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The Japanese beetle, Popillia japonica (Newman, 1841) (Coleoptera: Scarabaeidae), was first detected in
southern Washington State in 2020. Widespread trapping efforts ensued, and over 23,000 individuals were
collected in both 2021 and 2022 in this region known for specialty crop production.The invasion of Japanese
beetle is of major concern as it feeds on over 300 plant species and has shown an ability to spread across
landscapes. Here, we created a habitat suitability model for Japanese beetle in Washington and used dispersal
models to forecast invasion scenarios. Our models predict that the area of current establishment occurs in a
region with highly suitable habitat. Moreover, vast areas of habitat that are likely highly suitable for Japanese
beetle occur in coastal areas of western Washington, with medium to highly suitable habitat in central and
eastern Washington. Dispersal models suggested that the beetle could spread throughout Washington within
20 years without management, which justifies quarantine and eradication measures. Timely map-based
predictions can be useful tools to guide management of invasive species while also increasing citizen en-
gagement to invaders.
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Introduction acreage planted to potentially susceptible crops including grapes,
Japanese beetle, Popillia japonica (Newman, 1841) (Coleoptera: bops, e'md cherries. Given tha'It the beetle has recently éstablished, it
Scarabaeidae), is a notorious invasive pest in the eastern and is crucial to implement effective approaches to quarantine and erad-
midwestern United States. Adults of the species feed voraciously
on over 300 plant species, while larvae feed in the soil on roots
of turf and other plants (Potter and Held 2002). Japanese beetle

adults are strong flyers and can readily be relocated via movement

icate these populations (Reaser et al. 2020). In quarantined areas
of Washington, the insecticide Acelepryn is applied for control, and
yard debris, potted plants, soil with vegetation, and other items are
quarantined due to their high risk of spreading the pest (WSDA
2022). These methods were useful in eradicating former Colorado
and California establishments (Althoff and Rice 2022).

Ongoing efforts to quarantine and eradicate Japanese beetle
would benefit from a more precise understanding of its potential
distribution in Washington as well as estimates of invasive spread. In
this short communication we address these 2 goals, first by building

of goods and people. Dispersal models, and studies conducted in
the United States and Europe, show beetle populations expand
at a rate between 8 and 15 km/yr in newly invaded regions
(Fleming 1972, Allsopp 1996, Lessio et al. 2022, Mondino et
al. 2022).
beetle individual first detected i tral south

Wagﬁiic;f)s; meez Oe21(1)1 hllv; :rz; ﬁir:tessin Z ecf);nirelr(c:iejl ;aarsl?iﬁg le;‘? habitat suitability models for Japanese beetle in Washington, and
More widespread trapping efforts for Japanese beetle ensued in 2021 second by performing  dispersal simulations to- predict invasive
(900 traps) and 2022 (2,300 traps) in Washington, and over 23,000
beetles were trapped around the cities of Grandview and Sunnyside.

This area is known for specialty crop production, with considerable

spread. Our forecasts can be used to aid in effective surveillance and
eradication strategies to prevent further spread of this devastating
invader.

© The Author(s) 2023. Published by Oxford University Press on behalf of Entomological Society of America. All rights reserved. For permissions, please e-mail: 1
journals.permissions@oup.com.

€202 AINF Gz U Josn ssa00y JaquisN VST AQ 029861 L/91 LPEOYSl/E60L "0 L/I0P/3[0IE-80UBAPE/93I/W0D dNO"DIWSPEDE//:SANY WOI) POPEOJUMOQ


journals.permissions@oup.com
https://orcid.org/0000-0001-6823-5840
https://orcid.org/0000-0003-3894-2880
mailto:gengping.zhu@wsu.edu

Journal of Economic Entomology, 2023, Vol. XX, No. XX

Materials and Methods
Habitat Suitability Modeling

We used 2 approaches to estimate habitat suitability for Japanese
beetle. Our “physiological model” used a technique similar to the
CLIMEX platform by relating specific physiological thresholds of
Japanese beetle to climatic variables in a spatial context, identifying
areas that could allow for survival and development (Kearney and
Porter 2009, Griinig et al. 2020). Our “correlative niche model” used
the platform MAXENT to relate species occurrence records to envi-
ronmental variables across geographic space (Peterson et al. 2011).
We also created an ensemble model that averaged predictions of the
2 models on a pixel-by-pixel basis. More information on each of the
2 primary models is provided in the sections to follow. All model
predictions were deposited in Open Science Framework at https:/
osf.io/7spjf, they can be viewed and modified in any GIS platform.
A HTML file was also provided for interactive view of ensemble
model prediction.

