sound sampling methods are necessary
for future use with economic or “action” thresholds, to better assess
if and when insecticide applications are necessary (20).

Although time-saving, sequential sampling plans are available
to assist with sampling plan design (21, 22), the challenge is that the
“fixed precision level” proposed for enumerative plans (e.g., 23) is
actually variable for any given sampling session (or bout) (24). The
desired precision level is an expectation that assumes multiple
sampling sessions. To overcome this concern and to assist with
sampling plan validation, Naranjo and Hutchison (25) developed
the Resampling for Validation of Sample Plans (RVSP) program to
allow researchers to quantify how the variability in actual precision
levels obtained based on actual sampling data sets. This approach
has proven useful for a variety of arthropod species, and for the
validation of both enumerative (25-27) and presence-absence
(28-30) sampling plans.

Given the high value of raspberries in Minnesota (14), and the
subsequent use of multiple insecticides for P. japonica, we were
motivated to develop and validate a statistically sound sampling
plan for grower use. To do so, we utilized the well-known Taylor’s
Power Law regression (31) to characterize the spatial pattern of P.
japonica adults, and the RVSP resampling approach to validate a
cost-effective sequential sampling plan (23, 25). To provide
additional efficiency, we examined the beetle’s spatial pattern
within the raspberry canopy, to minimize the area sampled.

Materials and methods
Sample data

The primary data sets used for sampling P. japonica adults,
without insecticide use, were collected during the summers of 2018,
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2020, and 2021, using a primocane (fall bearing) variety, ‘Heritage.’
The primary research field site was located at the Rosemount
Research & Outreach Center, University of Minnesota (ROC-
North, 44.71520N, -93.09744W). Raspberries were maintained
using standard production guidelines for fertility, and
supplemental irrigation as needed (11, 32). This site (~ 0.1 ha)
consisted of several 2-row research plots (4.6m long), with rows
separated by 3.1 m of turf maintained between rows to minimize
erosion. In 2020, 22 data sets were collected from 5 July to 3
September; in 2021, 34 data sets were collected from 5 July to 30
August. In addition, in 2018, four high-density samples were
collected in commercial fields of primocane (fall bearing)
raspberries, ‘Prelude’ and ‘Nova,” at a site near Forest Lake, MN
(45.22832N, -92.89175W). These samples were collected prior to
insecticide use. The field size, including both varieties was ~0.2 ha,
with row spacing at 3.1m, also separated by turf between rows. In
total, 60 data sets from untreated research plots and the commercial
field were available for analysis. For all samples, the same 1-m row,
canopy sample unit was used. On each sample date, 16 to 60
randomly selected 1-m row samples were taken using a visual whole
canopy inspection, to record adult P. japonica densities (e.g., 5).
Each data set was then used to calculate the mean and variance for
sampling plan development and validation.

In addition to the ROC-North site, a second site, ROC-South
(44.69104N, -93.07326W), was also established using ‘Heritage’
raspberry, where an insecticide study was conducted to assess
efficacy and spatial pattern of P. japonica adults; this was ~4.5km
south of ROC-North. ROC-south included 8 eight quadrants
running east to west, where each quadrant contained 11, 3.1m
rows of ‘Heritage’ raspberries separated by 3.Im turf alleys as
previously described. As with ROC-north, the site was maintained
using standard production guidelines for fertility, and supplemental
irrigation as needed. The plots were assigned to 5 insecticide
treatments, with 4 replications each, in a randomized complete
block design (RCBD). The insecticide study in 2020 was conducted
with sprays applied every two weeks from July 10 to August 28.
Carbaryl (Sevin®, Monsanto, St. Louis MO), and spinosad
(Entrust®, Corteva, Wilmington DE) were applied at rates of 32.0
and 6.0 oz of product/ac, respectively in a randomized complete
block design. The zeta-cypermethrin (Mustang Maxx®, FMC,
Philadelphia PA.) treatment, at a rate of 4.0 oz of product/ac, was
applied weekly with the intent to maintain a “beetle free” zone. In
2021, the same trial was conducted at ROC-south, however, the
spinosad treatment was replaced with acetamiprid (Assail®, United
Phosphorous Inc., Bandra, East Mumbai), at a rate of 4.50z of
product/ac. In 2021, carbaryl and zeta-cypermethrin were applied at
the same rates and intervals as in 2020. As with all other sampling
data, the 1-m-row sample unit was used. Total data sets available for
spatial pattern analysis ranged from 22-27, depending on the
insecticide. In addition, a total of 16 data sets (4 data sets for each
of 4 insecticides) were set aside prior to analysis, for sampling plan
validation (25). Adult beetles from each study were identified by
external anatomy and coloration unique to P. japonica (3, 19) and
validated by comparisons to specimens previously deposited to the
Insect Museum in the Department of Entomology, University
of Minnesota.
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Spatial pattern

