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A B S T R A C T   

Invasive vespids are able to disrupt native species assemblages, modify ecological dynamics, and degrade 
ecosystem services. However, it is often difficult to quantify such effects within invaded ranges, principally due 
to the complexity of interactions, and a lack of comparative pre-invasion controls. In this study, we thus examine 
the effects of an invasive hornet, Vespa velutina, upon native species densities and pollination in a major food 
plant, Hedera hibernica. Using the highly heterogeneous distribution of V. velutina in a coastal area of the 
northwestern Iberian Peninsula, we assessed the impact of differing hornet abundance on insect diversity, flower 
visitation frequency, and predator-prey interactions. We then examined resultant effects upon the pollination 
success of H. hibernica, in the form of fruit and seed set. Our results demonstrated that in areas with high 
V. velutina abundance, the floral visitation frequencies and durations of insect pollinators were significantly 
altered. Effects varied widely across insect families, reflected in the differing predation success rates of V. velutina 
upon various native pollinators, in tandem with competitive exclusion. Interestingly, V. velutina was itself a 
frequent floral visitor, becoming the most common nectar forager in areas where it was abundant. In spite of this, 
H. hibernica reproductive success was significantly degraded in these areas, resulting in reduced seed set. As such, 
V. velutina appears to have multidirectional effects upon pollination services, first as an insect predator, and 
second as a nectar competitor and pollinator. Crucially, our findings suggest that V. velutina is an inferior 
pollinator when compared to the native species that it displaces, resulting in a net reduction in pollination ef
ficacy, and hence reproductive success in H. hibernica. This study thus reveals the profound effects of an invasive 
vespid on native species through both competitive and predatory interactions.   

Introduction 

European pollination systems are currently experiencing the inva
sion of Vespa velutina; a social vespid requiring large quantities of car
bohydrate and protein across an extended foraging period (Monceau 
et al., 2013). This has the potential to disrupt the mutualistic in
teractions of plants and insect pollinators, raising concern over potential 
impacts upon pollination services, and concordant effects on the native 
species that rely on entomophilic seeds and fruit (Traveset & Richard
son, 2006). When hunting in the vicinity of blooming plants, V. velutina 
can diminish the floral visitation rate and duration of certain pollinating 
insects, thus influencing the pollination dynamics of wild plant species 
(Rojas-Nossa & Calviño-Cancela, 2020). Notably however, V. velutina is 

both a floral visitor and an insect predator, suggesting that its presence 
may result in existing pollination services either increasing (via addi
tional V. velutina-mediated pollination) or decreasing (via predation of 
other pollinators and competition for nectar). The directionalities of 
such effects depend upon the relative impact of each function in the 
overall plant-pollinator community, and thus are complex to untangle. 

Whilst the appearance of V. velutina in Europe is relatively recent 
(Monceau et al., 2014), social vespid invasions are an ongoing global 
concern, impacting ecosystems via resource exploitation and predation 
(Beggs et al., 2011; Rankin, 2021). Carbohydrates, in the form of nectar, 
fruit, and honeydew, are keenly consumed, often resulting in cascading 
effects for native ecosystems (Richter, 2000). For example, in the 
southern beech (Nothofagus spp.) forests of New Zealand, the 
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consumption of honeydew by invasive wasps (Vespula spp.) impacts 
native community assemblages and dynamics, including birds, insects, 
and soil biota, with consequences spanning trophic levels (Wardle et al., 
2010). By consuming floral nectar, vespids reduce overall nectar avail
ability for other pollinators, consequently altering pollination services 
and decreasing the fruit set of plants (Hanna et al., 2014). Further, the 
exponential population growth of vespid colonies is maintained by a 
substantial protein intake, obtained from both the hunting of insects, 
and by scavenging (Monceau et al., 2014). 

A common visible impact of the ingression of vespids into an area, 
and particularly of hornets (Vespa spp.), is the predation of managed 
honey bees (Apis spp.) (Laurino et al., 2020). However, a variety of other 
pollinator groups are also common prey, especially those visiting 
patches of flowers at which hornets hunt (Rojas-Nossa & Calvi
ño-Cancela, 2020; Rome et al., 2021). As such, pollination services may 
be broadly affected (Beggs et al., 2011; Liang et al., 2022), with specific 
concern for wild pollinators. Vespa velutina is known to hunt insect 
pollinators of mint (Mentha spp.), disrupting and modifying pollen 
transfer (Rojas-Nossa & Calviño-Cancela, 2020), yet there is a paucity of 
data relating to effects upon other plant-pollinator assemblages, many of 
which constitute keystone species (Bond, 1994). The ivies (Hedera spp.) 
are one such example, being valuable floral nectar sources for pollina
tors, common in both rural and urban areas, and blooming in the 
autumn when very few other plants are available (Garbuzov & Ratnieks, 
2014). Additionally, ivy fruits are an important food source for birds and 
mammals in the winter (Jacobs et al., 2010), hence changes in polli
nation efficacy may have impacts across trophic levels. 

