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ABSTRACT

Myrmecochory is a widespread mutualism between angiosperm plants and ants, where seed
dispersal is facilitated by a nutrient-rich appendage known as the elaiosome. Some species of
phasmids (Phasmatodea) have convergently evolved an appendage, the egg capitulum, that is
analogous to the elaiosome. Research into ant-mediated dispersal of phasmid eggs is limited. It is
unknown whether there are species-specific interactions between ants and phasmid eggs, nor if
this variation in ant species behaviour towards eggs parallels behaviour towards seeds. We
observed the behaviour of five Australian ant species towards Extatosoma tiaratum eggs and
Acacia longifolia seeds. We found that ant species show significant variation in the likelihood of
dispersing phasmid eggs and plant seeds. Iridomyrmex purpureus removed the largest quantities of
eggs and seeds. Rhytidoponera metallica also removed large amounts of seeds but less eggs. Three
species did not remove any eggs but removed small amounts of seeds. We found a species-specific
component to dispersal of phasmid eggs and seeds by ants, indicating that this mutualism may depend
on partner identity and abundance. Although seeds and eggs have convergently evolved to exploit
ant behaviours, they elicit different behaviours in certain ant species, highlighting the complex nature
of this interaction.

Keywords: animal vectors, ants, coevolution, dispersal, eggs, mutualism, myrmecochory, phasmids,
seeds.

Introduction

Seed dispersal facilitated by ants (Formicidae), commonly referred to as myrmecochory, isa
mutualism that has evolved between angiosperm plants and numerous ant species
worldwide (Andersen 1988; Beaumont et al. 2013; Bologna et al. 2017; Lengyel et al.
2010). The diaspores of these plants possess an elaiosome, a knob-like appendage,
which is enriched with essential nutrients (Berg 1975; Hughes and Westoby 1990). This
structure acts as an incentive that induces both omnivorous and herbivorous ants to
retrieve the seed and transport it back to the nest (Hughes and Westoby 1990; Bologna
et al. 2017; Rocha et al. 2018). Following dispersal, the elaiosome is typically detached,
leaving the remainder of the seed intact, before being buried in nest chambers or
discarded in refuse piles nearby (Beaumont et al. 2013). In some systems, seeds are also
randomly discarded by ants rather than being buried or discarded in refuse piles
(Canner et al. 2012). The benefits to plants associated with myrmecochory include
reducing parent and sibling competition and thus increasing seed fitness (Giladi 2006),
evading predators, particularly granivores and other seed predators (Giladi 2006;
Christianini et al. 2007; Tanaka et al. 2015), protection from fire (Beaumont et al. 2018)
and the displacement of seeds to nutrient-rich microsites (Leal et al. 2007; Gutierrez
Rapalino and Dominguez Haydar 2017).

Another group that takes advantage of ants as a dispersal mechanism are stick and leaf
insects, or phasmids (Phasmatodea). Known for their extraordinary camouflage, these
insects resemble leaves, twigs, lichen, and moss, both phenotypically and behaviourally
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(Bradler and Buckley 2018; Robertson et al. 2018). Female
phasmids are typically flightless and slow-moving, and thus
have limited dispersal capabilities. The females of a vast
number of species, however, flick eggs to the leaf litter
below, while remaining immobile in the foliage, which may
have evolved to facilitate egg dispersal (Hughes and Westoby
1992a; Goldberg et al. 2015; O’Hanlon et al. 2020). This
oviposition technique is utilised by a majority of the 3000
species worldwide (Hughes and Westoby 1992a; Shelomi
2011; Goldberg et al. 2015; Robertson et al. 2018). In fact,
a study conducted by Robertson et al. (2018), which examined
the evolution of phasmid oviposition techniques of 284 species
representing all major lineages, found that 168 of the 284
(59%) species exhibit egg dropping or flicking behaviours.
Eggs produced by some species of phasmids that are expelled
by flicking them to the leaf litter bear a capitulum, a knob-like
structure attached to the operculum. These eggs bear a strong
resemblance to myrmecochorous plant seeds (Fig. 1a, b), with
the capitulum being equivalent to the plant seed elaiosome in
both structure and function in that it induces dispersal by ants
(Hughes and Westoby 1992a; Stanton et al. 2015; Robertson
et al. 2018).

