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Abstract

The yellow-legged hornet Vespa velutina is an invasive alien species in many areas of the world. In Europe,
it is considered a species of Union concern and national authorities have to establish surveillance plans,
early warning and rapid response systems or control plans. These strategies customarily require the assess-
ment of the areas that could be colonised beyond outbreaks or expanding ranges, so as to establish efficient
containment protocols. The hornet is spreading through a mix of natural diffusion and human-mediated
transportation. Despite the latter dispersion mode is hardly predictable, natural diffusion could be mod-
elled from nest data of consecutive years. The aim of this work is to develop a procedure to predict the
spread of the yellow-legged hornet in the short term in order to increase the efficiency of control plans to
restrain the diffusion of this species. We used data on the mean distances of colonial nests between years
to evaluate the probability of yellow-legged hornet dispersal around the areas where the species is present.
The distribution of nests in Italy was mainly explained by elevation (95% of nests located within 521 m
a.s.l.) and distance from source sites (previous years' colonies; 95% within 1.4-6.2 km). The diffusion
models developed with these two variables forecast, with good accuracy, the spread of the species in the
short term: 98-100% of nests were found within the predicted area of expansion. A similar approach can
be applied in areas invaded by the yellow-legged hornet, in particular beyond new outbreaks and over the
border of its expanding range, to implement strategies for its containment. The spatial application of the
models allows the establishment of buffer areas where monitoring and control efforts can be allocated on
the basis of the likelihood of the species spreading at progressively greater distances.
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Introduction

Implementing cost-effective management plans for invasive alien species requires the
development of tools that can improve the performance of control activities. A control
plan should foresee different stages, including assessment of feasibility, implementa-
tion, monitoring and evaluation of the results (Braysher 1993, Bertolino et al. 2005).
Monitoring is a necessary step to both verify whether control activities are effective and
to provide feedbacks to improve management strategies (Braysher 1993, Bertolino and
Viterbi 2010). Prioritisation to support a cost-effective allocation of resources is part of
decision-making in species management (McGeoch et al. 2016). When the goal of the
management plan is the containment of a species, it is necessary to evaluate where the
species is most likely to spread in the short term, in order to better localise control ac-
tivities. This requires assessing which areas should be surveyed and the intensity of the
monitoring activity that should be allocated in each area (Hauser and McCarthy 2009).
Modelling procedures are customarily used to predict the spatial dynamics of inva-
sive species dispersal over time. Models are built by fitting empirical data into mathe-
matical functions or using field data to simulate population dynamics to be spatially pro-
jected (Sharov and Liebhold 1998, Gilbert et al. 2004, Shatz et al. 2016). While these
procedures represent a powerful tool to provide information to improve management
strategies, they require good knowledge about the ecology and dispersal abilities of the
target species and are mainly used for simulations at large scales (Hastings et al. 2005).
The yellow-legged hornet (Vespa velutina Lepeletier, 1836) is a social wasp, na-
tive to tropical and subtropical areas of Indo-China (Archer 1994, 2012). The species
established itself in non-native countries such as France (Haxaire et al. 2006), South
Korea (Choi et al. 2012) and Japan (Ueno 2014). From France, the species spread to
neighbouring countries (Grosso-Silva and Maia 2012, Rome et al. 2013, Bertolino et
al. 2016). In Italy, the yellow-legged hornet was detected for the first time in Liguria
in 2012 (Demichelis et al. 2014); afterwards the hornet started to spread in this region
mainly along the coastline (Porporato et al. 2014, Bertolino et al. 2016) and, in 2017,
the species had colonised an area of at least 1,110 km? (Lioy et al. 2018). In Europe,
the species is considered invasive, both for its expansion capabilities at European scale
(Fournier et al. 2017, Robinet et al. 2017, Barbet-Massin et al. 2018) and the impacts
that it could produce by preying on honey bees and native insects (Beggs et al. 2011,
Monceau et al. 2013, 2014). Although the presence of the species is not considered a
problem for human-health (De Haro et al. 2010), by frequently establishing colonial
nests in urban areas, the yellow-legged hornet could generate social impacts due to
citizens’ perception of fear of possible stings, which could lead to thousands of phone
calls from people asking for destruction of the nests (Liu et al. 2015, Tabar et al. 2015,
Sumner et al. 2018). Moreover, the management of phone calls and the maintenance
of control activities lead to significant economic costs (Robinet et al. 2017). For these
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reasons, attempts to control this species have been undertaken in many countries since
its early stage of invasion (Monceau et al. 2014, Bertolino et al. 2016, Rodriguez-Flo-
res et al. 2018). Its recent inclusion in the European list of invasive alien species of Un-
ion concern (Reg. EU 1141/2016) requires Member states to implement surveillance
protocols and control strategies.

