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Abstract Social wasps are invasive in many regions
around the world. In their new communities, intro-
duced predators such as these wasps may be ben-
eficial as consumers of exotic pests, but they will
also consume native species. Here, we examined
the diet of the exotic European paper wasp (Polistes
dominula) and the closely related congener, Polistes
chinensis, in a region of New Zealand where they
co-occur. DNA barcoding was used to analyse their
diet. The diet of both wasp species was largely Lepi-
dopteran but other orders such as Hemiptera, Diptera
and Coleoptera were also represented. Our analy-
sis showed substantial site-to-site variation in diet.
The two wasps differed significantly in their prey,
although these differences appear to be driven by
taxa identified from a small number of DNA reads
in a small number of samples. Native and introduced
fauna were represented in the diets of both wasps
and included important agricultural pests. Of the 92
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prey taxa able to be identified to species level, 81
were identified as exotic or introduced to New Zea-
land. The remaining 11 were species native to New
Zealand. However, our estimates suggest over 50% of
the prey DNA in the wasp diet is derived from native
species. These wasps are abundant in some coastal
and urban habitats, where they are likely to consume
pest species as well as native species of conservation
importance. The ecosystem services or costs and ben-
efits provided by these invasive species are likely to
be contingent on the prey communities and habitats
they occupy.
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Introduction

Exotic species can have both beneficial and harmful
effects on their recipient communities. While exotic
species can act as competitors for native organisms,
they can also provide benefits to the ecosystem such
as pollination, providing habitat and acting as an
additional food source (Pawson et al. 2010; Pintor and
Byers 2015; Stavert et al. 2018). The introduction of
exotic species can act to increase biodiversity, which
has been linked to increased ecosystem stability and
reduced invasibility (Tilman 1999; Eisenhauer et al.
2013). Exotic species that become invasive can exert
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negative pressures on recipient ecosystems, however,
through competition for resources and direct preda-
tion of native species (David et al. 2017).

Predatory invertebrates can have significant
impacts on native fauna (Crowder and Snyder 2010).
These impacts are arguably most apparent in social
wasps in the Vespidae family, whose adaptive behav-
iours and ability to reach substantial population
densities make them particularly effective invasive
predators (Beggs et al. 2011; Lester and Beggs 2019).
Invasive wasps have repeatedly been shown to exert
considerable predation pressure on recipient com-
munities (Toft and Rees 1998; Beggs and Rees 1999;
Wilson et al. 2009; Parent et al. 2020). These wasps,
however, can also be beneficial for their recipient
communities. Aculeate wasps can act as biological
indicators and perform important ecosystem services
as parasites, predators, pollinators, decomposers and
seed dispersers (Brock et al. 2021).

Polistes dominula is a paper wasp species that was
found in New Zealand in 2016 (Ministry for Primary
Industries 2016). The predatory nature of P. domi-
nula has been shown to threaten native species in its
invaded range (Baker and Potter 2020; McGruddy
et al. 2021b). Due to its recent arrival in New Zea-
land, it is not yet known how the establishment of P.
dominula will affect local entomofauna. Identifying
what this invasive wasp is feeding on in New Zealand
may provide insights into how it will impact biodiver-
sity. New Zealand does not contain any native paper
wasps though two other species have been introduced,
Polistes humilis and Polistes chinensis (Clapperton
et al. 1989), the latter being the most widely distrib-
uted and found on both the North and South Islands
(Clapperton and Dymock 1997). Polistes chinensis,
like other Polistes species, is considered a significant
predator of lepidopteran (butterflies and moths) lar-
vae (Clapperton 1999; Ward and Ramén-Laca 2013)
though other groups are represented (Kudo 1998,
1999). Polistes dominula has similarly been shown to
feed on Lepidoptera (Stamp and Bowers 1988; Rayor
et al. 2007; McGruddy et al. 2021b), however, it has
been suggested that this species has a more general-
ist diet than that of other paper wasp species (Cervo
et al. 2000; Schenk and Bacher 2002). In New Zea-
land, Polistes spp. have been shown to prey on both
native and introduced species (Ward and Ramoén-
Laca 2013; Lefort et al. 2020). The presence of P.
dominula could add to the threats that New Zealand’s
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native invertebrates face, although it could also act as
a natural biocontrol for other current and new inva-
sive pests. Polistes spp. have also been considered
for biocontrol of agricultural pests due to their heavy
predation of butterfly and moth larvae, which feed
on various crops (Oliveira et al. 2017; Southon et al.
2019).

