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Abstract

Biological invasion is a complex puzzle, and its significance is at an all-time high. Current
research highlights that the success of invasive species is partly due to their superior
performance in key behavioural traits, such as aggression and boldness, especially when
compared to ecologically similar native species. However, less attention has been given to
differences in these traits among invasive species themselves. Not all invaders are created
equal; they vary in their degree of invasiveness, often characterised by the extent of their
global spread. If behavioural traits are crucial for invasiveness, it stands to reason that more

invasive species - those with greater success - should outperform less invasive ones.

I tested this hypothesis using larval competition between differentially invasive blowfly
species. Calliphora stygia has a limited distribution, found only in Australia and New
Zealand, whereas Lucilia sericata and Lucilia cuprina (Lucilia spp.) are invaders with almost
global distributions. Under direct laboratory competition, the highly invasive Lucilia spp.
exhibited fewer body size reductions than C. stygia, regardless of intra- or interspecific
competition levels. These findings suggest that competitive traits may exist along a
continuum from native to invasive species, increasing predictably with invasiveness. This
insight highlights invasiveness as a potentially reliable metric for predicting competition

outcomes between ecologically similar sympatric invaders.
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1.1 Invasive species overview

Fueled by a changing climate and a historical precedent of human-driven species
translocation, biological invasion has become one of the largest concerns to ecosystem
structure in recent times (Early et al., 2016; PysSek et al., 2020). Invasive species, in part,
succeed due to their adaptability to new conditions. Currently, there are extensive examples
of direct comparisons between native and invasive species across traits. Yet, we still
understand little about how the expression of these traits may vary between invasive species -
particularly with respect to how such variation may facilitate differences in invasion success

(i.e., establishment and spread).

An invasive species is one that exists outside its native range, due to anthropogenic activity,
where it then has negative impacts on the invaded environment (Blackburn et al., 2014).
Invasive species present immense economic, social, and environmental costs. For example,
estimated global costs exceed $423 billion annually (IPBES, 2023). Beyond the global
figures, individual regions and countries also face significant financial challenges; for
example, $USD140 billion was spent on management costs in Europe from 1960 to 2020
(Haubrock et al., 2021). The costs in Aotearoa New Zealand are also high: over the 52 years
since 1968, an estimated $NZD97 billion was allocated towards the management of invasive
species (Bodey et al., 2022). From a social perspective, native species and habitats that hold
significant value to Indigenous peoples are typically adversely affected by invasive species
(Pfeiffer & Voeks, 2008). Moreover, invasive species can have significant ecological impacts,
primarily driving local species loss across both terrestrial and aquatic communities (Hermoso
et al., 2011; Mollot et al., 2017) via predation and/or direct competition (Doherty et al.,
2016). However, secondary processes, including food web alteration, niche restructuring, and

trophic degradation, also have profound ecological effects (David et al., 2017; Doody et al.,
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2015; Ferlian et al., 2018) that are often hard to quantify due to their latency with respect to

damages incurred (Bellard et al., 2021) (Fig. 1.1).

Direct competiton Predation Destruction of habitat

Combined ecological effects

« Reduction in native species ranges » Modification of native species behaviour
« Trophic degredation « Over consumption of natural resources
« Habitat modification/destruction » Local native species extinction

Figure 1.1 Examples of key pressures invasive species can exert on native species and

ecosystems, and the associated potential ecological consequences.

1.2 How traits can facilitate invasions

Invasive species are often faced with the challenge of adjusting to novel conditions to which
they have not evolved because each environment presents unique challenges and
compositions of local flora and fauna (Saul & Jeschke, 2015). The success of an invader is
therefore in some part determined by how well it can exploit novel conditions, both biotic and
abiotic. Though approaches to overcoming this problem are highly variable among species, a
range of traits (e.g., phenotypic, physiological, genetic, behavioural) facilitate the invasion
process and these can often aid invasive species to outcompete their native counterparts (Card

et al., 2018; Da Silva et al., 2021; Harms & Turingan, 2012; Yeung et al., 2023). For example,
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physiological traits can provide invasive species with a higher degree of resilience or
adaptability to environmental change than their native counterparts (Herrera et al., 2024;
Lockwood & Somero, 2011). This is seen in the invasive inland silverside (Menidia
beryllina), which possesses greater tolerance of thermal stress than its native competitor,
delta smelt (Hypomesus transpacificus) (Komoroske et al., 2021). Similarly, Braunsapis
puangensis and Ceratina dentipes (two invasive bee species), have higher resistance
desiccation and thermal stress tolerance than Homalictus fijiensis, their native counterpart in
Fiji (Da Silva et al., 2021; Gabel et al., 2024). Such trait differences can also form the basis
of variation between an invasive population of a species and populations in its home range
(Kosmala et al., 2017). For example, Sclerophrys gutturalis (guttural toad) has higher
resistance to drought stress in its invasive versus native populations (Barsotti et al., 2021).
Moreover, differences in traits between different invasive species likely drive differences in
their invasive success (i.e., geographic spread), though this area has been less-studied to date

(Chown & McGeoch, 2023).

If a species can get past the initial stage of being transported and introduced outside its native
range, it must still then establish itself and spread. High-performing reproductive traits can
aid in this process, allowing invasive species to proliferate at a faster rate than their native
counterparts and/or their own native range populations. For example, males of the harlequin
ladybird (Harmonia axyridis) from an invasive population are more likely to copulate first
and father a higher proportion of offspring than males from a native population, and invasive
female ladybirds lay more eggs and reproduce quicker than native females (Laugier et al.,
2013). Highly effective reproductive traits can also aid establishment of invasive populations
when the number of invading individuals is low (Deacon et al., 2011). However, investment
in reproductive traits is not uniform across all invasive species because there are inherent

trade-offs associated with high investment in behavioural, physiological, and/or
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morphological traits (Roff et al., 2002; Salzman et al., 2018; Somjee, 2021). For example, the
African clawed frog (Xenopus laevis) displays lower reproductive investment at the invasion

front, most likely as a result of investing more energy in dispersal (Courant et al., 2017).

1.3 The role of competition in invasion

Competition underpins the interactions between species with similar niche requirements and
therefore has a clear pathway of impact for determining invasion success, though of course,
invasive species can use behavioural adaptations or even random chance to avoid competition
altogether. At one extreme is the enemy-release hypothesis, whereby species invading a new
range succeed due to their release from native predators (Heger & Jeschke, 2014), or at
minimum experience lower predation pressures. In the latter case, this can happen when
invaders have broad anti-predator strategies that work effectively even on predators not found
in their home range (Cisterne et al., 2014). However, invasive species can also avoid
competition by modulating their behaviour. For example, they can change their activity
patterns to avoid overlap with native species - sometimes showing drastic temporal shifts,
including from diurnal to nocturnal activity (Harrington et al., 2009). Alternatively, rapid
recognition of native species through environmental cues can facilitate appropriate short-term
avoidance responses (Heavener et al., 2014), which are more commonly seen in invasive prey

encountering novel predators in the new environment.

In the absence of avoidance, invasive species must engage with any other species with which
they have competing interests. In fact, invasive species are more likely to aggressively pursue
resources and territory when compared to native species (Yeung et al., 2023; Zheng et al.,
2023). Such behaviour is underlain by a suite of behavioural adaptations that can enhance
invasion success through competitive advantage (Grangier & Lester, 2012; Szabo et al.,

2020). For example, boldness (defined as engaging in risky behaviours, such as those that
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increase the risk of predation or aggression from other species) can result in the exploration
of new habitats while also correlating with a higher propensity to disperse and be aggressive
(Myles-Gonzalez et al., 2015). Individuals in invading populations are often characterised as
being bold and/or aggressive - both when compared with their native range and when the
invaded range core and edge are contrasted (Barry et al., 2020; Gruber et al., 2017a, 2017b;
Pettit et al., 2016). The spiny cheek crayfish (Faxonius limosus) exemplifies this, showing
higher boldness by leaving microterritories in the invaded range at a higher rate than the
native Turkish crayfish (Pontastacus leptodactylus) (Parvulescu et al., 2021). Invaders
inhabiting edge zones can often habituate to novel conditions faster than those within the
inner zones (Eccard et al., 2023), as a result of more rapid acceptance of new food sources
(Cohen et al., 2020) or greater or more varied use of exploratory behaviours (Liebl & Martin,
2012). Such traits are often related to resource acquisition and retention, balancing out the

potential costs that may be incurred (Chucholl et al., 2008; Polo-Cavia et al., 2011).