The capitulum exhibits a similar chemical profile to that of
the elaiosome, with both containing large amounts of the
same fatty acids (Fischer et al. 2008; Stanton et al. 2015).
The main chemical components of the capitulum include
oleic acid, palmitic acid, linoleic acid, linolenic acid and
stearic acid (Stanton et al. 2015). Similarly, the elaiosome
contains a number of lipid species, with oleic acid, a chemical
thought to induce corpse-carrying behaviour, being the most
abundant (Boulay et al. 2006; Fischer et al. 2008; Miller et al.
2020). The chemicals present in the capitulum are thought to
facilitate the dissemination and burial of eggs by providing a
food reward to ants (Hughes and Westoby 1992a; Stanton
et al. 2015; Robertson et al. 2018).

The evolution of ant-mediated dispersal in plants has been
well studied (Giladi 2006). In comparison, this dispersal

strategy in phasmid species has received little attention (see
Compton and Ware 1991; Hughes and Westoby 1992a;
Windsor et al. 1996; Stanton et al. 2015; O’Hanlon et al.
2020; Yamada et al. 2021). The dispersal of phasmid eggs
by ants has been documented in only a handful of species
(Compton and Ware 1991; Hughes and Westoby 1992a;
Windsor et al. 1996; Stanton et al. 2015; Yamada et al. 2021);
however, it is believed that this interaction is relatively
common among phasmid species worldwide (Hughes and
Westoby 1992a; Stanton et al. 2015). Like myrme-
cochorous plant seeds, capitulate phasmid eggs reap some
benefits from ant-mediated dispersal. Hughes and Westoby
(1992a) found that eggs buried in ant nests were less likely
to suffer from parasitism, whereas phasmid nymphs were
still able to emerge even when buried under 6 cm of soil.
Capitulum removal in a laboratory setting has been found
to have no impact on egg viability and nymph emergence
rates (Compton and Ware 1991). Similarly, phasmid eggs
that were placed within an ant colony, had the capitula
chewed off by ants, with the eggs and subsequent first instar
nymphs being left undisturbed (Compton and Ware 1991).

Although there are some individual studies, as mentioned
above, that have interactions between individual ant species
and phasmid eggs, there is still much to be discovered about
how phasmid eggs benefit from ant-mediated dispersal, as
well as the fate of the eggs once they have been dispersed
to the ant nest. Furthermore, research on plants highlights
the diversity of ants that disperse seeds and suggests that
species-specific interactions are limited (Giladi 2006). However,
there has been no research into this aspect of the ant—-phasmid
interaction.

Ants show great variability in terms of both morphological
and ecological characteristics, and thus not all species of ant
are going to have the ability or proclivity to disperse seeds,
with some species acting as ‘keystone’ dispersers (Gove et al.
2007; Ness et al. 2009; Lubertazzi et al. 2010). Ant morpho-
logical traits such as body size as well as mandible size and

Fig. |
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(a) Extatosoma tiaratum egg. Ca, capitulum. (b) Acacia longifolia egg. El, elaiosome.
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shape, have the potential to determine whether a particular
ant species is physically capable of dispersing both seeds
and phasmid eggs (Kaspari 1996; Gémez and Espadaler 1998;
Ness et al. 2004; Gémez et al. 2005). Likewise, the ecology of a
particular species, such as distribution and abundance of the
ant species relative to myrmecochorous plant species, as well
as feeding guild and foraging strategy and range, can also play
arole in determining whether that species can disperse seeds
or eggs (Hughes et al. 1994; Ness et al. 2009; Lubertazzi
et al. 2010).

Here, we investigate how different ant species vary in their
likelihood to disperse the eggs of an Australian stick insect —
the spiny stick insect (Extatosoma tiaratum (Macleay, 1826)).
We observed the behaviour of five ant species towards
phasmid eggs in seminatural conditions and recorded the rate
at which they collect phasmid eggs. We also quantified the
behaviour of the same ant species towards the seeds of a
native, myrmecochorous plant (Acacia longifolia). Ants differ
greatly in foraging and dietary habits, and as such we predicted
that the studied ant species will vary in the way they interact
with both phasmid eggs and plant seeds, which will have
an impact on removal rates. Furthermore, we predicted that
species that disperse myrmecochorous plant seeds will display
a greater propensity to disperse E. tiaratum eggs compared to
species that do not collect myrmecochorous seeds.