Investigating species’ diet contents historically
involved searching through diet samples, visually
inspecting and identifying prey (Kasper et al. 2004;
Parent et al. 2020). These methods are time con-
suming and not always accurate. With the advent of
High-throughput DNA sequencing technology, it is
now possible to inspect diets more thoroughly using
DNA barcoding. This technique involves sequencing
a conserved gene that contains species-specific sig-
nature sequences. The process consists of collecting
a diet sample, such as gut contents or faecal matter,
from a target species. Selected universal primers are
then used in the polymerase chain reaction (PCR) to
target the specific gene homologues (Valentini et al.
2009). Genes that are conserved across a wide range
of species, such as cytochrome c oxidase subunit
1 (COI), are often used in DNA barcoding studies
(Hebert et al. 2004; Steinke and Hanner 2011; Wirta
et al. 2015; Cheng and Lin 2016; Turanov et al. 2016;
Ayesha et al. 2019). The COI mitochondrial gene is
an ideal candidate gene for DNA barcoding as it has
been conserved across many taxonomic groups yet
has enough variation to allow for the identification
of organisms to the species level (Hebert et al. 2003).
High-throughput DNA sequencing enables the identi-
fication of many different species in a single diet sam-
ple. This technique has been used widely for both ver-
tebrate (Zeale et al. 2011; Lyke et al. 2019; Takahashi
et al. 2020) and invertebrate taxa (Paula et al. 2016;
Nakano et al. 2017; Lafage et al. 2019) to analyse and
compare the diets of different species.

Our goal in this study was to use DNA barcoding
to describe and compare the diets of both P. dominula
and P. chinensis in a region of New Zealand where
both species overlap. We sought to identify differ-
ences in diet composition and prey range to investi-
gate potential prey overlap between the two predators
and their impact on local fauna. We were particularly
interested in the contribution of native and introduced
species in the diets. Using these wasps as a case
study we aim to investigate the relative diet of these
predators, to provide an indication of these invasive
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species’ contribution in providing beneficial ecosys-
tem services (such as for biological control) or as
pests of conservation importance (e.g. by consuming
rare species).

Methods
Study region and wasp larvae sampling

Larvae of P. dominula and P. chinensis were collected
across nine locations near the city of Nelson, New
Zealand (Supplementary Fig. 1) over the 2019/2020
summer. These locations were confined to coastal
areas within 200 m of the ocean. Vegetation con-
sisted largely of shrubs with some small trees, rep-
resenting recovering native coastal vegetation. The
composition of plant species was mainly Myoporum
spp., Coprosma spp., and Muehlenbeckia spp., how-
ever, the stage of restoration of these sites varied.
At some sites, vegetation was well established while
others had recently been planted, likely influenc-
ing wasp and prey species compositions. Sites were
located a minimum of 700 m from each other, which
is regarded to be further than the typical foraging dis-
tance of other Polistes spp. (Suzuki 1978; Parent et al.
2020).

In November 2019, areas of approximately
1000 m*> were surveyed for the presence of paper
wasp nests at each of the nine locations (Supplemen-
tary Fig. 1). A site was considered to be dominated
by one species if over 80% of nests found belonged
to one species. Where this was not possible the nests
of other wasp species were physically removed from
within the 1000 m? area. Monitoring of species
prevalence continued every month over four months
until February 2020. In all, there were three sites of
approximately equal P. dominula and P. chinensis
occupation, three sites of predominantly P. domi-
nula occupation, and three sites of predominantly
P. chinensis occupation. These sites were created to
represent sympatric and allopatric populations of
each wasp species and were therefore non-randomly
selected. Both species were sampled at sites with
approximately equal abundances of wasp species. At
the single-species dominant sites only the most abun-
dant wasp species was sampled.