Aggressive behaviours can promote invasive success in several ways. For example,
Linepithema humile (Argentine ant) displays higher rates of aggressive behavior towards
native competitors when the initial invading force of ants is higher in abundance (Sagata &
Lester, 2009) and when competition for shelter is necessary, suggesting a role for density in
determining aggression (Neumann & Pinter-Wollman, 2022). The distribution and abundance
of the competed-for resources are also important, with increased aggressive behaviour
observed in invasive species when resources are clumped or have low availability (Tanner et
al., 2011). Some invasive species can monopolise resources at a higher rate. This includes the
invasive common carp (Cyprinus carpio), which can consume food at a faster rate than native
crucian carp (Carassius carassius). Other kinds of traits can work together to facilitate
invasion. For example, a dietary switch from piscivorous to generalist necessitated changes in

a suite of traits for the pike killifish (Belonesox belizanus) in the invasive range, including
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phenotypic changes in mouth structure, physiological changes in digestion, and behavioural

changes associated with new prey (Courant et al., 2017; Harms & Turingan, 2012).

Characterisation of invasive behaviours often assumes uniform performance in key traits by
invasive species. However, even when directly comparing invasive species, clear distinctions
in levels of aggression and behaviour modification can be observed (Bertelsmeier et al.,
2015). To further understand how we might expect specific traits to vary in invasive species,
we must directly compare performance in key metrics between species that differ in
‘invasiveness’ (e.g., differences in geographic extent, incursion frequency) to see whether

trait expression corresponds with invasiveness in a predictable manner.

1.4 A model system for examining competition of invasive species

Blowflies (Calliphoridae) are an excellent model system for studying the traits of invasive
species because they are highly successful invaders across all continents except Antarctica.
The reasons for this are threefold. First, blowflies reproduce rapidly by producing high
volumes of eggs (Hayes et al., 1999; Pitts & Wall, 2004), capitalising on ephemeral, but
highly productive, carrion within the environment. Carrion is fundamental to the blowfly’s
life history as it provides necessary resources for the rapid growth of larvae over short time
scales (Anderson, 2000; Smith & Wall, 1997). Thus, blowflies can rapidly expand their
population size, aiding their ability to colonise new habitats. Second, blowflies are excellent
dispersers. Adult blowflies may disperse 1-3 km per day (Lee et al., 2023; Tsuda et al., 2009)
and the range at which they may lay eggs during their lifecycle expands far beyond this. For
example, Chrysomya bezziana (screw worm fly) lays eggs from a release point at median and
maximum distances of 10.8 and 100 km, respectively (Spradbery et al., 1995). Third,
blowflies are highly diverse and adaptable. Temperature preferences for larval development

varies between species, creating a high range of temperatures in which blowflies are capable
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of thriving (Richards et al., 2009). Some species, such as Calliphora vicina, can even adjust
the thermal tolerance of their future larvae in response to climatic conditions (Coleman et al.,

2014).

Aotearoa New Zealand is home to several invasive blowflies. Among these, based on their
sympatry in New Zealand and similar functional roles, but significant difference in global
distribution patterns, we characterise Calliphora stygia as a moderately invasive blowfly
(native to Australia, with an Australasian distribution), and Lucilia cuprina and Lucilia
sericata (hereafter Lucillia spp.) as highly invasive species (near-global distributions). C.
stygia is a large-bodied mottled yellow blowfly, while Lucillia spp. is relatively small-bodied
and iridescent green and blue (Fig. 1.2). While both species are invasive, their differences in
global distribution may be indicative of differences in their competitive abilities. I used this
study system as a model to explore the relationship between invasiveness and competitive
ability in blowflies. When comparing these two species, I hypothesised that Lucillia spp.
(more invasive) would outcompete C. stygia (less invasive) under direct competition for

resources, both inside and outside the laboratory.
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Calliphora stygia Lucilia cuprina Lucilia sericata

Figure 1.2. The three species of interest, from left to right: Calliphora stygia (© Nathan
Butterworth), Lucilia cuprina (© Fir0002/Flagstaftotos), and Lucilia sericata (Unattributed).
L. cuprina and L. sericata are extremely similar morphologically, play similar functional
roles in the ecosystem, and have overlapping global distributions - on this basis, and as they
are hard to identify with taxonomic certainty, they have been pooled as Lucilia spp. for

analysis.

1.5 Thesis structure

In this thesis, I use laboratory and field methods to examine the competitive capabilities of
invasive blowflies in Aotearoa New Zealand, specifically testing whether more invasive
species (Lucilia spp.) outcompete less invasive species (C. stygia). Following this
introductory chapter, Chapter 2 explores larval competition between invasive blowflies under
resource limitation and variable intra- and interspecific density ratios in both field and
laboratory conditions. Chapter 3 provides a critical evaluation of the thesis, including future

research implications.
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Chapter 2

Exploring invasiveness as a predictor of competition
outcomes between sympatric blowflies
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2.1 Abstract

The success of invasive species is often attributed to their expression of competitive traits like
rapid development, phenotypic plasticity, aggression, and boldness, typically when compared
to native competitors in the invaded range. However, less is known about how these traits
vary between invasive species, particularly those that are more versus less invasive (e.g., as
represented by their geographical spread and/or other factors). To address this, we staged
direct competition between invasive blowflies in Aotearoa New Zealand in both laboratory
and field contexts. Calliphora stygia was used as a less invasive model species (native to
Australia, with an Australasian distribution), while Lucilia sericata and Lucilia cuprina
(henceforth Lucilia spp.) represented highly invasive species with a near-global extent.
Laboratory trials involved manipulation of larval densities and intra/interspecific competition
ratios, while field trials were seeded with varying larval mixtures at different times to assess
potential succession order effects. In laboratory trials, the less invasive C. stygia showed at
minimum 2x greater reductions in body size across all competition levels and densities
compared to the more invasive Lucilia spp., which itself showed no significant size
reductions under balanced (i.e., equal intra/interspecific density) competition. In field trials,
the less invasive C. stygia were not able to complete development in the presence of multi-
species competitors, while the more invasive Lucilia spp. were able to develop normally -
suggesting competitive advantages in field settings and reinforcing the laboratory results.
Collectively, our findings highlight the potential role of species invasiveness in determining
competitive outcomes, offering insights into how competitive behaviours may drive invasion

success for species with similar life histories and ecological roles.
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2.2 Introduction

The interconnectedness of global society, alongside other anthropogenic activities that have
changed local abiotic conditions, have collectively facilitated the geographic expansion of
countless species (Boivin et al., 2016). Range expansions have progressed to the extent that
the average documented count of invasive species (defined here as those that have expanded
from their native range through the facilitation of humans and pose adverse effects in their
new environment) within any given country is 516 (Pagad et al., 2022). Annual global costs
associated with biological invasions exceeded $USD 423 billion in 2024 (IPBES, 2023), and
the management costs associated with invasive terrestrial invertebrates alone accounted for

~$USD712 billion as of 2020 (Renault et al., 2022).

From an ecological perspective, invasive species can have a range of measurable localised
effects, from the reduction of native species populations to changes in the invaded
ecosystem’s functioning, stability, and associated long-reaching effects across the entire
ecosystem (Ehrenfeld, 2010; Pysek et al., 2020). Despite the importance of invasive species,
we understand little about the mechanistic drivers of invasion success. For example, although
we know that traits play an important role in enabling invasive species establishment, the
focus is usually on comparing these traits among invasive and native species, or among
invasive populations from their home and invaded ranges or range cores and edges. Studies
that directly pit one invasive species against another are comparatively rare, limiting our
understanding of how differential ‘invasiveness’ among invaders may play a role in invasion

SUCCEsS.

