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Abstract

Since its introduction in France 10 years ago, the yellow-legged hornet,

Vespa velutina, has rapidly spread to neighbouring countries (Spain, Portu-

gal, Belgium, Italy and Germany). It showed efficient social traits facilitat-

ing its invasive success. Only scarce and incomplete natural history

studies were known from its native distribution area. Studying the biology

of this species in its invasive distribution range was thus a prerequisite to

the implementation of efficient control methods in a near future. During

a 3-year field survey, we collected 77 nests to investigate several of the

species’ key colony characteristics. Our results enabled us to accurately

quantify each of the castes and to better understand their synchronicity

throughout the season. Our study showed that mature nests are able to

produce up to 13 000 individuals and that the size of mature nests is cor-

related to the number of individuals produced. This correlation enables

the inference of one characteristic from the other. Furthermore, each

mature nest can produce up to several hundreds of potential founder

queens, a crucial datum in the light of today’s unregulated spring queen

trapping control campaigns. In addition, nest dissections enabled to record

the incidence of nest relocation for the first time in this species. Results

are discussed with regards to what is known in other Vespidae species,

with a focus on Vespula species that are known to be invasive in many

other countries worldwide.

Introduction

Biological invasions by non-native species constitute

one of the leading threats to natural ecosystems and

biodiversity. Their damages also entail enormous costs

on human enterprises as well as on human health

(Roques et al. 2009; Bradley et al. 2011; Ib�a~nez et al.

2014). Developing efficient management strategies

against these species first requires an accurate evalua-

tion of their invasion dynamics (Hastings et al. 2005;

Kadoya et al. 2009). Social insects are among the

most effective invaders of new habitats worldwide,

their reproductive and dispersal strategies making

them severe enemies of native biota (Paini and

Roberts 2005; Inoue et al. 2010; Beggs et al. 2011).

One of them, the Asian yellow-legged hornet Vespa

velutina, was accidentally introduced in France around

2004 (Haxaire et al. 2006; Villemant et al. 2006,

2011; Rome et al. 2009). It led to the first successful

invasion of an exotic Vespidae into Europe (Rasplus

et al. 2010; Beggs et al. 2011), causing great concerns

among public authorities and bee-keepers because of

its current abundance and high predation on honey-

bees. However, previously published data on V. veluti-

na are the result of global studies on various Vespa

species in Asia. Thus, they only provide distribution

data and very sparse records of individual nests

dissections of V. velutina (Van der Vecht 1957;

Matsuura 1973; Yamane 1977; Kuo and Yeh 1985;

Dazhi and Yunzhen 1989; Martin 1993; Nakamura

© 2015 Blackwell Verlag GmbH 1

J. Appl. Entomol.



and Sonthichai 2004). Further data on nests structure

and colony dynamics were necessary to better under-

stand the invasive success of this hornet in Europe.

Vespa velutina was first reported in 2005 in the

south-west of France. In the past 9 years, it has spread

across 63 French departments (ca. 340 000 km2)

(Rome et al. 2013; INPN 2014). In addition, its arrival

was reported in 2010 in northern Spain, in 2011 in

Portugal and Belgium (Rome et al. 2013), in 2012 in

Italy (Demichelis et al. 2013) and in 2014 in Germany

(R. Witt, personal communication). According to

niche modelling, the invasion may reach most Euro-

pean countries (Villemant et al. 2011) and could be

aggravated by climate change (Barbet-Massin et al.

2013). Hornets are active predators of insects (Ya-

mane 1992); the size of their colonies and their period

of activity in temperate regions suggest a strong

impact on local entomofauna. Furthermore, V. veluti-

na is known as a detrimental predator of honeybees in

Asia (Van der Vecht 1957; Abrol 1994; Tan et al.

