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Abstract 

Parental care is essential for the survival of many young animals but presents significant costs 

to the caring parent. To mitigate these costs, parental care systems have evolved to optimize 

survival and fitness. According to parental investment theory, care allocation is influenced by 

the offspring’s value, which is often linked to their relatedness to the parent. In this thesis, I 

explore how hormones and gene expression influence parental care, focusing on bluegill 

sunfish (Lepomis macrochirus) and the hybrids they produce with pumpkinseed sunfish 

(Lepomis gibbosus). By manipulating direct and indirect paternity cues – swapping eggs 

between nests for the former and simulating cuckoldry for the latter – I investigated changes 

in parental investment via care behaviour. To do so, I examined variations in circulating 

endogenous 11-ketotestosterone, prolactin, and gene expression. I found that while 11KT 

levels in bluegill respond to paternity cues, they do not directly regulate parental care 

behaviour. Rather, these levels seem to indicate preparations for future reproductive events. In 

contrast, prolactin emerges as a critical hormone in fish parental care, with circulating levels 

correlating with nurturing behaviour and adjusting in response to perceived paternity. 

Additionally, I used whole-brain RNA sequencing to determine that gene expression 

associated with energy transport, immune response, and stress varies in response to paternity 

perception. Focusing on hybrids, known to provide care despite low genetic relatedness, I 

found they maintain distinct hormonal profiles and gene expression patterns. Specifically, they 

exhibit higher prolactin and lower 11-ketotestosterone levels compared to bluegills, pointing 

to a species-specific regulation of parental care, shaped by evolutionary and environmental 

factors. Overall, my thesis advances our understanding of parental care regulation in species 

with male-only care and complex reproductive systems. It underscores the significance of 

considering a range of endocrine, genomic, and environmental factors in understanding the 

evolution and maintenance of parental care, thereby enriching our knowledge within 

evolutionary biology and the neuroendocrine regulation of parental behaviour.  
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Summary for Lay Audience 

Parental care is crucial for the survival of young animals but can be costly for the parent 

providing care. This thesis delves into parental care, focusing on a species of fish known 

as bluegill sunfish and their hybrid offspring with pumpkinseed sunfish. Parental male 

bluegill sunfish provide sole parental care for their brood and can determine which 

offspring are related to them. They use this information to adjust their level of parental care 

in response to their paternity. The objective of this research is to determine how hormones 

and genes influence how parental males adjust their parental care. To do this, I manipulated 

paternity swapping eggs between nests, or providing a visual cue that the offspring in the 

nest were not related to the male providing care. I found that a hormone called 11-

ketotestosterone responds to cues about paternity. However, it does not seem to directly 

influence how bluegill care for their young – instead it may prepare them for future 

reproductive opportunities. In contrast, prolactin, another hormone, plays a crucial role. 

Prolactin adjusts according to how likely the parental male is to be the true father of the 

offspring, affecting how much care they give. Furthermore, I used genomic analyses to 

determine that genes related to energy transport, immune response, and stress vary in 

response to perceived paternity. Interestingly, I also observed unique traits in hybrid 

sunfish. Despite their low probability of paternity, they still provide parental care. Their 

distinct hormonal profiles and quality of parental care suggest a species-specific system of 

parental care, influenced by their genetic background and environmental factors. Overall, 

this research challenges traditional views on the regulation of parental care in fish, 

especially those with intricate reproductive systems. It highlights the importance of 

considering a range of hormonal, genetic, and environmental factors to understand the 

evolution and persistence of parental care. This work not only advances our knowledge 

within evolutionary biology, but also opens new avenues for future research in the 

neuroendocrine regulation of parental behaviour.  
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Chapter 1  

1 General Introduction 

1.1 Parental Care 

1.1.1 Evolution of parental care 

In 1871, Darwin suggested parental care is likely the foundation of social behaviour in 

animals, despite little knowledge at the time about how and why parental care evolved 

(Darwin, 1871). Parental care is ubiquitously present across the animal kingdom yet varies 

in presence and strategy from species to species. Parental care has been defined as ‘any 

form of parental behaviour that appears likely to increase the fitness of a parent’s offspring’ 

(Clutton-Brock, 1991) and has since been expanded to broadly include any parental trait 

that enhances offspring fitness and is likely to have evolved or is maintained for this 

function (Smiseth et al., 2013). Under these definitions, parental care includes the 

allocation of resources to eggs during development, offspring provisioning after hatch or 

parturition, nest tending and guarding, and even the improvement of offspring reproduction 

opportunities later in life (Klug & Bonsall, 2014). Parental investment is defined separately 

as any parental expenditure that benefits the survival and/or fitness of the offspring but 

reduces the ability of the parent to invest in components of their own fitness, including 

mate attraction and reproduction opportunities (Klug et al., 2013). Parental expenditure 

may be time, energy or resources that are allocated to offspring, and typically reduces the 

survival and/or future reproduction of the parent themselves (Klug et al., 2013). 