Given that the capitula of phasmid eggs are thought to have
converged on the same chemical pathways as the myrmeco-
chorous plant seed elaiosome, we hypothesise that the
presence of the capitulum on phasmid eggs should facilitate
collection and dispersal in the same manner as myrmeco-
chorous plant seeds. Thus, the phasmid eggs used in this
study should be removed by ants at the same rate as that of
plant seeds.

Materials and methods

Study sites

This study was conducted in Armidale, New South Wales,
Australia (see Supplementary Material Appendix 1 and 2).

A visual assessment of the area was conducted to locate and
identify ant nests. Sites were selected based on the presence
of one or more ant nests associated with the chosen ant
study species. Although the distributions of the ant species
selected for this study overlap with E. tiaratum distributions,
the sites where we conducted our trials are not locations
where this species of stick insect are found, and as such, we
can assume that the ants in this study are naive in their
experience with E. tiaratum eggs.

Study species

E. tiaratum is a large arboreal stick insect native to coastal
forests of eastern Australia (Brock 2001; Brock and
Hasenpusch 2009). This species is a popular culture stock,
not only in Australia, but also abroad, particularly in
Europe, with spiny stick insects making great pets. As a
result of their popularity, this species is one of the most
studied phasmid species (see Brock et al. 2022 for a list of
studies on E. tiaratum). Females are large (100-160 mm),
heavy-bodied insects with a spikey appearance and non-
functional wings (Fig. 2a; Clark 1976; Brock and Hasenpusch
2009; Schneider and Elgar 2010). Females feeding on eucalypts
can produce, on average, 574 eggs during their lifetime —
when feeding on a more nutritious plant (e.g. bramble)
individuals have laid over 900 eggs in a lifetime (Hill et al.
2020). Males, in comparison, are smaller (75-115 mm), with
thin, slender bodies and well-developed wings (Fig. 2b). The
eggs produced by females possess a capitulum (Fig. 1a),
which facilitates rapid removal by ants on the forest
floor (Brock 2001; Brock and Hasenpusch 2009). Phasmid
eggs do not vary greatly in size and shape, with all eggs
within a species being generally the same size, although
this is yet to be quantified. The newly hatched nymphs
of this species are believed to mimic ants in the genus
Leptomyrmex, allowing them to survive among the ant
colony if they emerge within the nest after being collected
by the ants (Key 1991).

Eggs of E. tiaratum were collected from a captive
population housed at the University of New England.
Insects were kept in indoor enclosures, at ambient room

Fig. 2. Adult Extatosoma tiaratum female (a) and male (b). Photo by Hannah Smart.
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temperatures (~20-25°C). Eggs were collected regularly and
stored in plastic containers at room temperature until they
were used for the current experiments. Eggs were used
within six months of their collection date. Due to phasmid
egg dispersal being an emerging field in its infancy, it is
unknown whether the way in which the eggs were stored
or the time from collection to use in trials had an impact on
the expression of chemical signals.

Acacia longifolia is a species of tree or shrub that grows up
to 8 m in height. This species from the family Fabaceae is
native to south-eastern Australia. The seeds of this species
are ovoid in shape, smooth and brown or black in colour,
with a large, orange elaiosome (Fig. 1b; Kodela 2005). The
Acacia seeds used in this experiment were devitalised using
Gamma radiation as per O’Hanlon et al. (2019) so as not to
inadvertently introduce new plants to the area. Seeds were
obtained from suppliers and kept at room temperature in
plastic bags until they were used for the experiments. Like
the phasmid eggs used in this study, seeds were stored for
less than six months prior to their use in this study, but it is
unknown whether the chemical signals of the elaiosome are
influenced by age or storage method.

A. longifolia was an ideal species to use for this study given
that it is a common model species used in myrmecochory
research and thus provides a useful comparison to other
studies involving myrmecochory. Although eggs and seeds
are similar in size and shape (Fig. 1a, b), eggs do not have
a close morphological resemblance to myrmecochorous
plant seeds. Rather, chemical signals are thought to be the
important part of ant-phasmid egg interactions (O’Hanlon
et al. 2020).