We examined the spatial distribution of P. japonica adults using
Taylor’s Power Law (TPL) which is based on a logarithmic
relationship between the sample variance (s*) and the sample
mean (m) (31), such that:

&= a(m)h

In practice, a and b are estimated by linear regression of log(s)
as a function of log(m), where b is the slope, and index of
aggregation. In theory, the value of b is independent of mean
density and is relatively “constant” for a species in a given
environment (31). Among many aggregation indices, TPL has
been found to provide robust estimates of spatial pattern (e.g., 22,
26, 28). During 2020-2021, a total of 60 data sets collected from
raspberry plots not treated with insecticides were used to calculate
the mean/variance estimates. The TPL regression was used to
quantify the relationship between log variance and log mean, for
43 of the 60 population density samples. The remaining 17 samples
were selected to reflect a density range from low-high, and set aside
as independent data sets to be used for RVSP validation analysis
(see below). The slope of the TPL regression line (b) is indicative of
the spatial pattern of the population sampled; ie.,if b<1,b=1,0rb
> 1, the population can be characterized as having a uniform,
random, or aggregated spatial distribution, respectively (22). In
addition to the primary TPL regression (N=43), the spatial pattern
for P. japonica adults was determined by comparing the slopes for
the TPL regressions for the 4 insecticides mentioned previously, as
well as the untreated plots. The total number of sample dates per
insecticide ranged from 22-26, for each of the two years. All
regressions were conducted using RStudio (33).

Enumerative sequential sampling

Development of the sampling plan was based on Green’s (23)
“stop-line” model to estimate population density, after a successive
number of samples are taken, using the formula:

T, > (an'™" /SE/m })1/D)

where T, is the cumulative number of individuals sampled for n
samples, a is the antilog of a from the TPL regression, b is the slope
from TPL, SE/m = D for precision level (e.g., D=0.10, 0.25). With
this plan, one continues to take successive samples until the
appropriate T, is exceeded to estimate insect density, for the
desired precision level.

Validation of Green’s plan was conducted by selecting 17 of the
60 sample data sets taken over two years at ROC-North prior to
calculating TPL values, for use as independent data sets for
validation (Naranjo & Hutchison 2007). The 17 data sets for
validation were selected to represent a range of population
densities from low to high. In addition, because of the potential
variation in spatial pattern for insecticide treated plots, 16 sample
dates were also selected from the insecticide study (4 samples for
each of 4 insecticides), for a total of 33 validation data sets; for all
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validation data sets, the observed mean density ranged from 0.75 to
28.1 beetles per 1-m row. All validation data were then used with
the TPL parameter estimates (a, b values) and Green’s plan to
evaluate plan performance, via the Resampling for Validation of
Sample Plans (RVSP) program (25). Using the RVSP package,
during each sampling session (bout), the resampling method
assumes that a unique set of random samples are taken to
estimate density to mimic one taking samples at random in the
field. Final plan performance is assessed after the sampling process
has been repeated (simulated) 500 times for each data set. The
outcomes for the actual precision levels achieved for each RVSP
simulation, are compared to the desired precision, and subsequently
changed, as an iterative process to achieve the final goals of D=0.10
and D=0.25, for research and IPM purposes, respectively (34). In
addition, RVSP provides the predicted average population density,
for comparison with actual population density, and average sample
number (ASN) for each of the 500 simulation runs. Once the ASN
was determined for each precision level, we also calculated Relative
Net Precision (RNP), to compare the efficiency of each sampling
plan based on the sampling cost and precision (27, 35),

Relative net precision = (1/(RVxc)) » 100,

where RV is relative variation (SE/mean) * 100 (34), and c is the
total cost (in time) for collecting the selected sample, usually
measured in person-hours.