Given that parental investment increases offspring fitness at a cost to the parent’s own 

fitness, a purely evolutionary perspective suggests that parents should be under selection 

to avoid providing care for their offspring. There is huge variation in the presence/absence 

of parental care within and between taxonomic groups and is a central question within 

evolutionary ecology (Klug et al., 2013). Investment in parental care is expected to be 

favoured only when the fitness benefits to the parent(s) outweigh the costs associated with 

care. To mediate the trade-off between the cost and benefit of providing parental care, 

parental investment theory provides a framework to understand how care is allocated. This 



 

 

2 

theory predicts parents should assess offspring value and invest more care in offspring that 

are more reproductively valuable (Trivers, 1972). In an evolutionary context, it is adaptive 

for parents to invest more in offspring that are more likely to contribute to a parent’s overall 

fitness (Westneat & Sherman, 1993). Therefore, parental investment should increase as 

offspring value increases (Clutton-Brock, 1991; Montgomerie & Weatherhead, 1988); 

Figure 1.1). Offspring number and size can typically be assessed fairly easily, with large 

broods valued over small, and large or otherwise healthy offspring valued over small or 

sickly offspring (Montgomerie & Weatherhead, 1988; Townshend & Wootton, 1984; 

Windt & Curio, 1986). If parentage is uncertain, parents should invest more into care for 

offspring that are likely to be their own (Westneat & Sherman, 1993). Parentage may be 

determined at an individual level, or as the proportion of offspring in the brood that are the 

genetic offspring of the parent (Westneat & Sherman, 1993). When females invest in 

offspring, they are very likely related to their offspring as they are rarely separated from 

their eggs. Males, however, are often less certain of paternity and thus less likely to invest 

in providing parental care (Klug et al., 2013). In theory, males should invest more into 

offspring they are likely to have higher paternity of – whether that paternity is perceived 

or realized. To determine the relatedness of offspring to a parent, however, requires some 

form of kin recognition and discrimination (Mateo, 2004). 

1.1.2 Recognition mechanisms 

Kin recognition was first suggested by Hamilton (1964) where he proposed that relatives 

are recognized based on phenotypic traits, or by their location close to home. In the context 

of parental care, parents use kin recognition to allocate care based on parentage, such as 

parental males allocating care in response to paternity. This allocation of care in response 

to relatedness, or genetic value, is widespread across taxa including amphibians (Chen et 

al., 2011), fish (Gray et al., 2008; Manica, 2004; Neff & Gross, 2001), and birds (reviewed 

in Møller & Birkhead, 1993). Since Hamilton’s initial proposition (1964), biologists have 

described a variety of recognition mechanisms that allow individuals to  
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Figure 1.1 Flowchart of factors affecting the allocation of parental care (figure 

modified from Klug et al., 2012). 

direct behaviours to related recipients. In particular, animals can recognize kin directly or 

indirectly. Indirect kin recognition involves using context-based cues such as location or 

the number of intrusions by brood parasites to determine the likelihood that individuals 

they encounter are related (Mateo, 2004). Direct kin recognition occurs when animals use 

methods including familiarity, or phenotype matching to interpret direct cues of relatedness 

(Holmes & Sherman, 1982). Familiarity is based on prior association, where individuals 

remember the phenotype of individuals they have interacted with in contexts normally 

associated with kinship, and later recognize and treat these individuals as kin (Mateo, 

2004). The most common form of kin recognition in species with large broods, including 

fish, that may not be able to remember each individual they interact with, is phenotype 

matching (Hain, 2015). This form of recognition occurs when individuals form a ‘template’ 

based on the phenotypes of family members encountered during development and use this 

to determine what related individuals look, smell, or sound like. In species with broods of 

mixed parentage, individuals may use self-referent phenotype matching whereby the kin 

template is formed using their own phenotype (Hain & Neff, 2006).  
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1.1.3 Recognition of offspring 

Parents may use one, or a combination of multiple, mechanisms of kin recognition to 

determine which offspring are related to them. Parental males may use indirect cues to 

perceive or recognize relatedness, such as the presence of cuckolder males to infer the 

certainty or uncertainty of their parentage within the nest (Neff, 2003). When using direct 

mechanisms, parents interpret phenotypic cues from their offspring to recognize or 

‘realize’ parentage. In species with more mobile offspring, parents may recall the 

phenotype of offspring from their burrows to recognize them after emergence and direct 

care accordingly (Holmes & Sherman, 1982). Or, in species with large broods, parents may 

compare their kin template to the offspring in their brood to determine if they are related. 

From there, parents may invest more parental care into offspring they are related to, to 

maximize the likelihood of the survival of offspring that may go on to reproduce and 

propagate the genes of the parent into future generations. 

