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Abstract 

 

Neonicotinoids are widely used water-soluble neurotoxic insecticides. The effects of these 

insecticides on non-target aquatic organisms have become a major environmental concern since 

they affect both pests and non-target insects. Along with lethal effects, these insecticides could 

cause visual and chemoreception impairment. This can lead to behavioural alterations in aquatic 

organisms by disrupting the sensory systems used for detecting predators, thereby affecting anti-

predator behaviours. Therefore, in this thesis, I investigated the effect of imidacloprid, a 

neonicotinoid insecticide, on the anti-predator response and learned recognition of novel predator 

odour in damselfly larvae (Lestes sp). In the first experiment (chapter 2), damselfly larvae were 

exposed to water contaminated with a series of concentrations (0.0μg/L, 0.1μg/L, 1.0μg/L, and 

10.0μg/L) of imidacloprid and the change in number of feeding bites performed after injecting a 

conspecific damage-released alarm cue solution and a predator kairomone solution was observed 

and recorded on day 2, 5, and 10. On days 2 and 5, both the control and 0.1μg/L groups showed 

appropriate anti-predator behaviour to alarm cues and predator odour, but this was not the case 

for damselflies exposed to 1.0μg/L. By day 10, larvae in the 1.0 and 10.0μg/L groups no longer 

responded to alarm cues and all exposure groups ceased responding to predator odour. In the 

second experiment (chapter 3), I investigated the effect of exposure to a series of concentrations 

of imidacloprid on learned recognition of predatory stimuli by damselfly larvae. Damselflies 

were conditioned to recognize risk by exposing them to zebrafish odour (a novel odour) 

combined with conspecific damage-released alarm cues or control of dechlorinated water. Larvae 

in the control group learned to respond to the predator odour based on their prior conditioning 

with alarm cues but not water. Learning of predator odour also occurred for larvae in the 0.1μg/L 

treatment group but failed for individuals exposed to the higher concentrations of 1.0μg/Land 

10.0μg/L. In the third experiment (chapter 4), I exposed damselfly larvae to imidacloprid (at an 

initial pulse solution of 3.0μg/L and reaching a final concentration of 0.01μg/L) during the 

conditioning period and evaluated the effect on learned recognition of novel predatory stimuli. 

Damselflies were conditioned to recognize risk by exposing them to zebrafish odour with true 

conditioning (alarm cue + predator odour) with or without imidacloprid and another group was 

given sham conditioning (water + predator odour) with or without imidacloprid exposure. Larvae 

given true conditioning without imidacloprid exposure correctly learned to recognize the 
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predator odour as a threat, while larvae given sham conditioning, and those exposed to 

imidacloprid, failed to learn to respond to the predator odour. Overall, this study highlights that 

acute and chronic exposure to imidacloprid at both environmental relevant and higher 

concentrations impairs the anti-predator response to conspecific alarm cues and predator odour 

by damselfly larvae. Further, this study demonstrates that imidacloprid affects learned 

recognition of novel predator odour by damselfly larvae with the interaction between chemical 

cues and imidacloprid potentially playing a key role in this impairment.   
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Chapter 1: General Introduction 

 

1.1: Anti-predator Behaviour  

All animals must feed to survive and reproduce, and they must do this while avoiding becoming 

a meal themselves (Ferrari et al., 2009). Selection favours animals that can reduce attacks from 

predators while accomplishing their needs for foraging and reproduction (Ferrari et al., 2010). 

The defence against predators is often complex and multi-modal in nature, given that no set of 

defensive mechanisms is equally effective against all enemies (Blumstein, 2006; Matthews and 

Matthews, 2010). Prey animals often incorporate morphological adaptations with the behavioural 

decision-making process to survive and reproduce (Lima and Dill, 1990). 

Under predation risk, insects demonstrate both primary defences and secondary defences. 

Primary defences, also known as passive defences, operate whether the predator is around or not. 

The conspicuous warning colouration of a monarch butterfly, or the cryptic mottled appearance 

of moths that allow them to blend into their background, provides great examples of such 

defences (Matthews and Matthews, 2010; Rowe and Halpin, 2013). Crypsis and warning 

colouration are widespread in insects. Other primary defences, like Batesian mimicry, whereby 

prey imitate the sight of distasteful or toxic prey, also occur but are less common (Rowe and 

Halpin, 2013). Secondary defences operate after the predator detects the prey (Matthews and 

Matthews, 2010). The most straightforward response of prey is to either hide or flee (Peckarsky, 

1982). However, there are other active insect defence strategies such as fighting back, startling 

the predator, or initiating group actions. Matthews and Matthews (2010) for example, 

demonstrated that some insects shoot acrid chemicals toward potential predators. 

In any given predator-prey encounter, early detection is crucial. The participant who detects the 

other first has advantages over the other (Lima and Dill, 1990; Ferrari et al., 2010). It allows the 

predator to catch the prey off guard or alternatively it allows the prey with the opportunity to 

avoid the predator, seek shelter, or initiate an early flight. Since visible active animals attract 

predators more than the less active prey, hiding from predators is a great strategy to avoid 

predators (Anholt et al., 1995). However, many animals must actively search for resources, 

including mates, food, and appropriate habitat. The faster an animal searches, or the more time it 

spends searching, the more likely it is to encounter resources, but such activity will increase an 
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animal's encounter rate with predators (Ferrari et al., 2009). Hershey (1987) suggested that 

foraging behaviour of larval Chironomids could be assessed by the time they spent outside their 

tubes, structures built by most larval to avoid predation (Dillon, 1985). According to that study, 

predators consistently selected prey that spent more time out of their tube. Anholt and Werner 

(1995) found that, at high food levels, predation of larval anurans by dragonfly larvae was 

reduced since the foraging activities by larval anurans were reduced. At low food levels, tadpoles 

moved more often and more quickly resulting in higher predation mortality. Hence, decisions 

made regarding feeding demands and predation risk are essential for survival. 

While freezing and fleeing are effective strategies to avoid being consumed, prey may also be 

able to adjust their timing of foraging and activity to avoid predators. Given that light levels 

influence the visibility of both prey and predator, nocturnal foragers tend to reduce their foraging 

activities during the periods of bright moonlight. According to studies conducted on rodents 

(Peromyscus maniculatus, and P. polionotus), (Clarke, 1983; Wolfe and Summerlin, 1989), 

leach's storm petrels (Oceanodroma leucorhoa) (Watanuki, 1986) and fruit bats (Artibeus 

jamaicensis) (Morrison, 1978) it is evident that animals reduce their foraging activity in bright 

moonlight where the detection level of prey is high for the predator. In damselflies, larvae of 

Ischnurids reduced their movement in the presence of light, and the presence of the predators 

decreased the overall feeding efficiency, growth rate, and survival (Heads, 1985).  

1.2: Detection of Predators by Prey Aquatic Organisms 

Aquatic insects detect predators using visual (Hershey, 1987; Heads, 1985; Kiesecker et al., 

1996), mechanical (Sih, 1986) and chemical (Sih, 1986; Dawidowicz et al., 1990) cues. In 

aquatic environments, when vision is limited due to the low light intensity, vegetation, or turbid 

water, chemical cues are crucial particularly when predators are cryptic or have a sit and wait 

foraging strategy (Chivers and Smith, 1998). 

Water is an excellent medium for carrying chemical information about risk. This includes 

kairomones, disturbance cues, damage-released alarm cues and diet cues. Predator odours are 

classified as kairomones, chemicals released by one species that can provide benefits to the 

receivers without providing benefits to the sender. By detecting kairomones, prey can identify 

and evade predators from a distance, including predators waiting in ambush (Ferrari et al., 2010). 
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Another class of chemical cues used by prey are disturbance cues; these chemicals are released 

by startled or disturbed prey (Ferrari et al., 2010). Damage-released alarm cues are chemical 

cues released when damage to the integument of a prey animal occurs, such as during a predator 

attack (Wisenden, 2003). Dietary cues are similar to alarm cues; they are metabolic derivatives, 

released from the predator post-ingestion by digestion and defecation. Aquatic taxa from 

protozoa to amphibians exhibit behavioural responses to all these classes of chemical alarm cues. 

Such behaviours reduce the probability of predation (Chivers and Smith, 1998; Ferrari, 

Wisenden and Chivers, 2010; Sorensen and Wisenden, 2015). Chemical cues provide prey with 

information about species identity, as well as the size, density and proximity of threats (Ferrari et 

al., 2006). These chemical cues often play a role in facilitating learned recognition of predators 

(Chivers and Smith, 1994; Chivers et al., 1996; Mathis et al., 1996; Wisenden et al., 1997). 

 Polluted water could affect the most important sensory system in aquatic organisms which is the 

chemosensory system. These systems are directly exposed to the environment, they are 

developed in early stages of life and mediate a large part of the behavioural responses. 

Chemosensory organs and receptors do not have an ability to differentiate stimuli from toxicants 

(Doving, 1991). Toxins such as pesticides, have specific target organs and are not always 

detectable by all the sensory systems. These substances can enter the blood through the gills, 

penetrating the skin, or through the gastro-intestinal tract in aquatic organisms and all sensory 

systems are accessible to toxic substances via the blood. Behavioural changes serve as sensitive 

indicators of lower levels of pollution since many animals are responsive to the slightest change 

in the physicochemical nature of the aquatic environment. These behaviours include reflexive 

motions, neuro behavioural assessments, social interactions, activity or feeding patterns, and 

learning (Weber, 1997). 

Vuori (1994) observed that larvae of caddisfly (Hydropsyche contubernalis and H. siltalai) 

appeared to have a significant increase in the frequency and degree of damage of the anal 

papillae with increasing Cd (cadmium) concentration. The lowest Cd level altered the 

competition behaviour of Hydropsyche contubernalis larvae only after 24hr of exposure. Lefcort 

et al. (1999) examined the anti-predator behaviour of aquatic caddisfly larvae and snails exposed 

to heavy metals. Physella columbiana snails failed to exhibit anti-predator behaviours in 

response to crushed conspecifics. However, no effect was detected on the anti-predator 
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behaviour of caddisfly larvae after exposure to heavy metals. Van Gossum et al. (2009) 

conducted an experiment to assess the foraging and escape behaviour of Enallagma cyathigerum 

(Insecta: Odonata) larvae under exposure to Perfluorooctane sulfonic acid (PFOS). According to 

their study, E. cyathigerum larvae were less active and less capable of escaping a simulated 

predator attack as well as being less efficient foragers. According to Jonsson et al. (2014), 

damselfly larvae became less active after the exposure to the antihistamine Hydroxyzine and 

showed reduced fleeing response upon exposure to the Antihistamine Fexofenadine. A 

significant change was observed in contrast to the non-exposed individuals, and they suggest that 

these behavioural effects of antihistamines on damselfly larvae could impact both escaping as 

prey and capturing as a predator, both of which could greatly reduce survival. 

1.3: Background of Neonicotinoid Insecticides 

Since the early 1990s, neonicotinoids have become the most widely used and fastest-growing 

class of insecticides in the world. Due to the potency of resistant building in insect strains and 

increasing restrictions based on human safety considerations of other major insecticide classes, 

neonicotinoids became a safer alternative to organophosphates, carbamates, and pyrethroids 

(Bartlett et al., 2018; Kundoo et al., 2018). There are seven neonicotinoid insecticides, and they 

replaced several other chemical classes of insecticides due to their effectiveness and broad-

spectrum toxicity to a wide range of pests (Jeschke et al., 2011; Jeschke and Nauen, 2008). 

The seven neonicotinoid insecticides can be divided into three chemical groups, as five-

membered ring systems (imidacloprid, thiacloprid) and six-membered ring systems 

(thiamethoxam) as well as non-cyclic structures (nitenpyram, acetamiprid, clothianidin, 

Dinotefuran), which are different in their molecular characteristics (Jeschke and Nauen, 2008; 

Jeschke et al., 2011). As per their pharmacophore moieties [-N—C(E)X—Y], neonicotinoids can 

be listed as N-nitroguanidines (imidacloprid, thiamethoxam, clothianidin, and Dinotefuran), 

nitroethylene (nitenpyram) and N-cyanoamidines (acetamiprid and thiacloprid;) (Goulson, 2013; 

Jeschke et al., 2011). Imidacloprid, thiamethoxam, and clothianidin are the most widely used 

neonicotinoids in North America (Bartlett et al., 2018). Their parent compounds break down into 

various metabolites in the environment depending on the active ingredient. Thiamethoxam is 

converted to clothianidin which is also an active ingredient by ring methylene hydroxylation, and 
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clothianidin undergoes N-demethylation to form its metabolites. Unconjugated metabolites of 

compounds such as imidacloprid retain their insecticidal activity (Tomizawa and Casida, 2005). 

Neonicotinoids are systemic insecticides (Barmentlo et al., 2019; Goulson, 2013; Morrissey et 

al., 2015). The physicochemical properties (i.e., octanol-water partition coefficient (Kow) and 

dissociation constant (pKa)) allow neonicotinoids to enter and distribute into all plant tissues 

independent of the route of application (Simon-Delso et al., 2014). These insecticides are used as 

insect repellents to protect flowers and vegetables, as bait formulations for domestic insects (e.g., 

ants and cockroaches), as granular formulations for soil-dwelling insect pests (e.g., thrips), and 

are injected into the timber as a treatment for termites or into trees to protect from herbivores 

(Goulson, 2013). They are also used as a topical application on pets, such as dogs and cats, as a 

treatment for external parasites (Schenker et al., 2003). In Canada, the majority of grain cereal 

crops (i.e., canola, wheat, and barley) as well as legumes (ie., lentils, peas) are commonly treated 

with neonicotinoid active ingredients. A considerably large land area of the Canadian Prairie 

Pothole Region (PPR), which contributes to 98% of canola production is seeded with 

neonicotinoid-treated seed (Malaj et al., 2020). 

With the extensive use of this insecticide, contamination of the natural environment with 

neonicotinoids has become a major concern. Goulson (2013) studied the uptake of neonicotinoid 

seed dressings into the target crop and suggested that the crop absorbs between 1.6% and 20% of 

the active ingredient. Thus, from 80%–98% of the active ingredient in seed dressings which were 

not absorbed by the crop, less than 2% is lost as dust during sowing and is deposited on field 

margin vegetation at concentrations ranging from 1 to 9 ppb. Hence, typically more than 90% of 

the active ingredient enters the soil. Neonicotinoids have a high potential to leach vertically 

down the soil profile or laterally along moisture flow paths to contaminate surface and 

groundwater. Heavy rainfall at the time of application particularly where the soil organic content 

is low, and the slope is steep, facilitates rapid leaching and can contaminate the groundwater and 

runoff immediately after the application of neonicotinoids (Bonmatin et al., 2014; Goulson, 

2013). For example, 79% of applied thiamethoxam leached through a soil column under 

simulated heavy rainfall conditions (65cm) (Gupta et al., 2008).  

