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Abstract: Vespa velutina, or Asian yellow-legged hornet, was accidentally introduced from China to
other parts of the world: South Korea in 2003, Europe in 2004, and Japan in 2012. V. velutina represents
a serious threat to native pollinators. It is known to be a fierce predator of honey bees, but can also
hunt wild bees, native wasps, and other flying insects. When V. velutina colonies are developed,
many hornets capture foraging bees which are coming back to their hives, causing an increase in
homing failure and paralysis of foraging thus leading to colony collapse. The hornets may enter weak
beehives to prey on brood and pillage honey. Unlike Apis cerana, Apis mellifera is unable to cope with
the predation pressure of V. velutina. Monitoring the spread of an invasive alien species is crucial to
plan appropriate management actions and activities to limit the expansion of the species. In addition,
an early detection of V. velutina in areas far away from the expansion front allows a rapid response
aimed to remove these isolated populations before the settlement of the species. Where V. velutina is
now established, control measures to prevent colony losses must be implemented with an integrated
pest management approach.
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1. Introduction

Invasive alien species have always been a risk to ecosystems. They are a serious obstacle to
the conservation of biodiversity, both globally and locally, as their stabilization and spread in new
environments break the pre-existing balances. By coming into contact with a new environment,
alien species can lead to a gradual degradation and alteration of the new habitat and the decline of
indigenous species, until in some cases some of them become extinct [1-3].

The Asian yellow-legged hornet (Vespa velutina nigrithorax Du Buysson) is a social wasp, belonging
to one of the 11 subspecies [4-6] of V. velutina originally present in Continental Asia [7], where it is
native to subtropical and temperate areas of Indo-China [6,8].

The species established itself in non-native countries such as South Korea in 2003 [9] in the southern
port town of Busan and Japan, on Tsushima Island in 2012 [10,11], in Kitakyushu City on Kyushu
Island in 2015 [12] and on Iki Island in 2017 [13]. Arrived in France probably in 2004 along with garden
pots imported from China [14,15], the species spread to neighboring countries. From France it reached
the Navarra province and Basque country (Spain) in 2010 [16,17], Galicia [18] and Catalunya [19] in
2012, Majorca Island (Spain) in 2015 [20,21], the Minho province (Portugal) in 2011 [22], and Flobecq in
the Hainaut province (Belgium) in 2011 [23]. In 2012, the Asian yellow-legged hornet was detected
for the first time in Italy in the Liguria Region [24]; afterwards the hornet started to spread in this
region mainly along the coastline [25-27]. In Piedmont Region (Italy) arrived in 2013 [25,26]. It was
detected also in Veneto and Lombardy Regions (Italy) between 2016 and 2017, with no more reports
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in the following years, and in Tuscany Region (Italy) in 2017. By 2017, the species had colonized an
area of at least 1,110 km? in Italy [27]. V. v. nigrithorax was firstly recorded in Germany in 2014 and a
nest was found in Btichelberg (Rheinland-Pfalz) [28]. In 2016, few hornets were found in the United
Kingdom, and in 2017 also in Netherland, Switzerland [29], and Scotland [30], Figure 1.
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Figure 1. Presence of V. v nigrithorax in Europe estimated from several sources. Red areas indicate
districts where hornets are established or have been reported in 2018 and 2019. Light-red areas show
districts where hornets or nests have been exclusively spotted in the past until year 2017.

The spread of V. v. nigrithorax in Europe and in non-native Asian regions seems to respect
the predicted climatic suitability maps modelled by Villemant et al. [31]. Global warming could
worsen the current situation [32]. This hypothesis was confirmed by Rodriguez-Flores et al. [18]:
High minimum temperatures, dew temperature, relative humidity and low maximum temperatures
favor the occurrence and spread of V. v. nigrithorax. These conditions are common in coastal areas and
can promote the rapid dispersal of this pest.

