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General Abstract:

Social wasps are considered among the most successful and impactful invasive species in the
world. One species, Polistes dominula has spread from its native Mediterranean range to
every continent except Antarctica. This wasp reached New Zealand in the last decade where
it has established in the north of the South Island, however, reports of its presence are
increasing throughout the country. Due to its recent arrival in New Zealand, little is known
about where this species is likely to establish or what impacts it may have on local insect
communities. In this thesis, | conducted two studies to investigate these questions, providing

valuable information that may inform future management of this invasive species.

In chapter 2, | used two bioclimatic modelling methods to predict areas of suitable habitat
across four regions in the southern hemisphere. These models were informed by global
temperature and precipitation data as well as global distribution occurrence data of P.
dominula. These data were used to estimate conditions most highly correlated with the
presence of this wasp. The models identified large areas across the target regions that were
climatically suitable for the establishment of P. dominula. Many of these areas are not known
to currently contain populations of this species, representing habitat potentially vulnerable
to further invasion by P. dominula. Areas across South America, South Africa and Australia
were predicted to be climatically suitable. In New Zealand, much of the North Island and
eastern parts of the South Island were predicted to be suitable habitat for this wasp. These
results suggest that P. dominula could potentially establish across more of the country and
expand its invaded range. Information provided by these models may guide conservation and
biosecurity management by highlighting key areas where prevention and mitigation should

be prioritized.

In chapter 3, | used molecular diet analysis to investigate the range of prey being utilised by
P. dominula in New Zealand. Using DNA barcoding, larval gut contents of P. dominula and
another closely related species, Polistes chinensis, were analysed to identify what species
were present in the diet of both wasps. Butterflies and moths (Lepidoptera) were found to be
the most highly represented order in both species’ diets. True bugs (Hemiptera) and flies
(Diptera) were also abundant. Both wasps were shown to consume a range of native and
introduced species including a number of agricultural pests. P. dominula was found to utilise

a wider range of prey than P. chinensis. This more diverse prey range, combined with known



differences in nesting behaviour, suggest that P. dominula may represent a more significant
threat to invertebrate diversity than the already well-established P. chinensis. These results
may inform conservation and biosecurity managers on which species are most at risk where

this new invasive wasp becomes established.

This thesis provides insights into the potential impacts of a new invasive species to New
Zealand. Both chapters represent the first time that these methods have been used to study
P. dominula. This work highlights the need for continued monitoring of wasp populations
throughout New Zealand, especially in regions highlighted as vulnerable to P. dominula
establishment. We also suggest the need to prioritise the conservation of ‘at-risk’ species in
coastal and human-altered habitats. Increased public engagement through the citizen-science
initiatives should be encouraged while more research into management and control methods

is recommended.
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Chapter 1: General Introduction

The definition of a biological invasion has been debated heavily since the idea’s inception.
One definition aims to summarise the phenomenon as ”a species acquiring a competitive
advantage following the disappearance of natural obstacles to its proliferation, which allows
it to spread rapidly and to conquer novel areas within recipient ecosystems in which it
becomes a dominant population” (Valéry et al. 2008). Often it is implied that this
disappearance of obstacles is as a result of human mediation differentiating it from natural
dispersion and colonisation (Wilson et al. 2016). The impacts of such invasions are often the
decline or extinction of resident species of the ecosystem receiving the invading species
(Bellard et al. 2016b, Pysek et al. 2017, Romanuk et al. 2017). Biological invasions are
occurring at a rate not seen before (Ricciardi 2007). Increasing globalisation through
migration and trade has led to a reshuffling of the world’s flora and fauna (Lockwood et al.
2005, Seebens et al. 2017, Bertelsmeier 2021). This reshuffling has led biological invasions to
be ranked among the leading causes of global biodiversity decline (Bellard et al. 201643,
Doherty et al. 2016).

Of all the invasive species, social wasps are perhaps some of the most important globally.
The common wasp (Vespula vulgaris) was ranked within the top 100 invasive alien species
(Lowe et al. 2000). It and others in the family Vespidae have widespread invasive ranges and
often become dominating forces in the recipient environment (Beggs et al. 2008, Lester and
Beggs 2019). While not only impacting native flora and fauna, invasive wasps pose risks to
human health where aggressive behaviour and high population densities lead to stings to
people, which have been known to be deadly (Maclntyre and Hellstrom 2015).

Wasps’ seasonal life cycle makes the species effective invaders. New queens emerge
from the nest at the end of the season to be fertilised before entering a diapause over the
cooler winter months (Beggs et al. 2011). During this period queens hide away in holes and
crevices for several months. In human-altered environments these queens have been known
to hide away in objects such as pots and furniture that are then shipped overseas (Villemant
et al. 2011). The ability of these queens to conceal themselves in such small spaces makes
them difficult to locate in quarantine efforts by biosecurity officials. Once these fertile queens
emerge in the spring, they begin building nests and reproducing, potentially establishing in a

new range.



The phenological plasticity exhibited by many species of wasps has also been shown to
aid their establishment (Lester and Beggs 2019). At lower latitudes, where temperatures are
warmer and more consistent, many species of wasps have been shown to stay active year-
round. These perennial nests continue to forage and reproduce throughout the year (Plunkett
et al. 1989, Leathwick and Godfrey 1996, Wilson et al. 2009), dramatically increasing their
abundance. The sociality of wasps also appears to increase their colonisation ability through
mechanisms such as increased foraging that enhances reproductive success (Moller 1996,
Beggs et al. 2011).

The predatory nature of invasive wasps and their ability to reach very high population
densities allows them to exert a great predation pressure within ecosystems (Beggs et al.
2011). For example, the high abundances reached by invasive Vespula vulgaris in New Zealand
Beech forests, and the resulting predation, has been shown to significantly reduce
populations of native invertebrates (Toft and Rees 1998, Beggs and Rees 1999). Another
invasive wasp is Polistes versicolor, which was shown to harvest up to 154g of insects per
hectare, per day in its invaded range in the Galapagos Archipelago (Parent et al. 2020). The
same study suggested that the biomass consumed by P. versicolor was larger than that of the
native finches, suggesting that these wasps are major competitors in the insectivore
community. Invasive wasps have been shown to outcompete native species, leading to
declines in native populations and even competitive exclusion. For example, Vespula
pennsylvanica has been shown to both directly and indirectly exclude native hymenopterans
from foraging sites in Hawai’i (Wilson and Holway 2010). Invasive Vespula spp. were shown
to reduce the availability of honey dew in New Zealand beech forests by up to 90% (Beggs
2001). This major carbohydrate resource is used by many species within this ecosystem and
such heavy exploitation of the resource by wasps leads to a decline in both vertebrate and
invertebrate species (Beggs and Wilson 1991, Moller et al. 1991).

New Zealand has a diverse native invertebrate fauna that is itself, critically understudied
(Lester et al. 2014). Predation by invasive species has led to the decline and even extinction
of New Zealand’s native terrestrial invertebrates (Gibbs 2009). Among these predators,
invasive social wasps have been identified as a threat to New Zealand’s invertebrate diversity
(Beggs and Rees 1999, Lester et al. 2014). New Zealand has evolved with no native social
wasps (Lester et al. 2013), so native flora and fauna have not evolved to deal with the

predation and competition pressures these wasps exert. There are also few predators that



exist in New Zealand that have evolved to feed on social wasps. To date, there have been
three parasitoid wasps (Sphecophaga spp.) introduced as potential biocontrol for Vespulid
wasps in New Zealand (Lester and Beggs 2019). These have largely been unsuccessful due to
lack of establishment or low rates of wasp nest parasitism (Beggs et al. 2002, Beggs et al.
2008). Currently the most effective control method for social wasps in New Zealand is the use
of pesticide baits (Lester and Beggs 2019). Toxic baits developed to reduce social wasp
populations have been shown to reduce wasp abundance by over 90% (Hanna et al. 2012,
Rust et al. 2017) but there are limitations to such an approach. Excessive use of pesticides can
lead to the build-up of resistance in the target species (Troczka et al. 2012, Abbas et al. 2016)
and there can be negative effects on non-target species (Harris and Rees 2000, Pisa et al.
2015).

Currently there are five species of invasive social wasps established in New Zealand. Two
species from the genus Vespula, the German wasp (V. germanica) and the common wasp (V.
vulgaris) becoming common in New Zealand by the 1950s and 1980s, respectively (Donovan
1984). Both species can reach very high population densities, especially in honeydew-beech
forests (Sandlant and Moller 1989, Barlow et al. 2002a). The three other introduced social
wasp species are paper wasps belonging to the genus Polistes. The Australian paper wasp
(Polistes humilis) established in New Zealand in the late 19t century where they are confined
to the northern North Island (Thomson 1922, Clapperton et al. 1996). The Asian paper wasp
(Polistes chinensis) was discovered in the 1970s and has since spread throughout the North
Island and northern parts of the South Island of New Zealand (Clapperton et al. 1989,
Clapperton et al. 1996). The most recent species to establish in New Zealand is the European
paper wasp (Polistes dominula). Polistes dominula was discovered for the first time in New
Zealand in the Nelson and Marlborough regions in 2016 (Ministry for Primary Industries
2016). At this time, however, it was noted that the species was already widespread and well
established, with the Ministry suggesting the species has been in the country since at least
2011. This species superficially resembles the more widespread and previously established P.

chinensis, which could be why it was not identified for several years after its arrival.
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Figure 1.1: Left: Polistes dominula nest on a shrub in Nelson, New Zealand. Right: Polistes chinensis
nest on a shrub in Nelson, New Zealand. Note the difference in markings on the thorax with P.
dominula possessing characteristic “tick marks” that are lacking on P. chinensis. The two species’
similar appearance led to P. dominula not being discovered in the country until 2016. It has been
speculated that the wasp had arrived at some point before 2011. Photos by Matthew Howse (2020).

Polistes dominula has been a particularly successful invader globally. Found naturally
throughout Europe, North Africa and into parts of Asia, it has been introduced to North
America, South America, Australia, South Africa (Carpenter 1996, Buck et al. 2008), and most
recently New Zealand (Ministry for Primary Industries 2016). Like other species of Polistes,
they are predatory in nature, feeding on other invertebrates, especially Lepidopterans
(Kasper et al. 2004, Cranshaw et al. 2011, Ward and Ramdn-Laca 2013, Jeon et al. 2019, Baker
and Potter 2020). Polistes dominula has been shown to exhibit more generalist feeding
behaviours (Schenk and Bacher 2002), a factor that may add to this species’ invasion success
(Cervo et al. 2000). This predatory behaviour combined with the ability to reach high
population densities earlier in the season makes this wasp species a potential issue in invaded
ranges. Invasive P. dominula were shown to be more productive than three other Polistes
species in their respective native ranges (Pickett and Wenzel 2000, Pilowsky and Starks 2018,
Roets et al. 2019). Nests of the invasive P. dominula were typically larger and produced more
workers than the nests of two North American species Polistes metricus and P. fuscatus
(Pickett and Wenzel 2000, Pilowsky and Starks 2018). Polistes dominula has been shown to
reach greater abundances than that of the native Polistes marginalis in South Africa, despite

only being discovered in the country in 2008 (Roets et al. 2019). These observations of P.
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dominula rising to high population densities in the presence of sympatric Polistes species has
led to suggestions of the competitive exclusion or displacement of native paper wasps
(Gamboa et al. 2002, Gamboa et al. 2004, Pilowsky and Starks 2018).

Due to the recent arrival of P. dominula to New Zealand, it is not yet fully known how far
the species has spread or how it is impacting the ecosystems it has invaded. Polistes dominula
is found in temperate climates all over the world, often in close proximity to human habitation
(Cervo et al. 2000, Benadé et al. 2014, Hocherl and Tautz 2015). This species spread has been
well documented across Europe and North America, however, less is known about its invaded
ranges in the southern hemisphere. Species distribution models are one method that
scientists may use to investigate the spread of invasive species such as P. dominula. These
models use data of known occurrences of a species, as well as local environmental or climatic
data to identify conditions most favourable for the establishment of a chosen species. This
information can then be used to predict the areas of potentially suitable habitat around the
globe, informing conservation and biosecurity management (Srivastava et al. 2019). Before
this study, no such models had been used to study P. dominula. New Zealand is a country with
a mild, temperate climate, so it is probable that this species will continue to spread across
more of the country.