The colony of the yellow-legged hornet is initiated by a single inseminated queen
that builds a primary nest after overwintering, thus producing the first workers. Af-
terwards, during the warm season, they enlarge the primary nest or build a secondary
nest; with time, nests grow up to a sphere of about 50—-100 cm in diameter, containing
several thousands of hornets. From September onwards, reproductive animals emerge
and mate; in late autumn or winter, all nests die, while newly-mated queens search for a
place where they can overwinter and, the following year, they start a new cycle (Archer
2012, Monceau et al. 2014, Rome et al. 2015). As for many other arthropods, invasions
may proceed in smooth advances of the main front or in jumps. In the first case, spe-
cies spread by natural dispersal of animals, giving rise to a diffusion-like process (Suarez
et al. 2001). Conversely, jumps usually occur when the dispersal is human-mediated
(Hastings et al. 2005, Homans and Horie 2011). In the case of the yellow-legged hor-
net, this happens usually by the accidental movement of goods (e.g. straw, soil, timber)
that contain dormant overwintering queens or by active adults travelling as hitchhik-
ers on vehicles, though long-distance active dispersal could not be excluded in many
cases (Marris et al. 2011, Bertolino et al. 2016, Robinet et al. 2017). Human-mediated
transportation is hardly predictable and therefore only a large scale monitoring system
could allow the rapid finding of new sites of invasions. On the contrary, the natural
dispersal could be forecast with observational data of presence recorded year by year.
Distances covered by yellow-legged hornets to establish new colonies are not known.
Although queens are considered efficient flyers, published studies that demonstrate
in the field the flying abilities of new founder queens to disperse from their original
colony and create their own colonies are, however, still lacking. Population spread rate
has been estimated in some countries and values are non-consistent, suggesting that
spread rate could be different case-by-case, for example, depending on environmental
and morphological characteristics of the invaded area. Robinet et al. (2017) estimated
a mean spread rate of the population of 78 km/year (range between 75-112 km/year)
in France, Bertolino et al. (2016) a mean spread rate of 18 km/year in Italy and Choi
etal. (2012) a diffusion of 10-20 km/year in South Korea. Sauvard et al. (2018) tested
the flying abilities of workers in laboratory conditions throughout flight mill experi-
ments; they demonstrated that workers are able to fly on average from 10 km to 30 km
per flight test. This does not means that workers in the field actually keep these flying
values, since, in natural conditions, they are not forced to fly up to their maximum
limit. It is likely that queens are also efficient flyers, but is not probable that queens
in dispersion will travel to their maximum flight limit, but will probably stop to build
their new colonies where they find a suitable spot (cost-benefit behaviour).

Habitat suitability and the possible spread of the yellow-legged hornet in Europe
have already been modelled at large scales with different approaches (Ibdfiez-Justicia and
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Loomans 2011, Villemant et al. 2011, Fournier et al. 2017, Robinet et al. 2017, Keeling
etal. 2017). Some of these models have recently been validated and the prediction has
proved to be adequate for real occurrence data (Barbet-Massin et al. 2018). However,
if large scale modelling (i.e. European level) allows understanding long-term potential
distribution of the species, their use in control activities is limited, since control plans
are developed locally based on nest dynamics and distribution. A detailed description of
yellow-legged hornet nest dynamics has been reported and modelled for a municipality
in France (Franklin et al. 2017, Monceau and Thiery 2017); however, the scenario of
Andernos, in which the species has established a viable population and reached high-
density values, could be different from new invaded areas of other European countries.