Five focal ant species were selected. These species differed
in size, morphology and behaviour as well as having varied
ecological traits.

Iridomyrmex purpureus Smith, F, 1858 (meat ant)

I. purpureus is an ecologically dominant ant species
typically found in Savannah woodlands and grasslands across
Australia, with hundreds to thousands of individuals making
up colonies (Shattuck 1999; van Wilgenburg and Elgar 2007;
Middleton et al. 2018). The meat ant has a varied diet, often
feeding on seeds, small invertebrates and honeydew that is
secreted by sap-sucking insects. Although this species is
known to feed on seeds, it is not known whether it is a seed
predator or disperser. Additionally, whether it disperses phasmid
eggs or eats the entire egg remains unclear (Shattuck 1999;
van Wilgenburg and Elgar 2007; Middleton et al. 2018). For
this study, the specimens used (n = 10) had a mean Weber’s
length of 3.0 (+0.49) mm.

Iridomyrmex rufoniger Lowne, 1865

L rufoniger is aggressive and common in urban areas and
forages either diurnally or nocturnally. Its diet consists primarily
of plant secretions such as honeydew; however, it may also

108

scavenge for dead insects (Shattuck 1999; Heterick and Shattuck
2011). It is not known whether this species disperses myrme-
cochorous plant seeds or phasmid eggs. The specimens
used in this study (n = 9) had a mean Weber’s length of
1.2 (+0.068) mm.

Rhytidoponera metallica Smith, F, 1858
(green-headed ant)

R. metallica is a common species of ant found in all habitats
across the Australian landscape (Shattuck 1999; Pettit and Latty
2016). It is typically found in colonies of 30-1000 individuals,
and is an opportunistic scavenger (Thomas and Framenau
2005; Pettit and Latty 2016). It is a solitary forager with a
diet consisting of small invertebrates, seeds, and hemipteran
secretions (Middleton et al. 2018). Within Australia, members
of the genus Rhytidoponera act as keystone dispersers of
myrmecochorous plant seeds and are associated with the
highest dispersal rates compared to other local ant species
(Gove et al. 2007; Lubertazzi et al. 2010). Although this
species is a known seed collector, it is unclear whether it
will disperse phasmid eggs. The specimens used in this
study (n = 10) had a mean Weber’s length of 2.1 (+0.29) mm.

Camponotus aeneopilosus Mayr, 1862 (golden-tail
sugar ant)

C. aeneopilosus is a relatively small species of ant, endemic
to eastern Australia (Shattuck 1999; McArthur 2007). Species
of Camponotus are mostly generalist scavengers, feeding on
honeydew and plant secretions as well as small arthropods
on occasion (Shattuck 1999). It is not known whether this
species disperses myrmecochorous plant seeds or phasmid
eggs. The specimens used in this study (n = 10) had a mean
Weber’s length of 2.9 (+0.37) mm.

Myrmecia tarsata Smith, F, 1858 (bull ant)

M. tarsata is a large species of bull ant distributed mostly
throughout eastern New South Wales and the Australian
Capital Territory. M. tarsata is a diurnal forager, with a
diet consisting of plant secretions and dead animal prey
(Shattuck 1999). It is not known whether this species disperses
myrmecochorous plant seeds or phasmid eggs. The specimens
used in this study (n = 8) had a mean Weber’s length of
6.8 (+0.43) mm.

Weber’s length measurements

These basic morphometric measurements were obtained by
measuring one worker/forager specimen of each species that
were collected following each behavioural trial. Stacked
images were created using a Leica MZ16A Auto-montage
microscope and Leica Application Suite ver. 4.5.0 software
(Leica Microsystems Limited), with measurements also being
made using this software.