It is not yet known how the establishment of P. dominula will impact New Zealand’s
existing invertebrate fauna. The advent of methods such as DNA barcoding in diet analysis
allows for a deeper insight into what prey are consumed by a species (Valentini et al. 2009).
Historical diet analysis relied on visual inspection of crop or gut contents, which can be
inaccurate due to processes such as mastication and digestion. Molecular techniques such as
DNA barcoding can provide a more accurate representation of a species’ diet and have been
successfully implemented in the study of invasive wasps (Kasper et al. 2004, Ward and
Ramodn-Laca 2013, Jeon et al. 2019, Lefort et al. 2020). To date, no diet analysis has yet been
conducted on P. dominula. Work on related species that have also been introduced to New
Zealand such as P. chinensis, showed both native and introduced species of Lepidoptera made
up the majority of their diet (Ward and Ramdn-Laca 2013, Lefort et al. 2020). It is likely that
P. dominula will prey on a similar assemblage of species, adding to the predation pressure on
New Zealand native invertebrates. Polistes spp. have been shown to prey on agricultural pest
species (Oliveira et al. 2017, Southon et al. 2019), suggesting that P. dominula could

potentially act as a form of biocontrol against other pests.
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In chapter 2, my objective was to investigate the potential for range expansion by the
newly invasive P. dominula in New Zealand and across three additional regions in the
Southern Hemisphere. To achieve this goal, | constructed two predictive models using global
occurrence data of P. dominula and global climate data. These models highlighted regions
that were most climatically suitable for this species’ establishment. | then discuss how climatic
conditions impacted an area’s suitability for P. dominula, as well as potential consequences
of this species spread in these areas.

In chapter 3, | aimed to analyse the diet of P. dominula in New Zealand for the first time.
To do this, DNA barcoding was used to identify the range of prey in the gut of P. dominula and
P. chinensis larvae. | was then able to provide insight into what species P. dominula is feeding
on in its newly invaded range and compare their diet to that of another invasive paper wasp
in New Zealand. From this analysis, the potential impact of P. dominula on New Zealand’s
invertebrate fauna was discussed. This represents the first time that molecular analysis of the
diet of P. dominula has been carried out in New Zealand, and to our knowledge, the world.

In chapter 4, | discuss the implications of my research and how they may impact the
management of P. dominula. This thesis suggests that P. dominula is likely to continue to
increase its range, not only in New Zealand but in other invaded regions around the world.
The implications of this spread are discussed with attention to what are most threatened by

this wasps’ spread. Important directions of future study are also identified.
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Chapter 2: Bioclimatic Modelling Identifies Suitable Habitat for the
Establishment of the Invasive European Paper Wasp (Hymenoptera:
Vespidae) across the Southern Hemisphere

2.1 Abstract

Species distribution models (SDMs) are tools used by ecologists to help predict the spread of
invasive species. Information provided by these models can help direct conservation and
biosecurity efforts by highlighting areas likely to contain species of interest. In this study, two
models were created to investigate the potential range expansion of Polistes dominula Christ
(Hymenoptera: Vespidae) in the southern hemisphere. This palearctic species has spread to
invade North and South America, South Africa, Australia, and more recently New Zealand.
Using the BIOCLIM and MAXENT modelling methods, regions that were suitable for P.
dominula were identified based on climate data across four regions in the southern
hemisphere. In South America areas of central Chile, eastern Argentina, parts of Uruguay, and
southern Brazil were identified as climatically suitable for the establishment of P. dominula.
Similarly, southern parts of South Africa and Australia were identified by the model to be
suitable as well as much of the North Island and east of the South Island of New Zealand.
Based on outputs from both models, significant range expansion by P. dominula is possible

across its more southern invaded ranges.
2.2 Introduction

Species distribution models (SDMs) are becoming increasingly important in ecology, due
to their ability to help predict the potential distributions of invasive organisms. These models
bring together known species occurrence records and environmental data to provide users
with an estimation of the conditions a species requires to survive. This information can be
used to identify locations that could support populations of a particular species (Pearson
2007). Species distribution models have been used to guide the creation of more effective
reserves (Leathwick et al. 2005), to project impacts of climate change (Moor et al. 2015), and
to predict the spread of invasive species (Curry et al. 2020).

Polistes dominula Christ (Hymenoptera: Vespidae) is a well-known and wide-ranging
invasive social wasp species (Buck et al. 2008). A palearctic species native to Europe, North

Africa, and parts of Central Asia, P. dominula has spread to both North and South America,
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South Africa, Australia, and more recently, New Zealand (Figure 2.1) (Carpenter 1996, Buck et
al. 2008, Ministry for Primary Industries 2016). This species is largely predatory by nature
(Brown et al. 2012). Similar to its Vespid relatives, P. dominula is a frequent predator of
Lepidoptera larvae (Kasper et al. 2004, Ward and Ramdn-Laca 2013, Jeon et al. 2019, Baker
and Potter 2020) though it is thought that this predatory wasp has a more generalist diet than
that of other related species (Cervo et al. 2000, Schenk and Bacher 2002). Polistes dominula
has also been shown to have several competitive advantages over closely related species.
Studies in North America and South Africa have shown that P. dominula nests are more
productive than other Polistes species, able to produce more offspring over a longer active
season (Pickett and Wenzel 2000, Gamboa et al. 2002, Roets et al. 2019). This high nest

productivity has led P. dominula to reach large population densities in their invaded areas.

Figure 2.1: Global distribution of P. dominula constructed from data retrieved from Global
Biodiversity Information Facility database (GBIF) (GBIF.org 2020). Red points indicate
occurrences in an invaded range. Blue points indicate occurrences in the assumed native
range (Carpenter 1996, Buck et al. 2008). In total 9246 occurrences were used in this study.
Of the total, 3028 occurrences were from invaded ranges and 6218 were from the assumed
native range.

The invasion of P. dominula across the globe has been fairly well studied but not equally
across affected regions. In the northern hemisphere P. dominula has famously invaded from
the east to west coasts of the United States over the last 50 years (Liebert et al. 2006). Polistes
dominula is known to have become established throughout the southern hemisphere but its
spread in these regions has been critically understudied. This invasive species appears to have
established in the southern hemisphere by the 1980s in Australia (Taylor et al. 1985) and Chile
(Elgueta 1989, Gonzalez 1989). It was found to have established in Argentina by 2003

15



(Sackmann et al. 2003), South Africa by 2008 (Eardley et al. 2009), and in New Zealand by
2016 (Ministry for Primary Industries 2016). Except in South Africa, little research has been
conducted on the status of these invasive populations and how they have affected local
ecosystems. Many of these invaded areas contain native invertebrate communities that
already face threats from other invasive species, habitat alteration, and climate change
(Stringer and Hitchmough 2012, Lester et al. 2014, Sands 2018). The establishment of P.
dominula throughout more of these regions may add to these threats. Thus, predicting and
preparing for future invasions or range expansions may help mitigate this effect.

Since their inception, there have been many changes and improvements to how SDMs
are formed. One of the earliest and most widely used methods is BIOCLIM (Nix 1986, Booth
et al. 2014). BIOCLIM is a profile method of species distribution modelling, whereby the
algorithm determines the environmental similarity between a target species’ current range
and other locations, using a percentile distribution of values (Hijmans and Elith 2017). The
model will designate a location more suitable if the environmental values are closer to the
median values of known occurrence sites. BIOCLIM is a presence-only method and so does
not require known absence data. Another modelling method, known as MAXENT, can also be
used with presence-only data, but there are some key differences from BIOCLIM. MAXENT is
a machine learning method. The aim of MAXENT is to minimize the relative entropy between
the probability density estimated from the occurrence data and the probability density
estimated from the rest of the landscape (Elith et al. 2011). The MAXENT method was
developed more recently than the BIOCLIM approach, is also widely used, and is thought to
be one of the better performing modelling methods (Elith et al. 2006, Phillips et al. 2006, Duan
et al. 2014).

A species distribution model would identify regions that are conducive to supporting
populations of P. dominula and provide an insight into where these wasps are likely to spread.
In this study two prediction models were produced, respectively using the BIOCLIM and
MAXENT methods. Using global occurrence and climate data, these models were used to
predict the bioclimatic suitability of four regions across the southern hemisphere for the
establishment of P. dominula. These findings can inform future biosecurity and control plans

for regions anticipated to be impacted by this invasive wasp.
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2.3 Methods

Polistes dominula occurrence data was downloaded from Global Biodiversity Information
Facility database (GBIF) (GBIF.org 2020) using the "gbif" function in the package dismo
(Hijmans et al. 2017) in R version 4.0.2 (R Core Team 2020). A total of 20,616 records from
125 published datasets were downloaded. As GBIF data was pooled from a range of sources,
from peer reviewed studies to citizen reports, data quality could vary. It has been shown,
however, that a combination of data from citizen science and long term expert surveying can
still produce robust distribution models (Sumner et al. 2019).

A number of data-cleaning procedures were carried out to ensure the best quality data
were used in creating the models. Following the procedures outlined by Hijmans and Elith
(2017), data were prepared by first removing data points with missing latitude or longitude
values. Data were then assessed for the presence of duplicate coordinates which were
removed to prevent pseudo replication. This assessment was accomplished using
"duplicated", a base function in R (R Core Team 2020) that identifies records with identical
coordinates to others, which were removed. Remaining data points were then cross checked
against a simple world map to identify any coordinates that were located on water. These
values were likely to be occurrences recorded with low resolution coordinates and had to be
excluded.

A set of climate variables containing temperature and precipitation was used for
modelling the distribution of P. dominula. Climate data were obtained in the form of 19
environmental layers, each representing a global bioclimatic variable at 2.5-min (5 km?)
resolution (available from: https://worldclim.org/data/worldclim21.html). The WorldClim
database is based on global weather station data from 1970 to 2000 and provides high
resolution, global layers of monthly climate data (Fick and Hijmans 2017). These monthly data
were used to create the 19 annual bioclimatic variable layers used in this study (Table 2.1)
and in a variety of other distribution models (Ward 2007, Rodder et al. 2009, Beckham and
Atkinson 2017, Dudaniec et al. 2018, Raghavan et al. 2019).

Pseudoabsence points were created by selecting 10,000 random points from around the
globe. This number was chosen to provide an appropriate ratio of presence to pseudoabsence
points and maximize model reliability (Barbet-Massin et al. 2012a). Climate data was applied

to these pseudoabsence points as well as the cleaned occurrence data using the "extract"
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function in the raster package (Hijmans 2020). Presence data were randomly partitioned into

test and training data using the "kfold" function, as recommended by (Hijmans and Elith 2017)

and used by (Phillips et al. 2006). Model predictions were made using the training data, which

contained 7397 of the 9246 occurrence points. The predictions were then tested against the

remaining 1849 occurrence points as well as 10,000 random pseudoabsence points.

Table 2.1: List of bioclimatic variables used in this study. These variables, created by Fick and
Hijmans (2017), were downloaded as 2.5 min (5 km?) resolution environmental layers from
worldclim.org. Variables used monthly climate data collected over 30 years between 1970
and 2000. A subset of bioclimatic variables, identified by tick marks, was produced by
stepwise regression analysis to be used in the BIOCLIM and MAXENT modelling approaches.

Variable Inclusion in Final

Variable Title Unit
Code Model
Biol Annual Mean Temperature °C 4
Mean Diurnal Range (mean of monthly (max temp-
Bio2 °C v
min temp))

Bio3 Isothermality ((Bio2/Bio7) x 100) % v

Bio4 Temperature Seasonality (standard deviation x 100) °C 4

Bio5 Max Temperature of Warmest Month °C v

Bio6 Min Temperature of Coldest Month °C

Bio7 Temperature Annual Range (Bio5-Bio6) °C v

Bio8 Mean Temperature of Wettest Quarter °C 4

Bio9 Mean Temperature of Driest Quarter °C 4

Biol0 Mean Temperature of Warmest Quarter °C 4

Bioll Mean Temperature of Coldest Quarter °C v

Biol2 Annual Precipitation mm

Biol3 Precipitation of Wettest Month mm v

Biol4 Precipitation of Driest Month mm v

Biol5 Precipitation Seasonality (coefficient of variation) %

Biol6 Precipitation of Wettest Quarter mm 4

Biol7 Precipitation of Driest Quarter mm

Biol8 Precipitation of Warmest Quarter mm 4

Bio19 Precipitation of Coldest Quarter mm 4
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Variable selection was performed using stepwise logistic regression to produce a subset
of variables that would be used in the models (Table 2.1). The use of an automatic selection
method was chosen to remove bias from the selection process. The procedure adds or
removes variables from generalized linear models, one by one, checking the significance of
all variables in the model each time. If a variable in the new model is deemed nonsignificant
it is removed. Variable importance was measured by the Akaike Information Criterion (AIC).
Important variables are added to the model while less relevant variables are removed. Using
this analysis, the subset of variables that produced the model with the lowest AIC was chosen
to perform the subsequent predictions. This process removed unnecessary variables from the
model and reduced multicollinearity. The generalized linear model used all presence and
background data with associated climatic variables and assumed a binomial distribution for
the occurrence of P. dominula at each global location.