Prior evidence indicates that exploitative competition for resources 
modifies assemblages of native hymenopterans in addition to the direct 
impacts of predation itself (Wilson & Holway, 2010; Liang et al., 2022). 
Thus, we wished to investigate the potential effects of V. velutina on a 
system in which it is both a predator, and a pollinator. To achieve this, 
we focussed on the Atlantic ivy, Hedera hibernica, an important but 
under-studied food source for insect pollinators along the Atlantic coasts 
of Europe (Grivet & Petit, 2002). We examined whether, as a predator of 
insect pollinators; or as a pollinator itself, V. velutina influences fruit set 
and seed production at a community scale. 

Utilising a range of sites across a gradient of V. velutina activity, we 
assessed whether V. velutina has a net “positive” or “negative” effect on 
H. hibernica pollination, through the contrasting behaviours of flower 
visitation for nectar, and predation of other insects for protein. The 
specific questions posed were:  

1) Does predation by V. velutina affect the floral visitors of H. hibernica? 
2) Does the abundance of V. velutina affect the flower visitation fre

quency and behaviour of the pollinators of H. hibernica? 
3) Does the abundance of V. velutina affect the fruit set and seed pro

duction of H. hibernica? 

Materials and methods 

Study system 

The Atlantic ivy, Hedera hibernica, is a perennial tetraploid liana. It is 
common in forested, rural, and urban areas of the Atlantic coasts of 
Europe (Grivet & Petit, 2002). The plant’s climbing or prostrate habit 
often forms extensive carpets or “patches” consisting of single or mul
tiple individuals (McAllister & Rutherford, 1990). Such patches are able 
to grow on a diversity of substrates, including tree trunks, cliffs, walls, 
hedges, and buildings (Melzer et al., 2010). Notably, Hedera spp. are 
dependant on insect pollinators for sexual reproduction, and thus fruit 
set is significantly reduced when flowers do not receive floral visits 
(Jacobs et al., 2009). 

The reproductive biology of H. hibernica is not well understood. In 
the closely-related species Hedera helix, self-pollination is probably ab
sent (Metcalfe, 2005; Jacobs et al., 2009), and studies describing 

pollinator assemblages usually report floral visitors for H. helix and 
H. hibernica together (Couvillon et al., 2015; Garbuzov & Ratnieks, 
2014). This suggests that both ivy species are pollinated by a diversity of 
dipterans, hymenopterans, lepidopterans, and coleopterans. Addition
ally, species such as the ivy-bee (Colletes hederae) are oligolectic, 
obtaining pollen almost exclusively from the flowers of ivy (Bischoff 
et al., 2005). 

The blooming season of H. hibernica lasts from August to November. 
The inflorescences are formed of 5–14 globose umbels (mean= 9 ± 2.6 
SD, n = 41. Fig. 1A, B), consisting of an apical umbel at the tip of the 
inflorescence—which is usually the first to bloom—followed by several 
lateral umbels along the stem. Each umbel has between 2 and 47 flowers 
(mean= 18.3 ± 6.7 SD, n = 357), which progress through two key 
reproductive stages over time. Immediately after anthesis, both anthers 
and stigma are present, hence we refer to umbels in this phase as 
“hermaphrodite” (Fig. 1A). Following this, the petals and anthers fall, 
and only the ovary and the stigma remain, leaving umbels in a state that 
we term as “female” (Fig. 1B). Because umbels in the female phase offer 
only nectar, we aimed to avoid making observations of pollinators 
during this period. However, to take into account the blooming stage of 
each site at the time of sampling, we quantified the proportion and 
number of each flower type for use in further analyses. 

Study sites 

To test the effect of V. velutina activity on pollination dynamics, 19 
sites were chosen during July 2019 in a coastal area of northwestern 
Spain (Pontevedra, Galicia). These sites were located within a patch
work of gardens and orchards, and chosen to encompass a gradient of 
V. velutina activity. At each site, patches of H. hibernica measuring 
approximately 15 m in length and 2 m in height were selected. In order 
to ensure consistent light conditions between sites, only plants with 
south-facing flowers were chosen. 

Quantification of Vespa velutina abundance 

We assessed hornet abundance at each site using two complementary 
methods, these provided a measure of V. velutina activity both at the 
time of sampling, and over the broader period of H. hibernica pollination:  

1) Individuals were captured using baited kill-traps from August to 
October. Specifically, one VespaCatch trap (Veto-Pharma®) filled 
with 250 ml of VespaCatch liquid attractant (Veto-Pharma®) was 
deployed at each site. The traps were hung at a height of 1.50 m, at a 
maximum distance of 400 mm from the plant. Every 14 days, 
captured insects were collected and the liquid attractant was 
renewed (Appendix A: Fig. A.1).  

