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Vespa velutina nigrithorax, an Asian bee-hawking hornet, has been unintentionally introduced in south-
western France before 2004 and is currently widely spreading across the country. Its arrival in northern
Spain was reported in 2010. The potential invasion risk of the species is assessed using climatic suitability
models. We used eight different modelling techniques within an ensemble forecast framework to show
that the invasion success in south-western France could have been predicted using data from the native
Asian range of the species, while we further used data from both the native and invaded ranges (including
a recently established population in Korea) to better predict its potential invasion range across all conti-
nents. Results are discussed in terms of the interest of ecological niche modelling for invasion biology,
realised niche of the invasive wasp, potential threats to native entomofauna and economic impacts of this
new predator. A particular attention is paid to beekeeping activities that are nowadays already threa-
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tened by a wide panel of adversary factors.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Biological invasions by alien species are widely recognised as a
significant component of human-caused global environment
change and the second most important threat to biodiversity (DAI-
SIE, 2009). By definition, alien invasive species are taxa introduced
outside their native range either intentionally or unintentionally,
showing high growth rate and quick range expansion, with notice-
able consequences on human activities and environmental conser-
vation (IUCN, 2000; Wittenberg and Cock, 2001; Kenis et al., 2008;
Roques et al., 2009). Social insects, such as ants, wasps and bees,
are among the most successful invaders of new habitats world-
wide, their reproductive and dispersal strategies making them
fierce antagonists of native biota (Hingston and McQuillan, 1999;
Chapman and Bourke, 2001; Holway et al., 2002; Paini and Dale
Roberts, 2005; Inoue et al., 2008). They sometimes become major
urban and agricultural pests or permanent additions to invaded
natural communities (Beggs, 2001; Matthews et al., 2001; Holway
et al., 2002). Several social Vespidae, mainly wasps of the genera
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Vespula (yellow jackets) and Polistes (paper wasps), have been
introduced during the 19th century from European continental
area into various European islands (Roques et al., 2009; Rasplus
et al., 2010) or remote countries of the world (Carpenter and
Kojima, 1997; Beggs et al., in press).

Vespa species have also been introduced beyond their native
range, mostly unsuccessfully. Vespa velutina was recorded in Ye-
men, Vespa simillima in British Columbia, Canada, and Vespa orien-
talis in Madagascar (Carpenter and Kojima, 1997). Recently, V.
orientalis was also reported from Mexico (Dvorak and Landolt,
2006), but none of these introductions led to a successful establish-
ment confirmed in the peer-reviewed literature. A successful accli-
matisation of a hornet wasp outside its native range relates to
Vespa crabro intentionally released in the USA to control forest cat-
erpillar outbreaks (Shaw and Weidhaas, 1956). The European hor-
net was first recorded in 1840 in the state of New York and is now
naturalised across eastern United States and in Ontario, Canada
(Carpenter and Kojima, 1997). In France, the recent introduction
and establishment of V. velutina, the Yellow-legged hornet, repre-
sents the first successful invasion of an exotic Vespidae into Europe
(Haxaire et al., 2006; Villemant et al., 2006; Rasplus et al., 2010).

V. velutina, which occurs in 12 colour variants in his native area,
is naturally distributed from Afghanistan to eastern China, Indo-
china and Indonesia (Carpenter and Kojima, 1997), where it is
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known as an active predator of honey bees (Abrol, 1994; Tan et al.,
2007). The first field record of the variant Vespa velutina nigrithorax
was obtained in Lot-et-Garonne department in 2005, while locally
collected data documented that it was present there as early as
2004 (Haxaire et al., 2006). Since then, this hornet has spread rap-
idly across south-west of France (Villemant et al., 2006; Rome
et al., 2009). Furthermore, the bonsai producer who first saw hor-
nets and nests near his property regularly imports potteries from
China. These data suggest that hibernating founder queens could
have been accidentally imported in Aquitaine before 2004 through
horticultural trade (Villemant et al., 2006). The invaded area
reached about 190,000 km? in 2010 (see Fig. S1 in ESM). The hornet
was also very recently reported from Basque Country in Spain
(Castro and Pagola-Carte, 2010).