Physiological Model.

The approach to building a physiological habitat suitability model,
widely exemplified by CLIMEX (Jung et al. 2016), is to model a
species’ fundamental niche and project these requirements onto ge-
ographic spaces to identify potential habitat (Peterson et al. 2015).
Typically, physiological data are obtained through controlled
experiments, such as studies that assess survival, development, or
fecundity at variable temperatures. By relating the physiological
thresholds to climate variables over space (e.g., spatial temperature
data), areas where conditions are suitable for the species to survive
and develop are identified (Kearney and Porter 2009).

Our physiological model calculated a suitability index for
Japanese beetle by coupling the beetle’s physiological data with
gridded monthly mean, minimum, and maximum temperature data.
This suitability index is calculated on a cell basis in a spatial raster
layer (grid size 1 km) by multiplying a temperature index, a growing
index, and a killing index (Griinig et al. 2020). We obtained phys-
iological parameters from a previous Japanese beetle model that
calculated a low development threshold (10°C), a growing degree
requirement for the life cycle (525 DD), and cold (-15°C) and heat
(34°C) tolerant temperatures (Kistner-Thomas 2019). We also used
a low development threshold of 15°C following the recent degree
day model (Ebbenga et al. 2022). Our final physiological models
were averaged based on these 2 low thresholds. The raster data for
monthly mean, minimum and maximum temperatures were obtained
by CHELSE (Karger et al. 2020).

Correlative Niche Model.
Correlative niche models assess ecological requirements of a spe-
cies by associating environmental factors with occurrence records
(Peterson et al. 2011), often using the MAXENT platform (Phillips
et al. 2017). We built a habitat suitability model using MAXENT
and occurrence records from Zhu et al. (2016), iNaturalist (www.
inaturalist.org), and the Global Biodiversity Information Facility
(www.gbif.org) using the spocc package in R (Owens et al. 2023).
A total of 845 records were retained after applying a filter of 50 km
between records to limit sampling bias (Warren and Seifert 2011).
We used a “random” method to select 10,000 pseudo-absence
records from the “accessible” areas, where the accessible areas were
delimited by creating a minimum convex polygon around observed
points and applying 400 km buffers (Barbet-Massin et al. 2012).
Environmental data included 6 variables that constrain Japanese
beetle populations (Zhu et al. 2016): (i) annual mean temperature, (ii)

max temperature of warmest month, (iii) minimum temperature of
coldest month, (iv) annual precipitation, and (v, vi) the precipitation
of the wettest and driest months. These variables were interpolated
and spatially averaged; air temperature and precipitation were meas-
ured from weather stations with annual trends and extremes were
summarized (Fick and Hijmans 2017). Japanese beetle larvae rely on
soil temperature to develop. Studies also show that rainfall in July and
August are limiting factors in earlier stage (i.e., egg and 1st instars)
development (Hanula 1990). Annual mean and extremes (max tem-
perature of warmest month, min temperature of coldest month) of
soil temperatures measured at 0-5 cm depth (soiltempproject.com),
and precipitation of July and August (worldclim.org) were therefore
also included in the MAXENT model. Although these variables can
be collinear, MAXENT accounts for redundant variables in the ap-
proach (Feng et al. 2019). All variables had a resolution of 1 km. In
MAXENT, we used the fine-tune setting to minimize model com-
plexity and overfitting (Warren and Seifert 2011, Muscarella et al.
2014). MAXENT models were fine-tuned using the block method
and AIC criteria in the ENMeval package in R (Muscarella et al.
2014).
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Fig. 1. The predicted habitat suitability for Japanese beetle based on A) the
physiological model, B) the correlative niche model, and C) the ensemble
model. Value range from 0.0 (habitat is completely unsuitable) to 1.0 (habitat
has maximum suitability) (See online version for color figure).
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Model Evaluation.

