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Abstract 
 

The relationship between predator and prey relies on the cues they communicate with 

each other. These cues include anti-predation indicators prey species communicate to 

predators. Aposematic cues are an example of an anti-predation strategy that prey use 

to reduce the attack rates they experience. Aposematism is the association between 

conspicuous colouration and the presence of toxins that make the prey unpalatable to 

the predator. Other species that want to remain inconspicuous to predators may use 

other anti-predation methods such as camouflage. This thesis looks at whether birds in 

Aotearoa-New Zealand have experienced aposematic cues from insect prey. 

Furthermore, it specifically looks at whether this is influenced by a naïve population, as 

well as the proportion of endemic/native species compared to introduced species. The 

experiments in this thesis were conducted in the Waitākere Ranges and Riverhead 

Forest, both within Auckland, New Zealand. Artificial prey was used to simulate both 

aposematic and non-aposematic insects. The colour of the insect model did affect 

whether the mealworm was eaten (F-Value = 8.9, p-value = 0.03). The proportion of 

endemic/native avian species compared to introduced species in the area did affect 

whether the artificial prey was predated (F-value = 120, p-value<0.001). Finally, the 

experience of the population, and whether they had been exposed to aposematic species 

prior to the experiments did not affect whether the artificial prey was predated or not 

(F-value<1, p-value >0.05). Therefore, this thesis concludes that birds of Aotearoa have 

been exposed to aposematic insects and have learned to reduce their attack rates 

against them.  
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Preface 
 

The research in this thesis has contributed in part to the Global Antipredator Network 

Research Project. Therefore, as part of this wider study, the experimental design and 

data collection have been tightly regimented to enable global comparisons across 

multiple countries and study sites. While the data here is collected using the 

methodology specified by the global project, the research questions in this thesis are 

unique to this body of work. This thesis only includes the data I have collected, it does 

not include data collected by other researchers as part of the global study.   

 

Data collection for this study was interrupted by a Level 4 and ongoing Level 3 

lockdowns in Aotearoa due to COVID-19. The intention was to collect data over a span 

of 10 months through the summer of 2020/2021 and through 2021. Early in 2021 on 

14th February, a level 3 lockdown was announced as there was a community outbreak of 

COVID – 19, disrupting the timeline of data collection. This meant that the data 

collection was postponed until the alert levels in New Zealand were lowered. Later in 

the year, the Delta variant of COVID-19 spread throughout the community putting New 

Zealand into another Level 4 lockdown on August 17. This lockdown also aligned during 

the winter data collection for this process.  This affected one of the research questions 

asked in this thesis around the difference of avian predation rates on insects by bird 

communities with differing levels of experience. I initially intended to compare bird 

populations that were naïve (November/December), experience bird populations 

(March/April), and bird populations consisting largely of adults (winter season). 

Therefore, due to the disruptions of data collections, the initial research questions had 

to be adapted to the collected data.  
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Introduction 

 

Organisms often use their colouration to convey information or communicate, both 

within and between species (Doutrelant et al., 2016; Lunghi et al., 2021; Umbers, 2013). 

One example in which colouration is used as a communication tool is when prey 

advertise to predators that they should not be attacked (Banci et al., 2020; Despland & 

Simpson, 2005; Hämäläinen et al., 2021). Organisms use conspicuous cues to indicate 

their unpalatability or toxicity to their predators (Guilford, 1988; Mappes et al., 2005; 

Ord et al., 2021). Conspicuous cues in this case refers to bright or obvious colours, 

patterns or weaponry that indicate to predators that prey should be avoided (Arenas et 

al., 2015; Rojas, 2017). This is referred to as aposematism. Aposematism is an effective 

anti-predator strategy, as predators who attack aposematic conspicuous prey attack 

with reduced aggression compared to the attack rate experienced by inconspicuous 

non-aposematic prey (Gamberale & Tullberg, 1996a; Prudic et al., 2007b; Speed & 

Ruxton, 2005; Yamazaki et al., 2020). Aposematic cues include olfactory, visual, and 

chemical, as well as weapons such as spines or horns (Camazine, 1985; Caro & Ruxton, 

2019).  

 

Prey utilising aposematic cues rely on conspicuous colouration to advertise to predators 

that they should be avoided, as predation will lead to the predator becoming ill or 

injured from consuming the unpalatable prey (White & Umbers, 2021). Species may 

also use their conspicuous colouration to communicate signals to other individuals in 

their population. An example of this is the strawberry poison frog (Oophaga pumilio) 

who uses their colouration for both conspecific mate attraction and predator avoidance 

(Hsu et al., 2021; Santos et al., 2014). Most theory and empirical data around warning 

colouration has been associated with brightly coloured lepidoptera, reptiles, snakes and 

amphibians (Candler, 2014; Dreher et al., 2015). Aposematic cues are usually 

communicated by red, orange and yellow patterns contrasted with black (Sillén-

Tullberg, 1988).  
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Aposematic colouration as a cue benefits both the conspicuous prey, as well as the 

predator (Gamberale-Stille & Tullberg, 1999; Kang et al., 2016; Prudic et al., 2007a). 

This is because the prey experience reduced attack rates, while the predator does not 

waste energy consuming prey that may harm it (Barnett et al., 2007; Yamazaki et al., 

2020). This means that aposematism is an effective communication strategy within the 

predator - prey food chain (Conner & Corcoran, 2012; Hämäläinen et al., 2019; Lehmann 

et al., 2014). Whether the prey or the predator species in this relationship initiates the 

cue is still debated in literature (Rojas et al., 2018; Rowe & Halpin, 2013; Speed & 

Franks, 2014). While some studies centre on the behaviour of the predator and how 

they perceive their prey (Gamberale & Tullberg, 1998; Gittleman & Harvey, 1980), 

others consider aposematic cues from the prey’s perspective (Brodie & Agrawal, 2001; 

Merilaita & Kaitala, 2002). For aposematic colouration to be an effective anti-predation 

cue prey species would have experienced an advantageous mutation event (Ruxton et 

al., 2007). This means that an unpalatable or toxic species would initially be 

inconspicuous, or drab in their colouration or pattern (Leimar et al., 1986; Rojas et al., 

2015; Ruxton et al., 2019). If this mutation is successful, then it will persist into future 

prey generations, exposing predators to a conspicuous cue that advertises 

unpalatability or toxicity (Skelhorn et al., 2016). Predator species of conspicuous prey 

would then associate warning colouration with the consequence of consuming that 

species (Yachi & Higashi, 1998).  

 

While it can take some predator species a single generation to learn the association 

between conspicuous colouration and unpalatability and toxicity (Brower & Fink, 1985; 

Glendinning, 2007), other species may experience many generations of predators 

attacking aposematic species and falling ill for this association to be learned (Lynn, 

2005;  Roper & Wistow, 1986; Speed, 2000). When predators are first exposed to 

aposematic prey, initially individuals will have a lack of wariness, which allows them to 

taste aposematic prey, even if it is unpalatable or toxic (Holen, 2013; Sillén-Tullberg, 

1985). Moreover, the phenotype that allows prey species to be effectively conspicuous 

needs to be selected for as advantageous to persist into future generations (Brodie & 

Agrawal, 2001; Mappes et al., 2005; Thompson, 1984). By predators attacking 

conspicuous prey, they are testing whether the cue is an honest communication of 
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unpalatability and toxicity (Briolat et al., 2019; Medina & Wallenius, et al., 2020; 

Stuckert et al., 2018; Summers et al., 2015). If predators expose these cues as false and 

do not discriminate against prey with conspicuous colouration, then an evolutionary 

arms race is created between the predator and the prey species (Gamberale & Tullberg, 

1996b; Hämäläinen et al., 2021; Jablonski et al., 2013; Lynn, 2005).  

 

The frequency of predator exposure to aposematic cues will affect how quickly a 

predator species learns the association between conspicuous colouration, and 

unpalatability and toxicity (Endler et al., 1988; Lindström et al., 2001; Speed et al., 

2010). Hatle & Salazar (2001) explored the influence of prey availability on predation 

rate by investigating the effectiveness of conspicuous colouration between solitary and 

gregarious insects. They found that for predators to effectively learn the association 

between colour and the specific defence, there needs to be many individuals present in 

the area (Hatle & Salazar 2001). This is to ensure that predators understand 

conspicuous colourations as a cue of unpalatability or toxicity by species that are 

usually chemically defended (Cortesi & Cheney, 2010; Rowe & Guilford, 1999; Stevens & 

Ruxton, 2012). 

 

Chemically defended aposematic species use enzymes and compounds alongside 

conspicuous colouration to communicate to predators that they should be avoided 

(Weldon, 2013). Many chemical aposematic cues are odourless, therefore for predators 

to learn what the conspicuous colouration is communicating, they need to consume the 

defended prey (Eisner & Grant, 1981). When multiple predator species are exposed to 

chemically defended prey using similar colouration cues, they will learn to associate the 

conspicuous colouration with prey that are toxic or unpalatable (Bates & Fenton, 1990; 

Endler & Mappes, 2004; Lindström et al., 1999). Species that have less effective 

chemical defence benefit from being in areas with prey species that are highly effective 

at communicating unpalatability or toxicity with conspicuous colouration (Svádová et 

al., 2013). This is because they can rely on other species to reinforce the cue that 

communicates the association of conspicuous colouration and unpalatability and 

toxicity (Rowland et al., 2010). Species that are chemically defended can advertise this 
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cue to predators before they are attacked. Olfactory cues, for example, can be used by 

prey species, alongside conspicuous colouration, to communicate their defence to 

predators to reduce attacks rates against them (Eisner & Grant, 1981). Skunks (family 

Mephitidae) are a classic example of this, they spray unpalatable odours to deter 

predators (Lartviere & Messier, 1996). This is an effective strategy as this cue can 

communicate unpalatability to a group of predators at once, without being attacked. 

 

Chemical Aposematism in Lepidoptera 
 

During the larval stage, many lepidoptera species utilise pheromones and 

chemosensory cues to communicate with other conspecific larvae (Fitzgerald & Costa, 

1986; Roessingh, 1989; Grant, 2007). As larvae do not need conspicuous colouration to 

attract mating opportunities, or to signal dominance (Medina, Vega-Trejo, et al., 2020), 

the cue of conspicuous colouration larvae use is then used as an anti-predation strategy 

(De Cock & Matthysen, 1999). Therefore, they can rely on effective olfactory and 

chemical cues to communicate that it should not be predated when combined with 

conspicuous colouration (Gentry & Dyer, 2002). An example of this is caterpillar larvae 

that are heavily defended by sequestered toxins they have either ingested, or that have 

been inherited (Nilsson & Forsman, 2003).  

 

Adult lepidoptera use a variety of colouration phenotypes to communicate with 

conspecifics, as well as to communicate to potential predators that they may 

unpalatable or toxic (Caro & Allen, 2017; KonDo et al., 2012). The colouration that 

lepidoptera display can change over their life cycle, which means that they can use their 

colouration for different signals as needed (Nilsson & Forsman, 2003). These colour 

displays can be used alongside other aposematic strategies to reduce prey attack rates 

(Schroeder et al., 2018). Within one genus there can be species that are aposematic, as 

well as those that mimic aposematic models, such as butterflies in the Heliconius genus 

(Mattila et al., 2021). This genus displays a range of colourations throughout its life 

cycle, including conspicuous aposematic colouration to reduce predation rates (Joron et 
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al., 1999). This is also important to the mating lifecycle of Heliconius, as well as for other 

lepidoptera (Finkbeiner et al., 2014). 

 

The compounds usually sequestered by aposematic lepidoptera are pyrazines that have 

been consumed from plants as larvae (Moore et al., 1990; Powell, 2009). These 

pyrazines are excreted by lepidoptera as a chemosensory cue, which is interpreted by 

predators as a signal of toxicity or unpalatability (Aldrich et al., 1997). As discussed 

above, this discourages predators from consuming them (Moore et al., 1990). Typical 

aposematic colouration in lepidoptera shows a contrasting red, yellow or orange against 

various proportions of black colouration (Sillén-Tullberg, 1988). The evolutionary 

relationship between aposematic conspicuous prey and their predators can experience 

tension when palatable species start to mimic unpalatable or toxic species, such as with 

Müllerian and Batesian mimicry. 

 

Mimicry 
 

Batesian mimicry is a copied resemblance (both species exhibit similar conspicuous 

cues) between an unpalatable species (model), and an undefended (palatable) species 

(mimic) (Ruxton et al., 2008). Mimic species take advantage of predators’ 

interpretations of warning colouration, which offers anti-predator benefits to the 

mimic, such as reduced attack rates (Maan & Cummings, 2012; Vane-Wright, 1980). 

