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Abstract 
Non-target pesticide exposure causes a myriad of detrimental sub-lethal effects in a broad 

range of taxa, with pesticide-induced changes in behaviour, physiology and reproduction 

documented widely. Most studies have focused on vertebrate models, while insects are 

among the least-studied taxa in this field. Within insect-related literature, focal pesticides are 

often specifically insecticidal; however, several insect species have been observed feeding on 

pesticide baits used for mammalian predator control in the wild, introducing the need to 

investigate the effects of these pesticides on insects. New Zealand is one of the largest 

consumers of vertebrate pesticides globally, largely due to an overarching conservation goal 

of eradicating mammalian predators from the country by 2050. Unfortunately, non-target 

consumption of pesticide baits has been frequently observed in the iconic endemic taxa, weta. 

Limited studies suggest that these baits are non-lethal to weta, but research never extends 

beyond mortality-related studies. In this thesis, 34 Wellington tree weta (Hemideina 

crassidens) were collected from Wellington; half were exposed to an anticoagulant 

rodenticide bait, brodifacoum, for 40 days, while the other half served as a control group. A 

range of behavioural and other sub-lethal measurements were taken, none of which have been 

investigated in weta before, to determine whether exposure to brodifacoum has any sub-lethal 

effects. 

Behavioural effects of brodifacoum exposure were measured in chapter 2 using video 

recordings, analysed with EthoVision XT behavioural quantification software, and 

observational data. Four biologically important behaviours, emergence (presence outside of 

the refuge), activity (total distance moved), refuge-seeking (i.e. boldness; latency and 

tendency to enter a refuge) and aggression (response to a facial probe), were compared 

between the treatment and control groups to detect pesticide-induced behavioural differences. 

Repeatability of the behaviours was also tested to determine whether the baits had an effect 

on behavioural consistency. Brodifacoum exposure was shown to alter expression of all four 

behaviours to some extent, with treated individuals showing increased emergence but 

decreased activity, aggression and boldness compared to the controls by the end of the 

treatment period. All four behaviours were repeatable overall, but most varied between sexes 

and/or treatment groups, suggesting that H. crassidens show both natural behavioural 

differences and sensitivity to pesticide exposure. Results from this study indicate that 

pesticide baits can alter behaviours directly related to foraging, mating, competitive 
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interactions and anti-predator responses in a non-target insect, which could have additional 

detrimental effects on fitness. 

Brodifacoum-induced physiological and reproductive changes were measured in chapter 3. 

All 34 weta were weighed regularly over the 40-day treatment period, and the 5 heaviest 

females from each group were dissected at the end of the trial to record fat composition (as a 

measure of body condition), parasitic infection intensity, number of eggs and developmental 

stage (early or late) of those eggs. Brodifacoum treatment did not affect weight or parasite 

intensity, but brodifacoum-exposed females had significantly less fat and more eggs than the 

controls, with a greater proportion of those eggs in the early stage of development. While 

these results are preliminary due to small sample size, the findings suggest that even short-

term exposure can alter reproductive output and body condition, which could result in 

reduced fecundity and longevity of H. crassidens populations. 

 

The results from this study clearly show that brodifacoum exposure has the potential to 

induce several sub-lethal responses in a non-target insect, H. crassidens. This thesis fills 

several gaps in the literature, including behavioural responses of an insect to a non-

insecticidal pesticide, multi-faceted effects of a single pesticide on a non-target organism, and 

how New Zealand’s predator-free 2050 goal may actually be damaging to some endemic 

species in ways not previously acknowledged. Comparable studies should be conducted to 

investigate sub-lethal responses of weta to other widely-used pesticide baits, such as 1080 

and diphacinone, especially as pesticide use in New Zealand continues to increase. These 

results should then be used to determine which pesticides have the least detrimental impacts 

on non-target wildlife, including weta, and regulations on pesticide use should be altered 

accordingly. This thesis highlights the fundamental need to consider sub-lethal effects of 

pesticide exposure in non-target consumers, as changes in behaviour, physiology and 

reproduction undoubtedly affect other fitness-related factors such as inter- and intra-specific 

interactions, foraging efficacy and ultimately, survival. Importantly, the goal of this research 

is not to devalue the use of pesticides as a conservation tool, but rather to make suggestions 

to reduce their non-target impacts.  
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Chapter One - General Introduction 

 

 

Human impacts on the environment have resulted in many detrimental ecological effects. 

Climate change, habitat destruction and light pollution are just a few factors influencing 

ecosystem health and stability (Sih et al., 2011; Wong and Candolin, 2015). However, 

environmental contaminants have been identified as a key anthropogenic stressor, inducing a 

broad range of direct and indirect effects on all animal phyla (Montiglio and Royauté, 2014; 

O'Brien and Keough, 2014). From discharge of toxic compounds such as heavy metals and 

pharmaceutical drugs into the environment, to direct application of chemicals for pest 

control, the consequences of ecological contamination are immense (Kanzari et al., 2014). An 

ever-increasing body of research is devoted to studying the impacts of contaminants, 

observing both lethal and sub-lethal effects in target and non-target species. Several reviews 

summarise the ecological responses of a wide range of taxa to different contaminants, with all 

concluding that exposure can have severe adverse effects (Vos et al., 2000; Sih et al., 2011; 

Sanchez-Barbudo et al., 2012; Montiglio and Royauté, 2014; O'Brien and Keough, 2014). 

 

1.1 Contaminant-induced mortality 

Acute mortality was once the primary means of assessing the impacts of contaminant 

exposure, with the LD50 (lethal dose required to kill 50% of a focal population) regarded as 

the most informative measure of contaminant-induced effects (Clotfelter et al., 2004). 

However, studies have also reported mortality as a consequence of chronic exposure to a 

range of contaminants, including heavy metals, endocrine-disruptors (including 

environmental estrogens) and pesticides (reviewed in Vos et al., 2000). For example, 

organochloride pesticides have been connected to several mass mortality incidents in striped 

dolphins (Stenella coeruleoalba); toxins can be stored in adipose tissue, so dolphins exposed 

to elevated levels of organochlorides are able to sequester some of the poison in their blubber 

to prevent immediate mortality. With the introduction of an additional stressor, a zoonotic 

disease, the increased mobilisation of fat stores for energy to support immune function results 
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in an overload of the toxin on the liver, causing death (Aguilar and Borrell, 1994). The 

veterinary anti-inflammatory drug diclofenac was also attributed to mass mortalities in the 

Oriental white-backed vulture (Gyps bengalensis). Vultures scavenge on dead animals, 

including livestock that have been treated with diclofenac. Bioaccumulation in diclofenac-

treated cows resulted in tissue concentrations high enough to induce fatal acute renal failure 

in exposed vultures (Oaks et al., 2004). These studies highlight the explicit need to consider 

the non-target impacts of biological contaminations, as they may increase mortality risk. 

 

1.2 Sub-lethal effects of contaminant exposure 

Contaminant-induced sub-lethal effects, such as behavioural changes and reduced 

physiological and reproductive fitness, are widely documented as having detrimental 

consequences at both the individual and population level. Hence, measuring sub-lethal 

responses to contaminant exposure is crucial in assessing their overall impacts. 

 

1.2.1 Behavioural responses 

Animal behaviour is particularly sensitive to disruption by exogenous pollutants (see reviews 

by Montiglio and Royauté, 2014, and Sih et al., 2011). Aggression, boldness and activity 

have been identified as three ecologically important behaviours due to their implications for 

predator-prey interactions, reproductive and foraging success, and ultimately, survival (Sih et 

al., 2012; Wolf and Weissing, 2012; Jandt et al., 2014); however, there is evidence of all 

three of these behaviours being altered by contaminant exposure. In response to an 

oestrogenic compound, male three-spined sticklebacks (Gasterosteus aculeatus) show 

reduced aggression to conspecifics over time, while controls become more aggressive (Bell, 

2001). In the great tit (Parus major) a decreasing gradient in boldness (measured as the 

latency to explore a novel environment) forms depending on increasing proximity to a site of 

heavy metal contamination (Grunst et al., 2018). Finally, an insecticide, esfenvalerate, 

temporarily paralyses damselfly larvae (Coenagrion puella) and reduces mean activity levels 

(Tüzün et al., 2017).  

 

Personality (i.e. behavioural consistency over time and context; Bell et al., 2009) can also 

affect, and be affected by, contaminant exposure. Repeatability estimates are calculated by 
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comparing the variance of a behavioural measure among individuals to the variance between 

individuals (Bell et al., 2009). Importantly, some individuals are consistently more active or 

exploratory, which can increase their risk of coming into contact with environmental 

contaminants (Wolf and Weissing, 2012). Exposure may act on certain behaviours, making 

them less consistent over time. This can, in turn, affect other physiological processes. For 

example, some behavioural traits tend to be correlated, and their synchronous expression can 

alter reproductive output. Exploration and boldness are positively correlated in a number of 

taxa, including rock ants (Temnothorax rugatulus), three-spined sticklebacks (Gasterosteus 

aculeatus), and zebra finches (Taeniopygia guttata) (Ioannou et al., 2008; Bengston and 

Dornhaus, 2014; Crino et al., 2017). Bolder individuals are also often more reproductively 

successful, with bold females preferentially mating with bold males in the dumpling squid 

(Euprymna tasmanica) and bridge spider (Larinioides sclopetarius; Kralj-Fišer and Schuett, 

2014). Thus, if highly exploratory individuals are more likely to come in contact with 

contaminants, and the contaminant reduces boldness, exposure may therefore result in 

reduced reproductive success.  

 

Conversely, if exposure to a contaminant does not alter behaviour, or the individual does not 

show plasticity in their behavioural expression in response to exposure, they can become 

‘ecologically trapped’. An ecological trap is where a human-induced rapid environmental 

change causes a previously adaptive trait to become maladaptive (Sih et al., 2011; Hale and 

Swearer, 2016). The concept was initially introduced in the context of birds responding to 

increased habitat destruction (Schlaepfer et al., 2002), but applies to a broad range of 

behaviours and animals (reviewed in Battin, 2004). Ecological traps can result in an 

evolutionary shift towards a “new normal”; if a particular trait was initially unfavourable, but 

now protects individuals from detrimental (and potentially fatal) anthropogenic effects, that 

trait might then be passed down to subsequent generations (Wolf and Weissing, 2012). 

Reviews on behavioural repeatability have reported that personality (i.e. high repeatability) is 

more greatly expressed than behavioural plasticity (Dingemanse and Reale, 2005; Bell et al., 

2009), though relatively few studies have investigated personality in invertebrate species, 

especially insects (but see Dall et al., 2012). Hence more research on insect personality 

should be instigated, and further investigations on factors that might affect behavioural 

variation should be undertaken.  
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1.2.2 Physiological changes 

Reproductive output is directly affected by contaminant exposure. A review by Vos et al. 

(2000) outlines a wide range of reproductive effects in several taxa in response to endocrine-

disrupting chemicals. Mammals, birds, fish and invertebrates all experience contaminant-

induced reproductive impairment to some extent, be it through feminisation of males or 

masculinisation of females, decreased egg laying and hatching success, poor survival of 

young, or abnormal gonadal development. Insects, though absent in the Vos et al. review, are 

not exempt from these effects. Egg hatching rates in two insects, bed bugs (Cimex 

lectularius) and leaf beetles (Phaedon cochleariae) were greatly reduced in insecticide-

exposed individuals, with the latter also producing fewer eggs than untreated controls 

(Crawley et al., 2017; Müller et al., 2017). Moreover, some animals can store and excrete 

toxins in their eggs. In the green sea turtle (Chelonia mydas), mothers exposed to heavy 

metals were found to lay eggs containing high concentrations of these contaminants, 

indicating strong maternal transfer. It is likely that this contributes to the lower hatching 

success of turtles in areas of high pollution (Sinaei and Bolouki, 2017). Similarly, in the 

Southern toad (Anaxyrus terrestris), eggs from females exposed to coal combustion waste 

had elevated levels of contaminants, including copper and lead, and offspring viability 

negatively correlated with ovum toxin concentration (Metts et al., 2013). Reproductive 

responses are a crucial topic of study when assessing the impacts of environmental 

contaminants as reduced reproductive output can lead to population declines; a trend that 

would be particularly detrimental to small or threatened populations (Vos et al., 2000). 

 

Another physiological change associated with contaminant exposure is a decrease in body 

condition. Often quantified by fat composition, body condition is an important indicator of 

physiological stress in heavily contaminated areas. In Arctic foxes (Vulpes lagopus), adipose 

tissue (i.e. fat) showed a significant inverse relationship with contaminant exposure, 

suggesting that chemicals can deplete fat stores (Fuglei et al., 2007). This could have 

subsequent effects on immunity, as fat is associated with immunocompetence in a range of 

animals, from mammals (Abolins et al., 2018) to insects (Kelly, 2011). Thus, the relationship 

between contaminant exposure and body condition is important in the assessment of overall 

physiological effects of contamination. 
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1.3 Problems with pesticide use: a New Zealand case study 

Pesticides (i.e. substances used to kill target organisms) have been identified as a key target 

in environmental contaminant studies as they are intentionally introduced into the 

environment, often in large quantities (Sanchez-Barbudo et al., 2012; Tassin, 2017). There is 

strong evidence to suggest that pesticides have both lethal and sub-lethal effects on non-target 

animals and can cause declines in ecosystem health. Thus, it is important to monitor 

ecosystems in areas of high pesticide use to determine any possible negative impacts. In this 

thesis, I use the term ‘pesticide’ to refer to poisons that target animals (i.e. mammalian toxins 

and insecticides), though fungicides and herbicides with sub-lethal effects on animals will 

also be referenced. 

 

New Zealand is a biodiversity hotspot, with a diverse range of endemic taxa present on both 

the mainland and offshore islands being threatened by a number of anthropogenic impacts 

(Goldberg et al., 2008). Perhaps the greatest threat to biodiversity in New Zealand was the 

introduction of mammalian predators. Human settlement rapidly led to an increase in the 

number of invasive mammals, including possums (Trichosurus vulpecula), stoats (Mustela 

erminea), and rats (Rattus rattus, R. exulans and R. norvegicus). The native and endemic 

fauna, which evolved in the absence of terrestrial mammals (except two species of native 

bats), were ill-adapted to cope with this novel threat and consequently experienced multiple 

extinctions and population declines (St Clair, 2011; Ruscoe et al., 2013; Norton et al., 2016). 

For decades, conservation biologists have attempted to create safe habitats for threatened 

species by ridding parts of the country, primarily offshore islands and ecosanctuaries, of pest 

species (Saunders and Norton, 2001; Bowie and Ross, 2006; Buckley et al., 2015). This has 

resulted in New Zealand becoming one of the largest consumers of pesticides in the world 

(Eason et al., 2015; Duron et al., 2017). However, it has quickly become apparent that 

offshore islands are not large enough to sustain all endemic species (Saunders and Norton, 

2001), so a recent goal was announced to eradicate five mammalian predators from the 

mainland: possums, stoats and three species of rat. Consequently, the use of pesticides in 

New Zealand will continue to increase in the coming years (Norton et al., 2016; Parkes et al., 

2017).  

 

The vast majority of pest eradication schemes are established with avian fauna as the main or 

sole conservation target (71% and 49% of studies, respectively; reviewed in Duron et al., 
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2017). This is unsurprising in a New Zealand context, as 49% of terrestrial endemic bird 

species are now extinct, largely due to the introduction of mammals (Saunders and Norton, 

2001; Roff and Roff, 2003; Norton et al., 2016). Many remaining indigenous bird species are 

large-bodied and/or flightless, so are particularly susceptible to mammalian predation 

(Duncan and Blackburn, 2004). Few pest control studies focus on invertebrate conservation 

(2%; Duron et al., 2017). This is troubling considering that 90% of described New Zealand 

terrestrial insect species are endemic (Department of Conservation Biodiversity Action Plan, 

2016), and mammalian predators are known to have caused declines in many endemic 

invertebrates (St Clair, 2011; Buckley et al., 2015). Moreover, several studies have observed 

a wide range of invertebrate taxa feeding on pesticide baits in field and laboratory-based 

studies (Spurr and Drew, 1999; Bowie and Ross, 2006; Fisher et al., 2007), though the main 

concern in these studies is secondary poisoning of insectivorous birds. With the ever-

increasing use of pesticides in New Zealand, it is crucial that more studies consider their 

effects on non-target organisms other than birds. 

 

Several different types of mammalian pesticides are currently used in New Zealand, but the 

two most common are acute toxins (primarily sodium fluoroacetate, 1080), and 

anticoagulants (e.g.  brodifacoum and diphacinone). The use of pesticides on the mainland is 

controversial; several studies report high concentrations of pesticides in the liver and other 

tissues of non-target animals including birds (both native and non-native), mammals 

(livestock, game species and pets) and invertebrates (Spurr et al., 2005; Eason et al., 2013; 

Goldson et al., 2015; Alomar et al., 2018). For this reason, the use of some pesticides 

(notably 1080) is regulated by the Department of Conservation (Bowie and Ross, 2006). 

Pesticide baits undergo constant redevelopment in order to make them more efficient, and to 

reduce harm to non-target species (Eason et al., 2010a; Eason et al., 2017). Testing the 

palatability of different pesticide vessels, including carrot and cereal pellets, and formulating 

deterrents to prevent intake by birds and invertebrates, such as dyeing the baits blue or green 

and strongly scenting them with cinnamon or pennyroyal oil, are just a few ways in which 

pesticides have been altered in an attempt to prevent unnecessary harm (Spurr and Drew, 

1999; Morgan et al., 2017).  