Many hornet species hunt honey bees — among various other
invertebrate preys - to provide their brood with protein sources.
Only a few of them focus their attacks on hives (Van der Vecht,
1957; Matsuura and Yamane, 1990), though the Yellow-legged
hornet does. Apart from the Giant hornet Vespa mandarinia which
attacks hives in group, other species are bee-hawking hornets that
predate bees individually (Matsuura and Yamane, 1990). V. velutina
is considered as a fierce enemy of honey bees colonies in Kashmir
(Shah and Shah, 1991; Abrol, 2006), Nepal (Ranabhat and Tamrakar,
2008) and China (Tan et al., 2007), as well as in Korea where the
variant nigrithorax became established near Busan in the 2000s
(Kim et al., 2006; Jung et al., 2008). In Asia, which is considered
as the centre of hornet evolutionary diversification (Matsuura
and Yamane, 1990), native honey bees like Apis cerana or Apis dors-
ata are able to defend their colonies against hornet attacks (Ono
et al., 1995; Tan et al., 2007; Kastberger et al., 2008), while intro-
duced European honey bees A. mellifera exhibit less efficient de-
fence strategies (Abrol, 2006). In the same way, A. mellifera in
France seems unable to withstand the attack of this new predator
(Rortais et al., 2010; Arca et al., unpubl. data). Apart from reported
damages to hives, little is known on the biology of V. velutina
througout its native Asian range (Matsuura, 1973; Martin, 1995;
Nakamura and Sonthichai, 2004). In the invaded range, the impact
of V. v. nigrithorax on the diversity and biomass of the invertebrate
fauna is under study, while preliminary results reported a diversi-
fied diet varying among seasons and habitat types (Villemant et al.,
2011). However, the size of the hornet colonies as well as the dura-
tion of their period of activity leads us to predict a significant im-
pact on local entomofauna. Such impacts on domestic bees and
native insect community could locally challenge beekeeping eco-
nomics and affect pollination services. Thus, modelling the poten-
tial invasion extent of V. v. nigrithorax appears necessary to predict
regions at risk, hence to help with planning future surveys of in-
vaded range expansion and possible dedicated control measures,
a prerequisite for replacing the reactive nature of current solutions
with a proactive, predictive approach.

Climatic suitability models are widely used to predict the po-
tential geographic distribution of animal and plant species (Guisan
and Thuiller, 2005; Elith et al., 2006) with ensemble forecast pre-
dictions accounting for model variability by returning the central
tendency of the distributions (Aratjo and New, 2007). Besides their
use in predicting potential impacts of global change on species
extinction risk (Thomas et al., 2004; Thuiller et al., 2005a), in re-
serve planning (Wilson et al., 2005; Marini et al., 2009) or in iden-
tifying unknown distributional areas of rare species (Guisan et al.,
2006), climatic suitability models can be used to predict invasion
risk (Peterson and Vieglais, 2001; Peterson, 2003; Peterson et al.,
2003; Thuiller et al, 2005b; Chen et al., 2007; Ficetola et al.,
2007; Roura-Pascual et al., 2009). In this paper, we use climatic
suitability models within an ensemble forecast framework to as-
sess the potential invasion risk of V. v. nigrithorax. We first consider
presence data from the native Asian range only, using eight

different modelling techniques, to test if the invasion risk could
have been predicted in France. Second, we used data from both
the native range and the invaded range to better predict the inva-
sible range across all continents.

2. Material and methods
2.1. Presence data from the native range

We collected presence data of V. v. nigrithorax in its native Asian
range by gathering information on museum specimens (held by
the Muséum National d’Histoire Naturelle in Paris, France - MNHN,
Natural History Museum in London, UK - NHM, and University of
Zhejiang, Hangzhou, China), published records (Van der Vecht,
1957, 1959; Kim et al., 2006; Nguyen et al., 2006; Tan et al.,
2007), and hornet sampling performed in China (Zhejiang, Jiangsu)
in summer 2010 by some of the authors, thus totalling 69 different
georeferenced record localities. Among them, six were not origi-
nally attributed to nigrithorax but were supposed to refer to this
variant as having been obtained within the native expert-known
distribution of that variant. These record localities are reported in
Fig. 1.