www.publish.csiro.au/zo

Australian Journal of Zoology

Ant response to E. tiaratum eggs

Trials were carried out during autumn (March-early May) and
early spring (September—October) 2019. Ten E. tiaratum eggs
were placed in the centre of a 10 X 10 cm marked arena, a
minimum of 30 cm from the nest entrance. In the case of
multiple nest entrances, which is common with 1. purpureus
nests, eggs were placed on the outer perimeter of the nest.
The eggs were left in the marked arena for 1 h, and obser-
vations of ant behaviour towards the egg and the times that
behaviours were performed were recorded. We noted when
an ant removed the egg (farther than 5 cm) from the
marked arena. Trials were filmed with a Panasonic HC-V270
High-Definition video camera, with data being recorded in
real time and from playback of the collected footage, parti-
cularly when nest activity was high and discerning individual
removals was difficult to ascertain in real time. This process
was repeated at up to 10 nests per species. Worker/forager
ants were collected from each site after each trial. Species
identification was confirmed (S. Tremont) and compared
with reference specimens from the University of New England
Natural History Museum.

Ant response to A. longifolia seeds

Seed removal trials were carried out during spring (September—
October) 2019. Ten A. longifolia seeds were placed in the
centre of a 10 cm X 10 cm marked arena similar to that of
the experimental set-up used for egg dispersal trials. Removals
of seeds and the time of removal were recorded over a period
of 1 h. Aremoval was defined as 'transportation of a seed by an
ant farther than 5 cm from the marked arena'. Each trial was
repeated at eight nests per species. The same nests, in most
cases, were used for both egg and seed trials; however, this
was not always possible due to nests no longer being found
in the same location when some egg trials were conducted
months earlier, or nests were destroyed by human disturbances.
Egg and seed trials were conducted separately on different days
for each nest.

Statistical analyses

Differences between ant species in their behaviour towards
phasmid eggs were investigated using a generalised linear
model (GLM) assuming a binomial distribution to test whether
there were differences in removal rates between ant species.
Species was used as a fixed effect and the number of phasmid
egg removals per hour was set as the response variable.
A Chi-squared test was performed on the model to obtain
significance levels (P-value).

Wilcoxon signed-rank post hoc tests were then performed
on the data to compare differences in the number of removals
per hour between ant species. Where appropriate, results are
given as the mean + standard deviation. An alpha level of
0.005 was used as the criterion for significance in all statistical
tests, to account for all 10 pairwise interactions. This is based

on a Bonferroni correction in which the alpha value of 0.05
was divided by 10.

To investigate how the removal rate of seeds differed
between ant species, we used the same statistical procedures
that were used to analyse egg removals. All statistical tests
were carried out using RStudio ver. 1.1.442 (RStudio Team
2020) with R ver. 4.0.3, with figures produced using the
R package ggplot2 ver. 3.3.3 (Wickham 2016).

Results

There was a significant difference between the ant species and
the number of seeds (GLM: y%(4) = 21.627, P < 0.001) and
eggs they removed (GLM: y%(4) = 21.245, P < 0.001).
I purpureus was responsible for the highest number of phasmid
egg removals (mean = 7.2 + 3.46 eggs per hour), compared
with R. metallica (mean = 1 + 1.89 eggs per hour), the only
other species to remove phasmid eggs (Fig. 3). In comparison,
all ant species were observed collecting at least some seeds
(Fig. 4). I. purpureus removed the largest number of seeds
(mean = 7.88 + 3.09 seeds per hour) (Fig. 4). R. metallica
removed a greater number of seeds (mean = 5.63 + 4.69 seeds
per hour) than eggs. Both I. rufoniger and M. tarsata removed a
similar number of seeds (mean = 0.25 + 0.46 seeds per hour:
I. rufoniger, M. tarsata) over the study period and C. aeneopilosus
removed slightly more seeds (mean = 0.63 + 1.06 seeds per
hour: C. aeneopilosus) (Fig. 4). Even though removal rates of
seeds are low for these three species, they only removed
seeds — no eggs were removed.

Iridomyrmex purpureus removed a significantly higher
proportion of eggs compared to C. aeneopilosus (P < 0.001),
I rufoniger (P < 0.001) and M. tarsata (P < 0.001). Although
R. metallica removed some eggs, the differences in removals
compared I purpureus, C. aeneopilosus, I. rufoniger and
M. tarsata were insignificant (P < 0.01, P < 0.08, P < 0.08
and P < 0.12 respectively). Differences in egg removals by
other species are null in the case of species where no
removals were recorded (Table 1).