Brodifacoum is one of the most widely-used pesticides in New Zealand. It is a second-

generation anticoagulant rodenticide that works by inhibiting the vitamin-K cycle, causing 

haemorrhaging in mammals (Elliott et al., 2014). While it is not currently used as extensively 

on the mainland as other pesticides, such as 1080, it is frequently utilised in sustained bait 
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stations within national parks and ecosanctuaries, and is aerially dropped on offshore islands 

(Fisher et al., 2012; Duron et al., 2017). It is also commercially available to the public. 

Brodifacoum is most commonly administered in blue, cinnamon-scented cereal pellets in an 

attempt to deter non-target organisms (Elliott et al., 2014). However, there is evidence of 

non-target species (including mammals, birds, invertebrates and lizards) feeding on the baits, 

suggesting that such deterrents are not universally effective (Bowie and Ross, 2006; Hoare 

and Hare, 2006). Brodifacoum is insoluble in water and shows unusually high persistence in 

soil and animal tissues, with half-lives of up to 157 and 513 days (detected in the liver of a 

dog), respectively (Eason et al., 2011; Fisher et al., 2012; Sanchez-Barbudo et al., 2012; 

Seljetun et al., 2018). Despite this, studies still claim that the benefits of brodifacoum use far 

outweigh the costs, and thus argue that brodifacoum bait is safe and effective for use on both 

offshore islands and the mainland (Bowie and Ross, 2006; Eason et al., 2010a).  

 

One particular taxon frequently observed feeding on pesticide baits in field and laboratory 

studies are weta (order: Orthoptera). Weta are endemic to New Zealand. There are four 

genera of “true” weta (family: Anostostomatidae), Deinacrida (giant weta), Hemideina (tree 

weta), Hemiandrus (ground weta) and Motuweta (tusked weta), as well as numerous species 

of cave weta (family: Rhaphidophoridae; Spurr and Berben, 2004; Trewick, 2014). These 

endemic orthopterans have a number of important environmental roles, including soil nutrient 

cycling, predation of prolific invertebrates, and as bioindicators of ecosystem health (St Clair, 

2011; Watts et al., 2017). Introduced mammals, especially rats, are the most prominent 

predators of weta, and have been attributed to the decline of a number of species (Watts et al., 

2008; St Clair, 2011; Watts et al., 2012). One consequence of the overlap in the home ranges 

of weta and mammalian pests is that weta often encounter pesticides. Several studies have 

identified anostostomatids and rhaphidophorids feeding on pesticide baits in the wild (Ogilvie 

et al., 1997; Spurr and Berben, 2004; Bowie et al., 2006; Bowie and Ross, 2006), and 

laboratory-based palatability tests suggest that weta preferentially consume bait over a readily 

available food source (Fisher et al., 2007). These studies claim that, due to the mechanisms of 

vertebrate pesticides, exposure does not significantly increase mortality in weta, and thus the 

baits are safe to use for mammalian pest control; however, no attempts have been made to 

measure sub-lethal effects of these pesticides. Changes to factors such as behaviour, 

fecundity and body condition can have severe implications for fitness at both the individual 

and population level, so filling this research gap should be a priority. 
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1.4 Study species  

Due to the increased use of pesticides in New Zealand, and the lack of pest control studies on 

non-avian endemic fauna, weta are an optimal choice of taxa to test sub-lethal effects of 

pesticide exposure. When selecting a target species, and which pesticide to use, it was 

important to consider biological relevance. The Wellington tree weta, Hemideina crassidens, 

was therefore selected as the study species, and brodifacoum was the chosen pesticide. There 

is overlap in the preferred habitat of H. crassidens and their mammalian predators, which 

consequently also results in overlap with areas of pesticide use. This species has also been 

observed consuming brodifacoum baits in the wild (Spurr and Drew, 1999; Fisher et al., 

2007). Hemideina crassidens are morphologically very interesting in that they show sexual 

trimorphism; females are larger than males, and males are dimorphic in their head size (Field 

and Sandlant, 2001; Kelly and Adams, 2010). This species is notoriously aggressive towards 

conspecifics and heterospecifics, with male-male competition and strong defensive 

behaviours observed (Field and Glasgow, 2001; Kelly, 2006a). Their emergence and 

movement patterns are thought to depend on multiple exogenous factors, including predation 

risk and environmental conditions (Rufaut and Gibbs, 2003; Wehi et al., 2013b). While 

brodifacoum is a mammalian anticoagulant pesticide, and thus is assumed not to affect 

insects (Fisher et al., 2007), studies have shown that not only chemical exposure, but also 

diet, can have sub-lethal effects in orthopterans. For example, in the Southern field cricket 

(Gryllus bimaculatus), a high carbohydrate, low protein diet reduces aggression and activity, 

but increases behavioural repeatability in males. Growth and body condition are also affected 

by a poor-quality, unbalanced diet (Han and Dingemanse, 2015, 2017). Brodifacoum is 

primarily administered in cereal pellets (high carbohydrate, low protein). Hence, it is likely 

that, even if the active ingredient in the bait does not act on weta, the cereal pellet could have 

a multitude of sub-lethal effects. 

 

1.5 Thesis aims and outline 

The aim of this thesis was to investigate the sub-lethal effects of non-target pesticide 

exposure on insects, contributing to a field of research that is currently lacking. Using the 

Wellington tree weta (H. crassidens), I measured behavioural and other sub-lethal effects of 

exposure to brodifacoum. I hoped to increase understanding about the ecological 
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consequences of pesticide use and discuss potential implications of New Zealand’s ‘pest-free 

2050’ goal that may not have previously been considered.   

 

Chapter 2 outlines the main study in this thesis; the behavioural responses of H. crassidens to 

brodifacoum exposure. Four behaviours with important implications for fitness, survival and 

reproductive success were targeted; emergence, activity, aggression and refuge-seeking (i.e. 

boldness). Repeatability of each behaviour was also calculated, both overall and within 

treatment and sex groups, to determine whether weta exhibit personalities. The results are 

discussed in terms of the costs and benefits of behavioural rigidity vs. plasticity, with a 

special focus on contaminant-induced personality change, filling a gap in the literature 

surrounding invertebrate personalities in an increasingly anthropogenic environment. The 

behavioural responses of H. crassidens to brodifacoum are particularly important to consider 

due to the high likelihood of bait encounter in the wild, and the significance of their 

distinctive behaviours to their fitness and survival. This chapter has been prepared as a stand-

alone manuscript for publication, resulting in some repetition between chapter 2 and the 

general introduction and discussion chapters. 

 

Chapter 3 investigates some of the physiological and reproductive effects of brodifacoum 

exposure, observing weight, fat distribution (as a measure of body condition), parasite load 

and fecundity between brodifacoum-treated and untreated control H. crassidens. These 

results provide important insights into the direct fitness costs associated with bait 

consumption and introduce the possibility that pesticide exposure could affect subsequent 

generations of weta.  
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Chapter Two - Behavioural effects of brodifacoum exposure 

on Wellington tree weta, Hemideina crassidens 

 

 

2.1 Introduction 

Within a given population, individuals of the same species show natural variation in their 

behaviours (Montiglio and Royauté, 2014; DiRienzo et al., 2016; Han and Dingemanse, 

2017). This is thought to increase fitness, not only by creating individuals who can specialize 

in particular areas and thus, better exploit resources, but also through the knock-on effects on 

other characteristics such as reproduction, predation and feeding (Ioannou et al., 2008; Muller 

and Chittka, 2008; Roche et al., 2016). Studies have reported that individuals often maintain 

the same behavioural phenotype over time and context; a concept known as ‘personality’ 

(Bell et al., 2009; Dall et al., 2012; Fisher et al., 2015; DiRienzo et al., 2016). Personality is 

thought to be adaptive, influencing how an individual interacts with its environment and 

conspecifics, which makes it a suitable target for selection (Sih et al., 2012; Roche et al., 

2016). As a result, there are undoubtedly stressors that act on the expression of behaviour at 

both the individual and population level, hence affecting the adaptive potential of personality 

(Clotfelter et al., 2004; Han and Dingemanse, 2015; DiRienzo et al., 2016; Tüzün et al., 

2017). 

 

Researchers have identified several potential influencers of behavioural change, including 

diet (Han and Dingemanse, 2015, 2017), parasite exposure (Barber and Dingemanse, 2010) 

and more notably, environmental contaminants (Montiglio and Royauté, 2014; Royauté et al., 

2015; Tüzün et al., 2017). With a global rise in urbanization resulting in greater human 

interaction with ecological communities, anthropogenic contaminants have been identified as 

a potent driver of behavioural change (Montiglio and Royauté, 2014; Royauté et al., 2015; 

Tüzün et al., 2017). Defined as any human-introduced pollutant, anthropogenic contaminants, 

including (but not limited to) heavy metals, environmental estrogens and pesticides, can be 

dispersed in air, water or soil and thus have the potential to affect all organisms (Clotfelter et 
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al., 2004; Scott and Sloman, 2004). Anthropogenic contaminants are known to accumulate in 

the tissues of several different taxa including birds, mammals, reptiles and insects (Eason and 

Spurr, 1995; Montiglio and Royauté, 2014; Alomar et al., 2018). While mortality estimates 

have been the main tool for assessing the consequences of contamination in the past, sub-

lethal effects of this bioaccumulation, such as behavioural changes, have piqued the interest 

of the scientific community (Clotfelter et al., 2004; Shapiro et al., 2017).   

 

One of the most studied groups of anthropogenic contaminants is pesticides. While the main 

purpose of pesticides, including insecticides and rodenticides, is to induce death in target 

species, it is important to consider their effects on non-target organisms. Many studies report 

no mortality in a number of non-target species exposed to pesticides; however, sub-lethal 

consequences of pesticide exposure, such as behavioural changes, have been identified 

(Clotfelter et al., 2004; Martinou et al., 2014). From reduced schooling and alarm responses 

in fish (Scott and Sloman, 2004) to altered feeding habits in reptiles (Montiglio and Royauté, 

2014), the effects of pesticides on the natural behaviours of vertebrates are relatively well 

documented.  

 

Several recent studies have also investigated the behavioural effects of pesticide exposure in 

invertebrates, with alarming results. For example, the honey bee (Apis mellifera), an 

important pollinator, reportedly ingests a commonly used insecticide, thiamethoxam, through 

pollen and nectar. Acutely exposed individuals exhibit impaired motor functions and 

hyperactive behaviours, while chronic exposure affects an individual’s ability to ascend the 

walls of the study arena (Tosi and Nieh, 2017). Another insecticidal pesticide, phosmet, 

collapses the correlation between activity and prey capture in the bronze jumping spider (Eris 

militaris), with females more affected than males (Royauté et al., 2015). Although 

concerning, it is somewhat expected that insecticides might cause detrimental effects in non-

target invertebrate species if they happen to inhabit the targeted area. This is because 

insecticides are typically designed to target general physiological processes in arthropods, 

including chemical communication, growth and moulting, and nervous system function 

(reviewed in Muller, 2018). A novel issue arises when pesticides designed to target 

mammalian predators, such as anticoagulant rodenticides, begin to affect invertebrates. 

Several invertebrate taxa have been observed feeding on mammalian baits in both laboratory 

and field environments, including orthopterans, coleopterans and gastropods (Spurr and 
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Drew, 1999; Bowie and Ross, 2006; Fisher et al., 2007; Alomar et al., 2018). Instead of 

focusing on the direct effects of bait consumption in non-target invertebrates, many studies 

instead discuss the risks of secondary poisoning to predators of the invertebrates, generally 

birds (Eason and Spurr, 1995; Bowie and Ross, 2006; Eason et al., 2011; Morgan et al., 

2017). While it goes without saying that investigating secondary poisoning is important, 

studying the direct effects of acute and chronic exposure of arthropods to anticoagulant 

rodenticides is arguably equally important. A small number of studies have done just that, 

observing features such as mortality and bioaccumulation (Bowie and Ross, 2006; Alomar et 

al., 2018); however, none have investigated behavioural responses to anticoagulant 

rodenticide exposure. 

 

In the anticoagulant rodenticide literature, arthropods from the order Orthoptera are 

frequently mentioned. This is largely due to pesticide research focused in New Zealand, with 

an endemic group of orthopterans, weta, and an ever-increasing effort for the country to 

achieve predator-free status by 2050 (Norton et al., 2016; Parkes et al., 2017). Weta are 

known to be attracted to, and readily consume, anticoagulant rodenticide baits, even 

favouring the pesticides over a readily-available, palatable food source (Bowie and Ross, 

2006; Fisher et al., 2007). While some studies have monitored mortality and minor changes 

in feeding tendencies, reporting no significant effect of bait consumption on either variable 

(Spurr and Drew, 1999; Fisher et al., 2007), the next important research step is to investigate 

how the baits might be affecting weta behaviour.  

 

Tree weta (Hemideina spp.) are a particularly interesting genus, showing a range of distinct 

morphological and behavioural characteristics. For example, Wellington tree weta 

(Hemideina crassidens) are notoriously aggressive. They show stereotypical anti-predator 

responses such as raising and stridulating their spiny hind legs to deter attacks, and biting to 

defend themselves, which is effective in the megacephalic males (Field and Rind, 1992; 

Field, 2001; Field and Bigelow, 2001; Field and Glasgow, 2001; Judge and Bonanno, 2008; 

Wehi et al., 2011). They are also nocturnal, inhabiting refuge cavities in trees during the day, 

and their appearance at night seems to depend on factors such as predator abundance and 

environmental conditions (Rufaut and Gibbs, 2003; Wehi et al., 2013b; Watts et al., 2017). 

Within their refuges, they tend to live in harems with one dominant male and 2-3 females 

(though up to 13 females can reportedly reside with a single male; Field and Jarman, 2001). 
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The mating system in Hemideina has been reported as both resource (or harem)-defence 

polygynous, where males will mate with multiple females and defend them against 

subsequent breeding attempts (Koning and Jamieson, 2001; Leisnham and Jamieson, 2004; 

Kelly, 2005a; Wehi et al., 2011), and male-dominant polygynandry, where males compete for 

access to females, but females may mate with multiple males in a single breeding season 

(Kelly, 2006a, b; Wehi et al., 2013b; Wehi et al., 2017). Due to this ambiguity, I will 

hereafter refer to the mating system as promiscuous, as this encompasses both of the 

aforementioned strategies.  

 

Observing the effects of brodifacoum exposure on behavioural expression allows insight into 

potential subsequent repercussions for mating success, foraging efficacy, resource guarding 

and predator-prey interactions. Thus, the main aim of this study was to determine whether 

exposure to a readily available and widely used anticoagulant rodenticide bait, brodifacoum, 

alters the emergence, activity, aggression, and refuge-seeking behaviours of Wellington tree 

weta, H. crassidens. I also investigated whether or not weta exhibit personalities (i.e. 

consistent behavioural differences), and if exposure to brodifacoum diminishes these 

personalities by reducing the repeatability (within-individual consistency) of each behaviour. 

Investigating the behavioural (and hence, ecological) effects of brodifacoum exposure on H. 

crassidens is crucial when assessing the suitability of anticoagulant rodenticides as a 

mammalian pest control tool, as it gives insight into detrimental side effects of pesticide use 

that may not have been considered before.  
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2.2 Materials and methods 

2.2.1 Collection and husbandry 

Thirty-four Wellington tree weta (Hemideina crassidens), 22 female and 12 male, were 

collected between November and December 2017 from weta motels stationed at six locations 

around Wellington, New Zealand. Each weta was placed into a 50mL Falcon tube with a hole 

in either end, along with a piece of apple and some native leaves (Broadleaf sp.), and sent via 

overnight courier to the University of Otago Zoology Department, Dunedin, New Zealand. 

The weta were kept in an animal containment room in which the temperature and light cycle 

were set to resemble Wellington summer conditions; daytime and night-time temperatures 

were set to 21°C and 14°C respectively, and the light:dark regime was 12L:10D, surrounded 

by two one-hour dawn and dusk ramps.  

 

Each individual was weighed and sexed, and their life-stage determined by examining the 

length, shape and colour of the ovipositor in female and cerci in males (Stringer and Cary, 

2001; Table A.1.1), before being housed individually in 28Lx14Wx18H cm plastic tanks 

(Small Pals Pens, Living World brand). Each tank contained two small petri dishes, one each 

for food and water, a refuge comprised of a hollowed-out New Zealand flax (Phormium 

tenax) flower stem, a stick for climbing and leaf litter (Fig. 2.2.1). A minimum four-week 

acclimation period applied, during which the weta were fed on a diet of organic spray-free 

apple, native leaves (Griselinia littoralis; Coprosma spp.; Fuschia excorticata) and cat 

biscuits (Fussy Cat grain free), all of which were replaced weekly. Fresh water was given at 

minimum once a week, with more frequent replacements for dirty or spilled dishes. The tanks 

were misted with water three times a week to maintain moisture and humidity. Frass (solid 

excrement) was removed as it appeared, generally every 2-3 days, and stored in Eppendorf 

tubes at -70°C for later analysis (section A.2.2).  

 

After acclimation, the weta were split evenly into two groups, control and treatment. Care 

was taken to match both groups as closely as possible by sex, weight, life stage and collection 

site, including dividing up harems between the two groups (Table A.1.1). The control group 

remained on the acclimation diet, while the treatment diet was supplemented with 5g of 

0.02g/kg brodifacoum cereal bait pellets (PestOff). To facilitate filming (see below), the start 

of the bait feeding was offset by 5 days for half of the treatment weta. The experimental 
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period was 40 days, and the baits were replaced on day 20 for each treatment group, to 

maintain freshness (Fig. 2.2.2). 