2) Visual counts were made of V. velutina foraging on H. hibernica at 
each site. Specifically, two counts were taken, each over a period of 
15 min, with the first occurring at the beginning of the video 
recording session (see Video recording section), and the second at the 
end. The behaviour of individual hornets was characterised as: 
flying, mating, agonistic behaviour, hunting, or feeding on nectar. 
When two behaviours occurred for the same individual in a single 
observation, we utilised the combined categories: ‘nectar foraging 
and hunting’, or ‘nectar foraging and mating’. When hornets were 
feeding on nectar, detailed observations of each individual were 
often possible, and in such cases morphological sex determination 
was performed. Males were readily distinguished by their rounded 
abdomen tips, and comparatively longer curved antennae. 

These two quantification methods were then compared for parity, to 
ensure that they were representative of relative V. velutina abundance 
over different timescales (Appendix A: Fig. A.2 and A.3). 
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Environmental parameters 

To account for environmental conditions and patch characteristics, 
we quantified the total number of inflorescences in the patch, the pro
portions of hermaphrodite and female inflorescences, and the number of 
inflorescences in the sampling frame. We measured ambient climatic 
conditions at the time of sampling, specifically temperature (◦C), wind 
speed (m/s), illuminance (lx), and relative humidity (%RH) using a PCE- 
EM 883 portable weather station (PCE Instruments™). 

Video recording 

From September to October 2019, during the period when both 
hermaphrodite and female flowers were present on plants, we took 
video recordings of H. hibernica patches at each site. All recordings were 
made between 10:00 h and 14:00 h, using a GoPro HERO7 camera 
(GoPro Inc.) placed 400 mm from the plant, thus providing a consis
tently framed sampling area of 500 × 300 mm. These sampling areas 
were allocated randomly along the horizontal and vertical planes of each 
H. hibernica patch, to avoid between-site biases. 

Predator-prey behaviour 

In addition to the video recordings, we conducted separate visual 
observations of predation behaviour at each site. Observations lasted for 
30 min, consisting of 15 min at the beginning of a recording, and 15 min 
at the end, concordant with the visual counts of V. velutina abundance. 
Specifically, we assessed the identities of insects under attack from 
V. velutina (to the family level), the location of the insect prey at the 
moment of attack (in flight or on a flower), whether the attack was 
successful or not, and how the insect reacted if the attack failed 
(remained on flower, flew to another flower, or left the patch). In cases 
of successful predation events by V. velutina, samples and photos of the 
predated insects were collected for further identification whenever 
possible (Fig. 1C). 

Floral visitor behaviour 

To characterise the behaviour of floral visitors in response to the 
activity of V. velutina, one video sample of 15 min per recording was 
randomly chosen and analysed. Within this sample, all individual insects 
appearing in frame were identified to at least the family level, and their 

Fig. 1. Blooming phases of the in
florescences of Hedera hibernica and ex
amples of the most common insect floral 
visitors. (A) Hermaphrodite umbel 
being visited by dipterans. (B) Vespa 
velutina hunting for insects. (C) Vespa 
velutina predating upon a native social 
wasp of the genus Vespula. (D) Vespa 
velutina collecting nectar. (E) Polistes 
dominula. (F) Myathropa florea. (G) 
Milesia crabroniformis. (H) Colletes 
hederae. (I) Bombus terrestris. (J) Empis 
and Ichneumonidae spp. (K) Lucilia spp. 
(L) Sarcophaga spp.   
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activity over time was recorded using BORIS software (v 
7.9.22–2020–11–17, Friard & Gamba, 2016). For each insect, we 
recorded the time spent in frame, and the number and duration of visits 
to hermaphrodite and female flowers. To account for variations in 
flower density across sampling areas, visitation rates were then nor
malised via the following formula: 

(Number of flower visits / number of flowers) × 100 

These observations yielded the subsequent measures: number of in
sect visits to the observed patch in 15 min (patch visitation rate); 
number of visits to hermaphrodite and female flowers in 15 min (flower 
visitation rate); and duration of visits to hermaphrodite and female 
flowers by individual insects (flower visitation duration). As insects 
were not marked, we made no assumptions about insect identity when 
entering or exiting the frame. 

Insect pollinators were identified using exemplar specimens pre
served in 70% Ethanol, these being captured via a random net sweep of 
the sampling area following video recordings. Specimens were identified 
in the laboratory to the most precise taxonomic level possible. Addi
tionally, detailed images of pollinators were collected using an SLR 
camera (Nikon D3600, with a Nikon Micro Nikkor 55 mm f/2.8 Ai-S 
lens). All insects appearing in videos were then compared to the exem
plar specimens, and cross-referenced with the detailed images, taxo
nomic keys, field guides (e.g. Willmer, 1985; Chinery, 1986; Leraut, 
2007; Aguado et al., 2015), and, where required, were additionally 
verified by taxonomic experts, to determine identity. 

Fruit set and seeds produced per fruit 

Before anthesis, two inflorescences per plant were randomly 
selected, and each was allocated to one of two treatments. The first was a 
“control” treatment, in which flowers were covered with a tulle bag to 
prevent insect visits (n = 20); and the second was an “open pollination” 
treatment, in which flowers were left uncovered, thus allowing insect 
visits across the blooming period (n = 20). After blooming, when calyxes 
began to enlarge and set fruits, inflorescences in the open pollination 
group were also covered with tulle bags. Consequently, all experimental 
inflorescences remained covered until the ripening of fruits (December 
2019 to January 2020), thus preventing consumption by frugivorous 
animals. 