2007; Ranabhat and Tamrakar 2009). Since its arrival

in Europe, it has been extensively reported to actively

prey on honeybees (Perrard et al. 2009) and disturb

bee-keeping activities in Europe (Rortais et al. 2010;

Monceau et al. 2013; Arca et al. 2014). Given the

potential economic and biological impact of this inva-

sive hornet, future developments should focus on bet-

ter understanding its invasion dynamics. This can be

achieved by predicting the rate of the species’ range

expansion and the population’s dynamics. Both ele-

ments are required to assess temporal risks and to

implement effective management strategies (Hastings

et al. 2005; Kadoya et al. 2009). Colony size and

dynamics of V. velutina were sparsely reported, and

exhaustive data are missing to quantify the total num-

ber of individuals produced, the number of individu-

als present at a given moment of the season or the

number of future founders, especially in the invaded

area. As many social insects do, V. velutina produces

annual colonies initiated by a founder queen. Each

founder queen starts its own colony by building a pri-

mary nest (fig. 1a) called embryo nest (Edwards 1980;

Archer 2010). The colony develops throughout the

warm season by producing potentially up to several

thousands of sterile workers, who will feed the brood.

Like other haplodiploid species, V. velutina queens

lay fertilized (diploid) or unfertilized (haploid) eggs

to produce females or males, respectively. After the

emergence of the reproductive generation, the col-

ony dies during the winter. Only the new founder

queens survive and the mated ones will produce

new colonies the following spring (Matsuura and

Yamane 1990). This efficient life cycle initiated by

only one individual makes hornets fearsome invad-

ers (Beggs et al. 2011).

Assessment of the colony dynamics of V. velutina

cannot be acquired directly from data provided by

nest collections. On the first hand, like many other

hornet species, V. velutina sometimes relocates its

nest: when the location of the primary nest founded

by the queen does not enable it to increase in size, the

colony relocates to a new nest built by the workers.

This new nest will often be found in a more open

space, generally a tree crown (Matsuura and Yamane

1990). Thus, when observing a given nest, one has to

consider whether a primary nest had not first been

abandoned by this colony, making it impossible to

assess exhaustive data for this very same colony. Sec-

ondly, V. velutina is one of the few hornet species,

with V. analis and V. tropica, whose distribution in size

of individuals from different castes overlap when the

colony reaches maturity (Matsuura and Yamane

1990). Subtle morphological differences in wing shape

have been found between sterile (workers) and repro-

ductive (founders) females of this species (Perrard

et al. 2012). However, both castes cannot be fully dis-

criminated by solely taking into account the size of

individuals or the diameter of the cells in which they
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Fig. 1 Vespa velutina nest structure. (a) Embryo nest with first and sec-

ond envelops (e1, e2) cut laterally to show the primary comb (g1). (b)

Ventral view of a comb with opened (c1) and closed (c2) cells; the bold

black line indicates the largest diameter along which the comb is cut. (c)

Transversal section of a comb: egg (W), 1st to 5th larval instars (L1–L5);

concealed pre-pupal 5th larval instar (PN), pupa (N); teneral adult (T);

meconiums (m). Scales bars = 1 cm (Line drawings by C. Villemant).
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have been reared. On another hand, the body weight

of reproductive females in many Vespa and Vespula

species is known to increase after emergence during

their short stay in the nest before swarming (Martin

1993; Archer 2012).

This study’s goal was to better understand the col-

ony dynamics of this invasive species. We first aimed

at determining whether weight could be used to easily

identify the caste of females in V. velutina nests. We

determined potential weight classes that would help

distinguish workers and founder queens by weighing

females from nests collected in late autumn. To evalu-

ate the mean number of individuals produced by a

colony, we counted the individuals and analysed

nests’ structure. These results enabled the description

of the evolution of a colony with details on the suc-

cession of immature instars, workers and sexual indi-

viduals throughout the season. Lastly, we used the

nests’ data registered in the INPN biodiversity data-

base to characterize the colonies’ habitat and to evalu-

ate the dispersion speed of the species. These data

were essential to better understand the invasion pro-

gress of this species and therefore to help plan future

surveys and possible dedicated control measures.

Material and Methods

Nest collection

The study of Vespa nests’ structure is quite challeng-

ing, as one cannot periodically observe a given nest

while using non-destructive methods. Thus, data on

seasonal changes were obtained by breaking up nests

collected throughout the field seasons. Surveys were

carried out to collect hornet nests in the most densely

invaded regions of the south-west of France from

June to November in 2007–2010. Nests were kept fro-

zen at �25°C until dissection. In total, 77 nests were

analysed.