Individual wasp larvae were removed from live
nests using forceps. Fourth and fifth instar larvae

were selected and placed in a solution of 90% etha-
nol for storage at — 18 °C until dissection and DNA
extraction. Wasp larvae were chosen as they are fed
material by the adult foragers. Prey material is con-
sumed by the larvae and retained in the gut until
pupation. The largest and oldest larvae were sampled
as these contain the most material in their gut. For-
ceps were rinsed and sterilised in an ethanol solution
between each sampling event. One larva was removed
from each of three nests for each species at respective
sites. This process was repeated over three months
from December 2019 until February 2020. Samples
were thawed slightly before dissection. The guts were
removed under a dissecting microscope and placed
in a vial with 100% ethanol and stored at —80 °C
until DNA extraction. In total 102 Polistes gut sam-
ples were prepared for DNA extraction and further
analysis.

DNA extraction, amplification, sequencing and
taxonomic assignment

DNA was extracted using a similar approach to
Loope et al. (2019). Each gut sample was mechani-
cally homogenised in a Precellys Evolution homog-
eniser (Bertin Technologies, France) with two stain-
less steel beads, | mL. GENEzol DNA Plant Reagent
(Geneaid, Taiwan) and 5 puL p-mercaptoethanol per
tube. Chloroform isoamyl alcohol was used to isolate
DNA. Isopropanol was used to precipitate the DNA,
which was then purified with a 70% ethanol wash and
resuspended in 100 pL nuclease-free H,O. DNA con-
centrations were measured using a NanoPhotometer
NP8O (Implen, Germany). Sample PCR amplifica-
tion and DNA sequencing was provided through Cus-
tom Science (Auckland, New Zealand) and Novoge-
neAIT Genomics (Singapore). PCR primers targeting
mitochondrial gene, COI, developed by Zeale et al.
(2011), were used (ZBJ-ArtFlc: AGATATTGGAAC
WTTATATTTTATTTTTGG and ZBJ-ArtR2c: WAC
TAATCAATTWCCAAATCCTCC). These taxon-
specific primers amplify a 157 base-pair (bp) region
and have been successfully used to identify arthro-
pod prey in bat faecal samples (Zeale et al. 2011;
Alberdi et al. 2020). Of the 102 Polistes gut samples,
58 amplified successfully (30 P. dominula and 28 P.
chinensis) and were sequenced on a HiSeq platform
(Illumina, USA) generating 150 bp paired-end reads.
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Taxonomic assignment was performed using Basic
Local Alignment Search Tool (BLAST) searches
in the National Center for Biotechnology Informa-
tion (NCBI) non-redundant nucleotide database (nt)
to generate Molecular Operational Taxonomic Units
(MOTUs). Where possible, MOTU sequences were
identified to species level. As we cannot rule out that
a single MOTU represents multiple species they are
presented as the genus name followed by the “spp.”
qualifier (for example “Lycaena spp.”). Most align-
ments were clustered around 157 bp, the expected
length of the amplicon generated by the COI primers
(Zeale et al. 2011). To increase the confidence in the
accuracy of the MOTU identification and reduce false
positives, only those for which alignments exceeded
100 bp long were retained for analysis. MOTUs
with BLAST matches less than 98% percent iden-
tity were removed, as well as those with less than 10
sequences retrieved from a sample (Vesterinen et al.
2018). Reads identified as belonging to Polistes spp.
were filtered out prior to analysis as these reads are
likely from remaining tissue from the wasp larvae
rather than from their diet. Supplementary Table 1
was constructed using these remaining reads as an
overall diet community. Presence-absence data were
used to reduce the impact caused by recovery bias
during DNA amplification and sequencing (Pompa-
non et al. 2012). For taxa successfully identified to
species level, their biostatus was determined using the
New Zealand Organism Registry (NZOR) as well as
the Global Biodiversity Information Facility database
(GBIF). For statistical analyses, this prey taxa com-
munity was further filtered on the basis of relative
read abundance, keeping MOTUs that represented at
least 1% of the reads in a gut sample (Mclnnes et al.
2017). This approach has previously been shown to
reduce the likelihood of over-estimating the impor-
tance of rarer taxa to the diets of each species (Deagle
et al. 2019). By presenting both diet communities, an
estimate of the full breadth of each species’ diet can
be shown while not impacting the validity of statisti-
cal analyses.