To assess models, 50% of records were used for model training and
50% for evaluation. We used the partial area under the receiver op-
erating characteristic curve (partial ROC) approach for evaluation
(Peterson et al. 2008). The partial ROC approach uses the AUC ratio
(area under the ROC curve) to test model performance, ranging from
0 to 2, with values of 1 representing random performance. The phys-
iological model was also evaluated using the partial ROC approach
and using the same testing data as the MAXENT model.

Dispersal Simulations

We conducted dispersal simulations to predict spread of Japanese beetle
in Washington using the MigClim package in R (Engler et al. 2012).
MigClim simulates dispersal away from an incursion zone using a time
step, which we set as 1 year because Japanese beetle completes 1 gen-
eration a year in Washington State. We used records on Japanese beetle
detections in Washington as the “incursion population”. MigClim also
incorporates habitat suitability values, as only potentially suitable grid
cells can be sites for establishment. This required us to convert our hab-
itat suitability predictions from the ensemble model into binary values
(suitable or unsuitable); this was achieved using a 5% omission error

threshold from the calibration records (i.e., Sth training threshold). We
chose a conservative threshold that allowed us to identify potential
suitable habitats for establishment.

We ran simulations for 20 years with 2 scenarios: (i) short-
distance dispersal only and (ii) both short- and long-distance dis-
persal. To define short-distance dispersal, studies in the United States
and Italy show populations regularly spread between 7 and 15 km/
yr (Allsopp 1996, Mondino et al. 2022). We used a value of 15 km/yr
along with a dispersal kernel that assumed an exponential decline in
movement at greater distances. We used 30 km/yr for long-distance
dispersal based on values seen in flight studies (Lessio et al. 2022).
While longer-distance dispersal via human activity is possible, we
chose conservative values that likely capture the vast majority of
human-mediated dispersal. We set the dispersal probability within
any suitable grid cell as 1; this reflects our assumption that all patches
occupied by Japanese beetle can be future sources of dispersal. We
also assumed there are no geographic barriers to dispersal.

Results

Both the physiological (AUC = 1.54) and correlative niche models
(AUC = 1.81) showed strong performance. Globally, the models
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Fig. 2. Shown in the top left panel are habitat suitability values from the ensemble model overlaid with the distribution of established Japanese beetle populations
(areas A and B which are zoomed into in panels A and B). In the top right panel, we show the annual mean temperature and annual rainfall for all occurrence
records in the United States and Washington (A and B) specifically (See online version for color figure).
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Cell found suitable during simulations
(red to green colors represent dispersal steps when establishment occurred)

Fig. 3. Estimated spread of Japanese beetle in Washington State under 2 dispersal scenarios: A) short-distance only and B) both short- and long-distance. Each
distinct color represents 2 dispersal steps (total 20) (red = current; yellow = 10-year prediction; green = 20-year prediction) (See online version for color figure).

were positively correlated (Spearman rank correlation = 0.63).
However, the models showed less congruence in Washington State
(Spearman rank correlation = 0.18) (Fig. 1A and B). In Washington,
the 2 models showed high suitability in low elevation areas along the
western coast, but predictions contrasted in the inland of the state
(Fig. 1A and B). An ensemble model that averaged the 2 predictions
was generated to reduce the uncertainty and to conduct the dispersal
simulations (Figs. 1 and 2). With the ensemble model, the majority
of low-elevation coastal areas were highly suitable, and vast areas in
central and eastern Washington have medium to high suitability (Fig.
1C). Projections of occupied climate spaces in the United States also

showed that beetle populations in Washington occupy a relatively
small climate space that consists of drier and colder conditions than
other invaded regions of the United States (Figs. 1 and 2).

The short-distance dispersal simulations show Japanese
beetles could spread and occupy most habitat in central-southern
Washington within 20 years (Fig. 3A). Simulations that included
both short- and long-distance dispersal suggest the beetle could
spread across the entire state within the same 20-year period
(Fig. 3B). Both dispersal simulations show that without preven-
tative management, the beetle could occupy central southern
Washington State within 10 years (Fig. 3B). However, dispersal
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models show that the Cascade Mountain Range could be a bar-
rier against westward expansion, especially in short-distance only
simulations (Fig. 3A).