Binding to soil particles reduces leaching of neonicotinoids through the soil. Indeed, 

imidacloprid adsorption was found to correlate positively with soil organic matter and mineral 
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clay content (Bonmatin et al., 2014). By degradation or leaching in soil water, neonicotinoids are 

lost in agricultural soils. This loss of neonicotinoids from the soil is commonly biphasic as an 

initial rapid phase, followed by a much slower second phase (Goulson, 2013). Due to the long 

half-life in soil and high solubility in water, neonicotinoids can easily migrate into surface water 

(Mahai et al., 2019). Falling leaves, from the trees that had neonicotinoids applied through stem 

injection, can contaminate water bodies. Also, direct contamination of surface water can occur 

from the spray or dust drift, and this is enhanced by wind dispersal (Bonmatin et al., 2014). 

Consequently, neonicotinoids are frequently detected in puddles, irrigation channels, streams, 

rivers, and wetlands in agricultural and urban areas of many countries (Chara-Serna et al., 2019).  

No effective remediation approaches are currently in use to remove neonicotinoids from 

contaminated water. Biotransformation and microbial degradation are the important natural 

process (Macaulay et al., 2019). Pena et al. (2011) suggest that photodecomposition is a crucial 

process to decompose pesticides. Thiamethoxam shows evidence of being susceptible to direct 

photolysis, while thiacloprid does not. However, the depth at which the pesticide lies in the water 

determines the efficiency of photodecomposition. Under full spectrum sunlight, neonicotinoids 

undergo photolysis in surface water where imidacloprid, thiamethoxam and clothianidin has half-

lives of 0.2-3.3d and acetamiprid and thiacloprid are relatively stable with half-lives of 8.8-68 d 

(Lu et al., 2015). The persistence of these insecticides varies with the pH of the water. Under 

alkaline conditions, neonicotinoids persist longer while under acidic conditions, neonicotinoids 

show the lowest mean half-life value. In water, neonicotinoids show a higher persistence with 

powder formulation than with liquid formulation (Sarkar et al., 1999). 

1.4: Effect of Neonicotinoids on Terrestrial and Aquatic Organisms 

Exposure of animals to neonicotinoids occurs through different pathways. For sucking, boring, 

and root-feeding pest insects, ingestion of treated plant materials (i.e., leaves, flowers, fruits, 

seeds, sap, etc.) is the main pathway of uptake (Goulson, 2013). Ingestion of unintentionally 

treated plant parts also occurs, such as consumption of pollen and nectar from flowers by bees. 

For flying insects, direct contact exposure occurs when dust is emitted by seed drilling machines. 

Uptake through the integument and through consumption is common in contaminated water 

(Cresswell, 2010; Bonmatin et al., 2014). 
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These chemical compounds exhibit a similar mode of action even though they have different 

molecular structures. Neonicotinoids are agonists of the nicotinic acetylcholine receptors 

(nAChRs) in nerve synapses located on the insect ventral nerve cord. Neonicotinoids enter nerve 

tissues and bind to the postsynaptic nicotinic acetylcholine receptors (nAChRs), thus competing 

with the natural neurotransmitter acetylcholine (ACh). In insects, this binding causes continuous 

nervous stimulations at low concentrations and paralysis at higher concentrations (Jeschke and 

Nauen, 2008; Goulson, 2013; Morrissey et al., 2015). Hence, neonicotinoids are active against a 

large number of crop pests orders, such as Aphidae, Aleyrodidae, Cicadellidae, Chrysomelidae, 

Elateridae, Fulgoroidea, Pseudococcidae, and phytophagous mites (Simon-Delso et al., 2014).  

Vertebrates have comparatively lower numbers of nicotinic receptors with high affinity for 

neonicotinoids. They bind less strongly to vertebrate receptors than insect nicotinic acetylcholine 

receptors (nAChRs) (Simon-Delso et al., 2014; Goulson, 2013). These lower binding efficiencies 

to vertebrates compared to invertebrate receptors, indicate selective toxicity of neonicotinoids to 

arthropods (Simon-Delso et al., 2014). However, seed-eating vertebrates could be exposed to 

lethal doses if they consume treated seeds spilled during sowing (Goulson, 2013). Lopez-Antia et 

al. (2013) observed that red-legged partridge fed with imidacloprid-dressed wheat seed showed a 

mortality of 58.3 % in high dose exposure and sublethal effects such as oxidative stress, reduced 

carotenoid-based colouration, size of eggs, fertilization rate, and chick survival which suggests 

that neonicotinoid-treated seeds are a factor to consider in the decline of birds in agricultural 

environments (Gibbons et al., 2015). Also, neonicotinoids affect other granivorous vertebrates 

such as mice (Goulson, 2013). 

Pests and non-target insects are equally impacted by neonicotinoid exposure. Most importantly, 

the effect of neonicotinoids on wild pollinators and managed honeybees are being discussed 

since neonicotinoids are routinely used to dress seeds of crops which are major forage sources 

for these insects such as canola, sunflower and maize (Parkinson et al., 2020). Neonicotinoids 

are also commonly used as foliar sprays in gardens, for both vegetables and flowers (Cresswell, 

2010). Exposure to field-realistic levels of imidacloprid has no lethal effect but reduces the 

expected performance in honeybees by between 6% and 20%. However, according to Marzaro et 

al. (2011), exposure to dust released during seed drilling and sowing causes direct mortality. The 
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impact on other pollinators such as hoverflies or butterflies and pollinators that forage on crops 

treated with neonicotinoids via irrigation water is largely overlooked (Goulson, 2013). 

Sánchez-Bayo and Goka (2006) observed a reduction in the abundance of plankton, nekton, and 

other aquatic species, including 65 species of insects, when the residues of imidacloprid in 

paddies were greater than 1μg/L. Compared with imidacloprid and clothianidin, thiamethoxam 

was considerably less toxic to common New Zealand Mayfly (Deleatidium spp.) nymphs 

(Macaulay et al., 2019). Depending on the mode of action and insecticidal properties, out of all 

aquatic organisms, aquatic insects are at more risk of acute toxicity from neonicotinoid exposure. 

These insects could be exposed to insecticides by direct contact and oral uptake via water or 

sediment (Anderson et al., 2015). According to Sánchez-Bayo (2012), neonicotinoids are the 

second most toxic insecticides to larvae of mayflies, caddisflies, stoneflies, dragonflies, and 

aquatic beetles with a geomean L50 value of 6.0μg/L, while pyrethroids are the most toxic with 

L50 value of 1.6μg/L(Sánchez-Bayo, 2012). In low neonicotinoid concentrations, altered brain 

function, immobilization, and behaviour can be observed in aquatic insects as sub-lethal effects 

(Macaulay et al., 2019).  

These pollutants could also cause visual and chemoreception damage or irritation in aquatic 

organisms, which could lead to behavioural alterations. Organisms may avoid exposure either 

through relocating to a more favourable environment or avoiding the consumption of 

contaminated food items. Failure to do so could eventually reduce the survival and fitness. 

Foraging behaviour could also be affected by contaminants as they mask natural odours, alter the 

function of the taste mechanism, or by disrupting other sensory systems for detecting food. 

Moreover, pollutants can also lead to disruption of anti-predator behaviours by modifying the 

responses of an organism to predation risk (Riddell et al., 2005).  

According to Azevedo-Pereira et al. (2011), exposure to a sub-lethal dose of imidacloprid affects 

the locomotor behaviour of chironomids. During the exposure period, animals exposed to the 

highest concentration exhibited a decrease in locomotor activity and ventilatory activities, while 

those exposed to the lower concentrations exhibited a slight increase in locomotion in the first 

48hr of exposure. In Neureclipsis sp., net rebuilding behaviour, which is a crucial behaviour for 

food uptake, was reduced directly after the pulse of imidacloprid exposure in stream mesocosms 

(Mohr et al., 2012). Also, a significant reduction in feeding was observed in mayfly larvae after 
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exposure to 1μg/L or higher concentration of imidacloprid (Alexander et al., 2007). These 

alterations in the behaviour of aquatic organisms are a very sensitive indicator of water 

contaminations (Van Gossum et al., 2009). Since insect interactions with other animal and plant 

species, as well as with the abiotic environment, depend on insect behaviour (Mogren and 

Trumble, 2010) and considering aquatic insects play a crucial part in food webs, a high impact 

on these organisms could cause a subsequent effect on higher trophic organisms, such as 

insectivorous birds and fish (Anderson et al., 2015). 

1.5: Test Compound 

Imidacloprid 

Imidacloprid was the first neonicotinoid introduced to the market in the 1990s, followed by 

thiacloprid, thiamethoxam, nitenpyram, acetamiprid, clothianidin and dinotefuran (Jeschke et al., 

2011) and one of the most used neonicotinoids to protect crops from pest insects (Bonmatin et 

al., 2015). Imidacloprid, clothianidin, and thiamethoxam have frequently been detected in 

surface water bodies in North America (Main et al. 2014). Wordwide, imidacloprid has been 

detected in concentrations ranging from 0.001 - 320μg/L (Morrissey et al., 2015). There is a high 

potential of imidacloprid to accumulate in soils and to leach to surface water and groundwater 

(Morrissey et al., 2015) and its metabolites, imidacloprid-Olefin which can also be further 

metabolized to 6-chloronicotinic acid (6-CNA) contributes to the overall toxicity of imidacloprid 

and cause delayed effect for aquatic species (Suchail et al., 2001). According to previous toxicity 

data, imidacloprid was identified as the most toxic neonicotinoid active ingredient to aquatic 

invertebrates, followed by clothianidin and thiamethoxam (Cavallaro et al., 2017) 

1.6: Test Species 

Study Organism: Lestes spp (Insecta: Odonata) 

Damselfly (Lestes spp) larvae can be found in a great diversity of aquatic habitats and are most 

common in lowlands streams and ponds and some species tolerate brackish water (Barmentlo et 

al., 2019; Thorp and Rogers, 2011; Lee Foote and Rice Hornung, 2005). Their taxonomy is 

relatively stable and general aspects of their biology and life history are well-known (Schultz, 

2009). They develop from aquatic larvae to terrestrial adults without a pupal stage while 

dramatically changing their morphology, habitat, and behaviour. Damselflies reflect their 
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habitats and ecological niches by the vast diversity of body colours and patterns of adult 

damselflies and diverse body shapes in larval damselflies (Okude et al., 2021). Larvae are easy 

to identify to their species level and adults are more conspicuous and easier to identify than the 

larvae while mature males are clearly visible in their habitats (Carle, 1979). Odonates are an 

important part of aquatic food webs playing their role as both predator and prey. Many 

damselflies, as well as other members of the Odonata, feed primarily on mosquito larvae and 

hence are beneficial predators on important pest species. When feeding, larvae thrust out their 

long-hinged labium to catch their prey. Worldwide, identified Odonata species are approximately 

5,500 and from that, around 650 species can be found in North America (Thorp and Rogers, 

2011).  

Odonate species serve as an excellent bioindicator and an important measure of environmental 

quality, habitat heterogeneity, and community structure (Barmentlo et al., 2019). They inhabit a 

broad geographic range and broad scale of aquatic habitats but have narrow habitat requirements. 

This includes both aquatic and terrestrial habitats during their life cycle (Schultz, 2009). 

Damselflies are a reliable bioindicator for aquatic habitats since they lay eggs in or near fresh 

water and larvae live in fresh water for at least several weeks. Further, damselflies are 

widespread and easy to observe at most times of the year as larvae or adult stages and they are 

highly dependent on the ecological conditions of their aquatic habitat (Jacob and Manju, 2016). 

Additionally, damselflies are dominant in highly anthropogenic habitats and species are likely to 

be found in the vicinity of anthropogenic disturbances such as neonicotinoid runoff from the 

agricultural landscape (Schultz, 2009). Studies have shown that odonate diversity is highly 

related to the water quality indexes (Jacob and Manju, 2016) and many countries use odonate 

species as a bioindicator for wetland water quality (Clausnitzer and Jodicke, 2004; Stewart and 

Samways, 1998).  

1.6.1: Anti-predator Behaviour of Damselfly Larvae 

Animals must accurately recognize predation risk to maximize fitness (Mirza and Chivers, 

2000). They need to constantly trade-off increasing predation risk versus gaining resources. 

Damselfly larvae are well-known predators, as well as important prey for many aquatic 

vertebrates and invertebrates. Damselfly larvae mostly use a sit and wait strategy to capture prey 

and they are highly sensitive to chemical cues in the aquatic environment (Jonsson et al., 2014). 
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In addition, they show plastic behavioural responses to predators (Mortensen and Richardson, 

2008); they respond to cues from injured or eaten conspecifics, disturbance cues, and predator 

kairomones (Mortensen and Richardson, 2008). Moreover, predator-naive damselfly larvae even 

learn to recognize novel predators based on a one-time, simultaneous pairing of conspecific 

alarm cues with predator smells (Chivers et al., 1996; Wisenden et al., 1997). They are under 

strong selection for low activity and cryptic behaviour. Studies show that larval damselflies 

reduce their locomotor and feeding activity in the immediate presence of fish, heteropteran 

predators and larval dragonflies (McPeek, 1990; Koperski, 1997). 

1.6.2: Pollution Effect of Anti-predator Behaviour of Damselfly Larvae 

Aquatic animals are highly sensitive to even the slightest changes in biotic and abiotic conditions 

in their environment, which change their behaviour. These changes could serve as an indication 

of the levels of pollution (Lefcort et al., 2000). Behavioural responses are a result of genetic, 

biochemical, physiological, and environmental cues, which could be affected by environmental 

contaminants (Dell’Omo, 2002) and failure to exhibit relevant behavioural responses could result 

in reduced fitness and survival (Riddell et al., 2005). Damselfly larvae are known to have a high 

tolerance to contaminants, and chronic exposures could influence survival via behavioural 

modifications (Jonsson et al., 2014). Damselfly larvae were found to be less capable of escaping 

simulated predator attacks after exposure to PFOS (Perfluorooctane sulfonate) (Van Gossum et 

al., 2009) and larvae exposed to a low concentration of two commonly used antihistamines 

became significantly less active, and increased boldness compared to non-exposed individuals 

(Jonsson et al., 2014). 

1.7: Research Objectives and Thesis Structure 

My research focused on the effect of neonicotinoid insecticide, specifically imidacloprid, on the 

anti-predator behaviour of damselfly larvae as a response to different types of predator cues. 

Further, I investigated the effect of imidacloprid on the learned recognition of novel predator 

odour by damselfly larvae. Lastly, I examined the interaction of predatory cues and imidacloprid 

as a possible mechanism for the impairment of learned recognition of novel predator odour.   

Research Objectives: My research had three main objectives: 
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I. To investigate the effect of acute and chronic exposure of imidacloprid insecticide on 

anti-predator response to conspecific alarm cues and predator kairomones (Chapter 

2). 