Two prediction models describing the global distribution of P. dominula were made using
the worldwide occurrence of P. dominula and their associated climatic variables. One model
was built using the BIOCLIM modelling method while the other used the MAXENT approach
with the default settings (Hijmans and Elith 2017). With these models, suitable climatic
conditions were predicted and identified across four regions of the southern hemisphere. All
these regions have been previously invaded by P. dominula and include southern South
America, South Africa, Australia, and New Zealand. The models’ raw predictive outputs
produced maps at 5 km? resolution with each cell containing values of habitat suitability. For
both models, this predictive value was a number between zero and one. Following the
BIOCLIM method, a cell would have a value of one if the environmental variables were equal
to the median value for the occurrence data (Hijmans and Elith 2017). A zero value is
conversely applied to any cell that possesses climatic values lower than the 10th and higher
than the 90th percentile values in the occurrence data. Raw output values produced by the
MAXENT modelling method are an approximate probability that the species will be present,
given the local environmental conditions, otherwise known as the relative occurrence rate
(ROR) (Elith et al. 2011, Merow et al. 2013). Using the "var.importance" function from the
package ENMeval (Muscarella et al. 2014), values of variable permutation importance to the
model produced by MAXENT were identified. Variable permutation importance is a

percentage value showing how heavily the model depends on a specific variable. Values of
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each variable in training, testing and background data are permuted and the resulting model
is evaluated. The degree to which the permuted data weakens the MAXENT produced model’s
performance is normalised to a percentage for each variable and presented as variable
permutation importance (Table 2.2) (Phillips et al. 2006).

Presence/absence predictions show cells that contain predicted values of climate
similarity above a determined threshold specific to each model. This threshold was
determined as the maximum of the sum of the sensitivity (true positive rate) and specificity
(true negative rate), also known as the maxSSS method (Liu et al. 2016). Any cell with a value
of climatic similarity over the threshold was predicted as a presence point, while any cell
under this would be considered an absence (Hijmans and Elith 2017). This method of
threshold selection has been recommended as appropriate when working with presence-only
data (Liu et al. 2013, Liu et al. 2016).

The models were evaluated looking at the area under the receiver operating
characteristic curve (AUROC, abbreviated to AUC) value. Test data with known presence or
pseudoabsence status were entered into the models. The degree to which the model could
correctly assign these data points to presence or pseudoabsence classes was used to calculate
the AUC. This value is a number between zero and one and represents how accurately a model
predicts presence/absence. A model with an AUC value of 1 predicts presence/absence with
100% accuracy while a model with an AUC score of 0.5 is one that predicts a presence or
absence correctly 50% of the time (Hosmer et al. 2013, Hijmans and Elith 2017).

To investigate patterns presented in the final models, histograms of the known
occurrence climatic values were plotted with the "hist" function (R Core Team 2020) and
visually compared with the corresponding bioclimatic layer for each of the focus regions. This

was conducted for the two bioclimatic variables with the highest permutation importance.
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Table 2.2: The 15 variables used in the MAXENT method, listed in order of permutation
importance. Variable permutation importance is a value showing how heavily the final model
depends on a certain variable. Values of each variable in training, testing and background data
are randomized and the resulting model is evaluated. The degree to which the randomly
permuted data weakens the model’s performance, as originally selected by MAXENT, is
normalised to a percentage for each variable and presented as permutation importance
(Phillips et al. 2006). A variable with a high permutation importance is therefore important to
the model, since if its values were randomized, the power of the model would decrease

significantly.
Variable Permutation
Variable Title
Code Importance
Biol Annual Mean Temperature 37.9%
Biol9 Precipitation of Coldest Quarter 15.9%
Bio4 Temperature Seasonality (standard deviation x 100) 11.4%
Biol0 Mean Temperature of Warmest Quarter 9.0%
Biol6 Precipitation of Wettest Quarter 4.7%
Biol8 Precipitation of Warmest Quarter 4.2%
Bioll Mean Temperature of Coldest Quarter 3.8%
Bio3 Isothermality ((Bio2/Bio7) x 100) 2.8%
Bio9 Mean Temperature of Driest Quarter 2.7%
Biol4 Precipitation of Driest Month 2.3%
Mean Diurnal Range (mean of monthly (max temp—min
Bio2 1.8%
temp))
Bio5 Max Temperature of Warmest Month 1.4%
Biol3 Precipitation of Wettest Month 1.1%
Bio7 Temperature Annual Range (Bio5-Bio6) 0.5%
Bio8 Mean Temperature of Wettest Quarter 0.4%
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2.4 Results

After the data cleaning procedure, a total of 9246 occurrence points of P. dominula
remained for use in the model. Of these points, 3028 occurred in an invaded range while the
other 6218 points originate in assumed native range (Figure 2.1).

Stepwise logistic regression analysis using the 19 bioclimatic explanatory variables
identified a subset of variables that produced the best model, as indicated by the lowest AIC
value (Table 2.1). The analysis used generalized linear models predicting presence or absence
of P. dominula, with variables added or removed based on changes in the resulting AIC values.
The final model contained 15 of the 19 WorldClim variables with the analysis removing
Minimum Temperature of the Coldest Month (Bio6), Annual Precipitation (Biol2),
Precipitation Seasonality (Bio15) and Precipitation of Driest Quarter (Bio17) (Table 2.1).

Modelling produced by the BIOCLIM method showed a number of regions in southern
South America to have a climate conducive to the establishment of P. dominula (Figure 2.2).
Once the threshold was applied, the model identified areas of central Chile, central and
eastern Argentina as well as parts of Uruguay and southern Brazil as climatically suitable
(Figure 2.3). Records of P. dominula are currently restricted to Chile and western Argentina,
indicating the potential for a range expansion eastward. The raw output of the model
produced by MAXENT highlighted a wider area of potentially suitable habitat than that of
BIOCLIM (Figure 2.2); however, once the threshold was applied a more conservative potential
range was predicted (Figure 2.3). Though not as expansive as the range predicted by BIOCLIM,
it follows a similar pattern. Two main clusters of suitable habitats were identified by the
MAXENT method with one spreading throughout central Chile and another in eastern
Argentina and southern Uruguay (Figure 2.3).

In southern Africa, the BIOCLIM method identified an extensive range of climatically
suitable habitat. The raw output of the BIOCLIM method highlighted areas of South Africa
from the southwest of the country, eastward into the interior, encompassing much of Lesotho
and into parts of Eswatini (Figure 2.2). With the threshold applied, much of this described
area was predicted to be suitable for P. dominula (Figure 2.3). The raw output of the MAXENT
method highlighted a wider area of the region but followed a pattern much the same as that
of the BIOCLIM prediction (Figure 2.2). With the threshold applied, however, the MAXENT

model identified a much smaller potential range than that of BIOCLIM. Only areas in the
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southwest of South Africa were predicted to be climatically suitable for the establishment of
P. dominula (Figure 2.3). These areas fell within the South Cape province, which contains all
known P. dominula occurrences within the southern Africa region.

Both prediction models identified much of the southern portion of Australia as
climatically suitable for the establishment of P. dominula. The raw output of the BIOCLIM
method highlighted most of the country south of approximately -30 degrees latitude (Figure
2.2). Once the threshold was applied the model identified most of this area as climatically
suitable, with most of southwest and southeast of the country denoted a potential present
value (Figure 2.3). The raw output of the MAXENT method again highlighted a larger area of
Australia than the BIOCLIM method, focused around the south and east of the country (Figure
2.2). When the threshold was applied the model identified two main clusters of suitable
habitat in the south of Australia. One cluster was predicted around the southern parts of the
state of Western Australia expanding eastward from where P. dominula is currently known to
occur. The other cluster is focused around the south-east of the country in a pattern similar
to, but more conservative than that of the BIOCLIM method (Figure 2.3).

In New Zealand, the raw output produced by the BIOCLIM method indicated suitable
climatic conditions throughout the upper and lower parts of the North Island, with central
and western areas deemed less suitable. Much of the eastern side of the South Island was
highlighted by the prediction model as climatically suitable, while the west coast was not
(Figure 2.2). Once the threshold was applied, much of the country highlighted in the raw
output was predicted as climatically suitable for P. dominula (Figure 2.3). Similarly, the raw
output produced by the MAXENT method highlighted an extensive area across New Zealand
with much of the North Island and east of the South Island receiving the highest values of
suitability (Figure 2.2). With the threshold applied, the MAXENT method predicted that much
of the North Island and the east of the South Island is climatically suitable for P. dominula
(Figure 2.3). The potential invadable range identified by both the BIOCLIM and MAXENT
methods indicate that known populations of P. dominula in New Zealand are likely to expand

their range.
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Figure 2.2: Raw outputs of both prediction models. The left images show the raw output given by
BIOCLIM. The raw output of the BIOCLIM prediction is a value between 0 and 1 where the higher the
number the more suitable the environment is. The BIOCLIM algorithm compares the environmental
values of a cell to the median values of the environmental values of cells containing known
occurrences of the target species. Percentile scores closest to 0.5 are most suitable so values over this
are subtracted from 1. The resulting score is multiplied by 2 to get a final value between 0 and 1
(Hijmans and Elith 2017). The right images show the raw output given by MAXENT where the value is
an approximate probability that the species will be present given the local environmental conditions
(Elith et al. 2011, Merow et al. 2013). The black crosses indicate known occurrences of P. dominula.
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Figure 2.3. Predicted presence/absence plots for each region based on the two model
outputs. For both models, thresholds (0.005 and 0.38, respectively) are calculated as the raw
output value at which the sum of the true positive and true negative rates is maximized.
Locations where the raw output values are over these thresholds are denoted a present status
(1) and highlighted in green. Locations where raw output values are lower than the threshold
are denoted an absent status (0) and remain grey. Black crosses indicate known occurrences
of P. dominula.
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The BIOCLIM method’s performance as evaluated by AUC was 0.970 while the MAXENT
method’s performance was slightly higher with a value of 0.982 (Figure 2.4). These can be
considered high AUC values as both values are close to 1, indicating the BIOCLIM and MAXENT
methods were able to discriminate between the test-presence and background points 97%
and 98.2% of the time respectively (Hosmer et al. 2013). For the MAXENT method, variable
permutation importance showed that annual mean temperature (Biol) was the most
important variable with a value of 37.9%, followed by precipitation of the coldest quarter
(Bio19) at 15.9%, temperature seasonality (Bio4) at 11.4%, and mean temperature of the
warmest quarter (Bio10) at 9.0% (Table 2.2).

Histograms were produced (Figure 2.5) for the highest-ranking climatic variables, as
measured by permutation importance (Table 2.2). Known occurrences of P. dominula were
found to experience average annual temperatures (Biol) between -1 °C and 26.6 °C, with a
sharp peak between 8 °C and 10 °C (Figures 2.5 and 2.6). Known occurrences of P. dominula
were found to experience values of precipitation during the coldest quarter (Bio19) of 0-1057

mm, with most falling between 100 mm and 300 mm (Figures 2.5 and 2.7).
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Figure 2.4: Area under the receiver operating characteristic curve (AUC) plots for BIOCLIM
prediction and MAXENT prediction. This value is a number between zero and one and
represents how accurately a model predicts presence/absence. A model with an AUC value
of 1 predicts presence/absence with 100% accuracy while a model with an AUC score of 0.5
is one that predicts presence or absence correctly 50% of the time (Hijmans and Elith 2017).
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Figure 2.5: Histograms showing the distribution of bioclimatic values at known occurrences
of P. dominula. Left is the distribution of annual average temperature (Biol) and on the right
the distribution of precipitation of the coldest quarter (Bio19). These two variables were
chosen from the full list of 15, based on their high permutation importance in the MAXENT
modelling approach.



Average annual temperature

Figure 2.6: Plot of the average annual temperature (Biol) bioclimatic layer at each region
highlighted in this study. This variable had the highest permutation importance of 37.9%.
Black crosses indicate known occurrences of P. dominula.
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Figure 2.7: Plot of the precipitation of the coldest quarter (Bio19) bioclimatic layer at each
region highlighted in this study. This variable had the second highest permutation importance
of 15.9%. Black crosses indicate known occurrences of P. dominula.



2.5 Discussion

Polistes dominula is a widespread invader with introduced populations extending
throughout North America, parts of South America, South Africa, Australia, and, more
recently, New Zealand (Carpenter 1996, Buck et al. 2008, Ministry for Primary Industries
2016). This species has the potential to reach higher densities than other paper wasps
(Gamboa et al. 2002), and their preference to live in close proximity to human habitation
(Benadé et al. 2014) makes that an issue for human health. Invasive wasps have been linked
to declines of native invertebrate species across the regions studied here (Toft and Rees 1998,
Beggs and Rees 1999, Potter-Craven et al. 2018). Populations of P. dominula have already
established across the four regions in this study but the estimated models predict a range
expansion that could result in this species becoming present throughout more of the southern
hemisphere.