2.2. Presence data from the invaded range

The Korean record locality of V. v. nigrithorax was considered as
non-native, so within the subset of localities where the species has
been introduced. The recent records obtained in Spain were not in-
cluded because they have not yet been subject to the validation
process applied to the French records. The records from France
were stored on an online biodiversity database hold by the MNHN
(http://inpn.mnhn.fr/; INPN, 2010). This database aggregates all
validated records within the country, including all nests found be-
tween 2004 and 2009 in south-western France. Nest record regis-
tration for 2010 is still in course but provisional data related to
newly invaded French départements were added to the analysis
(Fig. 2). Information on nests are collected by naturalists and bee-
keepers networks, state and regional services, firemen and munici-
pal services, private wasp controllers and individual public
warnings (Rome et al., 2009). During the current year, the local

Fig. 1. Localities where Vespa velutina nigrithorax has been recorded in its native
Asian range (dataset used in the models). The star represents the introduced Korean
population. The geographical area included in the box was the one used to calibrate
the niche models developed with the native data. Altitude is represented in grey
shades.
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Fig. 2. Localities where Vespa velutina nigrithorax has been recorded in its invaded French range. The geographical area included in the box was the European area used to
calibrate the niche models developed with the complete data in addition to the Asian area depicted in Fig. 1. The window provides better details of the location of French data

used in the models. Altitude is represented in grey shades.

occurrences of V. v. nigrithorax workers are also recorded as pres-
ences in regions where nests have not yet been found. Before being
registered in the database, any record is checked to validate the
specific identification. The GPS locations of the nests are registered,
but if unavailable, the position of a nest inside a given French dis-
trict (commune) is attributed to the centroid of the district. We get
4165 available georeferenced records. Such data obtained by vol-
unteers has already served to predict the potential distribution of
an invasive bumblebee (Kadoya et al., 2009). Details on the recent
colonisation and range expansion in France can be found in the
Electronic Supplementary Material (ESM).

As the species range is still expanding, we have clearly more
data from the central part of the current distribution, whereas
some yet un-invaded areas could be climatically suitable. If consid-
ering all detected presences, in the models, we would overweight
the importance of the central range, and minimalize the contribu-
tion of the most recent colonisation events. Therefore, we decided
to randomly draw two localities within each of the 39 French
départements where the species has been recorded, except for the
nine départements where only one nest was reported, to build up
a dataset of 69 occurrences. This selection was repeated ten times
to obtain replicates of presence data. Each of the final 10 datasets
used for modelling the global invasion risk included all records
from the native range, the Korean introduced population and one
of the set of 69 French locations.

2.3. Climatic variables

We used eight climatic variables for the niche modelling, ex-
tracted from the BIOCLIM database as 5arc min grids (http://
www.worldclim.org/; Hijmans et al., 2005). We considered: the
annual mean temperature (T,.), the temperature seasonality
(Tsq), the maximum temperature of the warmest month (Tym),
the minimum temperature of the coldest month (T.,,), the annual
precipitation (P,g), the precipitation of the wettest month (Pwm),
the precipitation of the driest month (Pg4,,) and the precipitation
seasonality (coefficient of variation; Psq). Climatic variables are
supposed to be the main contributors to species niche delimitation
at large scale (Luoto et al., 2007) and these variables have previ-
ously been used for insect niche modelling (Medley, 2010). We

used a spatial scale closely matching the scale of the French dis-
tricts where presence records were available.

2.4. Representation of the data in climatic space

A first visual way to see if the use of the data from both the in-
vaded and the native ranges leads to an extension of the species
climatic niche is to geographically plot the data in the climatic
space. In order to obtain a 2D visualisation, a principal component
analysis (PCA) was run to represent the positions of occurrences in
the climatic space for both datasets of occurrence. Because the
number of data was biased towards the invaded range, we
weighted all data from the native range equally to that from the in-
vaded range.