Alongside traits that enable rapid population growth and geographic spread post-invasion
(e.g., high fecundity, rapid dispersal), those that facilitate faster and/or more effective use of
resources are likely to be important in assisting invasive species to perform better than

resident species in the invaded habitat (Fernandez & Hamilton, 2015). In particular,
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behavioural traits, such as aggression and boldness, underpin the competitive interactions
between species and are known to be important facets of successful biological invasion
(Barry et al., 2020; Gruber et al., 2017a, 2017b; Pettit et al., 2016; Yeung et al., 2023; Zheng
et al., 2023). For example, enhanced dispersal and higher aggression has seen the western
bluebird (Siala mexicana) expand its range and displace its native competitor, the mountain
bluebird (Sialia currucoides) in the USA (Duckworth & Badyaev, 2007). Similarly,
aggressive behaviours during feeding interactions are allowing invasive red-eared slider
turtles (Trachemys scripta elegans) to outcompete native terrapins (Mauremys leprosa) in

Spain (Polo-Cavia et al., 2011).

Competition is a pivotal mechanism that enables geographic expansion by invasive species
(Paquette & Hargreaves, 2021), with the traits that facilitate competition often context-
dependent. For example, the expression of aggressive behaviour is driven by the value of the
competed-upon resource (Kilgour et al., 2020; Tanner & Adler, 2009; Tanner et al., 2011) and
the balance of competitors, both in terms of their total density and their relative levels of
intra- and/or interspecific competition (Kilgour et al., 2020; Manenti et al., 2015; Tanner &
Adler, 2009). As it allows species to monopolise resources at a higher rate (Duckworth &
Badyaev, 2007; Neumann & Pinter-Wollman, 2022; Tanner et al., 2011), aggressive
behaviour is typically a highly repeatable trait during species interactions (Peiman &
Robinson, 2010), particularly those between invasive species and their new native
competitors (Hudina et al., 2014; Sagata & Lester, 2009). While co-occurring invasive
species may both have success if there is limited niche overlap and therefore less competitive
interaction (Jackson & Britton, 2014), there is some evidence that inhibitory effects can be
exerted upon one invader by another when there is higher niche overlap (Arismendi et al.,
2014; Griffen et al., 2008). For example, a recent invasion of the North American east coast

by the Asian shore crab (Hemigrapsus sanguineus) suppressed the ability of an earlier
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invader, the European green crab (Carcinus maenas), to acquire its preferred food resource
(Griffen et al., 2008). Similarly, two invasive salmonids (Oncorhynchus mykiss and Salmo
trutta) in southern Chile prevented the spread of other invasive salmonids in the region
through competitive exclusion from an overlapping niche (Arismendi et al., 2014). These
observational studies provide intriguing insights into the role of competition in determining
invasive outcomes. However, studies that manipulate starting density and intra- and
interspecific ratios would further our understanding of competition outcomes between

invasive species and of the ways in which invasive communities are structured.

Blowflies (Calliphoridae) are an excellent model system for testing hypotheses about the role
of competition in invasion, due to a number of factors. First, they are excellent invaders -
they reproduce rapidly, have high fecundity and dispersal rates, and are highly adaptable in
new environments (Lagos et al., 2017). Second, they are easy to rear and capture in the lab,
with relatively fast developmental cycles (~4-6 weeks), enabling scope for manipulative
experiments. Third, competition for carrion at both the larval and adult stage is a key feature
of the blowfly life cycle, providing resources for female blowflies to sexually mature and for

larvae to progress through development (Wilson & Wolkovich, 2011).

In New Zealand, a matrix of invasive blowfly species live in sympatry and carry out similar
functional roles within ecosystems but differ in their global invasive extent. Calliphora stygia
is native to Australia, with an overall Australasian distribution. In contrast, Lucilia cuprina
and Lucilia sericata (hereafter Lucilia spp.) are morphologically very similar, with
cosmopolitan distributions encompassing Africa (Williams & Villet, 2014), Europe (Baz et
al., 2007; Feddern et al., 2018; Rose & Wall, 2011), North America (Owings & Picard, 2018),
South America, and Australasia. These differences in geographic distribution may indicate the
potential for divergence in competitive abilities among the more invasive (Lucilia spp.) and
less invasive (C. stygia) species. Here, we use these species to evaluate the role of
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competitive ability in invasion success, with a particular view towards whether invasiveness
is predictive of competitive outcomes. We test this hypothesis by staging larval competition
between the two species in a controlled laboratory environment and in a field setting with low
levels of manipulation - exploring the effects of total density, food limitation, and both intra-
and interspecific competition on overall survival and adult blowfly body mass post-pupation.
We hypothesised that our pre-defined more invasive Lucillia spp. would outperform our less
invasive C. stygia in terms of greater survival and smaller effects of larval competition on

relative body size.

2.3 Methods
2.3.1 Collection sites

Blowflies were collected from various sites within the Waikato region (Fig. 2.1A) from
January to May 2024. Lucilia spp. was collected at the University of Waikato campus. C.
stygia was collected at three sites: the University of Waikato campus, Newstead Gully, and
the Edmund Hillary Hope Reserve. The latter two locations are rural sites, possessing dense
vegetation. In contrast, the University of Waikato campus is an urban site, with comparatively
lower vegetation cover and greater infrastructure. The variation in collection sites for C.
stygia was due to its inconsistent availability in adequate sample sizes for experimental
treatments. However previous genetic analysis has shown an absence of genetic structuring

among populations from across the North Island (Croft et al., 2024).

2.3.2 Sample collection and transportation

Bait to catch blowflies was prepared by placing a container filled with beef mince within a
self-contained outdoor cage at the University of Waikato glasshouse compound. The cage
prevented mammals and birds from interfering with the bait while allowing invertebrates
unimpeded access to the meat, encouraging egg-laying by blowflies. Eggs were allowed to

hatch and develop on the meat, with larvae then releasing chemicals to break down and
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odourise the meat to attract more blowflies. Prepared baits were used at field sites to attract
target species, with blowflies then caught on the meat and surrounding vegetation using hand
nets. Species were preliminarily identified following Dear 1985 and transferred into a mesh
cuboid insect cage (W32.5 x D32.5 x H32.5 cm), which was transported by car (up to 45

min) to the invertebrate laboratory at the University of Waikato.

The invertebrate laboratory conditions consisted of a constant temperature (23°C + 1°C), and
12:12h day:night light cycling. Raw sugar and water were provided to cages in ample

quantities and all flies underwent an initial 24-hr acclimation period in their shared cages.
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Figure 2.1. Experimental details. (A) The three sites used for blowfly collection; (B)
Simplified life cycle of a blowfly: adult blowflies deposit eggs on carrion, once eggs hatch,
larvae progress through three developmental instars then enter pupation and emerge as adult
blowflies; (C) Experimental design for both field- and laboratory-based competition
experiments, with colours depicting the balance of species used (green=Lucilia spp.;
yellow=C. stygia); (D) Photograph of a C. stygia individual depicting the blowfly thorax

length measurement region (Photo: D Nunn).
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2.3.3 Production of larvae

Following the acclimation period, females were isolated into new mesh cages (L21 x W21 x
H6 cm) with sugar, water, and beef mince added to encourage egg-laying. This decision was
predicated on the assumption that females had already mated in either the field prior to
collection, or during the acclimation period when they were still housed alongside

males. Lucilia spp. was i1solated as single females, but C. stygia required other females (n=5)
to be present to encourage consistent egg-laying. After approximately 48 hr, all cages were
checked for the presence of larvae, at which point the female adult was removed. Second
instar larvae were then identified using the key provided in (Dear, 1985) and selected for

competition trials (Fig. 2.1B).

2.3.4 Competition assays in the laboratory

The effects of competition on blowfly fitness were examined using four blowfly densities
(10, 20, 30, and 50 larvae) and a constant beef mince allotment of 20 + 0.25 g that resulted in
decreasing meat availability as the number of larvae increased (approximate weight of mince
per larvae at each density=2.00, 1.00, 0.67, and 0.40 g, respectively) (Fig. 2.1C, Table 2.1A).
Treatments also varied in their allocated species ratios, with five levels of intraspecific and
interspecific competition: intraspecific treatments of full C. stygia (Fs) and full Lucilia spp.
(F1); an equal 50% split of both species (50:50); and a 70:30 split favouring Lucilia spp. (701)
or C. stygia (70s) (Fig. 2.1C). Total replications of density and relative species ratios are

shown in Table 2.1B.
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Table 2.1. Competition assay designs. (A) Total replications conducted using various

mixtures of larval density and competition within the laboratory. Blank spaces are trials that

were unable to be undertaken due to time constraints; (B) Total replications of field-based

competition experiments. Each trial was replicated three times within a four-week period

(01/03/24, 08/03/24, 29/03/24).