Discussion

Our habitat suitability predictions are largely congruent with other
models for Japanese beetles in other invaded regions worldwide
(Zhu et al. 2016, Kistner-Thomas 2019) and show broad areas of
suitable habitat in Washington and globally (Figs. 1 and 2). While
beetle populations currently found in Washington are confined to the
cities of Sunnyside and Grandview, both models found large patches
of suitable habitat around these locations (Figs. 1 and 2). Given that
vast acreage of high-valuable specialty crops such as grapes, hops,
and cherries are produced in the region, further spread of Japanese
beetles could be devastating for Washington’s agricultural industry.
Present Washington State populations were established in a relative
dry area (i.e., annual precipitation < 250 mm, Fig. 2), so further
spread should be carefully monitored to verify whether they have
adapted to even drier conditions.

By complementing our habitat suitability models with dispersal
simulations, our study not only estimated potential regions that
could be suitable for Japanese beetle, but also how quickly beetles
might reach uninvaded areas. Both short- and long-distance dis-
persal simulations suggest beetle populations could rapidly expand
throughout south-central Washington and potentially the entire state
within 20 years. While the Cascade Mountain range might serve
as a barrier to dispersal, Japanese beetle have shown an ability to
hitchhike with humans over long distances (Potter and Held 2002).
Western Washington has considerable acreage planted to high-value
small fruit and vegetable crops that might also be susceptible to
Japanese beetle, combined with a large urban population that could
be impacted by these pests. Given predictions that habitat in Western
Washington is likely even more suitable than the region currently
invaded, it is imperative that quarantine efforts prevent further
spread of the beetle west beyond the Cascades. Long-term monitor
data could help us estimate a real expansion rate and validate our
dispersal model.

Early detection and rapid response are the most cost-effective
ways to minimize impacts of emerging invasive species (Reaser
et al. 2020). So far, Japanese beetle is confined to 2 large but rel-
atively isolated areas (Fig. 2A and B), and it is critical to prevent
their further expansion. In September 2022, the Washington State
Department of Agriculture established a quarantine zone to limit
movement of certain items within the infested area (WSDA 2022),
aimed at eradicating the southern establishment zone in close prox-
imity to considerable specialty crop production (Fig. 2A). While the
initial quarantine zone did not include the northwestern establish-
ment zone (Fig. 2B), recently an emergency rule was filed to expand
the present quarantine in the southern establishment zone (WSDA
2022).

Our map-based forecasts can aid efforts to identify future quar-
antine zones and provide timely support for decision making for
ongoing monitoring and eradication programs. Moreover, habitat
suitability modeling can aid in engaging citizens to monitor “high
risk” zones to help the track progress of an invasion. Additional
monitoring is likely needed to aid in eradicating the northwestern
establishment zone within Washington that is not included in present
expanded quarantines (Fig. 2B). For Japanese beetle and other in-
vasive species, studies like the one conducted here can help identify
patches where establishment is likely and eradication efforts can be
focused on reducing the spread of invasive species.

Acknowledgments

We thank A. Berfeldy for helpful edits. The work was supported by
USDA project (1014754).

Author Contributions

Gengping Zhu (Conceptualization-Lead, Formal analysis-Lead,
Methodology-Equal, Validation-Lead, Writing — original draft-Lead,
Writing — review & editing-Lead), Liesl Oeller (Formal analysis-
Equal, Writing — review & editing-Equal), Rian Wojahn (Data
curation-Equal, Resources-Equal, Visualization-Equal), Camilo
Acosta (Data curation-Equal, Resources-Equal, Visualization-
Equal), Joshua Milnes (Data curation-Equal, Resources-Equal,
Visualization-Equal, Writing — review & editing-Equal), David
Crowder  (Conceptualization-Equal, ~Formal analysis-Equal,
Funding acquisition-Equal, Methodology-Equal, Supervision-Equal,
Validation-Equal, Writing — review & editing-Equal), Gengping Zhu
(Conceptualization-Equal, Data curation-Equal, Formal analysis-
Equal, Investigation-Equal, Methodology-Equal, Validation-Equal,

Writing — original draft-Equal).

