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used to exclude beetle oviposition by weed mulching 
available for container-grown nursery stocks, and by 
testing larval survival to the application of chemical 
(cypermethrin) and organic (Heterorhabditis bacte-
riophora and Metarhizium brunneum) commercial 
pesticides registered for European nurseries. The high 
effectiveness of the method makes it a suitable com-
ponent of a systems approach strategy for pest risk 
management, in order to achieve a safe production 
and trade of nursery plant material in areas infested 
by the Japanese beetle.

Keywords Japanese beetle · Quarantine · 
Mulching · Scarabaeidae · Systems approach

Introduction

The Japanese beetle, Popillia japonica Newman 
(Coleoptera: Scarabaeidae), is native to Japan (Flem-
ing, 1972). In the early  20th century, Japanese beetle 
established in North America in the Atlantic coast, 
and in 1977 it was recorded in the Russian island of 
Kunashir, which sits less than 30 km to the east of 
Northern Japan (EPPO, 2016). In Europe, P. japonica 
was accidentally introduced into the Azores (Terceira 
Island) in the early 1970s (Martins & Simoes, 1988) 
and it was recently reported in the Italian regions of 
Lombardy and Piedmont (EPPO, 2014; Pavesi, 2014). 
In Italy, the insect is currently spreading from the ini-
tial area of establishment to the neighbouring areas 
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(more than 15,000  km2) feeding on vines, fruit trees, 
forest trees, crops, vegetables, ornamental and wild 
plant species (Regione Lombardia, 2020). The pest is 
listed among the priority quarantine organisms of del-
egated regulation (European Union (EU) 2019/1702) 
(EFSA PLH Panel, 2018; EPPO, 2021).

Popillia japonica is a significant pest of nursery 
plants as the adults feed on more than 300 species of 
trees, shrubs and herbaceous plant species (Fleming, 
1972). There are three instars that develop in the soil, 
feeding on roots of grasses and weeds, but larvae may 
also consume the young roots of woody ornamental 
plants (Smitley, 1996). In Europe, the movement of 
host plants and commodities that might provide a 
pathway for P. japonica is presently regulated by the 
Annex VII and VIII of the Commission Implement-
ing Regulation (EU 2019/2072) of 28 November 
2019, while in North America, the movement of the 
adult stage by aircraft is regulated by a federal quar-
antine and the larval stage by the U.S. Domestic Japa-
nese Beetle Harmonization Plan (DJHP) (National 
Plant Board, 2019).

In the U.S., nursery stock originating from infested 
areas are managed according to the DJHP. For con-
tainer-grown nursery stock, accreditation consists of 
growing plants in containers free of weeds, located 
on a ground barrier and using approved growing 
media (Smitley, 1994). Preplant media incorporation 
of bifenthrin, chlorpyrifos, fensulfathian, isofenphos 
and tefluthrin formulation provided complete control 
of Japanese beetle larvae (Ladd & Lawrence, 1986; 
Nielsen & Cowles, 1998). In addition, imidaclo-
prid drenched immediately after planting (Nielsen & 
Cowles, 1998) or container immersion with bifenthrin 
or chlorpyrifos (Oliver et  al., 2017) prevented the 
establishment of the beetle.

Among the effective larval insecticides reported 
in literature or recommended by DJHP (bifenthrin, 
chlorpyrifos, cyfluthrin, imidacloprid, thiamethoxam) 
(National Plant Board, 2019), only imidacloprid for 
plants grown in permanent greenhouses is allowed in 
nurseries in European countries. Hence, there is an 
urgent need to provide solutions for the management 
of the Japanese beetle in nurseries located in infested 
areas, which represent a large fraction of the nursery 
business in Northern Italy. An innovative approach 
was used to prevent beetle oviposition by testing 
weed mulching in container-grown nursery stock, 
either alone or in combination with chemical and 

organic commercial pesticides registered for Euro-
pean nurseries.