For seeds, I. purpureus removed significantly more seeds
than did the other species (P < 0.001), with the exception
of R. metallica, which removed seeds at a rate not signifi-
cantly different from that of I. purpureus (P = 0.38) (Table 2).
Additionally, the rate of seed removal by R. metallica was
insignificant when compared with those of the other ant
species (P > 0.005).

Discussion

The main aim of this study was to determine whether different
ant species vary in how they behave towards phasmid eggs
and how this compares to their behaviour towards plant
seeds. Ant species show significant variation in their ability
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Fig. 3. The number of phasmid eggs removed in | h by each of the focal ant species. Myrmecia

tarsata (nests = 8), Camponotus aeneopilosus (nests = 10), Iridomyrmex rufoniger (nests = 9),
Rhytidoponera metallica (nests = 10), Iridomyrmex purpureus (nests = 10). For each boxplot, the
horizontal line through the box, boxes and whiskers represents median, 25th—75th percentiles
and standard error values respectively. Outliers are represented by closed circles. Statistical
analysis by Generalised Liner model with Chi-squared test, followed by post hoc comparisons
between species using Wilcoxon signed-rank tests. Letters above groups denote significance; for
variables with the same letters, the difference between the means is not significant (P > 0.005).

to collect and remove phasmid eggs, with I purpureus
performing the highest number of removals of E. tiaratum
eggs and R. metallica removing only a small proportion of
eggs. I. rufoniger, M. tarsata and C. aeneopilosus did not move
any phasmid eggs.

We found that the different ant species did not remove
phasmid eggs at the same rates, nor did they remove plant
seeds at similar rates when presented with them. The different
ant species also responded differently to both eggs and seeds,
with R. metallica removing a larger number of seeds compared
to eggs when presented with the options in separate trials.
C. aeneopilosus, M. tarsata and I. rufoniger also removed a
small proportion of seeds, while not removing any eggs. Our
finding that R. metallica did not disperse large numbers of
E. tiaratum eggs, contrasts with the findings of Stanton et al.
(2015), who observed R. metallica frequently removing
Clemacantha goliath (Goliath stick insect) eggs back to the
nest. This suggests that differences in egg dispersal rates are
not just due to ant species differences, but also species
differences in phasmid eggs.

As a result of using a very stringent alpha value to account
for multiple comparisons, however, our interpretation of the
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P-value shows very coarse patterns in the data, and thus
doesn’t allow for a more nuanced interpretation of the values
shown. This can be seen in Fig. 3, where there are definite
differences in egg removal between I purpureus and
R. metallica, but this is not well reflected by the P-value.
We can see general patterns between egg and seed removal
between species from the figures; however, from the statistical
analyses, we cannot make definite conclusions.

These results, however, do correspond with our hypothesis,
in that ant species will react differently to the presence of
phasmid eggs and myrmecochorous plant seeds. This can
potentially be attributed to several factors, such as egg and
seed characteristics, attractiveness to ants, and foraging
preferences associated with different ant species.

Several characteristics of eggs and seeds may influence
what species of ant are able to effectively disperse them.
Diaspore and elaiosome size are major contributing factors
affecting the probability that seeds will be transported
towards the nest, with elaiosome size influencing whether
ants can effectively carry seeds back to the nest (Hughes and
Westoby 1992b; Bas et al. 2009; Leal et al. 2014). Additi-
onally, the presence of the elaiosome acts as a handle to allow
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Fig. 4. The number of Acacia longifolia seeds removed in | h by each of the focal ant species.
Myrmecia tarsata (nests = 8), Camponotus aeneopilosus (nests = 8), Iridomyrmex rufoniger
(nests = 8), Rhytidoponera metallica (nests = 8), Iridomyrmex purpureus (nests = 8). For each
boxplot, the horizontal line through the box, boxes and whiskers represents median,
25th—75th percentiles and standard error values respectively. Outliers are represented by
closed circles. Statistical analysis by Generalised Liner model with Chi-squared test, followed by
post hoc comparisons between species using Wilcoxon signed-rank tests. Letters above groups
denote significance; for variables with the same letters, the difference between the means is not
significant (P > 0.005).