V. v. nigrithorax creates considerable damage to the environment and beekeeping activities. For this
reason, the species has been included by European Union in the black-list of invasive alien species
(Reg. EU 1141/2016) for which it is mandatory to develop surveillance plans and actions to limit its
spread as well as control and containment strategies. The Japanese Ministry of the Environment added
this hornet to the list of invasive alien species in 2015 [33].
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2. Biology

The colony of V. v. nigrithorax is started by a single inseminated queen that builds, using fibrous
substances of plants origin and saliva, a primary nest after overwintering, typically in April, thus
producing the first workers. During the warm season, they enlarge the primary nest (which has an
approximate size between 4 cm and 15 cm) directly or build a secondary nest normally on treetops [18].
Nests have normally a circular shape and can grow up to 100 cm in diameter, containing several
thousands of hornets. Rome et al. [34] report up to 13,300 adults and 563 new queens from a single nest.
At the end of the summer, reproductive individuals emerge and mate; the colonies generally collapse
in late autumn or winter, while newly-mated queens search for a place where they can overwinter and,
the following year, they start a new cycle [8,27,34,35], Figure 2.
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Figure 2. Life cycle of V. v. nigrithorax.

Hornets use olfactory stimuli to search for long-distance food sources, especially with regard to
the localization of honey bee colonies, but the nature of these stimuli is not yet entirely clear [36-38].

The components of the hive, which attract the most attention of V. v. nigrithorax, have been the
subject of study for some years. Hornets are strongly attracted by the odour of some hive products,
especially pollen and honey [37]. A laboratory study showed that V. v. nigrithorax workers can use
both visual and olfactory cues to locate honey bees [39].

Honey bees attract the attention of the hornets thanks to the production of geraniol, component
of the aggregation pheromone of the colony. Less effective than pollen and honey, but still attractive
is the royal jelly, thanks to the presence of homovanillyl alcohol (HVA) and methyl-4hydrobenzoate
(HOB), substances that are part of the pheromone produced by the honey bee queens, but also present
in the royal jelly. Betaocimene emitted by larvae also produces olfactory stimuli that are very attractive
to hornets [37].

The pheromones produced by the hornet colony’s components are being studied for their possible
use in biological control techniques [40]. Couto et al. [41], in a neurobiological works on V. v. nigrithorax,
showed the presence of several microstructures in the antennal lobe of the males, which are probably
linked to sex pheromones. Recently Wen et al. [42] announced the isolation of the sex pheromones
from V. velutina queens. Cheng et al. [43] proved that V. velutina uses sting venom volatiles as an
alarm pheromone.
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3. Impacts

In Europe, V. v. nigrithorax is considered invasive, both for its expansion capabilities at
European scale [44—46] and the impacts that it could produce by preying on honey bees and native
insects [35,47-49]. The species can cause serious damage and imbalances to biodiversity and ecosystems
in areas where it has been introduced. This is aided by V. v. nigrithorax’s high reproductive rate, high
dispersal ability, broad diet, wide habitat preference, superior competitive ability, and most importantly,
multiple mating of its queens [13,50,51].

Although the species is not considered in Europe more dangerous than native hornets and
wasps [52], it can cause problems to human-health and several accidents and some fatal events were
recorded [53]. Moreover, by frequently establishing colonial nests in urban areas, V. v. nigrithorax could
generate social impacts due to citizens’ perception of fear of possible stings [54-56]. V. v. nigrithorax
causes multiple threats, however the extent of the impacts produced has not yet been documented and
quantified exhaustively. Despite this lack, it is possible to assess the components and/or the activities
that are affected or may be impacted by this hornet. From the analysis of the research conducted so far
in Europe it is possible to reckon three major negative impacts that the species may create:

1.  Economic threats: Loss of honey bee colonies and decreasing of beekeeping products; cost for
control activities and nests removal;

2. Ecological threats: Impacts on biodiversity; impacts on pollination activity; competition with
native species;

3. Public health threats: Potential risk for citizens.

3.1. Damage to Beekeeping

The hornets hunt foraging honey bees returning to their colonies by hovering in front of the
hive entrance, grabbing the honey bees in flight, and killing them with their jaws. The thorax is then
selected, for the high protein content provided by the flight muscles, and transported to the nest to be
fed to the larvae.

The intense predatory activity of V. v. nigrithorax towards honey bees can generate a decrease in
the strength of the honey bees colonies and the subsequent collapse of the family. This is due to the
increase in the number of foraging bees which do not come back in their hive with a consequent increase
of the overall probability of homing failure and finally with the disruption of colony foraging activities,
which leads to complete foraging paralysis [57]. This primarily generates economic damage to the
beekeeping sector, as well as a decrease in the number of honey bees in the environment, resulting in a
decline in the ecosystem pollination service.