 

Figure 2.2.1. Front (a) and top (b) views of the home tanks of captive Hemideina crassidens, 
showing the contents and layout of each tank. 

 

Figure 2.2.2 Timeline of behavioural assays performed on brodifacoum-treated (T1 and T2) 
and untreated control (C1 and C2) Hemideina crassidens, showing the jittered start date of 
group two. Days on which brodifacoum bait was given and replaced in the treatment groups 
are also given. 

  

a b 
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2.2.2 Behavioural Assays 

Emergence 

Emergence data were collected intermittently throughout the 40-day trial and was 

characterised as the presence of the weta outside of the refuge (not including those hiding 

under leaves). Observations were not made on the same day as other behavioural assays 

because the weta had to be manually removed from their refuges for the trials. Emergence 

was recorded at three time points per day; in the light (one hour before lights began to dim), 

one hour after dark and three hours after dark.  

 

Activity and refuge-seeking  

Four 26cm3 tanks with clear acrylic covers served as the arenas for activity and refuge-

seeking trials, with each arena accommodating one individual. The floor of the arena was 

lined with a clean paper towel before each trial to minimise residual pheromones and create a 

contrast between the weta and the floor. A video camera (Sony HDR-CX110, frame rate of 

60fps) was mounted on a tripod directly above the arenas to capture the movements of the 

weta. Video footage was analysed using EthoVision XT behavioural quantification software 

(version 11.5, Noldus Information Technology). In each video, the four arenas were isolated 

and divided into nine zones. Detection settings were altered to create contrast between the 

weta and the background (paper towel), and to prevent shadows or reflections in the tank 

being counted as moving weta (Fig. 2.2.3). 

 

During transfer to the filming arena, each weta was weighed in an opaque black container 

which was then used to cover the weta within the arena for a five-minute acclimation period. 

This method reduced disruption while still allowing collection of weight data.  

 

Activity 

Activity was filmed in the dark, with two red lamps situated on either side of the arenas to 

provide enough illumination for the video camera to pick up a clear image on night mode. 

After acclimation, the opaque containers were removed, covers replaced and the weta 

recorded for 30 minutes. At the end of the trial, weta were left in the arenas for aggression 

testing (see below). 
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The activity variables tracked in EthoVision were mean and maximum velocity and total 

distance moved. 

Figure 2.2.3. EthoVision undergoing an activity analysis of four Hemideina crassidens. 
Image a shows what the video looks like when it is imported and image b indicates how the 
program differentiates weta from the background, allowing tracking of their movements.   

 

Refuge-Seeking 

Refuge-seeking was filmed in the light. An artificial refuge, constructed from a small 

flowerpot halved vertically and covered at the opening with duct tape, was added to each 

arena. A 1.5x2cm entry hole was cut out to allow access to the refuge. After removal of the 

acclimation containers, the acrylic covers were replaced, and the weta were filmed for 30 

minutes. At the end of the trial, all individuals were removed from the arena and put back 

into their home tanks.  

 

In order to determine refuge-seeking behaviours, the refuge was added as a ‘hidden zone’ in 

EthoVision (Fig. 2.2.4). The variables tracked for this analysis were total distance moved, 

mean and maximum velocity, exploration (number of zones entered), latency to enter the 

refuge and cumulative duration of refuge visits. Refuge-seeking tendencies were interpreted 

as the measure of boldness. 

 

 

 

 

a b 
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Figure 2.2.4. Refuge-seeking analysis setup in EthoVision. The refuge is shown outlined in 
blue, with a yellow rectangle indicating the entry point.  Each coloured square represents a 
different zone within the arena. 

 

Aggression 

Aggression was tested immediately after activity assays using a ‘poke test’, outlined by Field 

and Glasgow (2001). This test involves gently prodding the weta with the stick from their 

home tank and noting the number of pokes required to provoke an aggressive reaction. The 

Field and Glasgow study tested responses to stimulation of three different areas (head, 

pronotum and abdomen); however, to maintain consistency, only the head was used in this 

study. The maximum number of pokes per trial was ten, which indicated no response. 

Primary reactions were scored using Field and Glasgow’s ethogram (Table 2.2.1).  
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Table 2.2.1. Behavioural ethogram of Hemideina crassidens, adapted from Field and 
Glasgow (2001). 

Behaviour Description 

One hind leg up One hind leg is raised until the femoro-tibial joint sits at 90° or 180° 

Both hind legs up An exaggerated version of one hind leg up; both hind legs are raised 
to an angle of 90° or 180° 

Hind-leg 
stridulation 

Usually a secondary response, the hind legs are pulled rapidly down 
from the vertical ‘both hind legs up’ position to a horizontal position, 
creating a loud rasping sound 

Mandible gape The mandibles are opened partially or fully as a threat display, 
indicating that the weta is ready to bite 

Jump The weta propels itself upwards and away from the stimulus using the 
hind legs 

Run/Escape The individual backs up and runs away from the stimulus  

Raise body The head and forelegs are raised up to make the weta appear larger 

Spin The body is turned to position the hind leg spikes towards the 
stimulus 

No response The weta does not move or react to the stimulus after ten pokes 

 

2.2.3 Data Analysis 

All statistical analyses were conducted in R version 3.5.1 (R Core Development Team, 2018). 

Behavioural expression data were analysed using the lme4 package. Weta ID was included as 

a random effect in all models, and the relationship between each behaviour and three fixed 

effects, treatment (brodifacoum vs. untreated control), sex (male vs. female) and day 

(centered; Scheilzeth 2010), or a combination of the three (i.e. 2 and 3-way interactions 

between the fixed effects on the dependent variable) was tested. Weight was not included in 

the final models as it was non-significant when included as a covariate in all of the models (t 

= -0.28, p = 0.778). Hence, analysis of weight data is performed as part of the physiological 

response study in chapter 3 (3.3.1). Life stage was also omitted from these analyses as there 

was an equal distribution of mature (adult) vs. immature (juvenile and subadult) weta (10 and 

7, respectively) in the treatment and control groups. Emergence data taken in the light period 

was not statistically analysed as very few individuals emerged at this time. Data from 1-hour 

and 3-hours after dark were analysed separately using generalised linear mixed models 
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(GLMMs) with binomial error structure. Data were pooled to reflect the timepoints of the 

other behavioural assays (i.e. every 5 days) by combining emergence data from the four days 

leading up to each assay day (e.g. day 5 includes emergence from days 1-4, day 10 from 6-9 

etc.). ‘Total distance moved’ was selected as the measure of activity and was analysed using 

a linear mixed model (LMM). Two measures of refuge-seeking were used in the analysis; 

whether or not an individual entered the refuge, and their latency to do so. If a weta did not 

enter the refuge by the end of the 30-minute trial, the maximum value (1800 seconds) was 

added as their latency. A LMM was used to analyse the latency data, while the proportion 

data were analysed using a GLMM with binomial error structure. Aggression level, 

quantified as the number of pokes required to trigger an aggressive response, was analysed 

using a GLMM with Poisson error structure. Important results are reported in the main thesis 

text, and all statistical output is summarized in corresponding tables with significant results 

highlighted in grey, and marginally non-significant interactions (p=0.05) in bold. To calculate 

the repeatability of each behaviour overall and within sex and treatment groups, the intraclass 

correlation coefficient (ICC) value and 95% confidence intervals were calculated using the R 

package ‘ICC’. Behaviours with confidence intervals that did not cross zero were considered 

to be significantly repeatable, and those with ICC values of >0.4 were considered to have 

good repeatability (Cicchetti, 2001; Bell et al., 2009). All repeatability scores are reported 

with the number of repeated measures (k), and full results can be found in Table A.3.1. 
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2.3 Results 

2.3.1 Emergence 

Males emerged earlier than females, with a greater proportion of both brodifacoum-treated 

and untreated control males out of their refuges by one hour after dark compared to females 

(z=2.79, p<0.01; Fig. 2.3.1, panels a and b). Both groups emerged less over the trial period (z 

= -2.59, p < 0.01); however, this trend was mostly driven by the females (though, marginally 

non-significantly; z=2.00, p=0.05), with a decrease of up to 50% in the proportion of females 

emerged on day 40 compared to day 5. Treatment did not have an effect on early emergence 

overall (z=1.43, p=0.15) or by day (z=0.86, p=0.39). 

 

By the three hours after dark, more treatment weta tended to emerge than controls, though 

this trend was marginally non-significant (z=1.93, p=0.05). There was no variation in overall 

emergence between the sexes (z=1.29, p=0.20; Fig. 2.3.1, panels c and d) or by day (z=-0.74, 

p=0.46), and a three-way interaction between sex, treatment and day was not found (z=-0.68, 

p=0.50). Full model results are presented in Table 2.3.1. 

 

Of 595 observations in the light (i.e. one hour before lights began to dim), only 14 (2%) 

noted an emerged weta, and these 14 observations were from 4 individuals, 2 brodifacoum-

treated and 2 untreated control (though 8 instances were from one weta, a control male). 
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Figure 2.3.1. Cumulative proportion of Hemideina crassidens to emerge naturally within 
their home tanks between each trial day (i.e. every fifth day). Brodifacoum-treated weta are 
shown in black, while untreated controls are grey. Comparisons between the two sexes 
(nfemale=22, nmale=12) at two timepoints are shown as follows: 1 hour after dark – a) females 
b) males; 3 hours after dark – c) females d) males.  
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2.3.2 Activity 

The activity assays revealed that one control male moved significantly more than all the other 

weta, with an average distance moved of 1361cms compared to the overall average of 

204cms (Fig. 2.3.2). This male was removed from further analyes (see Table 2.3.2 for 

separate model outputs with the outlier included and removed). Activity levels between 

control and brodifacoum-treatment weta did not differ significantly overall, though activity 

decreased in both groups between days 10 and 20 (t = -2.82, p < 0.01; Fig 2.3.3a). No overall 

effect of day on distance moved was found for either group (LMM: t = -0.57, p=0.57). There 

was a significant influence of sex on activity levels over time (t=3.25, p<0.01), and a three-

way interaction between sex, day and treatment (t= -2.45, p = 0.02), driven by the males. 

Thus, not only did females move less than males over time (Fig. 2.3.3, panels b and c, 

respectively), but treatment males moved less than control males after the initial 

measurement. 

 

Figure 2.3.2. Reaction norm plot showing the distance moved (cm) by brodifacoum-treated 
(black) and untreated control (grey) Hemideina crassidens (n=34) during four successive 
activity assays. The outlier male is represented by the topmost line. 
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Figure 2.3.3. Mean ± SE distance moved (in centimetres) of brodifacoum-treated (black) and 
untreated control (grey) Hemideina crassidens during four 30-minute trials, filmed 
periodically over 40-days. Results are shown for all individuals (a: ncontrol=16, ntreatment=17), 
females (b: ncontrol=11, ntreatment=11) and males (c: ncontrol=5, ntreatment=6). 
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2.3.3 Refuge-seeking 

Overall, control weta showed an increased latency to enter the refuge (t= -2.47, p=0.01; Fig. 

2.3.4a), and entered the refuge proportionally less than the brodifacoum-treated individuals 

(z= 2.68, p<0.01; Fig. 2.3.4b). There was also a decreasing trend in the proportion of control 

individuals who entered the refuge over the duration of the trial period (z=1.94, p=0.05). Sex 

did not influence refuge-seeking tendencies, with no significant sex effect reported in the 

three-way models for latency (t=-0.57, p=0.57) or proportion of weta to enter the refuge 

(z=0.27, p=0.79). Due to the relatively low number of individuals to enter the refuge, the data 

were heavily skewed towards the maximum, so models were re-analysed without sex as a 

factor to increase statistical power (see Table 2.3.3a and 2.3.3b for latency and entry model 

output, respectively). 

 

Figure 2.3.4. a) Mean ± SE latency (in seconds) of brodifacoum-treated (black, n=17) and 
untreated control (grey, n=17) Hemideina crassidens to enter a refuge in four 30-minute 
trials, filmed periodically over 35 days, and b) the proportion of the same sample group of 
weta to enter the refuge during each trial. 

 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

5 15 25 35

Day

La
te

nc
y 

to
 e

nt
er

 re
fu

ge
 (s

)

Control
Treatment

0.0

0.2

0.4

0.6

0.8

1.0

5 15 25 35

Day

Pr
op

or
tio

n 
of

 re
fu

ge
 e

nt
ra

nt
s

a b 



 

 
26 

2.3.4 Aggression 

Over time, brodifacoum-treated weta became progressively less aggressive than the controls, 

with no difference between the two groups in the first trial, or the controls on day 10 vs. day 

40 (all of which averaged ~3 pokes), but treatment individuals requiring two more pokes, on 

average, to react to the stimulus by day 40 (z= 3.082, p<0.01; Fig. 2.3.5a). This interaction 

was driven by the females, with a marginally non-significant sex-effect observed in the three-

way model (z=-1.95, p=0.05; female and male comparison shown in Fig. 2.3.5, panels b and 

c, respectively). All model output is reported in Table 2.3.4.  

 

Figure 2.3.5. Mean ± SE number of facial pokes required to elicit an aggressive response in 
all brodifacoum-treated (black) and untreated control (grey) Hemideina crassidens (a, n=34), 
females only (b, n=22) and males only (c, n=12) over a 40-day trial period.  
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2.3.5 Repeatability of behaviour 

Emergence 

Emergence was repeatable overall (R=0.19), and within the two treatment groups, though 

repeatability was higher in the controls than the brodifacoum-treated weta (R=0.25 and 0.12, 

respectively). Males emerged more consistently than females overall (RM=0.42, RF=0.23) and 

within each treatment group (RCM=0.51, RCF=0.17 and RTM=0.36, RTF=0.12; Fig. 2.3.6). 

 
Figure 2.3.6. Repeatability estimates and 95% confidence intervals for emergence 
observations of brodifacoum-treated and untreated control H. crassidens within their home 
tanks (k=18). 

 

Activity 

Total distance moved, as a measure of activity, was highly repeatable overall (R=0.62). 

However, compared to untreated controls (R=0.76), brodifacoum-treated individuals were far 

less consistent in their activity over the four trials (R=-0.08) and thus, were not repeatable. 

When observing the sexes independently, female behaviour was not repeatable overall (R=-

0.02) or within their respective treatment groups (RC=0.04 and RT=-0.05). Males, overall, 
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show high repeatability in their activity (R=0.79); however, this was exclusively driven by 

the control males (R=0.87), as activity in brodifacoum-treated male weta was not repeatable 

(R=-0.11; Fig. 2.3.7).  

Figure 2.3.7. Repeatability estimates and 95% confidence intervals for activity, quantified as 
total distance moved, of brodifacoum-treated and untreated control H. crassidens (k=4). 

 

Refuge-seeking 

Refuge-seeking behaviours, in terms of both latency to enter the refuge and whether the weta 

entered the refuge at all, were relatively inconsistent. Latency was repeatable overall (R=0.2) 

and in brodifacoum-treated individuals (R=0.25), but not in control weta (R=0.05). Similarly, 

when observing the sexes separately, females were repeatable overall (R=0.28) and within 

the treatment group (R=0.42), but control females were not (R=0.09). Males did not show 

repeatable refuge-seeking behaviours overall, nor within the control or treatment groups 

(R=0.08, 0.04 and -0.1, respectively).  

 

Refuge entry showed overall repeatability (R=0.18), but the control and treatment weta, when 

isolated, did not (R=0.08 and 0.18, respectively). In line with latency to enter, females were 
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the controls (R=0.12). Male refuge entry also mirrored latency, with no repeatability overall 

or within the control or treatment groups (R=0.08, 0.05 and -0.09, respectively; Fig. 2.3.8).  

Figure 2.3.8. Repeatability estimates and 95% confidence intervals for refuge-seeking 

behaviours, analysed as the latency of an individual to enter the refuge and whether 
individuals did or did not enter the refuge, in brodifacoum-treated and untreated control 
Hemideina. crassidens (k=4). 

 

 

 

Treatment Males

Control Males

All Males

Treatment Females

Control Females

All Females

Treatment

Control

All

Entered refuge

 

Treatment Males

Control Males

All Males

Treatment Females

Control Females

All Females

Treatment

Control

All

Latency to enter

 

6

6

12

11

11

22

17

17

34

 

 

6

6

12

11

11

22

17

17

34

n

Repeatability (R)
−0.4 −0.2 0 0.2 0.4 0.6 0.8 1



 

 
30 

Aggression 

Aggression, measured as the number of facial pokes required to trigger an aggressive 

response, was found to be repeatable overall (R= 0.32), and did not differ greatly between the 

pooled control and treatment groups (R=0.31 and 0.32, respectively). However, sex effects 

were apparent, with females showing repeatable aggression levels overall (R=0.26), but not 

when separated by group (RC=-0.2, RT=-0.21). In contrast, males from the control (R=0.46) 

and treatment groups (R=0.59) demonstrated repeatable aggression (with equally good 

overall consistency; R=0.49; Fig. 2.3.9). 

 

Figure 2.3.9. Repeatability estimates and 95% confidence intervals for aggression, or the 
number of pokes to trigger an aggressive response, of brodifacoum-treated and untreated 
control Hemideina crassidens (k=4).  
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Table 2.3.1. Effects of day, treatment (brodifacoum vs. control) and sex on the natural 
emergence of 34 Hemideina crassidens by 1-hour (a) and 3-hours (b) after dark. Model 
estimates, variance (standard errors of fixed effects and variance of random effects), test 
statistic (Z) and significance levels (p) are from GLMMs with binomial error structure (n=34, 
k=18). Significant effects are highlighted in grey and mildly non-significant interactions 
(p=0.05) are shown in bold. 