Though the fast spread of the yellow-legged hornet in Europe clearly shows that
control activities have been generally ineffective, modelling scenarios indicate that in-
creasing the percentage of removed nests could slow down the spread rate (Robinet et
al. 2017). Currently, control plans for the yellow-legged hornet are based on finding
and destroying the maximum number of nests, ideally all, present in the managed
area before the dispersal of the new queens later in the year. Therefore, an efficient
monitoring system must be established to locate colonial nests. This should consider
not only the present known range of the species, but also an external buffer zone where
it is likely that founder queens could disperse and establish new colonies in the short
term. Customarily, the monitoring effort is high at the front of a species expansion and
decreases with the distance. How fast it decreases is often connected with the species
spread rate and human-resource availability. In the case of V. velutina, however, an op-
timal allocation of the effort could be established with information on the likelihood
of nests being built at progressive distances from the frontline. With this information,
the monitoring effort in an area could be calibrated with the likelihood of dispersal,
increasing the cost-efficiency of the monitoring scheme.

The aim of this study is to create an adaptive predictive model of expansion for the
yellow-legged hornet, which could be applied in any new invaded areas to both predict
the hornet natural expansion and to allocate the available monitoring and control re-
sources, based on species colonisation probabilities. We used data on the mean distances
of colonial nests between years to infer the likelihood that queens will naturally spread
the year after at a certain distance from the invasion front. This approach allows model-
ling species spread with no need for taking account of local characteristics (e.g. environ-
mental characteristics, climatic conditions, carrying capacity) in the perspective of estab-
lishing early warning and rapid response systems for this species in new invaded areas.

Methods

The western part of Liguria, where many nests are discovered every year, is the main
Italian district colonised by the yellow-legged hornet (Bertolino et al. 2016). The spe-
cies has been detected in this area since 2012: 7) a male was trapped in Loano at about
70 km from the French border (Demichelis et al. 2014), but no nests were detected in
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the following 5 years in this area; 77) one hornet was trapped in Ventimiglia at about 2
km from the French border. First nests were discovered in 2013 (Porporato et al. 2014)
in some municipalities near France (5 nests in the cities of Dolceacqua, Vallecrosia
and Bordighera). The species has also been observed in eastern Liguria, Piedmont,
Lombardy, Veneto and Tuscany, but here, observations were scanty and only few nest
were reported (Lioy et al. 2018). Therefore, the main colonised area of Liguria has been
selected as the study area for the development of the predictive model.

The analysis is based on verified nest positions collected during four years (2014—
2017), considering both nests discovered in spring during the foundation phase, which
represents a small proportion of the data (2-3% of the total nests discovered in each
year) and developed nests discovered later in the season (data available as Suppl. mate-
rial 6; 2013 nests were not included due to the small dimension of the sample size).
Since nests are difficult to detect, in particular before the fall of the leaves, a great effort
was dedicated in creating an enlarged monitoring network, including multiple sources
of information. Nests were reported by: 7) citizens and beekeepers; 77) firefighters, civil
defence teams and local authorities that received reports from citizens; #ii) a network
of more than 1,000 beekeepers with 1,638 monitoring stations established in a wider
area of Liguria and Piedmont (Suppl. material 5). Nests were also actively searched
for by monitoring teams of the LIFE STOPVESPA project involved in field survey.
These teams were 7) verifying the reported nests, 77) verifying the presence of hornets in
apiaries and searching for nearby nests and 777) actively monitoring the environment,
searching for nests also with the use of binoculars. The teams were also active during
autumn and the beginning of winter; this allowed the detection of additional nests that
might have been hidden by tree leaves in the previous months. The teams’ activity was
fundamental to discover nests further away from urban areas and not frequented by
people. Dissemination activities with hunters and fishermen allowed the involvement
of people who frequented different environments, increasing the possibilities to detect
nests in natural areas or riverbeds. Data were aggregated by year and analysed with R
and QGIS (QGIS Development Team 2015, R Core Team 2015).