In some European regions, predation of V. v. nigrithorax has resulted in the loss of almost 50% of
bee hives. In the south-west of France, beekeepers reported losses of between 30% and 80% of honey
bee families, resulting in poor production of honey and other beehive products. In 2010 in Gironde
(France), due to V. v. nigrithorax, the Union Nationale pour 1’Apiculture Francaise declared that 30%
of bee hives were destroyed or weakened [58]. In Western Liguria (Italy) the authors of the present
review (unpublished results) have found an increase of 18% in winter colony losses in areas where V. v.
nigrithorax is not controlled.

The costs incurred both for the implementation of public information campaigns and for the
destruction of V. v. nigrithorax nests are relevant economic issues. In 2011 in France, the beekeepers’
organization Groupement de Defense Sanitaire des Abeilles (GDSA) coordinated the destruction of
more than 1,000 nests in Aquitania, while a private company destroyed about 500 nests in the Toulouse
area. The total cost of these interventions can be quantified to more than 165,000 euros.

Leza et al. [21] demonstrated that the presence of V. v. mnigrithorax produces an increase of
oxidative stress in honey bee workers under field conditions. This leads to a higher expression
and activity of antioxidant enzymes and mitochondrial-related genes and higher lipid oxidative
damage in the individuals of the colony exposed to this predator. Other authors reported that other
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stressors, like herbicides or migratory management, could increase lipid peroxidation in honey bees [59]
suggesting that these situations, along with the presence of V. v. nigrithorax, could affect honey bees’
health [21].

The apiaries are a very attractive source of food for V. v. mnigrithorax, because there is a high
concentration of honey bees. Studies performed in France have demonstrated that in urbanized
environments, where the concentration of apiaries is high, the diet of V. v. nigrithorax is composed for
almost 70% of honey bees and other similar species (Apoidea) [60]. Monceau et al. [49] monitored
the predation of V. v. nigrithorax on apiaries. In an apiary with six beehives, in the sampling period
they caught a total of 360 workers, and most of these visited the apiary daily. This indicates that
once the species has identified an important protein source such as an apiary, it visits the site every
day, probably because of a greater success of predation. Of the six beehives monitored in the season,
one was completely destroyed, while in the other five the size of the colonies halved. In addition, five
V. v. nigrithorax nests were discovered within 1 km from the experimental apiary; so it is likely that
apiaries were attacked by individuals from different colonies.

The colonies of Apis mellifera manifest a certain defensive ability towards Vespa crabro, the European
native hornet, but fail to implement effective defensive behaviours towards V. v. nigrithorax, having
had no opportunity to co-evolve with this predator. In the Asian regions, where the local bee species,
Apis cerana, has co-evolved with V. v. nigrithorax, the honey bees have instead developed very effective
defense techniques, resulting in suffocation and heating of the predator (balling), and the formation
of a compact agglomeration of honey bees on the flying board [61]. A. mellifera is also able to curl
up hornets that rest on the flying board of hives, but this behavior does not reach large percentages
of success.

At the end of summer, when the colonies of V. v. nigrithorax are very populous, hornets can get to
besiege the hives and penetrate inside them annihilating the colonies of honey bees. The use of doors
with passages less than 5.5 mm in diameter can prevent the entrance of hornets and delay the definitive
collapse of the colonies, but if the beekeeper does not intervene to eliminate hornets, the honey bees
cannot get out and the colony is destined to collapse (Figure 3).

Figure 3. V. v. nigrithorax in hunting activity in front of a hive (left) and heavy attack of hornets on the

flying board of a hive (right).