Mimicry can develop differently depending on the context and time investment by each 

of these three roles: the model, mimic and predator(s) (Endler, 1981). For example, 

cryptic individuals present in a system where predators have already learned to 

associate conspicuous cues with unpalatability or toxicity, could to start to model 

successful conspicuous species (Lehmann et al., 2014). This however does mean that 

there must have been sufficient exposure of predators to aposematic cues, with 

predators experiencing unpalatable or toxic prey to enforce the association between 

conspicuous colouration and prey defence (Darst & Cummings, 2006). When there are 

mimics, aposematic individuals, and predators present in an area, the mimic is the only 

species that is truly winning (Mappes & Alatalo, 1997a). The model aposematic species 
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loses out in the interaction because the model-predator relationship is at risk, unless 

predators continue to attack the model, reinforcing the aposematic signal (Kokko et al., 

2003). The association between conspicuous colouration and prey defence will then 

become a dishonest cue when mimic species enter a system (Summers et al., 2015). 

With more conspicuous individuals in the area, both the model and the mimic, 

predators can become less wary about attacking conspicuous coloured species as there 

is an increased chance of a predator attacking palatable conspicuous prey, i.e. the mimic 

(Anderson & Jager, 2020). If mimics are defended, such as through chemical defence or 

weaponry, similarly to other unpalatable species that communicate with aposematic 

cues, then this is Müllerian mimicry (Fujiwara & Nishikawa, 2016; Mallet, 1999). If 

mimics are not defended and are a valuable food resource to predators, but mimic 

conspicuously defended (unpalatable) model species, then this is referred to as Batesian 

mimicry (McLean & Herberstein, 2021).  

 

Müllerian mimicry exists in mimicry rings, where initially a well-defended species that 

successfully avoids predation, has its colouration copied by another 

defended/unpalatable species in order to reduce the predation rates they experience 

(Boussens-Dumon & Llaurens, 2021; Mallet, 1999). Müllerian mimicry rings are 

particularly common in lepidopteran species, where they were first explored by Müller 

himself (Kapan, 2001). Müllerian mimicry is advantageous for both the mimic and 

model species, as they both reinforce that conspicuous cues should be avoided by 

predators (Beatty et al., 2004). Inexperienced predators of both the model and mimic 

attack at rates proportional to the prey density in the region, which allows the model to 

not bear all the predation (Aubier & Sherratt, 2015). While Mullerian mimicry therefore 

is an advantageous interspecies communication tool, there can be disadvantages for 

intraspecies communication of both the model and the mimic prey species (Kleisner & 

Maran, 2019). If both the model and the mimic species have similar conspicuous 

colouration, yet one uses their colouration to attract mates, then the other species may 

be misidentified as a potential mate (Jiggins et al., 2001). This occurs when a species 

does not have a clear separation in their defence and mating strategies (van Schaik et 

al., 2021). Where interspecific mating occurs resulting in viable offspring, hybridisation 

may occur in an area (Maxwell et al., 2021). Hybrid species that exhibit conspicuous 



14 
 

colouration, and are defended, would persist and its colouration selected for if they are 

able to successfully communicate unpalatability to their predators (Johnstone, 2002). 

Mimics, however, may copy a defended species while being dishonest about their 

unpalatability or toxicity, referred to as Batesian Mimicry (Nishikawa et al., 2015). 

 

Batesian mimics are organisms that are palatable to predators, but mimic aposematic 

organisms that are unprofitable to predators to reduce their own risk of predation 

(Akcali et al., 2018, Akcali et al., 2019; Mappes & Alatalo, 1997a). For this Batesian 

model-mimic relationship to exist, they need to coexist spatially so predators in the area 

experience encounters with both the mimic and the model (Pfennig et al., 2001). If the 

model species is lost from the region, this can change how effective the conspicuous 

colouration is at reducing predation (von Beeren et al., 2021). This is because predators 

of aposematic taxa need to be continually learning and experiencing unpalatability and 

toxicity for the strategy to persist (Nur, 1970). The aposematic (model) species also 

needs to have a stable population where new individuals entering the predator 

population are exposed to defended individuals, reinforcing the conspicuous pattern 

association with unpalatability or toxicity (Skelhorn & Rowe, 2007). For example, some 

undefended ant species mimic the weaponry and chemical defences of similar defended 

species (von Beeren et al., 2021). This is not an honest cue however as they are copying 

aposematic insects such as the nymphister beetle, which communicates honest anti-

predation cues (Parker & Kronauer, 2021).  

 

A clear difference between Müllerian and Batesian mimicry is that Müllerian mimicry is 

an honest cue as both the model and the mimic are unpalatable or unprofitable 

(Anderson & Jager, 2020; Nelson et al., 2006). The evolution of Batesian and Müllerian 

mimicry is hard to define as there are stochastic factors that may influence why a 

predator will attack or discriminate against prey species outside of colouration cues. 

(Speed, 1999). However, there is a lot of evidence to suggest that even if a prey species 

is mimicking a model aposematic species, they are still able communicate to predators 

that they should not be attacked. Therefore, aposematism in prey species can be an 
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effective anti-predator strategy. Conspicuous colouration however is not the only 

antipredator strategy that is used by prey species. 

 

Crypsis  

 

Crypsis is achieved when an organism conceals its presence to others by reducing its 

colour contrast to the background environment, thereby reducing visual detection by 

predators (Arias et al., 2019; Kassarov, 2003). Crypsis therefore is the opposite of 

conspicuous colouration in that prey species will exhibit an inconspicuous colouration 

to reduce predator attack rates (Endler et al., 1988; Merilaita & Tullberg, 2005). 

Inconspicuous colouration and has evolved in response to predation pressure and the 

need for undefended organisms to remain undetected by predators (Vignieri et al., 

2010). Remaining undetected is important for prey species that are not defended as it 

may not have strategies to avoid predation after it has been attacked. The most well-

known strategy for cryptic species is camouflage (Pembury-Smith & Ruxton, 2020). 

Camouflage is essentially crypsis, in that a species is indistinguishable from its 

background in order to avoid being perceived by predators (Duarte et al., 2017). 

Camouflaged species will either be fully camouflaged against its background if it is in a 

homogenous environment, while in heterogenous environments it is more likely to be 

partially camouflaged within its environment (Murali et al., 2021). Inconspicuous 

species rely on visually noisy environments in order to avoid predation, as predators 

are overwhelmed with cues and signals that it needs to decipher in order to find prey 

(Galloway et al., 2020). This thesis will focus on how insectivorous birds as predator 

species interpret these cues and whether they respond to aposematic warning 

colouration or crypsis. 

 

Avian Perception  
 

The ability of a bird to perceive its environment can change over its lifespan (Rowe & 

Healy, 2014). Birds occupy many environments and niches, showing variance in its eye 
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physiology and sensory capacities (Martin, 2012). In general, birds have highly 

developed eyes in comparison to its other senses (Blackwell, 2002; Waldvogel, 1990). 

This means that birds rely on vision in order to receive and understand both 

interspecific and intraspecific signals and cues.  

 

As discussed above, predators, such as insectivorous birds, learn to interpret visual cues 

such as conspicuous colouration in order to avoid predating prey that may be 

unpalatable or toxic when consumed (Rönkä et al., 2020). It is important to note here 

that while insectivorous birds are an important predator, they are not the only predator 

of aposematic prey and that the use of birds in this thesis does not mean that they are 

the only predator exposed to aposematic cues.  As well as that, aposematic cues may be 

targeting sensory systems other than vision, such as olfactory as described above. 

Different bird species are able to see and interpret different wavelengths of light, which 

means that some species may be able to interpret an aposematic cue more effectively 

than others. As orange, red and yellow are common conspicuous colour cues used by 

aposematic prey (Sillén-Tullberg, 1988), means with most birds having the ability to see 

wavelengths between 565 and 740 nm, they can interpret aposematic cues. The ability 

for birds to discern gradient shifts and patterns within these colours may vary however 

(Wolffsohn et al., 2000). Birds have roughly six photoreceptors, of varying types (Tyrrell 

et al., 2019). These include four singular cones that are for viewing colour, a double 

cone that is used for motion detection, and a rod for vision in dim light. In terms of the 

spectral wavelength, these enable them to see light in the near ultraviolet range (300-

400nm), as well as the colour range that humans can see (380-700nm) (National 

Aeronautics and Space Administration, Science Mission Directorat, 2010; Withgott, 

2000).   

 

Aposematic cues can also include wavelengths that are not perceived by the human eye 

(Lyytinen et al., 2001; Yeager & Barnett, 2020). For example, human eyes can only see 

between 380 and 700nm (National Aeronautics and Space Administration, Science 

Mission Directorat, 2010). This means that colouration with wavelengths below 400nm 

(ultraviolet) may be associated with aposematic cues, even though they fall outside of 
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the range of the red, orange and yellow colourations mostly observed (Yeager & 

Barnett, 2021). Prey species are not usually one colour but will have patterns that are 

used to enhance either the aposematic cue, usually by mixing conspicuous colours with 

black (Tullberg et al., 2005; Liu et al., 2014; Rowe et al., 2004). An example of a 

conspicuous moth in New Zealand that combines a solid conspicuous colour with black 

patterns is the puriri moth (Aenetus virescens). Based on this, we can assume that birds 

are therefore are able to use vision to interpret aposematic signals.  

 

Due to aposematic cues being an effective anti-predation strategy used by prey, 

insectivorous birds may predate inconspicuous insects more heavily if they have been 

exposed to aposematic insects (Sugiura, 2020). As inconspicuous prey reduces its 

contrast to its environment, cryptic insects will display colours that are like its natural 

environment, such as against branches or leaves (Merilaita et al., 2013). This is because 

light wavelengths are perceived by the eye in relation to the background the object is 

placed against (Webster, 2002). Cryptic insects that appear brown or another shade 

similar, are displaying a darker shade of another colour, such as orange (Erjavec & 

Vaupotič, 2006). This means that cryptic insects rely on insectivorous birds to not be 

able to discriminate between the presence of its prey and its background. However, 

insectivorous birds are very capable of distinguishing objects from its background 

environment, even at a young age (Jedlicka et al., 2017). An example if this is from a 

recent study in Aotearoa that looked at the effectiveness of crypsis in lichen moths 

(Declana atronivea) (Mark et al., 2021). The researchers found that both naive and 

experienced chicks preyed on the moths at the same rate, which means that they are 

both able to distinguish inconspicuous insects from its natural background without 

prior experience. Therefore, insectivorous birds need to distinguish both conspicuous 

and inconspicuous prey from its background to predate it. Discussed in the next section 

will be a snapshot of the lepidoptera species in Aotearoa. 
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Lepidoptera in Aotearoa 
 

Early lepidopteran records from Aotearoa show that the main species of moths and 

butterflies found and described were migratory species that would have come from 

Australia (Taylor, 1855). Richard Taylor first documented the following moths and 

butterflies of Aotearoa; red and yellow admirals (Bassaris gonerilla), the Australian 

painted lady (Cynthia Kershaw McCoy), the blue moon (Hypolimas bolina nerina), two 

hawk moths, and a moth known to the Māori as Pari kori taua, now known as the moon 

moth (Dasypodia selenoplzora Guenèe) (Fox, 1978). The Red Admiral is the only species 

in this list considered to be naturalised in New Zealand. Later records have shown more 

species to be common in New Zealand, including the Monarch which was recorded in 

the early 1840’s (McGruddy et al., 2021; Wise, 1980). Literature estimates that there is 

approximately 2000 species of lepidoptera in Aotearoa, with 75% of the lepidopteran 

species described endemic or native (Bertelsmeier, 2021; Lippitt et al., 2008; Dantart et 

al., 2009; Fosberg & Peterson, 1986). 

 

Common lepidoptera found in Aotearoa include conspicuous species that are orange 

with black contrasting patterns, as well as white cabbage moths (Pieris spp) with black 

contrasting dots (Cowley & Cowley, 1983; Patrick et al., 2019). An example of an 

aposematic insect in New Zealand is Nyctemera annulata (Magpie moth), a black moth 

that has eye spots on its wings to signal to predators not to attack it (Mark et al., 2018). 

The Magpie moth is chemically defended as it gains pyrrolizidine alkaloids from its 

environment. This means that insectivorous birds in Aotearoa have been exposed to 

conspicuous aposematic insect prey.  