2.5. Niche modelling and worldwide projections

Climatic suitability of V. v. nigrithorax was modelled by running
eight different niche-based modelling techniques using the BIO-
MOD platform (Thuiller et al., 2009). These models are: (1) gener-
alised linear model (GLM), (2) generalised additive model (GAM),
(3) classification tree analysis (CTA), a classification method run-
ning a 50-fold cross-validation to select the best trade-off between
the number of leaves of the tree and the explained deviance, (4)
artificial neural networks (ANN), a machine learning method, with
the mean of three runs used to provide predictions and projections,
as each simulation gives slightly different results, (5) multivariate
adaptive regression splines (MARS), (6) mixture discriminant anal-
ysis (MDA), a classification method that uses MARS function for the
regression part of the model, (7) generalised boosting model
(GBM), a machine learning method which combines a boosting
algorithm and a regression tree algorithm to construct an ‘ensem-
ble’ of trees, and (8) Random Forest (RF), a machine learning
method which is a combination of tree predictors such that each
tree depends on the values of a random vector sampled indepen-
dently and with the same distribution for all trees in the forest.
In order to evaluate the predictive performance of a species distri-
bution model, we used a random subset of 70% of the data to cal-
ibrate every model, and the remaining 30% for the evaluation.
Models were evaluated using a relative operating characteristic
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(ROC) curve and the Area Under the Curve (AUC) (Fielding and Bell,
1997). We replicated the data splitting five times and calculated
the average AUC of the cross-validations, which gives a more ro-
bust estimate of the predictive performance of each model. The po-
tential problems raised by Lobo et al. (2007) on the use of AUC as a
measure of model performance were considered as minor here be-
cause AUC was used to rank models obtained from the same data-
set and within the same geographical area, according to their
predictive performance. The final calibration of every model for
making predictions uses 100% of the data available. All models
used in this study need information about presences and absences
to determine the suitable conditions for a given species, so virtual
absences (pseudo-absences) were considered. Because only a few
data were available in the Asian area, pseudo-absences were cho-
sen outside the suitable range predicted by the surface range enve-
lope (SRE) model, in order to decrease the potential number of false
absences among the pseudo-absences (Maitre et al., 2008). The SRE
model is a niche-based modelling technique performed with
BIOMOD (Thuiller et al.,, 2009) that does not require absences.
For the model computed with only the data from the native range,
pseudo-absences were only chosen in the south-east part of Asia,
whereas for the model computed with data from both the native
range and the invaded range, pseudo-absences were chosen in
both Europe and South-East Asia. In both cases, we used 5000
pseudo-absences, with the total weight of presences (the sum of
all presence weights) being equal to the total weight of pseudo-
absences (the sum of all pseudo-absence weights). Both models
were then projected onto the whole world map.

2.6. Ensemble forecast

In order to get the central tendency of the models for each pres-
ence dataset, we calculated the weighted mean of the probability
distributions (Marmion et al., 2008). Each model is ranked accord-
ing to the evaluation score (AUC), and a decay of 1.6 gives the rel-
ative weights (Thuiller et al., 2009). For the distribution computed
with data from both the native and invaded ranges, the models
were computed for 10 different presence data combinations.
Therefore, after calculating the ensemble forecast for each of the
10 runs, we calculated the mean probability distribution. The
weighted AUC and TSS (True Skill Statistic) for the current ensem-
ble forecast distributions were calculated as accuracy measures of
modelling performance. The TSS is the sum of the sensitivity and
the specificity obtained with the threshold maximising the TSS va-
lue (Allouche et al., 2006). Sensitivity and specificity are statistical
measures of the performance of a binary classification test. Sensi-
tivity measures the proportion of actual presences which are cor-
rectly predicted as such. Specificity measures the proportion of
negatives which are correctly predicted. Models with AUC higher
than 0.9 and TSS higher than 0.8 are usually considered very accu-
rate (Fielding and Bell, 1997; Allouche et al., 2006). For each data-
set used we also calculated the weighted standard deviation
between models, in order to distinguish between areas where
the models give similar predictions and areas where they give dif-
ferent predictions. For the full dataset, the final map was then ob-
tained by calculating the mean probability between the 10 runs.