After fruit ripening, inflorescences were collected and the quantity of 
fruit produced per umbel was recorded, along with the type of umbel 
(apical or lateral). This distinction was made due to possible architec
tural influences on fruit production, as observed in H. helix (Metcalfe, 
2005). As the calyxes remained on the umbels, revealing the former 
presence of flowers, it was then possible to determine the total number 
of flowers per umbel, even in cases where no fruit was produced. Fruit 
set counts were thus normalised to account for the number of flowers 
previously present on an umbel (indicating the total quantity of fruit 
that could have been produced) using the following formula: 

Number of fruits per umbel / number of flowers per umbel 

Following this, fruits were dissected to quantify the number of seeds 
produced per fruit. 

Range of assessment factors 

Analyses were broadly divided into those assessing the effect of 
V. velutina predation and abundance on floral visitor behaviour, and 
those assessing resultant impacts upon H. hibernica fruit set and seed 
production. In the former case, the influence of environmental condi
tions was accounted for via the inclusion of local climatic variables. 

Summary of floral visitors and predator-prey behaviour 

To characterise the range of insect taxa visiting H. hibernica, and their 

interactions with V. velutina, descriptive statistics for species presence 
and predator-prey interactions (success or failure of V. velutina attacks) 
were calculated (Tables 1 and 2). 

Floral visitor behaviour 

To assess the impact of V. velutina on floral visitor behaviour, we 
examined the relationship between V. velutina abundance and key 
behavioural dynamics. Specifically, these consisted of insect patch 
visitation rate, female and hermaphrodite flower visitation rate, and 
female and hermaphrodite flower visitation duration. 

These analyses were conducted across three taxonomic divisions of 
floral visitors. First, for all insect visitors (excluding V. velutina); second, 
at the order level (excluding V. velutina); and third, at the family level 
(excluding V. velutina). To maintain requisite sample sizes at the family 
level, we included only those families for which total visit counts >40. 
All analyses incorporated the local climatic variables of temperature, 
wind speed, illuminance, and relative humidity, to account for envi
ronmental effects at the time of sampling. 

Fruit set and seeds produced per fruit 

We then assessed the impact of V. velutina activity upon resultant 
H. hibernica pollination efficacy. We used trap counts to quantify mean 
V. velutina abundances across sites from August to October, and linked 
these to subsequent effects on fruit set and seed production per fruit. As 
analyses consisted of samples from both apical and lateral umbels, we 
included the effect of umbel type to determine whether this modulated 
interactions. Additionally, we compared effects across the ‘pollination’ 
and ‘control’ treatments, to control for other potential effects on fruit set 
and seed production. Local climatic variables were excluded from these 
analyses, as pollination occurred over a period of several weeks. 

Statistical analyses 

For floral visitor analyses including all insects, and those at the order- 
level; and for assessments of fruit set and seed production per fruit, we 
employed generalised linear mixed models (GLMMs) to account for the 
effect of site ID as a random factor. Separate models were generated for 
each order of floral visitors, and for analyses of the pollination and 
control treatments. Model selection was based on AIC, beginning with 
the full model and interactions. In all cases, GLMM model fit was 

Table 1 
Hedera hibernica flower visitation rates (female and hermaphrodite flowers 
visited per 15 min) for each insect family. Values indicate medians across sites, 
and their corresponding 95% confidence intervals.  

Family Median Flower 
Visitation Rate 

Lower 95% 
CI 

Upper 95% 
CI 

Anthomyiidae 2 2 2 
Apidae 4 1 15 
Calliphoridae 3 1 7 
Colletidae 6 4 84 
Diptera 3 1 3 
Drosophilinae 2 1 3 
Empididae 1 1 1 
Formicidae 1 1 1 
Halictidae 2 2 2 
Ichneumonidae 2 2 2 
Muscidae 4 1 5 
Rhiniidae 2 2 2 
Sarcophagidae 2 1 2 
Syrphidae 4 3 19 
Tachinidae 2 1 5 
Vespidae 8 4 13 
Vespidae excluding 

V. Velutina 
8 4 18 

V. velutina 6 1 25  
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validated via analyses of the Pearson residuals. 
For floral visitor analyses at the family-level, we used generalised 

linear models (GLMs) as site ID was redundant, owing to the limited 
distribution of insect families across sites. Separate models were 
generated for each family of floral visitors. Model selection was again 
based on AIC, beginning with the full model and interactions. The fit of 
all GLMs was validated using omnibus tests, assessment of the deviance 
to degrees of freedom ratios, and analyses of the Pearson residuals. 

Full model structures are detailed in (Appendix B), and the raw data 
for fruit and seed set are available at (DOI:10.6084/m9.figshare.2011 
0463). All statistical analyses were performed in SPSS (release v. 
28.0.1.0). 