(A)
Density
Competition
assay 10 20 30 50
Fi 7 7 5
Fs 5 5 6
50/50 5 5
70 5 6
705 5 5
(B)
Date Competition assay
10 10 5451 3D 3Ds Ni
s R R R R R

Individual size-matched larvae were transferred to meat in the previously described densities

and species ratios using a fine-tipped paintbrush. Weigh trays containing meat and larvae

were then placed inside polypropylene plastic boxes (L21 x W21 x H6 cm) containing chaff

as a substrate for pupation, and these were checked daily for blowfly emergence.

2.3.5 Competition assays in the field

Sample collection and larval production for the outdoor competition experiments followed

the same methods outlined above. Outside chambers were constructed using plastic

containers that allowed blowflies to enter and leave without obstruction. Chambers were
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L24.7 x H13.7 x W16 cm and had a double top layer consisting of the container lid plus an
inner compartment placed on top for additional protection from any rain. Holes were drilled
in both top layers to allow unimpeded access for blowflies, while additional holes were
drilled into six points around the bottom of the container to allow any rainwater to drain
away. A small plastic container with 75 £ 0.5 g of beef mince in a weigh tray was placed in

the centre of each larger container before field deployment.

A total of six treatments were used, with these varying by total larvae and the timing in which
larvae were added to the meat: Treatments 1 and 2 had 10 C. stygia and 10 Lucilia spp.,
respectively, with 2" instar larvae added on Day 1; Treatment 3 was also seeded with larvae
from Day 1, but had an equal ratio of C. stygia and Lucilia spp. (n=5 of each); Treatments 4
and 5 were seeded with 10 larvae (C. stygia and Lucilia spp., respectively) after being
deployed for 72 hrs; Treatment 6 had no artificial seeding of larvae (Fig. 2.1C). All treatments
were left for seven days in the outside area of the glasshouse compound at the University of
Waikato (spaced at least 5 m apart), following which the meat trays were placed in individual
mesh insect cages with a chaff substrate to allow pupation. Cages were stored in the above-
described temperature-controlled room (23°C + 1°C; 12:12 light:dark cycling) until flies
emerged from pupation, at which point they were identified to species or genus level
following (Dear, 1985). Each trial was replicated three times within a four-week period

(01/03/24, 08/03/24, 29/03/24).

2.3.6 Body sizing and survival rates

Body size was used as a proxy for fitness following competition experiments based on
previous research. For example, lower body size has been linked to lower mating success for
male blowflies (Stoffolano et al., 2000), and lower fecundity (measured as total egg
production) in females (Saunders et al., 2013). Dead blowflies were positioned horizontally

and pierced by a small metal pin, allowing a consistent view of the head and thorax. Pinned
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flies were then placed under a stereo microscope equipped with a Cannon camera and
photographed from above. ImageJ v.0.5.8 (Schneider et al., 2012) was used to measure the
length of the thorax to obtain a representative body size measurement per individual (Croft et

al., 2024) (Fig. 2.1D).

For the laboratory assays, survival rates were measured alongside body size by counting the
number of surviving individuals out of the maximum possible survivors (i.e., the total density

of a given species within the assay conditions the larvae were subjected to).

2.3.7 Data analysis

All data was analysed in R v.4.3.3 (R Core Team, 2024) and plotted using either Plotly

v.4.10.4 (Sievert et al., 2021) or ggplot2 v.3.5.1 (Ginestet, 2011).

A Pearsons’s moment correlation test was used to assess the relationship between thorax
length and overall body size (assessed by first measuring head length and thorax width and
then multiplying the three values together). A correlation was confirmed for both species:
Lucilia spp.=0.8833, p<0.001, C. stygia=0.904 , p<0.001), hence subsequent analyses used

only the thorax length measurement as a proxy for body size.

For the laboratory-based competition experiments, the effects of competition and density on
thorax length were assessed using linear models fit with density, competition, collection date,
and sex as predictors. To test if the emergence rates of male and female blowflies varied with
density and competition, the glm function fit to a binomial distribution in base R was used.
Differences in survival rates among treatments were tested in two ways. First, the proportion
of surviving larvae per trial was calculated and fit to a beta regression using the betareg v.3.2-
0 package (Cribari-Neto & Zeileis, 2010). Second, a glm fit to a binomial distribution was
used to test for differences in the failure (count of larvae from the total species density that

did not emerge) or success (count of larvae from the total species density that did emerge)
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response of larvae. Instances of over-dispersion were detected and overcome for both models
by fitting to a quasi-binomial distribution. Estimated marginal means was conducted using
emmeans v.1.10.0 (Lenth, 2024) to test pairwise comparisons of thorax length and survival

rates between density and competition levels.

For the field experiments, a glm was used to examine the relationship between date and total
Diptera emergence, fitting to a quasi-Poisson distribution to account for detected over-
dispersion. Differences in total emergence and species-specific emergence by treatment were
tested using glmmTMB v.1.1.10 (Brooks et al., 2017). The emergence of flies per treatment
was fit to a negative binomial model and estimated marginal means were used to assess
differences between treatment groups. An ANOVA using the aov function in base R was used
to assess differences in emerged Lucilia spp. thorax length. Following the ANOVA, a Tukey's
HSD test was used to explore pairwise differences between treatment groups using the ghlt
function in multcomp (Hothorn et al., 2008). Finally, the probability of occurrence of male

and female Lucilia spp. was tested using a glm fit to a binomial distribution in base R.

2.4 Results

2.4.1 Laboratory experiments: Intraspecific competition

2..4.1.1 Body size

C. stygia showed significant reductions in thorax length under intraspecific competition as
density increased, with estimated marginal means analysis revealing several notable
differences between density levels (Fig. 2.2A, Table A2.1). In particular, a significant
reduction (0.149 mm) in thorax length was observed at n=10 versus n=30 (p=0.010) and
between n=10 and n=50 (0.332 mm shorter at n=10; p<0.001). Additionally, thorax lengths at

n=50 were significantly lower than those at n=20 (estimate=0.286, p<0.001) and n=30
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(estimate=0.183, p<0.001). Thus, high density intraspecific (Fs) competition caused

significant thorax length reductions when compared to all other density levels (Table 2.2).

Lucilia spp. also showed significant thorax length reductions as density increased (Fig. 1A,
Table 2). Similar to C. stygia, Lucilia spp. showed decreases in thorax length between
densities of n=10 and n=30 (0.138mm larger at n=10; p<0.010). However, unlike C. stygia,
Lucilia spp. thorax length reductions did not increase with density. For example, no change
was observed between densities of n=30 and n=50 (estimate=-0.019, p=0.999), and
differences in thorax length at n=10 vs n=50 (estimate=0.127, p=0.012), were similar to those

at n=10 versus n=30 (Table 2.2).

Overall, C. stygia experienced both more frequent and stronger effects of density on body
size across densities under full intraspecific competition. Exemplifying this, the reduction in
thorax length between densities of n=10 versus n=50 was 2.6x greater for C. stygia compared

to Lucilia spp. (Table 2.2).

2.4.1.2 Survival rates

Survival rates for C. stygia were higher at densities of n=10 compared to n=30
(estimate=0.340, p=0.037) and n=50 (estimate=0.494, p<0.000) (Fig. 2.2B, Table 2.2).
However, this effect was lost under a binomial glm of success and failures for larval survival,
where no differences between any density of full intraspecific competition were detected.
Comparatively, Lucilia spp. displayed no significant changes in larval survival with density
under full intraspecific competition in either beta regression or binomial modelling (Fig.