Discrimination of reproductive and sterile castes

Dry and wet weights were measured on a sample of

2744 females to verify a possible correlation between

the two weights using Spearman’s rank correlation

test. Deep freezing and freeze-drying specimens being

a very time-consuming task, a good correlation would

give us the possibility to focus on wet weights, thus

enabling a considerable increase of sample sizes.

Gaussian finite mixture models fitted by EM algo-

rithm (GMM) were used to evidence potential weight

classes, which discriminated founder queens from

workers. Data were then sorted by castes (workers

and founders) to visualize the evolution of their

weight over the season. Analyses were performed

using the package ‘stats’ and ‘mclust’ of the R soft-

ware (R Core Team 2014).

Colony size

The estimation of cell number per comb established

by Latter (1935) and highlighted by Edwards (1980)

was compared with exhaustive cell counts made on

40 comb images. These images have been obtained by

X-ray tomography of nests (N = 5) collected in the

south-west of France in October and November 2010–
2011. Each nest was imaged, using X-ray tomography

(120 kev, 180 mAs) with a Phillips Brilliance CT 40

medical scanner (Neuroradiology Department of

Tours’ Hospital, Tours, France), and reconstructed

into a series of virtual cuts (thickness 0.67 mm). Cells

were automatically counted for each comb with the

function ‘analyze particles’ of ImageJ (Rasband 1997),

the undetected cells being manually added after-

wards. Using a paired t-test (t-test function in R),

these results were compared with estimates obtained

from Latter’s formula:

N ¼ ðð3n=2Þ þ 1Þ � n=2

where ‘N’ is the total number of cells of a given comb,

and ‘n’ is the number of cells counted along its longest

diameter.

Seasonal changes in population structure

The adults present inside the nest at the time of their

collection were counted and the females weighed.

Such numbering did not accurately reflect the size of

the colony in nests collected during the day. Indeed,

the number of workers foraging at the time of the

collection remained unknown. However, this gave us

an overview of the ratio between males and the two

female castes and enabled comparisons between nests.

The total number of individuals produced by a

colony was estimated from the nests’ dissections.

Nests were considered ‘primary nests’ when they

resulted from a construction around the embryo nest.

They were easily recognizable: their first comb was of

irregular structure, and the embryo comb was still

visible at its centre (Spradbery 1973). When colonies

happened to relocate, the ‘secondary nest’ built by

workers presented a first comb with a very regular

structure.

Each nest comb was cut along the longest cell line

passing through the middle of the comb to assess the
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number of (i) cells, (ii) immature stages and (iii)

meconium pellets present along this transect (fig. 1b,

c). A meconium is the gut content eliminated at once

by an individual when moulting from larval to pupal

instars. Contrarily to what honeybees do, these meco-

nia are not removed by workers when cleaning cells

after adult emergence (Janet 1903). Consequently,

the number of meconia at the bottom of each cell

indicated how many individuals had been succes-

sively reared to pupal instar in this cell before the nest

collection (Archer 2008a). Workers policing (i.e.

removal of eggs laid by workers in a queen-right col-

ony) is well known in several vespine wasps species

(Wenseleers et al. 2004, 2005); it was observed by

Foster et al. (2002) for V. crabro colonies but never

clearly documented for V. velutina. We thus took this

phenomenon into account as a hypothesis: when

more than one egg was observed in one cell, only one

egg was taken into account. Indeed, only one adult

would have had the possibility to emerge from the

cell. The results for each comb subsample were then

extrapolated to the whole comb using Latter’s for-

mula. The estimated total individual production of a

nest was then defined as the sum of the estimated

numbers of eggs, larvae and meconiums of every

combs of the nest.

Habitats

To better characterize the colonies’ habitat and the

dispersal range of the species, we analysed the records

of nests from an online biodiversity database held by

the MNHN (INPN 2014). This database aggregates

every validated V. velutina record in France since

2004, with a relatively exhaustive level of informa-

tion. Information on nests (e.g. height, diameter and

support type) is collected by networks of naturalists

and bee-keepers, state and regional services, firemen

and municipal services, private wasp controllers and

individual public warnings (Rome et al. 2009). Only

records made between 2004 and 2012 for which the

identification of V. velutina was verified by the first

author were used in this study.