In the first experiment, I exposed damselfly larvae to both environmentally relevant and higher 

concentrations of imidacloprid (0μg/L, 0.1μg/L, 1.0μg/L, and 10μg/L) for 10 days. I assessed 

their anti-predator responses by measuring changes in feeding bites before and after exposure to 

conspecific chemical alarm cues and predator kairomones. This anti-predator behaviour was 

measured after 2, 5 and 10 days of imidacloprid exposure.  

II. To investigate the effect of chronic exposure of imidacloprid insecticide on learned 

recognition of novel predator odour (Chapter 3). 

In this experiment, I exposed damselfly larvae to different concentrations of imidacloprid 

(0μg/L, 0.1μg/L, 1.0μg/L, and 10μg/L) for 10 days. After that, I conditioned them to learn a 

novel predator odour and then I evaluated them for anti-predator response by measuring changes 

in feeding bites before and after exposure to the predator odour. 

III. To investigate the interaction of chemical cues and imidacloprid as a mechanism for 

impairment of learned recognition of novel predator odour by damselfly larvae 

(Chapter 4). 

In this study, I exposed damselfly larvae to a 0μg/L concentration of imidacloprid (water) for 10 

days. After that, I conditioned the damselfly larvae to learn the novel predator odour by mixing 

0μg/Lor 3μg/L concentrations of imidacloprid solution with the conditioning solution. 

Thereafter, I evaluated them for anti-predator response by measuring changes in feeding bites 

before and after exposure to the novel predator odour. 
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Chapter 2: Effect of Imidacloprid Insecticide on Anti-predator Response to Conspecific 

Alarm Cue and Predator Kairomones on Damselfly Larvae (Lestes sp.) 

 

2.1: Abstract 

The winner of any given predator-prey encounter is highly dependent on early detection. When 

the predator detects the prey first, it may have the opportunity to catch the prey off guard. If the 

prey detects the predator first, it has a chance to seek shelter or flee. Aquatic prey organisms rely 

heavily on chemical information, including predator kairomones, alarm cues and disturbance 

cues, to assess risk and give themselves the upper hand. The ability to use these source of 

chemical information may be compromised in the presence of pollutants, including pesticides. 

Neonicotinoids are widely used, water-soluble neurotoxic insecticides and the effect of this class 

of insecticide on non-target aquatic environments has become a major environmental concern. In 

this experiment, I investigated the effects of water contaminated with a series of concentrations 

of imidacloprid (0.0μg/L, 0.1μg/L, 1.0μg/L, and 10.0μg/L) on the anti-predator behaviour of 

damselfly larvae (Lestes sp). The change in number of feeding bites performed (a decrease in 

feeding in indicative of fear in this system) after injecting a conspecific damage-released alarm 

cue solution or a predator kairomones solution was observed and recorded after day 2, day 5, and 

day 10 of exposure to imidacloprid. On day 2 and day 5, the control and 0.1μg/L groups showed 

appropriate anti-predator behaviour, reducing activity to both alarm cues and predator odour but 

this was not the case when the damselflies were exposed to 1.0μg/L and they no longer 

responded significantly to alarm cues at 10.0μg/L. By day 10, larvae in the 1.0 and 10.0μg/L 

groups no longer responded to alarm cues and all exposure groups ceased responding to predator 

odour indicating that imidacloprid impairs the anti-predator response to conspecific alarm cue 

and predator odour in damselfly larvae.  

2.2: Introduction 

2.2.1: Types of Chemical Cues 

Predator-prey interactions can be viewed as a competition in which the winner is often 

determined by early detection. Prey that detects a predator prior to themselves being detected, 

may be able to seek shelter and avoid an attack or they may be able to flee the area before the 

predator is even aware of the prey. Alternatively, if the predator detects the prey first, it may be 
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able to surprise the prey and initiate an attack. There are a variety of sources of risk information 

available to the prey, including auditory, visual, tactile, and chemical stimuli. Aquatic organisms 

rely heavily on chemical information. Throughout all the stages of the predation sequence, from 

encounter to escape or death of the prey, specific chemicals are released from prey and predators, 

thereby providing information regarding the presence of predation risk along with the degree of 

risk (Lima and Dill, 1990). 

Compounds used for chemical communication by animals are named semiochemicals; they are 

classified based on their effect and functions as intraspecific pheromones, which mediate 

interactions among individuals of the same species, or interspecific allelochemicals which 

mediate interactions among individuals of different species (Crane et al., 2022). 

Kairomones are a type of allochemical, which are released by one species and detected by 

another species that is generally favourable to the second species. Predator odours are a type of 

kairomone which could benefit the prey species, allowing them to detect a predator from a 

distance, including those waiting in ambush (El-Shafie and Faleiro, 2017; Ferrari et al., 2010). 

Another type of semiochemicals are disturbance cues, which are chemicals released by disturbed 

prey. Studies suggest that these chemicals could be urinary ammonia, corticosteroids, or other 

stress hormones. Disturbance cues could be released by injured prey or by prey prior to an injury. 

Therefore, disturbance cues could be an early warning for the conspecific organisms although it 

could be a less reliable chemical cue at certain points (Crane et al., 2022). The third type of 

chemical cue is alarm cues, which can be sub-divided into damage-released alarm cues and 

dietary alarm cues. Damage-released alarm cues are released when a predator damages prey 

tissue. On the other hand, dietary alarm cues are chemicals released by a predator which are the 

metabolic derivatives of prey tissue and other related chemicals after the ingestion of the prey 

organism. Therefore, damage-released alarm cues and dietary alarm cues are reliable indicators 

of an actively foraging predator (Ferrari et al., 2010). 

During each stage of predation from detection to ingestion, one or more types of chemical 

stimuli could provide a clear picture of the risk of predation. During the detection stage, predator 

kairomones provide an indication of the presence, and nature of the predator, as well as the 

distance from the predator. During the stage of an attack, prey could analyze the danger from the 

predator by a mixture of disturbance cue of conspecifics and the predator kairomones. In the 
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stage of capture, the prey organism could detect predator kairomone, conspecific alarm cues as 

well as disturbance cues, and during the last stage (i.e., ingestion), the prey organism could 

detect predator kairomone and dietary alarm cues. On that account, by analyzing the type of 

chemical cues in the environment, the prey organism could picture the whole scenario around 

oneself (Crane et al., 2022). For a prey organism, even the smallest concentration of these 

chemical cues is sufficient for the detection of the predation risk. According to Lu and Scheffer 

(2007), amphipods utilize back currents and can detect chemical cues released by predatory 

brown trout that are downstream. Therefore, in aquatic environments organisms ranging from 

zooplankton, algae, and invertebrates to vertebrates, are highly reliant on chemical cues to avoid 

predation. 

2.2.2: Reduced Foraging as a Response to Predator Stimuli 

Lima and Dill (1990) argue that, since all animals are potential prey for another animal, the risk 

of being preyed upon is significantly dependent on decision-making regarding the risk of 

predation and benefits gained from engaging in any given activity. Increased activity for foraging 

could reduce the risk of death by starvation although it could increase the risk of death by a 

predator. Anholt and Werner (1998) studied the effect of food shortage on the risk of predation 

in larval anurans and they observed that depletion of food increased the foraging activity and 

consequently increased the encounter rates with predators which eventually led to the mortality 

of larval anurans. Additionally, Anholt et al. (1995) observed that at high food levels tadpoles 

suffered less mortality since they moved slowly and less frequently. Also, it is reported that 

three-spined (Gasterosteus aculeatus) and ten-spine sticklebacks (Pungitius pungitius)) 

selectively attacked damselfly larvae that were actively foraging (Convey, 1988). In conclusion, 

it is evident that prey organisms should adapt their behaviour according to the trade-off of risks 

and benefits. Hence, reducing activity levels is a more common response of prey animals to 

avoid predation. 

A large number of studies have assessed behavioural responses to the presence of a predator and 

predatory stimuli. In a study conducted by Eklov and Werner (2000), 65% of bullfrog tadpoles 

were active at any instant in the absence of predators, while their activity decreased dramatically 

in the presence of a predator. Similarly, hungry and satiated adult neotenic graybelly 

salamanders (Eurycea multiplicata), that were exposed to chemical stimuli of predatory fish 
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species and non-predatory fish species, showed different behavioural responses. Regardless of 

the hunger levels, salamanders waited longer to attack their prey when exposed to predator 

stimuli compared to non-predatory stimuli (Whitham and Mathis, 2000). 

Odonate species were also studied for their responses to predatory stimuli. According to Pierce 

(1988), dragonfly larvae strongly avoided colonizing microhabitats where their predators, 

bluegill sunfish (Lepomis macrochirus) were present. Similarly, in an experiment where late 

instar Ischnura elegans larvae were monitored for their movements and feeding behaviour in the 

presence of predatory fish, predatory invertebrates, as well as non-predatory invertebrates, the 

prey reduced feeding efficiency and movement to both fish and invertebrate predators while 

there was no effect by the presence of non-predatory invertebrates. Furthermore, Ischnura larvae 

were able to differentiate between the presence of actual predators and the physical disturbances 

of the water (Heads, 1985). According to another experiment, Koperski (1997) observed that 

feeding rates and diet composition of Enallagma cyathigerum larvae were significantly reduced 

in the presence of predatory stimuli. 

2.2.3: Effects of Pollutants on Anti-predator Response in Damselfly Larvae  

Abiotic and biotic factors of the environment significantly affect the properties of chemical cues 

and prey responses to these cues. A large number of studies have been conducted to evaluate the 

effect of physical, chemical, and biological factors on cue decay in aquatic environments (Ferrari 

et al., 2010).  

Van Gossum et al. (2009) observed that fluorinated organic compounds, which are used for a 

range of specialized consumer and industrial products as surfactants, polymers, and fire-fighting 

foams, could decrease the response of Enallagma cyathigerum (Insecta: Odonata) to simulated 

predator attack when exposed to concentrations above the no-observed-effect concentration. 

Similarly, damselfly larvae exposed to low concentrations of commonly used antihistamines 

recorded increased boldness and reduced time of escape from the predator compared to control 

treatments (Jonsson et al., 2014). In a study conducted by Janssens and Stoks (2012), they 

observed that a 24hr exposure to a sublethal concentration of insecticide, endosulfan and the 

herbicide Roundup ©, increased the mortality by predation on Enallagma cyathigerum. Further, 

they reported that after exposure to pesticides, larvae increased their activity levels and even 

further increased their walks, orientations toward prey, and feeding strikes even after introducing 
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the predator stimuli. Larvae that were not exposed to pesticides reduced walking, orientation, and 

feeding strikes when exposed to the predation risk. 

Taken together this research recognises that the ability of damselfly larvae to respond to 

predatory stimuli is affected by environmental pollutants, particularly pesticides. So far, 

however, there has been little study of the effect of neonicotinoid pesticides on the anti-predator 

response of damselfly larvae. The following experiment examined the effect of imidacloprid (a 

neonicotinoid pesticide) on anti-predator behaviour (a reduction in feeding) of damselfly larvae. 

Here I induced anti-predator responses by introducing (i) predator kairomones of predacious 

water beetle, and (ii) conspecific alarm cues. 

2.3: Methodology 

2.3.2: Experimental Animal Collection and Maintenance 

Damselfly larvae (Lestes spp.) used for this experiment were collected from a pond located 

Northwest of the city of Saskatoon (52.240104, -106.884445) and Chappell marsh 

(52.09982122091008, -106.76598745564583), in June 2021. The collection sites are in the 

proximity of agricultural plots; however, the past pesticide exposure is unknown. Aquatic 

predatory organisms as diving beetles, backswimmers, dragonfly larvae, and snails were 

presence in the collection sites. To assess the pre-exposure to neonicotinoid insecticides we 

collected samples of water from our damselfly collection sites (30 cm depth) in a chemically 

cleaned amber glass jar. Collected larvae were transported to the laboratory and maintained in a 

6L aquarium with pond water at approximately 20ºC on 16L:8D-hr photoperiod. The pond water 

was fully changed to dechlorinated tap water after 24hr. Damselfly larvae were fed with brine 

shrimp nauplii (Artemia franciscana). Mean ± SD length of 20 damselfly larvae measured from 

tip of the head to tip of the abdomen, excluding caudal lamellae was 17.85 ± 1.00mm. Species 

identification was done based on adult damselfly characteristics. Samples of 30 damselfly larvae 

were placed in individual 500mL plastic cups containing 200mL water and provided each with 

wooden stick as support for emergence. Emerged damselflies were identified as spreadwings 

from the family Lestidae (Lestes congener -the spotted spreadwing) by using identification keys 

from Hutchings and Halstead (2011). Adult water beetles were collected from a pond located 

within the Saskatoon area (52.240104, -106.884445). Beetles were transported to the laboratory 

and maintained in a 500 ml plastic cup containing 250mL dechlorinated tap water at 
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approximately 20ºC on 16L:8D-hr photoperiod. They were fed with fairy shrimp and mosquito 

larvae. We used three Dytiscus circumcinctus and one Dytiscus mauritius as predators. Beetles 

were identified using the key from Larson et al. (2000).  

2.3.3: Treatment Preparation 

Preparation Of Test Solution: One hundred percent pure imidacloprid (N-[1-[(6-chloropyridin-3-

yl) methyl]-4,5-dihydroimidazol-2-yl]nitramide) used as an experimental compound. 

Imidacloprid was acquired from Sigma-Aldrich Ltd. A stock solution was prepared by dissolving 

1mg of pure imidacloprid in 1L of purified, reverse osmosis water and stored in 1L amber glass 

bottles at 4- 8°C in the dark. To prepare each 0.1µg/L, 1.0µg/L (as environmental relevant 

concentrations), and 10.0µg/L (as higher concentration that the environment relevant 

concentration), treatment solution, 25µL, 250µL, and 2.5mL volumes of imidacloprid from the 

stock solutions were dissolved in 250mL of water, respectively. 

Conspecific Damage-Released Alarm Cue Preparation: Selected damselfly larvae were starved 

for 3 days prior to the preparation of stimulus to remove any food cue produced after feeding 

the Artemia nauplii solution. Following the methodology of Wisenden et al. (1997), the alarm 

cue solution was prepared by crushing 2 damselfly larvae in 20mL of water using a 

homogenizer. The solution was filtered by glass fibre cotton to remove large solid particles. A 

newly prepared alarm cue solution was used in each trial.  

Predator Kairomone Solution Preparation: Before collecting odour, beetles were starved for 24hr 

to remove any food cue. Beetles were then transferred to an individual 1L plastic cup containing 

500ml of dechlorinated tap water. After 24hr, beetles were removed and water from individual 

cups were mixed and stored in plastic bags and frozen at -20ºCfor subsequent use as the beetle 

odour solution. The frozen beetle odour was thawed at room temperature before being used.  

