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Abstract: The preference-performance hypothesis suggests that female insects prefer to oviposit on the host plant
that provides the highest fitness for offspring. However, introduced plants can cause ecological traps, wherein
animals lay eggs on low quality (often introduced) species instead of higher quality (usually native) species.
Parerchua kahukura | New Zealand red admiral butterfly (Vanessa gonerilla gonerilla) lay eggs on native and
introduced nettles (Urtica spp.). We tested both host preference for female oviposition and host performance
for development of larvae. To test preference, we used oviposition cages in which we provided adult kahukura
with native Urtica ferox, native/introduced U. australis hybrid, and introduced U. urens. To test performance,
we collected the eggs and, after hatching, provided them with one of the three nettles for their development to
adulthood. Kahukura only laid on U. ferox (n = 8) and U. australis hybrid (n = 2). No butterflies laid eggs on
more than one Urtica species, even though some individuals laid >10 eggs while in the oviposition cages. Pupal
weights were significantly higher for larvae reared on U. ferox compared to those reared on U. australis hybrid
and U. urens. Although larvae were significantly heavier when fed U. ferox, larvae raised on U. australis hybrid
had higher probability of survival to adulthood and faster development rates. Kahukura oviposition preference
ranking (U. ferox > U. australis > U. urens) qualitatively matched larval development ranking (U. ferox >
U. australis = U. urens), supporting the preference-performance hypothesis for this population. If kahukura
have the option to oviposit on native Urtica spp., our results suggest that they are unlikely to be duped into
ovipositing on a lower quality host plant. While U. urens may act as a trap in some areas, kahukura may be
able to escape that fate if native plant species are made more readily available.
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Introduction

In butterflies, maternal host plant choice for oviposition is a
crucial decision because it determines their offspring’s larval
development and survival (Garcia-Barros & Fartmann 2009;
Bertea et al. 2020). If the wrong choice is made, it could
result in few or no offspring surviving until adulthood. Some
species are generalists, meaning larvae can feed on many plant
species, although fitness may differ between host plants. Other
species are specialists, only able to survive by feeding on a
particular plant species or genus (Miller & Hammond 2003;
Garcia-Barros & Fartmann 2009; Ali & Agrawal 2012). In
either case, identifying appropriate host plants is important for
individual survival, as the fitness of individuals on different
host plant species can vary greatly.

Larval development on host plants can depend on
several factors, including temperature and host plant quality
(Awmack & Leather 2002; Kingsolver et al. 2006). Host plant
quality affects growth rate, size, and weight, which in turn
affects survival and fecundity (Haukioja & Neuvonen 1985;
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Awmack & Leather 2002). However, host plants need to be
more than just nutritionally suitable for larval development.
Some species sequester chemicals from host plants, making
larvae toxic or unpalatable to potential predators (Grosman
et al. 2005; Soler et al. 2007; Bruinsma et al. 2009; Allmann
& Baldwin 2010; Knerl & Bowers 2013; Gowler et al. 2015;
Freedman et al. 2022).

Lepidopteran butterflies and moths locate host plants
using visual and chemical cues from a distance, and tactile
cues up close (Reisenman et al. 2010; Bertea et al. 2020).
Upon arriving at a potential host plant, chemosensilla on
the end of antennae, proboscis, legs, and ovipositor are used
to detect plant cues directly (Calvert & Hanson 1983; Baur
et al. 1998; Katte et al. 2022). Some Nymphalid butterflies
do not use their forelegs for walking and instead use them in
drumming behaviour to identify the chemical properties of
hostplants before ovipositing (Bell & Cardé 1984; Thiele etal.
2016; Silva et al. 2018). This is where they rapidly brush the
sensilla found on the fifth tarsomere of the foretarsi against
the leaves before deciding whether to oviposit (Bell & Cardé
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1984; Thiele et al. 2016; Silva et al. 2018). The sensilla on the
mid and hind tarsi in both sexes are used to detect sugars to
aid in locating food (Silva et al. 2018). Usually, female insects
prefer to oviposit on the host plant that provides the highest
fitness (larval performance) for offspring; this is known as the
preference-performance hypothesis (Jaenike 1978; Courtney
1981; Valladares & Lawton 1991; Clark etal. 2011). However,
occasionally mistake oviposition events occur, where a female
lays eggs on a low-quality plant when higher quality plants
areavailable (e.g. in Nymphalidae, Pieridae, and Papilionidae;
Straatman 1962; Berenbaum 1981; Larsson & Ekbom 1995;
Davis & Cipollini 2014; Augustine & Kingsolver 2018). This
may occur when high quality host plants are rare, the female
sensory organs are damaged, or novel low quality introduced
plants emit similar cues to high quality native plants (Larsson
& Ekbom 1995). For example, swallowtails (Papilio glaucus,
Nymphalidae) failed to reject an unsuitable introduced plant
as a host, despite physical differences, because of chemical
similarities (Berenbaum 1981). Often these novel plant species
are phylogenetically related to the original host plant (Nair
2002).