Data analysis
To assess the completeness and diversity of each wasp
diet, species accumulation curves were constructed

using the ‘speccaccum’ function in the ‘vegan’ pack-
age (Oksanen et al. 2019) in R version 4.0.2 (R Core
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Team 2020). While fitting these curves, the rarefac-
tion method was specified to show how the mean
diversity of taxa found in each wasp’s diet increases
with sample size. Species accumulation curves are
steep to begin with as common taxa are observed
quickly, eventually plateauing as fewer, rarer taxa are
added with increasing sample sizes. The flatter the
curve, the closer our samples are to representing a
complete paper wasp diet at our study site. Overlap-
ping curves indicate a similar diversity of taxa within
each predator’s diets while non-overlapping curves
may indicate that one species is more generalist than
the other.

A Permutational Multivariate Analysis of Variance
(PERMANOVA) test using Bray Curtis indices was
performed using the ‘vegan’ package (Oksanen et al.
2019) in R version 4.0.2 (R Core Team 2020). This
analysis was run using the subset of taxa that made up
over 1% of reads in a sample. The relative read abun-
dances of the MOTUs in this subset were set as the
dependent variables. Wasp species, site and month of
sample collection were set as independent variables.
The number of permutations was set to 9999.

In addition, MOTUs identified from samples of
both species from sympatric and allopatric sites were
plotted as Venn diagrams to visually assess the die-
tary overlap of both species. To test for differences
in dietary overlap between different site conditions a
two-sample test of no difference in proportions was
used. For all statistical tests, significance was consid-
ered at p <0.05.

Results

DNA sequencing identified a total of 29,233,868
reads across 58 samples (30 from P. dominula and
28 from P. chinensis). After filtering out reads iden-
tified as belonging to Polistes spp., 7,615,211 of the
reads remained. Reads were also removed if they
had a match percent identity of less than 98%, were
shorter than 100 bp, or if there were fewer than 10
reads retrieved from a sample, leaving a total of
3,526,151 DNA reads. These corresponded to 123
distinct MOTUs representing 8 taxonomic orders, 27
families, 93 genera with 92 identified species (Sup-
plementary Table 1).

Across all samples from both species, 109 of the
123 MOTUs were taxa within the order Lepidoptera.
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Lepidoptera was the most represented order across
all wasp samples and was found in all gut samples
of P. dominula and in 26 (93%) P. chinensis samples
(Fig. 1). Despite only two of the 123 MOTUs belong-
ing to the order Hemiptera (true bugs), these taxa
were found in 22 (73%) samples from P. dominula
and 14 (50%) from P. chinensis. Diptera (flies) was
the second most represented order in terms of diver-
sity of taxa, with five of the 123 MOTUs belonging
to this group. Dipterans were found in 13 (43%) sam-
ples from P. dominula, and nine (32%) samples from
P. chinensis. Other orders represented in both species’
diets included Araneae (spiders), Mantodea (man-
tids) and Coleoptera (beetles). Taxa from the orders
Orthoptera (crickets, wéta and grasshoppers) and
Hymenoptera (ants, bees and wasps) were identified
exclusively from P. dominula samples.