References

Allsopp PG. Japanese beetle, Popillia japonica Newman (Coleoptera:
Scarabaeidae): rate of movement and potential distribution of an immi-
grant species. Coleopt Bull. 1996:50:81-95.

Althoff ER, Rice KB. Japanese beetle (Coleoptera: Scarabaeidae) invasion of
North America: history, ecology, and management. | Integr Pest Manag.
2022:13(1):1-11.

Barbet-Massin M, Jiguet F, Albert CH, Thuiller W. Selecting pseudo-
absences for species distribution models: how, where and how many?
Methods Ecol Evol. 2012:3(2):327-338. https://doi.org/10.1111/;.2041-
210x.2011.00172.x

Ebbenga DN, Hanson AA, Burkness EC, Hutchison WD. A degree-
day model for forecasting adult phenology of Popillia japonica
(Coleoptera: Scarabaeidae) in a temperate climate. Front Insect Sci.
2022:2:1075807.

Engler R, Hordijk W, Guisan A. The MIGCLIM R package — seamless in-
tegration of dispersal constraints into projections of species dis-
tribution  models.  Ecography. 2012:35(10):872-878.  https://doi.
org/10.1111/.1600-0587.2012.07608.x

Feng X, Park DS, Liang Y, Pandey R, Papes M. Collinearity in ecological niche
modeling: confusions and challenges. Ecol Evol. 2019:9(18):10365—
10376. https://doi.org/10.1002/ece3.5555

Fick SE, Hijmans RJ. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int | Climatol. 2017:37(12):4302-4315.
https://doi.org/10.1002/joc.5086

Fleming WE. Biology of the Japanese beetle. USDA Tech Bull.1972:1449:1-129.

Griinig M, Calanca P, Mazzi D, Pellissier L. Inflection point in climatic suit-
ability of insect pest species in Europe suggests non-linear responses to
climate change. Global Change Biol. 2020:26(11):6338-6349. https://doi.
org/10.1111/gcb.15313

Hanula JL. Epizootiological investigations of the microsporidium Ovavesicula
popilliae and Bacterium Bacillus popilliae in field populations of
the Japanese beetle (Coleoptera: Scarabaeidae). Environ Entomol.
1990:19(5):1552-1557. https://doi.org/10.1093/ee/19.5.1552

Jung J-M, Lee W-H, Jung S. Insect distribution in response to climate change
based on a model: review of function and use of CLIMEX. Entomol Res.
2016:46:223-235.

Karger DN, Schmatz DR, Dettling G, Zimmermann NE. High-resolution
monthly precipitation and temperature time series from 2006 to
2100. Sci Data. 2020:7(1):248. https://doi.org/10.1038/s41597-020-
00587-y

Kearney M, Porter W. Mechanistic niche modelling: combining physiological
and spatial data to predict species’ ranges. Ecol Lett. 2009:12(4):334-350.
hetps://doi.org/10.1111/).1461-0248.2008.01277.x

€202 AINF Gz U Josn ssa00y JaquisN VST AQ 029861 L/91 LPEOYSl/E60L "0 L/I0P/3[0IE-80UBAPE/93I/W0D dNO"DIWSPEDE//:SANY WOI) POPEOJUMOQ


https://doi.org/10.1111/j.2041-210x.2011.00172.x
https://doi.org/10.1111/j.2041-210x.2011.00172.x
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1111/j.1600-0587.2012.07608.x
https://doi.org/10.1002/ece3.5555
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/gcb.15313
https://doi.org/10.1111/gcb.15313
https://doi.org/10.1093/ee/19.5.1552
https://doi.org/10.1038/s41597-020-00587-y
https://doi.org/10.1038/s41597-020-00587-y
https://doi.org/10.1111/j.1461-0248.2008.01277.x

Journal of Economic Entomology, 2023, Vol. XX, No. XX

Kistner-Thomas EJ. The potential global distribution and voltinism of the
Japanese beetle (Coleoptera: Scarabaeidae) under current and future
climates. | Insect Sci. 2019:19(2):1-13.