2.2B, Table 2.2).
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Table 2.2 Pairwise comparisons of thorax length and larval survival from estimated marginal
means models. Thorax length estimates are derived from a linear regression testing the effects
of density, sex and species on thorax length, while larval survival estimates are derived from

a beta regression testing the effects of density on larval survival. Significant p values are

indicated in bold.
Comparison | Estimate | Standard error | T Value/Z ratio | P Value
C. stygia thorax length
n=10 vs n=20 0.046 0.046 1.000 0.974
n=10 vs n=30 0.149 0.046 3.234 0.028
n=10 vs n=50 0.332 0.043 7.783 <0.001
n=20 vs n=30 0.103 0.037 2.779 0.102
n=20 vs n=50 0.286 0.033 8.662 <0.001
n=30 vs n=50 0.183 0.034 5.441 <0.001
C. stygia survival rates
n=10 vs n=20 0.020 0.066 0.304 1.000
n=10 vs n=30 0.340 0.109 3.134 0.037
n=10 vs n=50 0.494 0.100 4.943 <0.001
n=20 vs n=30 0.320 0.111 2.876 0.078
n=20 vs n=50 0.475 0.103 4.602 <0.001
n=30 vs n=50 0.154 0.133 1.159 0.943
Lucilia spp. thorax length
n=10 vs n=20 0.159 0.389 2.721 0.118
n=10 vs n=30 0.138 0.039 3.549 <0.010
n=10 vs n=50 0.127 0.036 3471 <0.012
n=20 vs n=30 0.033 0.032 1.029 0.970
n=20 vs n=50 0.021 0.028 0.725 0.996
n=30 vs n=50 -0.019 0.029 -0.419 0.999
Lucilia spp. survival rates
n=10 vs n=20 -0.013 0.069 -0.183 1.000
n=10 vs n=30 0.039 0.086 0.464 0.999
n=10 vs n=50 0.095 0.095 1.004 0.974
n=20 vs n=30 0.052 0.084 0.625 0.999
n=20 vs n=50 0.108 0.093 1.156 0.944
n=30 vs n=50 0.055 0.106 0.522 0.999
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2.4.2. Laboratory experiments: Interspecific competition
2.4.2.1 Body size

Interspecific competition had significant effects on thorax length relative to intraspecific
competition for both species when density was low. For C. stygia, densities of n=10 and equal
balance interspecific competition (50/50) had a positive effect on thorax length compared to
Fs (estimate=0.224 mm, p=0.002; Fig. 2.3A). Similarly, Lucilia spp. showed significant
increases in thorax length at low density competition. For example, when density was low,
but interspecific competition was high, thorax length in Lucilia spp. was greater when reared
under C. stygia dominant (70s) competition relative to rearing under full intraspecific

competition (estimate= 0.161, p=0.034; Fig. 2.3B).

Under high density (n=50), neither species displayed changes in thorax length under any
balance of interspecific competition relative to intraspecific competition (Fig. 2.3A,B).
However, when comparing thorax lengths under the same interspecific competition level
between high (n=50) and low (n=10) density, C. stygia showed significant reductions under
all three levels of interspecific competition (Table 2.3). Comparatively, Lucilia spp. only
showed significant reductions under Lucilia spp. dominant (701) competition (Table 2.3).
Regardless of density, reductions in thorax length of C. stygia under any level of interspecific
competition were at least 2x greater than those incurred by Lucilia spp. between densities of

n=10 and n=50 (Table 2.3).

2.4.2.2 Survival rates

Survival rates were not significantly impacted by any level of interspecific competition
relative to full intraspecific competition for either species at densities of n=10 versus n=50
(Fig. 2.3C,D). This trend continued when comparing the survival rates of C. stygia and
Lucilia spp. at the same level of interspecific competition between densities of n=10 and

n=50 (Table 2.3). Thus, neither density nor competition level were significant predictors of
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survival rates for either species, nor did either affect the overall sex ratio for individuals that

emerged from pupation (Table. A2.1).
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Figure 2.3 Effects of competition on thorax length for: (A) C. stygia; (B) Lucilia spp.; and on

larval survival rates for: (C) C. stygia ; and (D) Lucilia spp.. All figures feature comparisons

within low density (n=10) and high density (n=50) competition and compare the effects of the
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noted level of competition relative to full intraspecific competition. The presence of a

significant effect is denoted in bold where 95% confidence intervals do not cross zero.

Confidence intervals located to the right of zero effect size indicate a positive effect, while

those to the left indicate a negative effect.

Table 2.3. Pairwise comparisons of thorax length and larval survival rates under three

interspecific competition levels (701, 705, 50/50) from estimated marginal means modelling

for C. stygia and Lucilia spp.. All comparisons measure the difference between the same

competition level at low density (n=10) and high density (n=50). Thorax length comparisons

are derived from linear regressions testing the effects of density, competition, sex, and date.

Larval survival rates are derived from a GLM fit to a quasi-binomial distribution testing the

effects of density and competition. Significant p values are shown in bold type.

Comparison of

a . Estimate Standard error | T Value/T ratio P Value
n=10 vs n=50
C. stygia thorax length
701 0.333 0.090 3.690 0.009
70, 0.443 0.062 7.147 <0.0001
50/50 0.605 0.067 9.072 <0.0001
C. stygia survival rates
701 0.159 1.918 0.083 1.000
70, -0.281 1.084 -0.259 1.000
50/50 0.750 1.781 0.421 1.000
Lucilia spp. thorax length
701 0.159 0.043 3.713 0.008
705 0.202 0.075 2.704 0.174
50/50 0.118 0.053 2.232 0.435
Lucilia spp. survival rates
701 0.4606 0.819 0.562 0.9999
70 -0.8781 1.117 -0.786 0.9988
50/50 -0.2307 0.929 -0.248 1.0000

46



2.4.3 Field competition assays

2.4.3.1 Temporal effects on Diptera emergence

Total species emergence counts from field competition trials can be found in Table 2.4. The
total emergence of Diptera species varied significantly with the date of assay establishment,
with lower total emergence between replicates 1 (01/03/24) and 2 (08/03/24) (df=15,
p<0.050) (Fig. 2.4; Table 2.5A). Sarcophagidae spp. (flesh flies) were the predominant
taxonomic group in the first two replicates (01/03/24, 95.4%) (08/03/24, 73%). The third
replicate on the 29/03/24 saw a transition to C. vicina as the dominant emergent species

(68%) (Fig. 2.4).

C. stygia emerged in low numbers (a total of six individuals emerged across the three trials),
while 192 Lucilia spp. emerged across all trials, but showed no significant differences in

emergence over time (df=15, p>0.050) (Table A2.3A).
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Table 2.4. Total counts of emerged target blowflies (C. stygia and Lucilia spp.) and non-target Diptera during field competition trials.

Date Treatment C. stygia Lucilia spp. C. vicina Sarcophagidae spp. Total
10 0 0 0 312 312
10 0 0 1 245 246
Replicate 1 54/51 0 0 0 44 44
(01/03/24) 3D, 0 44 0 217 261
3Dy 0 0 3 91 9
Ni 0 0 0 92 92
105 1 0 110 111
10, 0 121 0 9 130
Replicate 2 5¢/51 0 6 0 29 35
(08/03/24) 3D, 0 0 0 58 58
3Dy 0 0 0 97 97
Ni 0 0 0 44 44
105 0 0 193 29 222
10, 0 4 102 0 106
Replicate 3 54/51 0 0 0 102 102
(29/03/24) 3D, 0 0 78 0 78
3Dy 5 0 112 0 117
Ni 0 17 10 79 106
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Table 2.5. Statistical results for the field experiments: (A) Estimated marginal means fit to a quasi-poisson distribution of the effects of date on

total Diptera emergence; (B) Estimated marginal means model fit to a negative binomial distribution, investigating the effects of competition
treatment on total Diptera emergence; (C) Pairwise comparisons of a negative binomial estimated marginal means model on the effects of
competition treatment on total Diptera emergence; (D) Linear regression testing the effect of field-testing treatments on emergent Lucilia spp.

thorax length (mm); (E) Tukey’s HSD post hoc analysis of differences in thorax length (mm) of Lucilia spp. between field testing treatments.

Significant p values are indicated in bold throughout.