Table I. Comparisons of egg removal rates between the various  Table 2. Comparisons of seed removal rates between the various

focal ant species, produced by a Wilcoxon sign rank test (a = 0.0125). focal ant species, produced by a Wilcoxon sign-rank test (@ = 0.0125).
Species pair P-value Species pair P-value
Iridomyrmex purpureus—Rhytidoponera metallica <0.01 (ns.) Iridomyrmex purpureus—Rhytidoponera metallica 0.38 (n.s.)
Iridomyrmex purpureus—Camponotus aeneopilosus <0.001 (S) Iridomyrmex purpureus—Camponotus aeneopilosus 0.001 (S)
Iridomyrmex purpureus—Iridomyrmex rufoniger <0.001 (S) Iridomyrmex purpureus—Iridomyrmex rufoniger <0.001 (S)
Iridomyrmex purpureus—Myrmecia tarsata <0.001 (S) Iridomyrmex purpureus—Myrmecia tarsata <0.001 (S)
Rhytidoponera metallica—Camponotus aeneopilosus 0.08 (n.s.) Rhytidoponera metallica—Camponotus aeneopilosus 0.04 (n.s.)
Rhytidoponera metallica~Iridomyrmex rufoniger 0.08 (ns.) Rhytidoponera metallica~Iridomyrmex rufoniger 0.02 (n.s.)
Rhytidoponera metallica—Myrmecia tarsata 0.12 (ns.) Rhytidoponera metallica-Myrmecia tarsata 0.01 (n:s.)
Iridomyrmex rufoniger—Camponotus aeneopilosus NA Iridomyrmex rufoniger—Camponotus aeneopilosus 0.56 (n.s.)
Iridomyrmex rufoniger—Myrmecia tarsata NA Iridomyrmex rufoniger—Myrmecia tarsata 0.59 (n.s.)
Camponotus aeneopilosus—Myrmecia tarsata NA Camponotus aeneopilosus—Myrmecia tarsata 0.56 (n.s.)

No comparisons were made for the last three pairs as no removals of eggs were S, significant; n.s., not significant.

observed for each of the species.
S, significant; n.s., not significant.

elaiosome as a handle during this study, allowing for rapid
for easier manoeuvrability of the diaspore (Pfeiffer et al.  removal. The same can be said for phasmid eggs. Size and
2010). Ants were frequently observed using the seed  shape of eggs and their capitula are likely to affect the
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behaviour of ants towards phasmid eggs, with differences in
shape, size, and texture of the capitula determining which
species of ant can effectively disperse the eggs. Additionally,
appearance of eggs may differ within a species depending on
the region in which the female phasmids are found (Brock and
Hasenpusch 2009) and, consequently, this may have an
influence on collection and dispersal by ants. Although this
is yet to be empirically tested, it provides an interesting
path for future research.

The presence of the elaiosome food reward represents the
biggest influence on short-term seed fate (Bas et al. 2009;
Reifenrath et al. 2012). Ants may be attracted to the food
reward depending on whether the nutrient content of the
reward meets their nutritional requirements (Hughes et al.
1994; Reifenrath et al. 2012); however, misleading chemical
cues from the plant seed, which may imply a greater nutri-
tional reward than is present, may also be responsible for
attracting ants to the plant seed (Turner and Frederickson
2013). Therefore, differences in seed removal rates may
reflect differing responses to the quality of the nutritional
reward offered by the elaiosome or dishonest signalling
from the seed. Upon initial contact with seeds, ants may
be able to perceive information about the suitability of
seeds and, as such, determine whether it is worth removing
(Reifenrath et al. 2012). Although a food reward is an
important aspect of myrmecochory, time and energetic con-
straints, along with chemical signalling may also influence
whether an ant is initially attracted to the plant seed, and if
successful collection and subsequent removal of the seed is
successful.

The phasmid egg capitula has converged upon the same
chemical signalling pathways as myrmecochorous plants
and contains similar chemical components to that of the
myrmecochorous plant seed elaiosome (Stanton et al. 2015;
O’Hanlon et al. 2020). Oleic acid, the primary fatty acid in
both seeds and eggs, induces a food-carrying response in ants
(Fischer et al. 2008). As such, it is likely that the capitulum of
phasmid eggs, and the potential food reward it represents,
contributes to attracting ants and facilitating dispersal (Fischer
et al. 2008; Stanton et al. 2015). However, the phenomenon of
the egg capitulum and the role that it plays in attracting ants
has rarely been investigated, with only five phasmid species to
date being studied (O’Hanlon et al. 2020). Given that many
phasmid species possess egg capitula, it is likely that the
interaction of ants with phasmid eggs has had an important
role in driving the evolution and distribution of phasmids.
Investigating the role that the capitulum plays as an ant
attractant is still in its infancy and provides an interesting
pathway for exploring the evolutionary history and complex
signalling interactions between ants and phasmids.