Of the 3,526,151 reads, 3,195,215 DNA reads
were tentatively identified to species level and as
belonging to the 92 MOTUs. Of the 92 MOTUs iden-
tified to species level, 81 were identified as exotic or
introduced to New Zealand. The remaining 11 were
identified as species native to New Zealand. However,
of the 2,667,854 reads retrieved from P. dominula
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Fig. 1 Proportion of samples that contained prey taxa from
each order, across all sites. The x-axis shows the orders that
were represented in the diets of the wasps while the y-axis is
the proportion of samples that contain at least one taxon that
belongs to the order. Numbers above each bar show the num-
ber of taxa from each order identified in the diets of each wasp
species. Polistes spp. reads were excluded prior to this analy-
sis, thus Hymenoptera refers to non-Polistes taxa

samples identified to species level, 57% were the
identified as DNA belonging to 10 of the native spe-
cies. Of the 527,361 reads retrieved from P. chinensis
samples, 52% were the DNA of 10 native species.

Forty-eight of the 123 MOTUs identified (note
that we were able to tentatively identify only 92 of
these to species level, as above) were found to make
up over 1% of reads in any given sample (Supple-
mentary Table 2). A number of native and introduced
taxa were identified in the diets of both wasps. The
most highly represented native taxa in the diets of
Polistes spp. were species of southern blue butter-
flies (Zizina oxleyi), variable cicada (Kikihia muta),
owlet moths (Ectopatria aspersa), dark sword grass
moth (Agrotis ipsilon) and leaf roller moths (Holo-
cola spp.). Non-native taxa included sugarcane army
worms (Leucania stenographa), apple looper moths
(Phrissogonus laticostata), slender burnished brass
moth (Thysanoplusia orichalcea), and emperor gum
moths (Opodipthera eucalypti). Some of these intro-
duced taxa include agricultural pests such as the
light brown apple moth (Epiphyas postvittana) and
the cosmopolitan army worm (Mythimna separata).
Interestingly, a species of fly (Trigonospila brevifa-
cies) was identified in the diet of P. dominula which
was imported to New Zealand as biocontrol for inva-
sive pests such as the light brown apple moth (Shaw
et al. 2001). Other parasitic taxa that were present
were biting midges (Forcipomyia spp.) and Braco-
nid wasps (Diolcogaster spp.), which together with T.
brevifacies, may have entered the diets of these wasps
through parasitised prey. Some taxa that were identi-
fied in this study were not listed as present in New
Zealand within the New Zealand Organism Registry.
New Zealand entomofauna has many understudied
groups (New and Samways 2014) so it is likely that
these taxa do not have sequences in the NCBI data-
base. In this case, the closest DNA match on the data-
base may then be used and the MOTU identified as an
organism not known to occur in New Zealand. If the
MOTU meets all other requirements outlined in our
methods then there is no reason to remove it from the
results.

When accumulation curves were plotted using the
full range of MOTUs identified in wasp larvae, P.
dominula samples contained slightly higher diversity
of MOTUs than P. chinensis samples; however, this
was not statisically significant (Fig. 2). This pattern
was further confirmed when analysis was repeated

@ Springer
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Fig. 2 Accumulation curves fitted using the rarefaction
method showing the number of unique MOTUs (+=95% CI)
expected to be found in increasing numbers of wasps sampled
at all sites (a), and at sympatric sites only (b). Although the
accumulation curve of P. dominula is consistently higher than
that of P. chinensis, the confidence intervals overlap indicating
no significant difference in prey diversity

only considering samples from sympatric sites. The
two curves overlapped considerably indicating the
two species diets did not differ in prey diversity. The
species accumulation curve did not reach a plateau
for either wasp species, suggesting that additional
taxa are likely to be present in the diets of both wasps.