Canopy strata

To further improve the efficiency of sampling, and reduce sampling
cost via a more refined sample unit, we conducted a study in 2021 to
determine how P. japonica beetles were distributed within the raspberry
canopy. On 10 separate sample dates in 2021, untreated ‘Heritage’
raspberry plots at ROC-North were used to visually sample the top-third
(0-15 cm), middle-third (16-30 cm), and bottom-third (31-45 cm) strata
of the canopy;, to assess the potential for differential beetle density among
strata. Nondestructive random sampling, using the 1-m-row sample
unit, was conducted on each sampling date (July-August), by selecting
five plants at random, within the middle 2 rows/plot, in each of four
quadrats. The insect strata data was transformed using a square-root
transformation [V(x+0.5)], where x is the number of adults recorded per
sample per date. The mean number of beetles per 1-m-row, and SEMs,
and the proportion of beetles in each strata were calculated for analysis.
Prior to analysis, the proportion data were arc-sine transformed. The
strata density data were analyzed using ANOVA with RStudio (33), and
Tukey’s HSD test for means comparison (P=0.05).

Results
Spatial pattern

Taylor’s Power Law regression analyses of log-variance as a
function of the log-mean, for P. japonica adults indicated a strong

positive relationship for beetle populations, as measured by the 1-
m-row sample unit (Figure 1). The pattern was consistent regardless
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of the insecticide used or if the data were collected from untreated
plots. For all treatment regressions, R* estimates ranged from 0.79-
0.89. Importantly, the TPL slope (b) values for all data sets, either
from untreated or insecticide treated plots, were statistically greater
than 1, (P<0.05, Table 1), indicating an aggregated spatial pattern
for P. japonica adults in raspberry. We also did not find significant
differences in slopes between the insecticide treated and untreated
plots, nor differences among the four insecticides (P>0.05, Table 1).

Enumerative sequential sampling
and validation

The development and validation of Green’s sequential sampling
plan, via RVSP, suggested that to achieve an observed average
precision level (D) of ~0.10, a high average sample size of 106
sample units are required (Table 2). By contrast, to achieve an
average precision level (D) of ~0.25 for IPM decision-making, an
average sample size of only 15, 1-m-row samples are required
(Table 3). The initial ‘desired precision” levels specified in the RVSP
validation were higher than expected, and were therefore decreased to
0.21 and 0.08, to achieve the desired actual precision levels of 0.25 and
0.10, respectively. This option with RVSP is often necessary to adjust
(fine-tune) the precision levels to determine optimum final sample
size (26, 27). Based on RVSP analysis, average maximum and
minimum sample sizes were 23 and 15 for a precision levels of D =
0.25. By contrast, average maximum and minimum sample sizes were
123 and 106 were necessary for a precision level of D = 0.10. The full
range of expected, average sample size requirements are illustrated in
Figure 2 (see also Supplementary Table S1). Finally, the results for
sampling efficiency, based on RNP, which includes the time to take
samples for a given ASN at each precision level are shown in Table 4.
As expected, the RNP was much higher, and most cost-effective
(21.40) for the IPM-based precision level of D = 0.25.