For each year, the area, colonised by the yellow-legged hornet, has been estimated
by a range analysis, with the kernel method of the R’s package ADEHABITATHR
(Calenge 2006). The limits of the estimated ranges of each year were used as a starting
point to evaluate the areas at different likelihood of colonisation in the subsequent year.
Outlier nests, located in Liguria distant from the main colonised area, were treated as
potential further source of diffusion in addition to the border of the expanding range.

In a natural diffusion process, queens which found new colonial nests in one year
originated from nests of the year before (source sites). The set of these measures can
be used as a forecast of distances where the nests could be found the following year.
Accordingly, a nearest-neighbour analysis was used to estimate the distances between
nests of each year from source sites of the previous years. We then used these measures
to develop a probability model of the distances where queens could establish their nests
in the following year. From the estimated distances, a probability plot was constructed
respectively for years 2015, 2016 and 2017. A non-linear regression analysis was used
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to estimate the equations with the best fitting for the data. These equations were used
in QGIS to build the model: 7) a grid with 100 m x 100 m cells was overlapped to the
area outside the yellow-legged hornet’s range of a single year; 77) the distances between
the centroids of each cell and the nearest source sites was calculated and the species
probability of colonisation for each cell of the grid was estimated according to the
previous equation on nests distances from sources. This process was repeated for each
year, to create predictive models for years 2016, 2017 and 2018.

Yellow-legged hornet’s nests in Italy are not distributed with uniformity along the ele-
vation (Fig. 1). Therefore, the ranges estimated applying the predictive models were clipped
at three different altitudes (700, 900 and 1,200 m a.s.L.), thereby producing three different
scenarios for each year. The criteria that guided the selection of these limits are: 99% of
the nests were found within 700 m a.s.l.; only one nest was discovered at 906 m a.s.l. in
Piedmont (Porporato et al. 2014); adult hornets have been reported up to 1,200 m a.s.l.

The predictive models for years 2016 and 2017 were validated comparing the
probabilities of colonisation associated with the position of nests (i.e. position of the
nest found in that year) for their respective years against the probabilities associated to
pseudo-presence data, which are points randomly positioned in the areas of colonisa-
tion predicted by the models. A ROC analysis (Fielding and Bell 1997) that allowed
the calculation of the area under the ROC function (AUC) was used for the validation
procedure (Sing et al. 2005).

To further evaluate the importance of elevation and distance of nests from source sites
when modelling the yellow-legged hornet expansion, a generalized linear model (GLM)
with binomial distribution and logit link function was used to compare the variables as-
sociated with 1,130 points of presence (nests’ positions) and 1,130 random points of pseu-
do-absence. Five variables (one species-dependent and four environmental) were selected
as explanatory variables of the GLM: i) distance of nests from source sites (nests of the
previous year), which is the species-dependent variable that has been hypothesised as the
main explanatory variable; 77) elevation upon the sea level; 7ii) surface aspect, grouped in
the eight corresponding factors of 45° each (north, north-east, east and so on); 7v) dis-
tance between nests and water resources; v) land cover (Regione Liguria 2015, 1:10.000).
Nine macro-categories were identified for the land cover variable, on the basis of main
environmental characteristics of the study area: urbanised, agricultural, woodlands, ripar-
ian areas, coastal areas, alpine grasslands, vineyards and olive groves, greenhouses, other
environments. GLM results were compared with AIC in order to select the best model.
Climate conditions were not considered because they do not change considerably in short
distances, while data on carrying capacity, according to habitat suitability, are not available.

Results

The nearest-neighbour analysis highlighted that nests of the yellow-legged hornets
were mostly located within short distances from source sites: 50% of nests were found
within 203-668 m from nests of the previous years and 95% within 1.4-6.2 km
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Figure I. Distribution of yellow-legged hornet nests along the altitude gradient: most of the nests are
at low altitude, 90% of them within 396 m, 95% within 521 m and 99% within 699 m a.s.l. Nests were
discovered up to 906 m a.s.l.