Results

Discrimination of reproductive and sterile castes

Gaussian mixture model distinguished two weight

classes with a limit of 250 mg. Below this limit, indi-

viduals can be considered as workers, and individuals

weighing over 250 mg can be considered as potential

future queens (fig. 2). The 5% level of uncertainty

was reached beyond 217 mg for workers and below

285 mg for founders.

Spearman’s rank correlation test showed that dry

and wet weights were strongly correlated (q = 0.88;

P-value < 2.2e�16). One can then permute between

wet and dry weights using the following linear regres-

sion formula: y (Wwet) = 2.05 9 (Wdry) + 80.59. A

dried individual weighing 250 mg would thus corre-

spond to a wet individual weighing 593 mg.

Over the season, workers’ mean wet weight ranged

from 188.8 mg (n = 75, SD = 44.9) in June to

386.4 mg (n = 2561, SD = 88.3) in November (fig. 3).

Founder queens’ mean wet weight ranged from a

minimum of 624 mg (n = 5, SD = 15.2) in September

to a maximum of 721.3 mg (n = 1214, SD = 73.2) in

November.

Colony size

Evaluation of the total number of cells in the 40

combs of five mature nests, using Latter’s formula,

gave accurate results when compared to exhaustive

cell counts (Figure S1). Comb cell totals are on aver-

age significantly different between the two methods

(t = 3.9637, d.f. = 39, P-value = 0.0003), Latter’ for-

mula giving globally slightly underestimated values

compared with exhaustive counting. However, the

two comb cell totals differ by only 3.25% on average.
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Fig. 2 Vespa velutina dry weight distribution using Gaussian mixture

model. Two-dimensional distribution (workers < 250 mg, foun-

ders > 250 mg) indicated by plain lines with group densities in dashed

lines; 5% level of uncertainty (dotted lines) is reached beyond 217 mg

for workers and below 285 mg for founders.
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Furthermore, the count included some partially dam-

aged combs which provided potentially undervalued

data in estimated (because the longest diameters were

incomplete) and exhaustive cell numbering. The two

data sets having the same order of magnitude and the

exhaustive counting being very time-consuming, Lat-

ter’s formula has been retained to assess the cell num-

ber of the other 77 dissected nests.

Table 1 presents the characteristics of V. velutina

nests collected from June to December. As a whole,

42 of the 77 colonies were considered as mature

because the reproductive individuals started to

emerge and could be separated from workers; males

by their morphology (apex of last sternite bilobate in

male but sharp in female) and futures queens by their

weight. These mature colonies were collected from

September on and constitute all the collected nests in

November and December.

The mean number of combs per nest reached its

maximum in December, with 8 combs. The biggest

nest, observed in October, included 11 combs. We

estimated that it had a number of 13 547 cells and

produced 13 340 individuals over the season. This dif-

ference between cell and individual numbers could be

explained by (i) a high number of yet unused cells

due to a high construction rate at the moment of the

collection or (ii) larvae being taken out of their cells

and abandoned outside the nests after the emergence

of reproductive adults (Matsuura and Yamane 1990;

Archer 2008a). On average, 1.11 individuals were

reared in each cell, this number varying between 0

and 4. The mean total production of a nest regularly

increased until mid-November, reaching an average

of 6151 individuals (table 1). Nests collected in

December presented fewer cells and produced fewer

descendants than in November; however, averages

for these nests have to be considered with caution

because of the low sample size. Furthermore, V. veluti-

na colonies followed a nonlinear growth rate (Figure

S2). Nests that contained combs reaching a maximum

of 40 cm in length tended to produce five times more

individuals than nests that were twice as small. This
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Fig. 3 Evolution of Vespa velutina workers

(plain line) and founder queens (dashed line)

mean wet weight from June to December.