Canopy strata

The canopy strata distribution study, where the canopy was
equally partitioned vertically across three equally spaced strata (15
cm intervals), indicated significant differences in P. japonica beetle
density (P<0.05, Table 5). Over the course of 10 sample dates and
using the 1-m-row sample unit, a significantly higher number of
beetles were observed in the top 1/3 of the canopy (P<0.05); there
were also significant differences between the mid- and bottom 1/3
strata. Likewise, the mean proportion of beetles found varied
significantly by strata (P<0.05, Table 5), with 78.8% of the P.
japonica adults found in the top 1/3 of the canopy. These results
suggest that additional savings in sampling time could be reduced
by focusing the sampling effort on the top 1/3 of the canopy.

Discussion

In this study we found that P. japonica adults were highly
aggregated on primocane (fall-bearing) raspberries regardless of
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FIGURE 1

Taylor's Power Law for P. japonica adult density and variance (log transformed), collected on primocane (‘Heritage’) raspberry, Rosemount MN,

Forest Lake MN 2020, and Rosemount MN 2021 (see also Table 1).

TABLE 1 Taylor's Power Law slope comparisons and mean density for P. japonica adults in raspberry, where sampling was conducted in untreated
plots, and those treated with foliar insecticides, Rosemount, MN, 2021-2022.

Active Ingredient b (+ SE)*? mean’
density/1-m
Zeta-cypermethrin 0.091 1.556 (+ 1.49) <0.01 0.89 24 345
Carbaryl -0.037 1.450 (£ 0.42) <0.01 0.79 27 4.00
Spinosad 0.095 1.475 (£ 1.13) <0.01 0.78 27 12.88
Acetamiprid 0.202 1.390 (£ 0.65) <0.02 0.86 20 5.44
Untreated check 0.262 1.381 (£ 0.28) <0.02 0.88 43 9.55

'Multiple comparison test for slopes (b), with a Bonferroni correction, indicated no significant differences among slopes (P>0.75).
*All slopes were found to be significantly >1.0 (P<0.05), indicating an aggregated spatial distribution.
*Mean densities for beetles per 1-m row for both years, with the exception of spinosad data collected in 2021, and acetamiprid collected in 2022.

whether insecticides had been applied. Although the insecticides
included in this study can reduce beetle densities differentially (36),
our results indicate that the sampling plan presented is robust and
applicable to commercial field situations for IPM decision-making.
Aggregation behavior of P. japonica adults can be attributed to
several factors related to the beetle’s ecology. First, mated females
usually oviposit in moist or irrigated soil supporting turf grass or
nearby pastures (1, 19), where subsequent grub (larval) populations
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are also known to exhibit an aggregated spatial pattern (37, 38).
Secondly, P. japonica adults emerging from these source
populations each summer are often aggregated as well. Sara et al.
(39) observed an aggregated distribution of P. japonica adults in
soybean, where beetle density was most pronounced along field
edges. More recently, a similar trend was observed for P. japonica
adults in commercial vineyards (13). Thirdly, a primary mechanism
responsible for initial beetle aggregations on several plant
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TABLE 2 Resampling simulations used to validate a fixed precision, sequential sampling plan (23), for P. japonica adult density (1-m-row), by using a
pre-set precision level of 0.08 (desired 0.10), via Taylor's Power Law (a = 1.83, and b = 1.38).