3. Results

Distribution of both Asian and European datasets of V. v. nigri-
thorax occurrence in the climatic space are represented by their
projection on the first plan of the PCA (Fig. 3). Results emphasise
that the area of invasion is globally discriminated from most of
the Asian occurrences by its higher levels of precipitations during
the driest month of the year.

Twm

Tsd
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Fig. 3. Projection in the climatic space, represented by the first plan of the principal
component analysis, of Vespa velutina nigrithorax occurrences - data from the native
range (triangles) were weighted equally to that from the invaded range (circles).
The white star represents the location of the first nests discovered in France. T,yg:
annual mean temperature; Tgq: temperature seasonality; Tym: Maximum temper-
ature of the warmest month, Tcy,: minimum temperature of the coldest month, Pyy,:
annual precipitation, P,,,: precipitation of the wettest month, Pyy,: precipitation of
the driest month; Psq precipitation seasonality (coefficient of variation).

We obtained a high value of weighted mean AUC (0.904) and of
TSS (0.778) for models computed with native data. The corre-
sponding distribution obtained from the ensemble technique
(Fig. 4) identifies an area of high climatic suitability of V. v. nigritho-
rax in China and southern Korea, but also in Japan, an archipelago
where the species is absent (Matsuura and Yamane, 1990). It also
reveals other worldwide areas with non-negligible suitability val-
ues. The climatic suitability of the location where the first hornet
nest was discovered in France (Lot-et-Garonne) is estimated at
0.308, which is within the range of suitability values associated
with presence points in the native range. Indeed, from this model,
the mean + s.d. climatic suitability of presences from the native
range was 0.641x0.172 (range 0.046-0.879), while it was
0.392 + 0.054 (range 0.241-0.525) for the presences from the in-
vaded range. The model based on data from the native range only
could have predicted the invasion success in south-western France,
where the climatic suitability was among the highest in Western
Europe.

In turn, all areas of medium climatic suitability were those
exhibiting the highest variability between models, due to hetero-
geneous climatic suitability predicted by the different models (cf.
Fig. S2 in ESM).

We obtained a high value of weighted mean AUC (0.977) and of
TSS (0.909) for models computed with data from both native and
invaded ranges. The corresponding distribution obtained from
the ensemble technique reveals a roughly similar pattern (Fig. 5)
to the one obtained with native only data (Fig. 4). The main differ-
ence is that many areas (outside Asia) which exhibited medium to
high presence probability, now exhibit a higher presence probabil-
ity. The second difference is that the most suitable area in Europe
expands to the neighbouring countries of France, mainly along the
Atlantic coast, the Mediterranean coast and the southern coasts of
Black and Caspian Seas, while the south-eastern part of the
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Fig. 4. Predicted climatic suitability distribution map for Vespa velutina nigrithorax, obtained with presence data from the native range of the species. The suitability

probability is increasing from pale to dark grey.
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Fig. 5. Predicted climatic suitability distribution map for Vespa velutina nigrithorax, obtained with presence data from the native and invaded ranges. The suitability

probability is increasing from pale to dark grey.

Mediterranean basin appears less suitable. With this model, the
mean * s.d. climatic suitability of presences from the native range
was 0.642 + 0.183 (range 0.046-0.862), so very similar to that ob-
tained when modelling with native data only. For the presences
from the invaded range, the mean * s.d. was 0.874 £ 0.110 (range
0.093-0.963), clearly higher than that obtained when modelling
with the native data only.

As for models obtained from the native data, the variability be-
tween models computed with data from both the native and in-
vaded ranges is higher for the areas of medium or high climatic
suitability, showing that predictions of the different models are
not totally concordant (see Fig. S3 in ESM). This underlines the
importance of using an ensemble forecast technique instead of
only one modelling technique.