2.3.4: Pilot Test 

A pilot test was conducted to assess the survival of damselfly larvae in test treatment 

concentrations. Damselfly larvae were placed individually in a 500mL glass jar (chemically 

cleaned three times with acetone and three times with hexane) that contain of 250mL of 

imidacloprid solutions with concentrations of 0.0μg/L, 0.01μg/L, 0.1μg/L, 1.0μg/L, 2.0μg/L, 

5.0μg/L, or 10.0μg/L. Three damselfly larvae were used for each treatment. No substrate or 
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structure was provided, and damselfly larvae were fed daily with Artemia nauplii solution . For 

10 days, the survival of each damselfly larvae was observed. At the end of day 10, all the 

damselfly larvae survived, thus providing us with an indication that our experiments could 

address sublethal effects.  

2.3.5: Imidacloprid Exposure 

Each larva was placed individually in a 500mL glass jar (chemically cleaned three times with 

acetone and three times with hexane) that contained 250mL of imidacloprid solutions with the 

concentrations of 0.0μg/L, 0.1μg/L, 1.0μg/L, or 10.0μg/L. No substrate or structure was 

provided. The static concentration of imidacloprid was maintained for a period of 10 days and 

larvae were fed daily with Artemia nauplii solution (ca. 2000 nauplii). The anti-predator 

behaviour of damselfly larvae was observed in imidacloprid contaminated water after day 2, day 

5, and day10. 

2.3.6: Anti-predator Response 

Prior to the experiment, larvae were not fed for at least 36hr. After that, 2mL of Artemia 

nauplii solution (ca. 2000 nauplii) was added to the container using a 5mL plastic syringe. A 

waiting time of 5min was allowed before conducting observations to let the damselflies adjust to 

the presence of the observer and establish a regular pattern of feeding behaviour (Wisenden et 

al., 1997). The number of feeding bites performed by the damselflies was recorded for 5min 

before and 5min after injecting the 1mL of conspecific damage-released alarm cue solution, 

water containing beetle odour, or water using a 5ml plastic syringe (Chivers et al., 1996). Each 

trial was video-recorded using a CASIO digital camera mounted above each glass jar. A feeding 

bite occurred when a damselfly larva quickly extended the prementum of its labium toward a 

prey item (Wisenden et al., 1997). In this experiment, each treatment group had a sample size of 

20 damselfly larvae. 

2.3.7: Neonicotinoid Analysis 

A complete water change was conducted every third day to maintain a static test concentration 

and prevent significant ammonia buildup related to feeding. During the first water change on 3rd 

day, water (25 mL) was sampled from ten randomly selected replicate beakers per treatment and 

pooled into a 250mL amber bottle and stored at 4ºC until analyzed. Both old and new water 
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samples were collected, and samples were analyzed to determine insecticide exposure and to 

determine if any degradation occurred. An additional water samples were collected from 

damselfly larvae collection sites (on 7th June 2021 and 28th June 2021) and pooled to analyze the 

neonicotinoid contamination. Water samples were analyzed at the National Hydrology Research 

Centre, Environment Canada, Saskatoon, SK. The limit of quantification (LOQ) in the water 

sample was 0.003μg/L and the limit of detection was 0.001μg/L for imidacloprid. The recovery 

of imidacloprid from purified MilliQ water that had been spiked with 0.125μg/L of imidacloprid 

was 107.4%, revealing that the extraction procedure was successful. The concentration of 

laboratory blanks was 0.003μg/L. Results are shown in supplementary data (Table 5). 

2.4: Statistical Analysis 

To prepare the data for analysis we removed trials when no feeding occurred during the pre 

stimulus period as well as extreme > 3SD values. We first analyzed the baseline pre-stimulus 

data (foraging strikes) using a General Linear Mixed Model (GLMM), testing the fixed effects of 

the day (2, 5, or 10), pesticide concentration (0, 0.1, 1.0, or 10μg/L of imidacloprid), and cue 

(alarm cue, predator odour, or water), as well as the concentration by cue interaction, with 

subject ID included as a random factor (i.e., a repeated-measures design; Type I SS). Inspection 

of residuals revealed that the data were normally distributed and homoscedastic following rank 

transformation. Significant main effects were further analyzed with Tukey post-hoc tests. 

Because significant effects revealed differences in baseline behaviour across treatments (see 

results), we analyzed the change in behaviour in response to the cue by comparing differences in 

the slope of change between the pre- and post-stimulus periods. To do this, we used a General 

Linear Mixed Model (GLMM), testing the fixed effects of time (pre/post stimulus), day, 

concentration, and cue, as well as the interaction between concentration and cue, while including 

subject ID as a random factor (i.e., a repeated-measures design; Type I SS). Inspection of 

residuals revealed that the normality and homoscedasticity assumptions were met without data 

transformation. Due to significant interactions involving all fixed factors (see results), we split 

the data by day and concentration, and then performed separate post-hoc GLMMs on each group, 

comparing the pre-to-post stimulus slopes for each cue treatment. These models included time, 

cue, and their interaction as fixed factors, and subject ID as a random factor. Significant 

interactions in these models (see results) revealed differences in response to the cues, so we 
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performed additional post-hoc models for each group, specifically testing whether the response 

to alarm cues was different from control and whether the response to predator odour was 

different from control. All statistical analyses were performed in SPSS 26.0 with α= 0.05. 

2.5: Results 

Baseline foraging strikes were significantly affected by concentration (F3,208=3.44, P=0.018), 

where strikes were reduced by imidacloprid at 1.0μg/L(P =0.03) and 10.0μg/L(P=0.02), relative 

to control (Table 1; Fig. 1). There was also a main effect of day (F2,416 =28.26, P < 0.001), where 

strikes were overall higher on day 10 (vs. day 2 and day 5; both P < 0.01; Table 2; Fig. 1) and 

there was no significant interaction between concentration and day (F6,416 =1.27, P =0.27). 

Testing the behavioural changes in response to the cues revealed that all the fixed factors were 

involved in significant interactions (Table 3). On day 2, the unexposed larvae showed 

appropriate anti-predator behaviour, reducing activity to both alarm cues (F1,36 = 10.25, P = 

0.003) and predator odour (F1,35 = 4.71, P = 0.037; Table 4; Fig. 1). We saw this same pattern 

with imidacloprid concentrations of 0.1μg/L (both P < 0.001) and 10.0μg/L (both P < 0.01) but 

not at 1.0μg/L (F2,49 = 1.34, P = 0.27), where we saw only a nonsignificant trend for reduced 

activity (Table 4, Fig. 1). At day 5, control larvae, and those in the 0.1μg/L concentrations, 

continued to respond to both cues (all P < 0.025; Table 4, Fig. 1). They, again, did not respond 

significantly in the 1.0μg/L group (F2,49 = 2.77, P = 0.07), and they no longer responded 

significantly to alarm cues in the 10.0μg/L group (F1,31 = 3.99, P = 0.06; Table 4, Fig. 1). By day 

10, larvae in the 1.0 and 10.0μg/L groups no longer responded to alarm cue (F2,49 = 2.88, P = 

0.07 and F2,46 = 0.67, P = 0.52, respectively), and all exposure groups ceased responding to 

predator odour (all P > 0.05; Table 4).  

Table 2.1: Output from Tukey post-hoc contrasts of concentration effects of baseline foraging 

strikes of damselfly larvae. Significant effects of interest are in bold. 

Contrasts (μg/L) Mean Difference  
Std. 

Error 
P 

0 vs. 0.1 5.24 2.13 0.07 

0 vs. 1 5.96 2.16 0.03 

0 vs. 10 6.33 2.19 0.02 

0.1 vs. 1 0.72 2.17 0.99 

0.1 vs. 10 1.09 2.20 0.96 

1 vs. 10 0.37 2.23 >0.99 
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Table 2.2: Output from Tukey post-hoc contrasts of change in feeding strikes on day 2, day 5 

and day 10 effects on baseline foraging strikes of damselfly larvae. Significant effects of interest 

are in bold. 

Contrasts 

(day) 

Mean 

Difference  

Std. 

Error 

P 

2 vs. 5 -2.32 1.885 0.44 

2 vs. 10 -13.27 1.885 <0.001 

5 vs. 10 -10.95 1.885 <0.001 

 

Table 2.3: Output from overall GLMM testing for the effects of different imidacloprid 

concentrations on change in feeding strikes of damselfly larvae after injecting alarm cue, 

predator odour or water. Significant interactions of interest are in bold. 

  Factors F df p 

Time 8.753 1, 1000 0.003 

Day 63.514 2, 1000 <0.001 

Concentration 2.156 3,200 0.094 

Cue 19.721 2,200 <0.001 

Time × Day 0.269 2, 1000 0.764 

Time × Concentration 1.022 3, 1000 0.382 

Time × Cue 17.104 2, 1000 <0.001 

Day × Concentration 3.01 6, 1000 0.006 

Day × Cue 3.396 4, 1000 0.009 

Concentration × Cue 0.921 6,200 0.481 

Time × Day × Concentration 0.141 6, 1000 0.991 

Time × Day × Cue 0.116 4, 1000 0.997 

Time × Concentration × Cue 0.3 6, 1000 0.937 

Day × Concentration × Cue 2.879 12,1000 0.001 

Time × Day × Concentration × Cue 0.316 12,1000 0.987 

ID (random) 2.125 200,1000 <0.001 
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Table 2.4: Time × cue interaction terms from separate GLMMs for each concentration treatment 

on change in feeding strikes on each day. Significance in the overall model was followed by 

post-hoc contrasts of alarm cues (AC) and predator odour (PO) compared to the control 

treatment. Significant post-hoc comparisons are in bold. DNT = did not test. 

Day Concentration (μg/L) Contrasts F df p 

2 0 Overall 4.35 2,53 0.018 

  AC vs. W 10.25 1,36 0.003 

   PO vs. W 4.71 1,35 0.037 

 0.1 Overall 10.47 2,52 <0.001 

  AC vs. W 16.06 1,33 <0.001 

   PO vs. W 10.15 1,36 0.003 

 1 Overall 1.34 2,49 0.273 

  AC vs. W   DNT 

   PO vs. W     DNT 

 10 Overall 5.77 2,46 0.006 

  AC vs. W 9.33 1,31 0.005 

    PO vs. W 8.70 1,31 0.006 

5 0 Overall 4.02 2,53 0.024 

  AC vs. W 5.59 1,36 0.024 

   PO vs. W 7.00 1,35 0.012 

 0.1 Overall 4.16 2,52 0.021 

  AC vs. W 6.48 1,33 0.016 

   PO vs. W 6.17 1,36 0.018 

 1 Overall 2.77 2,49 0.072 

  AC vs. W   DNT 

   PO vs. W     DNT 

 10 Overall 4.42 2,46 0.018 

  AC vs. W 3.99    1,31  0.055      

    PO vs. W 6.61  1,31 0.015 

10 0 Overall 8.82 2,53 <0.001 

  AC vs. W 15.33 1,36 <0.001 

   PO vs. W 15.9 1,35 <0.001 

 0.1 Overall 4.54 2,52 0.015 

  AC vs. W 9.2 1,33 0.005 

   PO vs. W 1.06 1,36 0.31 

 1 Overall 2.88 2,49 0.066 

  AC vs. W   DNT 

   PO vs. W     DNT 

 10 Overall 0.67 2,46 0.518 

  AC vs. W   DNT 

    PO vs. W     DNT 
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Figure 1.1: Number of feeding strikes (mean ±SE) of imidacloprid-exposed (0, 0.1, 1.0, or 

10.0μg/L) damselfly larvae (n=20) pre and post injection of alarm cue (gray circles), predator 

odour (black circles), or water (white circles) on day 2, 5, and 10. Slopes that were significantly 

different from the water (control) are indicated by an asterisk. NS = nonsignificant. Imidacloprid 

concentrations 

The concentrations of imidacloprid in our water samples before and after water changes 

indicated that concentrations remained within expected ranges throughout the duration of the 

exposure period (Table 5), as the measured concentrations were similar to the nominal 
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concentrations. We also found no trace of any class of neonicotinoid insecticides at our 

collection site (Table 5).   

 

Table 2.5: Measured imidacloprid concentrations for each exposure treatment (pre and post 

water change) and the collection site. 

Nominal Water source 

Concentration 

(μg/L)                                          

              Measured  

Concentration 

       (μg/L) 

0.0                      Not measured 

0.1                 pre water change 0.077  

                post water change 0.134  

1.0                 pre water change 1.178  

                post water change 0.865  

10                 pre water change 14.225  

                post water change 9.250  

                Collection site <0.003 

 

2.6: Discussion  

The effect of neonicotinoid on aquatic life, especially insects, has been attracting considerable 

interest in the past decades. Even though there is a large literature on other insect orders, data on 

odonates are largely overlooked and there are some contradictions in the available data (Beketov 

and Liess, 2008; Jinguji et al., 2013; Van Dijk et al., 2013; Barmentlo et al., 2019: Sugita et al., 

2018). Odonates, specifically damselfly larvae, were found to be less sensitive to neonicotinoid 

insecticides compared to other widely used insecticides such as pyrethroid, phenyl pyrazole, 

organophosphates, and carbamates. Relative to acute toxicity, damselfly larvae were 2-3 times 

less sensitive to the neonicotinoid compared to a standard test species Daphnia magna (Sugita et 

al., 2018). Studies have revealed that survival and emergence of dragonfly larvae were 

negatively affected by neonicotinoid concentrations (113.3μg/L and 52.80μg/L respectively) 

which are greater than the environmentally relevant concentrations (Jinguji et al., 2013; Beketov 

and Liess, 2008), although the abundance of larval damselflies could possibly be affected by the 

environmental levels of neonicotinoids (van Dijk et al., 2013). Further, our pilot study indicates 

that damselfly larvae have a high tolerance to imidacloprid, exhibiting 100% survival after 

exposing them to imidacloprid concentrations of 0.1μg/L, 1.0μg/L, 2.0μg/L, 5.0μg/L, and 10μg/L 
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over 10 days. This supports the findings of Macaulay et al. (2019). However, chronic toxicity 

levels for aquatic invertebrates are found to be significantly less than that of acute toxicity 

(Barmentlo et al., 2019: Raby et al., 2018; Cavallaro et al., 2017) and there is little literature on 

the sublethal effects of chronic exposure of neonicotinoid pesticide on odonates. Importantly, 

there are no studies studying the effects of chronic neonicotinoids on anti-predator behaviour.  

The current experiment indicated that even environmentally relevant concentrations of 

imidacloprid CCME (2007), could affect the anti-predator behaviour under acute (≤96 hr) and 

chronic exposure (≥ 96 hr). In this experiment, damselfly larvae of control treatment responded 

to the conspecific alarm cue by decreasing their feeding following injection of conspecific alarm 

cue supporting the previous studies conducted by Wisenden et al. (1997), Similarly, damselfly 

larvae treated with 0μg/L imidacloprid responded to the water beetle odour which is a common 

predator of damselfly larvae by decreasing the feeding rates (Yee et al., 2013; Koperski, 1997). 