(A) Estimated marginal Contrast Log estimate Standard error Z ratio P value
means model of date on Replicate 1 vs 2 (01/03/24 vs
08/03/24) 0.792 0.243 3.260 0.003
total Diptera emergence Replicate 1 vs 3 (01/03/24 vs
29/03/24 0.361 0.243 0.212 0.203
Replicate 2 vs 3) (29/03/24 vs
08/03/24) 0.431 0.259 1.665 0.220
(B) Estimated marginal Treatment Estimate Standard error Z value P value
means model of treatment Intercept 5061 0251 20.151 < 2e16
on total Diptera 10: 0.252 0.279 0.905 0.365
emergence 3D 10.402 0.282 1422 0.155
3D -0.270 0.282 -0.959 0.338
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5¢/51

-0.974 0.289 -3.372 0.000
Ni -0.707 0.284 -2.487 0.013
(C) Pairwise comparisons Contrast Log Estimate Standard error Z ratio P value
of Diptera emergence 10; vs 105 0.261 0.281 -0.928 0.939
between treatments 10, vs 3Dy 0.393 0.285 1.381 0.739
10, vs 3Ds 0.262 0.284 0.921 0.941
10 vs 54/5 0.965 0.292 3.310 0.012
10, vs Ni 0.698 0.287 2.434 0.145
105 vs 3Dy 0.654 0.285 2.299 0.194
105 vs 3Ds 0.523 0.282 1.851 0.433
105 Vs 54/5 1.226 0.288 4.251 0.000
10, vs N, 0.959 0.284 3.375 0.009
3D vs 3Ds -0.132 0.290 -0.454 0.998
3D vs 5¢/5 0.572 0.291 1.963 0.364
3Dl vs Ni 0.305 0.289 1.057 0.898
3Ds vs 54/5 0.703 0.295 2.386 0.161
3Ds Vs N 0.437 0.289 1.512 0.657
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53/5| VS Nl

-0.267 0.292 -0.914 0.943
(D) Linear regression of Treatment Estimate Standard error T value P value
treatment on Lucilia spp. Intercept 4.871 0.768 6.346 1.66e®
thorax length (mm) 3Ds 1.194 0.781 1.529 0.128
5451 -0.716 0.570 -1.257 0.210
Ni -13
-1.213 0.154 -7.891 2.54¢
(E) Pairwise comparison Contrast Estimate Standard error T value P value
of treatment on Lucilia 3Ds vs10; 1.194 0.781 1.529 0.205
spp. thorax length (mm) 5¢/51vs 10 20716 0.570 -1.257 0.323
Nivs 10 -1.213 0.154 -7.891 <0.001
5451 vs 3D -1.910 1.343 -1.423 0.247
Ni vs 3Ds -2.407 0.919 -2.621 0.018
Ni vs 545 -0.497 0.442 -1.124 0.393
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Figure 2.4. Total emergence of flies during replicated field competition assays (replicate 1:
01/03/24; replicate 2: 08/03/24; replicate 3: 29/03/24). Bars are coloured by taxonomic group
or species according to the provided key and significant differences are indicated with bars

and asterisks at the top of the plot (***=p<0.001; **=p<0.010; *=p<0.050).
2.4.3.2 Within-replicate competition effects

Within a given replicate, significant differences in mean total fly emergence were detected
between treatments (Fig.s 2.5, 2.6). Both 54/51(p=0.000) and N; (p=0.013) treatments saw a
reduction in total emergence of flies. In particular, significantly more flies emerged from 105
than from either 50/50 (p<0.001) or N; (p<0.010) treatments, and more flies emerged from
the 10 versus 5¢/51 (p<0.010) treatments (Table 2.5C). Lucilia spp. only emerged in five out
of a total of 18 trials thus, no significant differences in Luciliia spp. emergence by treatment
could be detected (Table A2.3B).
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53



350+

Total number of emerged flies

3004

2504

2004

1504

1004

504

(A)

NE

101

105 3D1 3Ds 55/51
Treatment

Ni

(©)

Total number of emerged flies

Total Emergence

3004

)
0]
=]

a
1=}
=}

o
=}

o
=}

504

(B)

350+

(2]
2
=
©

O

o0

o

[}

£

()
Y

o

—

[}
QO

S

=)

c
©
o
[t

100 10s 3Di 3Ds

3004

250+

2004

1504

1004

C. stygia
. Lucilia spp.

. C. vicina

Sarcophagidae spp.

100 10s 3Di 3Ds 5¢/51 Ni

Treatment

5¢/51 Ni

Treatment

Figure 2.6. Total emergence of flies under different field competition treatments separated by

replicate: (A) Replicate 1 (01/03/24); (B) Replicate 2 (08/03/24); (C) Replicate 3 (29/03/24).

Bar graphs are stacked and coloured by species as per the provided key.

54



Examining Lucilia spp. emergence data, there was a negative effect of Ni on body size, as
measured by thorax length (estimate=-1.213, df=185, p=2.54e’"%) (Fig. A2.1A, Table 2.5D).
Thorax length was also reduced in the comparisons between Njversus 10; (estimate=-1.213,
t=-7.891, p<0.001) and Njversus 3Ds (estimate=-2.407, t=-2.621, p<0.050) (Table 2.5E).
Treatment did not have a significant effect on the probability of emergence for male or female
Lucilia spp. (p>0.050). However, sex was a significant predictor of thorax length in the linear
model for Lucilia spp., with females being larger (estimate=0.197, t=4.845, df=185,
p<0.001). Differences in thorax length between males and females were only detected in the

10; treatment (estimate=0.189, p<0.01; Fig. A2.1B).

2.5 Discussion

We investigated competition outcomes between sympatric invasive blowfly species under
laboratory and field experimental conditions in New Zealand. Our findings indicated that
invasive status is a useful predictor of competitive ability, with the more invasive Lucilia spp.
outcompeting the less invasive C. stygia in various metrics under high-density food

limitation.

Competition for shared resources and interference dynamics between both conspecifics and
heterospecifics can have profound effects on fitness across the animal kingdom, for example
lowering reproductive output in Pygmy Owls (Glaucidium passerinum) and Spotted hyenas
(Crocuta crocuta) (Groning & Hochkirch, 2008; Morosinotto et al., 2017; Watts &
Holekamp, 2008), slowing range expansions in the flour beetles Tribolium castaneum and
Tribolium confusum (Legault et al., 2020), and reducing body size and survival rates (Smith
& Wall, 1997) for the outcompeted species. In our study, body size reductions between high
and low-density treatments were a minimum of ~2x greater for the less invasive C. stygia

under both intra-and interspecific competition treatments. Moreover, C. stygia showed

55



significant thorax length reductions across all levels of competition under high versus low-
density conditions, while Lucilia spp. exhibited fewer significant reductions in thorax length
and no reduction under equal (50/50) competition or C. stygia-dominated competition (70s).
Collectively, this suggests that the invasiveness of species may influence the outcomes of
competition between sympatric invaders. This hypothesis is supported by previous research.
For example, the more invasive signal crayfish (Pacifastacus leniusculus; native to North
America and invasive in both Europe and Asia; Kouba et al., 2014) is more successful at
acquiring shelter, sustains fewer injuries, and better maintains its body size during food
competition when directly competed in either isolated or group contexts with the less
invasive spiny-cheek crayfish (Orconectes limosus; also native to North America, but only
invasive in Europe) (Chucholl & Chucholl, 2021; Hudina et al., 2011; Kouba et al., 2014). A
similar pattern is observed in invasive mosquitoes, with Aedes aegypti (yellow fever
mosquito) and Aedes albopictus (tiger mosquito) both globally invasive, but the tiger
mosquito showing greater predicted range expansion by 2080 (Kraemer et al., 2019; Kraemer
et al., 2015); direct competition of these two species results in the tiger mosquito maintaining

higher population growth and survivorship in mixed-species cultures (Braks et al., 2004).