 

  

Parameter Estimate Variance Z p 
a) Emergence (1 hour) 

Intercept -1.72 0.50 -3.45 <0.01 
   Day -0.51 0.20 -2.59 <0.01 
   Treatment 0.97 0.68 1.43 0.15 
   Sex 2.30 0.84 2.79 <0.01 
   Day x Treatment 0.22 0.26 0.86 0.39 
   Day x Sex 0.64 0.32 2.00 0.047 
   Treatment x Sex -0.09 1.19 -0.07 0.94 
   Day x Treatment x Sex -0.31 0.44 -0.69 0.49 
Random effects     
   Weta ID  2.28   

b) Emergence (3 hours) 
Intercept -0.69 0.51 -1.36 0.17 
   Day -0.13 0.17 -0.74 0.46 
   Treatment 1.39 0.72 1.93 0.05 
   Sex 1.13 0.88 1.29 0.20 
   Day x Treatment 0.21 0.24 0.85 0.40 
   Day x Sex 0.13 0.31 0.42 0.67 
   Treatment x Sex -1.13 1.23 -0.91 0.36 
   Day x Treatment x Sex -0.29 0.42 -0.68 0.50 
Random effects     
   Weta ID  2.56   
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Table 2.3.2. Activity (total distance moved) of Hemideina crassidens, with day (n=40, k=4), 
treatment (brodifacoum bait vs. untreated control) and sex as fixed effects. Data with all 
individuals (a) and after the removal of an outlier (b) are shown, with model estimates, 
variance (standard errors of fixed effects and variance of random effects), degrees of freedom 
(df), test statistic (t) and significance levels (p) from LMMs. Significant interactions are 
highlighted in grey. 

  
Parameter Estimate Variance df t p 

a) Activity (all data, n=34) 
Intercept 121.40 121.48 34 1.00 0.32 
   Day -111.19 44.02 102 -2.53 0.01 
   Treatment 5.32 171.80 34 0.03 0.98 
   Sex 422.49 204.48 34 2.07 0.047 
   Day x Treatment -31.72 62.26 102 -0.51 0.61 
   Day x Sex 133.65 74.10 102 1.80 0.07 
   Treatment x Sex -427.66 289.18 34 -1.48 0.15 
   Day x Treatment x Sex -141.44 104.80 102 -1.35 0.18 
Random effects      
   Weta ID  141171    

b) Activity (outlier removed, n=33) 
Intercept 121.36 44.66 33 2.72 0.01 
   Day -111.20 39.44 99 -2.82 <0.01 
   Treatment 5.32 63.16 33 0.08 0.93 
   Sex 22.68 79.89 33 0.28 0.78 
   Day x Treatment -31.72 55.77 99 -0.57 0.57 
   Day x Sex 229.01 70.54 99 3.25 <0.01 
   Treatment x Sex -27.86 109.70 33 -0.25 0.80 
   Day x Treatment x Sex -236.80 96.87 99 -2.45 0.02 
Random effects      
   Weta ID  4964    
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Table 2.3.3. Refuge-seeking tendencies of 34 Hemideina crassidens measured in two ways, 
latency to enter a refuge (a, LMM) and whether or not an individual entered the refuge at all 
(b, GLMM with binomial error structure), over 30-minute filmed trials (k=4). Effects marked 
with a * were performed in a 3-way model (RS~(day+treatment+sex)), while all others were 
analysed without sex in the model to add statistical power (RS~(day+treatment)). Model 
estimates, variance (standard errors of fixed effects and variance of random effects), test 
statistics (t or Z) and significance levels (p) are shown for each respective analysis. 
Significant effects are highlighted in grey and mildly non-significant interactions (p=0.05) 
are shown in bold. 

  

Parameter Estimate Variance t p 
a) Refuge-seeking (latency) 

Intercept 1360.81 97.19 14.00 <0.001 

   Day 184.47 74.10 2.49 0.01 
   Treatment -339.55 137.44 -2.47 0.01 
   Sex * -59.49 195.33 -0.31 0.76 
   Day x Treatment -170.85 104.80 -1.63 0.10 
   Day x Sex * 207.12 153.48 1.35 0.18 
   Treatment x Sex * -265.24 276.24 -0.96 0.34 
   Day x Treatment x Sex * -124.43 217.06 -0.57 0.57 
Random effects     
   Weta ID  57338   
Parameter Estimate Variance Z p 

b) Refuge-seeking (entered refuge?) 
Intercept -0.86 0.36 -2.36 0.02 
   Day -0.83 0.31 -2.64 <0.01 
   Treatment 1.34 0.50 2.68 <0.01 
   Sex * -0.24 0.78 -0.31 0.71 
   Day x Treatment 0.79 0.41 1.94 0.05 
   Day x Sex * -0.77 0.71 -1.09 0.28 
   Treatment x Sex * 0.72 1.06 0.69 0.49 
   Day x Treatment x Sex * 0.24 0.91 0.27 0.79 
Random effects     
   Weta ID  0.67   



 

 
34 

Table 2.3.4. Aggression levels (quantified as the number of facial pokes required to elicit an 
aggressive response) of Hemideina crassidens over a 40-day trial period (n=34, k=4). Model 
estimates, variance (standard errors of fixed effects and variance of random effects), test 
statistic (Z) and significance levels (p) are from a LMM with poisson error structure. 
Significant effects are highlighted in grey and mildly non-significant interactions (p=0.05) 
are shown in bold. 

  

Parameter Estimate Variance z p 
Aggression 
Intercept 0.64 0.23 2.83 <0.01 
   Day -0.11 0.10 -1.17 0.24 
   Treatment 0.60 0.31 1.95 0.05 
   Sex 0.30 0.37 0.81 0.42 
   Day x Treatment 0.38 0.12 3.08 <0.01 
   Day x Sex 0.26 0.15 1.72 0.08 
   Treatment x Sex -0.71 0.52 -1.36 0.17 
   Day x Treatment x Sex -0.40 0.20 -1.95 0.05 
Random effects     
   Weta ID  0.42   
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2.4 Discussion  

In this study, I show that Hemideina crassidens exposed to brodifacoum bait show increased 

emergence but reduced activity, aggression and boldness (in terms of their refuge-seeking 

tendencies), compared to untreated controls, by the end of a 40-day treatment period. All four 

behaviours were significantly repeatable overall, but the level of repeatability varied between 

sexes and/or treatment groups. These results suggest that pesticide baits developed for 

mammalian eradications appear to alter weta behaviour in the laboratory, which could have 

implications for their behaviour in the wild. This outcome highlights the importance of 

testing the sub-lethal effects of potent environmental contaminants, like pesticides, on non-

target organisms. 

 

2.4.1 Emergence  

Early emergence of brodifacoum-treated weta did not differ significantly from the controls; 

however, more males tended to be out of their refuges one hour after dark than females, 

suggesting that there is a sex effect on emergence time. Conversely, by the 3-hour time point, 

there was no difference in the sex of the emerged individuals, but a clear increasing trend in 

emergence of brodifacoum-treated individuals. The early emergence of males could be due to 

their role as the mate-searching sex. Hemideina crassidens are promiscuous and live in 

harems generally consisting of one dominant male and up to 13 females (Field and Jarman, 

2001; Rufaut and Gibbs, 2003). Males compete for access to females, which aggregate in 

cavities in tree trunks formed by other insects (Field and Sandlant, 2001; Wehi et al., 2013a). 

This male-male combat is non-lethal, and often not damaging to either party; an agonistic 

interaction determines the dominant male, generally the one with the largest mandibles, and 

the subordinate is evicted from the area (Field, 2001; Kelly, 2006a). Early in the summer 

mating season, it may be advantageous for males to emerge earlier than females in order to 

seek out refuges and establish residency with the female(s) inside (Wehi et al., 2017). As the 

season progresses, solitary males would benefit from being more active as it improves their 

chance of finding a mate, while males holding a cavity might be less likely to emerge unless 

provoked by a competitor (Wehi et al., 2013a). In this study, males were isolated and 

conditions in the animal holding facility were set to resemble typical early summer 

temperatures at the weta collection location, so it makes sense that males were seen out of 

their refuges more than females in the early hours of the night. Breeding behaviours could 

also explain the visible decreasing trend in early female emergence over the trial period. 
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Reproductive success is thought to be condition-dependent, and females reportedly allocate 

much of their energy to producing high quality eggs (Kelly, 2011). Hence, females might 

benefit from emerging early at the beginning of the breeding season to exploit more resources 

and consume enough energy to prepare their bodies for reproduction, after which they may 

not need to emerge as frequently. Mating also rarely occurs out in the open. Instead, males 

locate galleries containing females, most likely through olfactory detection of cuticular 

scents, and mate with the female(s) inside (Leisnham and Jamieson, 2004; Kelly, 2006b; 

Wehi et al., 2017). Being exposed to summer temperatures in this study may have triggered a 

biological cue in females to prepare their bodies for mating by emerging more to exploit 

resources, after which they could reduce early emergence with the intention of allowing 

males to find them in their refuges. 

 

The increased emergence of brodifacoum-treated weta is important in terms of survival. In 

the wild, weta emerge to feed intermittently, and can alter their activity patterns depending on 

environmental factors, such as temperature and humidity, as well as predator presence 

(Rufaut and Gibbs, 2003; Wehi et al., 2013b). Because conditions in the present study were 

consistently warm and humid, emergence was expected to be low. This was true for the 

control weta, but brodifacoum-treated individuals had consistently high emergence from the 

beginning of the trial period. While the weta sorted into the treatment group may, by chance, 

have been more exploratory, it is highly likely that there were other factors encouraging their 

emergence. Olfaction could have been a contributing factor; weta rely heavily on olfaction 

for mate-finding and searching for suitable cavities to inhabit (Wehi et al., 2013a; Wehi et al., 

2017), so they might be sensitive to odours in their environment. Brodifacoum is heavily 

cinnamon-scented to mask the taste of the poison, increasing the probability of consumption 

by mammalian pests (Morgan et al., 2017). The scent was initially thought to deter 

invertebrates (Spurr and Drew, 1999); however, several studies have reported the presence of 

weta on the baits (Bowie et al., 2006; Bowie and Ross, 2006; Fisher et al., 2007), something I 

also observed (Fig. 2.4.1). Hence, it is likely that the weta in this study were attracted to the 

cinnamon-scented brodifacoum pellets and, as a result, emerged more often than individuals 

not exposed to the bait. Emergence did not increase markedly in the days following 

replacement of the baits, though this is most likely because it was already consistently high 

early on in the 40-day trial period. While brodifacoum can be deployed aerially, and thus can 

affect males that have been thrown from trees during combat, females descending to oviposit, 

or other individuals that accidentally end up on the forest floor, it is most commonly used in 
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tree-mounted bait stations on the mainland (Sinclair et al., 2005; Bowie and Ross, 2006; 

Fisher et al., 2012), increasing the chance of the arboreal H. crassidens encountering the bait.  

 

Figure 2.4.1. An adult male Hemideina crassidens eating a brodifacoum pesticide bait pellet. 
 

Another cause for more frequent emergence in weta exposed to brodifacoum could be 

nutrient imbalance. If individuals preferentially feed on the baits over a readily palatable food 

source (Spurr and Berben, 2004; Fisher et al., 2007), they are presumably more susceptible to 

deficiencies in key nutrients, and would have to alter their feeding habits accordingly (Wehi 

et al., 2013b). Despite providing both treatment groups with ample nutrient-rich foods, 

treated individuals were likely ignoring them in favour of the brodifacoum pellets, and thus 

would have to compensate for lower-quality food by feeding more frequently (though, this 

cannot be confirmed due to the inability to determine diet composition in this study; A.2.2). 

Studies have shown that diet can influence behaviour in several arthropod species, including 

a comparable orthopteran, the Southern field cricket (Gryllus bimaculatus; Han and 

Dingemanse, 2015, 2017). A high carbohydrate, low protein diet resulted in reduced 

aggression and activity but higher behavioural repeatability in males. Brodifacoum pellets are 

primarily composed of cereal fillers and sugar (i.e. high carbohydrate, low protein). Hence, it 
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is possible that, even if the active ingredient in the bait does not act on weta, the cereal pellet 

could alter behaviour in H. crassidens. 

 

The light data were omitted from the analysis because almost no weta were seen out of their 

refuges at that time. This is a promising result, as it suggests that the bait is not interrupting 

their nocturnality, which would result in exposure to a wide range of novel diurnal predators.  

 

2.4.2 Activity 

One individual, a control male, had abnormally high levels of activity. He was dissected at 

the end of the treatment period to identify any potential causes of behavioural irregularity, 

and was found to be heavily infected with thelastomatid nematodes (Wetanema hula). 

Nematode infections are generally benign in weta, and prevalence and intensity of infection 

in another tree weta species, Hemideina maori, reportedly reach up to 100% and 55 

nematodes, respectively (Wharton et al., 2001). While no other males were dissected for 

comparison in this study, 13 females, 10 for the study outlined in chapter 3 (see section 3.2.1) 

and three that died naturally, were also examined for parasites, and the highest intensity 

recorded was 60 nematodes. Infection intensity can differ between the sexes; however, 

females are generally more immunodeficient, possibly due to reallocation of energy away 

from costly immune responses in favour of reproductive output (Kelly, 2011). The male 

dissected in this study had over 100 nematodes in his hindgut, an intensity of infection that 

Wharton and colleagues (2001) suggest would most likely cause stress-induced behavioural 

changes. Hence, data from this male were removed from the activity analyses.  

 

There were two significant findings in the activity analyses. The first was a sex effect; 

females moved less than males over time. This supports the previous suggestion that 

movements of females may decrease over time if they have not mated, while males might 

increase their activity in the same circumstances to increase their change of encountering a 

mate. While the mating history of the adult females in this study is unknown, and female 

weta can store sperm (Kelly, 2006), the equal division of adult females into the two treatment 

groups likely removes the potential bias of prior matings on female activity levels for any one 

group. The other effect was an interaction between sex, day and treatment. Control males 

increased their activity with each successive assay, while their treated counterparts drastically 

decreased their activity between the first two trials, and had consistently low activity for the 
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rest of the study. This result is consistent with pesticide-related changes in behaviour in 

another insect, the damselfly (Coenagrion puella). Larvae exposed to the insecticide 

esfenvalerate have reduced mean activity levels, even experiencing temporary paralysis 

(Tüzün et al., 2017). Similarly, in fruit flies (Drosophila melanogaster) exposed to a 

chemical with insecticidal properties, azadirachtin, treated males have reduced activity (Aribi 

et al., 2017). As mentioned in relation to emergence, weta can alter their activity based on 

exogenous factors, such as environmental cues and threat of predation. As conditions in this 

study were constant and thus, unlikely to be a factor, the increased activity in control males 

could mean that they were better at assessing their environment, and had identified that the 

assay arena was not a threat. The treated males, on the other hand, had little to no activity 

from day 20 to 40, which could indicate that brodifacoum exposure reduces their 

environmental awareness, and hence they are not willing to risk movement in an open arena. 

When observing this pattern in light of the emergence results, where both groups of males 

showed high levels of emergence, it seems as though there is counteracting evidence for the 

treatment effects of these behaviours. However, there are two important things to consider. 

Firstly, if the odour of the bait or the desire to feed more is driving increased emergence, 

brodifacoum-treated males may not have been encouraged to move in the arena as there was 

no bait reward. Also, if exposure to the bait has long-term effects on behaviours, 

brodifacoum-treated males might still be more likely to come out of their refuges, but less 

active when they are out, which could increase their risk of predation once they are out of the 

safety of a cavity.  

 

2.4.3 Refuge-seeking  

Refuge-seeking differed significantly between the brodifacoum-treated and control 

individuals in both the latency to seek refuge and the proportion of weta that entered the 

refuge. When interpreted as a measure of boldness, the pattern of changing refuge-seeking 

tendencies in control weta is interesting and mirrors the activity data; progressively fewer 

controls entered the refuge over the treatment period, suggesting that they were becoming 

bolder over time, or perhaps, better at assessing the risk of being out in the open. 

Brodifacoum-treated weta showed a different pattern, with an increase in the number of 

individuals entering the refuge (and hence, a decrease in the mean latency of the group to 

seek refuge) between days 5 and 15, decreasing back to the initial levels by the final assay. 

The tendency of treatment weta to seek refuge could suggest that they are less bold than the 

controls, or were perhaps worse at risk assessment, so took refuge as a precautionary 
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measure. While taking a more cautious approach to refuge-seeking behaviours may, at a 

glance, seem suitable, excessive wariness can introduce new complications. There is a point 

at which behaviours become inappropriately swayed to one extreme, which has important 

implications for survival and fitness (Jandt et al., 2014). For example, an exceedingly bold 

weta might be at greater risk of predation in a predator-dense environment, but an excessively 

shy individual might miss out on foraging or mating opportunities where predation risk is 

low. While changes in boldness in response to some environmental contaminants, such as 

endocrine-disrupting chemicals, have been documented (Dzieweczynski et al., 2014; Hebert 

et al., 2014), research on pesticide-specific changes in boldness is lacking for all invertebrate 

taxa. The exceptions to this are two studies on damselflies, one targeting Coenagrion puella 

and the other, four species of Ischnura, reporting no marked changes in boldness in response 

to insecticidal pesticide exposure (Debecker et al., 2016; Tüzün et al., 2017). The results from 

this study provide important insight into brodifacoum-related changes in boldness of H. 

crassidens, and endorse the need to study these effects in other organisms exposed to sub-

lethal pesticide levels (Müller, 2018).  