The prediction models based on the BIOCLIM and MAXENT methods share some
similarities in their predicted range of P. dominula across the four regions. In Australia,
predicted distributions of P. dominula produced by both models closely follow patterns of
average annual temperature. The majority of P. dominula occurrences fell in regions where
the annual average temperature (Biol) is between 8 °C and 12 °C with most of the country
north of the predicted range averaging over 15 °C (Figure 2.6). This same pattern can be seen
in South America where the potential range of P. dominula appears to be constrained by
cooler temperatures further south (Figures 2.3 and 2.6). The models incorporate the
contribution of other variables too; however, it is apparent that some variables influence P.
dominula distribution more than others. For example, the east coast of the North and South
Islands of New Zealand were identified as climatically suitable for the establishment of P.
dominula while areas such as the West Coast region of the South Island appear to be much
less suitable (Figure 2.3). The limitation on their distribution there is likely due to the high
precipitation. Mean precipitation of the coldest quarter (Bio19) was shown to be the second
most important variable contributing to the MAXENT model’s accuracy (Table 2.2). The mean
value of Bio19 from all known occurrence data was 195 mm of precipitation. The West Coast
receives over 500 mm of rain in the coldest quarter (Macarra 2016) and so is considerably

wetter than most places known to contain P. dominula. Similar patterns are observed across
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the other regions with the west coast of Tasmania, Australia also receiving high precipitation,
well above the levels preferred by P. dominula (Figures 3 and 7).

The two distribution models did produce slightly different predictions. Both models had
high AUC values (Figure 4) indicating robust models. The BIOCLIM method may be prone to
overfitting when using many variables, leading to a narrower potential distribution
(Beaumont et al. 2005) and that method can be prone to underpredicting potential
distributions, possibly explaining the difference in raw model outputs (Figure 2) (Ward 2007).
MAXENT, by contrast, has been repeatedly identified as a more reliable method, classed as a
high performing, stable modelling approach compared to the BIOCLIM method (Elith et al.
2006, Duan et al. 2014). Unlike the BIOCLIM modelling method, MAXENT weights variables
differently depending on how their inclusion affects the models’ AUC. This fundamental
difference in modelling strategy leads to differences in the model outputs and hence explains
some of the differences between predictions.

Threshold selection is another area that may explain differences between the BIOCLIM
and MAXENT predictions. Thresholds were chosen using the maxSSS method, necessarily
producing a different threshold for each method. The BIOCLIM method fitted models with a
comparatively low threshold of 0.005 and so ranked nearly all the cells highlighted in the raw
output plot as a presence value. The threshold for the MAXENT method was set at a
comparatively higher 0.38, meaning that only the most climatically suitable of the areas
highlighted in the raw MAXENT output were denoted a presence value. This difference in
threshold explains the pattern we see where MAXENT presence/absence predictions appear
to be more conservative for Australia, South Africa, and South America (Figure 3). By contrast,
in New Zealand the MAXENT method’s raw values of habitat suitability were so high that even
with a more restrictive threshold, the areas denoted a presence status were larger than those
resulting from the BIOCLIM method. Despite these differences in the final outputs both
models predict areas that experience more mild average annual temperatures and are drier
in the cooler months to be more suitable for the establishment of P. dominula. Both models
predict a range expansion of P. dominula throughout the southern hemisphere.

Polistes dominula has been shown to be an important predator of invertebrates. They
have been linked to the decline of invertebrates in invaded ranges around the world (Stamp
and Bowers 1988, Pilowsky and Starks 2018, Baker and Potter 2020). This is a pattern seen in

invasive social wasp species due to their predatory behaviour and ability to reach high
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population densities (Beggs et al. 2011, Parent et al. 2020). With this species’ continued range
expansion, it is likely that P. dominula will compound existing pressures to native invertebrate
fauna across the southern hemisphere. Molecular diet analysis performed on related Polistes
species, also invasive to New Zealand, showed that both native and introduced Lepidopteran
species made up the largest portion of their diets (Ward and Ramdn-Laca 2013, Lefort et al.
2020). Over half of all of New Zealand’s threatened native Lepidopterans are found on the
east coast of the South Island (Stringer et al. 2012), a region that was identified as climatically
suitable for P. dominula by both models. The seasonal nature of the P. dominula lifecycle
(Gamboa et al. 2002, Hocherl and Tautz 2015) means only those prey species that are
abundant or breed during the summer months are likely to be targeted (Beggs and Rees
1999). This seasonality will still likely impact assemblages of invertebrates in the
predominantly temperate regions that are predicted to be most suitable for establishment of
this species.

Both models predict rather significant areas of climatically suitable habitat across the
southern hemisphere; however, these models have only considered the effects of
temperature and precipitation on P. dominula establishment. Observations from the field in
both native and invaded ranges show that P. dominula appear to preferentially nest near
human habitation (Hocherl and Tautz 2015, Roets et al. 2019). This pattern of synanthropy is
seen in related species (Parent et al. 2020) and has been shown to allow other taxa to invade
regions where environmental conditions are unsuitable (Schapheer et al. 2018). Additional
modelling including human habitation and land-use as variables may be able to produce a
more realistic prediction of P. dominula potential range. Physical barriers, potential corridors,
long-distance dispersal events (natural or human-related), and climatic change may influence
colonization patterns. Polistes dominula was the most commonly reported nuisance wasp
species in Colorado only four years after it was first identified in the state (Cranshaw et al.
2011). This species’ ability to attain high densities close to human habitation could lead to the
potential for an increased rate of human—wasp conflict in these predicted ranges.

Climate-based models such as the ones presented in this paper have been criticized for
not considering biotic interactions when predicting habitat suitability (Godsoe and Harmon
2012, Giannini et al. 2013, Wisz et al. 2013). Other studies consider the presence or absence
of competitors (Pellissier et al. 2010, Bulgarella et al. 2014, Mpakairi et al. 2017). This could

be an important factor to consider in the spread of P. dominula, as other Polistes species are
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found in many of these regions. In southern South America there are 21 other species of
Polistes, South Africa is home to six native species, Australia contains 15 other species while
New Zealand contains two other invasive species of paper wasp (Carpenter 1996). These
other, closely related species represent potential competitors that may impact the likelihood
of establishment by P. dominula regardless of habitat suitability. While P. dominula has been
shown to initially outcompete congener Polistes species, total displacement and replacement
has not been shown to occur. It had been suggested that P. dominula was in the process of
replacing the native Polistes fuscatus in the north-eastern United Sates (Gamboa et al. 2002,
Gamboa et al. 2004, Liebert et al. 2006). A ten-year study of the two species in Michigan, USA,
showed that despite initial displacement of P. fuscatus by P. dominula, populations eventually
stabilized, likely due to the presence of a common parasitoid (Miller et al. 2013). In South
Africa, however, P. dominula continued to outnumber its native counterpart, Polistes
marginalis, and maintain more productive nests despite the higher infection rates by a
parasitoid (Roets et al. 2019). Of the regions discussed in this paper, South America and
Australia already contain a diverse range of Polistes species and so too presumably Polistes

parasites and pathogens, which could have implications on invasion success.

2.6. Conclusion

Despite their relative simplicity, the use of climate based SDMs to predict potential
ranges of species has been shown to provide strong predictive power (Kearney et al. 2010).
Simple models such as these are still useful for making predictions over the broader scale and
where more of the finer details of a species’ ecology are not well understood. This paper
presents the first attempt to use species distribution models to identify potentially suitable
habitat for the establishment of the invasive P. dominula. Information gathered from these
SDMs can help inform governments and conservation groups about the likelihood of P.
dominula establishing in their respective regions. Regions with no known populations of P.
dominula that were highlighted as suitable may invest in early detection and control to
prevent the species from becoming established. Methods used here could be used and built

on in future work to predict the range of other invasive species.
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Chapter 3: DNA Barcoding Reveals the Diverse Prey Community of

Two Invasive Paper Wasps (Hymenoptera: Vespidae)

3.1 Abstract

The European paper wasp (Polistes dominula) is a globally important invasive species that has
recently been discovered in New Zealand. As a generalist predator that can reach high
population densities this species poses a potential risk to New Zealand’s local entomofauna.
In this study we used DNA barcoding to analyse the diet of both P. dominula and the closely
related congener P. chinensis, in order to identify the species these wasps are feeding on in
Nelson, a region of New Zealand where they co-occur. Both wasp species were shown to prey
largely on Lepidoptera species but other orders such as Hemiptera, Diptera, Coleoptera were
also represented. Both native and introduced fauna were represented in the diets of both
wasps, including a number of important agricultural pests. While considerable prey overlap
was identified between both wasps, P. dominula was shown to predate upon a wider range
of prey taxa. The wider prey range of P. dominula, combined with known differences in
nesting behaviour, and typically higher abundance, suggests that P. dominula may represent
a more significant threat to invertebrate diversity than P. chinensis. These wasps are
abundant in some coastal and urban habitats in New Zealand, where they likely consume pest
species as well as species of conservation importance. This is the first diet analysis performed
on P. dominula. Our results will inform conservation and biosecurity managers regarding the
impacts that this invasive paper wasp is having on New Zealand’s local invertebrate

communities.

3.2 Introduction

Predation by invasive species has long been known to negatively impact native
communities (Gorman 1975, Norman 1975, Savidge 1987). This trend is most apparent in
island ecosystems where existing fauna are relatively depauperate and often specialised
(PySek et al. 2017). While invasive mammalian predators often capture the public’s attention,
predatory invertebrates can also have significant impacts on native fauna (Crowder and
Snyder 2010). These impacts are arguably most apparent in Vespidae, whose adaptive

behaviours and ability to reach great population densities make these species particularly
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effective invasive predators (Beggs et al. 2011, Lester and Beggs 2019). Invasive wasps have
repeatedly been shown to exert substantial predation pressure on recipient communities
(Toft and Rees 1998, Beggs and Rees 1999, Wilson et al. 2009, Parent et al. 2020). When
assessing the impacts of an invasive predator it is important to identify what species are likely
to be incorporating into their diet.

Polistes dominula is a species of invasive paper wasp that was recently found in New
Zealand in 2016 (Ministry for Primary Industries 2016). The predatory nature of P. dominula
has been shown to threaten native species in its invaded range (Baker and Potter 2020,
McGruddy et al. 2020). Due to the recent discovery of this species in New Zealand, 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 biodiversity. 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 distributed 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) larvae. These insects comprise a
substantial portion of their diet (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. 2020),
however, it has been suggested that this species has a more generalist diet that that of other
paper wasp species (Cervo et al. 2000, Schenk and Bacher 2002). In New Zealand, Polistes spp.
have been shown to prey on both native and introduced species (Ward and Ramdn-Laca 2013,
Lefort et al. 2020). The presence of P. dominula could add to the threats that New Zealand’s
native invertebrates face, although it could also act as a natural biocontrol for current and
new invasive pests. Polistes spp. have 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). Analysing the diet of this species will improve our
understanding of the potential impacts this new invasive species will have on New Zealand’s
invertebrates.

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 consuming and not always accurate. With the advent of Next Generation DNA
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sequencing technology, it is now possible to inspect diets more thoroughly using DNA
barcoding. This involves sequencing a conserved gene that contains species-specific signature
sequences. The process consists of collecting a diet sample from a target species such as gut
contents of faecal matter. Selected universal primers are then used in the polymerase chain
reaction (PCR) to target specific gene homologues (Valentini et al. 2009). Genes that are
conserved across a wide range of species, such as cytochrome c oxidase subunit 1 (CO1), 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 CO1 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). Next Generation DNA sequencing enables the identification
of many different species in a single sample. This technique has been used widely in both
vertebrate (Zeale et al. 2011, Lyke et al. 2019, Takahashi et al. 2020) and invertebrate groups
(Paula et al. 2016, Nakano et al. 2017, Lafage et al. 2019) to analyse and compare the diets of
different species.

In this investigation we describe and compare the diets of both P. dominula and P.
chinensis in Nelson, New Zealand. This work will help provide insights into the predicted
impacts that a new invader will have on New Zealand’s entomofauna compared to that of an
already established species. This information will inform biodiversity managers about what
kind of impact this wasp will have on New Zealand’s entomofauna by identifying what species

are most at risk of predation.
3.3 Methods

Study site

Larvae of P. dominula and P. chinensis were collected across nine locations near the city
of Nelson, New Zealand (Figure 3.1) over the 2019/2020 summer. These locations were
confined to coastal areas within 200m of the ocean. Vegetation consisted largely of shrubs
with some small trees, representing recovering native coastal vegetation. The composition of
plant species was mainly Myoporum spp., Coprosma spp., and Muehlenbeckia spp., however,
the stage of restoration of these sites varied. At some sites, vegetation was well established
while others had recently been planted, likely influencing wasp and prey species

compositions. Sites were located a minimum of 700m from each other which is regarded to be
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further than the typical foraging distance of other Polistes spp. (Suzuki 1978, Parent et al.
2020).