Our differential findings in thorax length, emergence, and larval survival between C. stygia
and Lucilia spp. may have other explanations besides invasiveness. For example, the extent to
which carrion supports colonisers scales with the mass of the carrion, which in turn affects
the diversity and biomass of supported species (Wierer et al., 2024). Current knowledge
highlights the importance of the starting density of invaders during the invasion process, as
higher density of invaders can increase expression of competitive behaviours (Sagata &
Lester, 2009) and mitigate deleterious allele affects associated with low population sizes
(Taylor & Hastings, 2005). In our study, density was in fact a more important predictor

overall than competition, as indicated by the low number of differences in thorax length and
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larval survival between competition levels within densities. Moreover, reductions in body
size of Lucilia spp. at high density were of a smaller magnitude than those experienced by
C.stygia (minimum of 50% smaller). This suggests that more invasive species may more
efficiently use smaller carrion sources than less invasive species when competition is high,
and further, that sympatry between invasive species may be in part achievable if interspecific
competition effects do not appreciably add to those already exerted by intraspecific
competition. Alternatively, we found that C. stygia individuals were on average >20% larger
than Lucilia spp. (depending on the density and treatment) and were also consistently larger
under laboratory conditions in the absence of competition and in wild-caught individuals
(pers. obs.). Thus, relative body size differences between the two species may influence their
responses to food limitation, with larger individuals likely having higher food requirements
during larval feeding stages. However, our statistical models remained significant even when
accounting for differences in individual body size, suggesting that Lucilia spp. may be better

at tolerating food limitation.

Food limitation marks a critical point where competitor density directly affects larval
development. Reduced food availability has predictable effects on larvae, most notably a
decrease in adult blowfly body size and lower larval survival rates (Cook et al., 2024;
Kokdener et al., 2020; Rosa et al., 2004). In our laboratory-based competition assays, density
and competition only slightly affected survival rates in C. stygia, with no measurable effects
on Lucilia spp. survival. Literature suggests this may result from a trade-off between body
size and emergence timing. Some species may shorten feeding or pupation phases in response
to competition, where a smaller body size reduces larval mortality under resource limitation
(Carmo et al., 2018; Ireland & Turner, 2006). However, responses to food limitation can
differ among species. For example, C. vicina - an invasive blowfly with a broad global

distribution - adjusts time spent in post-feeding larval stages as it reduces feeding time, while
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post-feeding timing in L. sericata remains independent of feeding duration (Komo &
Charabidze, 2021). Food limitation also severely impacts the reproductive output of adult
blowflies (Williams & Richardson, 1983). Exploring greater levels of food limitation in the
future is a potential avenue to further test if Lucilia spp. is in fact more tolerant to food

limitation.

Larval competition outcomes are often highly nuanced, influenced not just by the
competitors themselves, but also by environmental conditions and the quality and abundance
of food (Ireland & Turner, 2006; Kokdener et al., 2020). There is evidence of a threshold,
where increasing larval density may even facilitate better growth outcomes. For example,
Chrysomya albiceps, the banded blowfly, performs better in mixed cultures with high
interspecific competition, as it preys upon competing larvae (Maclnnis & Higley, 2020; Rosa
et al., 2004). Additionally, the size of a larval mass can create a microenvironment with a
temperature higher than the ambient surroundings (Johnson & Wallman, 2014; Kotz¢ et al.,
2016), enhancing larval development rates to an optimal point (Johnson & Wallman, 2014;
Kotz¢ et al., 2016). Moreover, aggregations of larvae may increase food consumption rates
through exodigestion - where larvae excrete enzymes into the carrion to make nutrients more
readily available, increasing feeding rates and development (Scanvion et al., 2018). In our
study, the lack of body size reductions in Lucilia spp. under balanced interspecific
competition may indicate an ability to capitalise on density-related benefits. Indeed, L.
sericata has previously been documented to benefit from interspecific larval cultures under
non-food limited conditions, gaining increased body size and survival rates (Komo et al.,
2019). However, we were unable to account for potential effects of parental fitness on
offspring body mass, as larvae were laid by females in groups. Future research that controls
for parental body size effects would help to separate genetic and other drivers of adult body

size.
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Blowflies are typically among the first groups to colonise carrion, with evidence suggesting
that early succession competition dynamics influence colonisation order. In particular, larger
blowfly species can predictably arrive first (Brundage et al., 2014; Evans et al., 2020; Rosati,
2014), though this does not guarantee success as other later-arriving insects, such as beetles,
can compete with or even prey upon blowfly larvae to significantly reduce their survival rates
(Matuszewski & MAdra-Bielewicz, 2022). The field assays within this study were designed
to measure the strength of priority effects that C. stygia and Lucilia spp. exerted under
different balances of larval timing and densities. C. stygia was out-competed and failed to
emerge in large numbers in our field assay; thus, we were unable to assess differences in
emergence counts and body size under different larval seeding treatments. However, Lucilia
spp. that emerged from meat without prior artificial seeding of larvae (Ni) had lower thorax
lengths than those where meat had been seeded with Lucilia spp. (from Day 1; 10) or C.
stygia (from Day 3; 3Ds). This may be in part explained if Lucilia spp. is able to exploit
different levels of interspecific competition by benefiting from the positive effects of density
while mitigating food limitation (Johnson & Wallman, 2014; Komo et al., 2019; Scanvion et
al., 2018). However, despite overall Diptera emergence being lower in trials seeded with no
larvae and those seeded with a day-one equal species ratio, no significant differences were
found in the emergence of Lucilia spp. across any level of larval seeding treatments in the
current study. This may be because any advantages provided by early succession of Lucilia
spp. via artificial larval seeding were diminished due to the high abundance of non-target
species in the environment (Brundage et al., 2014; Evans et al., 2020; Rosati, 2014). Future
work should aim to include higher replication and multiple sites to better elucidate the effects
of starting densities and succession order on invasion outcomes - in particular, we expected
C. stygia to perform well in these assays if body size was a better predicter of colonisation

order (Brundage et al., 2014; Evans et al., 2020; Rosati, 2014) than invasiveness; exploring
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this angle would help to tease apart these potentially competing hypotheses (i.e., when the

less invasive species is actually larger).

Overall, our research provides insights into the potential role of invasiveness in predicting
competitive outcomes between invasive species with overlapping ecological roles and life
histories. While we identified differences in competitive outcomes between the larvae of C.
stygia and Lucilia spp., the specific mechanisms potentially driving these differences - such
as aggression and boldness - remain inferred. Thus, conducting assays that isolate and
measure these traits directly is a compelling area of future research that would enhance our
understanding of the competitive dynamics at play. Characterising trait performance across a
matrix of ecologically similar invasive and native species of varying body size - for both
blowflies and other species - would also be invaluable for obtaining further insights into the

invasion process.
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3.1 General overview

In this thesis, I directly competed differentially invasive blowfly species against one another
to test the ability of invasive status to predict competition outcomes. I found that the less
invasive C. stygia was indeed more affected than the more invasive Lucilia spp. across all
tested levels of intra- and interspecific competition. Thus, my research has provided valuable
insights into how we might expect competition dynamics between sympatric invasive species
to occur, indicating that invasiveness may be a useful proxy for performance in competition

between ecologically similar invasive species.
3.2 Broader implications

A 2015 meta-analysis of invasive species found that, on average, interactions between
invasive animals in terrestrial and freshwater ecosystems are found to be neutral, meaning
they have no positive or negative effects on the success of other invaders (Jackson, 2015).
However, we know that behaviours, such as aggression and boldness, are important in
facilitating invasion success (Duckworth & Badyaev, 2007; Hudina et al., 2014; Zheng et al.,
2023), and my research suggests that asymmetry in the competitive ability likely plays an
important role in determining competitition outcomes between differentially invasive species
thereafter. If this is more generally the case in other systems, we might be able to use metrics
of ‘invasiveness’ (e.g., geographic extent, fecundity) to better predict invasion outcomes. In
fact, many studies competing differentially invasive species may already exist within the
literature without explicitly exploring the predictive ability of invasiveness (e.g., relative

levels of establishment and spread are often not quantified). Re-examination of existing
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literature, with retroactive classification of species by their invasiveness applied, is therefore

a potential avenue to rapidly expand on our knowledge in this idea.