Table |. Maximum distance of nests from source sites (nests of the previous years) grouped in proportion
intervals for years 2015, 2016 and 2017.

Proportion of nests (%) Distance from source sites (m)
2015 2016 2017
50 668 411 203
75 1,852 864 450
90 3,222 1,637 924
95 6,211 2,633 1,372
100 10,912 11,162 3,513

(Table 1). Few nests were found at greater distances from source sites, up to about 11
km in 2015-2016, but only at 3.5 km in 2017.

The probability of finding yellow-legged hornet nests over the limits of its colonisa-
tion range consequently decreases rapidly with increasing distances from source sites
(Fig. 2). The trends were explained by logarithmic functions (2015: &% = 0.97; F
=7504; p < 0.001; 2016: R° = 0.94; F
4330; p < 0.001).

The spatial application of the probabilistic models, developed to predict the expan-
sion of the yellow-legged hornet in 2016, is reported in Fig. 3 for the three altitudinal
ranges. Similar maps for 2017 and 2018 are reported in Suppl. materials 1 and 2,
respectively. For each model, the amount of area at different level of probability of
colonisation has been estimated in probabilities’ intervals (Table 2 for 2016 and Suppl.
materials 3 and 4 for 2017 and 2018).

1,230

=7738; p<0.001; 2017: R =0.92; F , =

1,484 1,411
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Figure 2. Nests distances from source of diffusion of the previous years: the distance of nests from a
possible source of diffusion is given on the x-axis, while the probabilities to find a nest on the y-axis. The
lines represent the logarithmic regression models of the data (regression line 2015: y = -0.2 /n (x) + 1.785;
R = 0.97; regression line 2016: y = -0.25 In (x) + 2.0057; R* = 0.94; regression line 2017: y = -0.227 In
(x) + 1.6967; K* = 0.92).

Table 2. Predictive models of year 2016: areas to be monitored for each probabilities range of colonisa-
tion by the yellow-legged hornet. The areas of the three elevation scenarios are reported: A) 700 m a.s.;
B) 900 m a.s.l; C) 1,200 m a.s.l.

Probabilities range (%) Area A (km?) Area B (km?) Area C (km?)
90-100 0.04 0.04 0.08
80-90 0.07 0.10 0.16
70-80 0.21 0.23 0.33
60-70 0.30 0.38 0.68
50-60 1.15 1.32 2.16
40-50 3.50 4.04 591
30-40 13.97 15.03 19.77
20-30 59.67 68.02 81.47
10-20 220.48 258.38 296.23
0-10 232.61 263.37 283.05
Total 532.00 610.91 689.84

The predictive models for years 2016 and 2017 have been tested with the position
of nests actually discovered in those years. Of the nests located in 2016 outside the
range of the previous year, 98% were included in the predicted areas of expansion of
the two scenarios at 900 m and 1,200 m a.s.l. and all the nests in 2017 were included
in the predicted areas of the three scenarios. The analysis of the area under the ROC
function highlights a difference between probabilities associated with nests’ position
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Figure 3. Predictive model of expansion for year 2016 clipped at three different altitude thresholds (700 m,
900 m and 1,200 m a.s.l.). Blue dots indicate nests of year 2015 inside the continuous range, red dots nests
of 2015 outside the continuous range. For 2016, only nests outside the 2015 range are reported (white).
Coloured areas from red to light yellow indicate progressively less probability of colonisation in 2016.
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Figure 4. Coefficient scores for the explanatory variables of the GLM analysis on presence/pseudo-
absence data: elevation, source distance and their interaction are the variables that contribute more in

explaining spatial distribution of nests.

and probabilities associated with pseudo-presence data, therefore each model predicts
quite well the spread of the yellow-legged hornet (2016: AUC, | =0.78; AUC, =
0.78; AUC,,, =0.77;2017: AUC,, =0.88; AUC,, =0.88; AUC_ =0.88).

The GLM analysis, which better explains the presence of hornet colonies in re-
lation to species-dependent and environmental variables, takes into account all the
considered explanatory variables and the interaction between the elevation and the
distance between nests and source sites (Nagelkerke’s pseudo-R? = 0.60). The variables
that contribute more to the model are elevation, source distance and the interaction
between these two variables (Fig. 4).