Materials and methods

Physical barriers to oviposition

The experiment was performed in a nursery located 
in the infested area (Varese: 45°47’ N, 8°45’ E). Sim-
ilar to other P. japonica studies with container nurs-
ery plants (Oliver et al., 2017), plants were grown in 
11.7 L black plastic containers (37 cm diameter top 
and 35 cm height). Three commercial weed mulching 
products for container-grown nursery stock were used 
to determine the penetration capacity of female bee-
tles based on an evaluation of subsequent oviposition 
in the underlying container substrate, including: coco-
nut fibre mulching discs (two densities: 200 and 400 
g/cm2, producer:  Stocker® Lana Bolzano Italy), jute 
fabric (density: 250 g/m2, mesh approximately 2x2 
mm, producer:  Stocker® Lana Bolzano Italy), wood 
chips (5 cm layer, chip size: 25-40 mm, producer: 
 Geolia® Morangis France). In June 2020, one-year 
old grapevine plants (Cultivar Chardonnay grafted 
on SO4) about 0.5 m high were transplanted into the 
containers using peat potting soil (VIV V10-22 Vigor 
 Plant® Fombio Lodi Italy, 80% Irish and Baltic peats 
and 20% sand with a manufacturer reported bulk den-
sity of 150 kg/m3, pH 6.0). A 10  cm2 grass (Lolium 
perenne L.) sod was put close to the vine to allow 
oviposition and support larval feeding. A plastic wire 
net (mesh 2x2 cm) was fixed to the container upper 
edge surrounding the vine stem, to serve as mulching 
holder. The mulching was put over the net and firmly 
closed around the vine stem. A cylinder of plastic 
wire net 0.6 m high (mesh 1x1 cm) was put vertically 
above the container edge to contain the vine plant; it 
was then covered with an insect-proof net (mesh 1x1 
mm), with an opening in the upper end to introduce 
the beetles. Each mulching type was replicated four 
times, and four caged plants without mulching were 
used as a control. On the 20 July 2020, mating pairs 
of P. japonica adults were collected in a willow nurs-
ery (Mornago, Varese: 45°43’ N, 8°43’ E) and 10 
pairs of adult insects (10 females and 10 males) were 
introduced in each container. The containers were 
kept under an anti-hail protective net and watered 
daily according to the nursery standard for the entire 
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duration of the experiment. In addition, they were 
isolated from the soil by a plastic barrier. On the 25 
August 2020, the containers were inspected to assess 
the number of adult beetles, the defoliation level and 
the number of larvae in the soil; all variables were 
visually assessed, soil particles were manually sepa-
rated from the roots and first-instars were identified 
with a magnifier.

Larval control by preplant media insecticide 
incorporation trial

Three commercial products registered for use in the 
nursery industry (EU Pesticide Database, 2020) were 
evaluated for their effectiveness in killing larvae. Five 
litre black plastic containers (24 cm diameter top 
and 23 cm height) were filled with peat potting soil 
(see previous paragraph) up to 5 cm from the edge. 
The soil of the treated containers was mixed manu-
ally for approximately 10 minutes with the following 
products: cypermethrin  (Columbo® 0.8 MG, concen-
tration 0.8%, microgranules formulation, correspond-
ing to a field rate of 12 g/m3, manufacturer: Dow 
AgroSciences Italy), Metarhizium anisopliae var. 
anisopliae Sorokin (now taxonomically referred as 
Metarhizium brunneum Petch) fungus strain F52 (Met 
52  G®, concentration 2%, granules formulation, cor-
responding to a field rate of 500 g/m3, manufacturer: 
Novozymes France), and Heterorhabditis bacterio-
phora Poinar nematode  (Nematop®, powder formu-
lation, corresponding to a field rate of  106 infective 
juveniles/m3, manufacturer e-nema Germany, com-
mercialised by Biogard, Italy). According to Ladd & 
Lawrence (1986) and Oliver et al. (2016), five third-
instars were used in each container. They were col-
lected on the 18 September 2020 from a hay meadow 
in Turbigo, Milano (45°52’ N, 08°72’ E) and held 
for at least 24 h before use, to ensure they were vital 
and that no mechanical injuries had occurred during 
collection (Oliver et al., 2016). Each larva was intro-
duced into the containers via 2 cm deep openings on 
the surface of the medium and allowed to enter the 
substrate without further assistance. Third instars 
were used in the tests since they were readily avail-
able and less susceptible than earlier instars to injury 
from handling and changes in their environment. 
Elimination of third instar might also support elimi-
nation of the earlier instars since they are far more 

susceptible to some insecticides than the third instar 
(Fleming, 1972). Each treatment and control were 
replicated four times and the containers were main-
tained outdoor in the site where the larvae were col-
lected. On the 3 October 2020 the containers were 
inspected, and the number of live and dead larvae was 
assessed.