As it often happens in many species of insects, climatic conditions, especially temperature and
humidity, affect the predator’s activities. In the case of V. v. nigrithorax, the increase in the efficiency of
predation, which is most evident in the middle hours of the day, would be the result of an increase in
temperatures and the level of solar radiation [38].
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3.2. Impact on Ecosystem

The predatory activity of V. v. nigrithorax has a negative impact on insect communities, reducing
their abundance and may cause damage to local biodiversity even at the ecosystem level. The predation
pressure known in apiaries since the month of July may have similar effects also on other pollinating
insects, creating a decline in pollination effectiveness. In fact, besides honey bees, V. v. nigrithorax preys
on other Hymenoptera, including different species of wild bees and other Vespidae (wasps in general),
but also Diptera (flies and mosquitoes), butterflies species and other insects. Species preyed upon
by V. v. nigrithorax and their proportion varies according to the prey availability in the environment.
A French study showed that in an urban environment, V. v. nigrithorax preys mostly honey bees and
other Apoidea (66% of the diet), while in a woodland environment, bees and other Apoidea drop to
33% and Diptera increase to 32% [60] (Figure 4).
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Figure 4. V. v. nigrithorax prey spectrum: Preliminary results in three different environments [60].

4. Monitoring and Surveillance Systems

Monitoring the spread of an invasive alien species is crucial to plan appropriate management
actions and activities to limit its expansion. Only monitoring and surveillance strategies permit to
assess the presence of the species on the territory and identify the areas of expansion or new invasive
outbreaks. Since V. v. nigrithorax is particularly attracted by honey bees, it is important to involve
beekeepers and beekeeper associations to maximize the efficacy of monitoring strategies, together with
the contribution of all interested citizens.

An early detection of V. v. nigrithorax in areas far away from the expansion front allows to perform
a rapid response aimed to remove these isolated populations before the settlement of the species [62].
In fact, V. v. nigrithorax queens might be accidentally transported by human activities in very remote
areas, where these insects can give rise to new colonies and populations [26]. An early warning and
rapid response system (EWRRS) for V. v. nigrithorax is based on three key moments (Figure 5).

Results of EWRRS are the rapid detection of the species and the readiness of intervention,
which increases the probability of destroying the colonies before the birth and the mating of the future
founder queens. This increases the probability of success in the containment of V. v. nigrithorax. Key
aspects of an effective management strategy are: Simplicity of the procedures; rapid intervention;
exportability on a national and international scale; economic sustainability.

Different monitoring methods for V. v. nigrithorax exist: Direct observations of hornets in apiaries
or on flowers and the use of traps.

Several trap models have been proposed to catch V. v. nigrithorax adults; basically, they can be
reduced to bottle, funnel, and sticky traps or to a combination of them.

In addition to proprietary baits, many types of self-produced carbohydrate or protein baits can
be used. Sugar based baits include beer, vinegar, grenadine, acetic acid, fermented honeycomb juice,
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honey, different type of sweeteners mixtures, etc. [40]. They are better used between February and
May;, so to catch the founder queens when they begin the construction of the primary nests, and from
August until November, to detect the presence of the species in new areas or to catch the reproductive
adults. Demichelis et al. [24] recommend the use of lager beer (0.33 litres with 4.7% alcohol), because it
is attractive for the hornets, inexpensive, and selective towards honey bees (Figure 6).

/ Report
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and analysis

Figure 5. Early warning and rapid response system for V. v. nigrithorax.

Figure 6. Bottle trap with lager beer [24].

During colony development, between June and August, protein baits (meat, fish, etc.) can be used.
In addition, Rodriguez-Flores et al. [18] highlighted that elevation and meteorological factors influence
the effectiveness of bait trapping.
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5. Control

Control invasive alien species is difficult and expensive in the long term; therefore, every effort
should be undertaken to prevent their establishment and diffusion in new areas. The many methods
developed to control V. v. nigrithorax in Europe and in Asia outside of its native range have been
previously reviewed [9,33,35,40,47].

Until now, no single control method has proved to be fully effective, but the coordinated use of
several methods under an integrated pest management approach should greatly reduce the impact of
V. v. nigrithorax on honey bees and on the environment (Figure 7).

a < selective application only: nest destruction, poisoned baits

nest destruction, queen and worker catching, barriers, traps

physical
mechanical

< mating disruption, predators, parasite, pathogens?

biological
< habitat manipulation?toleranthoney bees?

ecological
< quarantine, avoidance

preventive

Figure 7. Integrated pest management pyramid showing available or possible methods to control V. v.

intervention

nigrithorax, from the low intervention and not toxic preventive methods to the high impact chemical
methods that implies the use of toxic insecticides.