Summary of floral visitors and predator-prey behaviour 

We utilised summary statistics detailing the behaviour of floral vis
itors at both the family and order levels. These consisted of the number 
and percentage of patch visits, predation events, predation successes, 
behaviour at the time of predation, and behaviour following unsuc
cessful predation attempts. 

Floral visitor behaviour 

The GLMMs assessing the effect of V. velutina abundance on floral 
visitor behaviour at the order level used patch visitation rate, female and 
hermaphrodite flower visitation rate, and female and hermaphrodite 
flower visitation duration as response variables, V. velutina counts and 
local climatic variables as fixed factor predictors, and site ID as a random 
factor. The GLMs assessing the effect of V. velutina abundance on floral 
visitor behaviour at the family level used patch visitation rate, female 
and hermaphrodite flower visitation rate, and female and hermaphro
dite flower visitation duration as response variables, with V. velutina 
counts and local climatic variables as fixed factor predictors. Response 
variable distributions and link functions differed between models, with 
full details being provided in Appendix B. 

Fruit set and seeds produced per fruit 

The GLMMs assessing the effect of V. velutina abundance on fruit set 
and seeds produced per fruit used fruits per flower and seeds per fruit as 

response variables, V. velutina trap counts and umbel type as fixed factor 
predictors, their two-way interaction, and site ID as a random factor. The 
GLMMs assessing the effect of pollination treatment on fruit set and 
seeds produced per fruit used fruits per flower and seeds per fruit as 
response variables, pollination treatment and umbel type as fixed factor 
predictors, their two-way interaction, and site ID as a random factor. 
Response variable distributions and link functions are detailed in (Ap
pendix B). 

Results 

Summary of floral visitors 

Vespa velutina was one of the most common single species visiting 
flowers of H. hibernica (Appendix C: Table C.1; Fig. 1D). Indeed, even 
when comparing families of visitors with the abundance of V. velutina, 
the latter was the second most frequent visitor to floral patches, after the 
Syrphidae (Tables 1 and 2). Nectar feeding and hunting were the most 
common activities that V. velutina engaged in, but other behaviours were 
also present (Fig. 2). Males were also frequent floral visitors, accounting 
for 40.7% (n = 54) of the individuals observed consuming nectar. They 
regularly copulated in front of the plant by coupling in the air at a height 
of 1.2 m (± 0.7 SD, n = 28), before falling to the ground to mate. 
amongst native insects, the most common floral visitors belonged to the 
families Syrphidae, Vespidae and Colletidae (Table 1 and 2; Fig. 1A-C, E- 
H). 

Predator-prey behaviour 

We recorded a total of 64 predation attempts by V. velutina directed 
towards other insect visitors of H. hibernica (Table 2). Overall, the per
centage of successful predation attempts was 12.5%. The Syrphidae 
were the most commonly targeted family, with predation attempts 
occurring in flight, however the success rate for such attempts was 
relatively low, at 3.4%. In contrast, the Vespidae and Tachinidae were 
attacked less frequently, but the predation success rate was much higher 
(50%). Successful attacks most often occurred when the prey was 
perching on flowers. We observed that in 10.5% (n = 37) of all hunting 
records, V. velutina visited a flower to consume nectar after a failed 
attack, indicating that the same individuals behaved as both predators 

Table 2 
Total floral visits for each insect family and responses to attacks by Vespa velutina. Values for successful attacks, behaviour of prey at time of attack, and reaction of prey 
after an unsuccessful attack, are given as percentages of events within families, while total visits are displayed as a percentage of events across families.  

Order Family Total 
visits 

Total 
attacks 

Successful 
attacks 

Behaviour of prey at time 
of attack 

Reaction of prey after unsuccessful attack 

Visiting 
flower 

Flying No 
response 

Continues 
foraging 

Leaves 

Diptera Calliphoridae 3.4 (46) 6.2 (4) (0) 50 (2) 50 (2) (0) (0) 100 (4) 
Anthomyiidae 0.2 (2) (0) (0) (0) (0) (0) (0) (0) 
Muscidae 5.9 (80) 1.6 (1) (0) 100 (1) (0) (0) 100 (1) (0) 
Drosophilinae 0.3 (4) (0) (0) (0) (0) (0) (0) (0) 
Empididae 4.7 (64) (0) (0) (0) (0) (0) (0) (0) 
Rhiniidae 0.2 (2) (0) (0) (0) (0) (0) (0) (0) 
Sarcophagidae 0.7 (9) (0) (0) (0) (0) (0) (0) (0) 
Syrphidae 26.8 (363) 45.3 (29) 3.4 (1) 27.6 (8) 72.4 

(21) 
(0) 60.7 (17) 39.3 

(11) 
Tachinidae 1.8 (24) 12.5 (8) 50 (4) 100 (8) (0) (0) 100 (4) (0) 
Unidentified 3.7 (50) 9.4 (6) (0) 66.7 (4) 33.3 (2) (0) 66.7 (4) 33.3 (2) 