Statistical analysis

To evaluate the effectiveness of the mulching type 
in reducing oviposition, a negative binomial regres-
sion model using a log link-function was built and 
validated. The response variable was the number of 
first instars found in each container. The categorical 
explanatory variable (five levels) was the mulching 
type. To evaluate the effectiveness of the commercial 
control agents against the third instars, a binomial 
regression model using a logit link-function was built 
and validated. The response variable was the mortal-
ity rate of larvae (i.e., the ratio between the number 
of dead larvae and the total number of larvae) in each 
container. The categorical explanatory variable (four 
levels) was the treatment. Pairwise multiple compari-
sons were performed using Tukey’s post-hoc tests. 
All the analyses were performed in R (R Core Team, 
2020).

Results

None of the tested methods provided total suppres-
sion of the Japanese beetle in the container-grown 
nursery stock, either as ovipositing females or third 
instars in the soil. Among the weed mulching types 
tested, the coconut mulching was able to reduce the 
oviposition success when compared to the control 
and the other types ( �2

4
 = 35.710, p < 0.001; Fig. 1 

and Table  1). Thicker coconut mulching (400 g/m2) 
yielded a lower number of larvae compared to the less 
thick (200 g/m2) but differences were not significant. 
At the time of the check (25 August 2020), all adults 
were dead and were retrieved in the cages, either as 
fully formed (at least 16 adults per container) or dam-
aged. The defoliation of the grapevine plants was 
almost complete, varying from 75% to 95%.

Treatments performed with the insecticide 
cypermethrin and the nematode H. bacteriophora 
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significantly increased the mortality of the third 
instars compared to control, while the fungus M. 
brunneum provided intermediate results ( �2

3
 = 

14.938, p = 0.002; Fig. 2 and Table 2).

Discussion

Potential dispersal of P. japonica is of great concern 
considering that this quarantine pest can be artificially 

Fig. 1  Average number 
of Popillia japonica first 
instars found in the soil 
of containers treated with 
different weed mulching 
products. Different letters 
indicate significant differ-
ences among weed mulch-
ing products in a pairwise 
comparison (p < 0.05) 
from the negative binomial 
regression model. Bars indi-
cate the standard error

Table 1  Number of first 
instar larvae of Popillia 
japonica found in the soil 
of containers treated with 
different weed mulching 
products

Replicate Control Jute Wood chips Coconut 200 Coconut 400

1 31 61 12 14 1
2 14 44 60 3 6
3 38 26 23 5 0
4 50 8 16 0 0
Average 33.25 34.75 27.75 5.50 1.75
Std. Error 7.52 11.43 10.99 3.01 1.44

Fig. 2  Average death rate 
of Popillia japonica third 
instars treated with different 
insecticides. Different let-
ters indicate significant dif-
ferences among treatments 
in a pairwise comparison (p 
< 0.05) from the binomial 
regression model. Bars indi-
cate the standard error
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moved in several ways, including shipment of nursery 
stock infested with larvae (EFSA PLH Panel, 2018; 
National Plant Board, 2019). The risk of transport-
ing P. japonica with plant material or products con-
taining soil or potting substrate from infested areas is 
high, since females lay their eggs during the summer 
and the larvae remain in the soil until May or June of 
the following year (Fleming, 1972). Presence of lar-
vae in balled and burlapped nursery stock, container-
grown plants, or in grass sod can result in rejection 
of such commodities for national and international 
commerce.

The results obtained in this study showed that the 
weed mulching and the container substrate incorpo-
rated with insecticides are effective, practical strate-
gies to avoid and control the P. japonica infestation 
in container-grown nursery stock. Although most 
studied treatments had statistically fewer larvae than 
the untreated control, from a regulatory perspective, 
none of them met alone the quarantine requirement of 
the absence of larvae in the containers. It should be 
considered, however, that the results are preliminary 
and more replicates under different experimental con-
ditions are required to achieve general conclusions. 
However, the high effectiveness of the method could 
make it a suitable component of a systems approach 
strategy for pest risk management, in order to achieve 
a safe production and trade of nursery plant mate-
rial in areas infested by the Japanese beetle (EPPO, 
2021). In particular, the suggested methods need to be 
further tested in various combinations between them 
and with other control methods such as insect-proof 
netting.

In general, the experimental results can be dis-
cussed at three levels. First, it is generally acknowl-
edged that natural infestations by the Japanese beetle 

in container plants are unlikely (Ladd & Lawrence, 
1986). Second, the container substrate was tested on 
third instar, which is the least susceptible to insec-
ticides (Cowles et  al., 1999; Dhadialla et  al., 1998; 
Grewal et  al., 2001; Mannion et  al., 2001). Third, 
the adults were held in the containers in a no choice 
scenario, which likely concentrated the infestation 
potential. In a natural field setting where adult bee-
tles have an oviposition choice, the tested control 
methods should be more effective and a suppression 
of the larvae in container-grown nursery stock is 
expected, especially if pest control methods are used 
in combination.