Introduced plants can dominate a landscape, resulting in
lower discovery rates of native host plants. This is a particular
concern in Aotearoa as at least 53% of wild-growing vascular
plants in Aotearoa are introduced species (Mooney & Cleland
2001; Diez et al. 2009; Hulme 2020). If these dominating
introduced plant species lead to an increase in mistake
oviposition but offer reduced quality to developing larvae,
they are considered ecological traps (Scheirs et al. 2004;
Digweed 2006; Gripenberg et al. 2007; Murphy 2007a, b;
Davis & Cipollini 2014; Davis et al. 2015; Hale & Swearer
2016; Yoon & Read 2016; Augustine & Kingsolver 2018;
Sun et al. 2020; Horstmann 2021). Introduced or novel plants
can act as ecological traps by attracting ovipositing species
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but then being nutrient poor, lacking chemical compounds
sequestered by larvae, and/or being structurally unsuitable in
that larvae cannot hide or protect themselves (Bowers 1980;
Bowers & Farley 1990; Sun et al. 2020). A meta-analysis of
76 experiments found that among the 19 studies that looked
at both oviposition preference and larval performance, 38%
involved introduced hosts acting as true ecological traps
(Yoon & Read 2016). However, host expansion to a non-
lethal lower fitness host may not always lead to a long term
ecological trap; if the shift is gradual in both preference and
performance, insects can adapt to the novel host over time
(Keeler & Chew 2008). Although larvae tend to develop best
when raised on native host plants (McMahon 2007; Murphy
2007a; Keeler & Chew 2008; Davis & Cipollini 2014;
Fickenscher et al. 2014; Sourakov 2015; Yoon & Read 2016;
Augustine & Kingsolver 2018; Wiatrowska et al. 2018; Sun
et al. 2020; Chandra & Hodge 2021), there are cases where
larvae reared on closely related introduced plants can exhibit
higher fitness (Uusitalo 2004; Knight et al. 2008; Karolewski
et al. 2014). These introduced plants may ultimately inherit
the native plant’s herbivores (Colautti et al. 2004; Mlynarek
2015). For example, the native host plant of the ornate bella
moth (Utetheisa ornatrix, Erebidae) is Crotalaria incana, but
the moth now prefers to lay eggs on the related introduced
C. pallida; larvae have higher survival and higher pupal
weights when raised on the introduced species (Cogni 2010).

Purerehua kahukura | New Zealand red admiral (Vanessa
gonerilla gonerilla, Nymphalidae) is endemic to mainland
Aotearoa and completes its life cycle on nettles (Urtica
spp., Urticaceae) (Fig. la). Nettles, considered by some
as weeds because of their sting, are often removed from
recreational, rural, and/or urban areas (Vennell 2019). The
loss of host plants, as well as an increase in pesticides and
introduced parasitoid wasps, has led to an anecdotal decline
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Figure 1: Oviposition cage set up and kahukura eggs. (a) Kahukura basking on wild Urtica ferox at the Highgrove site. (b) Three nettle
species cuttings (U. ferox, U. australis hybrid, and U. urens), standing upright in wet florist foam which is sitting in clear plastic cups
half full of water. The cuttings are inside oviposition cages with a plastic base, and a white metal basket covered in mesh is attached
to the base on one side with hinges to act as a lid. A yellow piece of paper was placed under a clear small petri dish full of 25% sugar
water. (¢) Kahukura eggs on U. ferox leaves, oviposited by the first kahukura used in the experiment (18 November 2022). The butterfly
oviposited 64 eggs total, many on the topside of the leaf close to or on the stinging trichomes. Images a and b by Greer Sanger, image ¢
by Andrew Fordyce, reproduced with permission.
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in kahukura in the latter part of the twentieth century (Barron
2004; Vennell 2019). Aotearoa is home to five native and
three introduced nettle species, as well as native/introduced
hybrids. Ongaonga/stinging tree nettle (Urtica ferox, Aotearoa
endemic) is considered the primary host of kahukura. However,
this conclusion has been based on general observations; no
preference experiments have been conducted before this
study to the best of our knowledge. Vanessa g. ida (Chatham
Island subspecies) is endemic to offshore Rekohu (Chatham
Islands) and their larvae feed on Urtica australis (Chatham
Island nettle) which is also native to some areas of southern
Aotearoa (Barron 2004). Also, kahukdwhai/yellow admiral
(Vanessa itea, Aotearoa and Australian native) and V. atalanta
(red admiral found in North and South America, Europe, and
Asia)are often observed laying eggs on introduced dwarfnettle
(Urtica urens) (Stefanescu 2001; Hubregtse 2019).

Here we addressed whether female kahukura can
discriminate and/or have an oviposition preference for native
vs. native/introduced hybrid and/or introduced nettle species
that are found throughout Aotearoa. We then investigated how
larval development is affected when raised on these different
nettles. We predicted that kahukura would prefer native Urtica
ferox with which ithas co-evolved. However, if the introduced
or hybrid Urtica species were acting as ecological traps and/or
butterflies could notdiscriminate among them, then oviposition
rates should be evenly distributed across native and introduced
nettles. Further, if introduced or hybrid Urtica species have
the potential to act as ecological traps, then individuals raised
on those species would exhibit reduced fitness compared to
those raised on native Urtica ferox.

Key:

* Oviposition sites.