 

2.4.4 Aggression 

Brodifacoum-treated weta became significantly less aggressive than the controls over the 40-

day exposure period, which may be important in terms of predator and resource defence in 

this promiscuous species. Hemideina crassidens are notoriously aggressive, with 

stereotypical anti-predator responses such as raising and stridulating their spiny hind legs to 

deter attacks, and biting to defend themselves, which is effective in the males due to their 

enlarged mandibles (Field and Rind, 1992; Field, 2001; Field and Bigelow, 2001; Field and 

Glasgow, 2001; Judge and Bonanno, 2008; Wehi et al., 2011). The type of aggressive 

response shown by each weta was not factored into the analysis; however, it could be 

interesting to investigate which responses are considered more or less aggressive and 

determine whether the weta changed their responses over time in response to experience or 

brodifacoum exposure. Pesticide-induced changes in aggression have, again, rarely been 

investigated in invertebrates, and studies that do observe these effects have reported variable 

results. For example, Argentine ants (Linepithema humile) exposed to a neonicotinoid 

pesticide, imidacloprid, show increased aggression towards heterospecifics, while the 

opposite is true for Southern ants (Monomorium antarcticum) under the same conditions 

(Barbieri et al., 2013). Consequently, survival is reduced in the former, and unchanged in the 

latter as a result of exposure. 
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The reduced aggression shown in brodifacoum-treated weta in this study was mostly driven 

by females, who were found to be no less aggressive than the males overall at the beginning 

of the trial period. This finding contradicts expectations that males would be the more 

aggressive sex due to their role in agonistic competition for resources (Field and Deans, 

2001; Field and Glasgow, 2001). It also introduces female aggression as an important factor 

when assessing the implications of behavioural change in H. crassidens as a response to non-

target pesticide exposure. There are several reasons why female weta might need to respond 

aggressively. The first is to defend themselves against predators. Females descend to the 

forest floor to oviposit, which makes them a prime target for predation (Kelly, 2005b). 

Reduced aggression may make them more likely to be killed while they are in a vulnerable 

position, which would not only remove the individual from the population, but could prevent 

a new generation of offspring from developing if the eggs have not yet been oviposited. For 

low density populations, this could be detrimental. Another important trigger of aggression in 

females is unwanted mating. Mating can be harmful to females as males often use their 

mandibles to pull the female towards them by the tibia, becoming more forceful if the female 

resists (Field and Jarman, 2001). If a female is not ready to mate, she needs to be able to fend 

off males, so being more aggressive would be advantageous. The sexual trimorphism of H. 

crassidens could also impact aggression in the aforementioned scenario; males who mature at 

a later instar have much larger mandibles than early maturing individuals (Kelly, 2005a; 

Kelly and Adams, 2010), which presumably means they will cause more damage to a non-

receptive female. Being more aggressive may help a female to defend herself from a large 

male who could physically harm her. It may make sense for females to be more aggressive at 

the start of the breeding season, as they may not yet be ready to mate; however, they still 

need to defend against predators upon their descent to the forest floor, so becoming too 

complaisant could be fatal. Female H. crassidens exposed to brodifacoum in this study 

became less aggressive over time; a behavioural change that could facilitate predation in wild 

populations. That being said, predator density will differ depending on pest eradication 

efforts in a given area, so pesticide-induced changes in aggressive behaviours may not 

increase the likelihood of predation in some populations. Areas with the most pesticides will 

also generally have the fewest predators, so considerations should be made about the trade-

off between maintenance of natural behaviours, but an increased chance of predation, versus 

possible infliction of brodifacoum-induced behavioural changes, but reduced predator 

presence. 
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2.4.5 Repeatability 

All four behaviours were significantly repeatable overall, suggesting that weta do, indeed, 

exhibit personalities. This is consistent with other arthropod-focused studies, which did not 

measure repeatability using the same method but do suggest that insects exhibit consistent 

behavioural differences over time (Bengston and Dornhaus, 2014; Stanley et al., 2017; 

reviewed in Kralj-Fiser and Schuett, 2014; Jandt et al., 2014). Insects are heavily 

underrepresented in repeatability studies; a review by Bell et al. (2009) reported that only 

35% of studies on behavioural repeatability focused on invertebrates, and only ~5% were 

insect species. Some behaviours in the present study showed different levels of repeatability 

between the sexes and treatment groups, making some sub-groups (i.e. treated and control 

males and females) within each behaviour slightly unrepeatable; a result that was expected 

based on Bell and colleagues’ 2009 review. Different sexes, ages and behaviours within the 

same taxa can differ in their repeatability in both field and laboratory-based studies. Sample 

size and number of observations can also affect repeatability, though increasing these 

variables can reduce the amount of error associated with a particular measurement.  

 

Emergence was the only behaviour in which all sub-groups were repeatable. This could be 

because emergence was the only behaviour for which the assays were not manually 

manipulated, so the weta were able to behave as naturally as possible. It also had the greatest 

number of repeated measures, so sample sizes for the analyses were larger than in the other 

three behaviours measured. Male emergence was slightly more repeatable than female 

emergence, which could be a result of their reproductive strategies, as discussed earlier. 

Brodifacoum-treated individuals of both sexes were also less repeatable than controls, which 

indicates that exposure to the baits may alter the consistency of emergence behaviours. 

Activity, overall, was the most repeatable of the four behaviours; however, this was largely 

driven by the control males. Treatment individuals of both sexes were not repeatable, and 

control females also showed inconsistency in their activity levels which, again, may be due to 

the different reproductive strategies of the sexes. The striking difference in repeatability 

between control and treated males could indicate that the baits are having a very strong 

influence on behavioural consistency in H. crassidens. Refuge-seeking behaviours showed 

highly variable repeatability, with brodifacoum-treated females being the only subgroup 

within the sex-treatment combinations to show consistency in their behaviours for both 

latency and willingness to enter the refuge, and treatment males the only group with a 

repeatability estimate of less than zero for both measures. The difference in repeatability 
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between the sexes may be a result of natural behavioural variation, or brodifacoum exposure 

differentially affecting the sexes in certain aspects of their behavioural consistency. 

Aggression also showed sex differences, with brodifacoum-treated and control females being 

unrepeatable in their aggressive responses, but males showing consistent aggression.  

 

It is not uncommon for pesticide exposure to affect the sexes differently. For example, when 

exposed to an organophosphate pesticide, male bronze jumping spiders (Eris militaris) show 

greatly reduced repeatability in activity, while female prey capture is less repeatable after 

pesticide exposure. The correlation between activity and prey capture is also weakened in 

females, but not males (Royauté et al., 2015). A comparable study exposing katipo spiders 

(Latrodectus katipo) to a herbicide, glyphosate, reported no effect of the chemical on the 

repeatability of activity-related behaviours in this species. However, clear sex differences in 

repeatability were identified, with males showing greater repeatability than females both 

before and after glyphosate exposure (Balsom, 2018). Differences in repeatability between 

sexes may be the result of dissimilar energy allocation priorities, which are often driven by 

reproductive opportunities (Kralj-Fišer and Schuett, 2014; Montiglio and Royauté, 2014). In 

the promiscuous mating system of H. crassidens, a male’s reproductive success depends on 

his ability to locate, acquire and defend cavities containing females, while females tend to 

allocate their energy to producing high quality, viable eggs (Judge and Bonanno, 2008; Han 

and Dingemanse, 2015). Males might take more risks if it increases the chance of successful 

matings (Kralj-Fišer and Schuett, 2014), but there is undoubtedly a threshold over which 

extreme behavioural expression would negatively affect the individual (Jandt et al., 2014).  

 

2.4.6 Personality vs. plasticity  

When investigating the behavioural effects of increased human-ecosystem interactions, it is 

important to consider the costs and benefits of having rigid personalities vs. behavioural 

plasticity (Kralj-Fišer and Schuett, 2014; Royauté and Pruitt, 2015). This is where the 

concept of “ecological traps” is pertinent. Ecological traps occur when a human-induced 

rapid environmental change, such as light pollution, habitat destruction or pesticide use, 

results in previously well-adapted individuals no longer being suited to the new modified 

environment (Schlaepfer et al., 2002; Hale and Swearer, 2016). Ecological traps were 

initially discussed in the context of bird nesting behaviour. Birds have a preference for 

nesting in heterogeneous vegetation which, in large, undisturbed habitats, provides ample 
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protection from predation and adverse weather conditions. With increased human disruption 

resulting in forest habitat fragmentation, birds searching for suitable nesting sites are drawn 

to the forest edge, as this is often where vegetation is the most diverse. However, predator 

and parasite densities are often also the highest at the forest edge, resulting in lowered 

reproductive success and fitness in these bird populations (Schlaepfer et al., 2002; Terraube 

et al., 2016; but see Ruffell et al., 2014). Being ecologically ‘trapped’ is particularly 

damaging for smaller populations, as there are fewer individuals that could potentially 

withstand sudden environmental changes. In this case, plasticity, or high within-individual 

behavioural variation, might be more advantageous than personality as it prevents individuals 

from becoming trapped in predisposed behavioural states, allowing them to better cope with 

novel stressors (Sih et al., 2012; Wolf and Weissing, 2012; Jandt et al., 2014; Fisher et al., 

2015). In contrast, larger populations in which individuals exhibit personalities (which, by 

definition, contain high between-individual behavioural variation) might already be equipped 

to cope with rapid environmental changes because they likely contain individuals who show 

suitable adaptations to the new environment. For example, in an undisturbed population, 

resource competition creates a natural gradient in where individuals settle, and hence, 

subordinates often end up in lower quality habitat. If a major disruption acts on the “good” 

habitat, and the individuals living there, the subordinates may actually be better protected, 

and could be the only survivors if intervention is extreme enough (Schlaepfer et al., 2002). 

As a result, and depending on the size and demography of the remaining population, there 

could either be a collapse, due to reduced population size (and thus, genetic diversity), or 

individuals could evolve towards a “new normal”, whereby previously unfavourable 

behaviours are now ideal, and are passed down to the next generation (Wolf and Weissing, 

2012).  

 

An example of an ecological trap in H. crassidens relates to head size and its role in gallery 

(i.e. refuge) use. Males with larger heads are better able to acquire and defend galleries 

containing females, but they are limited to which galleries they can inhabit as the entrance 

needs to be large enough to accommodate their mandibles (Field and Sandlant, 2001; Wehi et 

al., 2011). Larger individuals initially would have been safe in these refuges; however, when 

humans settled on the mainland and introduced mammalian pests, weta in cavities with wider 

entrances were now at greater risk of predation as small mammals such as rats and mice 

could remove individuals from the galleries (Rufaut and Gibbs, 2003). This, in turn, would 

encourage predators to inhabit these areas, driving increased pest control efforts. At surface 
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level, this seems an appropriate way to protect these endemic insects from predation. 

However, it ignores the effects that the pesticides might be having on the weta, including 

altering things like their gallery-related behaviours; the factor that caused the initial 

ecological trap. In this study, brodifacoum-treated females were repeatable in both measures 

of refuge-seeking, while control females and both groups of males were unrepeatable in these 

behaviours. This could be an indication that the bait is suppressing the ability of these 

females to assess the safety of their environment (a natural response in weta; Rufaut and 

Gibbs, 2003), thereby ‘trapping’ them in a behavioural state that may not be optimal in a 

heavily human-impacted wild population.  

 

2.4.7 Pesticides and behavioural expression in orthopterans 

One method by which pesticide exposure reportedly influences behaviour is through altering 

resource allocation; driving the exposed individual to re-allocate energy to survival and 

growth instead of behavioural responses (Montiglio and Royauté, 2014; Santos et al., 2018). 

Different individuals might be affected to a different extent based on factors such as their 

immunocompetence, exposure length and degree, and even their initial behavioural state 

(Ioannou et al., 2008; DiRienzo et al., 2016). For example, a highly exploratory individual 

might come into contact with contaminants more frequently than a less-adventurous 

conspecific, increasing the odds of exposure and, consequently, the possibility of a change in 

behavioural state (Royauté et al., 2015). As discussed earlier, the sexes might also be 

differentially affected based on their reproductive potential because they may have to re-

allocate energy away from reproductive efforts in order to cope with the increased stress of 

pesticide exposure. In H. crassidens, brodifacoum exposure had clear effects on individually-

expressed behaviours and their repeatability, and these effects often differed between males 

and females. In terms of survival in the face of a changing habitat, this is not ideal as the 

effects of altered behavioural states on mate-searching, resource-holding potential and inter- 

and intra-sexual defence could introduce both immediate and transgenerational effects. As 

pesticide use in New Zealand increases, cumulative effects are also important to consider. 

The current study exposed H. crassidens to brodifacoum for 40 days; however, weta are a 

relatively long-lived insect, with maturation taking up to 18 months, and adults living an 

additional 1-3 years (Gibbs, 1998; Stringer, 2001; Stringer and Cary, 2001; Wehi et al., 

2011). While 40 days was a long enough exposure period to elicit clear trends in the data, 

weta in the wild could be in contact with the baits for their entire lifetime, as brodifacoum is 
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both aerially dispersed and maintained long-term in tree-mounted bait stations within much 

of their habitat (Norton et al., 2016; Parkes et al., 2017).  

 

This study lacked differentiation between the life stages in the behavioural measurements due 

to sample size constraints. Consequently, the mix of juvenile, subadult and adult weta in this 

study (Table A.1.1) may have driven higher variation in the results than if the life stages were 

analysed separately, as different life stages can express behaviours differently. For example, 

in the mustard leaf beetle (Phaedon cochleariae), expression of boldness and activity differ 

significantly between adults and larvae, and even between larval stages (Müller and Müller, 

2015). In a comparable orthopteran, the field cricket (Gryllus integer), ontogenetic 

expression of behaviour (i.e. behaviour of immature individuals) is also reportedly influenced 

by immune challenges, suggesting that exposure to a stressor during ontogeny can 

permanently alter behavioural expression in adults (Niemelä et al., 2012). Presumably, 

exposure to pesticides could have the same effect as they are a potent environmental stressor. 

Hence further studies on pesticide-induced behavioural changes during ontogeny, and the 

repeatability of these behaviours over the lifetime of the exposed individual, should be 

employed. Research on the differential effects of pesticide exposure on weta of varying 

developmental stages could also be undertaken to determine if particular life stages are more 

sensitive to pesticide-induced behavioural changes. 

 

The main goal of pesticide use in New Zealand is to protect native and endemic fauna from 

predation by introduced mammals. However, much of this effort is targeted towards birds; a 

review on conservation priorities by Duron and colleagues (2017) revealed that the main 

focus of 71% of pest-eradication schemes were birds, and 49% of all the studies analysed 

exclusively focused on these taxa. While conservation of avian fauna is important, there is an 

apparent bias in protection effort for other taxonomic groups such as insects. As highlighted 

above, brodifacoum exposure has the potential to affect intraspecific interactions of H. 

crassidens through alteration of behaviours. However, these behaviours can also alter 

interspecific interactions, which can directly affect mortality. Though research is lacking, a 

few studies have investigated the responses of weta to mammalian predator control. Rufaut 

and Gibbs (2003) reported an increase in the proportion of active adult H. crassidens seen 

feeding outside their refuges after rat eradication efforts (though there was no marked 

increase in weta density after four years of monitoring). This increase in activity was 
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attributed to relaxed predation pressure, and the ability of weta to alter their foraging-related 

behaviours based on predator presence. In stark contrast, Sinclair et al. (2005) reported a 

significant decrease in invertebrate numbers, but a four-fold increase in the number of 

insectivorous bird species, on an offshore New Zealand island three years after rat 

eradications; labelling the island “rat-free yet predator-laden”. One final study by Jones and 

colleagues (2013) discussed that, while mammalian eradications are often successful on 

offshore islands, mainland sites rarely, if ever, achieve complete pest-free status. These 

results, in addition to the results from my study, introduce several contradictions in the 

success and suitability of current bait-driven pest eradication efforts. The first is the overlap 

between mammalian predators and weta at bait stations; if the baits attract both taxa to the 

same area, it may facilitate predation on the weta by making them an easy target in an area 

where they otherwise would not have been. The second, along the same lines, is predation by 

insectivorous birds, which are not attracted to the baits, per se, but would be attracted to the 

area of high weta (and thus, prey) density. The latter introduces a new issue, secondary 

poisoning, whereby a predator is exposed to a poison by eating prey that has just fed on the 

baits (Elliott et al., 2014; Alomar et al., 2018). A study by Bowie and Ross (2006) 

investigated the risk of secondary poisoning in numerous bird species feeding on pesticide-

exposed ground and cave weta. The study concluded that, although concentrations of 

brodifacoum in exposed weta were only around 1-14% of the bait pellet concentration and 

hence, acute mortality is unlikely, the biological persistence of brodifacoum in animal tissues 

means that even infrequent exposure could lead to lethal bioaccumulation of the poison.  

 

In this study, it is likely that there was variation in the amount of bait eaten by each 

individual due to factors such as sex, size, life stage and emergence patterns (Wehi et al., 

2013b; Han and Dingemanse, 2015, 2017; Morgan et al., 2017). Unfortunately, methods to 

measure bait consumption in this study were unsuccessful (Appendix 2). Three bait 

determination methods were attempted, but none accurately quantified the weight of 

consumed bait or the proportion of bait compared to other foods in the diet of each weta. 