4. Discussion
4.1. Ecological niche models in invasion biology

Vespa velutina is part of the Chinese hornet diversity, which may
comprise up to 11 species locally (Fig. 6). Among the three variants
present in China, V. v. nigrithorax is the most widely distributed un-
der temperate to subtropical climates. The prediction map based
on Asian native records only (see Figs. 1 and 4) confirms that there
was a noticeable probability for V. v. nigrithorax to succeed in
establishing populations in south-east Korea and to a lesser extent
in south-western France and northern Spain, where its invasive
presence is currently attested. The Basque country, in south-
western France, was indeed one of the most suitable areas for
the species in Western Europe, but the suitability there did not
reach the average value associated with a presence in the native
range. Ecological niche modelling can identify suitable areas sus-
ceptible to future invasions, providing an important preventative
management tool (Peterson, 2003). The classical approach to
predict the geographical extent of potential or putative invasions

consists of training models in the native range and projecting them
in distinct, potentially invasible areas.

However, this classical approach is hampered by potential
changes in the realised climatic niche, allowing invasive species
to spread into areas that are climatically distinct from those occu-
pied in the native range (Medley, 2010). Indeed, current V. v. nigri-
thorax occurrences in Europe are characterised by a higher level of
precipitation during the driest month of the year compared to the
native area (Fig. 3), suggesting that range expansion would be eas-
ier along coastal margins of the potentially invaded countries
(Fig. 5). Therefore, in our study, predictions of invasible areas
was improved by using data from both the native and the invaded
range (Broennimann and Guisan, 2008), in order to better capture
dimensions of the realised niche. Besides providing the central ten-
dency of different modelling techniques, the use of ensemble fore-
cast allowed us to estimate the variability between modelling
techniques, which explicitly points out where limitations of the
predictions can be made (see Figs. S2 and S3 in ESM).

4.2. Realised niche and potential invasion risks

Releases from biotic and abiotic constraints such as the absence
of competitors, predators or pathogens, may well lead to a shift in
the realised niche (Mitchell and Power, 2003; Torchin et al., 2003;
Callaway and Maron, 2006; Mitchell et al., 2006; Snyder and Evans,
2006; Medley, 2010). Indeed, taking into account the richness of
potential competitive species as a limiting factor could help cap-
turing the realised niche. Thus, though introduction probably oc-
curred at the same period (the 2000s) in both countries, V. v.
nigrithorax appeared to have spread much more rapidly in France
(Rome et al., 2009; Villemant et al.,, 2011) than in Korea (Jung
et al., 2008). In Korea, indeed, the invasive hornet is confronted
to six Vespa species versus only one, V. crabro, in France. Moreover,
one of the Korean hornet (V. mandarinia) is not only a fierce pred-
ator of social wasps and bees but also the most dominant when
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Fig. 6. Geographical distribution of specific diversity in the genus Vespa, established from the distribution range of the 22 species. The grey scale represents the local species

richness.

competing for food with other hornet species (Matsuura and
Yamane, 1990; Yoshimoto and Nishida, 2009). In addition to the
suitable climatic conditions and the abundance of one of its main
food source (honey bees), the low level of interspecific competition
that V. v. nigrithorax faces in Europe may thus have facilitated its
rapid spread in France (see Fig. S1 in ESM).

When considering all known occurrences of V. v. nigrithorax in
the native and invaded ranges, models revealed that many coun-
tries of Western Europe exhibit a high probability of being invaded
with a higher risk along the Atlantic and northern Mediterranean
coasts. Coastal areas of the Balkan Peninsula, Turkey and Near East
appear also suitable and could potentially be colonised later. The
other parts of the world that show high climatic suitability for this
species may also be potentially threatened by the invasive hornet
since the scenario of introduction through international trade -
as it occurred in France - could well be repeated. Moreover, when
they happen to shelter in goods that get shipped, hibernating wasp
funders have a relatively low probability of being detected with
standard protocols used for custom inspection (Work et al., 2005;
Kenis et al., 2007). However, in Hawai, there has been some success
cutting down on yellowjacket queen introduction through a com-
bination of shaking and pesticide application in Christmas tree
shipments (Hollingsworth et al., 2009).