Methods

Nettle planting and collection

Urtica australis hybrid (likely a result of cross-pollination
between U. australis and U. dioica, J. Knight pers. comm. ) and
U.ferox seeds were purchased from New Zealand Seeds (https://
nzseeds.co.nz) and Moths and Butterflies of New Zealand Trust
(https://www.nzbutterflies.org.nz) respectively. Seeds were
sown on 6 August 2021. Initial germination of U. australis
hybrid seeds was faster than that of U. ferox. On 11 October
2021, U. australis hybrid were transplanted into individual
7L (PB12) plastic bags with potting mix and two handfuls of
sheep pellets mixed in. On 18 November 2021, U. ferox were
transplanted into 7L pots.

Urtica urens is not available to purchase as seed. Between
11 October 2021 and 7 February 2022, we transplanted
U. urens from urban gardens and from Invermay Agricultural
Centre (Mosgiel) into PB12 pots. However, these died within
a few weeks after transplanting. In February 2022, we began
taking cuttings from the U. urens plants instead of transplanting
the entire plant. Cuttings were stored in wet florist foam in a
container of water. Cuttings lasted 8—12 days before wilting.

From 18 November 2021 through mid-January 2022, we
collected 13—17 cm tall cuttings of U. ferox from sites with
established wild populations (Highgrove, Long Beach, and the
Pyramids; see Fig. 2 and Supplemental Table S1). By mid-
January, the U. ferox planted from seed were large enough to
be used in experiments. The U. australis hybrid planted from
seed grew fast enough that we used those plants throughout
the duration of the study. We initially wanted to test all five
native and three introduced nettle species found in Aotearoa,
however we were only able to get the two most common species

o Unable to catch V. g. gonerilla. 1

A No V. g. gonerilla adults found.

. No Urtica

D U. ferox present.

. U. australis hybrid

Outram

D U. urens present

Dunedin Airport

5km
2mi

Allanton

Brighton

S,

Waitati Parak
2

Aramoana

*hszﬁ;“mS@Harwood *3
)
A, (@) *

Mosgiel Dunedin

A

Figure 2: Map of experimental sites in Dunedin area. Sites visited for oviposition and nettle collection from 18 November 2021 to 10
April 2022. Stars represent oviposition sites, circles represent sites where we were unable to catch Vanessa gonerilla gonerilla but they
were present, and the triangle represents a site visited frequently but where we never saw any adult V. g. gonerilla. The colours determine
which Urtica species were present at each site. Numbers refer to sites in Supplementary Material S1. The black arrow points north, and
the scale bar represents Skm. NZ map derived from “Transparent location map of New Zealand” by Gobeirne, licensed under CC BY SA
3.0. Dunedin map derived from “Land Information New Zealand Data Service” by Map Tiler and OpenStreetMap contributors, licensed

under CC BY-SA 2.0.



(U. ferox and U. urens) and U. australis hybrid. A rare native,
U. aspera was also sown but never germinated.

Locations and permissions

We used iNaturalist to determine location and time of year
that both kahukura and nettle species might be found in the
Otepoti/Dunedinregion (Sanger2023). Wereceived permission
to work at nine locations: Dunedin City Council, Yellow Eyed
Penguin Trust, Portobello Marine Lab, Edward Elison, Dunedin
Botanic Gardens, Larnach Castle, Sawyers Bay Ecosanctuary,
and Invermay Agricultural Centre (Fig. 2; Appendix Sl in
Supplementary Material).

Experiment 1: oviposition preference

Experimental set-up

From 18 November 2021 to 10 April 2022, we conducted
oviposition experiments in the field. Five oviposition cages
were constructed using white wire baskets (40.5 x 28.5 x 54
cm) attached to a grey acrylic plastic floor with hinges and a
latch (Fig. 1b). Holes were added on the outside edge of the
floor to allow tent pegs to secure the cages to the ground. Insect
netting was used to cover the wire baskets so the butterflies
could not escape.

Fresh nettle plants and/or cuttings were taken to the site on
the day of the experiment. A cutting of similar size (c. 15 cm
tall) and devoid of insects, insect damage, or eggs was taken
from each nettle species and placed standing up in wet florist
foam. Florist foam was kept in plastic containers half full of
water to keep the foam from drying out on hot days. Each
cage contained one cutting of each of the three nettle species
for the butterfly to choose from. The arrangement of the nettle
species inside the cage was alternated for each kahukura that
was caught, so that each nettle species was equally represented
in the middle or edge of the cage. A 25% sugar water was
provided on one side of the cage with a yellow piece of paper
underneath as a visual cue (Fig. 1b). Sugar water was stored
at 4°C between oviposition experiment days and kept in an
insulated bottle while in the field.

A large butterfly net was used to catch the kahukura,
generally when they were resting, basking, feeding, or
ovipositing. When each butterfly was extracted from the net
a second person snipped a tarsus from a hind leg to ensure
the same kahukura was not recaptured on another day. Tarsi
were stored in individually labelled 1.5 mL micro-centrifuge
tubes containing 70% ethanol for future genetics work. Only
butterflies with both back legs fully intact when caught were
used for experiments. The kahukura were then placed inside
the oviposition cage (one per cage) near the sugar water, and
the cage was then closed and secured (Fig. 1b).