Hence, no dose-response relationships could be observed. However, the clear differences in 

results between the two treatment groups strongly suggests that weta were, in fact, eating the 

baits, as constant conditions would control for behaviours being altered by any other 

exogenous factors in just one group. Although it is currently unknown whether it is the 

brodifacoum toxin itself causing behavioural changes or a result of excessive consumption of 

the cereal pellet, these results are still important to discuss in terms of conservation in New 
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Zealand. By altering emergence, activity, boldness and aggressive responses, four behaviours 

with strong implications for predator-prey interactions, brodifacoum bait exposure could 

actually be reducing the numbers of some endemic species, including H. crassidens. While 

the species as a whole is not currently at risk, smaller populations could experience declines 

due to this altered predation pressure.  

 

A common theme in studies surrounding sub-lethal effects of pesticide exposure on insects is 

that many of the focal pesticides are specifically insecticidal. While it is crucial to investigate 

the effects of insecticides on non-target insects, as these chemicals often target broad 

arthropod metabolic and physiological processes, it is also important to consider what other 

effects pesticides might have on these animals. The results from this study provide evidence 

that pesticides used for mammalian predator control may have non-target effects on the 

behaviour of invertebrates like H. crassidens. An important step for future research is to 

investigate what effects these behavioural changes might have on other aspects of fitness, 

such as mating success, predator/prey interactions and foraging efficacy. Laboratory-based 

studies of pesticide-treated and untreated control weta, as well as field studies in areas of high 

pesticide use and untreated areas, should be performed to uncover any potential fitness costs 

of bait exposure.  

 

One key limitation of the present study was sample size. With only 12 males and 22 females, 

strong trends in the data were still present, but many results were marginally non-significant. 

A subsequent study with a larger sample size would likely improve the robustness of the 

statistical outcomes and provide further evidence for ill-effects of brodifacoum exposure on 

non-target organisms. Another major constraint was the failure to quantify bait consumption. 

Suggestions have been made with the bait determination methods to improve quantification 

techniques (Appendix 2), as the amount of bait eaten most likely has an effect on the 

magnitude of behavioural responses. Despite these issues, the results from this study clearly 

indicate that brodifacoum bait has an effect on behavioural expression in H. crassidens. With 

increased pesticide use in New Zealand, there may be more extreme detrimental effects on 

these endemic orthopterans; some of which could lead to declines in this species, and many 

others. The results and recommendations in this thesis can also be applied to more threatened 

species of weta which are maintained largely on predator-free (and thus, pesticide-laden) 

offshore islands, like the ‘at risk’ Cook Strait giant weta, Deinacrida rugosa (Gibbs, 1998; 
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Trewick, 2014; White et al., 2017) or the previously nationally critical (but now recovering) 

Mercury Island tusked weta, Motuweta isolata (Stringer et al., 2014; Trewick, 2014). The 

outcomes of this study should not detract from the importance of pesticides as a mammalian 

eradication tool, but rather, start a conversation about how they could be improved to reduce 

consumption by non-target organisms. While pesticides, like brodifacoum, are crucial in New 

Zealand’s goal to become predator-free by 2050, the results from this study show the inherent 

need to investigate sub-lethal effects of pesticide baits on non-target species, such as H. 

crassidens, and develop better deterrents to prevent non-target consumption. 

 

2.4.8 Conclusions 

Brodifacoum is a key tool in controlling predator populations in New Zealand, contributing 

to the ultimate end goal of eradicating five mammalian pest species from the country by 

2050. These conservation efforts, however, are ultimately focused on protecting avian fauna, 

and studies rarely consider the effects they might be having on other non-target organisms 

such as insects. In an endemic orthopteran, Hemideina crassidens, exposure to brodifacoum 

bait pellets for 40 days altered the expression and repeatability of four behaviours; 

emergence, activity, boldness and aggression. These behaviours ultimately have strong 

implications for both intra- and inter-specific interactions, including foraging, reproduction 

and predation, so altering them could have immediate and long-term effects on populations of 

H. crassidens. The results from this study should be used to encourage further investigation 

of sub-lethal effects of pesticide exposure on non-target invertebrate species, especially as 

predator control efforts increase in New Zealand. Larger, more long-term studies urgently 

need to be undertaken to ensure protection of the unique invertebrate taxa found in New 

Zealand, and better methods to prevent non-target consumption of pesticide baits should be 

investigated. Similar research on non-insecticidal pesticides, such as those used for control of 

invasive mammals, should also be undertaken in other invertebrate fauna, as few studies have 

considered the non-target effects of these toxins.  
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Chapter Three - Physiological and reproductive responses of 

Hemideina crassidens to brodifacoum pesticide exposure 

 

3.1 Introduction  

Reproductive and physiological fitness, quantified by traits such as fecundity, body condition 

and immunity, show natural variation between individuals and are thought to be strongly 

influenced by ecological interactions (Hönek, 1993; Kelly, 2011; Dall et al., 2012). Several 

studies have identified exogenous factors that can directly affect one of the aforementioned 

aspects of fitness, including diet, parasite exposure and contact with exogenous contaminants 

(Wehi et al., 2013b; Kelly and Gwynne, 2016; Crawley et al., 2017; Kelly, 2017; Santos et 

al., 2018). When faced with a challenge, fitness in one area often has to be sacrificed to 

maintain health in another (Dall et al., 2012). These trade-offs can have direct and indirect 

effects on animal populations through factors such as reduced reproductive output, poor body 

condition (including decreased fat loads and increased susceptibility to infections), and in 

extreme cases, mortality (Kelly, 2011; Niemelä et al., 2012). For example, in several species 

of turtle, exposure to environmental contaminants, most notably heavy metals, induces a 

trade-off between reproductive output and health. Exposed individuals can excrete toxic 

compounds in their eggs, reducing hatching success but increasing maternal survival (Pagano 

et al., 1999; Nagle et al., 2001; Sinaei and Bolouki, 2017). While the extent of these trade-

offs will naturally vary in a population based on factors such as exposure gradients and cost 

of not conforming (e.g. younger individuals may be able to delay successful brooding until 

the next season if exposed to pollution), inhibiting reproduction in otherwise healthy 

individuals could be detrimental, especially in threatened species or small populations.  

 

Studies on fitness-related changes in contaminant-exposed populations were initially largely 

focused on vertebrates (e.g. birds, reptiles and mammals; Vos et al., 2000), hence the 

apparent lack of invertebrate representation in early literature. This does not mean that 

invertebrates are unaffected; evidence of arachnid and insect species reacting strongly to 

highly modified habitats is mounting. For example, in insects from the order Orthoptera, 

habitat loss has reduced the quality of plant species available for consumption, largely 
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through the removal of nutrient-rich native flora (Ewers, 2008; Fitness et al., 2015). Diet has 

a direct effect on body composition, with individuals on poorer diets having less fat than 

well-fed individuals (Han and Dingemanse, 2017). This has strong implications for energy 

availability, as fat stores are mobilised for energy (DiRienzo et al., 2016), and immunity, as 

body fat is the site of anti-microbial proteins in insects (Kelly, 2011). Subsequently, reduced 

immunity affects fecundity, as energy is reallocated away from reproductive output to cope 

with the additional stressors (Kelly, 2011; Kelly and Gwynne, 2016). Chemical exposure can 

also act as an immune stressor, reallocating energy away from other factors such as growth 

and reproduction to withstand the effects of the toxin (Vos et al., 2000; Crawley et al., 2017; 

Müller et al., 2017; Santos et al., 2018). Exposure to novel stressors, such as pesticides, could 

increase susceptibility to zoonotic diseases and intensity of parasitic infections, which 

consequently have an array of secondary reproductive and health-related effects including 

reduced fecundity and poor body condition (Wharton et al., 2001; Zuk et al., 2004).  

 

The aim of this study was to fill a gap in the literature surrounding sub-lethal physiological 

and reproductive effects of pesticide exposure on weta. The physiological measures of 

interest in this study were weight, body condition (in terms of fat load) and immunity, 

quantified as parasite infection intensity. Reproduction was tested through fecundity 

measures, with the number of eggs and the developmental stage (early or late development) 

indicating reproductive output. The results from this study provide insight into whether use of 

pesticide baits New Zealand, particularly brodifacoum, may have any previously unstudied 

sub-lethal physiological or reproductive effects on H. crassidens, and discusses subsequent 

issues those effects could have on the abundance and longevity of the species in the wild.  
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3.2 Materials and methods 

3.2.1 Dissections 

In order to collect morphological and reproductive data, 22 female Hemideina crassidens (see 

chapter 2.2.1 for weta collection and husbandry details) were weighed and the heaviest five 

females from the treatment and control groups were dissected as they were presumed to be 

the most fecund (Hönek, 1993; del Castillo, 2015). To anaesthetize the weta, a gas chamber 

was created from an air-tight plastic tub. Each weta was placed in a smaller perforated 

container and CO2 gas was pumped in through a vent in the bottom for 15 minutes before the 

vent was plugged and the lid sealed. Due to the ability of Hemideina spp. to discontinue their 

ventilation for up to half an hour at a time (King and Sinclair, 2015), the weta were left in the 

chamber for a minimum of one hour to ensure full unconsciousness. Upon removal from the 

chamber, each weta was decapitated.  

 

A sample of hemolymph was taken from the head area using a 50µL pipette and stored in a 

0.6mL Eppendorf tube on ice. The brain was then removed through a dorsal incision in the 

head and stored in RNAlater at room temperature. Next, the body was pinned dorsal side up 

and an incision was made from the proximal end of the ovipositor to the pronotum, and the 

carapace was pinned open to allow full access to the internal organs. The largest and most 

superficial organs, the ovaries, were removed first (Fig. 3.2.1a). The number of eggs and 

developmental stage of each egg, from 1 (light yellow, small and undeveloped) to 5 (black, 

large and ready to be laid) was recorded for both ovaries (Fig. 3.2.2). The digestive tract was 

then removed and the hindgut opened to look for nematode parasites (Fig. 3.2.3). An 

arbitrary infection level coding system was developed, including very low (<20 individual 

nematodes), low (20-50), moderate (50-80), and high (80+) measures. A nematode sample 

was sent away for sequencing by a colleague to determine their species. At this point of the 

dissection, all organs had been removed and the fat in the abdominal cavity was visible. 

Another arbitrary code was developed for fat levels, ranging from 1 (none or very minimal 

fat) to 4 (extremely fatty; Fig. 3.2.2). A sample of fat was taken when possible and stored in a 

1.5mL Eppendorf tube on ice. Before disposing of the bodies, an external examination was 

conducted to look for ectoparasites, during which parasitic mites were found in the leg joints 

of one individual. Due to time constraints, the tissue samples collected in this study were 

unable to be analysed, so they were preserved in a -70°C freezer for possible future research.  
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Figure 3.2.1. Representative dissections of two female Hemideina crassidens, one 
brodifacoum-treated (a) and one untreated control (b). The dorsal incision, ovary (a) and two 
extremes of the fat scale (a – level 1 and b- level 4) are shown. 
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 Figure 3.2.2. Eggs from the left ovary of a control female Hemideina crassidens grouped by 
colour and divided into early (E, on the right) and late (L, on the left) developmental stages. 

 

Figure 3.2.3. A thelastomatid nematode (Wetanema hula) found in the hindgut of a female 
Hemideina crassidens, viewed at 40x magnification. 

 

L          E 
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3.2.2 Statistical analyses 

All statistical analyses were performed in R version 3.5.1 (R Core Development Team, 

2018). Weight data from all 34 weta, taken every 5 days over the 40-day treatment period 

(see chapter 2.2.2, subheading ‘Filming techniques and analyses’, for protocol), were 

analysed using a LMM in the lme4 package. In the model, treatment, sex and day were fixed 

effects and weta ID was a random variable. Due to the small sample size, fat and infection 

levels were each grouped as “low” (levels of 1 and 2) and “high” (3 and 4), and compared 

between the treatment and control group using Fisher’s exact tests. Likewise, the effects of 

brodifacoum treatment on the number of eggs, and the developmental stage of those eggs, 

were analysed using Fisher’s exact tests. Eggs were sorted into two developmental stages, 

early and late, based on colour, with light eggs (yellow or pale brown) characterised as less 

developed than dark eggs (dark brown and black, plus any that had been laid in the home 

tanks already).  
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3.3 Results 

3.3.1 Physiological differences 

Weight 

There was no significant difference in weight of brodifacoum-treated and untreated control 

weta overall (p=0.96), or in either of the sexes (p=0.73), nor was there a difference in how 

much individuals from each group grew between each time point (p=0.23). The only 

significant interaction was between weight and day (p<0.0001; Fig. 3.3.1). A full statistical 

summary is reported in in table 3.3.1. Individual weight measurements over time are also 

plotted in A.4.1. 

Figure 3.3.1. Mean± SE weight (in grams) of brodifacoum-treated (black, n=17) and 
untreated control (grey, n=17) male (squares, n=12) and female (circles, n=22) Hemideina 
crassidens over a 40-day trial period. 
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Table 3.3.1. Effects of day, treatment (brodifacoum vs. control) and sex on the weight of 34 
Hemideina crassidens, weighed every 5 days over a 40-day trial period. Model estimates, 
variance (standard error of fixed effects and variance of the random effect), test statistic (t) 
and significance level (p) are reported from a LMM (n=34, k=9).  

 
  

Parameter Estimate Variance t p 
    Weight 
Intercept 4.47 0.30 14.72 <0.0001 
    Day 0.21 0.03 7.52 <0.0001 
    Treatment -0.02 0.43 -0.05 0.96 
    Sex -0.78 0.51 -1.53 0.10 
    Day x Treatment -0.05 0.04 -1.20 0.23 
    Day x Sex -0.07 0.05 -1.50 0.13 
    Treatment x Sex -0.25 0.72 -0.34 0.73 
    Day x Treatment x Sex -0.07 0.07 -1.02 0.31 
Random effects     
    Weta ID  1.00   
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Fat level 

There was a significant difference in fat levels between the treatment and control groups, 

with brodifacoum-treated individuals having less fat than the controls (p=0.048; Fig. 3.3.2).  

 Figure 3.3.2. Distribution of fat levels (1-4) in untreated control and brodifacoum-treated 
adult female Hemideina crassidens (n=10). 
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Infection level 

All dissected females were infected with thelastomatid nematodes (Order: Oxyurida, Family: 

Thelastomatidae) of the species Wetanema hula (Fig. 3.2.3). The model reported no 

difference between the infection levels of brodifacoum-treated and control weta, though the 

means differed slightly, measuring 2 and 1.6, respectively (p=1; Fig. 3.3.3).  

 

Figure 3.3.3. Distribution of infection levels (1-4) in untreated control and brodifacoum-
treated adult female Hemideina crassidens (n=10).   
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3.3.2 Reproductive differences 

Brodifacoum-treated weta contained significantly more eggs than untreated controls, with an 

average of 115 and 64, respectively (p<0.0001). However, a large proportion (0.65) of the 

eggs removed from treated individuals were in the early stage of development, while control 

weta had a higher proportion of more-developed eggs (0.62; p<0.001; Fig. 3.3.4). 

Figure 3.3.4. Mean ± SE number of eggs removed from untreated control and brodifacoum-
treated female Hemideina crassidens (a; n=10), and proportion of those eggs that were in the 
early or late developmental stage (b).  
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3.4 Discussion 

In this study, female Hemideina crassidens exposed to brodifacoum bait had less body fat 

and altered reproductive output compared to untreated controls. The number of eggs 

produced was greater in the treatment group, though a significantly higher proportion of 

those eggs were undeveloped. These results introduce two potentially detrimental sub-lethal 

effects of pesticide exposure on weta, both of which can affect the success of the species as a 

whole. High fat content is an indicator of good body condition, and reproductive success is 

condition-dependent. Reduced maternal body condition could thus result in poor egg quality, 

which drastically decreases the chance of successful development and hatching of offspring. 

Weight and infection intensity appear to be unaffected by brodifacoum exposure; a promising 

result. 

 

It should be noted that the prevalence of infection in the 10 weta dissected, and four other 

weta dissected on a separate occasion (three females and one male), was 100%. Several other 

live weta used in this study are also known to be infected, as nematodes are visible in their 

frass. It is currently unknown whether these were naturally-occurring infections, or if 

nematodes were introduced through the leaf litter or native leaves collected for each home 

tank. It is more likely that weta were already infected when they were collected, as Wetanema 

infections have been reported with a prevalence of 80-100% in wild populations of other 

Hemideina species, including H. maori and H. femorata (Wharton et al., 2001). While the 

model used to analyse infection level between the two treatment groups was unable to detect 

any difference, despite the slight variation in the means (1.6 and 2 for control and 

brodifacoum-treated weta, respectively), it is still important to monitor parasite load in 

infected populations over time, as it is possible that a 40-day exposure period was not long 

enough to alter immunity. As weta were isolated and kept under controlled conditions in this 

study, one might expect no difference in infection intensity between the two groups. 