Avg. statistics for 500 sequential sampling simulations*

Vggi:jaatsigp MSa\tt)’lseDr:ﬁsdity Mean Density Precision Avg. sample no.
Min. Mean Min. Max
1 0.750 0.751 0.167 0.131 0.194 258 193 319
2 0.833 0.836 0.076 0.067 0.087 242 200 275
3 1.333 1.338 0.124 0.108 0.142 192 163 226
4 1.500 1.507 0.092 0.074 0.105 180 161 205
5 1.833 1.832 0.072 0.064 0.079 163 145 186
6 2.000 1.991 0.109 0.093 0.125 157 134 184
7 2.187 2203 0.099 0.085 0.116 149 130 172
8 2437 2.445 0.096 0.081 0.111 141 121 163
9 2750 2778 0.105 0.089 0.122 133 114 157
10 2917 2.921 0.102 0.085 0.122 129 110 154
11 3.500 3.501 0.073 0.061 0.083 118 105 131
12 4.000 4.021 0.104 0.083 0.127 110 97 133
13 4.667 4.805 0.186 0.151 0.201 102 77 138
14 5.083 5.084 0.054 0.043 0.066 98 90 107
15 5333 5316 0.087 0.076 0.098 96 84 110
16 6.000 6.021 0.048 0.038 0.059 90 84 96
17 6.667 6.714 0.106 0.062 0.127 85 73 101
18 6.966 6.969 0.080 0.062 0.099 83 74 95
19 7.420 7.556 0.120 0.085 0.155 80 68 95
20 8.170 8239 0.089 0.072 0.109 77 69 86
21 8.291 8.284 0.074 0.058 0.094 76 68 87
22 8.300 8.401 0.110 0.085 0.146 76 64 91
23 9.515 9.612 0.101 0.083 0.123 71 60 82
24 10213 10233 0.086 0.057 0.119 69 59 76
25 10.828 10.933 0.112 0.079 0.146 67 58 79
26 11529 11.554 0.099 0.078 0.122 65 57 74
27 12.430 12.421 0.063 0.047 0.084 62 55 69
28 13333 13.417 0.095 0.072 0.112 60 53 70
29 13.667 13.761 0.070 0.054 0.086 59 54 64
30 18.125 18.071 0.076 0.059 0.089 52 46 59
31 19.861 19.923 0.088 0.065 0.109 49 43 55
32 24.028 24.506 0.133 0.087 0.171 45 37 56
33 28.083 28.305 0.096 0.072 0.123 41 36 47
Overall 8.01 8.07 0.097 0.076 0.117 106 91 123

'Data sets resampled with replacement because of low mean P. japonica densities for some field sites (data sets 1-5); resampling conducted using Resampling for Validation of Sample Plans
(RVSP) simulation software (25).
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TABLE 3 Resampling simulations used to validate a fixed precision, sequential sampling plan (23), for P. japonica adult density (1-m-row), by using a
pre-set precision level of 0.22 (desired 0.25), via Taylor's Power Law (a = 1.83, and b = 1.38).

Avg. statistics for 500 sequential sampling simulations*

Vggi:jaatsigp MSa\tt)’lseDr:ﬁsdity Mean Density Precision Avg. Sample no.
Min. Mean Min. Max
1 0.750 0.813 0.421 0211 0.657 37 19 74
2 0.833 0.857 0.204 0.141 0.274 33 24 46
3 1.333 1.405 0336 0222 0.480 27 17 48
4 1.500 1.565 0239 0.101 0343 25 17 35
5 1.833 1.867 0.187 0.107 0253 23 17 29
6 2.000 2.105 0291 0.159 0.403 22 14 33
7 2.187 2251 0.270 0.158 0392 21 14 35
8 2437 2514 0252 0.155 0357 20 13 30
9 2750 2.847 0276 0.156 0.391 19 13 27
10 2917 3.010 0.272 0.141 0.398 18 13 26
11 3.500 3.556 0.197 0.086 0.280 17 12 22
12 4.000 4.154 0272 0.122 0.405 16 10 25
13 4.667 5.485 0.438 0.075 0.600 15 7 25
14 5.083 5.119 0.146 0.065 0237 14 11 18
15 5333 5.437 0229 0.100 0345 14 9 19
16 6.000 6.058 0.129 0.042 0.205 13 11 16
17 6.667 6976 0.260 0.049 0.407 12 8 17
18 6.960 7.079 0.208 0.097 0348 12 8 16
19 7.420 8.078 0296 0.140 0519 11 7 19
20 8.170 8.248 0239 0.105 0.410 11 8 16
21 8.290 8.330 0.196 0.091 0312 11 8 17
22 8.300 8.803 0.281 0.156 0532 11 7 17
23 9.515 9.864 0.264 0.125 0.460 10 7 15
24 10212 10543 0201 0.062 0.424 10 7 13
25 10.828 11.407 0279 0.083 0570 10 6 14
26 11529 11.885 0.258 0.109 0.407 9 7 14
27 12.430 12.522 0.158 0.058 0.281 9 6 12
28 13333 13.833 0.240 0.051 0365 9 6 13
29 13.667 13.929 0.182 0.060 0.295 9 7 12
30 18.125 18527 0.197 0.057 0320 8 6 10
31 19.861 20.687 0231 0.066 0413 7 5 10
32 24.028 25.483 0316 0.105 0.628 7 5 10
33 28.083 28.936 0.248 0.049 0399 6 5 9
Overall 8.010 8310 0.249 0.106 0.398 15 11 23