In November 2019, areas of approximately 1000m? were surveyed for the presence of
paper wasp nests at each of the nine locations (Figure 3.1). 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
1000m?area. Monitoring of species prevalence continued every month over four months until
February 2020. In all, there were three sites of roughly even P. dominula and P. chinensis
occupation, three sites of predominantly P. dominula occupation, and three sites of
predominantly P. chinensis occupation. These sites were created to represent sympatric and
allopatric populations of each wasp species and so were non-randomly selected. Both species
were sampled at sites with approximately equal abundances of wasp species. At the single-
species dominant sites only the wasp species most abundant was sampled. This resulted in

approximately 135 samples of each species in total across all sites.
Sampling

Using forceps, fourth and fifth instar larvae were removed from the nest and placed in a
solution of 90% ethanol 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 consumed 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. Forceps were rinsed and sterilised in an ethanol
solution between each sampling event. One larva was removed from three of each species
nests, 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. Ultimately, 102 Polistes gut samples were prepared for DNA extraction and

further analysis.
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Figure 3.1: Map of sites where Polistes spp. larvae were sampled in Nelson, New Zealand. Blue squares
indicate sites where P. dominula were sampled exclusively, while red squares indicate where P.
chinensis were sampled exclusively. Yellow squares indicate sites where both P. dominula and P.
chinensis were sampled. Base map was retrieved from Google Maps
(https://www.google.co.nz/maps/).

DNA extraction, amplification, sequencing and taxonomic assignment

Following methods outlined in Loope et al. (2019), each gut sample was mechanically
homogenised in a Precellys Evolution homogeniser (Bertin Technologies, France) with two
stainless steel beads, 1mL GENEzol DNA Plant Reagent (Geneaid, Taiwan) and 5pL [3-
mercaptoethanol per tube. Chloroform and isopropanol were used to purify the DNA, which
was then precipitated with 70% ethanol and then resuspended in 100 pL nuclease-free H>0.
DNA concentrations were measured on a NanoPhotometer NP80 (Implen, Germany). Sample
PCR amplification and Next Generation Sequencing were carried out by Custom Science
(Auckland, New Zealand). PCR primers targeting mitochondrial gene, CO1, developed by Zeale
et al. (2011), were used (ZBJ-ArtFlc: GATATTGGAACWTTATATTTTATTTTTGG and ZBJ-ArtR2c:
WACTAATCAATTWCCAAATCCTCC). These taxon-specific primers amplify a 157 base-pair (bp)

region, and have been successfully used to identify arthropod prey in bat faecal samples
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(Zeale et al. 2011, Alberdi et al. 2020). Of the 102 Polistes gut samples sent, 58 amplified
successfully (30 P. dominula and 28 P. chinensis) and were sequenced on a HiSeq platform
(Hlumina, USA) generating 150 nucleotide paired end reads.

Taxonomic assignment was performed using BLAST searches in the NCBI database to
generate Molecular Operational Taxonomic Units (MOTU). MOTU sequences were identified
to genus level. As we cannot rule out that a single MOTU represents multiple species they are
presented as the genus named followed by the “spp.” qualifier (for example “Lycaena spp.”).
Most alignments were clustered around 157bp, the expected length of the amplicon
generated by the CO1 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 100bp long were retained for analysis. MOTUs with BLAST matches less than 98%
percent identity were removed (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. The presence-absence table was
constructed using these remaining reads to be used as an overall diet community. Presence-
absence data were used to reduce the impact caused by recovery bias during DNA
amplification and sequencing (Pompanon et al. 2012). For statistical analyses, however, this
prey taxa community 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
importance 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’ diets can be shown while

not impacting the validity of statistical analyses.
Data Analysis

A Permutational Multivariate Analysis of Variance (PERMANOVA) test using Bray Curtis
indices was performed (Oksanen et al. 2019) using the subset diet communities of taxa that
made up over 1% of reads in a sample. The relative read abundance of each of the MOTUs in
this subset was set as the dependent variable with wasp species, site and month of sample
collection set as independent variables. The number of permutations was set to 9999.

To assess the completeness and diversity of each wasp diet, a species accumulation curve

was constructed using the ‘speccaccum’ function in the ‘vegan’ package (Oksanen et al. 2019)
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in R version 4.0.2 (R Core Team 2020). These curves show the diversity of taxa found with
increasing sample size. These 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. Overlapping curves indicate both species prey on a similar diversity of taxa
while non-overlapping curves may indicate that one species is more generalist than the other.
In addition, MOTUs identified from samples of both species were plotted as Venn diagrams
to visually assess the dietary overlap of both species with the results analysed using a two-
sample proportion test. For all statistical tests, significance was considered at any p-value less

than 0.05.
3.4 Results

DNA sequencing identified a total of 26,596,280 reads across 58 samples (30 from P.
dominula and 28 from P. chinesis). After filtering out reads identified as belonging to Polistes
spp., 27% (7,260,112) of the reads remained. Filtering reads shorter than 100bp left a total of
7,193,653. Reads were also removed if they had a match percent identity of less than 98%,
resulting in 3,214,149 reads. These corresponded to 315 distinct MOTUs representing 10

taxonomic Orders, 50 Families and 299 genera (Appendix A).

Across all samples from both species, 289 of the 315 MOTUs were taxa within the Order
Lepidoptera. Unsurprisingly, this Order was the most represented across all wasp samples
with taxa from this Order being found in all gut samples of both Polistes species (Figure 3.2).
Studies analysing the diet of Polistes spp. have repeatedly shown that these wasps are
lepidopteran specialists (Kasper et al. 2004, Ward and Ramdn-Laca 2013, Oliveira et al. 2017,
Jeon et al. 2019, Southon et al. 2019, Parent et al. 2020). The next most represened Order
across all samples was Diptera (flies), with 10 of the 315 MOTUs falling within this group. Taxa
from this order were found in 20 (67%) samples from P. dominula, and 16 (57%) samples from
P. chinensis. Despite only four of the 315 MOTUs belonging to the Order Hemiptera (true
bugs), these taxa were found in 24 (80%) samples from P. dominula and 16 (57%) from P.
chinensis. Other Orders represented in both species’ diets included Coleoptera (beetles),
Araneae (spiders), Mantodea (mantids), Orthoptera (crickets, wéta and grasshoppers) and
Hymenoptera (ants, bees and wasps). The order Neuroptera (net-wing insects) was

represented from just one P. chinensis sample while another sample from P. dominula
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contained a MOTU belonging to the order Apusomonadida (protozoan zooflagellate). This
protozoan taxon is not likely a true prey item for these wasps but was likley present within

other prey or in the surrounding environment and so was identified in the wasp larvae’s gut

contents.
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Figure 3.2: Proportion of samples that contain 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. Blue bars represent Polistes
dominula samples (n=30) while the red bars represent P. chinensis samples (n=28). Polistes spp. reads
were excluded prior to this analysis and so Hymenoptera refers to non-Polistes taxa.



Of the 315 MOTUs identified overall, 45 were found to make up over 1% of reads in any
given sample (Table 3.1). 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 blue butterflies (Zizina spp.), New Zealand cicadas (Kikihia spp.), owlet moths
(Ectopatria spp.), magpie moths (Nyctemera spp.) and leaf roller moths (Holocola spp.). Other
native taxa that were less common but still represented were New Zealand mantids
(Orthodera spp.), biting midges (Forcipomyia spp.) and Braconid wasps (Diolcogaster spp.),
the latter two taxa containing parasitic species that may have entered the diets of wasps
through parasitised prey. Non-native taxa included owlet moths (Leucania spp. and
Thysanoplusia spp.), apple looper moths (Phrissogonus spp.) and gum moths (Opodipthera
spp.). Some of these introduced taxa include genera that contain agricultural pests such as
the light brown apple moth (Epiphyas postvittana) and the cosmopolitan army worm
(Mythimna separata). MOTUs such as these are able to be identified to species level as they
are the only species of their genus in New Zealand, however, this is not possible for all taxa.
Interestingly, a genus of fly (Trigonospila spp.) was identified in the diet of both wasp species
with a member of this genus, T. brevifacies, imported to New Zealand as biocontrol for
invasive pests such as the light brown apple moth (Shaw et al. 2001). Some taxa that were
identified 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 database. In
this case, the closest DNA match on the database 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, we find no reason to remove it from the results.
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Table 3.1: List of MOTUs identified from DNA that made up at least 1% of the non-wasp reads extracted from a given sample. If available the Order, Family
and genus name are provided for each MOTU with the lowest taxonomic unit identified used to describe the MOTU. Counts of how many wasp larvae samples
these MOTUs were found in are presented as well as a break down for each wasp species. The status column reports the origins of the MOTUs that were
identified to genus level (native or introduced to New Zealand). If a MOTU is considered a pest, then that qualifier is also shown where known using the New
Zealand Organism Registry (http://www.nzor.org.nz/). Some genera contain both native and introduced species and this is indicated.

Order Family Genus MOTU Count P. dominula | P. chinensis | Status
Lepidoptera Lycaenidae Zizina Zizina spp. 35 18 17 Native
Lepidoptera Noctuidae Leucania Leucania spp. 27 10 17 Introduced
Hemiptera Cicadidae Kikihia Kikihia spp. 24 14 10 Native
Lepidoptera Geometridae Phrissogonus Phrissogonus spp. 24 9 15 Introduced
Lepidoptera Noctuidae Ectopatria Ectopatria spp. 23 10 13 Native
Lepidoptera Tortricidae Epiphyas Epiphyas spp. 16 7 9 Introduced (Pest)?!
Lepidoptera Noctuidae Thysanoplusia Thysanoplusia spp. 16 7 9 Introduced (Pest)?
Lepidoptera Erebidae Nyctemera Nyctemera spp. 15 10 5 Native
Lepidoptera Tortricidae Holocola Holocola spp. 11 4 7 Native
Lepidoptera Unclassified Unclassified Lepidoptera 10 5 5 -
Lepidoptera Noctuidae Agrotis Agrotis spp. 9 5 4 Native/Introduced
Lepidoptera Noctuidae Mythimna Mythimna spp. 9 3 6 Introduced (Pest)3
Lepidoptera Geometridae Chloroclystis Chloroclystis spp. 7 1 6 Native/Introduced
Mantodea Mantidae Orthodera Orthodera spp. 7 5 2 Native
Lepidoptera Saturniidae Opodiphthera Opodiphthera spp. 6 4 2 Introduced
Lepidoptera Geometridae Unclassified Geometridae 5 2 3 -
Diptera Agromyzidae Cerodontha Cerodontha spp. 4 2 2 Native/Introduced
Lepidoptera Noctuidae Unclassified Noctuidae 4 4 0 -
Hemiptera Aphrophoridae Philaenus Philaenus spp. 4 0 4 Introduced
Diptera Tabanidae Unclassified Tabanidae 4 2 2 -
Lepidoptera Lycaenidae Lycaena Lycaena spp. 3 2 1 Native
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Lepidoptera Choeutidae Tebenna Tebenna spp. 3 0 3 Native
Lepidoptera Tortricidae Unclassified Tortricidae 3 3 0 -
Lepidoptera Nolidae Uraba Uraba spp. 3 1 2 Introduced (Pest)*
Lepidoptera Crambidae Achyra Achyra spp. 2 2 0 Introduced
Lepidoptera Geometridae Atmosceras Atmosceras spp. 2 0 2 Not listed
Coleoptera Coccinellidae Coccinella Coccinella spp. 2 1 1 Native/Introduced
Araneae Theridiidae Cryptachaea Cryptachaea spp. 2 2 0 Introduced
Lepidoptera Geometridae Declana Declana spp. 2 2 0 Native

Diptera Ceratopogonidae | Forcipomyia Forcipomyia spp. 2 2 0 Native

Diptera Syrphidae Melanostoma Melanostoma spp. 2 0 2 Native

Diptera Tachinidae Trigonospila Trigonospila spp. 2 2 0 Introduced
Lepidoptera Geometridae Arcobara Arcobara spp. 1 0 1 Not listed
Lepidoptera Coleophoridae Coleophora Coleophora spp. 1 0 1 Introduced (Pest)®
Lepidoptera Noctuidae Ctenoplusia Ctenoplusia spp. 1 1 0 Introduced
Hymenoptera Braconidae Diolcogaster Diolcogaster spp. 1 1 0 Native
Lepidoptera Erebidae Egone Egone spp. 1 1 0 Not listed
Lepidoptera Saturniidae Gamelia Gamelia spp. 1 1 0 Not listed
Lepidoptera Tortricidae Merophyas Merophyas spp. 1 1 0 Native/Introduced
Lepidoptera Geometridae Peribatodes Peribatodes spp. 1 1 0 Not listed

Diptera Syrphidae Platycheirus Platycheirus spp. 1 0 1 Native
Lepidoptera Geometridae Scopula Scopula spp. 1 1 0 Native
Lepidoptera Noctuidae Thoracolopha Thoracolopha spp. 1 0 1 Not listed
Unclassified Unclassified Unclassified Unclassified 1 1 0 -
Lepidoptera Pyralidae Vincia Vincia spp. 1 1 0 Native

(Suckling and Brockerhoff 2010)! (Cameron et al. 2008)? (Sharma and Davies 1983)3 (Berndt and Allen 2010)* (Chynoweth et al. 2018)°
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Figure 3.3: Accumulation curves fitted using the rarefaction method showing the number of
unigue MOTUs (+ 95% Cl) expected to be found in increasing numbers of wasps sampled at
all sites (a), and at sympatric sites only (b). Blue shows the accumulation curve for P. dominula
while red shows the curve for P. chinensis. Although there are more P. dominula samples, the
two curves diverge from one another. This pattern indicates that P. dominula samples
typically contain more identified taxa on average than those from P. chinensis.