Control efforts may implemented against adult hornets or nests. In the first case, the baited traps
used for monitoring purposes can be used either for controlling purposes, but traps are at the moment
not selective enough to prevent extensive captures of non-target insects, with possible extensive
impacts to native species [57,63]. Other types of control techniques are used or tested in Europe:
Bucket poisoned baits, passive traps, electric traps, electric harps, badminton rackets, beehive muzzles,
nest gunshot, or the use of the hornet workers as poison carriers [40].

The detection and destruction of the nests of V. v. nigrithorax is currently the most effective control
method, especially when the nests themselves are destroyed before the reproductive phase of the
colony which normally occurs in early September. In any case, it is important to search for and destroy
active nests in all stages from foundation to winter [53]. Once a nest has been located, it must be
destroyed in a complete way, paying special attention to killing the queen, the majority of the workers,
and all the brood present in the combs.

The discovered nests should be immediately destroyed by people with specific training and
equipped with suitable personal protective clothes and the necessary tools. The methods of intervention
are various in relation to the place where the nests are built and the size of the colonies.

Nests are generally treated with insecticides for hornets and wasps, using also special extendable
rods capable of reaching nests that are in high positions (Figure 8).

The control of the populations of V. v. nigrithorax is hindered by the difficulty of finding all nests.
Embryo nests are small and difficult to observe; later the nests, although very voluminous, are often
difficult to be located since covered by tree canopy. In fact, V. v. nigrithorax can build nests in several
environments, such as natural, rural, and urban areas, and on different substrates [18]. They can be
found on trees, shrubs, roofs or balconies of houses, inside gaps, but also in soil cavities or on rocky
substrates (Figure 9).
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Figure 9. Primary nest built under a roof canopy (left) and secondary nest (right) built on Acacia dealbata
tree in Liguria Region (Italy).
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5.1. Nest Detection

Several techniques are currently available to locate hornet nests, but they are all tedious, extremely
labor consuming, and/or expensive [40].

The triangulation involves capturing at least three specimens and their subsequent release from
various locations, in order to recording the direction of their flight; if the hornets tend to return in a
straight direction, there is a good chance that the three directions they took would intersect at a point
that will correspond to nest position [20,64]. The on-view tracking of tagged hornets, which are made
more evident with a feather or a cotton, has been suggested [65]. The drone-assisted nest tracking,
a theoretical study that uses several drones equipped with cameras capable of analysis an image of a
hornet marked with a thread carrying a fluorescent Styrofoam ball, has recently been published [66].

Alternatively to these observational methods, it is possible locate the nests by using equipment
developed in recent years.

The infrared thermal imaging camera has been tested in Portugal, in UK [67,68], and in Italy [69].

Radio-telemetry has been implemented in UK as a tool for tracking hornets back to their nests
and providing an efficient mean of finding nests in complex environments [68].

A European LIFE project (LIFE STOPVESPA) has just been completed to contain the spread of
V. v. nigrithorax in Italy by implementing an EWRRS (https://www.vespavelutina.eu/en-us/). For this
reason, two prototypes of harmonic entomological radars able to track the flight of hornets in real
time and quickly locate the position of nests were developed by the Polytechnic University of Turin
(Italy). The radars are capable to follow the flight of hornets equipped with a passive transponder (tag).
The radar emits a series of short pulses at a given frequency (9.41 GHz), which are then retransmitted
at a double frequency (for this reason, it is called ‘harmonic’) by the tag fixed on the thorax of the
hornets (Figure 10) [70,71]. The tracks obtained allow to follow the path of the hornets and locate the
nests. Thanks to the high transmission power, a wide maximum operating distance of 490 m was
obtained [72].

Figure 10. Harmonic radar able to follow the flight of hornets equipped with a passive transponder (left).

On the map, the tracks obtained allowed to follow the path of the hornets and locate the nests (right).

5.2. Biological Control

Identifying organisms capable of parasitizing hornets could allow the selection of potential control
agents, always remembering that they could also be transmitted to native species. At the moment,
there are no known effective enemies or adversities in Europe that could be used for the biological
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control of V. v. nigrithorax. The main limitation for a biological control program is the lack of knowledge
of the biology and ecology of V. v. nigrithorax in both the native and invaded territory.