Lessio F, Pisa CG, Picciau L, Ciampitti M, Cavagna B, Alma A. An
immunomarking method to investigate the flight distance of the Japanese
beetle. Entomol Gen. 2022:42(1):45-56. https://doi.org/10.1127/
entomologia/2021/1117

Mondino EB, Lessio F, Bianchi A, Ciampitti M, Cavagna B, Alma A. Modelling
the spread of Popillia japonica Newman (Coleoptera: Scarabaeidae) from
a recently infested area. Entomol Gen. 2022:42(5):713-721. https://doi.
org/10.1127/entomologia/2022/1370

Muscarella R, Galante PJ, Soley-Guardia M, Boria RA, Kass JM, Anderson RP.
ENMeval: an R package for conducting spatially independent evaluations
and estimating optimal model complexity for MAXENT ecological niche
models. Methods Ecol Evol. 2014:5:1198-1205.

Owens H, Barve V, Chamberlain S. spocc: interface to species occurrence data
sources. 2023. https://github.com/ropensci/spocc (devel), https://docs.
ropensci.org/spocc/ (user manual)

Peterson AT, Papes M, Sober6n J. Rethinking receiver operating character-
istic analysis applications in ecological niche modeling. Ecol Model.
2008:213(1):63-72. https://doi.org/10.1016/j.ecolmodel.2007.11.008

Peterson AT, Papes M, Sober6n J. Mechanistic and correlative models of ec-
ological niches. Eur | Ecol. 2015:1(2):28-38. https://doi.org/10.1515/
eje-2015-0014

Peterson AT, Sober6n ], Pearson RG, Anderson RP, Martinez-Meyer E,
Nakamura M, Aratjo MB. Ecological niches and geographic distributions.
New Jersey: Princeton University Press; 2011.

Phillips SJ, Anderson RP, Dudik M, Schapire RE, Blair ME. Opening the black
box: an open-source release of Maxent. Ecography. 2017:40(7):887-893.
https://doi.org/10.1111/ecog.03049

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

Reaser JK, Burgiel SW, Kirkey ], Brantley KA, Veatch SD, Burgos-Rodriguez
J. The early detection of and rapid response (EDRR) to invasive species: a
conceptual framework and federal capacities assessment. Biol Invasions.
2020:22:1-19.

Warren DL, Seifert SN. Ecological niche modeling in Maxent: the importance
of model complexity and the performance of model selection criteria. Ecol
Appl. 2011:21(2):335-342. https://doi.org/10.1890/10-1171.1

Washington State Department of Agriculture (WSDA). Japanese beetle quar-
antine boundaries expanded by emergency rule. Japanese beetle quar-
antine boundaries expanded by emergency rule; 2022. [accessed 2023
April 20]. https://agr.wa.gov/departments/insects-pests-and-weeds/insects/
japanese-beetle/multi-year-eradication/quarantine.

Zhu G, Li H, Zhao L. Incorporating anthropogenic variables into ecological
niche modeling to predict areas of invasion of Popillia japonica. | Pest Sci.
2016:90(1):151-160. https://doi.org/10.1007/s10340-016-0780-5

€202 AINF Gz U Josn ssa00y JaquisN VST AQ 029861 L/91 LPEOYSl/E60L "0 L/I0P/3[0IE-80UBAPE/93I/W0D dNO"DIWSPEDE//:SANY WOI) POPEOJUMOQ


https://doi.org/10.1127/entomologia/2021/1117
https://doi.org/10.1127/entomologia/2021/1117
https://doi.org/10.1127/entomologia/2022/1370
https://doi.org/10.1127/entomologia/2022/1370
https://github.com/ropensci/spocc
https://docs.ropensci.org/spocc/
https://docs.ropensci.org/spocc/
https://doi.org/10.1016/j.ecolmodel.2007.11.008
https://doi.org/10.1515/eje-2015-0014
https://doi.org/10.1515/eje-2015-0014
https://doi.org/10.1111/ecog.03049
https://doi.org/10.1146/annurev.ento.47.091201.145153
https://doi.org/10.1146/annurev.ento.47.091201.145153
https://doi.org/10.1890/10-1171.1
https://agr.wa.gov/departments/insects-pests-and-weeds/insects/japanese-beetle/multi-year-eradication/quarantine
https://agr.wa.gov/departments/insects-pests-and-weeds/insects/japanese-beetle/multi-year-eradication/quarantine
https://doi.org/10.1007/s10340-016-0780-5