Discussion

The effective management of spreading invasive species requires the development of
monitoring systems able to detect new areas colonised by the species in the short term,
in order to timely extend control activities. We developed a system to evaluate the
probability of yellow-legged hornet dispersal around the area where the species is pre-
sent, with a progressively lower likelihood of colonisation by the species at increasing
distances. The model was built with GIS software and a database with coordinates of
nests located in each year. Measures of the distances of nests found in one year from a
possible source of diffusion (nests of the previous year) were used to build likelihood
percentages of spread at progressive distances in the subsequent year. Comparison of
nest locations with pseudo-presence data confirmed that both altitude and distance
from possible source sites were main factors explaining the distribution of nests. Fur-
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thermore, our predictive models were tested in two years with real data (i.e. locations
of nests found during control activities). In 2016 and 2017, 98-100% of yellow-leg-
ged hornet nests were found within the predicted area of expansion, supporting the
validity of our modelling approach. With this method, data routinely collected during
monitoring and control activities of yellow-legged hornet populations could be used as
a feedback to increase the effectiveness of management strategies, allocating the avail-
able resources in relation to the probabilities of spread in the short term.

Of the nests reported in Liguria, more than a half were located within 1 km from
nests of the previous year, about 90% within few kilometres (0.9-3.3 km) and nearly
all within 11 km. These data indicate that new queens, despite their probable great fly-
ing ability, mostly build new colonies at short distances from their nests of origin and
only few nests will be located at greater distances, due to natural diffusion on long dis-
tances or more probably to human mediated transportation. These reduced distances
are in accordance with the spread of the species in Italy (18.3 * 3.3 km/year, Bertolino
et al. 2016), which is much lower than in France (78 km/year, Robinet et al. 2017).
This means that local characteristics may drive species distribution and expansion;
consequently, control approaches should be adaptive to local nest distributions that are
a proxy of local characteristics.

The data on nests’ distribution collected in these years in Italy suggest that nests
are not randomly distributed in the study area, but follows aggregative patterns. This
is normal in spreading populations, where areas firstly colonised by the species act as
source sites for nearby areas, which are at lower densities. This is the contest where
our modelling technique can be used to improve control strategies. On the contrary,
areas colonised over many years by the yellow-legged hornet, such as the municipality
of Andernos in France, have different local nest dynamics and, after the initial phase
of invasion, nests became randomly distributed (Monceau and Thiery 2017). In this
French municipality, the species reached a very high density in 2014 of 12.26 nests per
km? with an average distance to the nearest nest of 153 m (95% confidence interval
143-163 m). This contest of high densities is completely different from the scenarios
of new outbreaks or spreading populations. In the case of established populations, a
control strategy that aims to limit or reduce the impact of the species should be devel-
oped. In case of new outbreaks or spreading populations, the control strategies should
foresee the development of early warning and rapid response systems for early detec-
tion of nests or containment plans, as suggested by the EU (Reg. EU 1143/2014) or
as performed after the invasion of Majorca in the Balearic Islands (Leza et al. 2018) or
Great Britain (Defra 2017). For example, the contingency plan developed for Great
Britain requires the establishment of demarcated areas (buffer areas) nearby the sites
of invasion after the presence of the yellow-legged hornet has been confirmed. The
early warning and rapid response approach supports the need to develop a predictive
model of expansion in the short term using data collected locally: the protocol here
proposed can be easily adapted and used to increase the efficiency of the monitoring
activity. Intensive monitoring and control activities in a buffer area around the range
of the species or new invasion outbreaks, allocated considering the different likelihood
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of colonisation, might therefore allow cost-effective use of the available resources. In
this regard, the situation in Liguria is ideal for developing a control strategy that fore-
sees the identification of buffer areas to monitor with different intensity, because the
species is spreading mainly through a corridor along the coastline from West to East,
with the sea to the South and mountains that might act as a partial barrier to the
North (Bertolino et al. 2016). These characteristics could constrain the spread of the
yellow-legged hornet, thus reducing the areas that should be covered and increasing
the possibility for effective monitoring. Therefore, morphologic characteristics of the
environment should be considered when exporting this approach in other European
areas, since monitoring and control effectiveness could be maximised by the presence
of limiting factors or could be reduced by their absence.