Interestingly, the potential world wide distribution of V. v.
nigrithorax, as predicted here, significantly matches the current
distribution of another invasive social wasp, the German yellow
jacket, Vespula germanica (Fig. 7). This species is widely distributed
in Eurasia and was, as several other invasive wasps, unintention-
ally but successfully introduced in many regions of the world

(Beggs et al., in press). Indeed, invasive wasps (yellow jackets
and paper wasps) proved to be efficient invaders in the past dec-
ades (Moller, 1996). Documented cases show that they are able
to adapt their life cycles (Harris, 1996; Wilson et al., 2009) and out-
compete native wasps as well as other arthropods and even birds,
for the use of local resources (Stahlhut et al., 2006; Beggs and War-
dle, 2006). In some cases the arrival of an additional wasp even led
to displacement of a congeneric native or invasive species, suggest-
ing that Vespidae communities can be strongly structured by inter-
specific competition (Beggs et al., in press).

4.3. Potential threats to native entomofauna

During the reproductive season, invasive vespine wasps prey
intensively on invertebrates to feed their larvae, so that vulnerable
prey species may become threatened (Beggs, 2001; Harris, 1991;
Thomas et al., 1990). In New-Zealand, for example, the amount
of preys killed by Vespula vulgaris and V. germanica has been con-
sidered to be similar to that consumed by the entire insectivorous
bird fauna (Harris, 1991). Social wasps being already part of the
European fauna, the arrival of V. v. nigrithorax in France may not
be as deleterious on insect fauna as observed after European yel-
low jackets’ introduction in social wasps-free areas. However, V.
v. nigrithorax occurs in France in highly humanized and disturbed
areas and, although not being a new kind of predator, it may yet
seriously impact the local entomofauna due to the size and
increasing number of its colonies. A particular attention must be
paid to its impact on yellow jackets and honey bee colonies which
it actively predates in urbanised areas (Perrard et al., 2009;

- | v ,,.i{ )

Fig. 7. Native (in grey) and invasive (in black) ranges of Vespula germanica (see Beggs et al. (in press) for references on the current species distribution).
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Villemant et al., 2011). Another indirect impact of this hornet on
biodiversity can be suspected considering that pollinators (bees
but also syrphids) represent a noticeable part of its prey spectrum
(Villemant et al., 2011). Such a potential impact must however be
carefully assessed. Drawing conclusions about effects on arthropod
populations must rather be based on a comparison of faunas of the
same areas before and after invasion than by comparing faunas of
invaded versus similar un-invaded areas (Holway et al., 2002).
Being able to predict the risk of acclimatisation of V. v. nigrithorax
in a given region will thus greatly help with planning where to sur-
vey pollinators in a before/after invasion design, in order to provide
insights into a wide variety of impacts associated with such
invasions.

We can also raise the question of competition between V. v. nig-
rithorax and the European hornet, V. crabro, its unique congeneric
species in Western Europe. Such competition, if occurring, could
rise a further conservation problem as V. crabro is already consid-
ered as threatened in several European countries (Erlandson,
1988). The two hornet species have yet different nesting habits:
V. v. nigrithorax preferentially builds its nests in the tree canopy
(Rome et al., 2009; Villemant et al., 2011; see also ESM), while V.
crabro almost exclusively nests in protected spaces such as under-
ground cavities and tree hollows (Spradbery, 1973). V. crabro is
bigger than V. v. nigrithorax (Rortais et al., 2010) and thus not con-
cerned by direct predation by its invasive congener. However, larg-
est colonies of V. v. nigrithorax can produce more than 15,000
individuals in a season (Villemant et al., 2011), which represents
three times the size of the largest V. crabro’s colonies (Archer,
2008). The European hornet may thus hardly compete with the
huge colonies of the Yellow-legged hornet which are able to re-
move a considerable biomass of arthropods (Villemant et al.,
2011). Further studies are required to assess the prey overlap be-
tween the two species and find out if V. v. nigrithorax predation
activity may impact V. crabro European populations.

Furthermore, as a consequence of this invasion, beekeepers and
citizens react by actively searching for V. v. nigrithorax nests. As a
by-side effect, they also encounter and destroy a greater number
of V. crabro and other Vespidae (Vespula or Dolichovespula spp.) col-
onies than in the past. Such thoughtless reactions may increase the
threats due to V. v. nigrithorax’s predation and competition. More-
over, until research to develop an effective control method against
this hornet succeeds, the uncontrolled mass trappings and wasp
colony destructions performed every year in France, in and outside
the invaded area, might even be more deleterious to the entomo-
fauna than the pest problem itself. Traps and poisoned baits kill
a huge number of non-target insects (Dauphin and Thomas,
2009; Rome et al., 2011) while nests filled with insecticides and
left on site may threaten birds that intensively feed on brood of
poisoned colonies (Villemant et al., 2010).