PERMANOVA found the interaction between
wasp species and site to be significant (PER-
MANOVA: F=1.700, df=2, p-value=0.027), sug-
gesting that while prey assemblages differed from site
to site, the diets of the two wasp species also differed
significantly. We investigated whether there was any
effect due to the date of when larvae were sampled, by
including a term that represented the month of sam-
ple collection. Month of collection was not statisti-
cally significant, however (PERMANOVA: F=0.928,
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df=2, p-value=0.541). This result is likely due to the
low number of comparable samples across species,
sites and months rather than a true reflection of forag-
ing patterns.

Across all sites, of the 123 unique MOTUs that
were identified, 89 (72%) were found in P. dominula
samples while 80 (65%) were identified from P. chin-
ensis samples. In terms of diet overlap, 46 MOTUs
were present in both P. dominula and P. chinensis
diets. This suggests a significant amount of dietary
overlap between the two species with both wasps hav-
ing over 50% of their prey items in common (Sup-
plementary Fig. 2). Similar amounts of overlap are
apparent when considering only samples collected
from sympatric and allopatric sites. For the MOTUs
identified from wasp samples in sympatric sites, 72%
(72/100) were found in P. dominula samples with
63% (63/100) identified in samples from P. chinen-
sis. Overlapping taxa consisted of 35 MOTUs, with
P. dominula and P. chinensis sharing 49% and 56% of
their prey with the other species respectively (Fig. 3).
Similarly, of the MOTUs identified from wasp sam-
ples in allopatric sites, 80% (53/66) were found in
P. dominula samples with 62% (41/66) identified in
samples from P. chinensis. Overlapping taxa con-
sisted of 28 out of 66 MOTUs, with P. dominula and
P. chinensis sharing 52% and 68% of their prey with
the other species respectively (Fig. 3). The proportion
of prey taxa in common in these allopatric sites was
higher than in sympatric sites though not significantly
different (two-sample test of no difference in propor-
tions: z=1.146, p-value > 0.05).

Analysis of diet compositions in terms of the rela-
tive read abundance suggested that the differences
were quite small. When looking at all of the DNA
reads retrieved from each species of wasp, it was pos-
sible to see the proportion of reads that each MOTU
makes up across all samples. In all, 2,971,737 DNA
reads were retrieved from P. dominula samples and
assigned to one of the 123 MOTUs. Over 99% of
these DNA reads were assigned to MOTUs that were
also found in P. chinensis samples. Similarly, of the
554,414 DNA reads retreived from P. chinensis sam-
ples and assigned to one of 123 MOTUs, over 99%
were identified as belonging MOTUs also found in P.
dominula samples. MOTUs found exclusively in P.
dominula diets made up less than 0.5% of DNA reads
retreived from P. dominula samples. In the case of
P. chinensis, less than 0.8% of reads extracted were
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(A) MOTUs in Po/ist_es Spp. diets
at sympatric sites

P do ns:s P. dominula

Fig. 3 Diet overlap between P. dominula and P. chinensis
where they occur in sympatric and allopatric habitats. (a) In
sympatric sites 100 MOTUs were identified from 29 larvae
samples (15 P. dominula, 14 P. chinensis). Seventy-two (72%)
of these MOTUs were found to be present in the diet of P.
dominula and 63 (63%) were found in that of P. chinensis. (b)

identified as MOTUs found exclusively in P. chin-
ensis samples. This would suggest that while only
46 of 123 MOTUs were found in both P. dominula
and P. chinensis diets, these taxa constituted the vast
majority of both species’ diets. The remaining 77 taxa
appear to make up a negligible proportion of Polistes
spp. diets.

Discussion

This study suggests that when considering the pres-
ence or absence of taxa in the diets of P. dominula
and P. chinensis, the two invasive wasps have differ-
ent prey communities. However, quantitative assess-
ment of the prey community reveals that overwhelm-
ingly these wasps feed on similar prey. As generalist
predators their prey are likely to be those most com-
monly available in a habitat, which was a mix of both
native and introduced species. The overlap in diets
shown here suggests that the establishment of P. dom-
inula will probably negatively impact many of the
same species already predated upon by P. chinensis.
Similarly, while there are many introduced insect spe-
cies present in the diet of both wasps, our estimates
suggest that more than 50% of the prey DNA in the
wasp diet is derived from native species.