1.2 Mechanisms underlying parental care  

Parenting involves the detection and processing of offspring cues, the regulation of parental 

strategy or ‘motivation’, and the execution of parental behaviours (Kohl & Dulac, 2018). 

To facilitate this, parental care necessitates significant physiological changes in the brain 

and reproductive system (Bridges, 2015; Champagne & Curley, 2013). The predominant 

understanding of these changes is anchored in the endocrine system (Ball & Balthazart, 

2008), however advancements in genomic technologies are helping to understand the roles 

of genetics in the evolution and expression of parental behaviour.  

1.2.1 The endocrine system 

The endocrine system is one of the regulatory systems in organisms, in which endocrine 

glands produce hormones that are transported through the body by blood to reach their 

target tissues where they bind to receptors to produce a response (Nelson & Kriegsfeld, 

2022). Hormones act according to their structure to bind and promote genes or regulate 

their expression via secondary messengers. Fat soluble steroid hormones bind to protein 

carrier molecules in the blood, diffuse across the cell membrane, bind to cytoplasmic cell 

receptors and act as transcription factors. Other hormones like peptide hormones bind to 
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membrane-bound receptors that initiate pathways and cascades of reactions to activate 

transcription factors. The hormone concentration and time it circulates in the blood 

correlates with the intensity and duration of its effects. Once hormones have affected their 

target cells they become inactivated as they are metabolized or converted to another 

molecule (Bahrke & Yesalis, 2004; James, 2011). Negative feedback loops are common to 

regulate hormone concentrations within the body, where the products of the hormone’s 

action inhibit its production either directly or indirectly. For example, in seasonally 

reproductive birds, the switch from short to long days increases production of gonadotropin 

hormone-releasing hormone and increases plasma levels of luteinizing hormone. 

Luteinizing hormone induces testicular development followed by an increase in gonadal 

steroid hormones such as testosterone that stimulate reproductive behaviour and secondary 

sex characteristics (Farner & Wingfield, 1980). Testosterone acts on the pituitary and 

hypothalamus, and signals to decrease the production of gonadotropin hormone-releasing 

hormone and luteinizing hormone respectively (Nelson & Kriegsfeld, 2022).  

Hormones can modulate physiology and behaviour and are strongly associated with the 

survival and reproduction of an organism. Hormones affect a wide range of behaviours. 

For example, glucocorticoid hormones are involved in energy metabolism and stress 

response (Selye, 1937), androgens are involved in social behaviour and reproduction 

(Farner & Wingfield, 1980), and prolactin is involved in over 300 functions in the body 

including parental care and immune response (Smiley, 2019; Whittington & Wilson, 2013).

   

1.2.2 Behavioural endocrinology 

Animal behaviour scientists are typically interested in understanding the proximate and 

ultimate explanations for behaviour. Proximate explanations include mechanisms of how 

the behaviour occurs while ultimate explanations explore more broad evolutionary 

questions like why animals exhibit behaviours. To explore more proximate explanations of 

behaviour, behaviour scientists have recently turned to the rapidly expanding field of 

behavioural endocrinology. Behavioural endocrinology is the scientific study of the 

interaction between hormones and behaviour centred on the principles that (1) hormones 

influence behaviour, and (2) behaviour can influence hormone concentrations (Nelson & 
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Kriegsfeld, 2022). Hormones may influence behaviour by affecting any or all three 

interacting components: input or sensory systems, processing or integration systems like 

the central nervous system, and output systems such as muscles (Nelson & Kriegsfeld, 

2022). Each of these components can in turn affect the animal’s endocrine state.    

Behavioural endocrinology experiments require the assessment and measurement of 

behaviour in conjunction with the measurement or manipulation of hormones, either in the 

field or the lab. To establish a causal link between hormones and behaviour experimental 

results should determine that (1) removal/blockage or elevation of a hormone should stop 

or increase the actions of the hormone and (2) hormone concentrations and the behaviour 

in question should be covariant (Silver, 1978). Early studies in endocrinology quantified 

hormones using radioimmunoassay by using antibodies and purified radiolabeled ligands. 

More recently, enzyme-linked immunosorbent assays (ELISAs) are used where instead of 

radioactively tagging antibodies, they are tagged with an enzyme that changes the optical 

density (colour) of a substrate. To quantify hormones, researchers develop a standard curve 

of known concentrations that is compared against experimental samples to determine 

concentrations (Nelson & Kriegsfeld, 2022).  

Hormones affect parental behaviour at each component of behaviour including input, 

processing, and output systems, such that responsiveness to hormones is a requirement of 

the parental phenotype (Ball & Balthazart, 2008). The endocrine system is involved in the 

initiation of reproduction, from gonad growth and maturation to reproductive and parental 

care behaviour (reviewed in Farner & Wingfield, 1980). In particular, sex steroids such as 

androgens and prolactin have been identified as proximate mechanisms mediating parental 

care behaviour (Numan & Insel, 2011; Smiley, 2019).  