 

Aposematic signal interpretation by birds in Aotearoa 
 

Based on the presence of aposematic insects in Aotearoa, insectivorous birds of 

Aotearoa should have formed an association between conspicuous colouration and  

chemically defended insect prey. This may not include all bird species however, as not 
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all these insectivorous birds are found across all habitat types in Aotearoa, and 

therefore would be naïve when presented an aposematic insect. Therefore, some 

insectivorous birds are still learning how to interpret aposematic cues by lepidoptera 

that are introduced into Aotearoa. Studies have shown that birds will complete 

activities based on what it has learned throughout its early life (Preddey, 2008). 

Toutouwai/New Zealand robin (Petroica longipes) have shown that naïve chicks and 

fledglings that were exposed to aposematic prey are able to learn from the experience, 

and therefore discriminate against conspicuous insects in the future (Shaw, 2017). This 

means that insectivorous birds in Aotearoa, once exposed to an insect’s aposematic 

signals when it is young can learn to discriminate against conspicuous colouration if 

they exposed to unpalatable or toxic prey.  

 

Literature that has looked at how insectivorous birds in Aotearoa interact with 

conspicuous colouration have used both artificial and empirical data. Martin et al., 

(2021) examined how kea (Nestor notabilis) interact with toxic cereal bait used in 

mammalian pest control operations, dyed bright green to mimic aposematic colouration 

with the intention of reducing kea ingestion and bykill. Predation of birds by other 

vertebrate species can influence their feeding activities, as well as the wariness 

individuals display (Spencer et al., 2021; Taillie et al., 2021), which is why this study 

wanted to see how warning colouration can be utilised in conservation efforts. This 

study found that kea would discriminate green dyed cereal baits that were toxic 

compared to undyed baits. Kea would also consume toxic baits that were not 

conspicuously dyed (Martin et al 2021). 

 

Avian Species in Aotearoa 
 

Aotearoa pre human settlement was largely covered with forest, with many canopy 

species considered amongst the largest in the world including Agathis australis (Lorrey 

et al., 2018; Steward & Beveridge, 2009). When Polynesian peoples descended on 

Aotearoa, there was an incredible reduction in the vegetation and forestry on land 

(McGlone, 1989), as communities needed to clear space in order to establish and grow. 
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Approximately 750 years ago in the South Island, Polynesian peoples cleared around 

half of the vegetation and forests (McWethy et al., 2014), leading to significant changes 

as to the composition of land there now. European settlement in the 1800’s increased 

the volume of land clearing as Western infrastructure started to dominate Aotearoa 

landscape. In the past 1000 years, there has been a loss of 75% of forest cover in 

Aotearoa, with indigenous vegetation being the main victim (Ewers et al., 2006). This 

loss of vegetation has contributed to the significant decline in between 40-50% of 

extant bird species (Holdaway et al., 2001). This reduction in vegetation removes the 

resources and niches available for many endemic and native taxa to New Zealand 

(Gabara et al., 2021; Li et al., 2020). Changes to the niches available for bird species can 

allow introduced species to exploit new habitats and resources that they once would 

have had to compete against endemic an native birds for (Brandt et al., 2021). 

 

Increasing indigenous vegetation connectivity is a tool used in conservation for the 

reestablishment of endemic/native fauna (Burge et al., 2021). A programme that is 

reconnecting forest habitat fragments to allow birds to easier travel between vegetation 

patches is the North – West Link that has been championed by Forest and Bird, New 

Zealand (Beveridge, 2018; Salgueiro et al., 2021). This means that birds that are in areas 

with higher indigenous vegetation will enter the edges of areas with reduced 

biodiversity and will settle there, increasing the number of species seen. Programmes 

and initiatives such as the North-West Link are all a part of a bigger initiatives of the 

predator free 2050 effort that will see New Zealand reduce the presence of invasive 

mammalian predator presence to undetectable, which would see higher connectivity 

and presence of endemic/native flora and fauna (Parkes et al., 2017).  

 

Mammalian Management and predation in Aotearoa 
 

The introduction of mammalian predators from overseas, has contributed to the decline 

of extant bird species (Vitousek et al., 1997). Approximately 50% of extinct bird species 

(25% of total bird species in Aotearoa), have been attributed to the introduction and 

predation of mammals (Doherty et al., 2016; Innes et al., 2010). Mammalian presence, 
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alongside anthropogenic activity, has led to the reduction in indigenous flora and fauna 

seen overall in Aotearoa (Tucker et al., 2021; Wilson et al., 2018). Reducing the 

mammalian predator presence in habitats where there is still high endemic and native 

biodiversity has been an important conservation focus within Aotearoa (Bombaci et al., 

2021; Morris, 2020; Ross et al., 2020; Woolley et al., 2021). Species in Aotearoa that 

need zero mammalian predator presence include the tīeke/saddleback (Philesturnus 

rufusater) (Parker et al., 2012). The saddleback has been restricted to offshore islands 

that have already achieved a mammalian predator free status. This species has been a 

target species that would eventually be reintroduced into mainland forests and habits 

when there is no presence on mammalian predators. 

 

Initially mammalian pest management efforts, would surround a forest segment or 

reserve, with a fence to reduced mammalian entry into the protected site (Jessop et al., 

2021; Vergara et al., 2021). These have been referred to as ecosanctuaries, which allows 

endemic and native taxa to settle and move between habitat fragments without the 

presence of mammalian predators (Albrecht et al., 2021; Daugherty et al., 1990; Innes et 

al., 2012; Zhang et al., 2021).  

 

The main species targeted by the 2050 predator free programme are three major 

introduced predators, possums (Trichosurus vulpecula), stoats (Mustela erminea), and 

rats (Rattus sp.) (Parkes et al., 2017; Wright, 2011). Possums in particular have been the 

most destructive to the vegetation that endemic and native birds use for habitat 

(Morris, 2020). This is due to possums stripping the foliage of indigenous vegetation 

and disrupting the spore and seed dispersal process (Clout, 2006; Duncan et al., 2011). 

Stoats cause the main harm to adult birds, as stoats will predate not only the eggs and 

nestlings, but also the adults, which is the main difference between the predation 

targets by rats (Little et al., 2017). An example of an extant endemic bird species that 

has been impacted by possums, rats and stoats has been the kererū (Hemiphaga 

novaeseelandiae) (Carpenter et al., 2021). This is due to the relationship between forest 

density and kererū density. This means that when mammalian predators have stripped 

indigenous vegetation, as well as predated chicks from kererū that do establish in an 
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area, there is reduced chances that the population would be able to persist. Outside of 

Tamaki Makaurau, there have been significant areas of mammalian predator 

eradication in areas where there is high endemism within the bird communities (name 

three studies). One study found that the kākā (Nestor meridionalis) as well as the 

toutouwai/robin (Petroica australis) both were positively impacted by the removal of 

rats and stoats within the Dusky Sounds, South Island New Zealand. These eradication 

efforts are allowing more endemic and native birds to not be as restricted to predator 

free offshore islands, and to settle on Mainland New Zealand (Starling-Windhof et al., 

2011).  

 

As the presence of mammalian predators has an impact on the number of extant 

insectivorous birds in Aotearoa, this thesis needs to test the effect of endemic and native 

species proportion and how this affects the feeding behaviours of insectivorous birds. 

This is because there could be a difference in the predation rates of aposematic and 

non-aposematic species depending on the insectivorous bird population composition. 

For this thesis, we can use the intensity of mammalian predator management as an 

indicator of whether an area is dominated by introduced or endemic/native bird 

species.   
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Research Aims 
 

The overall aim of my research was to determine whether insectivorous bird species in 

Aotearoa discriminate against conspicuous warning colouration in insect prey. Previous 

studies examining the effectiveness of conspicuous insect colouration in avoiding 

predation by birds have found predation rates are lower in areas with species using 

conspicuous warning signals to avoid predation (Aluthwattha et al., 2017; Carroll & 

Sherratt, 2013; Rojas et al., 2014; Seymoure et al., 2018). However, these studies are 

mainly from a Northern Hemisphere perspective, aposematism is seen globally (Härlin 

& Härlin, 2003). So, the main driver for this study is to see how comparable these 

results are in Aotearoa. It is important to note here that the composition of 

insectivorous birds in Aotearoa would be different from those in the studies completed 

in the Northern Hemisphere, so therefore conclusions about aposematism as an anti-

predation strategy used by insect prey may not be transferable.  

 

The thesis covers three interrelated questions – do birds in Aotearoa discriminate 

against conspicuous colouration and does the type of conspicuous colouration matter 

(typical versus non-typical); does the relative abundance of exotic versus native bird 

species influence predation rates of conspicuous and inconspicuous insect prey; and 

does attack rates between conspicuous and inconspicuous insect prey differ when the 

population is predominately adults versus a mix of young and adult individuals?  

 

1. Do birds in Aotearoa discriminate against prey with conspicuous colouration?  

To test whether birds in Aotearoa discriminate against prey with conspicuous 

colouration, I used simulated insect prey using mealworms (Tenebrio molitor) pinned 

on to one of three different background treatments to represent colour strategies used 

in insects: 1) Typical conspicuous colouration (orange and black contrast); 2) non-

typical conspicuous colouration (green and black contrast); 3) inconspicuous 

colouration (camouflage). The choice for the typical colouration treatment was due to 

studies outlining common conspicuous colouration in lepidoptera (Ihalainen & 
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Lindstedt, 2012; Massuda & Trigo, 2009). The reason a non-typical treatment has been 

included is because evidence suggests that wild birds, when given the choice between 

typically aposematic coloured artificial prey, and a non-typical green coloured artificial 

prey, will prey to attack non-typical green prey (Aslam et al., 2020). Again, this has been 

seen in studies primary found in the Northern Hemisphere, so when this thesis refers to 

green aposematic colouration as non-typical, it is referring to it being considered non-

typical in wider literature. The use of a green colour treatment is important in terms of 

testing colour preferences of insectivorous birds in Aotearoa due to the high number of 

insect species that display this colouration throughout its lifecycles.  

 

Overall, I expected to see higher predation rates on the inconspicuous insects 

(camouflaged), than conspicuous insects (Mappes & Alatalo, 1997b; Sillén-Tullberg, 

1990). Predators are able to distinguish between inconspicuous and conspicuous 

aposematic colouration in studies using artificial insects, such as paper moulds or 

plasticine or insects that have been painted an aposematic colour (Corral-Lopez et al., 

2021; Nokelainen, Valkonen, et al., 2021). For example, the great tit (Parus major avoids 

unpalatable firebugs (Pyrrhocoris apterus) in its natural environment (Soukupová et al., 

2021). When great tits are exposed to inconspicuous and palatable firebugs that have 

been painted the same red colour of the aposematic variation, they show reduced attack 

rates (Svádová et al., 2009). I also predict that insectivorous birds in Aotearoa will 

attack inconspicuous cryptic insects and will not discriminate against them. Birds in 

Aotearoa have been exposed to cryptic lepidoptera in New Zealand, and therefore will 

be able to distinguish against the contrast of the background environment and the 

artificial prey used in this experiment.  

 

2. Do prey discrimination rates differ between sites with different bird 

communities (due to predator control and forest type)? 

For the second research question, I compared two different forest types (native 

dominated vegetation vs exotic plantation). These two forests have different levels of 

mammalian predator management and plant communities. This is to test whether the 
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combination of low levels of mammalian predator management (i.e., higher numbers of 

mammalian predators) and primarily exotic vegetation might influence avian attack 

rates on insects. This thesis assumes that a more biodiverse forest type that has more 

indigenous vegetation present will have more endemic and native birds’ species 

present, and therefore predation rates between different bird communities can be 

tested (McCreless et al., 2016). To test this assumption, we use standardised bird 

surveys at each field site. Another purpose of using forest type as an indicator of 

predation rate for this question is to see whether having an introduced monoculture 

forest that does not have a noisy background environment for insects may affect the 

predation rates insect prey experience. Alternatively, an environment that has high 

biodiversity may have more noise for birds to decipher when they are searching for 

insect prey. Due to environmental distraction therefore, there may be more cryptic 

individuals predated in a forest with low biodiversity compared to a forest with high 

biodiversity.  

 

In the native forest, I would predict that overall, there would be higher predation rates 

of insect prey, as birds are not as weary of their environment due to reduced 

mammalian presence. I am assuming in this prediction that endemic and native birds 

will have reduced experience with aposematic species comparison to introduced bird 

species. Therefore, there will be higher predation rates of conspicuous insects in forests 

with higher levels of endemic birds compared to a forest that is dominated by 

introduced birds. Avian species in Aotearoa however have been exposed to aposematic 

insects, so I also predict that there would be higher predation rates on inconspicuous 

insects compared to conspicuous insects.  