However, immunocompetent individuals may be more capable of clearing infections, thereby 

reducing intensity. Hence, it was important to observe the effect of brodifacoum bait 

exposure on the two groups with the expectation that pesticide exposure could reduce 

immunocompetence, which would result in increased intensity of infection. Larger, more 

long-term studies should be employed in wild populations to determine whether brodifacoum 

exposure could further increase intensity of nematode infections, and measure any resulting 

fitness costs to H. crassidens.  
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Fat levels are thought to trade-off with immunity in insects, as fat is the site of anti-microbial 

production (Kelly, 2011). Hence, it is interesting that there was such a marked difference in 

fat level between brodifacoum-treated and untreated control weta in this study, but no 

difference in parasite load. It is likely, in this case, that the bait pellets were causing stress on 

the weta in a different way. This could be through the active ingredient itself, or through the 

poor diet associated with feeding on bait pellets. Diet is a known driver of body condition, 

with the carbohydrate:protein ratio identified as an important dietary balance to regulate in 

order to maintain good body condition (Han and Dingemanse, 2015, 2017). Brodifacoum is 

administered in cereal pellets, which are essentially blocks of carbohydrate (exact ingredient 

ratios could not be found, however the ingredients of the pellets used in this trial are as 

follows: Cereals, sugars, waxes and binders). Hemideina crassidens favour intermittent 

feeding (i.e. they do not forage nightly) based on exogenous conditions, and can tolerate 

nutrient imbalances over these periods (Wehi et al., 2013b). Weta then selectively forage to 

balance macronutrients; however, if brodifacoum bait attracts weta, as suggested earlier in 

this thesis, H. crassidens in this study may have been inclined to preferentially feed on the 

bait over the other foods provided. This area is one in which it would be ideal to examine the 

dietary composition of the weta in their frass (alas, attempts to do so failed; A.2.2). One 

contradiction in suggesting that diet was the cause of the differences in fat load is that, in a 

comparable insect (species), a high carbohydrate diet during adulthood lead to an increase in 

lipid concentration, whereas protein-rich diets reduced fat load (Han and Dingemanse, 2017). 

For this reason, it is important not to disregard the brodifacoum poison as a means of altering 

body condition. Brodifacoum exposure could act as a stressor by the same means as an 

infection, triggering an energy-expensive immune response and thus, reducing fat presence in 

pesticide-exposed individuals. 

 

Immunity and reproduction are also reportedly linked. A study by Zuk et al. (2004) discussed 

that female field crickets (Teleogryllus commodus, order: Orthoptera) might put more energy 

into reproduction under immune stress, further reducing their immunocompetence to increase 

reproductive output. The stressor introduced in the Zuk et al. study was a reduction in food 

availability; however, pesticide exposure has also reportedly been a driver of reproductive 

failure (reviewed by Müller, 2018). In the Neotropical brown stink bug (Euschistus heros), 

exposure to chlorantraniliprole, pyriproxyfen and spinosad, three common field insecticides, 

causes severe reproductive impairments and reduced fecundity (Santos et al., 2016; Santos et 
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al., 2018). Similarly, in the leaf beetle (Phaedon cochleariae), lambda-cyhalothrin insecticide 

exposure decreases egg production and hatching success (Müller et al., 2017). A third insect, 

the bed bug (Cimex lectularuis), also experiences a reduction in egg laying in response to an 

imidacloprid/Beta-cyfluthrin insecticide mix (Crawley et al., 2017). In the present study, 

brodifacoum-treated females had significantly more eggs overall, but a greater proportion of 

undeveloped (or, early developing) eggs, compared to control females. The pesticide may 

have halted the development of the eggs in treatment weta, preventing them from reaching 

maturity, or the stress of exposure may have triggered a sudden increase in reproductive 

efforts, resulting in an increased number of undeveloped eggs. The increased number of eggs 

could also have been a method of sequestering and excreting toxins. Some oviparous 

vertebrates exposed to sub-lethal concentrations of toxins can accumulate these toxins in 

developing eggs as a means of removing them from the body, increasing their own chance of 

survival. Sequestration of toxins in ova has been observed in green sea turtles (Chelonia 

mydas) exposed to heavy metals (Sinaei and Bolouki, 2017), and Southern toads (Anaxyrus 

terrestris) in areas of coal pollution (Metts et al., 2013). It is possible that invertebrates could 

employ the same methods in response to chemical exposure, which may explain the increase 

in under-developed eggs in brodifacoum-treated weta in this study. Fat has also been 

observed as another site of toxin sequestration (Duffey, 1980); however, due to their reduced 

fat content, brodifacoum-treated females would have needed another avenue of toxin 

removal, thereby supporting the idea that the increase in egg production was potentially just a 

means of toxin excretion.  

 

After the 40-day brodifacoum exposure period, adult weta that were not dissected were put 

into groups of 2-4 (one male and 1-3 females, all from the same treatment group) in an 

attempt to initiate mating. Mating events were observed and eggs subsequently laid by 

females from both treatment groups, with a total of 127 and 113 eggs from control and 

brodifacoum-treated weta, respectively. However, none have hatched yet, and it is difficult to 

determine if the eggs are viable. Hence, I was unable to measure fertility, hatching success or 

developmental abnormalities in response to parental brodifacoum exposure in this study. The 

eggs are currently being incubated in the University of Otago Department of Zoology, and 

will be available for future research if any nymphs successfully hatch. Reproductive success 

is an important factor in assessing long-term effects of contaminant exposure on a population. 

If pollution reduces egg or sperm viability, offspring development or hatching success, a 

population may experience a rapid drop in numbers as a result. Length of exposure is also an 
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important factor. If an individual is exposed to a pesticide from egg to adulthood, further 

developmental, physiological or reproductive issues may result. This could be the case for H. 

crassidens in a country where pesticides are the number one tool in mammalian predator 

eradication schemes. Increased use of pesticides on the mainland as a tool to reach predator-

free status by 2050 means that incidence of weta encountering baits is likely to increase. As a 

result, pesticide-exposed parental generations could produce offspring with lower fitness, that 

may then subsequently be exposed to pesticides for the entire duration of their ontogeny and 

adult life. For this reason, long-term studies on these effects urgently need to be undertaken. 

 

The results from this study highlight that pesticides could have sub-lethal effects on 

physiology and reproduction. While weight and parasite load did not differ between the two 

treatment groups, there were clear effects on fat deposits as well as egg number and 

development in the brodifacoum-treated group. These effects could be driven by the possible 

immune stress inflicted by pesticide exposure. Fat is the site of anti-microbial protein 

synthesis and reproduction is known to trade-off with reproduction through energy allocation. 

It may also not be the active ingredient in the bait triggering the effects; the cereal bait pellet 

could be the cause of detrimental changes. Diet has been identified as a key component of 

health in insects, so consumption of a carbohydrate-dense cereal bait pellet may result in 

deficiencies of other key nutrients, thereby reducing fitness. Though attempts to quantify 

dietary consumption in this study failed, clear differences in body condition and reproductive 

output were observed between the treatment and control groups. Hence, it is crucial that more 

studies are undertaken to investigate long-term effects of bait exposure, and procedures to 

prevent non-target consumption in the first place should be introduced.  
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Chapter Four - General Discussion 

 

The aim of this study was to determine whether exposure to a pesticide used widely in New 

Zealand, brodifacoum, has any sub-lethal effects on a known non-target consumer, the 

Wellington tree weta (Hemideina crassidens). Chapter 2 was focused on behavioural 

responses and the expression of personality in brodifacoum-treated weta compared to 

untreated controls, while chapter 3 highlighted some physiological and reproductive 

responses to pesticide exposure. The results indicate that a number of behavioural and 

physiological differences could be attributed to brodifacoum exposure, including alterations 

to behavioural expression, variations in behavioural repeatability, reduced body condition, 

and changes to reproductive output. These results have important implications for the fitness 

of H. crassidens, as all of the variables altered by brodifacoum exposure in this study 

undoubtedly have key roles in predator/prey interactions, reproductive success, foraging 

efficacy and ultimately, survival. This thesis highlights the inherent need to assess sub-lethal 

effects of pesticide bait exposure, as both the active ingredient and the vessel in which they 

are administered (in this case, a cereal pellet) can contribute to detrimental behavioural, 

physiological and reproductive changes.  

 

4.1 Behavioural responses  

Exposure to brodifacoum altered the expression of all four measured behaviours, with 

brodifacoum-treated individuals showing increased emergence but reduced activity, 

aggression and boldness compared to the untreated controls. Due to the lack of studies 

investigating behavioural responses of insects to pesticide exposure, and the variable results 

of the limited studies that have, very few predictions could be made about the behavioural 

outcomes of exposure in this study. This was also the first study to measure behaviour of an 

insect in response to a non-insecticidal compound. The results from this study highlight the 

importance of considering a range of non-target organisms when assessing the sub-lethal 

impacts of pesticides. Despite the belief that anticoagulant rodenticides should not have 

insecticidal properties due to their mechanism of action (Fisher et al., 2007), the toxins could 

be acting on different pathways in insects, or the vessel to administer the pesticide, the cereal 

pellet, could be a driver of behavioural change.  
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In orthopterans, immune stress and diet have been identified as two potential drivers of 

behavioural change (Han and Dingemanse, 2015, 2017). If the brodifacoum toxin acts as an 

immune stressor, exposed individuals could be forced to re-allocate energy away from other 

process, such as energetically expensive behaviours, to maintain fitness. This could be the 

cause of the downregulated expression of three important behaviours in weta from this study: 

activity, aggression and boldness. The fourth behaviour, emergence, may have initially been 

higher in brodifacoum-treated weta due to the olfactory attraction of weta to the bait, after 

which excessive consumption of a carbohydrate-rich diet could have driven behavioural 

change. Weta may have preferentially fed on the baits instead of nutrient-rich food sources 

(as observed in Fisher et al., 2007), resulting in abnormally high carbohydrate intake. Weta in 

the wild forage intermittently, but reportedly increase uptake of nutrient-poor foods to 

compensate for the lack of dietary variation (Wehi et al., 2013b). Hence, consumption of 

brodifacoum pellets would drive them to emerge more to feed. As a result, other behaviours 

could also have been affected by this poor dietary balance. In the Southern field cricket 

(Gryllus bimaculatus), a high carbohydrate, low protein diet reduces aggression and activity 

(Han and Dingemanse, 2017); a result mirrored by brodifacoum-treated weta in this study. 

 

The behavioural responses to brodifacoum exposure in this study have important biological 

implications; in particular, for mating success. Due to the reproductive strategies of weta, 

reductions in activity, aggression and boldness could reduce their mating opportunities and 

lead to decreased reproductive output. Reduced activity of brodifacoum-treated males may 

translate into poor mate-searching capabilities, as they are reducing their chances of 

encountering a cavity containing females. Similarly, the decreased boldness of brodifacoum-

treated males could result in missed mating opportunities as they may be less inclined to 

mate-search, even in a safe environment. The decrease in aggression over time in 

brodifacoum-treated females also introduces important implications for mating success and 

fitness. Sexually immature females respond aggressively towards males, to which males often 

respond more forcefully. Reduced aggression could hence mean reduced ability to fend off 

unwanted mates, resulting in more damage to immature females. Oviposition also occurs on 

the forest floor, opening up the risk for predation. Females need to remain aggressive to fight 

off predators, so a reduction in aggression could be fatal to females upon their descent to the 

forest floor. Consequently, this not only removes the female herself, but also any potential 
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offspring if she is killed before oviposition; a potentially detrimental outcome for smaller 

populations.  

 

Personality (i.e. the repeatability of behaviour over time and context) was also an interesting 

aspect of this study. All four behaviours measured were repeatable overall, which suggests 

that weta exhibit personalities. However, levels of repeatability showed sex and treatment 

differences. These results add to the limited research investigating insect personality, and 

introduce brodifacoum as a potential means of altering behavioural repeatability in weta. 

Invertebrate behavioural repeatability studies report that pesticide exposure can alter 

personality expression, and sexes can be differentially affected. For example, in the bronze 

jumping spider (Eris militaris), exposure to an organophosphate insecticide reduced the 

repeatability of activity in males, while female prey capture was less repeatable after 

exposure. Brodifacoum exposure also differentially affected males and females in the present 

study, with some treatment-sex combinations no longer showing repeatability. This result 

may have been due to behavioural plasticity in H. crassidens, meaning they are able to 

change their behaviour in order to cope with a stressor; however, this is unlikely as 

personality is more strongly expressed in animals than plasticity.  

 

4.2 Physiological and reproductive changes 

While there was no difference in weight or parasite load between the two treatment groups, 

brodifacoum treatment was associated with a reduced amount of fat in female weta, 

suggesting that the bait affects body condition. Reproductive output was also altered, with 

brodifacoum-treated weta producing more eggs than the controls, but a significantly lower 

proportion of those eggs were in the late stage of development. In line with the behavioural 

results, physiological and reproductive change can occur due to immune stress and poor diet. 

Hence, it is possible that the high carbohydrate content in brodifacoum bait had some impact 

on these two variables. The active ingredient in the bait may also have contributed to the 

reproductive changes. Some oviparous animals have the ability to sequester toxins in their 

eggs, reducing the concentrations in their own tissues and increasing their odds of survival 

(Pagano et al., 1999; Nagle et al., 2001; Sinaei and Bolouki, 2017). The large number of 

undeveloped eggs in brodifacoum-treated weta may have been a response to pesticide 

exposure; ingestion of the toxin may have triggered production of eggs with the purpose of 
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storing and removing brodifacoum from the body. This result introduces a new avenue for 

research on H. crassidens, ontogenetic effects of brodifacoum exposure. If a female stores 

brodifacoum in her eggs, there may be subsequent effects on offspring development, which 

could have further physiological, reproductive, or even behavioural implications. 

Transgenerational effects of pesticide exposure have never been investigated in weta, despite 

the potential implications for population viability. While H. crassidens are currently not at 

risk, the increased use of pesticides on the mainland (and thus, in their habitat) could have 

severe long-term reproductive effects, threatening the success of the species. These 

implications are also valid for other species of weta, and other arthropods in general, as H. 

crassidens is only one of many species observed feeding on pesticide baits in the wild (Spurr 

and Drew, 1999). At-risk species maintained on offshore islands or in ecosanctuaries, such as 

the iconic Deinacrida rugosa, could also be similarly affected due to the extensive use of 

pesticide baits in these areas (Watts et al., 2012). Hence, investigations on the effects of 

pesticide baits on reproductive success could be widely applied.  

 

4.3 Limitations of the study 

One major downfall of this study is that I was unsuccessful in quantifying bait consumption, 

so I could not investigate dose-response relationships or how feeding changed over time. In 

subsequent studies, changes should be made to the consumption quantification techniques 

(outlined in Appendix 2) or new techniques could be attempted. Taking the dry weight of the 

baits (i.e. drying them in an oven) after removing them from the tanks would reduce the 

confounding effect of water absorption. The microscopic frass analysis could have been 

improved by soaking the frass in a different media. Tests should be undertaken to find a 

suitable dissolvent that will not react with the cereal bait pellet. Finally, HPLC analysis of 

frass could be performed if suitable clean-up techniques are available for frass samples; 

however, this would greatly increase the cost of analysis per sample, so was not an option for 

this study. 

 

Sample size was another limiting factor. A total sample size of 34 was much smaller than the 

goal of 60 that was discussed in the planning stages of my study. Given a larger sample size, 

a third treatment group would have been established, a non-toxic cereal bait control. This 

additional group would have allowed differentiation between diet-related effects and those 
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caused by the brodifacoum poison, so stronger conclusions could have been made about 

whether H. crassidens are sensitive to the pesticide itself, or just the vessel it is administered 

in. The skewed sex ratio, although expected due to the harem-forming tendencies of the 

species, was also not ideal. An equal sex ratio would have allowed better inferences to be 

made about sex effects. Future analogous studies with larger sample sizes and a more even 

sex ratio would provide the statistical models with more strength, and may uncover trends 

that were not detected in my study. 

 

There are a few important considerations to make when extrapolating the results and 

implications of this study to wild populations. Firstly, the diet of the control weta in this 

study was not necessarily “natural”. Rather, it supplements a wild diet of native leaves with a 

source of protein (cat food) and carbohydrate (apple). Hence, there is a possibility that the 

unnatural foods given to the controls may also have influenced their behaviour. That being 

said, one would expect the responses of both groups to have been equal if brodifacoum was 

not having an effect on the behaviour or physiology of H. crassidens. Another key 

consideration for wild populations of weta being exposed to the baits is that the responses 

would likely be location-dependent. Different areas employ different levels of pest control 

effort depending on the existing predator population, and these efforts will fluctuate with 

changing predator density. As a result, some populations of weta will be more frequently 

exposed to brodifacoum in their lifetime than others. While the 40-day continuous exposure 

period in this study is not unlikely to occur in the wild, it may not be representative of all 

populations.  

 

4.4 Suggestions for future research 

A common theme in studies surrounding sub-lethal effects of pesticide exposure on insects is 

that many of the focal pesticides are insecticides. While it is crucial to investigate the effects 

of insecticides on non-target insects, as these chemicals often target broad arthropod 

metabolic and physiological processes, it is also important to consider the detrimental effects 

that other pesticides could have on these animals. This study provides evidence that 

pesticides used for mammalian predator control may also have consequential effects on non-

target invertebrates like H. crassidens, and introduces the need to undertake similar studies 

using different pesticides. In a New Zealand context, diphacinone and 1080 should be the 
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target for future research on non-target sub-lethal effects, as they are two of the most-used 

pesticides by the Department of Conservation; the organisation behind the predator-free 2050 

goal.  