Hymenoptera Apidae 5.3 (72) 3.1 (2) (0) 100 (2) (0) 100 (2) (0) (0) 
Colletidae 10.0 (136) 12.5 (8) (0) 100 (8) (0) 12.5 (1) 25 (2) 62.5 (5) 
Formicidae 0.3 (4) (0) (0) (0) (0) (0) (0) (0) 
Halictidae 0.2 (2) (0) (0) (0) (0) (0) (0) (0) 
Ichneumonidae 0.2 (2) (0) (0) (0) (0) (0) (0) (0) 
Vespidae excluding 
V. velutina 

11.6 (157) 9.4 (6) 50* (3) 66.7 (4) 33.3 (2) 0 (0) 66.7 (2) 33.3 (1) 

V. velutina 24.9 (337) – – – – – – – 
All All (1354) (64) (8) (37) (27) (3) (30) (23) 

Values indicate percentages of total events, and brackets indicate corresponding n. 
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and nectar consumers during a single foraging trip (see also Fig. 2). 
The behaviour of prey after an unsuccessful attack varied (Table 2). 

Calliphoridae flies usually left the plant after being attacked, whilst 
Apidae often continued visiting the flower without any evident reaction. 
The high predation success of V. velutina on native vespids, such as 
Polistes spp. and Vespula spp. is notable, especially as these groups are 
also frequent visitors to H. hibernica (Tables 1 and 2; Appendix C: 
Table C.1). 

Patch and floral visitation rate 

We found no significant effect of the abundance of V. velutina on 
patch visitation rate when considering all insects together, although 
humidity demonstrated a significant positive influence upon this 
response (Appendix B: S4; Appendix D: Table D.1). In contrast, when 
analysing insect visits to flowers, we found a negative effect of V. velutina 
abundance on female flower visitation rate, with no significant influence 
of humidity (Appendix B: S5; Appendix D: Table D.1). At the order-level, 
V. velutina abundance did not significantly influence the visitation rates 
of either the Hymenoptera or Diptera to hermaphrodite or female 
flowers. Yet, when analysing responses at the family-level, several 
trends emerged. Both the hermaphrodite and female flower visitation 
rates of the Vespidae were negatively affected by the abundance of 
V. velutina, while the latter was positively influenced by temperature. 
Similarly, the Empididae were also negatively affected by V. velutina 
abundance, however temperature instead had a negative influence on 
visitation rates. Interestingly, the hermaphrodite flower visitation rate 
of the Colletidae was positively correlated with V. velutina abundance, 
temperature, and humidity, while the visitation rate of the Apidae 
(>30% Bombus spp.) was independent of both V. velutina abundance and 
temperature (Appendix D: Table D.1). 

Floral visitation duration 

The hermaphrodite flower visitation durations of the Vespidae, 
Syrphidae, and Colletidae were all reduced with increasing V. velutina 
abundance, and in the case of the Syrphidae, also increased with illu
minance and wind speed (Fig. 1; Appendix C: S5; Appendix D: 
Table D.1). Conversely, the Apidae and Empididae conducted longer 
visits to hermaphrodite flowers with increasing V. velutina abundance 

(Fig. 1; Appendix C: S6; Appendix D: Table D.1). 

Fruit set and seeds produced per fruit 

Flowers protected from insect visitors produced significantly fewer 
fruits in comparison to the uncovered flowers that were visited ad libitum 
by insects (GLMM, effect of treatment: F1,1164 = 393.593, P<0.001, 
meancontrol = 0.011, meanpollination = 0.547; Fig. 3A), with site ID having 
a significant random effect (site random effect: Z = 2.639, P = 0.008). 
Similarly, the quantity of seeds per fruit was significantly lower in 
protected flowers (GLMM, effect of treatment: F1,1177 = 28.562, 
P<0.001, meancontrol = 0.118, meanpollination = 1.778; Fig. 3B), however, 
this was independent of site ID (site random effect: Z = 1.831, P =
0.067). When considering only uncovered flowers, apical umbels were 
able to set more fruits (GLMM, effect of umbel type: F1,1010 = 94.345, 
P<0.001, meanapical = 0.627, meanlateral = 0.427; Fig. 3A) and produce 
more seeds per fruit than lateral umbels (GLMM, effect of umbel type: 
F1,1018 = 24.784, P<0.001, meanapical = 1.975, meanlateral = 1.633; 
Fig. 3B). 

Notably, a higher abundance of V. velutina negatively affected the 
quantity of seeds produced per fruit (GLMM, effect of V. velutina: F1,9 =

6.013, P = 0.035; Fig. 4B), but had no significant effect on fruit set 
(GLMM, effect of V. velutina: F1,14 = 1.594, P = 0.227; Fig. 4A). In these 
cases, site ID was a significant random effect when considering fruit set 
(site random effect: Z = 2.551, P = 0.011), but not seeds per fruit (site 
random effect: Z = 1.786, P = 0.074). 