Table 1 Mean, minimum and maximum estimated numbers of cells and individuals produced per Vespa velutina nest in a given month from June to

December for immature nests (normal lines) and mature nests (bold lines)

Month N nests

N combs N cells N individuals produced
Indiv./cell

Mean Min–max Mean Min–max Mean Min–max Mean

Jun 1 3 – 924.3 – 957 – 1.04

Jul 3 2.7 2–3 519.4 290–814 630.5 290—1076 1.16

Aug 13 3.5 2–4 955.4 117–1590 1139.1 108–2385 1.18

Sep 8 3.6 1–6 1702.3 230–4979 1879.0 200—5501 1.16

Sep 10 4.5 3–7 2654.7 393–7236 3336.8 597—9605 1.33

Oct 10 5.6 3–10 2375.5 274–7056 1887.8 187—5835 0.83

Oct 21 6.3 2–11 5004.6 390–13 604 5320.3 82—13 340 1.14

Nov 8 6.8 4–10 6120.7 634–12 757 6151.5 384—12 588 1.03

Dec 3 8 7–10 4756.7 3685–5607 4382.4 4039–4583 0.96
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can explain why colonies whose foundation date dif-

fered by several weeks would express low differences

in individual production in July and high differences

in November. Consequently, colonies initiated early

in the season might have already died in December,

when those initiated later would still survive but

reach lower sizes.

The overall production of a nest is strongly corre-

lated (Figure S2) to the size of its broadest comb and

follows the quadratic function:

Y ¼ 7:12� x2 � 37:72� x � 9:68

where ‘y’ is the number of individuals produced by

the colony, and ‘x’ is the diameter of the largest comb.

Thus, the overall estimated production of a nest could

be inferred from this result, enabling one to evaluate

how many individuals have been produced by a given

nest only by measuring the diameter of its widest comb.

Seasonal changes in population structure

In June, only eggs laid by the founder queen were

observed in the single nest collected. The number of

immature individuals kept growing until October,

when nests contained on average more than 2000

immature individuals (fig. 4), including more than

5000 for the most populous ones. The number of

workers reached its maximum between late October

and early November, with an average of 436.4 work-

ers present in the nests (n = 35). The most populous

one contained 1742 workers. Early male emergence

was sometimes observed (three nests) as soon as July,

as a result of either workers’ oviposition (orphaned

nests) or queens with depleted sperm stock, both cases

leading to haploid egg-laying (Matsuura and Yamane

1990). However, in the case of colonies showing a

‘normal’ development, males emerged from early

September on, about 15 days before the emergence of

the first reproductive females. Both reproductive

castes reached their maximum numbers during the

first half of November, and most of them left the nests

before the end of November (fig. 4). An average of

191 (n = 5; �195.7) founder queens was observed in

the nests – collected in November – that still con-

tained sexual females, with a maximum of 563 in one

of them. The very last dissected nest containing a

mother queen was collected on the 27th of October.

In December, the last workers were still present, and

immature individuals could be observed in some nests

(fig. 4). However, at that period, workers were too

few to effectively feed the whole brood and focused

on overfeeding the sexual brood (Matsuura and Ya-

mane 1990). In addition, days rapidly grew shorter,

temperatures decreased, and the preferred preys of

V. velutina rarefied. Thus, these immature workers

would never have reached the adult stage.

Throughout the season, workers’ disorganized ovi-

position behaviour was revealed by the presence of

more than one egg per cell in orphan nests (i.e. those

whose mother queen was absent). These eggs pro-

duced only male brood from that moment on. As

males do not take part in any of the foraging or con-

struction activities of the colony, these nests were

doomed to a prompt death. Orphan nests naturally

increased in number towards the end of the season

when mother queens died.

Colony relocation

Among the 69 nests dissected from August on (obser-

vation date of the first relocation event), 49 have been

sorted according to primary or secondary type: 69.4%

showed to be secondary nests (i.e. with a perfectly reg-

ular first comb) most probably resulting from reloca-

tion events. For the 20 unsorted nests, the first comb

was either damaged or too deeply inserted into the top

of the nest envelope for us to be able to state their type.

Habitats

Recording nest occurrence in France enabled the

authors to aggregate 7012 geo-referenced data between

2004 and 2012. Corine Landcover data (Union Eu-

rop�eenne – SOeS 2011) were available for 6073 of these

nests, which were mostly observed in artificial (CLC1:

48.5%) and agricultural (CLC2: 42.25%) areas. Less

than 10% occurred in natural areas (CLC3: 8.1%) or

wetlands (CLC4 + 5: 1.1%). A majority was located

more than 10 m above the ground (70.0%, n = 3382)

and 26.3% between 2 and 10 m; only 3.7% were situ-

ated < 2m from the ground. In addition, 87.0% of the

3296 nests for which the information was available

were built in vegetation (trees, shrubs and bramble

bushes), 12.8% on constructions (buildings,

houses. . .), and only 0.2% underground.