Experiments were conducted, on average, for two days
each week due to weather limitations and field assistant
availability. Dates and times varied based on permissions
and success of finding and catching kahukura. Experiments
began between 10 a.m. and 11 a.m. and could last until 6 p.m.
Butterflies were caught during their peak activity period of
10 a.m. to 3 p.m. The sex of kahukura cannot be determined
without dissection, which means it is likely that both sexes
were caught; mating status was unknown. We assumed a 1:1
sex ratio, and that some females would be unable to oviposit
(Barron 2004).

Data collection
An oviposition trial lasted 3—4 hours: if the butterflies were
still actively exploring nettles after 3 hours they were left in
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the cage for an additional hour; if the butterflies were visibly
struggling (e.g. fell into the water reservoir) they were released
early. During this time, we recorded the physical appearance
of the butterflies (e.g. evidence of wing wear) and general
behaviours. Every hour of the trial, we recorded cloud cover
(estimated: clear skies, little cloud, cloudy, very cloudy),
as well as temperature (°C), humidity (%), and wind speed
(m s') using a digital Kestrel weather monitor. From 9
December 2021, we also collected barometric pressure.

After the trial, butterflies were released. We then carefully
inspected each of the leaves on the cuttings in the cage for
eggs (Fig. 1¢) and recorded the number of eggs on each nettle
species.

Data analysis

When kahukura laid eggs in experiments, they laid all their
eggs on only one of the plant options. Because only 10 of the
kahukura oviposited during experiments, and none of them
laid eggs on U. urens, we used a one-tailed Fisher’s Exact test
to compare the number of individuals that chose to oviposit
on U. ferox versus U. australis hybrid. A one-tailed test was
used because it was predicted that there would be a directional
preference for native U. ferox. To see if the number of eggs
that ovipositing kahukura laid varied between U. ferox and
U. australis hybrid, we used multiple linear regression with a
Poisson distribution, where site and nettle choice were included
as factors, and the number of eggs oviposited was included as
theresponse variable. We then ran a separate model to determine
whether other environmental factors influenced the number
of eggs oviposited by the laying butterflies, because the small
sample size limited the number of variables we could include.
We calculated the mean temperature, humidity, wind speed, and
barometric pressure for each trial where oviposition occurred.
Temperature was highly correlated with both humidity and
wind speed, so was not included in the model. Barometric
pressure was removed because it was only collected for 8 of
the 10 butterflies that laid eggs during trials. We used multiple
linear regression with Poisson distribution, where mean
humidity and mean wind speed were included as factors, and
number of eggs oviposited was included as the count response
variable. We compared the model (eggs ~ mean humidity +
mean wind speed) with each factor on its own, to see which
model fitthe data best. The Akaike information criterion (AIC)
showed that the model best fit the data when only humidity
was included (eggs ~ mean humidity). All analyses were run
using GraphPad Prism version 9.4.1.

Experiment 2: larval performance

The Urtica spp. cuttings that had eggs oviposited on them
in Experiment 1 were brought back to Otakou Whakaihu
Waka | University of Otago, Te Tari Matai Kararehe | Zoology
Department, and kept at room temperature in a laboratory for
6-9 days until they hatched into first instar larvae (Appendix
S2). The mean temperature in the laboratory while larvae
developed was 19.29°C (minimum = 16.13°C, maximum =
24.14°C). The first nine larvae brought back to the laboratory
prior to 27 January 2022, when temperature monitoring
commenced, likely experienced similar temperatures during
theirinitial developmental stages as the laboratory was centrally
heated. The ideal range for kahukura larval development is
15-20°C (Barron 2004). Eggs were left on cuttings that were
kept standing in florist foam and water in plastic cups. Eggs
were checked daily for larval emergence. We used larvae from
eggs from 7 of the 10 females that laid more than one egg in



Sanger et al.: Kahukura performance on nettles

Experiment 1. The sites of origin were High Grove and the
Pyramids. Unused larvae were returned to the site where they
were oviposited.

After hatching, larvae were placed into individual
containers (17 x 17 x 8.5 c¢cm). Each container was lined
with two moist paper towels to help prevent leaf and larval
desiccation. Paper towels were re-moistened at the same time
as larvae were fed, and replaced as needed. Containers were
covered with fine insect netting and secured with a rubber
band to prevent escape. Indirect natural sunlight was provided
through adjacent windows. On warm days, we opened the
windows for fresh air.

Oncelarvae emerged, larvae from each clutch were evenly
assigned an Urtica spp. food treatment; U. ferox, U. australis
hybrid, or U. urens. Larvae were fed every two days. To feed
the larvae, Urtica spp. leaves were taken from plants or from
healthy cuttings. Extra U. urens, U. australis hybrid, and U.
ferox leaves were stored at 4°C with a damp paper towel for
use when fresh samples could not be collected. Refrigerated
leaves were replaced every 8—12 days. All leaves used to feed
larvae were firm and healthy, and all larvae were fed leaves
stored for the same period of time.