When accumulation curves were plotted using the full range of MOTUs identified in wasp
larvae, P. dominula samples consistently contained a higher diversity of MOTUs than P.
chinensis samples (Figure 3.3). This pattern was repeated again when only samples from

sympatric sites were considered. The two curves differed significantly with minimal overlap
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in confidence intervals.The species accumulation curve did not reach a plateau for either
wasp, suggesting that additional taxa are likely to be present in the diets of both wasp species.
Across all sites, of the 315 unique MOTUs that were identified, 252 (80%) were found in P.
dominula samples with 175 (55%) identified from P. chinensis samples. These results indicate
that the diet of P. dominula is significantly more diverse than that of P. chinensis (two-sample
proportion test of no difference: z= 6.564, p-value <0.001). In terms of diet overlap, 112 (36%)
MOTUs were present in both P. dominula and P. chinensis diets. This overlap indicates that P.
dominula shares 44% of its diet with P. chinensis, while P. chinensis shares 64% of its diet with
P. dominula (two-sample proportion test of no difference: z=-3.980, p-value <0.001) (Figure

3.4).

MOTUs in Polistes spp. diets

P. dominula P. chinensis

Figure 3.4: Venn diagram of the distribution of MOTUs between the diets of P. dominula
(n=30) and P. chinensis (n=28) across all sites sampled. Three hundred and fifteen MOTUs
were found to be present in wasp larvae gut samples. Two hundred and fifty two (80%) of
these MOTUs were found in the diet of P. dominula while 175 (56%) were found in that of P.
chinensis. The diet of P. dominula was found to be significantly more diverse than P. chinensis
(two-sample proportion test: z=6.564, p-value<0.001).

To ensure these differences were not a result of differences in prey availability between
sites, analyses were repeated with data from sites where both species were found in roughly
the same abundances, therefore, we assume they had access to the same prey. At these sites,
227 unique MOTUs were identified with 175 (77%) found in P. dominula samples and 135
(59%) found in sample from P. chinensis (Figure 3.5). These results similarly indicated that the

diet of P. dominula is more diverse than that of P. chinensis (two-sample proportion test:

z=4.03, p-value<0.001). Of the 227 MOTUs, 83 (37%) were found in both P. dominula and P.
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chinensis diets (Figure 3.5). A similar pattern was once again observed in terms of diet overlap,
with P. dominula sharing 47% of its diet with P. chinensis, while P. chinensis sharied more with
61% of its diet also consumed by P. dominula (two-sample proportion test of no difference:

z=-2.460, p-value =0.014).

MOTUs in Polistes spp. diets at sympatric sites

P. dominula P. chinensis

Figure 3.5: Venn diagram of the distribution of MOTUs between the diets of P. dominula
(n=15) and P. chinensis (n=14) in sympatric sites only. Two-hundred and twenty seven of the
315 MOTUs identified were present in samples from these sites with 175 (77%) of these being
found in the diet of P. dominula and 135 (60%) being found in that of P. chinensis. The diet of
P. dominula was found to be significantly more diverse than P. chinensis in sympatric sites
(two-sample proportion test: z=4.03 p-value <0.001).

The interaction term between species and site was significant (PERMANOVA: F=1.600,
df=2, p-value=0.044). This result suggests that, given prey availability differed from site to
site, the prey utilised by each wasp species was different. We attempted to look for any effect
of when larvae were sampled by including a term that represented the month of sample
collection, however, month of collection was not found to be significant (PERMANOVA:
F=1.0008, df=2, p-value=0.445). We did not detect an effect of month sampled on the wasps’
diet. This result is likely due to the low number of comparable samples across species, sites

and months rather than a true reflection of foraging patterns.

3.5 Discussion

Our study shows that P. dominula and P. chinensis consume many of the same prey taxa
in Nelson, New Zealand. Polistes dominula does appear, however, to consume a wider range
of prey than P. chinensis. As generalist predators, both wasps likely preyed on species that

were most commonly available in a given habitat. These results suggest that the
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establishment of P. dominula will likely negatively impact many of the same species already
predated upon by P. chinensis but additionally other potentially rarer species in the
environment.

Lepidoptera (butterflies and moths) made up the majority of prey for both species, an
expected pattern based on the findings of similar analyses performed on P. chinensis (Ward
and Ramodn-Laca 2013, Lefort et al. 2020), from the observations of P. dominula 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). Two-hundred and
eighty-nine (92%) of the taxa identified belong to the Order Lepidoptera. Of these taxa, both
native and introduced genera were represented. Zizina is a genus containing species such as
the native blue butterfly (Z. labradus) and was found in 23 out of 30 (77%) P. dominula
samples and in 21 of 28 (75%) P. chinensis samples. This species is one of the most common
butterflies in New Zealand due in part to its similarly 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 butterflies in Nelson, New
Zealand (McGruddy et al. 2020). 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, however,
increase the incidences of predation of native species by introduced wasps.

Another highly represented genus was Epiphyas, which is solely represented in New
Zealand by the light brown apple moth (Epiphyas postvittana), a globally important pest
species (Suckling and Brockerhoff 2010). This genus was found to be represented in 70% and
64% of P. dominula and P. chinensis samples, respectively. Four other pest species were also
found to make up a significant portion of Polistes spp. diets (Table 3.1). 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 even been linked to the recent
eradication of the invasive great white butterfly (Pieris brassicae), in New Zealand (Phillips et
al. 2020). While Polistes spp. prey on pest species, they also feed on a wide range of other

native and endemic species, reducing their effectiveness as a method of targeted pest control
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(Gould and Jeanne 1984, Southon et al. 2019). In New Zealand, the threat these wasps pose
to native biodiversity likely outweighs the benefits they could provide by controlling other
invasive species (Maclntyre and Hellstrom 2015, Lester 2018).

Many important herbivores were found to be present in the diet of both species.
Lepidoptera, as discussed above, are important herbivores and pollinators. Hemiptera,
especially cicadas (Kikihia spp.), were also shown to be significant components of Polistes’
diets. Despite only four out of 315 MOTUs identified as taxa belonging to Hemiptera, this
Order was represented in 24 (80%) samples from P. dominula and 16 (57%) 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 invertebrate 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 communities through
trophic cascades. It has been shown that in the Nelson region, predation pressure 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 plants reproductive
fitness was increased (McGruddy et al. 2020). The flow-on effects produced by these invasive
predators may affect more ecological communities across New Zealand 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 957g of prey per ha over a season from New Zealand ecosystems (Clapperton
1999). It is likely that P. dominula 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). P. chinensis is
much less likely to exhibit this behaviour, with as low as 1.5% of nests containing multiple
foundresses (Hoshikawa 1979). McGruddy (2021) 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
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predation pressure on New Zealand’s invertebrates, presenting a greater threat to local
invertebrate diversity than P. chinensis.

Wasp populations can be heavily impacted and structured by interspecific competition
(Beggs et al. 2011). It has been suggested that competition between invasive P. dominula and
resident Polistes species could explain the pattern of declines in native Polistes species where
they co-occur (Gamboa et al. 2002, Gamboa et al. 2004, Downing 2012, Benadé et al. 2014,
Pilowsky and Starks 2018, Roets et al. 2019). Quantifying the degree of diet overlap has been
used to measure the degree of competition in a wide range of systems (Spitz et al. 2006,
Sampson et al. 2009, Museth et al. 2010, Ustups et al. 2016). An overlap in diet coupled with
the higher colony productivity of P. dominula means that these wasps likely exert a high
degree of competitive pressure on other Polistes species as well. It is therefore possible that
the establishment of P. dominula in New Zealand could lead to declines in other Polistes spp.
populations due to competitive exclusion. Long-term research looking at the population
dynamics of the two species and direct observations of changes to reproductive fitness would
be required to confirm competition is occurring here (Wojcik et al. 2018). So far, both wasp
species have coexisted in the Nelson region for several years with no evidence of any large-
scale exclusion. Although there are allopatric and sympatric populations of each species,
dispersal over time and space will likely bring these species increasingly into sympatry.

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
translocated to sites close to human habitation and coastal sites were more productive and
had higher survival rates than those in forested habitats (McGruddy 2021). The same research
found no naturally occurring Polistes spp. 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). The species that inhabit open and more
human-altered habitats may experience higher predation with the establishment of one or

both Polistes wasps.
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3.6 Conclusion

In this study, DNA barcoding was used to analyse the diet of two species of invasive wasps
in Nelson, New Zealand. Both wasp species were shown to prey largely on Lepidoptera
species, but other orders were represented including Hemiptera, Diptera, Coleoptera and
others. Prey identified in this study consisted of both native and introduced taxa, some
containing important agricultural pests. Prey taxa tended to vary depending on where wasps
were sampled, indicating that both species likely preyed on invertebrates that were most
common in an environment, which is typical of generalist predators (Schenk and Bacher
2002). While the two species were shown to overlap in diet, P. dominula was shown to have
wider prey range. The wider prey range combined with differences in nesting behaviour
indicates that P. dominula likely represents a more significant threat to New Zealand’s local
invertebrate fauna than the already well-established P. chinensis. These results also raise
guestions surrounding potential competition between the two wasp species. More research
is required to identify how the presence of the recent invader, P. dominula impacts the
reproductive fitness of P. chinensis. This is the first molecular diet analysis preformed on P.
dominula and results found here may inform conservation and biosecurity managers on the
impact that invasive paper wasps are having on New Zealand’s local invertebrate

communities.

54



Chapter 4: General Discussion

In this thesis, | first predicted the extent of climatically suitable habitat for the
establishment of Polistes dominula. In the following chapter, | described the diet composition
of P. dominula and its related congener P. chinensis in Nelson, New Zealand.

In chapter 2, bioclimatic modelling identified suitable ranges throughout the southern
hemisphere for the establishment of P. dominula. In many cases the range identified was
outside of areas where the species is currently found, indicating the potential for this species
to expand its range. This information is most relevant to New Zealand as P. dominula has only
recently established in the country over the last decade. New populations are still being
discovered across New Zealand, with the results from this chapter hinting we are likely to find
more.

In chapter 3, diet analysis showed that P. dominula preys on a wide range of invertebrates
in Nelson, New Zealand. Taxa belonging to the insect order Lepidoptera (butterflies and
moths) made up the majority of their prey. Other orders such as Hemiptera (true bugs) and
Diptera (flies) also made up a considerable portion of their diet. The prey range of P. dominula
overlapped considerably with that of P. chinensis, however, P. dominula was found to contain
a higher diversity of taxa in their diet than P. chinensis. This result suggests that the newly
invasive P. dominula potentially poses a higher threat to local invertebrate species than that
of the already well-established P. chinensis.

In this section of my thesis, | will discuss how these findings can inform us about the
potential impacts of this new invasive species, make recommendations about the future

management of this wasp and suggest key avenues of future research.

4.1 Polistes dominula spread and their impact on local species

Polistes dominula is a very successful invader, spreading from their native range to every
continent except Antarctica (Carpenter 1996, Buck et al. 2008). A high reproductive output,
generalist feeding behaviours and phenological plasticity appear to allow P. dominula to
readily establish in new environments (Cervo et al. 2000, Beggs et al. 2011, Lester and Beggs
2019). Bioclimatic modelling, performed in chapter 2, identified large areas of New Zealand,
and other regions in the southern hemisphere, that were climatically suitable for the

establishment of P. dominula but have not yet been colonised. This wasp is a synanthropic
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species, preferring to nest in human-altered habitats (Gamboa et al. 2005, Roets et al. 2019).
McGruddy (2021) found that Polistes spp. were absent from forested habitats with no nests
discovered in any areas searched. In a follow up experiment, nests were translocated to
forested habitats. Translocated nests experienced high levels of mortality and much reduced
productivity compared to nests in more human-dominated sites. A similar pattern has also
been observed in P. dominula populations of North America (Gamboa et al. 2005).
Furthermore, Polistes wasp abundance in New Zealand has been shown to be negatively
correlated with forest canopy cover (Schmack et al. 2020). With the increasing spread of
human influence across New Zealand and the world, invasive species are able to spread and
establish across more of the globe (Cordonnier et al. 2020, Bertelsmeier 2021). These findings
suggest that P. dominula is likely to spread across New Zealand and impact insect
communities across a greater geographic range than they currently exist, especially in human-
dominated habitats.