The coconut mulching provided good efficacy as 
an oviposition barrier. The thicker treatment reduced 
95% of the total number of eggs laid in the container 
substrate compared with the control treatment. In two 
out of four containers, no larvae were present; in the 
other two containers, one and six larvae were found 
(Table  1). During the container inspections, some 
adult beetles were found under the fibre mulching and 
that was explained by to the presence of gaps between 
the mulch cover and the container. Gaps were occa-
sionally observed and were explained with the expan-
sion/contraction of the container with temperature 
and substrate hydration. It could be possible that gaps 
were formed at some time during the trial in all the 
containers and beetles could enter the substrate if they 
were ready for oviposition at that specific time. The 
correct positioning and maintenance of the mulching 
disks is therefore very important.

The only insecticide (cypermethrin) authorized in 
the European nursery industry for soil application on 
turf and ornamentals and the nematode H. bacterio-
phora provided significant reduction of larval num-
bers. Another biocontrol agent, the fungus M. brun-
neum, was less effective (Table 2). As M. brunneum 
is known to cause delayed mortality up to two months 
(Dhoj et al., 2008), it is likely that the time between 
the application and the check (14 days) was insuffi-
cient to allow the maximum expression of the fungus 
control potential.

In the U.S., the Domestic Japanese Beetle Har-
monization Plan (DJHP) provides guidelines for 
accreditation of containerized nursery stock by cul-
tural practices and by treatment (preplant media 
granule incorporation, dip, or drench application) of 
container-grown nursery stock shipped between Japa-
nese beetle infested and non-infested states (National 

Table 2  Number of third instar larvae of Popillia japonica 
that survived the treatments out of an initial number of five

Replicate Control Cypermethrin H. bacte-
riophora

M. brunneum

1 4 2 1 3
2 3 0 1 2
3 2 0 2 3
4 5 1 2 2
Average 3.50 0.75 1.50 2.50
Std. Error 0.65 0.48 0.29 0.29
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Plant Board, 2019). Immersion of containers in an 
insecticide solution can control larvae in nursery 
stock, but the procedure is difficult, potentially haz-
ardous for operators and can be phytotoxic (Mannion 
et  al., 2000). Drench applications provide an option 
for protecting plants growing in previously untreated 
substrate. While still labour intensive, a drench treat-
ment requires less labour than dip procedures. Of all 
options, preplant granular incorporation into substrate 
of granular formulations seems to be the most labour-
efficient practice (Nielsen & Cowles, 1998).

Good nursery and pest management practices 
dictate that growers do not rely on effective chemi-
cal treatments to be stand-alone tactics for control 
of P. japonica in container nursery production. A 
systems approach that combines different tactics 
(ISPM 14, 2002) seems to be the most promising 
way to control the Japanese beetle, especially when 
stand-alone methods are not effective or available. 
Other practices can minimize the risk of egg-laying 
by adults and should be adopted as part of an inte-
grated management program. For example, Japanese 
beetles may only lay eggs in container nursery stock 
in which grasses, sedges or weeds are growing, or 
are immediately adjacent to grasses (Smitley, 1994). 
Maintaining containers as much as possible free of 
weeds, especially grasses, and isolating them from 
the soil is consequently important for reducing the 
risk of nursery plant infestation by larvae (National 
Plant Board, 2019). Turf adjacent to growing sites 
should be treated to control scarabeid larvae, thereby 
minimizing the flight of adults into container produc-
tion areas (Potter & Held, 2002). In addition, canopy 
applications of insecticides or repellents during the 
flight period can reduce the number of beetles in the 
production area.

The nursery industry needs effective treatments 
for P. japonica that are affordable, practical and mini-
mize environmental risks. The absence of registered 
insecticides and the slow activity or lack of efficacy 
of alternative products against larvae, has left the 
nursery industry with few options for remedial con-
trol of P. japonica larvae. In this study, a new method 
based on mulching to limit the oviposition and the 
application of insecticides currently available in the 
European nursery industry is presented as a first step 
to the building of a systems approach that may allow 
a safe production and trade of nursery plant material 
from areas invaded by the Japanese beetle.
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