Arthropods may jump long distances when the dispersal is human-mediated (Hast-
ings et al. 2005, Homans and Horie 2011). An important implication of the possibility
for a species to cross long distances is that it can overcome barriers, established to con-
tain the species within the present range. For instance, nests of the yellow-legged hornet
have been recorded in Europe, tens and even hundreds of kilometres away from the
invasion front, thus suggesting an accidental human transportation of founders (Rome
et al. 2009, Bertolino et al. 2016, Robinet et al. 2017). In 2016, only one nest was
found in Veneto at about 270 km from the invaded areas in Italy, while, in 2017, some
adults were observed at 140 and 170 km, respectively in the eastern part of Liguria and
northern Tuscany (Lioy et al. 2018). In previous years, animals and nests were found
at several tens and up to 150 km from possible sources of diffusion (Bertolino et al.
2016). Identifying natural dispersal from human-mediated transportation is not always
easy. However, even considering some of long distance reports as resulting from natural
dispersal would not change the validity of our simulation. In fact, we were interested in
building an information system that could help plan the yearly optimal allocation of the
monitoring effort, covering an area of possible expansion from the continuous range of
the species. Of course, a comprehensive management strategy also requires the develop-
ment of plans to find and manage sub-populations found even at considerable distances
from the expansion front. This is what is usually foreseen in the surveillance protocol
of an early warning and rapid response system (Britton et al. 2010, Homans and Horie
2011), a protocol that has been established in Italy by the development of a wide moni-
toring network with the collaboration of beekeepers (Suppl. material 5). Ideally, such
surveillance system should allow the location of yellow-legged hornet nests, established
from long-distance dispersal or human-mediated transportation of queens. In case of
detection of new propagules, our data-informed process could help in establishing an
intensive monitoring network to locate and destroy nests before a new invasion starts, as
well as with the use of new technologies as the tracking of hornets with harmonic radars
(Milanesio et al. 2016, 2017) or radio-telemetry (Kennedy et al. 2018).

An aspect that must be considered is the bias in nest detection, since tree leaves
often hide V. velutina colonies. For this reason, a wide monitoring network has been
developed, as well as for areas not colonised by the species and for nearby regions and
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multiple sources of information have been considered (citizens, beekeepers, firefighter
teams, monitoring teams, ...). Monitoring teams also continued to work in the field
during autumn and winter, detecting nests that might have been previously covered
by tree canopies.

The method here proposed allows the assessment of the proportion of landscape
that should be surveyed over the front of the spreading range of an invasive social
insect species and the intensity of the monitoring activity allocated at progressive
distances. It only requires the availability of nest locations in successive years, which
are a proxy of other local (either climate or environmental) characteristics, and can
be improved by increasing the efficiency of data collection. This approach is dif-
ferent from other modelling techniques, such as climatic or habitat models widely
used for invasive species (Beaumont et al. 2009, Di Febbraro et al. 2016), including
the yellow-legged hornet (Ibdfiez-Justicia and Loomans 2011, Villemant et al. 2011,
Balmori 2015, Fournier et al. 2017, Keeling et al. 2017, Robinet et al. 2017). In
fact, these models estimate the areas that could be invaded in the future, compar-
ing climatic or habitat characteristics of such areas with niche requirements of the
species, but their use in short-term management strategies is limited. This is because
many of these models extrapolate the parameters from other areas with different char-
acteristics or because they are produced at large scales, while species management is
usually implemented at more local scales. These approaches are extremely important
when the aim is to understand the consequences of invasion in the long term and at
European level. Instead, our method estimates the likelihood of colonisation of new
areas by the species in the short term, from one year to another and for the studied
population, important information that could be used to improve the efficiency of
local management plans for the yellow-legged hornet and other similar species that
build colonial nests.
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