 

3. Do avian predation rates differ when inexperienced individuals are common? 

For the final research question, I investigated whether naïve insectivorous birds attack 

conspicuous insects at different rates compared to experienced birds. Therefore, I 

compared attack rates when there were few chicks and fledglings present, compared to 

when chicks and fledglings were common. Firstly, I predicted that, overall, there would 

be higher predation rates of insect models when there are more naïve chicks and 
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fledglings present (Iacovides & Evans, 1998; Rodríguez-Gironés et al., 1996). In the 

second phase of this experiment when wild avian populations had gained some 

experience, I would predict that there would be reduced predation rates on conspicuous 

insects compared to inconspicuous. This is because insectivorous chicks and fledglings 

would have attacked aposematic prey between the phases of the experiment and would 

have learnt the association between conspicuous colouration and unpalatability and 

toxicity (Morinaka et al., 2018).  
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Methods 
 

Study sites 
 

Two patches of forest were used for the experiments: 1) a primarily native forest that 

has ongoing intensive mammalian predator management in the Waitākere Ranges 

Regional Park, Auckland (36.9667° S, 174.5167° E); and 2) an exotic (pine) plantation 

forest with low level mammalian predator management, Riverhead Forest, Auckland 

(36.7124° S, 174.5746° E) (Figure 2). These two sites experience relatively similar 

rainfall and temperature, though the Waitākere Ranges are a little cooler due to 

elevational differences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Map of Aotearoa-New Zealand, highlighting the two patches of forests that were used in this 
project. White triangles indicate the field sites: the Waitākere Ranges and Riverhead Forest. 
Riverhead Forest is an exotic plantation forest that has low intensity mammalian predator 
management, whereas the Waitākere Ranges patch is predominantly native bush that has high 
intensity mammalian predator management. (Source Google Maps, 2021). 
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The Waitākere Ranges Regional Park (17 000ha) is located within the Waitākere Ranges 

in west Auckland, about 30km from Auckland’s CBD. It is part of a declared heritage 

area under the Waitākere Ranges Heritage Area Act 2008 which recognises its 

significance as the largest remaining area of forest in the Auckland region (Bishop et al., 

2013). The ranges are constitute of mainly native vegetation with patches of 

regenerating vegetation from forest clearance that occurred before 1900 (Waitākere 

City Council, 2006). The Waitākere Ranges comprises of around 87% native vegetation 

with 45% kauri-podocarp-broadleaf forest, and the remaining 32% made up of manuka-

kanuka scrub, broadleaf scrub and forest, and kanuka scrub and forest (Hart, 2018).  

 

Given the high biodiversity values of the Waitākere Ranges (Given, 2000; Nathan et al., 

2013), the strategic biodiversity goals are to reach a zero-baseline density of specific 

mammalian predators, and to restore the area to pre-invasion conditions as much as 

possible (Woodhouse et al., 2020). The main mammals targeted are rats (Rattus spp.), 

possums (Trichosurus vulpecula), mustelids (stoats Mustela erminea, weasels Mustela 

nivalis, ferrets Mustela furo), and feral cats (Felis catus) (Ark in the Park, 2019). With the 

main aim of the Heritage Act 2008 to restore native and endemic flora and fauna, there 

have been successful reintroductions of threatened fauna as predator numbers have 

been maintained to near zero densities. The most notable reintroductions are two 

threatened bird species, the Toutouwai/New Zealand robin and the hihi/stitchbird 

(Notiomystis cincta) (Waitākere City Council, 2007). 

 

The two sites used within the Waitākere Ranges Regional Park were Cutty Grass Track 

(36.9177° S, 174.5411° E), and Spraggs Bush (36.9100 ° S, 174.5432° E) (Figure 3).  
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These sites are located within the Cascade Kauri Park, which has high intensity 

mammalian pest control in place (Ark in the Park, 2019). The main mammalian 

predator control methods include baiting lines (Ark in the Park, 2019). Bait stations 

within Ark in the Park are placed 50m apart from one another, and placed in bait lines 

that are spaced 100m apart from each other (Brooke, 2020). On one bait line, there can 

be up to 23 bait stations. The total distance that the bait lines cover is approximately 

2270 hectares. Cutty Grass Track is dominated by dense forest (Auckland Council, 

2021) and mamaku (Cyathea medullaris), with rimu (Dacrydium cupressinum) and other 

podocarp/broadleaf trees (Figure 4). Spraggs Bush is also dominated by dense forest 

(Auckland Council, 2021) but the predominant species is nīkau palm (Rhopalostylis 

sapida) (Figure 5). The Waitākere Ranges has an annual rainfall between 1600 and 

Figure 3: Map of the sites within the Waitākere Ranges, New Zealand (Auckland Council, 2021). The 
white triangles indicate the two ends of the Cutty Grass Track (CT) and Spraggs Bush Track (SB). Note 
that the Spraggs Bush site did not allow for a straight line, while the Cutty Grass Track was mostly 
straight. (Source Google Maps, 2021). 

SB 

CT 
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1800mm (NIWA, 2012), which has been decreasing in recent years (Anderson, 2021). 

The Waitākere Ranges has an annual average temperature between 13-15°C (NIWA, 

2012).  

 

 

 

Figure 4: Landscape photo of Cutty Grass Track. (Photo by Vitasovich, 2021). 
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Figure 5: Landscape photo taken on Spraggs Bush (Photo Burpees for Life, 2017). 

 

Riverhead forest (4846 ha) is a monoculture exotic pine (Pinus radiata) plantation (Hall 

& Hollinger, 2000). This area has low native biodiversity and is not a conservation site 

(Norton & Miller, 2000). The understorey consists of regenerating native forests such as 

mamaku (Cyathea medullaris). Riverhead Forest has around 1500-1600mm of annual 

rainfall, and an approximate average annual temperature of 15°C (NIWA, 2012). Two 

sites were used in Riverhead Forest, starting 100m apart (Figure 6).  
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Both sites in Riverhead Forest have tall canopy cover (Auckland Council, 2021). As the 

pine trees had been present for decades, the canopy is very high with not much light 

penetrating. As the main canopy was planted for forestry purposes, the pine trees are 

grown in rows, running parallel to each other with large gaps in between trees (>5m) 

(Figure 7).  

Figure 6: Map of the sites that will be used within Riverhead Forest, New Zealand (Auckland 
Council, 2021). White triangles indicate the ends of the two trails. RHA was the first data collection 
site. RHB was the second data collection site. (Source Google Maps, 2021). 
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Figure 7: Landscape photo taken in Riverhead Forest. (Photo Vitasovich, 2021). 
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Bird Surveys 
 

To quantify the avian communities at the different sites (Question 2) and in the different 

seasons (Questions 3), I conducted systematic bird surveys. I used the British Trust for 

Ornithology (BTO) bird survey protocol (Ornithology, 2018). Surveys were completed 

over the entire 2km transect at each of the sites used (n(site)=4). At each of the sites 

there were two bird surveys conducted in total (n= 8 surveys in total). One was 

completed before the experiment was conducted, with the other conducted afterwards. 

This was to ensure that there were not any sudden changes to the avian population 

throughout the data collection process at each site (O’Donnell & Hoare, 2012).  

 

All bird surveys were conducted between 0600h and 0730h on fine days. Each transect 

was broken into 100m segments. Counts were made by slowly walking each 20, 100m 

segment. All birds that were heard or sighted were recorded. The distance the bird was 

from the trail was also recorded and placed into three categories: 0-25 metres, 25-100 

metres, and more than 100m.  

  

Colour treatments for experimental trials 
 

Three different treatment colours were used to test whether birds discriminate against 

aposematic colouration (Figure 8). Orange with black contrast is a common and 

effective aposematic colour (Ihalainen & Lindstedt, 2012; Massuda & Trigo, 2009), 

therefore, this was used as a typical warning colouration treatment. The specific 

treatment used in this experiment had the same overall colour and luminance as the 

camouflage treatment, but much higher internal contrast given avian acuity. Green with 

black contrast is a less common anti-predator strategy, referred to as non-typical 

colouration treatment. This green-yellow treatment has the same internal chromatic 

and achromatic contrast as the warning colour, but a hue less commonly seen on 

aposematic animals. These two treatments represent aposematic colouration in insect 

prey. Finally, there was a third treatment that was cryptic (brown, camouflaged), to see 

whether birds attacked conspicuous and inconspicuous prey at different rates. The  
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treatments are designed to have identical overall lightness. Both the cryptic and 

aposematic treatments have identical overall average colour, only the pattern and 

internal colour contrast differ. 

 

Figure 8: The three colour treatments that were represented by paper triangles. These triangles measure 

40mm x 25 mm. The camouflage triangle is comprised of the same colours as the typical warning 

colourations, but densely placed to make a camouflaged colour. (Source GACN, 2019). 

 

Studies using artificial prey in experiments testing the efficacy in aposematic 

colouration found that using distracting patterns with high contrast encourages 

predators to learn the connection between conspicuous colouration and unpalatability 

or toxicity more effectively compared to a solid block (Stuart et al., 2020). As well as 

this, the conspicuous species being artificially mimicked are rarely one block colour, 

instead they commonly exhibit patterns and contrasts, such as the monarch butterfly 

(Danaus plexippus) (Burdfield-Steel & Kemp, 2021; Nokelainen, Scott-Samuel, et al., 

2021). The treatment colours were printed onto waterproof paper that were cut out 

into triangles. 

 

Treatment application 
 

At each of the four sites (Cutty Grass Track, Spraggs Bush, and Riverhead A and B), 2km 

transects were established, and 180 trees taped were randomly chosen and marked 

with tape (Figure 9). Sticky tape (sticky side out) was used on the base of observed trees 

to reduce the potential for mammalian predators and invertebrates to crawl up the tree 
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and prey on the mealworms and confound the avian attack rates. This was because 

invertebrates that would climb up the tree to attack the mealworms would stick to the 

tape, reducing non-avian predation rates affecting the outcomes of the experiments 

(Figure 10). Studies that have conducted similar experiments with artificial insect prey 

and wild birds have observed arthropod presence on the prey models, so therefore I 

will expect to see the same in these experiments (Oliveira et al., 2020), despite 

measures to reduce disruption. Each of the trees were at least 10m apart from one 

another. 

 

 

 

Figure 9: A randomly assigned tree that has sticky tape on its base. Each tree was labelled to ensure 
that it was identifiable for the entire block. (Photo Cain, 2020). 
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Triangles were pinned onto a tree between 1.4m and 1.8m off the ground. A live 

mealworm was pinned onto one of the colour treatments at random to simulate a baited 

paper ‘moth’. Using mealworms as artificial prey can replicate a similar food source that 

birds would typically be exposed to in this environment. The baited paper ‘moths’ were 

pinned onto a randomly assigned tree (more below in Predation trials, Figure 11). The 

sharper point of the triangle was pinned facing upwards, with the mealworm’s abdomen 

facing downwards. This was used to replicate the position of a landed moth on a tree. 

While the intended position of the mealworm was to be abdomen facing downwards, 

the abdomens did move around during the experiment, as live mealworms were pinned 

to trees. We also completed one control block in each site: Cutty Grass Track, Spraggs 

Bush, Riverhead A and B.  The control block included mealworms pinned to trees 

without any coloured paper triangle background treatments, i.e., mealworm only. These 

Figure 10: A female tree wētā (Hemideina thoracica) found stuck on a taped tree in Riverhead Forest. 
(Photo Vitasovich, 2020). 
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data provided a predation baseline, to compare with the avian predation of aposematic 

and cryptic colouration treatments. 

 

 

 

 

Predation trials 
 

Data collection was conducted during two different times of the year. The first round of 

data was collected between November 2020 through to December 2020. This is because 

these months have chick and fledgling presence, and therefore represents avian 

populations that have inexperienced insectivores (Cockrem, 1995; Duntsch et al., 2020; 

Roper et al., 2021). During breeding season when chicks and fledglings are present, 

there is an increase in predation rates on artificial prey compared to cooler months by 

Figure 11: Paper triangle with a mealworm pinned through onto a tree. The paper colouration in this 
image is the typical warning colouration treatment. (Photo Cain, 2020). 
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up to 8.5% (Remmel et al., 2011). This means that the use of artificial prey models 

during this time will still show whether there is a difference in foraging rates when 

there are fledglings present, as well when birds no longer have dependants. For the 

remainder of this thesis, this phase of experiments will be referred to ‘naïve population’. 