'Data sets resampled with replacement because of low mean P. japonica densities for selected field sites; resampling conducted using Resampling for Validation of Sample Plans (RVSP)
simulation software (25).
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FIGURE 2

Observed Average, Minimum and Maximum Sample size results from RSVP Validation analysis for desired precision levels of D=0.10 and D=0.25,
based on Green's Sequential Sampling Plan for P. japonica adults, using a 1-m-row sampling unit in raspberry, Rosemount MN, 2020-2021 (see

Supplementary Table S1 for fitted equations for each precision level).

species is attributed to the release of volatile organic compounds
(VOCs) in response to beetle feeding. For example, Loughrin et al.
(40, 41) quantified the attraction of P. japonica adult aggregations
to several VOCs emanating from crab apple and wine grapes,
including floral kairomones (e.g., pbenethanol, linalool) or
fruit-2like volatiles [e.g., (Z)-3-hexenyl butyrate, (Z)-3-hexenyl
benzoate)]. The VOCs are released soon after P. japonica adults
initiate feeding. Although VOCs have not been documented for
raspberry, a similar phenomenon could be responsible for the
aggregation phenomenon observed on raspberry (see also 11).
Finally, once high numbers of adult P. japonica adults have
colonized host plants, the release of the female sex pheromone
also attracts additional males to the same feeding sites (1).

An extensive entomological literature has shown that the use of
Taylor’'s Power Law regression provides a reliable approach to
characterizing spatial pattern across a diversity of arthropod taxa
(21, 24, 25, 31). Moreover, with the development of Green’s (23)
sequential sampling plan for estimating population density, the
slope of the TPL regression was found to be useful for developing
practical sampling plans, with designated average precision levels
(21, 26). However, despite the reliability of the TPL regression, and
other measures of spatial aggregation, additional research affirmed
that such measures serve only as initial estimates of spatial pattern,
reflecting a continuum from random to aggregated, rather than a
fixed index (24). Like other ecological parameters spatial pattern
estimates are dependent on sample size, host crops, or external
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variables such as insecticide use. Importantly, an additional key
factor affecting the final performance of a sampling plan is the
stochastic nature of the sequential sampling process itself; i.e., each
time a plan is implemented (sampling bout), a different set of plants
are sampled and different arthropod densities are encountered, all
of which yields a slightly different estimate of pest density and the
final precision level obtained (21, 24, 25).

These findings prompted the development of a bootstrap, or
resampling approach to develop and validate sequential sampling
plans that would incorporate both sources of variation (24). As
illustrated by Naranjo and Hutchison (25), the model RVSP was
developed to provide a validation process for sequential sampling
plans using actual insect sampling data sets, versus a theoretical
distribution such as the negative binomial. The resampling approach
is a form of bootstrap sampling, where independent data sets for a
given species are used to assess the actual precision of a sampling plan,
allowing for more flexibility in building sampling plans based on
realistic spatial patterns (22, 25, 26). In addition, as an iterative process
it is used to modify the pre-set precision levels, to eventually achieve the
desired precision and reasonable ASN. This is particularly useful for
IPM applications. By contrast, traditional plans that are not validated
can lead to unnecessarily high sample sizes, that are too time-
consuming (25). The simulations can also be processed in a matter
of seconds. Thus, the initial pre-set precision can and should be
adjusted as needed to reach the desired observed precision levels for
the sampling plan to be effective. For P. japonica we therefore adjusted
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TABLE 4 Efficiency of two fixed-precision sequential sampling plans for P. japonica adults in raspberry, as measured by relative net precision (RNP).