Lepidoptera (butterflies and moths) made up the
majority of prey for both species, an expected pat-
tern based on the findings of similar analyses per-
formed on P. chinensis (Ward and Ramoén-Laca 2013;

B MOTUs in Polistes spp. diets
(B) o
at allopatric sites

P. chinensis

()

In allopatric sites 66 MOTUs were identified from 29 larvae
samples (15 P. dominula, 14 P. chinensis). Fifty-three (80%)
of these MOTUs were found in P. dominula diet and 41 (62%)
found in the diet of P. chinensis. Diet overlap was higher at
allopatric sites but not significantly so (two-sample test of no
difference in proportions: z=1.146, p-value > 0.05)

Lefort et al. 2020), from the observations of P. domi-
nula foraging behaviour (Stamp and Bowers 1988;
Rayor et al. 2007; Baker and Potter 2020) and from
diet analyses of other Polistes species (Kasper et al.
2004; Jeon et al. 2019). Eighty nine percent (109/123)
of the taxa identified belong to the order Lepidop-
tera. Of these taxa, both native and introduced genera
were represented. The native southern blue butterfly
(Zizina oxleyi) was found in 57% of samples from P.
dominula and P. chinensis (17/30 and 16/28 samples,
respectively). This species is one of the most com-
mon butterflies in New Zealand due in part to simi-
larly widespread host plants such as clover and other
legumes (Fabaceae) (Gillespie and Wratten 2012).
Polistes dominula has already been linked to the
decline of this species and two other common butter-
flies in the Nelson region (McGruddy et al. 2021b).
It is likely that these wasps’ preference for disturbed,
human-dominated habitats (Clapperton et al. 1996;
Roets et al. 2019) heavily influence their diet. Native
and introduced prey that also thrive in similar human-
altered habitats are therefore heavily represented in
their diets, as opposed to rarer species typical of more
intact habitats such as forests. The spread of human
influence into these more intact habitats may, how-
ever, increase the incidence of predation of native or
endemic species by introduced wasps.

Another highly represented species was the light
brown apple moth (Epiphyas postvittana), a glob-
ally important pest species (Suckling and Brocker-
hoff 2010). This species was found in 23% and 29%
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of P. dominula and P. chinensis samples, respectively.
Two other pest species were also found to make up a
significant portion of Polistes spp. diets (Supplemen-
tary Table 2). Polistes spp. have been shown to exert
significant predation pressure on agricultural pests,
suggesting that these wasps may be ideal candidates
for biocontrol (Gould and Jeanne 1984; Oliveira et al.
2017; Prezoto et al. 2019; Southon et al. 2019). These
wasps have been hypothesised to be linked to the
recent eradication of the invasive great white butter-
fly (Pieris brassicae) in New Zealand (Phillips et al.
2020). While we found that Polistes spp. prey on pest
species in New Zealand we also found that 56% of the
DNA retrieved from P. dominula samples and 52% of
DNA retrieved from P. chinensis samples belonged to
native species.

Many important herbivores were found to be pre-
sent in the diet of both species. Lepidoptera, as dis-
cussed above, are important herbivores and pollina-
tors. Hemiptera, especially cicadas (Kikihia muta),
were shown to be significant components of Polistes’
diets. Despite only two out of 123 MOTUs identi-
fied as taxa belonging to Hemiptera, this order was
represented in 22 (73%) samples from P. dominula
and 14 (50%) from P. chinensis. Hemiptera are also
often important herbivores (Koch et al. 2016). The
prevalence of important herbivores and pollinators in
these wasps’ diets may mean that sufficient numbers
of either wasp species could impact not only inver-
tebrate assemblages, but also have flow-on effects
to the plant communities and the wider ecosystem.
Disruption of herbivory and pollination can impact
plant fitness, potentially altering the plant commu-
nities through trophic cascades. For instance, it has
been shown that in the Nelson region, predation pres-
sure exerted by P. dominula on monarch butterfly
(Danaus plexippus) caterpillars was high enough to
reduce herbivory on the host plant (Gomphocarpus
sp.) to the extent that the plant’s reproductive fitness
was increased (McGruddy et al. 2021b). The flow-
on effects produced by these invasive predators may
affect more ecological communities across New Zea-
land as these wasps expand their range.