In Asia V. v. nigrithorax is parasitized by Bareogonalos jezoensis (Yamane, 1973) (Hymenoptera
Trigonalidae), but its use in biological control cannot be considered as a fighting agent in Europe since
it would also parasitize other species of wasps or other insects. Before any use of parasites or other
exotic biological agents, preventive and rigorous verifications are always necessary to rule out any
effects on other native species [73].

In France, larval forms of the Conops vesicularis (Diptera Conopidae) were found, inside the
abdomen of some individuals of V. v. nigrithorax, which resulted in their death [57,74]. Spradbery [75]
reports that adults of C. vesicularis can wait at the entrance of the nest for homing workers, attack them
and oviposit their eggs. So individuals of V. v. nigrithorax may be parasitized by this species in the
environment, during foraging activity, or near the nest. However, the effectiveness of C. vesicularis as a
biological agent for controlling V. v. nigrithorax populations appears limited.

Another potential parasite of V. v. nigrithorax has been confirmed by Villemant et al. [76], with the
discovery of Pheromermis vesparum (Nematoda Mermithidae). This parasite was found in adult
specimens of V. v. nigrithorax in France on two occasions, in November 2012 at Dompierre-sur-Besbre,
and in January 2013 in Issigeac. However, even in this case, its effectiveness as biological control agent
appears limited, as they are the only two cases of nematodes found on V. v. nigrithorax specimens
throughout Europe.

In France, an entomopathogenic fungus (Beauveria bassiana) has been described to infect the
common wasp Vespula vulgaris [77]. French researchers are studying if it is therefore likely to infect
other hornets such V. v. nigrithorax. Poidatz et al. [78] describe Metarhizium robertsii as potential
biological control agents against the invasive hornet V. v. nigrithorax.

Some species of mammals (as Meles meles) and birds (as Garrulus glandarius, Merops apiaster, Parus
major, Pica pica, Sitta europaea, and Gallus gallus domesticus) can prey upon V. v. nigrithorax, but the
predatory activity carried out by these animals is essentially sporadic and not enough to limit the
population of the hornet; Pernis apivorus was also reported to exploit active V. v. nigrithorax nests [38,79].

6. Conclusions

The alien species V. v. nigrithorax, since its accidental introduction in France, has now successfully
colonized several European countries. In the areas in which it has settled, it has become clear that
it has a negative effect on A. mellifera, documented by the numerous losses of beehives reported by
beekeepers. Hornets concentrate their predation activity on the honey bee colonies as they provide an
abundant and continuous source of food. V. v. nigrithorax, however, hunts numerous other insects
present in the environment and, among them, wild bees, attacking them while they are on the flowers
intent on collecting nectar and pollen. This activity removes from the environment insects that play a
very important ecosystem role. In fact, by visiting cultivated and spontaneous plants, wild pollinators
guarantee not only the production of seeds and fruits of economic interest, but also the biodiversity of
spontaneous plants.

Recent studies have shown that in Europe, and on other continents, pollinating insects and honey
bees are in decline due to a combination of multiple factors. There is no doubt that the accidental
introduction of the invasive predator V. v. nigrithorax can aggravate the situation. In fact, the Asian
yellow-legged hornet has widely contributed to the decrease in the colonies of honey bees, weakening
them to such an extent that they collapse and are more susceptible to parasites, viruses, and fungi.

Given the fundamental role of natural pollinators, studies are currently under way to ascertain
the real effects of V. v. nigrithorax on wild bee populations and, more generally, on the environment in
the newly introduced areas.

The introduction of an invasive exotic species, as well as causing damage to the ecosystem and
biodiversity, can also generate a great deal of damage to the economy. V. v. nigrithorax has a negative
impact, particularly on agriculture. The disappearance of beehives leads to the loss of honey bee
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products, putting the beekeeping industry in the position to be out of the market due to lack of
production and/or rising of production costs. This type of economic impact is currently the most
studied and can be easily expressed in monetary values.

The reduction in production yields of crops, as a result of the reduction of pollinators in general,
is not quantifiable at the moment.
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