Not all impacts of increased P. dominula establishment in New Zealand are likely to be
negative. Polistes spp. have been shown to prey on agriculturally important pests (Gould and
Jeanne 1984, Oliveira et al. 2017, Prezoto et al. 2019, Southon et al. 2019) and it is possible
that some horticultural industries may benefit from the spread of this wasp. Phytophagous
insects make up nearly 50% of all non-native insects in New Zealand (Edney-Browne et al.
2018) and cost the country as much as $880 million per year in pest control and damages to
crops (Barlow et al. 2002b). Diet analysis conducted in chapter 3, and in other studies (Kasper
et al. 2004, Ward and Ramodn-Laca 2013, Jeon et al. 2019, Lefort et al. 2020) have shown that
Polistes spp. prey on a range of phytophagous taxa including non-native taxa and agricultural
pests. The light brown apple moth (Epiphyas postvittana) is one such globally important pest
species (Suckling and Brockerhoff 2010) that was identified in the diets of these wasps. The
establishment of P. dominula across more of New Zealand may lead to a reduced likelihood
of other non-native species or agricultural pests establishing. Polistes dominula has already
been linked to the reduction in exotic butterfly numbers including an agricultural pest species,
the cabbage white butterfly (Pieris rapae), in New Zealand (McGruddy 2021). Invasive wasps
such as Vespula spp. and Polistes chinensis were linked to the suppression of and eventual
eradication of the large white butterfly (Pieris brassicae) in Nelson, New Zealand (Phillips et
al. 2020). Bioclimatic modelling identified horticulturally important regions such as Waikato,

Bay of Plenty, Hawke’s Bay and Otago as suitable for the establishment of these wasps. As

56



these wasps establish across more of the country, new predation pressures may act to control
some agricultural pests, potentially benefitting some industries in these regions.

Diet analysis showed that P. dominula preyed on a number of native species. Genera
containing native species such as blue butterflies (Zizina spp.), copper butterflies (Lycaena
spp.), lichen moths (Declana spp.), and others were identified in the diets of both Polistes
species. Species found in open habitats such as coastal and human-altered environments are
likely most at risk of predation. Studies in Nelson, New Zealand, showed these habitats were
most suitable for the establishment of P. dominula (McGruddy 2021), while prey experienced
highest predation pressure by P. dominula in these habitats (McGruddy et al. 2020). Over 60%
of New Zealand'’s ‘at-risk’ butterfly and moth species are found in open shrubland/grasslands
and coastal habitats (Patrick and Dugdale 2000) that appear vulnerable to P. dominula
establishment. In chapter 2, it was predicted that much of the eastern South Island of New
Zealand was climatically suitable for P. dominula to survive. This region contains over half of
New Zealand’s threatened native butterflies and moths (Stringer et al. 2012). Species
especially vulnerable include those that inhabit small ranges especially in coastal habitats. For
example, Notoreas peromata is a species of moth endemic to small coastal habitats around
New Zealand. The species is made up of a several vulnerable and endangered subspecies such
as Notoreas peromata subsp. “Castlepoint” and subsp. “Cape Turnagain” found only in two
small areas of coastal habitat in the North Island (Hoare et al. 2017). Similarly, a species of
copper butterfly, Lycaena sp. “Chrystall’s Beach” is found only at one location on the east
coast of the South Island (Hoare et al. 2017). This species could be especially vulnerable to
predation by P. dominula, with Lycaena spp. being well represented in the diet of these wasps
according to the results found in chapter 3. Additionally, bioclimatic modelling in chapter 2
has predicted the ranges of these threatened lepidopterans to be suitable for the
establishment of P. dominula. The spread and establishment of P. dominula could lead to the
population decline of other species also found in small and vulnerable habitats.

Native species that inhabit coastal and human-altered habitats may not be the only ones
at risk. Forest dwelling species may also face increased predation in certain areas. Nests of
Polistes spp. have been observed on manmade structures built close to forested habitat
(Figure 4.1) suggesting that workers could forage around forest edges. In this way, P.
dominula could potentially prey on forest species that would otherwise be considered safe

from predation by these wasps. Through the exploitation of habitat edges, other invasive
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species have been shown to impact ecosystems, even where conditions are unfavourable. For
example, Argentine ants (Linepithelma humile) were shown to permeate up to two-hundred
metres into habitat at forest edges that was otherwise unsuitable for nesting or year round
habitation (Holway 2005). With accelerating spread of human influence and habitat
fragmentation, invasive species such as Polistes dominula are more able to expand their range
and utilise more diverse prey in a variety of habitats. The forest ringlet (Dodonidia helmsii) is
a species of forest dwelling butterfly that is threatened in New Zealand (Stringer et al. 2012).
Invasive wasps (Vespula spp.) have been noted as predators of this species (Griffiths et al.
2017, Hare et al. 2019). In smaller forest fragments and at forest edges, Polistes spp. could
also impact forest ringlet butterfly populations, especially at forest edges, as these wasps

establish populations across more of New Zealand.

Figure 4.1: This Polistes dominula nest (left) was one of three observed around this building at Fringed
Hill (-41.310098, 173.317058) in Nelson, New Zealand. The nest’s position is indicated by the red arrow
in the right image. The structure sits in a clearing at an elevation of 793m between a pine plantation
and beech-forest that adjoins the Richmond Hill Forest park. Polistes dominula typically nest in human-
dominated habitats especially in urban areas, however wasps on nests such as this one may prey on
forest dwelling species at habitat edges. Photos by Matthew Howse (2020).

4.2 Implications for management

The research carried out in this thesis represents two firsts in the study of Polistes
dominula with implications to how the species is managed in the future. My results could
inform the early detection and mitigation of the impacts of P. dominula establishment across

New Zealand. Chapter 2 represents the first time that bioclimatic modelling has been used to
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identify potentially suitable habitat for this species. Models of this kind have been used to
predict ranges of invasive species (Lozier and Mills 2011, @rsted and @rsted 2019, Curry et al.
2020) and are increasingly being used to inform conservation and biosecurity decisions
(Guisan et al. 2013). The results of my modelling could inform biosecurity managers to
prioritise resources in certain regions deemed more suitable for the establishment of this
wasp. The molecular diet analysis carried out in chapter 3 is the first such work attempted on
P. dominula in New Zealand and globally. This work, in conjunction with the habitat modelling,
could be used to identify species most at risk of predation by P. dominula. Research has
already shown that these wasps can reduce populations of butterflies in New Zealand
(McGruddy et al. 2020), while similar diet studies have informed management decisions in
the past (Egeter et al. 2019). Based on these findings we recommend that increased
protection be afforded to high priority species in vulnerable habitats such as Notoreas
peromata subsp. “Castlepoint”, N. peromata subsp. “Cape Turnagain”, and Lycaena sp.
“Chrystall’s Beach”.

Additional education provided to the public may allow biosecurity and conservation
managers to monitor the spread of this species across New Zealand. As this is a synanthropic
species (Hocherl and Tautz 2015, Roets et al. 2019), more of the general public will likely come
into contact with this species as it expands its range. If the public are aware of, and able to
identify this species, they may be more likely to report it and help quantify its range
expansion. Programs already in place such as the “Wasp Wipeout” have had success in
increasing public awareness and support of wasp control throughout New Zealand (Mercier
et al. 2019). This program in particular was instrumental in the data collection phase of this
thesis and other research conducted (McGruddy et al. 2020, McGruddy 2021). News articles
published under the Wasp Wipeout program led to public engagement that provided data for
the monitoring of Polistes spp. populations in Nelson over two summers (Bohny 2019, 2020).
Citizen science initiatives have been used to monitor invasive wasps overseas, providing high
quality data, quicker than traditional methods (Sumner et al. 2019). The implementation of
such programs will help to inform future management and control of these wasps as well as

understanding its effects on species of conservation importance.
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4.3 Limitations and suggestions for future study

The results described in this thesis also represent a starting point for future avenues of
research. Modelling techniques and methods of diet analysis used in this study could be
improved upon to provide more accurate predictions of habitat suitability and diet
composition. Current climate-based models fail to recognise the importance of biotic
interactions in the establishment of species in new environments (Godsoe and Harmon 2012,
Giannini et al. 2013, Wisz et al. 2013). Future models should aim to consider these interactions
to improve the accuracy of predictions made. Land-use type and potential invasion pathways
may also be considered to allow for more accurate predictions of range expansion and
invasion risk (Barbet-Massin et al. 2012b, Tingley et al. 2018). Similarly, additional diet
analysis of wasps from a broader range of locations across New Zealand would also provide a
more representative picture of what species are being consumed here. More long-term
studies on prey populations may provide insight into how different species are impacted by
the establishment of P. dominula.

Polistes dominula has been linked to the declines of other Polistes species where they
have become established overseas (Gamboa et al. 2004, Downing 2012, Benadé et al. 2014,
Pilowsky and Starks 2018, Roets et al. 2019). In chapter 3, molecular analysis showed a
significant overlap in the diets of P. dominula and P. chinensis in New Zealand and other
research has shown P. dominula nests to be more productive and experience higher survival
rates than those of P. chinensis (McGruddy 2021). Large diet overlaps have been used as a
proxy for competition before (Spitz et al. 2006, Sampson et al. 2009, Museth et al. 2010,
Ustups et al. 2016) and observations from the field in New Zealand, as well as trends observed
overseas (Gamboa et al. 2004, Downing 2012, Benadé et al. 2014, Pilowsky and Starks 2018,
Roets et al. 2019) hint at the possibility of competitive exclusion occurring in this newly
invasive range. More focussed and long-term studies of both species’ population dynamics
are required to identify if such a pattern is occurring in New Zealand.

The results of this thesis suggest that Polistes dominula is likely to become invasive across
much of New Zealand. The potential threat this species poses to local invertebrates is
concerning as there are currently no effective methods to control Polistes wasps. Current
wasp control methods such as the fipronil based Vespex® rely on wasps’ scavenging

behaviours to take the toxic bait away and distribute it throughout the nest (Edwards et al.
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2017). Polistes spp. do not scavenge carrion as other invasive wasps do (Kasper et al. 2004),
rendering traditional protein-based baits ineffective for these wasps (Toft and Harris 2004).
Work on developing more effective baits has often relied on the use of carbohydrate-based
lures (Sorvari 2013, Brown et al. 2014, Landolt and Zhang 2016, EImquist and Landolt 2018).
The use of these lures to develop a toxic bait is not recommended as carbohydrate-based
baits would also attract beneficial, non-target species such as honey bees (Spurr 1995, 1996,
Wegner and Jordan 2005). Other pheromone-based chemical attractants have been identified
and used to attract wasps, limiting the impact on nontarget species (Buteler et al. 2018,
Elmquist et al. 2020) representing more promising methods of control for these wasps.
Foraging Polistes wasps have been shown to be more attracted to wounded prey items,
suggesting that these wasps may be attracted to chemicals in their prey’s body tissues (Hirose
and Takagi 1980). Similarly, other paper wasps have been shown to use chemicals released
by plants experiencing herbivory to find prey (Cornelius 1993, Saraiva et al. 2017). Developing
a toxic bait is likely the best method to control invasive Polistes wasps. Similar baits developed
for invasive Vespula wasps experience high levels of success (Hanna et al. 2012, Edwards et
al. 2017) while methods like trapping foraging wasps have been found to be ineffective (Toft
and Harris 2004). More work is required to isolate specific compounds that can be used to
develop an effective bait for Polistes wasps. Continued research into their diet and behaviour
may uncover associations and chemicals that could be used in the development of an
effective control method.

Similar to the development of effective baits and lures, biocontrol options are currently
being investigated. Entomopathogenic fungi such as Beauvaria bassinia has been shown to
infect P. dominula under laboratory conditions (Manfredini et al. 2013, Van Zyl 2016,
Mhlongwe 2018). Insect parasites and parasitoids have also been shown to infect P. dominula
(Hughes et al. 2010, Miller et al. 2013, Benadé et al. 2014). As many as 25% of overwintering
P. dominula queens were found to be parasitised by the strepsipteran parasite, Xenos
vesparum, which can prevent reproduction the following season (Hughes et al. 2010). The
parasitic wasp, Dibrachys cavus was found to parasitise as many as 51% of P. dominula nests
(Miller et al. 2013). While these parasites can exhibit relatively high infection rates they often
do not lead to significant mortality or reduction in wasp populations. More research is

required to develop an effective control method for this species.
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Appendices

Appendix A: Table of the 315 MOTUs identified within the guts of Polistes dominula (n=30)
and P. chinensis (n=28) larvae across all nine sites in Nelson, New Zealand. Prey taxa were

identified down to genus level where possible.