Sampling plan Avg. Sample Total Sample

Precision level Time (hr)? Time (hr)*
D =0.10 106 0.0125 1.325 7.55
D =025 15 0.0125 0.187 21.40

! Average sample number (ASN) was estimated based on 500 iterative sampling runs (bouts), as part of the resampling analysis using RVSP (25), as per Tables 2, 3. The ASN shown here is the

average observed for 500 validation sampling runs.

*Average time to record a single 1-m-row sample (45 sec) per person, which includes the time to walk between samples (<5 sec); total sampling time = 45 sec, or 0.0125 person hr.
* Time in person-hours to sample the ASN, including the time to walk between samples, for a given precision level.
* Relative net precision = (1/(RV*c))*100, where RV is relative variation (D*100), and c is the total cost (time) related to collecting total samples for ASN, usually measured in person-hours.

the precision levels to 0.08 and 0.21 in the final RVSP simulations to
achieve the desired actual precision of D=0.10 and 0.25, respectively.
The results of Green’s sequential sampling plan also indicate that as the
density of P. japonica increases, fewer samples are required to
determine adult density (Tables 2, 3, Figure 2).

The strata study indicated that the majority of P. japonica adults
are found in the top third of the canopy (Table 5). Feeding by P.
japonica in the upper strata of crop canopies has also been documented
in wine grapes (5) and soybean (42). Feeding in the upper strata of
various crops has been attributed to their attraction to sunlight (UV) or
the nutritional value of feeding on younger leaves (1, 11). This
information will be helpful for growers and crop consultants as they
can focus their crop inspections more efficiently within the upper
canopy strata. Finally, although a formal time-of-day study was not
conducted, we found that beetle activity was most noticeable between
11am to 5pm, and that beetle counts too early in the morning could
lead to underestimates of the actual infestation levels.

To our knowledge, this is the first study to document the spatial
pattern of P. japonica adults in raspberry. However, previous work
with P. japonica has shown that the adults also exhibit aggregated
distributions, when beetles were sampled in wine grapes where a
strong “edge effect” was noted (13), or when trapping beetles in
semiochemical-baited traps (5). It is also notable that the strong
linear TPL relationship for P. japonica adults is similar to the TPL
results found for other beetle species (e.g., 26). Regardless of the
biological basis for aggregation pattern in the field, it is well known
that the subsequent sampling plans for such species, often
necessitates higher sample sizes and costs, compared to sampling
plans for species characterized by random spatial patterns (25).

Our sequential sampling plan indicates that, on average, only 15
samples are necessary to estimate adult P. japonica population
density in raspberry, when using the IPM based precision level (D)

TABLE 5 Mean (+/-SEM)* number of P. Japonica adults per m-row for
three strata (15-cm intervals) within a raspberry (‘Heritage’) canopy (no
insecticide sprays), Rosemount MN, 2021.

Strata Mean No. Adults Mean Proportion

of Total

Top ‘ 9.45 (+ 1.08) a 0.788 (+ 2.52) a
Middle ‘ 2.10 (+ 0.43) b 0.175 (+ 2.18) b
Bottom ‘ 0.45 (+ 0.14) ¢ 0.037 (+ 0.98) b

'Means followed by the same letter are not significantly different, Tukey’s HSD (P=0.05).
Analysis completed based on proportion of P. japonica adults per stratum, using the arcsine
transformation; back-transformed means presented in Table.
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of 0.25 (Table 3). With a sample time of 30-45 sec, and the time to
walk between samples averaging 5 sec, we assumed a final
conservative estimate of 45 sec for total time to take a 1-m-row
sample. Thus a sample size of 15 would equate to ~11 minutes per
field site, which is a reasonable time frame for growers and crop
consultants to make control decisions (Table 4). When beetle
densities are relatively moderate to high, the sampling time will
be much less (Figure 2). The combination of a brief sampling time
and a validated precision level (0.25 for IPM), suggests a high level
of efficiency in sampling adults. Popillia japonica often overwinter
in loam-clay soils and prefer moist turf (1, 43), which is commonly
grown between raspberry rows. This should inform growers that
once a population is established, there will continue to be moderate
to high beetle pressure in the foreseeable future making an effective
sampling plan imperative. Recent studies in Minnesota suggest that
P. japonica adult emergence begins during late June (6, 7); therefore
growers and consultants in the upper Midwest region should begin
sampling by mid-July to catch peak beetle activity, and begin
sampling efforts.