As the plant seed elaiosome contains chemical components,
primarily fatty acids, similar to the haemolymph of invertebrate
prey, it is assumed that omnivorous and carnivorous guilds of
ants would show a greater level of attraction to seeds (Hughes
et al. 1994; Fischer et al. 2008; Stanton et al. 2015). Both
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I. purpureus and R. metallica are opportunistic scavengers
(Lubertazzi et al. 2010). C. aeneopilosus, on the other hand,
is a nectar-feeding omnivore, that is less likely to encounter
and disperse seeds while foraging due to specific dietary
requirements (Hughes et al. 1994). Furthermore, species
that have an extensive foraging range, like I. purpureus, are
more likely to encounter myrmecochorous plant seeds (Lubertazzi
et al. 2010), providing a potential explanation for the high
removal rate of A. longifolia by I. purpureus and R. metallica
observed here, compared to other species with a restricted
foraging range.

Given that the capitula exhibits the same chemical com-
position of the plant seed elaiosome, it is also likely that
carnivorous and omnivorous guilds of ants would exhibit a
greater attraction to phasmid eggs, compared with those that
exhibit different foraging strategies (Hughes et al. 1994;
Fischer et al. 2008; Stanton et al. 2015). This, however, has
yet to be quantified, given that research on ant—phasmid
interactions is scarce.

Through behavioural assessments, we have shown that,
across species, ants show different behaviours in response
to phasmid eggs, and consequently differ in their ability to
remove eggs a sufficient distance. I. purpureus was identified
as being the most effective at removing E. tiaratum eggs
compared with all other species studied. Furthermore, we
were able to show that ant species respond differently to
both myrmecochorous plant seeds and phasmid eggs, with
removals differing for both treatment types. Most notably,
we observed R. metallica behaving differently towards eggs
and seeds.

Ant-phasmid interactions have likely played a major
evolutionary role in shaping the diversity and distribution that
we see in phasmids today. As such, by understanding the
behavioural and ecological mechanisms associated with ant-
mediated phasmid egg dispersal, we may be able to begin to
unravel this complex interaction and gain insights into not
only phasmid ecology and evolution, but also the mutualistic
relationship with ant partners. Ant-plant interactions have
been studied broadly; however, studies quantifying visual
similarities between myrmecochorous plant seeds and phasmid
eggs have yet to be completed. Similarly, our understanding of
ant-phasmid interactions is in its infancy.

Several factors may have an impact on dispersal of phasmid
eggs by ants that remain unexplored and provide avenues for
future research, including seasonality and whether time of
year impacts collection of eggs by ants, egg size and appearance
within and between species, the role of the capitula in facilitat-
ing dispersal by ants as well as the functional benefits of ant-
mediated egg dispersal. Furthermore, the phasmid eggs are
assumed to be a novel stimulus for the ants used in this
study, in that they were unlikely to have encountered these
eggs before; however, it is not yet known whether previous
exposure to eggs would affect ant behaviour. As such, further
studies investigating how experience affects ant behaviour are
needed.
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Given that newly hatched nymphs of E. tiaratum resemble
ants in the genus Leptomyrmex, and that nymphs may differ in
appearance depending on location (Brock 2016), it would be
beneficial to conduct future studies that utilise different
culture stocks of eggs as well as conducting egg removal
trials with various species of Leptomyrmex ants. Further inves-
tigation is needed into how age of eggs and seeds influences
the expression of chemical signals and, consequently, if there
is an impact on dispersal by ants. Finally, the fate of phasmid
eggs following collection by ants and whether eggs can
remain viable within an ant nest are understudied aspects
of ant-phasmid interactions and should be explored in
future studies.

Supplementary material

Supplementary material is available online.
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