Although my primary hypothesis is that invasiveness is the main driver of the observed
competitive outcomes, there are other potential explanations that should be considered. For
example, differences in larval development times could have allowed one species to capitalise
on resources faster than the other. Larval development times for Lucilia spp. are highly
documented throughout the literature (Bansode et al., 2016; Tarone et al., 2011; Wang et al.,
2020), but the same cannot be said for C. stygia, perhaps because Lucilia spp. is a more
prominent global invader. While we did not officially track emergence times in laboratory
experiments, observations suggest that Lucilia spp. consistently emerged earlier than C.
stygia during rearing. If Lucilia spp. is able to progress through larval instars faster than C.
stygia during competition, they may have been able to consume resources faster, partly
explaining the greater body size reductions for C. stygia when competing with Lucilia spp..
This would, however, fail to explain the less significant reductions in body size for Lucilia
spp. under full intraspecific competition. Consideration should also be given to the relative
body sizes of C. stygia and Lucilia spp.: C stygia is approximately 20% larger when not food
limited, which suggests that its larvae would need to consume comparatively more food than

Lucilia spp. to reach its maximum body size.

As well as there being other potential explanations for my findings, there are experimental
design elements that may have influenced my results. For example, I was unfortunately
unable to replicate the interspecific competition levels at middle densities (n=20, n=30), due
to limitations in larval production in the laboratory. Completing these additional competition
assays may have revealed more nuanced details about how intermediate densities might
impact competition outcomes. Previous work has shown that results of competition between

mixed cultures of blowfly larvae can vary with density. For example, Lucilia illustris is a
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superior competitor to Lucilia silvarum at intermediate, but not high density, competition

(Prinkkila & Hanski, 1995).

In a second example, the lowest ratio of food limitation I used was 0.4 g/larvae, based on
previous studies that showed food limitation effects at 0.5 g/larvae (Cook et al., 2024 A,
2024B; Ribeiro & Von Zuben, 2010). However, using more extreme food limitation might
have revealed stronger, or different, trends in survival rates and body size reductions by
forcing a trade-off between investment in body size and earlier emergence times (i.e., longer
in the larval stage eating versus earlier pupation and eating cessation), or poorer survival if
the critical mass required to complete pupation is unable to be obtained (Ribeiro & Von

Zuben, 2010).

A third consideration is the potential influence of parental fitness on larval outcomes. The
larvae in my experiments came from wild females for both species, females from C. stygia
produced larvae only when in groups, and competition experiments were not set up to track
individuals through development once larvae were pooled in the treatment ratios. Thus, the
parents of any given larvae were not able to be determined, and I was then unable to test for
the potential relationship between parental body size and larval size. As a result, I cannot rule
out genetic effects as a driver of the measured body size trait and the relatively higher

importance of food consumption rate and extent is necessarily implicit.

3.3 Recommendations

Following on from above, some key recommendations were I to repeat these experiments
include further exploration of intermediate densities and the potential examination of more
extreme food limitation and the relationship between adult and larval body size. In addition,
to explore the general transferability of my results, I would suggest including more
differentially invasive species into future experiments. Regarding the latter, a key element to
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consider is that invasive species that are at odds with other invaders are of course, likely also
at odds with native species. The consideration of multiple invaders and native species would
form an intricate set of intra- and interspecific elements that could be teased apart in carefully
designed laboratory studies that vary both density and succession order to better understand

the outcome of more realistic competition scenarios.

An interesting anecdote that arose from rearing larvae in the laboratory was that multiple
females were required to encourage egg laying for C. stygia. In contrast, isolated females of
Lucilia spp. were able to consistently produce larvae. This provides an intriguing hint that
future research into the role of sociality (in the form of cues to encourage egg-laying) may
shed further light on the role of sociality versus intraspecific competition in driving range
expansion of invasive species (Sexton et al., 2009). Indeed, social structure in the form of
larval aggregations can be an important determinant of competition among carrion feeders

(Altwegg et al., 2013; Charabidze et al., 2021).

I measured body size, survival rate, and succession order across my experiments. Additional
measures to test for fitness outcomes from direct competition that may have provided further
insights and could be tested in future include adult fecundity and post-emergence lifespan,
both of which have been measured by others when staging competition between blowfly
larvae (Prinkkild & Hanski, 1995). Notably, L. sericata exhibits a trade-off in the form of

better survival rates, but lower fecundity, under high density competition (Parry et al., 2017).

Finally, as noted in Chapter 2, my data was used to infer the behavioural mechanisms that
may drive the observed difference in competitive performance between C. stygia and Lucilia
spp.. Thus, my main recommendation for future work is to more directly examine
competitive behaviours, such as boldness and aggression, in the target species. These could

be examined in isolation to see if more invasive species are bolder and more aggressive, but
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also in concert within a single species to test for behavioural syndromes (i.e., traits that are
highly correlated with one another, such that more invasive species are superior in suites of

correlated traits) (Tamin et al., 2023).

3.4 Conclusions

My thesis results suggest that invasiveness may act in a predictable manner to determine the
outcome of competitive interactions between differentially invasive species. Our more
invasive model species, Lucilia spp., incurred smaller reductions in body size under food
limitation, and the presence of significant reductions was dependent on the intra-interspecific
species balance. Comparatively, body size reductions for the less invasive C. stygia were

greater and occurred under all levels of intra-interspecific competition.

This knowledge is consistent with, but expands upon, the premise that invasive species are
more competitive than native species, by showing differences in competitiveness and the
expression of key behavioural traits along a continuum - not just as we move from native
species to invaders, but also when we compare less and more invasive species. Future work
in this area has high potential to further advance our understanding of invasion dynamics

using the described model blowfly system.
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Appendix A2

Table A2.1. Type 3 ANOVA analysis of the effects of various metrics on thorax length for
both C. stygia and Lucilia spp. under full intraspecific competition (Fsand Fi). Significant p

values are indicated in bold.

Sum of squares Df F value P value

Intercept 882.25 25 114 <2.2¢-"
Density 0.91 31 4.80 0.003

Species 7.26 1 115.397 <2.2¢-"

Sex 6.95 1 110.6 <2.2¢-'

Density: Species 2.80 3 14.853 1.927¢-"

Species: Sex 12.31 1 195.726 <2.2e-"

Table A2.2. Binomial model of emergence probability for male and female C. stygia and

Lucilia spp., as predicted by competition and density.

Competition/Density ‘ Estimate | Standard error Z value P value
C. stygia

Intercept 0.081 0.257 0.316 0.752
701 0.294 0.302 0.970 0.332
70, 0.108 0.237 0.457 0.648
F; -0.098 0.234 -0.420 0.674

n=20 0.145 0.303 0.478 0.633

n=30 0.220 0.308 0.715 0.474

n=50 -0.244 0.220 -1.111 0.267
Lucilia spp.

Intercept 0.135 0.263 0.514 0.607
701 -0.369 0.259 -1.426 0.154
70, -0.320 0.305 -1.049 0.294
Fi 0.177 0.229 0.773 0.440

n=20 -0.297 0.271 -1.095 0.274
n=30 -0.200 0.272 -0.736 0.462
n=50 -0.161 0.212 -0.756 0.450
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Table A2.3. Statistical results for field experiments. (A) Generalised linear model fit to a quasi-poisson distribution, testing the effects of
replicate number on Lucillia spp. emergence counts in field competition testing; (B) Negative binomial model of Lucilia spp. emergence under

various field-testing treatments.

(A) Emergence of Lucilia spp. by Replicate Estimate Standard error T value P value
replicate Intercept 1.992 1.137 1.753 0.100
2 (8/03/24) 1.060 1319 0.804 0.434
3(29/03/24) -0.740 2.000 -0.370 0.717

(B) Emergence of Lucilia spp. by Treatment Estimate Standard error Z value P value
treatment Intercept 3730 1.497 2.491 0.012
3D -1.044 2.121 -0.492 0.623
5451 -3.037 2.154 -1.410 0.159

N

-1.995 2.129 -0.937 0.349
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Figure A2.1. Field competition assays: (A) The effects of date and treatment on emerged

Lucilia spp. thorax length (replicate 1: 01/03/24; replicate 2: 08/03/24; replicate 3: 29/03/24);

(B) Thorax length of emerged male and female Lucilia spp..
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