The lowest concentration of imidacloprid did not affect the anti-predator response to alarm cue in 

damselfly larvae for the entire experimental time period, although the anti-predator response to 

predator odour was affected by day 10 of the exposure. The highest concentration of 

imidacloprid started to affect anti-predator response to alarm cues after 5 days of exposure while 

the response to predator odour was affected on day 10. Control treatments showed that damselfly 

larval response to the chemical stimuli was stronger in the absence of imidacloprid insecticide 

and impaired anti-predator behaviour caused by imidacloprid suggests that damselfly larvae 

failed to recognize or respond to the chemical stimuli after being exposed to neurotoxic 

imidacloprid pesticide. Barry (1998) suggests that pollutants could impair the releasing of 

hormones responsible for anti-predator response by inducing stimulation of cholinergic nerves 

which subsequently stimulate chemical cue receptors and endocrine glands where neurons 

express nAChRs found to be highly sensitive to imidacloprid (Jepson et al., 2006). Further, the 

disruption of physiological and neuroendocrine pathways could lead to incorrect interpretation of 

external stimuli. Alternatively, imidacloprid could act as an info-disruptor that interferes with 

receptor sites and higher processing centres of chemosensory pathway (Lu and Scheffer, 2007) 

which is discussed with more details in chapter 4.  

Interestingly, a mid concentration of 1.0μg/L, a higher concentration than environmentally 

relevant concentration according to the Morrissey et al. (2015) showed an effect on anti-predator 
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response to both alarm cues and predator odour from the beginning of the trial which was day 2. 

This could be a reason that some organisms tend to respond to different concentrations of 

chemicals in an unusual way and lower concentrations may sometimes result in higher 

impairment (Macaulay et al., 2019). Sievers et al. (2018) suggest that this could be a result of 

concentration-dependent interaction between different stressors. Additionally, the effect of 

imidacloprid was different for alarm cues and predator odour for the same test concentrations 

and exposure time. To date, little attention has been paid to the composition of chemical signals 

and the nature of their interaction with biotic and abiotic factors. However, it is likely that the 

difference in the effect of imidacloprid on alarm cues and predator odour could be also related to 

their chemical interactions.  

Our results demonstrate that imidacloprid impairs the feeding behaviour of damselflies. This 

could be shown as the pre-stimulus differences in damselfly feeding strikes by concentration and 

day. Neonicotinoid effect on feeding behaviour in insects has been reported in previous studies 

(Barmentlo et al., 2019), which reported that increasing concentrations of thiacloprid gradually 

reduced damselfly larvae prey consumption. Further, Alexander et al. (2007) observed that 

mayfly feeding inhibition as a response to imidacloprid exposure decreased with an increasing 

time of exposure. Hence, a similar effect was observed in the current experiment on the feeding 

behaviour of damselfly larvae.  

In conclusion, this study suggests that environmentally relevant concentrations, higher 

concentrations, and exposure time of imidacloprid could decrease the recognition of risk cues 

(i.e., conspecific alarm cue and predator kairomones) by damselfly larvae which make them 

more vulnerable to predation. 
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Chapter 3: Effect of Chronic Exposure of Imidacloprid Insecticide on Learned Recognition 

of Novel Predator Odour by Damselfly Larvae (Lestes sp) 

 

3.1: Abstract 

Prey organisms learn to recognize local predation risk based on chemical stimuli associated with 

predators. Aquatic organisms are highly responsive to the slightest changes in the 

physicochemical nature of the aquatic environment and various pollutants, including insecticides, 

could affect their ability to learn predators. Imidacloprid is one such insecticide which is widely 

used in the agricultural industry. With extensive use, contamination of aquatic environments has 

become a major concern and pests and non-target insects are equally affected by this 

neonicotinoid insecticide. In this experiment, I investigated the effect of exposure to a series of 

nominal concentrations (0μg/L, 0.1μg/L, 1.0μg/L, 10.0μg/L) of imidacloprid on learned 

recognition of predatory stimuli by damselfly larvae. Damselflies were conditioned to recognize 

risk by exposing them to zebrafish odour (a novel odour) combined with conspecific damage-

released alarm cues or control of dechlorinated water. Learned recognition of predatory stimulus 

was assessed by quantifying the change in feeding bites performed (a decrease in feeding in 

indicative of fear in this system) after the injection of zebrafish odour. Larvae in the control 

group learned to respond to the predator odour based on their prior conditioning with alarm cues 

but not water. Learning of predator odour also occurred for larvae in the 0.1μg/L treatment group 

but failed for individuals exposed to the higher concentrations (1.0μg/L and10.0μg/L). In 

conclusion, our experiment suggests that imidacloprid insecticide contaminations could impair 

the conditioned learning of novel predators and risk the survival of prey species. 

3.2: Introduction 

3.2.1: Learned Recognition of Predator Stimuli 

Recognition of predator odours is widespread in aquatic prey and many studies conclude that 

prey identification of predator odour could be innate, mediated through dietary effects or by 

learning (Ferrari et al., 2010). Several aquatic species have shown to be responsive to predator 

odour during their first encounter. A study conducted by Berejikian et al. (2003) observed that 

hatchery-reared juvenile chinook salmon (Oncorhynchus tshawytscha) exhibited innate fright 

responses to northern pikeminnow (Ptychocheilis oregonensis) with no prior exposure to the 
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predatory stimuli, regardless of whether or not the salmon came from a population that co-exists 

with northern pikeminnows. Similarly, Hawkins et al. (2004) observed that newly hatched 

Atlantic salmon fry (Salmo salar) exhibit an innate recognition of pike as predators. Dietary cues 

also mediate predator recognition by prey organisms. A laboratory experiment conducted by 

Mathis and Smith (1993), observed that naive fathead minnows (Pimephales promelas) exhibited 

a fright response to chemical stimuli from northern pike a novel predator, who had recently eaten 

conspecific minnows but not to chemical stimuli from the same predators that had eaten 

heterospecific prey. Also, damselfly larvae (Enallagma spp.), responded to pike odour, a novel 

predatory odour when damselfly larvae were exposed to the dietary cue of pike-fed damselfly 

larvae as well as the dietary cue of pike-fed fathead minnows where fathead minnows were 

sympatric with fathead minnows in the damselfly larvae population evaluated. However, 

damselfly larvae did not respond to the dietary cues of pike-fed mealworms (Chivers et al., 

1996).  

Learned recognition of predator odour is an area which has gained a lot of attention from many 

researchers, who demonstrated that learning of novel odour could occur through social learning 

or conditioning with alarm cues. Social learning is learning to recognize a novel predator by 

observing the fright response of an experienced conspecific exposed to the threat. Pike-naive 

fathead minnows (Pimephales promelas), responded to northern pike odour when they were 

paired with pike-experienced conspecifics but not when paired with pike-naive conspecifics. 

Furthermore, pike-conditioned minnows retained the anti-predator response to pike odour when 

they were tested alone, which indicates successful learning of novel predator odour through 

social learning (Mathis et al., 1996). The second type of learned recognition is mediated through 

conditioning with alarm cues, where learning occurs when an individual is exposed to 

conspecific alarm cues concomitantly with novel predatory cues (Ferrari et al., 2010).  

Learned recognition of predator odour, through conditioning with alarm cues, has been studied 

by many researchers. In a study on predator-naive minnows (Pimephales promelas), exposure to 

the visual stimulus of a northern pike, or a goldfish, while simultaneously paired with alarm cue 

resulted in a response to the visual cue of the predator alone two days later. Further, the minnows 

who were conditioned with alarm cues retained the visual recognition of the predator even after 

approximately two months from the initial conditioning (Chivers and Smith, 1994). Wisenden et 
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al. (1997), studied the response to pike odour of two different damselfly larvae (Enallagma 

boreale) populations, one co-existed with predatory pike fish and the other was pike-naive. They 

found that damselfly larvae that co-existed with pike responded to the pike odour while pike 

novel damselfly larvae did not. However, after conditioning the same pike naive damselfly 

larvae with conspecific alarm cue combined with pike odour, the damselflies learned to respond 

to the pike odour alone. Interestingly, Ferrari and Chivers (2009) found that alarm cue 

conditioned learning can also occurr in the embryonic stage of the wood frogs (Rana sylvatica). 

They also observed that the learning that occurred during the embryonic stage helped the wood 

frogs to generalize the learned recognition to other similar predators. Both Ferrari and Chivers 

(2009) and Ferrari et al. (2008) reported that high alarm cue concentration during the 

conditioning could elicit a high anti-predator response in the prey species while Ferrari et al. 

(2008) concluded that this high concentration of alarm cue during the conditioning period poses 

a higher threat to the prey species which could aid the prey species in generalizing the anti-

predator response with closely related predator species.  

Learned recognition experiments generally consist of two stages, the conditioning phase 

followed by a testing phase. During the conditioning phase, the prey organism is exposed to 

conspecific damage-released alarm cues combined with a novel cue, typically a predator cue 

such as a visual, chemical, or auditory cue. For control treatments, water is used instead of the 

alarm cue. The testing phase occurs when these conditioned prey organisms are re-exposed to the 

novel cue alone to observe their responses (Ferrari et al., 2010). 

3.2.2: Contaminant Effects on Learning 

Environmental factors have been found to influence conditioned learning in aquatic organisms. 

Most important are abiotic factors such as pH levels, temperature, turbidity, and pollutants such 

as heavy metals and pesticides. These factors are believed to inactivate or mask the alarm 

function of the alarm cue or influence prey cognition, hence preventing the prey from learning 

the novel predator odour associated with it (Ferrari et al., 2010).  

In a study conducted by Smith et al. (2008), juvenile rainbow trout (Oncorhynchus mykiss) were 

conditioned to recognize novel predator odours at different pH levels, and found impaired long-

term retention of learned recognition of novel odour when conditioning and testing pH differs. 

Moreover, Leduc et al. (2007) observed that under acidic conditions no learning occurred in 
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juvenile Atlantic salmon (Salmo salar), whereas under neutral conditions salmon learned to 

recognize the novel odour. Similarly, prey fish species Lepidocephalichthys thermalis exposed to 

copper (Cu) were found to be unable to learn the non-native predator tilapia (Gosavi et al., 

2020). 

Pesticides are aquatic environment contaminants which have gained a lot of attention. The 

pesticide Roundup®  has been found to degrade conspecific alarm cues which could impair 

associative learning of novel predators by common spiny loach (Lepidocephalichthys thermalis) 

(Tapkir et al., 2019) while sublethal concentrations of amitrole were found to impair the learned 

recognition of crayfish odour by tadpoles (Bufo bufo) (Mandrillon and Saglio, 2007). Even 

though there are many studies on the effect of pesticides on learned recognition of novel predator 

odours by aquatic vertebrates, effects on aquatic insects has been largely overlooked. However, 

there are ample studies conducted on the effect of pesticides on learned recognition in terrestrial 

insects, especially honeybees (Apis mellifera). Williamson and Wright (2013) conducted a study 

on the effect of imidacloprid on learned recognition of novel odours associated with reward and 

they found that bees exposed to imidacloprid were less likely to form long-term learning of novel 

odours. Additionally, imidacloprid concentrations found in agroecosystems were found to impair 

the associative learning in young honeybees (Gonalons and Farina, 2015) while winter bees 

exposed to chronic treatment with imidacloprid and its metabolites also reduced their learning 

performances (Decourtye et al., 2003).  

According to these studies, we could conclude that imidacloprid insecticide affects the learned 

recognition of novel odours in insects. Since it is evident that the olfactory transduction and 

neural processing pathways are universal across most species in most phyla, especially in insects 

and their larvae (Hildebrand and Shepherd, 1997), we could conclude that the effect of the 

imidacloprid on the learned recognition of novel predatory odours in aquatic insect larvae would 

be similar to that of terrestrial insects. Hence, the following experiment examined the effect of 

imidacloprid (a neonicotinoid pesticide) on conditioned learning of novel predator odour of 

damselfly larvae. I conditioned damselfly larvae to novel predator odour combined with 

conspecific alarm cues or control cues and then observed the change in the number of feeding 

bites as the indicator of the anti-predator response following exposure to predator odour alone or 

control water alone.  
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3.2: Methodology 

3.2.1: Larval Collection and Maintenance 

Similar to Experiment 1 (chapter 2), damselfly larvae for this experiment were collected from 

Chappell marsh (52.09982122091008, -106.76598745564583), in July 2021. Larvae were 

transported to the laboratory and maintained in a 6L aquarium with pond water at approximately 

20ºC on 16L:8D-hr photoperiod. The pond water was fully changed to dechlorinated tap water 

after 24hr. They were fed with brine shrimp nauplii (Artemia franciscana). Mean ± SD length 

from tip of the head to tip of the abdomen, excluding caudal lamellae was 18.15 ± 1.06 mm 

(n=20). Damselflies were identified as spreadwings from the family Lestidae (Lestes congener -

the spotted spreadwing) by using identification keys from Hutchings and Halstead (2011).  

3.2.2: Treatment Preparation and Exposure 

Preparation Of Test Solution: Test treatments were prepared similar to experiment 1 (chapter 2) 

by using 100% pure imidacloprid (N-[1-[(6-chloropyridin-3-yl) methyl]-4,5-dihydroimidazol-2-

yl]nitramide as an experimental compound.  

Each larva was placed individually in a 500mL glass jar (chemically cleaned three times with 

acetone and three times with hexane) that contain of 250mL of imidacloprid solutions with the 

concentrations of 0.0μg/L, 0.1μg/L, 1.0μg/L, or 10.0μg/L. No substrate or structure was 

provided, and damselfly larvae were exposed to treatment for 10 days. The static concentration 

of imidacloprid was maintained for a period of 10 days and larvae were fed with Artemia 

nauplii solution (ca. 2000 nauplii). 

Conspecific Damage-Released Alarm Cue Preparation: The method of conspecific alarm cue 

preparation was similar to experiment 1 (chapter 2).   

Crayfish Odour Collection Procedure: Before collecting odour, crayfish were starved for 3 days 

to remove any food cue. Crayfish were then transferred to an individual 6L plastic tank 

containing 1L of dechlorinated tap water. After 24hr, crayfish were removed and water from 

individual tanks were mixed and stored in plastic bags and frozen at -20 ºC for subsequent use. 

The frozen crayfish odour was thawed at room temperature before being used. 

Zebrafish Odour Collection Procedure: Before collecting odour, zebrafish were starved for 24hr 

to remove any food cue. Zebrafish were then transferred to 3L fish tanks with 4 zebrafish in 2L 
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of water, this was replicated three times. After 24hr the animals were removed from the 

containers and water from replicates was mixed into a single bucket and stored in plastic bags 

and frozen at -20ºCfor subsequent use as the zebrafish odour solution (AUP #20210036). The 

frozen zebrafish odour was thawed at room temperature before being used. 