Discussion

Colonies size

Until now, only very sparse data from individual

nests’ dissections were recorded for V. velutina. The

largest nests of V. velutina observed in Asia reached

1 m high and 50 cm in diameter in Taiwan (Sonan

1929), 75 cm high with 11 combs and 11 912 cells in

© 2015 Blackwell Verlag GmbH6
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Java (Van der Vecht 1957). According to Yamane

(1977), the maximal number of cells observed in such

huge nests could reach 20 000. These nest sizes are

very close to that obtained in the invasive range of

the species: the largest nest collected in Aquitaine in

2007 was 1 m high and 80 cm in diameter (R. Sau-

nier, personal communication), while the two biggest

nests we dissected had nine and 11 combs and an esti-

mated number of cells of 13 604 and 13 547, respec-

tively. Each one likely produced more than 13 300

individuals over the season. In South Korea, where

the species is also invasive, a mature colony reaching

a height of 60–90 cm and a length of 40–70 cm was

observed; it contained 6–7 combs and 1000–1200
adult workers, making V. velutina the most populous

hornet species of this country in the 2000s (Kim et al.
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2006; Jung et al. 2007, 2008; Choi et al. 2012, 2013).

Nakamura and Sonthichai (2004) also documented

the number of workers in two V. velutina nests from

Thailand: an average of 1129 workers and a maxi-

mum of 1456 individuals were observed. Our study

gave similar results for mature colonies with a maxi-

mum of 1742 workers in a nest collected in October.

In comparison, nests of Vespa crabro, the only hornet

species present in France before this invasion (Beggs

et al. 2011), are far less populous with an average of

1394 cells (min–max 595–3316), 182 workers (max

349) and a total of 1195 adults produced (n = 13

nests; UK; Archer 2008a). However, common yellow

jackets show more similar nest population levels to

V. velutina in their native range (Archer 2008b). Nests

of Vespula germanica, the most populous species, are

constituted of an average of 7646 cells (min–max

4507–13 181; n = 11 nests; UK) and produce, in tem-

perate region, an average of 13 553 individuals (min–
max 3449–19 922; n = 3). Colony sizes in the invaded

zones are much larger, this yellow jacket being able to

achieve perennial colonies reaching 3–4 million indi-

viduals in New Zealand (Archer 2008b). On the con-

trary, V. vulgaris does not produce such important

colonies, whether it be in temperate regions (mean

8063 cells; min–max 2715–14 778; n = 41; UK) or in

invaded regions (mean 17 650 cells; n = 47; NZ).

Colonies relocation

Relocation was observed in similar proportions in sev-

eral Vespa species (Matsuura and Yamane 1990;

Archer 2012). Vespa velutina colony relocation was

noticed in the mountainous district of Taiwan (Kuo

and Yeh 1985), in the Chinese province of Yunnan

(Dazhi and Yunzhen 1989) and in Thailand (Nakam-

ura and Sonthichai 2004). Several studies reported

that queens of V. velutina build a primary nest in a

ground hole or a rock cavity, and later relocated their

colonies to a tree site about 10 m above the ground

(Kuo and Yeh 1985; Dazhi and Yunzhen 1989). In

South Korea, Choi et al. (2012) stated that relocation

is a common habit for the invasive V. velutina, as well

as for the native V. simillima. Our field observations of

V. velutina confirmed that colony foundation is com-

monly initiated at a height inferior to 10 m. In fact,

founding a nest very high above the ground would

result in important energy losses for queens, which

are already depleted by very time-consuming forag-

ing, construction and egg-laying activities (Archer

2010). Furthermore, embryo nests are fragile and

would most probably never survive to spring wind

and rain if initiated above 10 m high. Results from

both dissections (69.4% of secondary nests) and INPN

database (70.0% of nests above 10 m high) suggested

that approximately 70% of the colonies relocate dur-

ing the summer. This percentage is comparable to that

obtained by Matsuura and Yamane (1990) for Vespa si-

millima (88.6%) and V. crabro (56%) in Japan.