4.4. Economic impacts

Damages on crops and fruits have been reported after invasions
by Vespula species, but the main impact of social wasps on human
production concerns beekeeping (Clapperton et al., 1989). By their
predation on honey bees, social wasps disturb beekeeping activi-
ties and can lead to the death of beehives. Hornets like V. velutina
are even more important predators of bees; their impact on honey
bee colonies is well established in the native range (Abrol, 1994,
2006) and could be amplified in the invaded ranges.

Since several decades, American and European managed honey
bees are in decline, though information for Europe remains patchy
and localised (Potts et al., 2010). In France, colony number is great-
er today when compared to 1961 populations, but has constantly
decreased after reaching a peak in 2000 (VanEngelsdorp and
Meixner, 2010). A wide panel of adversary factors, such as pests

and diseases, pesticides, loss of forage or beekeeping practices
are involved in this phenomenon throughout Europe (Bacandritsos
et al., 2010; Ellis et al., 2010; Genersch et al., 2010; Higes et al.,
2010; Neumann and Carreck, 2010). The invasion of V. v. nigritho-
rax adds to this long list a new protagonist that will undoubtedly
focus its attack on weakened bee colonies.

Comparing the map of invasion risks (Fig. 5) with an estimated
density of bee colonies in each country (ratio between number of
managed hives and surface of agricultural land in each country;
data from FAO (2010) and agricultural resources or Apiservices’
database (http://www.apiservices.com/; see Fig. S4 in ESM), show
that many European countries, and notably the Balkan Peninsula
and Turkey, exhibit high level of beekeeping activity with a great
risk of V. v. nigrithorax acclimatisation. Though arriving at the
fourth rank in Europe with more than 1 million of registered hives
(FAO, 2010), France does not show as a whole a high level of bee-
hive density due to the extend of its agricultural lands. However,
when considering the previous ratio at the regional level (data
2004; see Fig. S5 in ESM), it appears that - in addition to the whole
South-West of France - the Rhone valley, Corsica and Alsace gather
the greatest managed beehive numbers with the highest risks of V.
v. nigrithorax arrival. Moreover, Spain that counts the greatest
number of beehives (more than 2.5 millions) in Europe just under-
went the arrival of the bee-hawking hornet in the Basque country,
colonising from the French invasive population. From our models,
this area faces a high invasion risk. On another hand, the expansion
risk of V. v. nigrithorax in Albania, Greece and Turkey could be ham-
pered by the presence of a congeneric competitor (Snyder and
Evans, 2006); indeed V. orientalis inhabits these regions and is an-
other active bee-hawking hornet (Papachristoforou et al., 2007;
Rortais et al., 2010).

5. Conclusion

Like ants, social wasps represent a particularly destructive and
successful group of invasive invertebrates. Their sociality, includ-
ing a number of unique mechanisms enhancing survival and repro-
duction, is certainly the key factor that substantially contributes to
their success as invaders (Moritz et al., 2005). Their main general
advantage may be the flexibility arising from having both individ-
ual and colony responses (Moller, 1996), as is the case in invasive
ants (Holway et al., 2002; Roura-Pascual et al., 2009). This confers
them a remarkable efficiency to compete and exploit food sources,
buffering against environmental changes. They develop populous
colonies with an effective predator defence and producing numer-
ous founders that provide large dispersal capacity (Moller, 1996;
Davidson, 1998).

Given the potential economic and biological impacts of the
invasive V. v. nigrithorax, future developments should focus on bet-
ter understanding the invasion dynamics by developing modelling
approaches to predict the rate of range expansion, which is neces-
sary for a temporal risk assessment and the further implementa-
tion of effective management strategies (Hastings et al., 2005;
Kadoya and Washitani, 2010).
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