3.2.3: Pilot Test 

A pilot test was conducted to assess the ability of unexposed damselfly larvae to learn to 

recognize crayfish and zebrafish odour as a threat. Neither species co-occurs at our damselfly 

collection site and thus served as evolutionarily novel stimulus. Damselfly larvae were placed in 

a container with 200ml of water for 5 days and conditioned for 2hr with a combination of either 

(i) 5mL conspecific alarm cue + 10mL crayfish odour or (ii) 5mL conspecific alarm cue + 10mL 

zebrafish odour. Thereafter, individual damselfly larvae were transferred to containers with 

200mL water. On the following day, larvae were tested for their response to crayfish odour or 

zebrafish odour alone. For this test, 3 damselfly larvae were used for each treatment. The result 

indicated that damselfly larvae conditioned with crayfish odour and conspecific alarm cue did 

not respond to the crayfish odour while damselfly larvae conditioned with zebrafish odour and 

conspecific alarm cue responded to the zebrafish odour. In conclusion, although damselfly larvae 

learned to recognize zebrafish odour as a predatory odour, they did not learn the crayfish odour 

as a predatory odour.  

3.2.4: Conditioning 

After exposure to imidacloprid for 10 days, damselfly larvae were placed individually into 2L 

round opaque plastic containers (diameter, 18cm) containing 250ml of imidacloprid 

contaminated water at the same concentration than their 10-day exposure (0μg/L, 0.1μg/L, 

1.0μg/Lor 10.0μg/L). After that, each larva was conditioned for 2hr with one of the following 

sets of paired stimuli: (1) 10mL of zebrafish stimulus combined with 5mL conspecific damage-

released alarm cues (true conditioning), or (2) 10mL of zebrafish stimulus combined with 5mL 

of water as a control (sham conditioning). After 2hr, each larva was transferred to its original 

glass jars that contain 250mL of imidacloprid solutions with the concentrations of 0.0μg/L, 

0.1μg/L, 1.0μg/L, or 10.0μg/L. The feeding behaviour was observed on the following day. 
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3.2.5: Anti-predator Response 

Prior to the experiment, larvae were not fed for at least 36hr. Prior to their behaviour being 

recorded, 2mL of Artemia nauplii solution (ca. 2000 nauplii) was added to the container using a 

5ml plastic syringe. A waiting time of 5min was allowed before conducting observations to let 

the damselfly larvae adjust to the presence of the observer and establish a regular pattern of 

feeding behaviour (Wisenden et al., 1997). The number of feeding bites performed by the 

damselfly larvae was recorded for 5min before and 5min after injecting 1ml of zebrafish odour 

solution alone, or water alone using a 5mL plastic syringe (Chivers et al., 1996). Each trial was 

video recorded by using a CASIO digital camera mounted above each glass jar. A feeding bite 

occurred when a damselfly quickly extended the prementum of its labium towards a prey item 

(Wisenden et al., 1997). In this experiment, each treatment group had a sample size of 20 

damselfly larvae. 

3.3: Statistical Analysis 

In experiment 2, we analyzed the data using a similar approach to that used for experiment 1. 

Data were first rank transformed to meet model assumptions (normally distributed and 

homoscedastic residuals). We then analyzed baseline differences in feeding strikes using a GLM 

with the concentration (0, 0.1, 1.0, 10μg/L), conditioning (true or sham), and their interaction as 

factors in the model. For the change in strikes over time (pre- to post-stimulus periods), we again 

used a GLMM. Fixed factors were time, concentration, conditioning, cue (predator odour or 

water), as well as their interactions, with subject ID included as a random factor. All post-hoc 

testing and other statistical details matched that of experiment 1. 

3.4: Results 

We found no significant effects of concentration (F3,299 =0.35, P = 0.79), conditioning 

(F1,299=2.68, P = 0.10), or their interaction (F3,299=0.10, P =0.96) on baseline feeding. However, 

analysis of the change in response to the cue treatment through time revealed a significant 

interaction involving all fixed factors (F3,299 = 2.68, P = 0.047; Table 6; Fig. 2). Larvae in the 

control group learned to respond to the predator odour based on their prior conditioning with 

alarm cues (F1,37 = 21.10, P < 0.001) but not water (F1,37 = 0.03, P = 0.87; Table 7; Fig. 2). Such 

alarm-cue learning of predator odour also occurred for larvae in the 0.1μg/L treatment group 
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(F1,37 = 8.02, P = 0.007) but failed for individuals exposed to the higher concentrations of 

1.0μg/L (F1,36 = 0.95, P = 0.34) and 10.0μg/L (F1,37 = 0.06, P = 0.81; Table 7, Figure 2.).  

Table 3.1: Output from the overall GLMM testing for the effects of different imidacloprid 

concentrations and conditioning treatments on the change in feeding strikes of damselfly larvae 

after injecting either predator odour or water. Significant interactions of interest are in bold. 

 Factors F       df P 

Time 12.56 1,291 <0.001 

Concentration 0.34 3,291 0.80 

Conditioning 5.90 1,291 0.016 

Cue 1.17 1,291 0.28 

Time × Concentration 0.20 3,291 0.90 

Time × Conditioning 2.55 1,291 0.11 

Time × Cue 14.93 1,291 <0.001 

Concentration × Conditioning 0.086 3,291 0.97 

Concentration × Cue 0.46 3,291 0.71 

Conditioning × Cue  6.74 1,291 0.01 

Time Concentration × Conditioning 0.13 3,291 0.95 

Time Concentration × Cue  0.66 3,291 0.58 

Time Conditioning × Cue  2.24 1,291 0.14 

Concentration × Conditioning × Cue  1.45 3,291 0.23 

Time × Concentration × Conditioning × Cue  2.68 3,291 0.047 

ID (random) 4.81 291,291 <0.001 

 

Table 3.2: Time × cue interaction terms from separate GLMMs for each concentration and 

conditioning treatment. True conditioning = predator odour plus alarm cues; sham conditioning = 

predator odour plus control water. Significant effects are represented in bold. 

Concentration Conditioning F        df P 

0 true 21.10 1,37 <0.001 

 sham 0.03 1,37 0.87 

0.1 true 8.02 1,37 0.007 

 sham 0.52 1,35 0.47 

1 true 0.95 1,36 0.34 

 sham 1.88 1,36 0.18 

10 true 0.06 1,37 0.81 

  sham 1.57 1,36 0.22 
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Figure 3.1: Number of feeding strikes (mean ±SE) of imidacloprid-exposed (0, 0.1, 1.0, or 

10.0μg/L) damselfly larvae (n=20) pre and post-injection of predator odour (black circles) or 

water (white circles) after being previously conditioned with the predator odour paired with 

either alarm cues (true conditioning) or water (sham conditioning).   

3.5: Discussion  

The current experiment indicated that environmentally relevant concentrations of imidacloprid 

CCME (2007), for a 10-day exposure affected the learned recognition of novel predator odours. 

Zebrafish-naive damselfly larvae from the control pesticide treatment that were conditioning 

with a combination of conspecific alarm cues and zebrafish odour, responded to the novel 

predator odour of zebrafish by decreasing their feeding. However, all the zebrafish-naive 

damselfly larvae that were falsely conditioned with a combination of water and zebrafish odour, 

did not subsequently respond to the zebrafish odour alone which confirms the learning of 

zebrafish odour occurred in damselfly larvae only in the groups, which conditioned with alarm 

cues and zebrafish odour. Wisenden et al. (1997) demonstrated this conditioned learning concept 

with predator naive damselfly larvae recognizing predatory pike. Further, the lowest 

imidacloprid concentration 0.1μg/L did not affect the learned recognition of novel predatory 
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odour while all the other treatments (1.0 and10μg/L) were found to significantly impair the 

learned recognition of novel predatory odour. 

Previous research has observed similar results with pH (Smith et al., 2008; Leduc et al., 2007), 

Cu (Gosavi et al., 2020), and pesticides (Tapkir et al., 2019; Mandrillon and Saglio, 2007) on 

aquatic vertebrates. No experiments have examined the effect of pesticides, including 

neonicotinoids, on conditioned learning in aquatic insects, although there is evidence that 

neonicotinoid pesticides, specifically imidacloprid, impair the conditioned learning in honeybees 

(Williamson and Wright, 2013; Gonalons and Farina, 2015; Decourtye et al., 2003).  

Conditioned learned recognition consists of two stages which are the conditioning phase and the 

testing phase. Hence any effect from the imidacloprid toxicity could impact either one or both 

stages. For the learned recognition to be successful, the chemosensory system of damselfly 

larvae should be able to properly capture the two chemical cue types (i.e., conspecific alarm cues 

and zebrafish odour) and send the information to the central processing area without any 

interference. This process could be impaired by a potential interaction between alarm cue 

chemicals and imidacloprid, at any point of the signal transduction pathway. This interaction 

could be mixture suppression or synergism effect (Chandra and Smith, 1998; Galizia and 

Menzel, 2000), decreasing the chemical cue concentration and outcompete the chemical cues by 

imidacloprid (Hubbard et al., 2002), or non-reversible chemical bonds between chemical cues 

and imidacloprid (Brown et al., 2011; Lu and Scheffer, 2007). Hence, the interaction of chemical 

cues and imidacloprid could affect the bioavailability or the stability of compounds which could 

lead to a change in the threshold values of chemical cues. Changes in the chemistry of chemical 

stimuli could also affect the enzymatic activity of the binding sites which could decrease the 

sensitivity of the sensillum (Lancaster and Downes, 2013).  

In order to successfully learn, the neuron system of damselfly larvae should be able to process 

the relevant signals during the associative learning phase and during the testing phase. Damselfly 

larvae should be able to identify the predator kairomones without any interference from the 

imidacloprid and the neurone system should be able to carry out the appropriate behavioural 

responses to avoid predation. Associative learning was found to be made functional and 

structural changes in the insect brain (Faber et al., 1999). Additionally, insect nicotinic 

acetylcholine receptors (nAChRs) are found to be expressed in the areas in the brain which are 
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related to mechanosensory antennal information, visual and olfactory processing, learning and 

memory (Gonalons and Farina, 2015). Imidacloprid is an agonist of nAChRs which could affect 

the processors in antennal lobe neurons, and kenyon cells of mushroom bodies which are organs 

important in the chemosensory process. Additionally, imidacloprid also inhibits receptors for 

neurotransmitter aminobutyric acid (GABA) which was found to be important in kairomone-

induced responses in prey organisms (Barry, 2002; Decourtye et al., 2004). Hence, the 

imidacloprid effect on learned recognition could be a result of either an interaction of chemical 

cues and imidacloprid or the cognitive impact of imidacloprid on the insect nervous system, 

although further studies are needed to identify the mechanisms behind this impairment.  

In this study, another important fact we observed was the result of the pilot test which was 

conducted to assess the learned recognition of damselfly larvae of novel predator odours. Here, 

we observed that damselfly larvae did not learn crayfish odour as a threat. However, they 

successfully learned to recognize zebrafish odour as a predator odour even with low zebrafish 

kairomone solution in the conditioning phase. Both crayfish and zebrafish are novel predators for 

the damselfly larvae population used, although crayfish (Ulikowski et al., 2014) and other small 

fish species (Morin, 1984) found to be prey upon by damselfly larvae. Zebrafish is an 

evolutionary novel predator for the damselfly larvae of the population used in the study, other 

small fish species co-exist in the collection sites. Hence, there is a possibility that damselfly 

larvae could recognize zebrafish as a threat and crayfish as a non-threatening. In a study 

conducted by Gherardi et al. (2011) they suggested that prey species are able to identify high risk 

from the novel predator species odour according to the co-existing predator species. Hence direct 

experience with different predators could tailor the response to novel threats. This could be the 

reason that Ferrari et al. (2010) suggest as selection or constrain for prey to respond to the 

predator when considering the risk-benefit assessment which could minimize the cost of 

overreacting to a low-risk situation. 

In conclusion, my experiment suggests that prey organisms could learned to recognize novel 

predatory odours associated with conspecific alarm cues which could be highly beneficial against 

unfamiliar and invasive predators. Anthropogenic changes such as insecticide contaminations, 

specifically sublethal concentrations of neonicotinoid, can impair this associative learning and 
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threatened the survival of prey species from both novel and invasive species, by interfering with 

the ability of prey to display necessary behavioural responses.   
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Chapter 4: Interaction of Chemical Cues and Imidacloprid as a Potential Mechanism for 

Impairment of Learned Recognition of Novel Predator Odours by Damselfly Larvae 

(Lestes sp) 

4.1: Abstract 

Chemoreception begins with converting the chemical information carried by odour molecules 

into electrical signals in sensory neurons. From there, the CNS processes the information, and 

the animal may change its behaviour as a result. Some contaminants, including pesticides such as 

imidacloprid, are known to impair the anti-predator response to chemical cues (alarm cues and 

predator odours) and also learning of the novel predator odour by damselfly larvae. Impairment 

of cue recognition and learning could result from obstruction at any stage of the chemosensory 

process from capturing the chemical molecules to converting this chemical information to 

electrical energy that are properly interpreted by the CNS. In this experiment, I aimed to identify 

a potential mechanism responsible for impairment of learned recognition of predator odour by 

damselflies exposed to imidacloprid. Under normal conditions, damselflies that are exposed to 

conspecific alarm cues combined with novel predator odours, learn to associate the predator 

odour with risk. Here I investigated the effect of the presence of imidacloprid at an initial pulse 

solution of 3μg/L(reaching the 0.01μg/L of final concentration mixed with the alarm cues, during 

the conditioning period, on learned recognition of predatory stimuli by damselfly larvae. 

Damselflies were maintained in clean water and were conditioned to recognize zebrafish odour 

as a threat via its pairing with alarm cues in the presence and absence of imidacloprid. Another 

group was given sham conditioning with or without imidacloprid exposure. The success of the 

conditioning treatments was assessed in clean water, by exposing the larvae to the odour of 

zebrafish and quantifying their change in feeding behaviour (a decrease in feeding in indicative 

of fear in this system). Larvae given true conditioning without imidacloprid exposure correctly 

learned to recognize the predator odour as a threat. In contrast, larvae given sham conditioning, 

and those exposed to imidacloprid failed to learn to respond to the predator odour. In conclusion, 

this study suggests that the presence of imidacloprid could impair the conditioned learning of 

novel predatory odours by damselfly larvae by interacting with chemical stimuli or olfactory 

receptor during the conditioning or testing phase. 
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4.2: Introduction 

4.2.1: Chemical Cue Identification in Terrestrial and Aquatic Insects 

Chemically mediated sensory interactions occur when chemical molecules released from a 

source are transported through a fluid medium and is received by a sensory organ of an organism 

to stimulate a physiological or behavioural response (Lancaster and Downes, 2013). 

Chemoperception is categorized as olfaction and gustation according to the anatomical location 

of sense organs as nose and mouth or according to the transporting medium of chemical stimuli 

which could be either airborne, or waterborne. Importantly, when these chemicals are present in 

gaseous form or at relatively low concentrations, they may be detected as odours by olfactory 

receptors while in solid or liquid form or at higher concentrations, they are perceived as tastes by 

gustatory receptors. Furthermore, the central nervous system processes information from 

olfactory and gustatory receptors separately. The chemosensory system of insects is somewhat 

similar to the vertebrate's sensory design but numerically simpler (De Bruyne and Warr, 2006). 