Order Family Genus MOTU P. dominula | P. chinensis
Apusomonadida | Thecamonas Unclassified Thecamonas v
Araneae Theridiidae Cryptachaea Cryptachaea spp. 4 v
Coleoptera Coccinellidae Coccinella Coccinella spp. v v
Scymnus Scymnus spp. v
Curculionidae Sitona Sitona spp. v v
Diptera Agromyzidae Cerodontha Cerodontha spp. 4 v
Ceratopogonidae | Forcipomyia Forcipomyia spp. v 4
Unclassified Ceratopogonidae 4
Drosophilidae Drosophila Drosophila spp. v
Sarcophagidae Oxysarcodexia Oxysarcodexia spp. v
Stratiomyidae Inopus Inopus spp. v
Syrphidae Melanostoma Melanostoma spp. v 4
Platycheirus Platycheirus spp. v
Tabanidae Unclassified Tabanidae 4 v
Tachinidae Trigonospila Trigonospila spp. v 4
Hemiptera Aphrophoridae Philaenus Philaenus spp. v v
Cicadidae Amphipsalta Amphipsalta spp. v
Cicadetta Cicadetta spp. 4
Kikihia Kikihia spp. v v
Hymenoptera Braconidae Cotesia Cotesia spp. v
Diolcogaster Diolcogaster spp. 4 v
Meteorus Meteorus spp. v
Lepidoptera Anthelidae Anthela Anthela spp. v
Batrachedridae Unclassified Batrachedridae v
Brahmaeidae Brahmaea Brahmaea spp. 4
Castniidae Synemon Synemon spp. v v
Choreutidae Tebenna Tebenna spp. v v
Coleophoridae Coleophora Coleophora spp. v 4
Cossidae Cryptoholcocerus | Cryptoholcocerus spp. v
Crambidae Achyra Achyra spp. 4 v
Canuza Canuza spp. v v
Crambus Crambus spp. v
Elophila Elophila spp. v
Eudonia Eudonia spp. v v
Maruca Maruca spp. v
Metallarcha Metallarcha spp. v
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Metasia Metasia spp. v
Omiodes Omiodes spp. v
Palpita Palpita spp. v
Sedenia Sedenia spp. 4
Uresiphita Uresiphita spp. v
Depressariidae Eutorna Eutorna spp.
Nites Nites spp. v
Tonica Tonica spp. v
Elachistidae Elachista Elachista spp. v
Stenoma Stenoma spp. v
Unclassified Elachistidae v
Erebidae Acanthodica Acanthodica spp.
Apantesis Apantesis spp. v
Arrade Arrade spp.
Asota Asota spp.
Balacra Balacra spp. v
Bertholdia Bertholdia spp. v
Callindra Callindra spp. v
Dysschema Dysschema spp.
Egone Egone spp. v
Elysius Elysius spp. v
Episcepsis Episcepsis spp. v
Erebus Erebus spp. 4
Eucereon Eucereon spp.
Euchaetes Euchaetes spp. v
Eudesmia Eudesmia spp. v
Eulepidotis Eulepidotis spp. 4
Herminia Herminia spp. 4
Hypocrita Hypocrita spp.
Kodiosoma Kodiosoma spp. 4
Lophocampa Lophocampa spp.
Loxophlebia Loxophlebia spp. v
Melese Melese spp. v
Nyctemera Nyctemera spp. v
Panilla Panilla spp. 4
Pantydia Pantydia spp. v
Phalaenostola Phalaenostola spp. v
Renia Renia spp.
Simplicia Simplicia spp. v
Sosxetra Sosxetra spp. 4
Spilosoma Spilosoma spp. v
Tatargina Tatargina spp. v
Trichromia Trichromia spp. v
Virbia Virbia spp. v
Zanclognatha Zanclognatha spp. v

75



Zelicodes Zelicodes spp. v
Unclassified Erebidae

Euteliidae Paectes Paectes spp. v
Penicillaria Penicillaria spp. 4

Gelechiidae Anarsia Anarsia spp. v
Apatetris Apatetris spp. v
Ardozyga Ardozyga spp. v
Chionodes Chionodes spp. v
Exoteleia Exoteleia spp. v
Gnorimoschema | Gnorimoschema spp.
Hypatima Hypatima spp. v
Macrenches Macrenches spp.
Symmetrischema | Symmetrischema spp. v
Unclassified Gelechiidae v

Geometridae Alcis Alcis spp. 4
Amelora Amelora spp. v
Anisodes Anisodes spp. v
Arcobara Arcobara spp.
Arichanna Arichanna spp. v
Atmoceras Atmoceras spp.
Calluga Calluga spp.
Capusa Capusa spp. v
Celerena Celerena spp. 4
Chiasmia Chiasmia spp. v
Chloroclystis Chloroclystis spp. v
Chrysolarentia Chrysolarentia spp. v
Cnephora Cnephora spp.
Cundinamarca Cundinamarca spp. 4
Cyclophora Cyclophora spp. v
Dalima Dalima spp.
Declana Declana spp. v
Deileptenia Deileptenia spp. v
Dinophalus Dinophalus spp. v
Dysstroma Dysstroma spp. v
Eois Eois spp. 4
Epyaxa Epyaxa spp. v
Eucyclodes Eucyclodes spp. v
Eulithis Eulithis spp. v
Eupithecia Eupithecia spp. v
Glaucoclystis Glaucoclystis spp. 4
Gymnoscelis Gymnoscelis spp. v
Hemipterodes Hemipterodes spp. v
Hypochroma Hypochroma spp. v
Idaea Idaea spp.
Iridopsis Iridopsis spp. v
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Melanolophia Melanolophia spp. v
Microdes Microdes spp. v 4
Myrteta Myrteta spp. v
Neazata Neazata spp. 4
Nebula Nebula spp. v v
Nephodia Nephodia spp. v
Oenoptila Oenoptila spp. v
Oxydia Oxydia spp. v
Ozola Ozola spp. v
Paradromulia Paradromulia spp. v
Patalene Patalene spp. v
Peribatodes Peribatodes spp. v v
Phrissogonus Phrissogonus spp. v v
Phyllodonta Phyllodonta spp. 4
Physocleora Physocleora spp. 4 v
Plesiolaea Plesiolaea spp. v
Poecilasthena Poecilasthena spp. 4 4
Protorhoe Protorhoe spp. v
Psaliodes Psaliodes spp. v 4
Pycnostega Pycnostega spp. v
Pyrinia Pyrinia spp. 4
Scopula Scopula spp. v v
Scotocyma Scotocyma spp. 4
Selidosema Selidosema spp. 4
Simopteryx Simopteryx spp. v
Tacparia Tacparia spp. v
Thalassodes Thalassodes spp. 4
Tolmera Tolmera spp. 4
Xanthorhoe Xanthorhoe spp. v v
Zeugma Zeugma spp. v
Ziridava Ziridava spp. v
Unclassified Geometridae 4 v
Hesperiidae Telemiades Telemiades spp. v v
Immidae Unclassified Immidae v
Lecithoceridae Crocanthes Crocanthes spp. 4
Synesarga Synesarga spp. v
Limacodidae Pantoctenia Pantoctenia spp. v
Lycaenidae Arhopala Arhopala spp. v
Callophrys Callophrys spp. v v
Calycopis Calycopis spp. 4 v
Cupido Cupido spp. v
Hypochrysops Hypochrysops spp. v
laspis laspis spp. v
Lycaena Lycaena spp. v v
Neolycaena Neolycaena spp. v
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Nicolaea Nicolaea spp. v v
Panthiades Panthiades spp. v
Philiris Philiris spp. v v
Satyrium Satyrium spp. 4 v
Strephonota Strephonota spp. v
Theorema Theorema spp. v
Thereus Thereus spp. v v
Zizina Zizina spp. v v
Unclassified Lycaenidae v

Nepticulidae Stigmella Stigmella spp. v

Noctuidae Acontia Acontia spp. v
Acrapex Acrapex spp. v v
Acronicta Acronicta spp. v v
Agrotis Agrotis spp. v 4
Amephana Amephana spp. 4
Anagrapha Anagrapha spp. v
Anarta Anarta spp. 4
Apamea Apamea spp. v
Armactica Armactica spp. v 4
Bagisara Bagisara spp. v
Capis Capis spp. v
Caradrina Caradrina spp. v
Catocala Catocala spp. 4
Chytonix Chytonix spp. v
Condica Condica spp. v v
Craniophora Craniophora spp. v v
Cryphia Cryphia spp. 4 v
Ctenoplusia Ctenoplusia spp. 4 4
Dichonia Dichonia spp. v
Drobeta Drobeta spp. 4 v
Ectopatria Ectopatria spp. v v
Elaphria Elaphria spp. v
Emarginea Emarginea spp. v
Enargia Enargia spp. v
Epitausa Epitausa spp. v
Eremohadena Eremohadena spp. v
Eucarta Eucarta spp. v 4
Eulocastra Eulocastra spp. v v
Eurois Eurois spp. 4
Euxoa Euxoa spp. v
Flavala Flavala spp. v 4
Hada Hada spp. v
Helicoverpa Helicoverpa spp. v
Heliocheilus Heliocheilus spp. v v
Hoplodrina Hoplodrina spp. v
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Leucania Leucania spp. v v
Leuconycta Leuconycta spp. v 4
Lithacodia Lithacodia spp. v v
Manga Manga spp. 4
Melipotis Melipotis spp. v v
Mythimna Mythimna spp. v 4
Oligia Oligia spp. v v
Orthosia Orthosia spp. v
Pachetra Pachetra spp. v v
Panchrysia Panchrysia spp. v
Perigea Perigea spp. v 4
Photedes Photedes spp. v
Poeonoma Poeonoma spp. v v
Polia Polia spp. 4
Praina Praina spp. 4
Properigea Properigea spp. v
Proteuxoa Proteuxoa spp. 4
Pseudeustrotia Pseudeustrotia spp. v
Pseudopanthea Pseudopanthea spp. v
Raphia Raphia spp. v
Schinia Schinia spp. v 4
Sesamia Sesamia spp. v v
Sideridis Sideridis spp. 4
Speiredonia Speiredonia spp. 4
Spodoptera Spodoptera spp. v
Technemon Technemon spp. v
Thoracolopha Thoracolopha spp. 4 v
Thysanoplusia Thysanoplusia spp. 4 4
Trichocosmia Trichocosmia spp. v
Tripudia Tripudia spp. 4
Ulolonche Ulolonche spp. v v
Xanthodes Xanthodes spp. v 4
Zale Zale spp. v v
Unclassified Noctuidae v v
Nolidae Acatapaustus Acatapaustus spp. v
Earias Earias spp. v v
Meganola Meganola spp. v 4
Nola Nola spp. v v
Uraba Uraba spp. v v
Notodontidae Leucodonta Leucodonta spp. v
Nystalea Nystalea spp. v
Phalera Phalera spp. v
Poresta Poresta spp. v v
Rifargia Rifargia spp. v v
Unclassified Notodontidae v
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Nymphalidae Danaus Danaus spp. v
Unclassified Nymphalidae 4
Oecophoridae Crassa Crassa spp. v v
Denisia Denisia spp. 4 v
Eochrois Eochrois spp. v
Eulechria Eulechria spp. v
Hesperoptila Hesperoptila spp. v
Hoplomorpha Hoplomorpha spp. v
Hybocrossa Hybocrossa spp. v
Philobota Philobota spp. v v
Phloeograptis Phloeograptis spp. 4
Polix Polix spp. v v
Prionocris Prionocris spp. v
Sclerocris Sclerocris spp. v
Stathmopoda Stathmopoda spp. 4 v
Oenosandridae Diceratucha Diceratucha spp. v
Pyralidae Aphomia Aphomia spp. 4
Salma Salma spp. v
Vinicia Vinicia spp. v 4
Saturniidae Automeris Automeris spp. 4 v
Catacantha Catacantha spp. v
Gamelia Gamelia spp. v v
Opodiphthera Opodiphthera spp. 4 v
Rhodinia Rhodinia spp. 4
Schausiella Schausiella spp. v
Sphingidae Clarina Clarina spp. v
Manduca Manduca spp. 4
Thyrididae Banisia Banisia spp. 4
Unclassified Thyrididae v
Tineidae Opogona Opogona spp. 4
Tortricidae Acroclita Acroclita spp. v
Aeolostoma Aeolostoma spp. 4
Aethes Aethes spp. v
Ancylis Ancylis spp. v
Archips Archips spp. v
Clepsis Clepsis spp. v v
Cryptophlebia Cryptophlebia spp. 4
Epinotia Epinotia spp. v
Epiphyas Epiphyas spp. 4 v
Eucosma Eucosma spp. 4 v
Holocola Holocola spp. v 4
Merophyas Merophyas spp. v v
Metendothenia Metendothenia spp. v
Olethreutes Olethreutes spp. v
Paralobesia v 4

Paralobesia spp.
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Phricanthes Phricanthes spp. v
Strepsicrates Strepsicrates spp. v 4

Taeniarchis Taeniarchis spp. v
Unclassified Tortricidae v 4
Unclassified Unclassified Lepidoptera v v
Mantodea Mantidae Orthodera Orthodera spp. v 4
Neuroptera Hemerobiidae Wesmaelius Wesmaelius spp. v
Orthoptera Gryllidae Teleogryllus Teleogryllus spp. v v
Unclassified Unclassified Unclassified Unclassified v 4
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