Although the pattern for aggregation of P. japonica adults was
consistent among all insecticides tested (b >1.0), the differences
observed in population density and corresponding ASNs
(Tables 2, 3) was not surprising given the known differences in
efficacy of insecticides for this species (36); there may also be sub-
lethal or behavioral effects on the beetles in treated plots, that may
also differentially affect spatial pattern. For example, Burkness et al.
(36) found that zeta-cypermethrin (Mustang Maxx) consistently
reduces beetle populations to <5 beetles/m-row, for up to 2 weeks
following an application, resulting in several sample dates with low
densities. As shown for other insect species, low densities may lead
to a more random spatial pattern. Moreover, the change from
aggregated to random is more of a continuum versus an abrupt
change of the TPL slope from b=1.0 to b>1.0 (22).

The primary production practice for raspberries in Minnesota is
the use of fall bearing varieties (14) because they yield well, and are
less labor-intensive than summer raspberries that require intense
labor for pruning each season. In recent years, because of the
establishment of another invasive, spotted-wing Drosophila
(Drosophila suzukii), more growers are beginning to transition
toward summer bearing raspberries (14). Although our research
was conducted primarily with the fall bearing ‘Heritage’ variety, we
believe the proposed sampling method should be applicable to
summer bearing raspberries as well. Fall and summer bearing
raspberries share similar canopy growth patterns, with ample
foliage produced during summer-fall growth periods, when P.

frontiersin.org


https://doi.org/10.3389/finsc.2024.1465829
https://www.frontiersin.org/journals/insect-science
https://www.frontiersin.org

Toninato et al.

japonica adults are most active in the Midwest region (7). However,
because multiple varieties are grown in the region, further research
is needed to determine the degree to which P. japonica adults show
similar aggregation behavior, and thus changes in spatial
aggregation that could affect sampling plan recommendations. In
addition, more work should be done with other varieties to evaluate
the degree of fruit feeding by P. japonica beetles, as this may require
more targeted sampling on fruit and flowers versus foliage late in
the season. As P. japonica continues to colonize crops in Europe
(44-48), and global climate change continues to facilitate invasive
pest expansion (49, 50), it will be critical for researchers to develop
innovative monitoring tools for both surveillance and IPM
applications to minimize excess insecticide use and respond to
grower challenges.

In summary, our study shows that P. japonica adults exhibit an
aggregated distribution on fall bearing ‘Heritage’ raspberries in
Minnesota. Despite a high level of aggregation, the validation
analysis, when using Green’s sequential sampling plan, requires an
average of only 15 1-m-row samples to estimate the population
density, at an average precision level (D) of 0.25, recommended for
IPM decision-making (25). As with other sequential sampling plans,
more samples are necessary at low densities (e.g., < 5 beetles/sample).
For the high density range of 10 to 25 beetles/sample unit, the ASN
continued to decline, especially for D=0.25, but ranged from 8-15
samples, respectively (Table 3, Figure 2). The sequential sampling
plan for P. japonica on raspberry should be useful to growers and
crop consultants, by providing statistically sound estimates of
population density, with a reasonable sample size and cost. Finally,
research is underway in Minnesota to determine economic injury
levels, and a practical economic threshold for P. japonica in
raspberry. The sampling plan can then be used in tandem with an
effective economic threshold for P. japonica adults, to further build an
IPM program for fall bearing raspberry in the Midwest U.S.
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