New Zealand’s invertebrates are already facing
predation pressure from invasive wasps (Harris 1991;
Beggs and Rees 1999; Clapperton 1999). Polistes
chinensis has been estimated to remove up to 957 g of
prey per ha over a season from New Zealand ecosys-
tems (Clapperton 1999). It is likely that P. dominula
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populations could exhibit higher harvest rates than
those reported for P. chinensis due to differences in
their life history. Polistes dominula readily exhibits
pleometrosis, a behaviour where multiple foundresses
found a single colony (Hocherl and Tautz 2015; Field
and Leadbeater 2016). Pleometrosis is correlated with
increased colony productivity and survival (Tibbetts
and Reeve 2003; Hocherl and Tautz 2015). Polistes
chinensis is much less likely to exhibit this behav-
iour, with as low as 1.5% of nests containing multi-
ple foundresses (Hoshikawa 1979). McGruddy et al.
(2021a) found that nests of P. dominula were more
productive than P. chinensis nests and experienced
lower failure rates suggesting they could reach higher
population densities. Polistes dominula are therefore
likely to exert a higher predation pressure on New
Zealand’s invertebrates, presenting a greater threat
to local invertebrate diversity than P. chinensis. The
degree of diet overlap suggests that the two wasps
may compete with each other for food resources.

The samples collected for this study were all from
coastal locations and so the diets of both species may
not represent the paper wasp diet across all of New
Zealand. Polistes dominula has been shown to nest
preferentially in human-altered habitats (Benadé
et al. 2014; Roets et al. 2019). Similar work carried
out in Nelson found that P. dominula nests translo-
cated to sites close to human habitation and coastal
sites were more productive and had higher survival
rates than those in forested habitats (McGruddy et al.
2021a). The same research found no naturally occur-
ring Polistes nests in surveys of forested habitat. It is
therefore likely that forest species may escape most
of the predation pressure by these invasive wasps.
Forest species make up only 34 of the 114 butterflies
and moths deemed ‘at-risk’ in New Zealand, with
over 60% of these ‘at-risk’ species found in non-
alpine shrubland/grasslands and coastal vegetation
(Patrick and Dugdale 2000). Bioclimatic modelling
has identified large areas of potentially suitable habi-
tat for P. dominula across not only New Zealand but
also southern Australia, southern South America and
South Africa (Howse et al. 2020). In these vulnerable
regions the establishment of P. dominula may result
in similar increases in predation pressure on local
insect fauna as that predicted in New Zealand.

Brock et al. (2021) describe how aculeate wasps
can perform important ecosystem services as para-
sites, predators, biological indicators, pollinators,
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decomposers and seed dispersers. It is possible that
both Polistes spp. offer many of these benefits for bio-
diversity in New Zealand. For example, our analysis
suggests that important agricultural pests are included
in their diet. However, we estimated that more than
half their prey is derived from native species. Such
generalist predation behaviour has been noted as a
factor that reduces the effectiveness of Polistes spp.
as candidates for targeted pest control (Gould and
Jeanne 1984; Southon et al. 2019). They are efficient
predators that appear to have reduced the abundance
of native butterflies and of valued species such as
monarch butterflies (McGruddy et al. 2021). The
threat these wasps pose to native biodiversity in New
Zealand seems likely to outweigh the benefits they
might provide (Maclntyre and Hellstrom 2015; Lester
2018).
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