The second round of data were collected between February and March 2021. While 

chicks and fledglings would still be present in avian populations during this month, 

there is the assumption that the chicks and fledgling from November and December 

would have gained feeding experience. This means that data collected during this time 

would be representative of avian populations that should be able to discriminate 

aposematic insects, and associate conspicuous colouration with unpalatable or toxic 

prey. The data collected during February and March 2021 will be referred to as 

‘experienced population’ for the remainder of this thesis. For both time periods, I 

included one site that represents native bush and higher native species densities 

(Waitākere Ranges), and one site that represents exotic plant and bird communities 

(pine plantation - Riverhead). The ‘naïve population’ data was collected from Cutty 

Grass Track (native) and Riverhead A (exotic). The two sites for the ‘experienced 

population’ data collection Spraggs Bush (native) and Riverhead B (exotic). The 

inclusion of the two sites allows me to address Question 2 - whether avian predation 

rates differed according to bird communities. Therefore, the timeline for the experiment 

was the following: Cutty Grass Track (November 2020); Riverhead A (December 2020); 

Riverhead B (February 2021); Spraggs Bush (March 2021). Due to issues with site 

availability, Riverhead B had to be completed before Spraggs Bush in the second phase 

of the experiment. 

 

Each complete trial included eight 22-hour blocks of time, or 8 days. Each block started 

approximately 3 hours after sunrise. Prior to the start of the block, 90 of the 180 tagged 

trees were randomly selected to have targets. On each of the selected trees, I pinned a 

mealworm and a randomly assign paper triangle from one of the three colour 

treatments. I noted the tree ID, the colour treatment, and the triangle ID (A sequential 

number). Within each block, 30 paper triangles of each colouration treatment were 

used- i.e., 30 typical, 30 non-typical, and 30 camouflage paper triangles - with a total of 

90 paper triangles and live mealworms pinned to a tree. The final block was the control 
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block (mealworms without paper triangles). In total there was 24 blocks (8 blocks at 4 

sites) of data collected. Each mealworm was pinned approximately 1.2m from the 

ground on the trunk of a tree that was more than 100mm in diameter. This was to 

ensure that there was some distance for non-avian predators of the mealworms to be 

caught on the sticky tape and be deterred from predating the mealworm. The 

mealworms once pinned onto a standard dress maker pin with the assigned colour 

treatment, it was placed directly into the trunk of the tree, so the paper triangle was 

flush with the trunk. There was a minimum of 5m between pinned mealworms and was 

randomly placed on either side of the 2km transect, as well as on different sides of the 

tree. Mealworms were not pinned more than 10m away from the centre of the transect.  

 

Blocks were 22 hours rather than 24 hours to allow for preparation of mealworms and 

triangles in between each of the blocks. The blocks were checked three times 

throughout the 22 hours. The first and second checks were completed at solar noon and 

sunset on the day of deployment. The final check was at the time of sunrise the day 

following. If during the solar noon or sunset check the mealworm had been eaten, 

whether by a bird or by an invertebrate, then the pin and the paper triangle would be 

removed from the tree and the data recorded. At the final check of a 22-hour block 

(sunrise the following morning), the remaining mealworms would be recorded, and 

then the pin, paper triangle, and the mealworm if it was still present, would be removed 

from the tree. Most mealworms that were still present at the end of each block would 

still be alive and wriggling. This process would then be repeated for the remaining 

blocks at each of the sites. If poor weather conditions developed before or during a 22-

hour block, then data would not be collected, and the mealworms and paper triangles 

would be put out once weather permitted. The reason for this is due to heavy rain and 

wind interrupting normal avian activity, such as feeding by insectivorous birds (Elkins, 

2010).  

 

Predation was considered to have occurred if either part or the whole mealworm had 

been removed from the background (or just the pin remaining in the tree in the case of 

the control treatment). If there was sign of non-avian predation, then the data were 
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excluded from the final analysis (censored). Predation by gastropods was identified by a 

mucus trail. Ant predation was determined by presence of ants close to the triangle. 

Spider predation was indicated by the presence of  a hollow mealworm exoskeleton 

(Figure 12). There was no clear way to differentiate between bird and mammal 

predation, though we assume that predator would disrupt the pin and paper triangle 

more so than birds. Therefore, for analyses, I assumed that a mammal (e.g., mouse or 

rat) would have removed/dropped the pin from the tree during the predation event, 

and such data were also excluded. When the pin could not be found on the tree, then the 

data were excluded from the results. 

 

 

 

 

 

 

Figure 12: A mealworm pinned to a non-typical coloured paper triangle that has been predated on by 
an unknown spider, determined by the hollowed exoskeleton. (Photo Cain, 2020). 
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Statistical analysis 
 

Based on data collected from previous studies, we predicted the following:  

1. If insectivorous birds discriminate against any conspicuous prey, we should find 

higher predation rates on the mealworms with the camouflage treatment in 

comparison.  

2. If endemic/native birds have limited experience with aposematic prey, then we 

would expect to see higher consumption of conspicuous prey in forests with higher 

proportions of endemic/native bird species (Waitākere Ranges), relative to the 

introduced insectivorous birds (Riverhead).  

3. If avoidance of aposematic prey is a learned behaviour, or if avian parents take 

more risks when feeding offspring, then we predict that there would be an increase 

in the predation rates of conspicuous insects when there were naïve fledglings 

present in the population.  

 

To test how the above research questions would affect predation rates, the collected 

data was analysed using generalised linear mixed models (GLMMs). This was done 

using the lme4 (Bates et al., 2021) package in RStudio (1.4) (RStudio, 2021). The 

following is the equation used to create the model that will address this experiment 

three predictions:  

 

Where the binomial distribution of: 

 p(y) = Probability of predation event of a mealworm, where y is a successful 

predation event 

 n= is the independent variables converted into a binary trial for the sake of 

analysis 

 μ= is the probability of success 
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Predation (yes/no) was the response variable as all the research questions asked in this 

thesis focus on whether mealworms with different colouration treatments experience 

different rates of predation. A binomial distribution was applied to this model as this 

was a prediction-based outcome. The independent variables used in this model include 

target type, bird community experience and forest type. Cutty Grass Track and Spraggs 

Bush were combined into Waitākere Ranges (WR), whereas Riverhead A and B were 

combined into Riverhead Forest (RF). This was to see whether there were any site 

effects on predation outcome. Typical and non-typical treatment data were combined 

into conspicuous colouration, to compared against the camouflage treatment. This 

would allow the GLMM to test whether there was an effect of treatment colouration of 

predation outcome. The independent variables used would have its levels transformed 

into a binary analysis, where one level would be set to 0, whilst the other to 1. This is to 

allow the linear model to explore the variance between 0 and 1, and therefore allow 

predictions of predation outcome to be generated from the difference independent 

variables (Nyaga et al., 2018). 

 

To answer the first research aim, predation (yes/no) would be tested against the target 

type. To test the predation(yes/no) prediction in the second research question, the 

forest type independent variable would be used. This was due to the assumption stated 

earlier that forests that have higher proportions of indigenous vegetation would have 

higher proportions of endemic/native insectivorous birds. The final research aim would 

test whether the independent variable, bird community experience, would affect the 

predation(yes/no) outcome.  

 

Data was read into RStudio using the reader package (Wickham, Hester, et al., 2021). 

Following this, I used the ggplot2 package in order to visualise the data into graphs 

(Wickham, Chang, et al., 2021), and stargazer (Hlavac, 2018) to produce tables. The 

ggplot2 package is encompassed by a larger package, tidyverse (Wickham, 2021), which 

contains many packages that can be used to create publication ready graphs and figures 

(Scherer, 2019). Packages that I used in generating figures include: 
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 grid (RStudio, 2021) – for creating graphical objects (now a part of RStudio base 

package). 

 effects (Fox et al., 2020) - Graphical and tabular effect displays. 

 multcomp (Hothorn et al., 2021) - Simultaneous tests and confidence intervals 

for general linear hypotheses. 

 nnet (Ripley & Venables, 2021) – log model creation for data visualisation. 

 lattice (Sarkar et al., 2021) – data visualisation for multivariate data inspired by 

Trellis graphics. 

 colourspace (Ihaka et al., 2021) – colour manipulation in my figures and graphs. 

 survey (Lumley, 2021) – Simple analysis of datasets. 

 estimability (Lenth, 2018) – determines the estimability of linear functions of 

regression coefficients. 

 insight (Lüdecke et al., 2021) – model information access such as formulas, terms 

and random effects. 

 dplyr (Wickham et al., 2021) –  dataframe working and management (within 

tidyverse).  

 

Models and hypotheses 
 

For research question one: 

Predation(yes/no)=(Target Type/Target Type*successful predation)*Success 

probability Target Type*successful predation*((1- Success probability)(Target Type *(1-Successful predation)) 

H0 – The assigned target type to the mealworm would not impact the prediction 

of the predation outcome (yes/no) 

H1 – The assigned colour treatment to the pinned mealworm affects the 

prediction of the predation outcome of the mealworm (yes/no) 
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For research question two: 

Predation(yes/no)=(Forest Type/Forest Type*successful predation)*Success 

probability Forest Type*successful predation*((1- Success probability)(Forest Type *(1-Successful predation)) 

H0 – The forest types the mealworm was used in the experiment would not 

impact the prediction of predation outcome of the mealworm (yes/no) 

H1 – The forest type where the mealworm was used in the experiment would 

change the prediction of the predation outcome of the mealworm (yes/no). 

 

For research question three: 

Predation(yes/no)=(Bird community experience/Bird community 

experience*successful predation)*Success probability Bird community experience*successful 

predation*((1- Success probability)(Bird community experience *(1-Successful predation)) 

Ho – The experience of the bird population where the mealworm was used to 

experiment would not impact the predation outcome of the mealworm (yes/no) 

H1 – The overall experience of the insectivorous bird population will affect the 

prediction of predation outcome for the mealworm used in this experiment, 

 

Significance testing 
 

To test the statistical significance of the models generated for each of the research 

questions above, an ANOVA analysis was used. An ANOVA (Analysis of Variance) test is 

able to test the reliability of effects that the independent variable have on the predation 

outcome of the mealworms (Bertinetto et al., 2020). It can also be used to highlight 

whether a false positive or negative has been determined by our model (Kim, 2017). 

This is where we can either accept the null hypothesis of the set research questions or 

accept the alternative hypothesis if the ANOVA analysis suggests that there is an effect 

between one of the independent variables tested, and the prediction outcome. The 

prediction outcome in this context is whether the type of forest, experience of avian 
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population, whether avian prey was conspicuous or inconspicuous, effects whether 

mealworms were predated. The following is a formula used to describe both the null 

hypothesis (H0), and the alternative hypothesis (H1):  

 

 

Where: µ represents the outcomes of the each of the independent variables. 

 

The ANOVA test code is incorporated into the base package of RStudio, so no additional 

packages were required to complete it. In this thesis, the value of statistical significance 

is determined by the p-value, which was been set to a value of less than 0.05. While 

there is recent discussion asking for this value to be reduced (Di Leo & Sardanelli, 2020; 

du Prel et al., 2009; Zhu, 2016). 
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Results  
 

Bird Surveys  
 

Across all four sites surveyed, there were more introduced insectivorous bird species 

observed (n=10) as well as the total observed introduced individuals (n=830), 

compared to endemic/native insectivorous bird species (n=8) and individuals (n=715) 

(Figure 13; Table 1). The bird species recorded in Riverhead Forest (n= 14 total species: 

n=969 individuals) with more introduced species (64%) than endemic/native. Out of 

the 15 total species (n=576 individuals) observed in the Waitākere Ranges, 46% were 

introduced species (n=7). When analysis was completed, whether the survey was 

completed in Riverhead Forest or in the Waitākere Ranges did not affect the prediction 

of whether the species observed would be endemic/native or introduced (F-value <1, p-

value >0.05).  