Chemoreception begins with converting the chemical information carried by odour molecules 

into electrical signals in sensory neurons (Hildebrand and Shepherd, 1997). There are two main 

steps involved in the chemoreception process. The first one is the perireceptor event which 

involves capturing chemical molecules and transporting them to the membrane of the nerve cell 

and the second is transduction which is the conversion of chemical information to electrical 

energy that is assessed by the CNS. Insects use organs named sensilla to capture the chemical 

signals which are small and inconspicuous. However, they could be found internally and 

externally on almost all parts of the body in high densities, and they are highly diverse in form. 

Different types of sensilla are grouped on the antennae, mouthparts, and genitalia. Additionally, 

olfactory sensors are abundant on the antennae while contact chemosensors are abundant on 

antennae, mouthparts, and tarsi of both adults and larval insects. Olfactory sensilla are referred to 

as multiporous sensilla as they have numerous small pores. Contact chemoreceptors are called 

uniporous as they have a single pore close to the tip, through which these chemical stimuli enter 

the hair. These sensilla are specialized to respond to certain chemicals or specific isomers and a 

sensory field is made with different types of sensilla which are tuned to respond to different 

chemicals (De Bruyne and Warr, 2006; Lancaster and Downes, 2013). 
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A sensilla contains a specialised sensory cuticular component which can capture specific types of 

chemical signals and these signals then convert to action potentials. Cellular components of a 

sensilla made with modified epidermal cells named auxiliary cells and bipolar sensory neurones 

covered by a dendrite sheath which can carry the signal to the brain where the information is 

integrated. On the olfactory and gustatory receptors, three types of transmembrane receptors are 

found. Namely, they are olfactory receptors (OR), gustatory receptors (GR), and ionotropic 

receptors (IR) (Rebora et al., 2019). Neural encoding and further processing of odour 

information in higher centres in the olfactory pathways are involved in the activation of different 

subsets of sensory neurons to a different degree of excitation. Transduction mechanisms 

involved in neural processing are associated with modules called glomeruli as well as G-protein 

coupled second messenger systems which are species-specific although the basic mechanism of 

olfactory transduction and neural processing in the peripheral olfactory pathway is universal 

across most species and phyla (Hildebrand and Shepherd, 1997). 

Galizia and Menzel (2000) reported that honeybees have 60,000 olfactory receptor cells on the 

antennae and their axons project to the antennal lobe which is then subdivided into about 160 

glomeruli interconnected by about 4,000 local interneurons. From each glomerulus, 

approximately 800 projection neurons lead to higher-order brain centres such as mushroom 

bodies and lateral protocerebrum. Each odour elicits a mosaic of activated glomeruli, and each 

glomerulus can take part in the mosaic of several odours while the intensity of activation of each 

glomerulus could vary according to the type of odour or the concentration of the odour. 

According to De Bruyne and Warr (2006) olfactory receptor neurons have inhibitory responses 

as well as various modes of odour-specific responses. For a single olfactory receptor neuron, a 

high dose of odour A can produce the same response as a low dose of odour B, while despite 

having the same intensities, odour C can give a longer response than odour D (De Bruyne and 

Warr, 2006). 

Chemoreception of terrestrial insect species is a well-studied area, although aquatic insects are 

highly overlooked. Drosophila melanogaster is the model organism used in most of the studies 

and the electrophysiological recording has allowed observing the responses of a single 

chemosensory neuron and its correlation with the behaviour. Drosophila olfactory receptor 

neurons are located on the antenna and maxillary palp while their axons converge on the 
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antennal lobe which is the part of the brain that performs the processing of odour information. 

However, gustatory receptor neurons are present on mouth parts, legs, wings, and ovipositor and 

their axons are directly connected to the central nervous system with which those appendages are 

associated. These olfactory receptor neurons are found to provide information about odours such 

as odour quality (i.e., type of chemical), intensity (i.e., concentration), and dynamics (i.e., 

fluctuation in time). Furthermore, an insect’s single olfactory receptor neuron could respond to 

multiple odorants while a single odorant could stimulate multiple olfactory receptor neuron 

classes (De Bruyne and Warr, 2006). 

4.2.2: Contaminant Effect on Chemoreception 

Chemosensory responses to an individual element, as well as a mixture of elements, have been 

widely studied. An associative relationship between two elemental representations of a mixture 

could form a novel configurable processing element. For example, a mixture of A and B could 

form a third element AB which activates only when both elements are present. These mixture 

representations help animals with learning where AB is associated with the reinforcement instead 

of A and B separately. Additionally, odorants in a mixture could interact with each other at any 

point of the signal transduction pathway in a way that causes mixture suppression or synergism 

effects (Chandra and Smith, 1998). Furthermore, the interaction between the odour component 

and the response is dependent on the type of odours. Galizia and Menzel (2000) reported that 

bees could learn to discriminate two components A and B from the mixture AB, although they 

had difficulties learning when additional component C was added and when they attempted to 

discriminate between AC and BC from ABC. 

Failure to respond to these semiochemicals could be an obstruction at any point during the 

chemosensory process starting with capturing chemical molecules, transporting them to the 

membrane of the nerve cell, and conversion of chemical information to electrical energy. 

Capturing molecules is dependent on factors such as type of molecule, molecular size, pore size, 

and fluid flow. Additionally, for the sensillum to remain sensitive to chemical stimuli, the 

molecule must be removed from the receptor once the nerve signal has been triggered. This is 

carried out by degrading the odour molecules with enzymes or deactivating odour binding 

proteins. Transduction of chemical signals is also influenced by the concentration of the 

chemical as neurons might not show the expected response to a chemical with concentrations 
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below the lower threshold and higher than the maximum threshold (Lancaster and Downes, 

2013). 

A large number of experiments have been conducted on the effect of environmental 

contaminations on the chemosensory pathway, especially in the aquatic environment. According 

to Hubbard et al. (2002), humic acid significantly reduces the concentration of common teleost 

pheromones in aquatic environments. Humic acid is a complex organic and hydrophobic 

molecule and a common component found in aquatic environments which form microvesicles. 

Since teleost pheromones are steroids in nature and prefer to dissolve in Humic acid vesicles 

instead of water, it eventually causes them to be unavailable for detection by aquatic organisms. 

Also, Brown et al. (2011) report that fathead minnow’s (Pimephales promelas) response to 

artificial alarm cue was impaired under weakly acidic conditions due to non-reversible covalent 

change to alarm cue molecules. A study conducted on the effect of copper contamination on 

morphological defence in Daphnia reported that copper could alter the chemistry of the 

kairomone and outcompete the kairomone molecules at the receptor sites. Moreover, copper 

could interfere with the signal transduction pathway (Lu and Scheffer, 2007). Barry (2002) 

conducted a study to evaluate the effect of several chemicals including atropine (inhibit 

cholinergic transmission), physostigmine, nicotine (enhance transmission at cholinergic 

synapses), diazepam, muscimol, cis‐4‐aminocrotonic acid (enhance the effects of GABA), and 

picrotoxin, bicuculline, SR95531 (antagonist of the GABA) on the development of kairomone 

induced neckteeth development in Daphnia pulex. He observed that these chemicals were acting 

on neurosecretory cells that release the hormones necessary to induce neckteeth development. 

Additionally, Qin et al. (2011) suggested that predator cues and other constituents of exuded 

materials from predators could directly interact with organic compounds, which could affect the 

bioavailability or the stability of predator cues. While many studies have attempted to understand 

the mechanisms of pesticide effect on chemoreception in aquatic species, no studies have looked 

at the mechanism behind the neonicotinoid effect on the conditioned learning of predator odour 

of damselfly larvae. 

This study aimed to identify the chemical interaction between neonicotinoid and chemical cues 

as the possible mechanisms of the effect of imidacloprid on conditioned learning of predator 
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odour by examining how the interaction of chemical cues and imidacloprid during the 

conditioned stage may affect the response to the novel predator odour. 

4.3: Methodology 

4.3.1: Larval Collection and Maintenance 

Similar to Experiment 2 (Chapter 3), damselfly larvae for this experiment were collected from 

Chappell Marsh (52.09982122091008, -106.76598745564583), in July 2021. Larvae were 

transported to the laboratory and maintained in a 6L aquarium with pond water at approximately 

20ºC on 16L:8D-hr photoperiod. The pond water was fully changed to dechlorinated tap water 

after 24hr. Larvae were acclimated for 5 days before starting the experiment. They were fed with 

brine shrimp nauplii (Artemia franciscana). Emerged damselflies were identified as spread wing 

family Lestidae (Lestes congener -the spotted spread wing) by using identification keys from 

Hutchings and Halstead (2011). 

4.3.2: Treatment Preparation  

Preparation of Test Solution: Test treatments were prepared similar to experiment 1 (chapter 2) 

by using 100% pure imidacloprid (N-[1-[(6-chloropyridin-3-yl) methyl]-4,5-dihydroimidazol-2-

yl]nitramide as an experimental compound. To prepare a 100mL of 3µg/L imidacloprid solution, 

300µL of the stock solution was dissolved into 100mL dechlorinated water.  

Conspecific Damage-Released Alarm Cue Preparation: Preparation of conspecific alarm cue 

solution was similar to experiment 1 (chapter 2).   

Zebrafish Odour Collection Procedure: Zebrafish odour solution was prepared similarly to 

Experiment 2 (chapter 3).   

4.3.3: Conditioning 

Each larva was placed individually in a 500mL glass jar (chemically cleaned three times with 

acetone and three times with hexane) that contain 250mL of water. No substrate or structure was 

provided, and damselfly larvae were acclimated for 10 days. After 10 days, each larva was 

placed individually into 2L round opaque plastic containers (diameter, 18 cm) containing 250mL 

of water. After that, each larva was conditioned for 2hr by injecting 10mL of zebrafish odour 
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combined with: (1) 5mL conspecific damage-released alarm cues and 1mL water (true 

conditioning with water), (2) 6mL of water (sham conditioning with water), (3) 5mL of 

conspecific damage-released alarm cues and 1mL of imidacloprid (3μg/L) solution (true 

conditioning with pesticide), or (4) 5mL of water and 1ml of imidacloprid (3μg/L) solution 

(sham conditioning with pesticide). After 2hr, each larva was transferred to its original glass jars 

that contain of 250mL water. The anti-predator behaviour of the individuals to the predator 

odour alone was observed the following day. 

4.3.4: Anti-predator Response 

Prior to the experiment, larvae were not fed for at least 36hr. Prior to the start of the observation, 

2ml of Artemia nauplii solution (ca. 2000 nauplii) was added to the container using a 5ml plastic 

syringe. A waiting time of 5min was allowed before conducting observations to let the damselfly 

larvae adjust to the presence of the observer and establish a regular pattern of feeding behaviour 

(Wisenden et al., 1997). The number of feeding bites performed by the damselfly larvae was 

recorded for 5min before and 5min after injecting the 1mL of zebrafish odour solution, or water 

using a 5mL plastic syringe (Chivers et al., 1996). Each trial was video recorded by using a 

CASIO digital camara mounted above each glass jar. A feeding bite occurred when a damselfly 

larva quickly extended the prementum of its labium toward a prey item (Wisenden et al., 1997). 

In this experiment, each treatment group had a sample size of 15 damselfly larvae. 

4.5: Statistical Analysis 

Our statistical approach matched those of the previous experiments. Data were again rank 

transformed, as residuals were not normally distributed and homoscedastic. For baseline 

foraging, we used a GLM to test the effects of the conditioning type (true or sham), exposure 

(imidacloprid or water), test cue (predator odour or water), and their interactions. For changes in 

responses due to the injection of the cue, we used a GLMM with fixed effects of time (pre/post-

stimulus), conditioning type, exposure, and test cue, as well as their interactions, while including 

subject ID as a random factor. All post-hoc testing and other statistical details matched those in 

the previous experiments. 
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4.6: Results 

There was a significant main effect of imidacloprid exposure on baseline feeding (F3,111=2.98, P 

= 0.035), revealing that fewer strikes occurred among exposed individuals (Fig. 3). All other 

effects on baseline activity were nonsignificant (cue: F 1,107= 0.017, P = 0.90; conditioning × 

cue: F3,107 = 1.02, P = 0.39). However, for the analysis of behavioural change in response to the 

cue, we found a significant interaction involving all fixed factors (F1,107 = 7.49, P = 0.007; Table 

8; Fig. 3). Larvae given true conditioning without imidacloprid exposure correctly learned to 

recognize the predator odour as a threat, responding to it with decreased foraging activity (F1,27 = 

16.86, P < 0.001; Table 9). In contrast, larvae were given sham conditioning, and those exposed 

to imidacloprid failed to learn to respond to the predator odour (all P > 0.3; Table 9; Fig. 3). 

Table 4.1: Output from overall GLMM testing for the effects of imidacloprid exposure and 

conditioning on the change in feeding strikes by damselfly larvae in response to a cue (predator 

odour or water). Significant interactions of interest are in bold. 

 Factors F df P 

Time 11.65 1,107 0.001 

Cue 0.06 1,107 0.81 

Conditioning 1.32 1,107 0.27 

Exposure 0.03 1,107 0.86 

Conditioning × Exposure 0.06 1,107 0.81 

Time × Conditioning 3.491 1,107 0.06 

Time × Cue 6.32 1,107 0.01 

Condition × Cue 0.95 1,107 0.33 

Cue × Exposure 0.73 1,107 0.39 

Time × Exposure 4.56 1,107 0.04 

Cue × Conditioning × Exposure 1.15 1,107 0.29 

Time × Conditioning × Exposure 1.11 1,107 0.30 

Time × Conditioning × Cue 7.00 1,107 0.010 

Cue × Time × Exposure 7.49 1,107 0.007 

Cue × Time × Conditioning × Exposure 1.14 1,107 0.29 

ID (random) 6.11 107,107 <0.001 
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Table 4.2: Time × cue interaction in change in feeding from pre to post in terms from separate 

GLMMs for each exposure and conditioning treatment combination. True conditioning = 

predator odour plus alarm cues; sham conditioning = predator odour plus control water. 

Significance is represented in bold. 

Exposure Conditioning F df P 

Water True 16.86 1,27 <0.001 

 Sham 0.43 1,26 0.52 

Imidacloprid True 0.78 1,27 0.38 

 Sham 1.00 1,27 0.33 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Number of feeding strikes (mean ±SE) of damselfly larvae (n=15) pre and post-

injection of either predator odour (black circles) or water (white circles) after being previously 

conditioning with either predator odour + alarm cue or predator odour + water with or without 

imidacloprid. 