 

A long-term study following the same methods as those outlined in this thesis should also be 

undertaken. While a 40-day exposure period was long enough to see marked differences 

between brodifacoum-treated and untreated control weta, these insects are likely exposed to 

pesticide baits for the entire duration of their lives. Subsequent studies could compare the 

magnitude of the sub-lethal effects in adults exposed to brodifacoum for the entire duration of 

their ontogeny, compared to acutely exposed adults. In a 2012 review by Pekár, physiological 

responses of several species of spider to pesticides were investigated (though, no vertebrate 

pesticide baits were included). Ontogenetic exposure to glyphosate and fenvalerate reportedly 

prolongs instar development, reduces weight and causes deformations in Schizocosa humilis 

and Hylyphantes graminicola. Diet during development can also elicit sub-lethal changes. In 

the Southern field cricket (Gryllus bimaculatus), behavioural expression and repeatability 

differed depending on developmental diet, with high protein diets driving increased 

aggression and level of mating activity and high carbohydrate diets increasing behavioural 

repeatability (Han and Dingemanse, 2015, 2017). The studies in this thesis lacked 

differentiation between the life stages (again, due to sample size constraints), which may 

have increased variation in the behavioural measures. However, there could be more 

prominent impacts on individuals exposed to pesticides during development, so effects of 

ontogenetic exposure should be investigated in subsequent studies.  

  

More research should be conducted to determine whether other pesticides also have the 

potential to cause detrimental sub-lethal effects in weta. Brodifacoum is reportedly much 

more environmentally and biologically persistent than other pesticides used in New Zealand 

(Eason et al., 2011). The half-life of brodifacoum in soil and mammalian animal tissues (most 

prominently, the liver) can be up to 157 and 513 days, respectively (Fisher et al., 2012; 

Sanchez-Barbudo et al., 2012; Seljetun et al., 2018). In contrast, 1080 almost immediately 

breaks down into non-toxic components upon contact with moisture and persists in animal 

tissues for less than 11 hours, while diphacinone is the least persistent anticoagulant, with a 

half-life of up to three days in mammalian tissues or blood (Eason et al., 2010a). Weta have 

repeatedly been observed consuming both 1080 and diphacinone baits in the wild (Spurr and 

Drew, 1999; Spurr and Berben, 2004; Fisher et al., 2007; Eason et al., 2011). The 2007 study 
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by Fisher et al. was the only one to investigate a sub-lethal variable, weight, with no adverse 

effect detected in response to bait consumption. While this looks like a promising outcome, 

the results from my study show that brodifacoum-treated weta did not differ significantly in 

their weight, but reproductive output and body condition were both depleted in the bait-

exposed weta. Hence, it is crucial to investigate further sub-lethal effects in order to fully 

evaluate the impacts that these baits might have on non-target insects like weta.  

 

Several studies led by Eason and colleagues are dedicated to investigating the ecological 

impacts of pesticides currently used in New Zealand, and making suggestions to improve 

their specificity, humaneness and persistence (Eason et al., 2010a; Eason et al., 2010b; Eason 

et al., 2011; Eason et al., 2017). These studies discuss several potentially superior alternatives 

to brodifacoum and 1080 for mammalian predator control, including cyanide pellets (low 

persistence, high humaneness), zinc phosphide paste (low persistence and moderate 

humaneness) and cholecalciferol (moderate persistence and moderate humaneness). The next 

step in this research is to investigate potential sub-lethal effects of these alternative pesticides 

on non-target organisms, such as insects, to determine whether they could safely replace the 

baits currently widely used in New Zealand. 

 

4.5 Conclusions 

This study is the first to investigate sub-lethal effects of brodifacoum exposure in H. 

crassidens. In brodifacoum-treated weta, expression of three behaviours, activity, aggression 

and boldness, was downregulated, while emergence was upregulated, compared to untreated 

controls. Repeatability also varied between the four behaviours, with overall repeatability 

ranging from 0.18 in boldness to 0.62 in activity. However, all behaviours were repeatable 

overall, supporting the idea that weta exhibit personalities. Brodifacoum exposure reduced 

body fat and altered reproductive output, but had no effect on weight or parasite load. All 

variables measured in this study have important implications for reproduction, foraging, 

predator-prey interactions and intra-specific competition, so it is concerning that exposure to 

brodifacoum bait is having such a marked effect on several of them. The goal of this study is 

not to devalue the importance of pesticides as a conservation tool, but rather to highlight the 

need to investigate their non-target sub-lethal effects. Pesticide baits are currently the most 

prominent component of pest eradication schemes in New Zealand, and their use on the 



 

 
72 

mainland is ever-increasing as the country attempts to reach predator-free status by 2050. 

Hence, more studies investigating non-target effects of acute, chronic and ontogenetic 

pesticide exposure should immediately be employed, as increased bait use will undoubtedly 

mean increased encounters of wildlife with the pesticides. New Zealand insects exhibit high 

species endemicity, and a broad range of invertebrate taxa have been observed feeding on the 

pesticide baits in the wild, so the detrimental sub-lethal effects induced by bait consumption 

could have broad implications for the fitness and longevity of a range of unique fauna, 

including weta.  
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Appendices 
 

Appendix 1 Weta details  

Table A.1.1. Sex, weight and life stage of 34 Hemideina crassidens collected from 6 locations 
in Wellington, ordered by collection site. Weta ID indicates control (C) and treatment (T) 
groups.  

  

Initial ID Collection Site  Weta ID Sex Weight (g) Life Stage 
A1 1 C1M2 M 3.34 Adult 
A2 1 C2F2 F 4.57 Adult 
A3 1 T2F1 F 3.74 Subadult 
AMD1 2 C1F3 F 4.15 Adult 
AMD2 2 C1M3 M 3.95 Adult 
AMD3 2 T1F3 F 2.23 Juvenile 
AMD4 2 C1F4 F 3.75 Adult 
AMD5 2 T2F3 F 4.24 Adult 
AMD6 2 C2F5 F 3.56 Adult 
AMD7 2 T1F4 F 4.92 Adult 
AMD8 2 T2F4 F 4.01 Adult 
AMD9 2 T1M3 M 3.09 Adult 
AMD10 2 C2M2 M 2.68 Subadult 
AMD11 2 C2M3 M 1.56 Juvenile 
AMD12 2 C1F4 F 0.73 Juvenile 
AMD13 2 T2M2 M 3.64 Adult 
AMD14 2 C1F5 F 2.25 Subadult 
AMD15 2 T1F5 F 2.35 Subadult 
AMD16 2 T1F6 F 1.7 Juvenile 
AMD17 2 T2M3 M 2.27 Subadult 
AMD18 2 T2F5 F 4 Adult 
AMD19 2 C2F6 F 2.08 Subadult 
F4 3 T1F1 F 5.1 Adult 
J1 3 T1M1 M 4.28 Adult 
J2 3 C2F1 F 4.97 Adult 
JB1 4 C1M1 M 2.59 Subadult 
JB2 4 T1F2 F 3.84 Adult 
K1 5 C1F2 F 2.39 Subadult 
PR1 6 T2F2 F 3.33 Subadult 
PR3 6 C1F1 F 5.46 Adult 
PR4 6 T1M2 M 3.34 Adult 
PR5 6 T2M1 M 2.25 Subadult 
PR6 6 C2M1 M 3.45 Adult 
PR7 6 C2F3 F 4.93 Adult 
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Appendix 2  Measures of bait consumption 

To determine the level of bait consumption, three different techniques were attempted; 

weighing, microscopic frass analysis and high-performance liquid chromatography (HPLC). 

Unfortunately, none of the methods could accurately quantify bait consumption and thus, a 

dose-response relationship could not be investigated.  The pros and cons of each method are 

discussed below, as well as suggestions for improvements for future research. 

 

2.1 Bait weighing  

Each treatment weta (n=17) was given exactly 5 grams of bait at the beginning of the trial, 

which was replaced with 5g of fresh bait at day 20. When the first lot of bait was removed 

and weighed, the weights of all 17 were greater than 5g. It was assumed that the baits were 

absorbing moisture from the tanks, and thus a ‘control’ for the baits needed to be developed. 

To do this, three tanks were set up the same as the weta tanks, and sprayed at the same 

frequency and volume. This meant that the difference between the initial weight (5g) and the 

final weight (5g + the water that was absorbed) could be calculated to get an estimate of how 

much water was being absorbed into the bait in the treatment tanks. This value subtracted 

from the final weights of the bait removed from the treatment tanks was supposed to give an 

estimate of the volume of bait eaten by each treatment weta.  

 

While initiation of ‘control’ bait tanks partly addressed the confounding variable of moisture 

absorption, there are a number of other factors that can alter the amount of water that is 

absorbed by the bait. For example, each tank was sprayed the same number of times with the 

bait tray removed, however there could be variation in the volume of liquid that is released 

from the spray bottle, or how much moisture is still in the air when the bait tray is put back 

into the tank. The weta were also often observed walking through their water tanks, which 

could mean that they are carrying moisture to the bait – an issue that would have great 

variation depending on size and activity level of the weta, and one that could not be 

replicated in the control tank. The amount of water absorbed by each of the control tanks 

varied between 0.6g and 1.4g, so this measurement was not useful.  

 

In order to remove water absorption as a confounding factor, the baits could be dried in an 

oven before being weighed after removal from the tanks. 
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2.2 Microscopic frass analysis 

Frass from each treatment individual and two controls, collected on the day of each 

behavioural assay, was soaked in a 0.6mL Eppendorf tube with 200µL of 70% ethanol for at 

least 48 hours. The frass was then gently crushed with a plastic rod and spread onto a 

microscope slide with a small amount of distilled water, before a cover slip was applied.  

 

In an attempt to determine dietary composition, each slide was observed under the 

microscope at 100x magnification. Five fields of view were observed; one in each corner of 

the sample and one in the centre; and effort made to determine the proportion of bait in each 

sample (compared to plant matter, cat food or their own moulted carapace, which they readily 

consumed after shedding it). Unfortunately, it appears that the bait pellets reacted with the 

ethanol, appearing as a ‘bubbly’ texture under the microscope, so no proportional data could 

be collected from the slides (Fig. A.2.1b).  

  



 

 
89 

 

Figure A.2.1. Microscopic analysis of frass from control and brodifacoum-treated Hemideina 
crassidens (a and b, respectively), both collected on day 10 of the treatment period (viewed at 
100x magnification). The presence of plant matter in each of the frass samples is visible 
(identified by the shape of the cells; examples outlined in red). Note the ‘bubbly’ texture in 
the background of image b, showing the presumed reaction of the bait with the dissolving 
medium, 70% ethanol. 

 

Instead of ethanol, frass samples could be soaked in a different media such as distilled water. 

Although this creates a time pressure, as samples would need to be analysed before they 

begin to putrefy, it may prevent bait residues from reacting. One benefit of soaking the 

samples in ethanol was that the dye from the bait could be clearly seen in the fluid. This 

evidence, along with ‘crumbs’ seen in the bait dishes, gave me confidence that the weta were, 

in fact, eating the brodifacoum bait pellets (Fig. A.2.2).  

  

a b 
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Figure A.2.2. Crumbs of brodifacoum bait seen around the larger pellets in the food dish of a 

Hemideina crassidens female, indicating that bait feeding had occurred (a); and frass samples 

from a brodifacoum-treated weta soaking in 70% ethanol, showing a clear colour change in 

the day 10 sample compared to days 0 and 5, caused by the dye in brodifacoum bait pellets 

(b). 

 

N.B: The day 10 frass sample used in image A.2.1b is the same seen in A.2.2b. 

 

2.3 High-performance liquid chromatography (HPLC) 

HPLC can be used to measure the amount of a chemical that exists in a sample by comparing 

it to a standard. To create a 0.5mg/mL brodifacoum standard, 7mg of pure brodifacoum 

(PESTANAL, analytical standard grade) was dissolved in 14mL of a 3:2 ratio of methanol 

(MeOH) and dichloromethane (DCM). This standard was then used to create serial dilutions 

with MeOH + DCM, giving final brodifacoum concentrations of 5, 10, 50 and 100µg/mL. 

 

To extract brodifacoum from the frass, a ~40mg ground sample from each treatment 

individual and two controls were soaked in 200µL of MeOH+DCM. A bait control was also 

created using ~40mg of ground Pestoff brodifacoum pellets in 200µL of MeOH+DCM. 

b a 



 

 
91 

Samples were soaked for 1 hour, vortexed at 10-minute intervals, and then centrifuged for 10 

minutes at 13,000rpm. 100µL of the supernatant was pipetted into an amber glass vial with a 

200µL insert and loaded into the HPLC machine. 

 

The samples were run through an Eclipse XDB-C18 Agilent 4.6x150mm, 5-micron column 

with a 5-micron guard column and a UV light detector, at 22°C, with a flow rate of 1mL/min. 

A 4:1 solution of MeOH and H2O, acidified to pH3 with hydrochloric acid, was used as the 

mobile phase. The traces were recorded in EzChrom Elite, and run time was set to 30 

minutes, as the peaks appeared at 25 and 26 minutes (as per the PESTANAL analytical 

standard information sheet). 

 

While all concentrations of the standards (the lowest, 5µg/mL is shown in Fig. A2.3a) and the 

bait pellet control (Fig. A.2.3b) yielded clear traces, with two peaks visible at the correct 

times, the frass samples did not (Fig A.2.3c). This may be because an extra clean-up step is 

required to remove unwanted compounds from the sample, or because the weta were storing 

the brodifacoum toxin in their tissues or eggs; a process known as sequestration. Another 

technique that can be used to determine chemical concentrations in ‘messy’ or complex 

samples is mass spectrometry (MS), so this could be a better option for something like frass 

which is made up of several components. Samples of fat, eggs and hemolymph, or whole-

body samples could also be processed using HPLC or MS to investigate whether or not weta 

are sequestering brodifacoum in their tissues. 
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Figure A.2.3. Traces created in EzChrom Elite showing the absorbance of different 
components of brodifacoum run through an HPLC machine. Three traces are shown; the 
lowest standard tested in this trial, 0.5µg/mL (a), a sample of powdered brodifacoum bait 
pellet soaked for 1 hour in MeOH+DCM (b) and a frass pellet sample from a brodifacoum-
treated weta, also soaked in MeOH+DCM (c). The two brodifacoum peaks are visible 
between 28 and 32 minutes in images a and b, but are absent in image c, indicating that our 
system could not detect brodifacoum in the frass.  

  

a 

b 

c 
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Appendix 3 Full repeatability results 

Table A.3.1. Intraclass correlation coefficients (ICC) and 95% confidence intervals for the 
repeatability of four behaviours: emergence, activity, aggression and refuge-seeking (latency 
and entry). Sample size (n) and number of repeated measures (k) are given for each 
behaviour, and significantly-repeatable groups (i.e. the lower confidence interval does not 
cross zero) are highlighted in grey. 

 

Behaviour n ICC 95% confidence interval 
Emergence (k=18)    
 All weta 34 0.19 0.12-0.29 
 Females 22 0.23 0.14-0.39 
 Treatment 11 0.12 0.06-0.26 
 Control 11 0.17 0.08-0.39 
 Males 12 0.42 0.25-0.68 
 Treatment 6 0.36 0.16-0.78 
 Control 6 0.51 0.27-0.87 
 All treatment  17 0.12 0.06-0.26 
 All control  17 0.25 0.15-0.44 
Activity (k=4)    
 All weta 33 0.62 0.46-0.76 
 Females 22 -0.02 -0.15-0.20 
 Treatment 11 -0.05 -0.20-0.29 
 Control 11 0.04 -0.15-0.42 
 Males 11 0.79 0.60-0.93 
 Treatment 6 -0.11 -0.26-0.42 
 Control 5 0.87 0.64-0.98 
 All treatment  17 -0.08 -0.20-0.15 
 All control  16 0.76 0.60-0.90 
Aggression (k=4)    
 All weta 34 0.32 0.16-0.52 
 Females 22 0.26 0.06-0.51 
 Treatment 11 0.21 -0.04-0.60 
 Control 11 0.20 -0.05-0.58 
 Males 12 0.49 0.20-0.78 
 Treatment 6 0.59 0.20-0.91 
 Control 6 0.46 0.07-0.87 
 All treatment  17 0.31 0.09-0.60 
 All control  17 0.32 0.08-0.60 
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Refuge-seeking (k=4)    
 Latency    
 All weta 34 0.20 0.04-0.40 
 Females 22 0.28 0.08-0.53 
 Treatment 11 0.42 0.13-0.75 
 Control 11 0.09 -0.12-0.47 
 Males 12 0.08 -0.12-0.44 
 Treatment 6 -0.1 -0.25-0.44 
 Control 6 0.04 -0.19-0.62 
 All treatment  17 0.25 0.03-0.54 
 All control  17 0.05 -0.12-0.33 
 Entry    
 All weta 34 0.18 0.03-0.38 
 Females 22 0.25 0.05-0.51 
 Treatment 11 0.32 0.04-0.68 
 Control 11 0.12 -0.10-0.50 
 Males 12 0.08 -0.12-0.44 
 Treatment 6 -0.09 -0.25-0.45 
 Control 6 0.05 -0.19-0.62 
 All treatment  17 0.18 -0.03-0.48 
 All control  17 0.08 -0.10-0.36 
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Appendix 4 Weight changes over time 

In addition to plotting mean weights of each sex and treatment group over time (Fig. 3.3.1), I 

was interested to see how individuals varied in their weight, and the distribution of 

brodifacoum-treated males and females compared to the untreated controls. Hence, a reaction 

norm plot was created to show the weight of each individual on every assay day (Fig. A.4.1).  

 

Figure A.4.1. Reaction norm plot showing the weight (in grams) of brodifacoum-treated 
(black, n=17) and untreated control (grey, n=17) male (squares, n=12) and female (circles, 
n=22) Hemideina crassidens over a 40-day trial period. 
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