 

The Waitākere Ranges (Shannon-Weaver: H= 2.072) had more avian biodiversity 

compared to Riverhead Forest (Shannon-Weaver: H= 1.582). Whether the bird count 

was completed before or after the experiment took place did not impact the prediction 

of whether the species of bird observed would be introduced or endemic/native (F-

value <1, p-value >0.05). The most abundant avian species observed in the Waitākere 

Ranges were tūī (Prosthemadera novaeseelandiae, endemic nectivore (New Zealand 

Birds Online, 2013), n= 166). The most abundant bird observed in Riverhead Forest was 

the chaffinch (Fringilla coelebs, introduced granivore (New Zealand Birds Online, 2013), 

n=458). The difference in the abundance of these two species contributed most to the 

differences in bird composition between the two forest types, along with the grey 

warbler (Gerygone igata, endemic insectivores (New Zealand Birds Online, 2013)). The 

grey warbler was had higher abundance in Riverhead Forest compared to the 

Waitākere Ranges. 
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Table 1: Bird survey data showing the amount of endemic/native and introduced 

species and individuals observed in the different study sites. In total there were 10 

introduced species observed and 8 endemic/native species. Note that the F after the 

grey warbler, tomtit, and the unknown species refers to a fledgling that had been heard 

or sighted. The End/native total refers to the combined endemic and native bird 

individuals observed.  

=================================================================== 
                               Classification Waitākere   Riverhead          Total 

                                                                                     Ranges        Forest 

----------------------------------------------------------------------------------------------------------------- 
bellbird                      Endemic                           8                        0                           8 

chaffinch                      Introduced             12                       458             470 

common pheasant        Introduced                         0                       5                           5 

common starling        Introduced              3                       0                           3 

eastern rosella        Introduced              24                      17                           41 

Eurasian blackbird        Introduced              20                      34                           54 

Eurasian goldfinch        Introduced               0                      1                           1 

European greenfinch       Introduced              0                      2                           2 

fantail                                   Endemic                            73                      64                           137 

grey warbler (F)        Endemic                             2                      1                           3 

grey warbler                      Endemic                             91                     211              302 

gull (unknown spp)        Introduced               3                      0                           3 

kererū                                   Endemic                            15                      0                           15 

myna                                   Introduced              17                      2                           19 

silvereye                     Introduced              113                      117              230 

tomtit                                   Endemic                            25                      35                            60 

tomtit (F)                     Endemic                            2                      0                            2 

tūī                                   Endemic                            166                      22                           188 

unknown species        Introduced              1                       0                           1 

unknown species (F)       Introduced              1                       0                             1 
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----------------------------------------------------------------------------------------------------------------- 
                                                             Waitākere Ranges      Riverhead Forest Total 
 
End/Native individuals          382                                  333                           715 
Introduced individuals        194                      636                                     830 

----------------------------------------------------------------------------------------------------------------- 
End/Native Species         8                                    5                                        13 

Introduced Species         7                                    9                                        16 

----------------------------------------------------------------------------------------------------------------- 
TOTAL INDIVIDUALS        576                      969                           1545 

TOTAL SPECIES AT SITE        15                                    14  

=================================================================== 
 

 

 

Figure 13: Bird counts for each of the recorded species separated by the forest that they were found 
in. The brown bars represent the number of individuals of each species recorded in Riverhead Forest, 
whereas the green bars represent the number of individuals of each species in the Waitākere Ranges. 

RF = Riverhead Forest: WR = Waitākere Ranges; (E) = Endemic; (I) = Introduced; (N) = Native. 

BeB = bellbird, CF = chaffinch, EB = Eurasian blackbird, EGoF = European goldfinch, EGrF = European 
greenfinch, ER = eastern rosella, F = fantail, GW = grey warbler, K = kererū, M = myna, P = common 
pheasant, SE = silvereye, ST = common starling, TT = tomtit, TT (F) = tomtit, UK = Unknown species. 
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Out of the 18 species observed: 2 were predominately nectivorous (n=196), 3 

herbivorous (n=513), 6 omnivorous (n=273) and 7 insectivorous (n=561) (Table 2; 

Figure 14). These numbers represent the diet that is mostly consumed by each of the 

bird species all year round. For all the bird species their breeding season diet is 

dominated by more insects to have enough energy to forage, build nests, and feed young 

(Greenburg, 1995; Thiollay, 1988).   

 

Table 2: Bird survey data showing the main diet eaten by each of the species recorded 
(New Zealand Birds Online, 2013). The chicks and Fledglings of all these species had a 
diet comprised of mostly, or entirely insects. Note that the F after the grey warbler, 
tomtit, and the unknown species refers to a fledgling that had been heard or sighted. 

=================================================================== 
Species                              BioStatus     Main Diet           Total individuals observed 

eastern rosella                Introduced     Granivore               41 

chaffinch                              Introduced     Granivore               470 

European greenfinch   Introduced     Granivore               2 

common starling                Introduced     Insectivorous 3 

Eurasian blackbird                Introduced     Insectivorous 54 

fantail                                           Endemic     Insectivorous 137 

grey warbler                             Endemic     Insectivorous 302 

tomtit                                           Endemic     Insectivorous 60 

bellbird                              Endemic     Nectivorous 8 

tūī                                           Endemic     Nectivorous 188 

common pheasant                Introduced     Omnivorous 5 

Eurasian goldfinch                Introduced     Omnivorous 1 

gull (unknown spp)                Introduced        Omnivorous 3 

kererū                                           Endemic     Omnivorous 15 

myna                                           Introduced     Omnivorous 19 

silvereye                             Introduced     Omnivorous 230 
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----------------------------------------------------------------------------------------------------------------- 
ENDEMIC/NATIVE SPP      Individual Numbers   Species Numbers 

----------------------------------------------------------------------------------------------------------------- 
Herbivorous                                 0                                            0 

Insectivorous                                 504                                            5 

Omnivorous                                 15                                            1 

Nectivorous                                 196                                            2 

                                                715                                            8 

----------------------------------------------------------------------------------------------------------------- 
INTRODUCED SPP                  Individual Numbers  Species Numbers 

----------------------------------------------------------------------------------------------------------------- 
Herbivorous                                513                                            3 

Insectivorous                                57                                            2 

Omnivorous                                258                                            4 

Nectivorous                                0                                            0 

Total                                                            828                                            9 

=================================================================== 
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To summarise, there was 3.82 times more detected individuals of introduced species 

found in Riverhead Forest compared to the Waitākere Ranges. There were more 

insectivorous birds found in the Waitākere Ranges compared to Riverhead Forest.   

Figure 14: The number of individuals recorded both in the Waitākere Ranges and in Riverhead 
Forest, separated by the diet of the species recorded. The Brown bar represents Riverhead Forest, 
while the green bar represents the Waitākere Ranges.  Herbivorous spp = 3; Insectivorous spp = 7; 
Nectivorous spp = 2; Omnivorous spp = 6. 

RF = Riverhead Forest: WR = Waitākere Ranges 
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Do predation rates differ between different coloured artificial prey? 

 

Of the 3241 mealworms pinned to trees across this experiment, 44% (n=1436) were 

eaten, 52% were present (not eaten) (n=1683), and 4% (n=122) were excluded. These 

excluded mealworms include those that were predated by invertebrates, as well as 

those that’s pin could not be found. It is important to again note that that the 

mealworms that were assumed to be predated by non-avian invertebrates had a 

hollowed exoskeleton which indicated spider predation, or there was arthropod 

presence observed such as ants or mites. Therefore, avian predation rate of the 

remaining mealworms was 46% (n=1683). Out of the mealworms that were eaten, 13% 

(n=420) were pinned to the typical colouration treatment, 30% (n=417) were the non-

typical colouration treatment, 15% (n=470) to the camouflage treatment, and 8% 

(n=129) for the control treatment (Figure 15). A reminder that the typical colouration 

treatment was the orange/black paper ‘moth’, the non-typical colouration treatment 

was the green/black paper ‘moth’, and the camouflage colouration treatment was the 

cryptic brown paper ‘moth’. The remaining results in this section will be excluding the 

mealworms that had to be excluded from the dataset (n=122).  
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The colour treatment of the paper moth that the mealworm was pinned to did affect the 

prediction possibility of whether the mealworm was to be predated or not (F-Value = 

8.9, p-value = 0.03). To see whether there was a difference in possible predation 

between an aposematic paper moth treatment, and the cryptic treatment, the typical 

and non-typical treatment can now be combined to represent the aposematic 

colouration, and then compared to the cryptic camouflage treatment. The conspicuous 

treatments (n(typical treatment)=420; n(non-typical treatment)=417) were eaten less 

compared to the inconspicuous treatment (n=470) by 3% (Figure 16).  

Figure 15: Proportional predation outcome for each of the mealworms pinned to trees. This includes 

the three paper moth treatments as well as the control block. This the combined data across all the 

four sites used. The brown bar indicates the camouflage treatments eaten; The blue bar represents the 

control treatment; The green bar represents the non-typical treatment; The orange bar represents the 

typical treatment. The E label within the treatment axis refers to the mealworms that were recorded 

as eaten at the end of the 22-hour block. The P label on the treatment axis refers to the mealworms 

that were still present on the paper triangle and pinned to the tree at the end of the 22-hour block. 
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Figure 16: Counts of the mealworms eaten by insectivorous birds based on the type of treatment 

applied. The Brown bar represents the mealworms eaten in Riverhead Forest, while the green bar 

represents the mealworms eaten in the Waitākere Ranges. Note that the conspicuous colouration 

contains mealworms that were pinned to both the typical and non-typical paper moths.  
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Do avian predation rates differ between bird community compositions? 
 

Out of the 3241 mealworms pinned to trees during this experiment, 27% were predated 

by birds in the Waitākere Ranges (n=857) and 19% in Riverhead Forest (n=579) 

(Figure 17). Whether the mealworms were pinned to trees in Riverhead Forest, or in 

the Waitākere Ranges had a strong influence in the predation possibility on whether the 

mealworm was eaten or not by birds (F-value = 120, p-value<0.001). The most predated 

treatment type in both the Waitākere Ranges and Riverhead Forest was the camouflage 

paper ‘moth’ (n(Waitākere Ranges)=269; n(Riverhead Forest=201).  

 

 

 

 

 

 

Figure 17: Number of mealworms predated by birds in the different forest sites used in the 

experiment. The light brown bars represent the eaten mealworms, while the dark brown bars 

represent the mealworms that were not eaten. As shown in the bird survey results, Riverhead Forest 

was had more introduced species, whereas the Waitākere Ranges had more endemic and native avian 

species. 
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On average, mealworms pinned to a conspicuous paper ‘moth’ (n(typical 

treatment)=168; n(non-typical treatment)=162) were predated 6% less than 

mealworms pinned to an inconspicuous paper ‘moth’ (n=201). In the Waitākere Ranges 

(native community), mealworms were predated at similar rates no matter whether they 

had a conspicuous (n(typical treatment)=252; n(non-typical treatment)=255) or 

inconspicuous (n=269) treatment paper ‘moth’. There was no effect between whether 

the mealworm was assigned a conspicuous or inconspicuous colour treatment, whether 

they were from a bird community that was dominated by either endemic/native 

individuals, and the predicted predation outcome of the mealworm on predation rate 

(F-Value = 1.9, p-value>0.05) (Figure 19).  

 

Figure 18: Counts of mealworms predated by insectivorous birds based on the type of paper moth 

treatment that it was pinned to. This has been separated into the different forest sites used for this 

experiment, based on the assumption that the Waitākere Ranges would have higher proportions of 

endemic/native bird species, and that Riverhead Forest would have higher proportions of introduced 

avian species. The light brown bar represents the eaten mealworms, while the dark grey bar 

represents the mealworms that were not eaten. 
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Figure 19: Proportions of the mealworms eaten based on the type of treatment applied. The Brown 

bar represents inconspicuous colouration, while the green bar represents conspicuous colouration. 

Note that the conspicuous colouration contains both typical and non-typical mealworms that were 

predated. To find an average this would need to be adapted to compared rates with the inconspicuous 

treatment. The E label within the treatment type axis refers to the mealworms that were recorded as 

eaten at the end of the 22-hour block. The P label on the treatment type axis refers to the mealworms 

that were still present on the paper triangle and pinned to the tree at the end of the 22-hour block. 
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Does avian predation rate differ when fledglings are present? 
 

The experience of the avian population did not influence the predation possibility of the 

mealworms, irrespective of what paper moth treatment they were pinned to (F-value<1, 

p-value >0.05) (Figure 20). When the typical and non-typical treatments were combined 

to represent aposematic colouration, and compared to inconspicuous treatment, the 

experience of the avian population did not influence the predation possibility of 

whether the mealworm were to be predated (F-value <1, p-value >0.05) (Figure 21). 

This means that no matter when the experiments were completed, whether it was in 

November and December, or in February and March, wild bird populations were not 

change their predation habits on the pinned mealworms. As well as that, during both 

phases of the experiments, the birds would predate the control mealworms, the ones 

that were not pinned to any paper moth, at higher proportions compared to the 

mealworms that were pinned to a paper moth. 