Larvae were provided with an ad /ib diet of their assigned
Urtica spp. food treatment calibrated to larval size. First instar
larvae were fed 0.10 g of leaf, and the amount of food increased
by 0.10 g as the larvae grew and/or when we noticed they had
finished all their food on feeding days (this occurred during
later instars). When food needed to be increased for one larva,
it was increased for all larvae from the same clutch to ensure
ad lib food. Fifth instar larvae received a max of 0.60-0.80 g
of leaf on feeding days. The range in leaf weight is because
even in the same clutch of larvae some pupated early while
others continued to grow and required more food.

Some larvae grew very slowly or stopped growing
altogether at early instars, even when other larvae from the
same clutch developed normally. In these few cases, the leaf
was decreased for the slow growing/not growing individuals
as they were receiving far more Urtica spp. leaf than was
needed. This was necessary to avoid wasting the Urtica spp.,
as at times throughout summer Urtica urens died down and
new patches could be difficult to locate.

For each larva, we recorded dates for egg hatching,
pupation, and adultemergence, as well as death or escape where
necessary. When larvae pupated, they hung from the mesh
covering their container. To weigh them without destroying the
pupa, we carefully removed the mesh and pupae, and weighed
both on the scale. After the butterfly emerged from the pupa,
the mesh was weighed without the pupa casing, and subtracted
from the weight with mesh and pupa to give the weight of the
pupa. Most butterflies that emerged were released at the site
where they were initially oviposited. Those that could not be
returned to their original site were released at the Dunedin
Botanic Gardens or High Grove walkway.

In mid-January 2022 we discovered some mould in the
containers (possibly due to other insects in the lab). The paper
towels were changed as soon as any mould was found, the
mesh covers were washed with ethanol and water, and we
were careful to take them on and off the containers with the
same side down. We added less water to the paper towels so
they would dry out between checks, which reduced the mould.
This meant that at early instar stages the small pieces of leaf
were more likely to dry out by the next check if the larva did
not eat it all. When this happened, the leaf weight was raised
by 0.10g for all in that group so the larger leaves were less
likely to dry out.

Data analysis
To test whether larval survival (as a binary yes/no variable)
was affected by Urtica spp. food groups, we used a 2 x 3 Chi-
square test. We also used a Kaplan-Meier Survival Analysis
with a log-rank (Mantle-Cox) test. This was followed by three
pairwise tests to compare the survival curves two at a time, to
see which food groups were significantly different. Because of
multiple comparisons, the significance threshold of the p value
was adjusted using the Bonferroni-corrected a value method:
a=0.05/3=0.017. To see if the mould issue influenced larval
survival, we ran a Chi-square test comparing the number that
survived until butterfly emergence (yes/no) with and without
mould. Analyses were conducted in GraphPad Prismv. 9.4.1.
Only those larvae that survived and emerged as adults were
included in analyses of developmental times. To see if there
were any patterns in development times from larva to pupa,
pupato butterfly, and larva to butterfly, we used Kruskal-Wallis
tests in GraphPad Prism v. 9.4.1. To determine if Urtica spp.
food groups affected pupal weights, we used a linear mixed
model using R version 4.2.0, and the nlme package (R Core
Team 2022; RStudio Team 2022; Pinheiro et al. 2023), where
mother (clutch) was included as a random effect.

Results

Experiment 1: oviposition preference

The peak period for catching kahukura was from December
2021 to mid-January 2022, with a second smaller and shorter
peak from late February 2022 to early March 2022. A total of
47 kahukura adults of unknown sex were caught, 10 of which
laid eggs in the experiments (Appendix S3). One kahukura
was recaptured and was immediately released. The behaviour
of the first kahukura in the oviposition cage was observed for
c. 1 hr. For c¢. 20min, she fluttered between all three of the
nettle species, brushing her front vestigial bristled prothoracic
limbs against each nettle cutting’s leaves; this is referred to
as “drumming behaviour” (Bell & Cardé 1984). She then
stopped visiting the U. urens but continued to visit both the
U. australis hybrid and U. ferox until she started ovipositing
her eggs on U. ferox. She oviposited a total of 62 eggs on
U. ferox only, across the whole cutting (Fig. 1c).

Although the difference was not significant, of those
females that laid eggs during the experiment, more kahukura
laid eggs on U. ferox (n=8) than on U. australis hybrid nettle
(n=2)(Fisher’s Exact: p=0.055; Fig. 3a). None of the butterflies
laid eggs on U. urens (Fig. 3a). There was no difference in the
number of eggs each laid on U. ferox vs. U. australis hybrid (Z
=1.082, p = 0.279; Fig. 3b). The number of eggs laid varied
across sites; those collected from High Grove laid more eggs
than those collected at the Pyramids (Z = 6.205, p = <0.001;
Appendix S3). Females laid fewer eggs when relative humidity
was higher (Z =4.625 p =< 0.001; Fig. 3c).

Experiment 2: larval performance

Eggs from the same clutch hatched at the same time, 6-9 days
after oviposition (mean + SE = 7 + 0.365, median = 6.5). We
assigned 28 larvae to each of the three treatment groups, splitting
eggs from each clutch evenly across treatments. A few early
instar larvae escaped; therefore, we collected development data
on 79 larvae total (n =28 on U. ferox, n =26 on U. australis
hybrid, and n = 25 on U. urens; (Appendix S4).