Habitats and competition

Vespa velutina nests are found in agricultural or forest

habitats, but most of the French records correspond to

urbanized habitats (48.53%). The presence of V. velu-

tina nests on buildings was noticed in Taiwan (Ya-

mane 1977) and Thailand (Nakamura and Sonthichai

2004). This hornet is the most common species

destroyed by the firemen in the city of Hangzhou,

China (Sheng and Xing 2005). Choi et al. (2012) sta-

ted that V. velutina was established in all grades of

habitat in Korea but is significantly more numerous

in urbanized areas, thus disturbing the abundance of

the 6 native Vespa species. In Busan city, it now

accounts for 37% of the Vespa population, causing a

drop of 20% of V. simillima and of 10% of V. mandari-

nia. There are no current data on the relative abun-

dance of V. crabro and V. velutina in France. However,

given Choi’s results (2012), the native Vespinae pres-

ent in France might very well suffer in the near future

from predation and competition for food sources or

nesting sites with the invasive hornet. Several Vespula

species are known to be preyed upon by V. velutina in

France, representing up to 28% of its food diet in

some habitats (Rome et al. 2011; Villemant et al.

2014). Vespa crabro might also compete with the inva-

sive hornet for nesting sites in the spring. Indeed, its

queens emerge from hibernation later than those of

V. velutina which already initiated their embryo nests.

If both species have different preferences for colony

relocation (i.e. closed places for V. crabro and high

trees for V. velutina), they choose similar sites (closer

from the ground and protected from the rain and the

wind) to initiate them, although V. crabro more com-

monly search for underground cavities (Archer

2008a). In areas where V. velutina population levels

are the greatest, V. crabro might thus be partially dis-

turbed in the spring (Villemant et al. 2011).

Caste differentiation and seasonal changes in colony

structure

Discriminating castes was a prerequisite to study the

seasonal changes in the colony structure of V. veluti-

na. Dry and wet weights proved to be useful to

discriminate workers and queens: the bimodal distri-
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bution enabled us to define a limit between the two

castes (250 mg dry weight, 593 mg wet weight).

Hornets’ larvae are fed with sugar-rich liquids and

chewed prey pellets. Adults are unable to consume

flesh and get protein from saliva regurgitation from

5th instar larvae (Janet 1903; Spradbery 1973;

Matsuura and Yamane 1990). The quantity of food

provided to and assimilated by larvae is related to

colony factors such as queen presence, the number

of workers performing nursing duties and cell size

(Spradbery 1973). Thus, when the nest is still small

in early spring, few workers are feeding larvae reared

in small cells, resulting in small adults. Progressively,

more workers forage; larvae, although more numer-

ous, get higher amounts of food, resulting in bigger

individuals. The size of workers increases and their

mean weight doubles (188.8–386.4 mg) from June to

November. Before leaving the colony to enter hiber-

nation quarters, the young queens feed on larval and

worker regurgitations (trophallaxy). Much of this

food is converted to fat reserves, leading to funda-

mental differences in fat metabolism between the

two castes. The founder queen’s wet weight averaged

624.0 mg in September and 721.3 mg in November.

However, both castes tended to weigh less between

November and December, when fewer workers were

present to overfeed the immature queens. Tropical

species usually do not express such important differ-

ences between castes because queens do not have to

resist to hard winter conditions. However, Martin

(1993) already noted that V. velutina founder queens

in Malaysia do express these large amounts of fat

bodies.

A maximum of 563 future queens was present in a

nest at the time of dissection in late autumn. None-

theless, as sexual broods leave the nest in groups

(Matsuura and Yamane 1990), this number might

underestimate the production of queens over the end

of the season. In fact, Vespula germanica builds nests

that are similar in size, which can contain an average

of more than 1500 large cells, a number which is an

estimate of the number of founder queens produced

(Archer 2008b). However, to our knowledge, we are

the first to evaluate this number by counting the

queens effectively present in a V. velutina nest. This

considerable production of queens was probably

selected over time to face the countless mortality fac-

tors they have to go through between autumn and

spring. This impact was evaluated in some other Vespa

species: the overall mortality of Vespa and Vespula

queens was estimated based on the ratio between the

number of queens produced in a given year and the

number of successful colonies observed in a same area

in the following year. Mortality of founder queens

would range from 90 to 99.9% and be similar for both

genera (Bunn 1982; Matsuura 1984; Matsuura and

Yamane 1990; Donovan 1991; Archer 2008a, 2012).