 

 

 

Figure 20: Proportional predation outcome of mealworms pinned to each of the paper moth 
treatments, separated by whether the population were naïve or experienced. Note that the light 
brown bar represents the eaten mealworms by birds, while the dark brown bar represents the 
mealworms not eaten by birds. 
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Figure 21: Proportions of the mealworms eaten based on the type of treatment applied. The Brown 

bar represents inconspicuous colouration, while the green bar represents conspicuous colouration. 

Note that the conspicuous colouration contains both typical and non-typical mealworms that were 

predated. To find an average this would need to be adapted to compared rates with the inconspicuous 

treatment. The E label within the treatment axis refers to the mealworms that were recorded as eaten 

at the end of the 22-hour block. The P label on the treatment axis refers to the mealworms that were 

still present on the paper triangle and pinned to the tree at the end of the 22-hour block. 

 

 



61 
 

Statistical Results 
 
Table 3: Summary model of the bird Surveys – Note that none of the p-values here had significant values 
================================================================================= 
                                                        Dependent variable:            
                                             ----------------------------------------- 
                                               Estimates (Confidence Intervals)    
--------------------------------------------------------------------------------------------------------------------------------------- 
Forest (WR)                                  -53.230 (-35,762,636.000, 35,762,530.000) 
Bird Survey before data collection           18.599 (-2,513,168.000, 2,513,205.000)   
Insectivorous diet                             46.568 (-2,513,140.000, 2,513,233.000)   
Nectivorous diet                              47.835 (-2,513,139.000, 2,513,235.000)   
Omnivorous diet                               23.274 (-2,513,163.000, 2,513,210.000)   
WR vs. collected before                      4.624 (-45,880,173.000, 45,880,183.000)  
WR vs. Insectivorous                         50.609 (-35,762,532.000, 35,762,634.000)  
WR vs. Nectivorous                           54.204 (-35,762,529.000, 35,762,637.000)  
WR vs. Omnivorous                           53.279 (-35,762,530.000, 35,762,636.000)  
Collected before vs. Insectivorous          -19.182 (-2,513,206.000, 2,513,167.000)  
Collected before vs. Nectivorous             36.826 (-39,737,591.000, 39,737,665.000)  
Collected before vs. Omnivorous             -18.672 (-2,513,205.000, 2,513,168.000)  
WR vs. collected before vs. insectivorous   -1.638 (-45,880,180.000, 45,880,176.000)  
WR vs. collected before vs. Nectivorous      -39.027 (-62,402,031.000, 62,401,953.000) 
WR vs. collected before vs. Omnivorous       -3.995 (-45,880,182.000, 45,880,174.000)  
Constant                                      -33.523 (-2,513,220.000, 2,513,153.000)  
--------------------------------------------------------------------------------------------------------------------------------------- 
Observations                                                1,545                   
Log Likelihood                                             -11.364                  
Akaike Inf. Crit.                                          56.728                   
Bayesian Inf. Crit.                                        147.556                  
================================================================================= 
Note:                                                   *p<0.1; **p<0.05; ***p<0.01 
 
 
 
 
Table 4: Analysis of Variance Table – Note that there are no p-values in this table as there was no variable 
that allowed enough variance. Therefore, the main take away would be the low F-values, which explains    
the non-significant p-values seen in the above table. 
================================================================================= 
                        npar  Sum Sq  Mean Sq  F value 
--------------------------------------------------------------------------------------------------------------------------------------- 
 
Forest                    1          0.00457             0.00457   0.0046 
Collection Time                 1          0.00786             0.00786   0.0079 
Diet                      3          1.73139             0.57713   0.5771 
Forest vs. Collection Time           1          0.00979             0.00979   0.0098 
Forest vs. Diet               3          0.00534             0.00178   0.0018 
Collection Time vs. Diet             3          0.00087             0.00029   0.0003 
Forest vs. Collection Time vs. Diet     3          0.00790             0.00263   0.0026 
================================================================================= 
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Table 5: Summary of the statistical analysis 
================================================================================= 
                                                                                      Dependent variable:     
                                                                                  --------------------------- 
                                                                                       Predation Outcome   Estimate (CI) 
--------------------------------------------------------------------------------------------------------------------------------------- 
Bird Community                                                                                      1.032*** (0.740, 1.324)   
Naïve/Experienced                                                                              -0.180 (-0.472, 0.113)    
Conspicuous/Inconspicuous Treatment                                                               0.338** (0.008, 0.668)    
Bird Community x Naïve/Experienced                                                             -0.010 (-0.
421, 0.401)    
Bird Community x Conspicuous/Inconspicuous Treatment                                                 -0.279 (-0.750, 0.192)    
Naïve/Experienced x Conspicuous/Inconspicuous Treatment                                           -0.011 (-0.482, 0.459)    
Bird Community x Naïve/Experienced x Conspicuous/Inconspicuous treatment          0.093 (-0.574, 0.761)    
Constant                                                                                                          -0.524*** (-0.730, -0.317)  
--------------------------------------------------------------------------------------------------------------------------------------- 
Observations                                                                                 2,880            
Log Likelihood                                                                            -1,912.862          
Akaike Inf. Crit.                                                                          3,843.723          
Bayesian Inf. Crit.                                                                        3,897.413          
================================================================================= 
Note:                                                                             *p<0.1; **p<0.05; ***p<0.01 
 

 
Table 6: Analysis of Variance Table - Note that there are no p-values in this table as there was no variable 
that allowed enough variance. Therefore, the main take away would be the F-values, which explains the p-
values seen in the above table. 
================================================================================= 
                                    npar  Sum Sq Mean Sq  F value 
----------------------------------------------------------------------------------------------------------------- 
Bird Community                         1 120.001 120.001    120.0008 
Naïve/Experienced                            1   4.020    4.020              4.0203 
Conspicuous/Inconspicuous                                1   6.783    6.783              6.7831 
Bird Community vs. Naïve/Experienced            1   0.016    0.016              0.0158 
Bird Community vs. Conspicuous/Inconspicuous                  1   1.934    1.934              1.9344 
Naïve/Experiences vs. Conspicuous/Inconspicuous                    1   0.044    0.044              0.0445 
Bird Community vs. Naïve/Experienced vs. Conspicuous/Inconspicuous     1   0.078    0.078              0.0784 
================================================================================= 
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Discussion 
 

Avian predation rates on prey with different colouration strategies  
 

In summary of the first research question, I found that whether a mealworm was pinned 

to a conspicuous or inconspicuous paper moth treatment affected the prediction of 

whether the mealworm would be predated by birds. This follows the predictions that 

were laid out within the research aims of this thesis, as well as the effectiveness of 

aposematic colouration as an anti-predation strategy. There was a proportionally higher  

proportion of mealworms eaten in the control treatment, compared to the mealworms 

that were assigned a paper ‘moth’ triangle. It was predicted that since the mealworms 

were cryptic against its environment, and not contrasted to a paper moth treatment 

they would have experienced reduced the predation rates (Erjavec & Vaupotič, 2006). 

Similar methodology that has used artificial prey did not see an interaction between the 

control treatment and their colouration treatments (Corral-Lopez et al., 2021; 

Nokelainen, Valkonen, et al., 2021). Therefore, it would be interesting to explore why 

the control mealworms experienced different predation rates during this experiment 

compared to previous studies. 

 

When looking at the predation rates of the individual’s mealworms, there was a slightly 

higher predation rate on the mealworms that were assigned the non-typical paper 

‘moth’, compared to mealworms that were assigned the typical paper ‘moth’. This was 

similar to the study outlined in the research aims that compared an aposematic green 

colouration, to a typical orange and yellow aposematic colouration (Aslam et al., 2020). 

The researchers in this study found that there were higher attack rates on green 

coloured aposematic insects, compared to typical orange insects by wild bird 

populations. Therefore, we can say the results seen in the experiments conducted in this 

thesis align with the predictions made based on the results seen in other studies. It is 

important to note here that the moth and butterfly communities that are seen in 

Aotearoa may have influenced the proportional predation rates on the mealworms 

pinned to a non-typical paper moth treatment, and the mealworms pinned to a typical 
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paper moth treatment. This is because if there are proportionally more green moths and 

butterfly prey in Aotearoa compared to the areas that these studies were completed, 

then it would change the wariness of the birds in this study as they would already have 

prior experience. It can also mean that the green moths and butterflies in Aotearoa may 

not be chemically defended throughout its life cycle, so therefore the birds that attacked 

the pinned mealworms in this experiment may not have interpreted the green paper 

moth treatment as an aposematic cue. 

 

In terms of the different predation rates between the conspicuous and inconspicuous 

colouration, the reduced proportional attack rates against the conspicuous mealworms 

across all sites supports the predictions made in the research aims above. This also 

shows that the methodology of using artificial insect prey to mimic typical aposematic 

colouration in lepidoptera can represent attack rates on wild insects (Ihalainen & 

Lindstedt, 2012; Massuda & Trigo, 2009). If birds discriminate against conspicuous 

mealworms pinned to paper moths over inconspicuous ones, then this would indicate 

that they have been exposed to aposematic prey and have learned to interpret the anti-

predator strategy. Therefore, from this we can suggest that the birds in Aotearoa have 

experience at interpreting aposematic cues from its prey, and that there is learning 

occurring in terms of the predation habits they have with aposematic prey. 

 

The reason for using artificial prey is that it can be a low-resource tool in studies such as 

this, as high numbers of prey can be offered to wild birds without removing lepidoptera 

from the original populations. As well as this, it is cheaper to use an artificial prey such 

as a mealworm, compared to rearing insects that display the antipredator colouration 

being tested. It does however not answer any research questions as to whether the 

presence of Müllerian or Batesian mimics would influence predation rates of 

aposematic species in wild populations. Experiments testing the effect of honest signals 

on the predation outcome of mealworms would need to use prey species that have both 

model and mimic species established in a region.  
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My results did not identify whether a bird, a mammal or another invertebrate had 

predated the mealworms. This would be a good factor to incorporate into future studies 

that research how conspicuous colour signals impact predation rates in birds. This is 

hard to do ex – situ as part of the reason why experiments with wild populations are 

important is because there are stochastic factors that can influence the results. To know 

what taxa were eating the mealworms, there would need to be controls in place that 

would ensure that birds were the only species that were able to predate the 

mealworms.   

 

Variables that could have impacted on the predation rates of the insect models in this 

study include the size of the mealworms used in the experiments (Gordon et al., 2021; 

Pembury Smith & Ruxton, 2021). Gordon et al. (2021) found that the size of the prey 

offered to birds can influence the predation rates it experiences. When birds 

approached different sized moths, as well as moth species that were more frequent in 

the population, the predation rates experienced by the moths were impacted by these 

factors. As well as this, if presented with an aposematic coloured moth that was bigger 

compared to a moth that was smaller and not using warning colouration, birds would 

still predate the conspicuous moth. In terms of the mealworms that were used in this 

experiment, ten mealworms’lengths were measured for every block conducted and 

used to represent the average length of the mealworms in that block. There was no 

significant difference between the average length of the mealworms used throughout 

the data collection process, which would eliminate the size of the mealworm impacting 

the different predation rates. This is because if birds were given a conspicuous and 

inconspicuous mealworm of the same length in this experiment, the birds did not have a 

preference in the colour treatment in which the mealworm came from. Therefore, we 

can rule out that the size of the mealworms would have impacted whether it was 

predated or not. 

 

The mealworms that were used in this experiment were not altered at all to be 

unpalatable, and when attached to the conspicuous colouration, they were essentially 

using Batesian mimicry. This is because the triangles that they were pinned to were 
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designed to model successfully defended aposematic lepidoptera. When birds were 

visiting the mealworms, they were not receiving the same olfactory or chemical cues 

that would have been. This further confirms that birds in New Zealand have been 

exposed to aposematic colouration and have learned to discriminate against it. 

 

Avian predation rates on insects by birds from different bird community 
compositions discussion. 
 

I found that birds at sites with more introduced bird species discriminated against the 

aposematic mealworms more compared to the non-aposematic coloured mealworm 

models. I predicted that the bird community at the Waitākere Ranges sites (Cutty Grass 

and Spraggs Bush) would have higher abundance and richness of native and endemic 

bird species compared to Riverhead Forest sites, which had less intensive predator 

control and had very little indigenous vegetation. This was confirmed by the bird 

surveys completed  

 

Mammalian predator presence might also influence predation rates by birds by 

increasing their wariness. As discussed in the introduction, mammalian predators 

impact many native bird species in Aotearoa, and have been a major factor in mainland 

bird extinctions leading to many endemic and native birds being restricted to offshore 

islands (Segal et al., 2021; Woodhams, 2021). The introduction of mammalian predators 

allows introduced birds that have experience mammalian predation to have an 

advantage over endemic and native birds who have not. As stated above, this means 

that introduced birds can occupy niches once occupied by lost endemic and native 

species. This means that we would have predicted the birds that were found in 

Riverhead Forest would be more experienced as to how to avoid mammalian predation. 