Kahukura were most likely to survive to adulthood when
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Figure 3: Kahukura oviposition choice preference. (a) The number of kahukura adults (of 47 that were caught and placed
in an oviposition experiment) that oviposited eggs on Urtica ferox (n = 8), Urtica australis hybrid (n = 2), and Urtica urens
(n=0). (b) Number of eggs kahukura oviposited per nettle species. Kahukura did not oviposit any eggs on the Urtica urens.
The black line in the boxes indicates the median number of eggs laid on each of the nettle groups. The box extends from the
25 to the 75" percentiles, the lower whisker represents the minimum value, and the upper whisker represents the maximum
value. U. ferox: n =129, U. australis: n =42, U. urens: n = 0. (¢) Relative humidity effect on the number of eggs kahukura
oviposited. Black data points are from kahukura at the Pyramids site, and grey data points are from the High Grove site.
The line shows the negative relationship between the number of eggs oviposited with increasing relative humidity (%). The
line is fitted with a simple linear regression (R? = 0.09). n = 10 ovipositing females.

fed the U. australis hybrid (n=13, 50%), compared to U. ferox
(n=5, 18%) and U. urens (n =4, 16%) (x>, =9.49, p=0.009).
Moreover, the survival curves varied across larvae fed on the
different diets (y*, = 6.05, n = 79, p = 0.049; Fig. 4b). After
applying the Bonferroni adjusted p value (0.017), kahukura
larvae raised on U. australis hybrid had moderately higher
survival than U. ferox (x*, = 5.44, p=0.019), or U. urens, (*,
=4.69, p=0.030). There was no difference between survival
curves of U. ferox and U. urens (y*; =0.004, p=0.953). There
was no difference in the number of survivors exposed (n =
15) or not exposed (n = 7) to mould (%, = 2.909, p = 0.088).

Larvae raised on U. ferox formed pupae that were heavier
(0.472 + 0.049 g) than those reared on U. urens (0.315 +
0.021g; t;4=2.46, p=0.025), and those reared on U. australis
hybrid (0.341 + 0.220g; t;6 = 3.04, p = 0.008; Fig. 4a). There
was no difference in the mean pupal weights between U.
australis hybrid and U. urens raised larvae (t;4 = —0.55), p =
0.590; Fig. 4a).

The number of days between stages of larval development
across the different nettle species were all statistically non-
significant. However, larvac were marginally faster to reach
pupation when raised on U. australis hybrid (median =
31 days; 95% CI 31-35 days) and slowest when raised on
U. urens (median = 36.5 days; 95% CI 33-43 days; H, =
5.25,d=0.17, p = 0.071; Fig. 4c). Larvae raised on U. urens
had slightly longer pupation (median = 18.5 days; 95% CI
14-19) before butterfly emergence than U. ferox (median =
15 days; 95% CI 14-16) and U. australis (median = 14 days;
95% CI 14-16), with pupation times being similar for the

latter two (H, = 4.55,d=0.13, p = 0.102; Fig. 4d). The time
from larval emergence to butterfly emergence was shortest for
larvae raised on U. australis hybrid (median = 47 days; 95%
CI 45-51), while those raised on U. urens typically took the
longest (median = 55 days; 95% CI 47-62) (H, =4.99,d =
0.16, p =0.076; Fig. 4e).

Discussion

We explored the extent to which introduced nettle species in
Aotearoa act as ecological traps to the endemic kahukura |
NZ red admiral butterfly (Vanessa gonerilla gonerilla). Adult
females showed an oviposition preference for native Urtica
spp. and larvae exhibited increased weight gain when fed
native ongaonga (Urtica ferox). Interestingly, larval survival
was highest and development to adulthood was fastest when
raised on a native U. australis hybrid (likely U. australis
x introduced U. dioica) rather than on native U. ferox or
introduced U. urens. We ranked the nettle species for kahukura
oviposition preference (U. ferox > U. australis > U. urens)
which qualitatively matches the larval development ranking
(U. ferox>U. australis = U. urens), supporting the preference-
performance hypothesis for this population of kahukura.
Kahukura had lowest survival on U. urens, but because some
larvae survived, this species may act as a possible back-up
for kahukura where preferred nettle species are unavailable.
Alternatively, the effect of U. urens on larval performance
suggests that introduced nettles may act as ecological traps
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Figure 4: Kahukura larval development. (a) Results showing kahukura pupal weights. The weight of pupae in grams in
relation to Urtica spp. food groups: Urtica ferox, Urtica australis hybrid, and Urtica urens. Letters above the box plots
(A, AB, B) indicate which are significantly different from one another. Only survivors are included. Urtica ferox: n=>5, U.
australis hybrid: n = 13, U. urens: n =4, total: n = 22. (b) The probability of survival decreased more quickly for larvae
raised on Urtica ferox and Urtica urens compared to those raised on Urtica australis hybrid. Larval diet is indicated by
colour: U. ferox (n = 28) = green; U. australis hybrid (n = 26) = purple, U. urens (n = 25) = orange. (c) Days from larval
emergence to pupation of kahukura on different host plant species (d) Days from pupation to butterfly emergence. (¢) Days from

larval emergence to butterfly emergence.

for kahukura in the absence of native nettle species. However,
we found no evidence that the population of kahukura used in
this study are currently experiencing an ecological trap from
introduced nettle. The majority preferred to oviposit on native
U. ferox which naturally occurs in the area, and none chose
to oviposit on introduced U. urens.