PO+AC PO+W PO+AC PO+W 
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4.7: Discussion 

In previous chapters, I demonstrated the effect of imidacloprid on predatory cue recognition and 

conditioned learning of the novel predator odour. The mechanism for this effect has not been 

fully understood yet. However, researchers have proposed a number of hypotheses for such 

impairment including interactions of chemical cues and environmental contaminations which 

could interfere with the cue reception by chemoreceptors. Impairment could also result from 

changes in sensitivity, and signal transduction (Chandra and Smith, 1998; Galizia and Menzel, 

2000; Hubbard et al., 2002; Brown et al., 2011; Lu and Scheffer, 2007; Lancaster and Downes, 

2013), changes in the insect brain primarily sensory centres and changes in sensory networks 

which could alter learning processes and failure to demonstrate desired behavioural responses 

(Gonalons and Farina, 2015; Barry, 2002; Decourtye et al., 2004). 

Impairment of cue recognition and learning is the result of obstruction of any stage of the 

chemosensory process from capturing the chemical molecules, transporting them to the 

membrane of the nerve cell, and conversion of chemical information to electrical energy. In this 

experiment, we observed that zebrafish naive damselfly larvae conditioned with conspecific 

alarm cue and zebrafish odour subsequently recognized zebrafish odour as a predator odour 

while damselfly larvae conditioned with zebrafish odour and water did not. This observation is 

similar to the chapter 3 results and previous experiments conducted by Wisenden et al. (1997) 

which concluded that if a prey organism is exposed to a combination of conspecific alarm cues 

and novel odour, the prey organism learns the novel odour as a threat. However, naive damselfly 

larvae conditioned with conspecific alarm cues combined with zebrafish odour and imidacloprid 

insecticide exhibited an impaired learned recognition of novel predator odour which indicated 

that imidacloprid interfered with the ability of the damselfly larvae to learn.  

The mechanism behind this impairment could be explained as an effect of imidacloprid on any 

point of information transfer at each step of the sensory signalling pathway or cognitive 

impairment caused by the imidacloprid insecticide. However, in this experiment, although the 

given imidacloprid concentration was higher than the environmentally relevant concentration, 

considering the 2hr exposure time and the high tolerance of odonate to the neonicotinoid 

insecticides suggests that cognitive impairment is less likely the cause for this scenario. Most of 

the acute toxicity experiments for neonicotinoids are 24hr to 96hr long and the median effect 
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concentrations and lethal concentrations are greater than what we used in this experiment. For 

example, LC50-31.2μg/L for Simpetrum striolatum (Beketov and Liess, 2008), LC50-

3462.7μg/L for Coenagrion sp (Raby et al., 2018), EC50- 112.3μg/L for Ischnura senegalensis 

(Sugita et al., 2018). Hence, the most likely mechanism for impaired learning in this experiment 

is an interaction between imidacloprid and chemical cues which could result from alteration of 

the chemistry of chemical cues, imidacloprid competing with the chemical cue at reception sites, 

or interfering with the signal transduction pathway to the brain. Similar mechanisms are been 

reported in previous studies (Hubbard et al., 2002; Brown et al., 2011). Further, mixture 

suppression and synergism have been observed (Kang and Caprio, 1991; Chandra and Smith, 

1998; Gleeson and Ache, 1985), which suggest that the quality and intensity of chemical 

information processing of stimulus mixture could be modulated by interactions of the component 

at receptor cell/site levels. 

Similar to chapter two (experiment 1) these results also demonstrate that imidacloprid impairs 

the feeding behaviour of damselflies. This could be shown as the pre-stimulus differences in 

damselfly feeding strikes by conditioning type where strikes were reduced in the 1.0μg/L (P = 

0.03) and 10.0μg/L (P = 0.02), in exposed larvae relative to the controls. As I discussed in 

chapter two, the effect of neonicotinoid on feeding behaviour in insects has been reported in 

previous studies (Barmentlo et al., 2019; Alexander et al., 2007) where feeding inhibition 

observed after a more than 24hr exposure periods. However, Tooming et al. (2017) observed ean 

impairment on feeding in carabid beetles (Platynus assimilis) after 5-6hr post-ingestion with 

thiamethoxam treated food with 108.1ng/g. Additionally, Bortolotti et al. (2003) observed a 

reduction in foraging activity in neonicotinoid (100μg/L) fed bees (Apis mellifera) after 5hr. 

These studies conclude that the effect on feeding behaviour is a result of the mode of action of 

neonicotinoids to invertebrates which cause constant neuronal activation, which leads to hyper-

excitation of the insect nervous system, followed by convulsions, and paralysis (Tomizawa and 

Casida 2005; Simon-Delso et al., 2015). In this study, it is difficult to explain the neurotoxic 

effect on baseline feeding as the exposed concentration and exposure duration is relatively lower 

compared to the previous studies. Further studies needed to investigate the effect of short-term 

exposure on feeding behaviour of damselfly larvae.  
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This experiment was designed to identify the chemical interaction as a possible mechanism for 

impaired learning of novel predator odour by imidacloprid insecticide which was observed in 

chapter 3. Hence, the initial pulse of imidacloprid concentration (3μg/L) introduced during the 

conditioning for this experiment is within the concentration range for all the treatments used in 

chapter 3 and reach the final dilution concentration of 0.01μg/L. Hence, from this experiment, it 

is difficult to conclude the exact exposure concentration of damselfly larvae. Additionally, even 

though the current study was able to suggest the chemical interaction as a possible mechanism 

for the impairment of learned recognition of novel predator odour, the nature of the chemical 

interaction and the specific sites affected by this interaction on the chemical signalling pathway 

is difficult to assess. This could be a possible area for further investigations. 

In conclusion, this study suggests that a higher concentration of imidacloprid impair the 

conditioned learning of novel predatory odour by damselfly larvae by interacting with chemical 

stimuli during the conditioning phase although neurotoxicity could also have an effect. This 

supports the idea that chemical stressors such as neonicotinoid pesticide induce maladaptive 

responses to predators by prey organisms, eventually affecting the resilience of the entire 

population. 
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Chapter 5: General Discussion 

5.1: Summary of findings  

The experiments presented in the previous chapters indicate that damselfly larvae anti-predator 

response could be affected by both environmental relevant and higher concentrations of 

imidacloprid insecticide. Chapter two (experiment 1) revealed that anti-predator response to both 

conspecific alarm cue and predator kairomone could be affected by imidacloprid insecticide and 

this effect is modulated by imidacloprid concentration and exposure time. High concentration 

and higher exposure time caused more severe effects on the anti-predator response of damselfly 

larvae. In chapter three (experiment 2), damselfly larvae exposed to imidacloprid insecticide 

exhibited impaired learned recognition of novel predator odour. The effect of learned recognition 

on imidacloprid insecticide was also found to be concentration-dependent and increased 

impairment was observed in higher concentrations. In chapter four (experiment 3), damselfly 

larvae failed to show learned recognition of novel predator odour when exposed to imidacloprid 

during the conditioning phase, which indicates that an interaction between chemical cue and 

imidacloprid plays a key role in the impairment of learned recognition of novel predator odour. 

However, the significant effect of imidacloprid exposure on baseline foraging in this experiment 

may indicate that both mechanisms are at play (i.e., imidacloprid disrupts cognitive processing in 

addition to altering cue chemistry). 

5.2: Future Directions  

The current study indicates that higher concentrations of imidacloprid could impair the anti-

predator response to alarm cues and predator odour by damselfly larvae. In this study, we only 

considered the single concentration of alarm cues (2 damselfly larvae per 20mL water) and 

predator odour (4 zebrafish in 2L of water). Studies suggest that qualitative, as well as 

quantitative parameters of predatory cues, highly influence the behavioural responses of aquatic 

organisms (Kusch et al., 2004). According to signal detection theory, a prey organism uses a pre-

determined threshold level of chemical cues to identify a potential threat and responds 

accordingly (Green and Swets, 1966). Further, the concentration of risk cues is important for 

prey organisms to identify the intensity of associated threat. The threat-sensitive predator 

avoidance hypothesis explains that with the decreasing chemical cue concentration, the intensity 

of anti-predator response will likely decrease, and a number of studies have supported this 
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theory. According to Hawkins et al. (2007) and Kusch et al. (2004), fish species Salmo salar and 

Pimephales promelas determine the degree of threat posed by northern pike based on the 

chemical cue concentration. Also, whelk (Buccinum undatum) defensive reactions were 

increased with the concentration of saponin extracted from its seastar predator (Harvey et al., 

1987). Further, two species of frogs (R. lessonae and R. esculenta) showed greater responses to 

fish cues as their concentration increased (Horat and Semlitsch, 1994).  

There is a lack of information on the nature of predator cues as well as the specific mechanism 

used to elicit an anti-predator response when exposed to chemical cues. As per experiment 3, the 

interaction of imidacloprid and chemical cues could be a possible mechanism impairing the 

response to predatory cues although, we should further examine the nature of neonicotinoid 

effect of the different concentrations of predator cues in order to fully understand the effect of 

neonicotinoid on these cues. Additionally, previous studies have shown that prey organisms have 

unique responses according to the nature of chemical signals, including the size of the predator 

(Pettersson et al., 2000; Kusch et al., 2004), or high-risk predators and low-risk predators 

(Hawkins et al., 2007). In aquatic environments, the qualitative and quantitative nature of 

chemical cues could vary according to prey/predator species, age, size, biotic, and abiotic 

conditions as well as the circumstance of prey and predator encounter. Hence, future studies 

should investigate the effect of neonicotinoids with different concentrations of chemical cues and 

different predator odours on the anti-predator response of aquatic insects.  

There are seven neonicotinoid insecticides currently in use, and in this study we considered only 

imidacloprid. These seven types differ in their structure, physical, and chemical properties. 

Imidacloprid and thiacloprid are five-membered ring systems and thiamethoxam is a six-

membered ring system while, nitenpyram, acetamiprid, clothianidin, and dinotefuran are non-

cyclic structures (Jeschke and Nauen, 2008; Jeschke et al., 2011). Further, according to 

functional groups imidacloprid, thiamethoxam, clothianidin, and dinotefuran are N-

nitroguanidines, while nitenpyram is nitroethylene and acetamiprid and thiacloprid are N-

cyanoamidines (Goulson, 2013; Jeschke et al., 2011). Additionally, according to their different 

active ingredients, parent compounds could break down to various metabolites in the 

environment (Tomizawa and Casida, 2005) and they could involve detoxification mechanisms, 

retain insecticidal activity or insect nAChR potency, or could even greatly increase insecticidal 
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and/or receptor activity (Tomizawa and Casida, 2005; Vehovszky et al., 2015). Even though the 

mode of action is similar in these neonicotinoids, many studies have shown that due to these 

different physical and chemical properties, toxicity levels of seven neonicotinoid insecticides 

could be different in even a single species. In addition to intraspecific differences, toxicity levels 

could differ interspecifically (Cavallaro et al., 2017). Maloney et al. (2017) demonstrated that C. 

dilutus had 10 times more sensitivity to imidacloprid compared to clothianidin while the 

emergence of non-biting midges (Diptera: Chironomidae) and damselflies (Odonata: Zygoptera) 

was affected by imidacloprid and clothianidin neonicotinoid treatments, with no effects from 

thiamethoxam treatments (Cavallaro et al., 2018). Therefore, it is important to further investigate 

the effect of other neonicotinoid insecticides on the anti-predator response of aquatic insects.   

In this study, experiment 3 suggests that the impairment of learned recognition of novel predator 

odour could be due to the interaction between imidacloprid insecticide and chemical signals. 

However, the nature of this interaction is unknown. Importantly, the compositions of predator 

odours and alarm cues are not well identified, and their chemical nature is also largely unknown. 

Many studies have been conducted to identify the mechanism of contaminant effects on chemical 

signals. These studies suggested that contaminants could affect chemicals cues by either 

degradation of cues (Tapkir et al., 2019), reducing the concentration (Hubbard et al., 2002), 

changing the molecule by non-reversible covalent bonds (Brown et al., 2011), altering the 

chemistry of chemical signal molecules, or by out competing cue molecules at receptor sites (Lu 

and Scheffer, 2007). Therefore, further studies are necessary to explain the nature of the 

chemical interaction between imidacloprid and chemical cue molecules.  

The current study only investigated the chemical interaction between imidacloprid and chemical 

cues as a possible mechanism for the impairment of cue identification by damselfly larvae. 

However, it is evident that neurotoxicity could play a major role in the impairment of chemical 

cue recognition, responding to chemical cues, and learning recognition of novel predator odours. 

Insect neurotoxic effect of environmental contaminations has been identified by research using a 

number of biomarkers. Mainly, acetylcholinesterase has been used as a specific biomarker for 

neurotoxicity (Touaylia, et al., 2019; Milivojevic, et al., 2015; Boily et al., 2013) and as 

nonspecific biomarkers, superoxide dismutase, catalase (Touaylia et al., 2019), glutathione S-

transferase (Milivojevic et al., 2015) have been used. Therefore, future studies could be 
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conducted on identifying the levels of neurotoxicity and impairment of anti-predator response in 

neonicotinoid-exposed insects.  

In this study, I evaluated the effect of chronic exposure of imidacloprid on anti-predator response 

and novel predator recognition. However, I did not evaluate the potential recovery from the 

effect of neonicotinoids. There are a number of studies conducted on the recovery of pesticide 

exposure in aquatic organisms. Tapkir et al. (2019) observed that exposure to sub-lethal 

concentrations of Roundup®  does not cause permanent behavioural suppression to identify 

conspecific alarm cues. Similarly, Tierney et al. (2006) observed that recovery after exposure to 

glyphosate was concentration dependent. Chironomus riparius exposed to imidacloprid exhibited 

a recovery in AChE activity after transferring to clean water (Azevedo-Pereira et al., 2011) and 

carabid beetles (Platynus assimilis) exposed to sublethal doses of thiamethoxam recovered to 

their normal locomotion and feeding behaviour after 4 days in clean water (Tooming et al., 

2017). Therefore, it is important to understand the neonicotinoid toxicity effects as well as the 

potential recovery of aquatic insects. Hence, future studies should be conducted to identify the 

nature of recovery in the anti-predator response of aquatic insects who are exposed to 

neonicotinoid insecticides.   

5.3: Conclusion 

Overall, my thesis suggests that environmentally relevant and higher concentrations of 

imidacloprid exposure can cause impaired anti-predator response and impaired learned 

recognition of novel predator odour in damselfly larvae. Moreover, I found that effect of 

imidacloprid in anti-predator response and learned recognition in damselfly larvae is dependent 

on the imidacloprid concentrations and more effects could be observed with increasing exposure 

time. Additionally, different effects of imidacloprid could be observed for conspecific alarm cues 

and predator kairomones even in the same imidacloprid concentration and exposure time. 

Further, imidacloprid could impair the learned recognition of novel predator odours in higher 

concentrations and one possible mechanism for this impairment is the interaction between 

molecules in chemical cues and imidacloprid insecticides. My research confirms that there is an 

effect of imidacloprid on anti-predator response and learned recognition of novel predator odour 

in damselfly larvae. 
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