Discussion 

As an obligate entomophile, H. hibernica is unable to set fruits when 
deprived of insect pollination. While the flowers are visited by a di
versity of native dipterans and hymenopterans, V. velutina is now one of 
the most common visitors to the plant in northwestern Spain. This is 
likely explained by the preference of V. velutina for flowers with short or 
open corollas, which in Europe includes Camellia spp., and Hedera spp. 
(Monceau et al., 2014). Additionally, the hornets’ preference for 
H. hibernica may also be linked to its late flowering period, during which 
time young hornet queens require carbohydrates in preparation for 
overwintering. Notably, previous work has shown that V. velutina pop
ulations in parts of its invasive Asian range (Tsushima Island, Japan, and 

Fig. 2. Proportions of different behaviours performed by Vespa velutina amongst Hedera hibernica patches (n = 337). Categories containing two behaviours indicate 
cases where the same individual engaged in both behaviours during a single observation period. 
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Busan, South Korea) visit at least 36 plant species, with substantial 
overlap between nectar foraging and predation behaviour (Ueno, 2015). 
Here, we demonstrate that the ecological interactions resulting from 
these overlaps are complex, and must be considered when evaluating 
subsequent invasion impacts. Our results indicate widely varying effects 
of V. velutina abundance on different insect families, and a negative 
correlation with the production of seeds, but not fruit set in H. hibernica. 
These findings highlight the importance of considering multiple organ
isational scales and effect directionalities when assessing the impacts of 
invasive species on plant-pollinator assemblages. Further, the occur
rence of mating as observed here, suggests that late blooming plants 
such as H. hibernica may act as congregation areas for gynes and males, 
thus constituting an important resource in the invasion dynamics of 
V. velutina. 

Impact of Vespa velutina as a predator 

The antagonistic influence of V. velutina activity was evident from 
the negative relationship between hornet abundance, and female flower 
visitation rates for all insects. Whilst the exact mechanisms behind this 
are unclear, both direct effects via predation, and indirect effects via 
nectar competition are likely to have played a role. At the family-level, 

the Vespidae and Tachinidae were especially vulnerable to predation. 
Indeed, while previous European studies have found no evidence for 
competition with native vespids (Carisio et al., 2022), our results suggest 
that the high success rate of predation attempts on these groups had a 
direct impact on the number of individuals foraging on flowers. It is 
important to note that further data would be needed to validate the 
generalisability of these results, however they serve to highlight po
tential behavioural effects that may not be clear from trapping alone. As 
with other hymenopterans, the Vespidae are able to incorporate risk 
probability when conferring resource information, thus inducing 
down-regulation of visits to dangerous patches (Pereira et al., 2016; 
Yossen et al., 2020). Indeed, the reduced visitation rates to both her
maphrodite and female flowers by the Vespidae at higher V. velutina 
abundances do suggest that a negative feedback process was present. 
Notably, because native vespids are the most important pollinators of 
ivy (Ollerton et al., 2007; Jacobs et al., 2010), the reduction in floral 
visits by this group may constitute one of the main factors explaining the 
negative relationship between V. velutina abundance and seed 
production. 

Fig. 3. (A) Number of fruits set per flower, and 
(B) number of seeds produced per fruit by 
Hedera hibernica under the two experimental 
treatments, a no-pollination control and open 
pollination (n = 1182). Bar colour indicates 
umbel type, with apical umbels represented by 
light blue, and lateral umbels by dark blue. 
Brackets and asterisks indicate significant dif
ferences between groups (GLMM, P<0.05), 
while all other comparisons are not statistically 
significant. Black error bars represent 95% 
confidence intervals.   
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Impact of Vespa velutina on insect behaviour 

For generalist species, the presence of a predator will often lead to 
changes in resource selection (Schmitz, 1998). However, the use of 
H. hibernica in our study represents a unique case, as the scarcity of other 
floral resources in the late summer and autumn forces both generalist 
and specialist species to aggregate on these plants. Consequently, we 
were able to observe a diversity of species in the presence of different 
V. velutina abundances, along with their concordant activity. 

In the Colletidae, hermaphrodite flower visitation frequencies 
increased, while visitation durations decreased with increasing 
V. velutina abundance. This suggests that insects in this group switched 
between flowers more frequently, spending less time on each one, which 
is known to be a classic predator avoidance pattern (Romero et al., 
2011), and may also indicate reduced nectar availability (Thomson & 
Page, 2020). In contrast, visitation durations to hermaphrodite flowers 
in the Apidae increased with higher V. velutina abundances, suggesting 
that the presence of hornets slowed the rate of movement from one 
flower to the next. Indeed, this is plausible, as a large number of the 
individuals observed belonged to the Bombus genus, which experienced 
antagonistic interactions, but never successful predation attempts. 

Similarly, visitation durations increased in the Empididae with 
increasing V. velutina abundance, however unlike the Apidae, visitation 
frequencies decreased, suggesting a degree of negative influence. Tem
perature and humidity generally had a positive relationship with visi
tation rates and durations, although in the Empididae and Syrphidae this 
trend was reversed. Such varying responses between insect families 
highlight how prey life-histories, predation pressure, and resource 
competition interact to form complex outcomes, and that even within 
the same family, effect directionality may be different when considering 
various measures of activity. 