Three criteria need to be met for an introduced plant to be

considered an ecological trap: (1) equal or higher preference
for the introduced host plant over the co-evolved species, (2)
individual fitness differs between two or more host plants, (3)
fitness is reduced when raised on the introduced (preferred)
host plant compared to other available host plants (Robertson
& Hutto 2006; Horstmann 2021). When cues are too similar to
differentiate among suitable host plants, an ecological trap can



emerge, resulting in population decline or extinction ofthe host
species (Yoon & Read 2016; Singer & Parmesan2018; Steward
& Boggs 2020). For example, Pieris virginiensisi show a late
seasonal preference for introduced Alliaria petiolata over their
native host Cardamine diphylla, possibly because the native
plantbegins to senesce earlier in the season than the introduced
host (Davis & Cipollini 2014; Augustine & Kingsolver 2018).
All larvae that were fed only the introduced plant died before
reaching pupation, evidence of a late-season ecological trap.
While we did find evidence that fitness (pupal weight and
survival rate) was reduced when larvae were reared on the
introduced U. urens, the adults did not lay eggs on U. urens,
suggesting kahukura can distinguish U. urens from native
U. ferox and native/introduced U. australis hybrid. With the
mixed results of higher pupation on U. ferox and higher survival
on U. australis hybrid, we suggest these two species are
relatively equal in host quality and do not cause an ecological
trap. Mixed larval performance is uncommon but does occur.
For example, feeding on introduced Plantago lanceolata
resulted in slower development rates for Anartia jatophae
(white peacock) and Euphydryas editha (Edith’s checkerspot),
but these species had higher adult weights and higher survival
respectively than when reared on their traditional host plants
(Knerl & Bowers 2013; Singer & Parmesan 2018). More
research would be required to determine how pupal weight
can be used to predict adult kahukura fitness.

As observed in our study, many Lepidopteran spp. prefer
to oviposit on native host plants rather than introduced plants
(White et al. 2008; Cogni 2010; Fortuna et al. 2013; Yoon &
Read 2016 and references therein; Chandra & Hodge 2021).
The endemic Fijian swallowtail butterfly (Papilio schmeltzi)
shows strong preference for ovipositing, and larvae gain
more weight, on the native host plant limeberry (Micromelum
minutum), over introduced mandarin orange (Citrus reticulata)
(Chandra & Hodge 2021). These strong correlations between
oviposition preference and larval performance support the
preference-performance hypothesis (Jaenike 1978; Courtney
1981; Valladares & Lawton 1991; Clark et al. 2011).

A factor that could affect host plant suitability is the
susceptibility of the nettles to parasites or predators (Fortuna
et al. 2013; Karolewski et al. 2014). Natural enemies of
kahukura eggs and larvae on U. ferox can lead to >80%
mortality in some populations (7elenomus sp.: 57-66% egg
mortality; Pteromalus puparum: 3.6—27.1% pupal mortality,
Echthromorpha intricatoria: 61— 82.1% mortality; Barron
2004). Because larvae in this study were raised in controlled
lab conditions, we could not compare susceptibility to parasites
or predators across the different nettle species. Volatile
infochemicals can be released by plants when they have been
attacked by herbivores, which may attract predators and/or
parasitoids of the herbivores feeding on the plant (Amo et al.
2013; Volf 2018). It is possible that parasitism rates may be
lower on the introduced plant U. urens if the parasitoids do not
have strong associations between their prey and these plants
(Karolewski et al. 2014). As the parasitoids of kahukura are
introduced species, this may not be the case, and they may have
a stronger association between their prey and the introduced
nettle (Barron 2004). Adult female kahukura lay eggs on any
part of the nettle, but they are mostly found on the top of a
leaf, often near the stinging hairs (Fig. 1c; Han Kelvin and
Sanger unpub. data). Urtica species differ in the intensity of
sting, with U. ferox delivering the most painful and dangerous
chemical concoction (Pilgrim 1959; Clark 1993; Hammond-
Tooke et al. 2007; Kittow 2013; Xie et al. 2022). The sting
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from U. australis hybrid and U. urens is mild in comparison,
so these species may provide less protection for larvae.

Hostsuitability can also be affected by the size and structure
of the whole plant and individual leaves, which vary between
Urtica species. Because we used plant cuttings of similar size
for oviposition and measured leaves for feeding in our study,
plantheight and leaf'size did not influence our results. Fender’s
blue butterfly (Icariciaicariodes fender) prefers native Lupinus
oreganus over introduced Arrenartherum elatius (Severns
2008). However, when the introduced plant is cut to the same
height as the native species, the preference changes to favour
the introduced plant (Severns 2008). Kahukura larvae also
use silk to wrap leaves around themselves like a tent while
feeding and pupating (Barron 2004). Urtica urens has much
smaller leaves than U. ferox and U. australis hybrid, which
may make larvae more at risk of attack, as they may struggle
(or fail) to build tents large enough to hide in. The introduced
nettle is also short lived, so the food source might not last
long enough for the larvae, resulting in the need to search for
another plant, also putting them at risk. The toxicity level of
nettles, size of the leaves, nutritional value and evolutionary
time spent with the different nettle species may all contribute
to kahukura choosing the native nettles over the introduced
nettle. We were also unable to grow the introduced nettle
in the same way as the other two species, so this may have
played a role. However, at the start of the experiment, when
our cultivated U. ferox was too small for cuttings, we used wild
U. ferox cuttings, and the butterflies still preferred U. ferox.