This leads on into how the habitat of the bird community can influence the structure of 

the birds within it, and therefore the levels of learning and experience with aposematic 

prey (Birskis-Barros et al., 2021; McLellan et al., 2021). The reason this is important to 

consider in this experiment is that if birds when they are foraging for food feel 

threatened or the presence from a mammalian predator, then they are more likely to 
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leave the potential prey and flee to safety. Due to this, we would have expected to see 

overall lower predation rates in a site with lower mammalian presence as birds would 

be able to spend more time foraging for insects, and not avoiding being predated 

themselves. As well as this, there is the potential for birds in areas with higher 

mammalian presence to take more risks with the food that it consumes. This is because 

they may be more desperate when looking for insect prey and would take a risk on 

insects that have aposematic cues. This however has not been tested specifically in this 

experiment, and therefore is an assumption that we can make in relation to the results 

collected. 

 

Generalist species present in an area will influence the efficiency of mimicry rings and 

how predators are able to distinguish between the models and the mimics (Birskis-

Barros et al., 2021). Although there have been no lepidopteran surveys specific to these 

areas, there have been surveys conducted in the wider Tāmaki Makaurau area which 

found that nine of out of the ten most common moth species were inconspicuous (Jia et 

al., 2020). Butterflies in Aotearoa have been impacted by the increased fragmentation of 

vegetation and suitable habitats, which has reduced the amount of extant species that 

are naturalised (Gillespie & Wratten, 2012). This may have affected the densities of 

butterflies and moth species in different areas, and therefore may have reduced the 

exposure of warning colouration to birds. If there has been minimal exposure of insects 

with warning colouration, then birds may have predated them because they had higher 

contrast to its background, which was more striking compared to the conspicuous 

mealworms (Exnerová et al., 2010). This would explain why, even though overall there 

was higher predation rates against inconspicuous mealworms than conspicuous, there 

was a higher proportion of conspicuous mealworms predated in the Waitākere Ranges 

compared to Riverhead Forest. Overall, therefore, we found that while there were 

different levels of experience between endemic/native, and introduced birds, they both 

discriminated against the aposematic colouration, showing that birds in New Zealand 

have experienced conspicuous colouration. 
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Avian predation rates on insects based on different levels of naivety in the 
bird community discussion 

 

While there is this understanding that aposematic colouration does deter predators 

from attacking conspicuous coloured prey, there are studies that have shown that there 

are some birds that are too naïve to discriminate conspicuous prey (Barnett et al., 2021; 

Exnerová et al., 2003; Zvereva & Kozlov, 2021). All three of these studies found that 

there were differences in the predation rates depending on the structure of the bird 

community: if there were more individuals that were naïve in the population (I defined 

this as chicks and fledglings), then naïve individuals would predate conspicuously 

coloured prey at higher rates compared to older experienced birds. However, I did not 

find a difference in predation rates on mealworms by naïve or experienced individuals, 

which is different from what I predicted. This means could indicate that the birds in 

Aotearoa are being exposed to insects that do not have strong chemical defence, and 

therefore are able to learn from tasting an unpalatable insect when they are a chick or 

fledgling, Exnerová et al. (2003) completed an in-situ study where they presented 

firebugs (Pyrrhocoris apterus) that were either painted red to resemble an aposematic 

warning colouration, or their normal (control) colouration. They then monitored attack 

rates and found that while half of the bird species used in the study did discriminate 

against the aposematic colouration, others did not. These bird species were assumed to 

have come from populations that were naïve and were not exposed to aposematic 

colouration regularly. There also can be an influence of size on mealworm predation by 

bird communities of different experience (Postema, 2021). This study found that overall 

naïve birds are more likely to predate insects if they are larger, even if they are 

aposematic. This means that learning is taking place by chicks and fledglings when they 

are exposed to aposematic prey. We can assume that naïve individuals in this study 

were consuming wild aposematic insects, and therefore reducing their predation rates 

on the mealworms that we put out. 
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Conservation Perspectives 
 

While we found that there were more endemic and native birds observed in the bird 

surveys, we found that there were more endemic and native birds than introduced birds 

in the sites that have high intensity mammalian management than in sites with low level 

mammalian management. This is a good indication that Auckland Council and Ark in the 

Park are seeing good results from the work they are doing in re-introducing species that 

have been affected by mammalian presence as well as increasing population numbers of 

native and endemic species already present in the area (Griffiths et al., 2021). Ark in the 

park, has the third highest proportion of connectivity with indigenous habitat out of the 

managed areas within Tamaki Makaurau (Griffiths et al., 2021). This connectivity would 

promote endemic and native birds to settle in the area as there would be higher 

connectivity between forest fragments. Higher connectivity allowing increases the 

opportunities for conspecific mating interactions between individuals that would have 

been separated from other forest segments (Radford et al., 2021). As well as that, having 

reduced mammalian predator presence would allow the birds that are settled in the 

Waitākere Ranges to have more successful breeding years (Wauer, 2021). During the 

data collection for this project on Cutty Grass Track, we were lucky enough to observe 

successfully breeding Callaeas wilsoni (kōkako), showing that the efforts to reduce 

mammalian presence encourages higher success during the breeding seasons for 

endemic and native birds. 

 

Forest fragments, such as the monoculture forest seen in Riverhead does not create a 

habitat that supports high biodiversity (Udawatta et al., 2021). This is due to the limited 

variety of resources available to species that would inhabit the area, so there is higher 

interspecies competition for established species (Shahabuddin et al., 2021). In terms of 

the birds recorded during the bird surveys conducted through this project, there were 

still more species than I predicted to see in this area compared to what was predicted to 

be seen in the Waitākere Ranges. Therefore, the comparison we have seen between the 

bird communities within the Waitākere Ranges and Riverhead Forest shows a success 

in the reintroduction of endemic and native bird species back into Mainland forests, as 

well as the increase in total avian biodiversity.  



70 
 

 

Future research 
 

Future studies that would have research aims and methodology like the ones used in 

this thesis should incorporate a section of the study in which the mealworms are made 

unpalatable to the birds that they are volunteered to, which can be compared against a 

control group of mealworms that are not altered. This would allow data on what the 

predation rates are like for mimics that are using dishonest signals to predators, as well 

as honest aposematic mealworms. Another variable that could be used is to use 

lepidoptera that is found in the specific site that the data is being collected from. That 

way the methods would be testing whether the birds of the area have experience with 

aposematic prey, and whether the regional lepidoptera are using an effective 

antipredation colouration. The following bullet points highlight some different elements 

that would be good to investigate with this base methodology. 

 

• Would like to design an experiment whether there is a difference in predation 

whether they are targeting the model or the mimic. If we did find a difference, 

then maybe there are other factors that would need to be looked out that makes 

the communication of the signals more effective. 

 

• Would like to have data collected from winter during the same year as the 

summer and spring data. This would allow for comparison across a breeding 

cycle for avian species in Aotearoa, which would have allowed us to answer 

research question three with more expansive data. 

 

• Would like to compare the mammalian managed sites with each other 

throughout different times of the year. Instead of using Cutty Grass Track as well 

as Spraggs Bush, it would have been nice to use only one mammalian managed 

area. As well as that, it would have been nice to do sites at parallel sites. This 

means collected data at the same time but from different types of managed sites. 

For example, having upwards of three mammalian pests managed and non-

managed sites with data collected at different times of year. This way we could 
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see whether the data that was collected in this study was only representative of 

these sites, or whether there were other factors influencing the results.  

 

• Would have liked to have some typical colouration triangles of yellow and black 

contrast, as well as red and black contrast. As the literature described that 

orange, yellow and red are the three main conspicuous colouration signals used 

by aposematic species, it would have been nice to test all three of them. As well 

as this, predators may have learned to avoid a specific colouration, and because 

we did not see any discrimination between both the conspicuous and camouflage 

treatments in the data collected here, it would be interesting to see if the 

predators recognised the orange or yellow warning colouration. 
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Appendices 
 

Table 6: Results of bird surveys with Pre data collection refers to surveys that were completed before the eight 22-
hour blocks and the control block, and post data collection refers to after the eight 22-hour blocks and the control 
block. (F) refers to fledglings that were heard during the surveys. 

  High Level Mammalian Predator 
Management 

Low Level Mammalian Predator 
Management 

 

  
Cutty Grass 

Track  
(Pre-Fledglings) 

Spraggs Bush  
(Fledglings 

Present) 

Riverhead Forest A  
(Pre-Fledglings) 

Riverhead Forest B  
(Fledglings Present) 

 

Bellbird Endemic 2 1 2 3 0 0 0 0 8 

Chaffinch Introduced 3 4 3 2 114 105 120 119 470 

Common 
Pheasant Introduced 0 0 0 0 3 2 0 0 5 

Common 
Starling Introduced 0 3 0 0 0 0 0 0 3 

Eastern 
Rosella Introduced 8 2 7 7 8 2 6 1 41 

Eurasian 
Blackbird Introduced 7 1 6 6 17 6 7 4 54 

Eurasian 
Goldfinch Introduced 0 0 0 0 1 0 0 0 1 

European 
Greenfinch Introduced 0 0 0 0 1 0 1 0 2 

Fantail Endemic 19 5 26 23 17 14 18 15 137 

Grey 
Warbler (F) Endemic 0 2 0 0 1 0 0 0 3 

Grey 
Warbler Endemic 17 28 17 29 46 53 53 59 302 

Gull 
(Unknown 

spp) 
Introduced 1 0 1 1 0 0 0 0 3 

kererū Endemic 4 0 4 7 0 0 0 0 15 

Myna Introduced 1 3 1 12 1 1 0 0 19 

Silvereye Introduced 27 4 34 48 33 22 39 23 230 

Tomtit Endemic 8 5 9 3 6 9 8 12 60 

Tomtit (F) Endemic 1 1 0 0 0 0 0 0 2 

tūī Endemic 38 44 38 46 3 5 8 6 188 

Unknown 
species Introduced 0 1 0 0 0 0 0 0 1 
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Unknown 
species (F) Introduced 0 1 0 0 0 0 0 0 1 
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Table 7: Summary table of the predation rates of pinned mealworms at the end of the 22-hour block. Eight 
blocks were used at each of the sites (Cutty Grass Track, Spraggs Bush, Riverhead A, Riverhead B), as well as 
one control block. The control block did not have a treatment colour associated with the pinned mealworm. 
The control block data has been associated with the inconspicuous colouration as the mealworms pinned to 
the tree did not have a high contrast with its background, achieving crypsis, like the camouflage treatment 
colouration triangle. 
TC = Typical colouration; NC = non-typical colouration; CC = Camouflage colouration; C = Control. 
T = Tree; TF = Tree Fern 
Pr = Present mealworms; Ea = Eaten mealworms; Om = Omitted mealworms. 

 Endemic/Native bird dominated communities 
 Cutty Grass Track Spraggs Bush 

 Conspicuous  
colouration 

Inconspicuous  
Colouration 

Conspicuous  
colouration 

Inconspicuous  
Colouration 

 TC NC CC C TC NC CC C 
 T TF T TF T TF T TF T TF T TF T TF T TF 

Pr 36 74 21 75 29 65 15 31 54 38 50 40 47 42 26 24 
Ea 56 57 54 69 59 66 14 27 78 61 71 61 76 68 23 17 
Om 5 13 4 18 9 12 3 1 2 7 8 10 5 2 0 0 

 97 144 79 162 97 143 32 59 134 106 129 111 128 112 49 41 

 Introduced bird dominated communities 

Riverhead A Riverhead B 

 Conspicuous  
colouration 

Inconspicuous  
Colouration 

Conspicuous  
colouration 

Inconspicuous  
Colouration 

 TC NC CC C TC NC CC C 
 T TF T TF T TF T TF T TF T TF T TF T TF 

Pr 155 1 157 3 140 1 60 0 147 0 150 0 130 0 72 0 
Ea 81 0 78 1 94 3 30 0 86 1 83 0 103 1 18 0 
Om 2 0 1 0 2 0 0 0 5 0 7 0 6 0 0 0 

 238 1 236 4 236 4 90 0 238 1 240 0 239 1 90 0 
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