Interestingly, V. velutina appeared to have some of the most signifi
cant effects on floral visitation not by successful predation, but by nectar 
consumption and repeated unsuccessful predation attempts. The latter 
was exemplified in the case of the Syrphidae, which were frequent 
predation targets, but rarely captured due to their flight speed and 
manoeuvrability. Notably, these unsuccessful predation attempts led to 
a significant reduction in the time spent by Syrphidae on flowers, as they 
often continued foraging despite the disruption (Table 2). In turn, this is 
likely to have reduced their ability to transfer pollen between plants, as 
differences in the duration of floral visits are often associated with 
changes in the quality of pollination (Romero et al., 2011; Benoit & 

Fig. 4. (A) Number of fruits set per flower, and (B) Number of seeds produced per fruit by Hedera hibernica umbels across differing Vespa velutina abundance levels (n 
= 1182). Black points represent apical umbels, and blue points lateral umbels. 
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Kalisz, 2020). As such, by altering both the floral visitation frequency 
and the duration of visits, V. velutina may cause a reduction in the 
reproductive success of the plant, as indicated by a decrease in the 
number of seeds produced per fruit. 

Such indirect effects of V. velutina are pertinent in the larger context 
of its invasion biology. Notably, several studies have shown that the 
greatest impact of V. velutina on honey bee (Apis mellifera) colonies is not 
through direct predation, but rather the induction of “foraging paraly
sis”, whereby workers remain in the hive as a response to perceived 
predation risk (Requier et al., 2019). This can eventually lead to star
vation of the colony, as foragers fail to accumulate sufficient food to 
survive the winter (Rojas-Nossa et al., 2022). The former example, 
coupled with our own results, suggests that careful examinations of the 
behavioural interactions between V. velutina and native pollinators are 
important in order to fully understand ecosystem-level risks. 

Impact of Vespa velutina on pollination success 

Increased V. velutina abundance correlated with a decrease in the 
number of seeds per fruit in H. hibernica, suggesting a significantly 
reduced effectiveness of individual floral visits. Specifically, the number 
of seeds per fruit reflects the quantity and quality of pollen grains 
deposited on the pistil of the flower (Ne’eman et al., 2010), with our 
results indicating that one or both of these may be reduced at high 
V. velutina abundances. Notably, a reduced number of seeds per fruit 
decreases the quantity of potential progeny produced by the plant, and 
thus impacts overall reproductive success. In contrast, V. velutina 
abundance showed no correlation with fruit set. We thus hypothesise 
that pollination was only partially disrupted, allowing the ivy enough 
pollen for fruit production, but limiting the quantity of seeds produced 
per fruit. 

For some plants, the number of conspecific pollen grains received per 
stigma must reach a sufficient threshold to allow a fruit to form, with 
increases above this value leading to greater seed quantities per fruit 
(Snow, 1982; Falque et al., 1995). Our present results are thus likely 
attributable to shortened floral visit durations by pollinators, leading to 
a reduced quantity of pollen being transferred from anthers to stigmas, 
and hence lowering seed set. Indeed, previous evidence of this process 
has been observed in the pollination of Capsicum annuum by E. tenax 
(Jarlan et al., 1997), and in cases where the invasive ant Linepithema 
humile shortens floral visit durations of Diadasia bees to the cactus 
Ferocactus viridescens (LeVan et al., 2014). Alternatively, the lower 
number of seeds per fruit could be due to a reduction in the quality of 
pollen reaching the stigma, for example by an increase in the plant’s 
own pollen being deposited by insects making shorter but more frequent 
visits. While both hypotheses are plausible, it should be noted that 
determination of pollen type and quantity was not possible in the pre
sent study, and thus further work would be needed to elucidate the 
underlying causes of reduced seed set. 

It has been suggested that V. velutina can promote pollination within 
parts of its invasive range in Asia (Ueno, 2015). As such, considering that 
V. velutina is one of the most frequent visitors to H. hibernica in invaded 
areas of Europe, and that in the process of nectar foraging, hornets 
transport pollen between flowers (see Fig. 1D), it might likewise be 
expected to replace or even enhance the pollination services provided by 
native species. However, despite promoting pollination at some level, 
the decrease in seeds per fruit in H. hibernica associated with an increase 
in hornet abundance suggests that its quality as a pollinator is inferior to 
that of the native insects it displaces. 

Conclusions 

Competitive ecological interactions are often difficult to measure, 
however their net effects may have important consequences at the 
ecosystem-level. In the present study system, competitive exclusion of 
native pollinators at a floral resource was evident, specifically in the 

reduced visitation frequencies of several insect families with increasing 
V. velutina abundance. Our results show that invasive social vespids can 
modify plant-pollinator interactions at several levels, and that the im
pacts of such modifications are complex and multidirectional. Crucially 
however, the net effect of V. velutina as a predator, or as a competitor for 
nectar, appears to outweigh its utility as a pollinator, ostensibly because 
it is less effective at transferring H. hibernica pollen than are the native 
species that it displaces. 
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