Oviposition behaviour is likely affected by traits of the
individual butterfly and abiotic conditions. Fecundity is
determined during larval development. The quality of the host
plantaffects larval growthrate, size at pupation, and, ultimately,
adult weight. In many Lepidoptera species, larger females
have higher fecundity and adult survival during overwintering
(Richerson et al. 1978; Haukioja & Neuvonen 1985; Barah &
Sengupta 1991; Smith 2002; Calvo & Molina 2005). We were
unable to determine the achieved adult fecundity or survival,
as we released adults soon after emergence. The weights of
adult butterflies were not measured as adult butterfly weight is
correlated with pupal weight, and therefore potential fecundity
can be inferred by pupal weight (Awmack & Leather 2002;
Tammaru et al. 2002). It is likely that larvae raised on U. ferox
will have higher adult fecundity and survival than those raised
on other species, as they were larger (Awmack & Leather
2002; Tammaru et al. 2002). Increasing relative humidity
had a negative effect on how many eggs were laid in the
oviposition experiment. Excessive humidity also decreases
fecundity in the codling moth Cydia pomonella (Howell
1981). Additional research under laboratory conditions could
investigate this further to determine the ideal humidity level
for kahukura fecundity.

It may be that our sample size was too small, our research
areas too restricted, or the different nettle growing conditions
used might explain why no kahukura chose to lay eggs on the
introduced U. urens. There are anecdotal accounts of kahukura
ovipositing on U. urens and other introduced species in an
area devoid of native nettle species (J.M. Lord, pers. obs.).
This highlights the importance of sampling across multiple
populations when studying a complex behavioural trait such
as oviposition preference (Keeler & Chew 2008; Forister
et al. 2013). We argue that when kahukura have the option to
lay eggs on native or introduced nettle, they will choose the
native species. This is further supported by our observation of
the butterflies during the oviposition experiment. Individuals



Sanger et al.: Kahukura performance on nettles

would use the time inside the cages to explore all of the
nettle species, using tactile chemosensory cues to identify
the plants. None of the butterflies laid eggs on more than one
plant species; the first individual we tested laid 63 eggs, all
on one cutting of U. ferox.

Future research could examine the abundance ofkahukura
eggs, larvae, pupae, and parasitisation rates on each of the nettle
species in the wild. The rate at which kahukura encounter the
different Urtica species across the country could also help shed
light on where they are most at risk of mistake oviposition
events. There is strong evidence that invasive plants reduce
Lepidoptera species richness and abundance (Yoon & Read
2016). Burghardt et al. (2010) found a reduction in specialist
larval abundance on introduced plants even when they were
closely related to their native host plants. Additional research
could compare preference and performance of kahukura
across populations with different nettle species compositions.
Although kahukura do not prefer U. urens, if many mistake
oviposition events occur in the wild due to relative plant
abundance or other reasons, this could have a significant effect
on the population. Widespread oviposition on U. urens has
the potential to reduce kahukura survival and adult weight,
which could in turn affect adult fecundity, further reducing
abundance (Tammaru & Haukioja 1996; Tammaru et al. 2002;
Calvo & Molina 2005; Burghardt et al. 2010).

Here we found that while the introduced host nettle species,
Urtica urens, has the potential to act as an ecological trap
for kahukura | NZ red admiral butterflies (Vanessa gonerilla
gonerilla),iffemales have access to ongaonga/endemic stinging
tree nettle (U. ferox), or native/introduced U. australis hybrid
they are unlikely to be negatively affected. Our results support
the preference-performance hypothesis: kahukura adults prefer
to lay eggs and larvae perform better when fed on native U.
ferox and native/introduced U. australis hybrid. However,
where perennial, slow-growing U. ferox has been eradicated,
often due to their severely stinging trichomes, preferred
kahukura habitat declines and subsequent disturbance favours
annual, fast-growing U. urens. Although larvae have lower
pupal weight when reared on this species rather than native
species, they can still survive to adulthood; however, lower
larval, and therefore adult, sizes could have longer term effects
on fecundity. So, while U. urens may act as a trap in some
areas, kahukura may still be able to escape that fate if native
plant species are allowed to grow and spread. Larvae reared
on U. australis hybrid had high survival rates, so U. australis
could be an important host plant where U. ferox is not found or
allowed to be planted. Additionally, U. australis hybrid grows
faster than U. ferox and is less aversive. More data is needed
concerning kahukura preference for, and performance on,
other native nettle species, as well as oviposition preferences
and the potential for ecological traps affecting native V. g. ida
and kahukowhai (V. itea).
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