A major cause of colony failure is the loss of a

queen during early colony development, due to

queen abandoning her nest or being killed. These

events can notably happen through intra- or interspe-

cific competition for a same nesting site (queen usur-

pation), a behaviour which is considered as common

in hornets (Donovan 1991; Archer 2010, 2012). Field

observations in France showed that such competition

occurred between V. velutina queens but also between

V. velutina and V. crabro. The long 2012–2013 winter

induced a relative synchronicity in the foundation

periods of the two species; during that year, dead

queens of V. crabro were observed below V. velutina

embryo nests and vice versa, suggesting that both spe-

cies compete for nesting sites (A. Rivi�ere, personal

communication).

Control methods

Yearly registration of nest records (INPN 2014)

showed that the invasion front spread about 60 km

per year, while preliminary experiments in flight

mill demonstrated that a queen is able to fly more

than 40 km per day (unpublished data from the

authors, Q. Rome, A. Touret-Alby, A. Perrard). This

suggests that queen spread occurs in highly stochas-

tic flight directions. As vespine wasps have a great

potential to overcome important mortality factors

(Beggs et al. 2011), such dispersal abilities and high

queen production should induce high multiplication

rates in the already invaded area. More efforts have

to be paid to implement efficient control methods to

slow down the range expansion and protect the bee

colonies. However, the true impact of the alien hor-

net on colony losses and honey production was not

yet quantified in France or in its area of origin.

In spite of a high intraspecific competition for nest-

ing in hornet species (Matsuura and Yamane 1990), a

commonly advertised control method in France con-

sists of trapping founder queens between late winter

and early spring. Previous vespine invasions world-

wide, especially of European yellow jackets in the

Southern Hemisphere, showed that this method –
as well as all others attempted against the invasive

wasps – failed to decrease the population level

(Thomas 1960; Beggs et al. 2011). Hence, the assidu-

ous destruction of queens carried on by many ama-

teur gardeners and bee-keepers is most probably

inefficient (Rome et al. 2011; Monceau et al. 2012),
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while side effects on non-target species may be impor-

tant (Villemant et al. 2014).

Although Abrol (1994) stated that the best way to

control Vespa species was to trap young queens in the

early spring, he also concluded that none of the avail-

able methods was sufficient on its own. Removing the

mature nests might very well be a better solution to

reduce the population levels of the running season,

while research should concentrate on methods to bet-

ter protect hives from hornets’ attack (Villemant et al.

2014). A combination of all available methods in an

organized and integrated manner might be the only

efficient way of acting (Beggs et al. 2011).

Conclusion

Social insects such as V. velutina represent a particu-

larly efficient group of invasive pests, notably because

of their ability to produce thousands of individuals in

a colony initiated by only one queen. Most of these

individuals are sterile workers that reach their maxi-

mum number in the autumn when rearing the sexual

brood. Contrarily to many other Vespa species, female

castes of V. velutina cannot be distinguished by their

size. Our study demonstrated that reproductive

females of V. velutina can be separated from workers

on the basis of their weight, thus enabling us to evalu-

ate the number of future queens produced by a

mature colony: an average of around 200 and a maxi-

mum of 563 founder queens per nest have been thus

counted from October to December. Although subject

to important mortality factors, which are usual in

social wasp colonies (Archer 2012), founder queens

play an important role in the multiplication and

spreading of the pest thanks to their number and dis-

persal capacities. By comparison with data of exhaus-

tive cell counts from scanned nest combs, our study

also demonstrated that Latter’s formula based on the

number of cells along the longest diameter of each

comb, gave an accurate estimation of the cell number

of a given nest. Finally, we showed that the individual

production of a nest can be estimated based on the

size of its largest comb.

By improving our understanding of the dynamics

of this invasive hornet, this study took a further

step in the quantification of this species’ impact on

honeybees and the native entomofauna. The new

data and tools, which we tested in this study to

evaluate key colony characteristics such as the over-

all production of individuals and founder queens,

may also improve the development of more effective

management strategies (Hastings et al. 2005; Kadoya

et al. 2009).
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