1.2.3 Androgens and parental care 

Androgens are a class of steroid that are primarily associated with the stimulation of 

reproductive traits in males including differentiation of reproductive tracts, secondary 

sexual characteristics, spermatogenesis, and reproductive behaviour (Borg, 1994). 

Androgens exert their effects by binding to steroid hormone receptors in the brain (Davey 

& Grossmann, 2016). Behaviours may respond rapidly to changes in circulating androgen 
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levels (Steinman & Trainor, 2010). Androgens are produced by a series of reactions that 

start with cholesterol (Figure 1.2; Borg, 1994). This is converted to pregnenolone which 

can be converted to progesterone. As the hydrogen is replaced by a hydroxyl group in 

position 17, progesterone is converted to 17α–hydroxyprogesterone, which in turn is 

converted to testosterone. Testosterone can be converted to 11β-hydroxytestosterone and 

11-ketotestosterone. Androgens act by binding to androgen receptors, specifically or 

promiscuously, to change the configuration of the receptor, the receptor localization signal 

is exposed, to allow for translocation into the nucleus where gene expression can be altered 

(Dehm & Tindall, 2006). Androgens can also rapidly act via non-genomic mechanisms to 

active cytoplasmic proteins (reviewed in Freeman et al., 2000. In mammals and birds, 

testosterone is the primary androgen (Borg, 1994; Wingfield et al., 1987), while in most 

teleost fish, 11-ketotestosterone is often considered to be the main androgen in teleost 

males (Borg, 1994). 

 

Figure 1.2 Gonadal and steroid hormones and possible conversions (figure modified 

from Borg, 1994). Purple highlighted region indicates androgen hormone family, with the 

primary androgen in mammals and bird highlighted in red, and the primary androgen in 

fish highlighted in blue. Abbreviations are CYP = Cytochrome P450 family, subfamily, 

polypeptide; HSD = Hydroxysteroid dehydrogenase. 
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Increases in testosterone increases aggressive behaviours like singing, posturing, and 

attacking in mammals and birds (Nelson & Kriegsfeld, 2022; Wingfield et al., 1987). High 

concentrations of androgens are highly correlated with aggressive behaviours (Kuba et al., 

2015), and artificially increased concentrations can induce aggressive behaviour (Van 

Duyse et al., 2002). In fish, testosterone elicits a response consistent with other taxa but at 

a lower response than 11-ketotestosterone (Moore et al., 2020). Males experimentally 

increased androgen levels display more aggressive behaviours (Cunha et al., 2019; Rodgers 

et al., 2012). While androgens are critical to the establishment and maintenance of 

territories and courtship, high concentrations can suppress parental care and immune 

response (Wingfield et al., 1990). Consequently, parental males must regulate androgens 

during parental care to balance nurturing and aggressive behaviours (Wingfield et al., 

1990). The challenge hypothesis was proposed by Wingfield et al. (1990) and posits males 

elevate androgens only in response to a challenge while caring for offspring, rather than 

maintaining high levels of androgens that may impact nurturing behaviour. Given that 

parents provide care by nurturing and by defending their offspring, it is clear that androgen-

mediated aggressive behaviour is important to parental care. 

1.2.4 Prolactin and parental care 

Prolactin is a multifunctional polypeptide hormone belonging to a family of hormones 

including growth hormone and somatolactin (Dobolyi et al., 2020). Prolactin is primarily 

produced at high levels in pituitary tissues, along with extrapituitary production in several 

other tissues such as liver, intestines, gonads, muscle, and kidney (Ben-Jonathan et al., 

1996). Prolactin is occasionally expressed in tissues that also expressed the prolactin 

receptor, raising the potential prolactin may be able to act in an autocrine or paracrine 

manner in addition to endocrine (reviewed in Bole-Feysot et al., 1998). Prolactin secretion 

is influenced by stimulatory and inhibitory substances including neurohormones, sex 

steroids, and plasma factors from other tissues (reviewed in Kawauchi et al., 2009). Once 

prolactin moves to the site of action, it binds to a prolactin receptor via two binding sites. 

Dimerized prolactin receptors activate a JAK kinase molecule, which phosphorylates 

STAT transcription factors that dimerize and migrate to the nucleus to bind to promotors 

and activate prolactin-responsive genes (Bole-Feysot et al., 1998).  
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Prolactin is ubiquitous in vertebrates with over 300 known functions (Bole-Feysot et al., 

1998; Gong et al., 2022) including osmoregulation, growth and development, metabolism, 

behavioural regulation, immune response, maintenance of water and electrolyte balance, 

and reproduction. The prolactin gene is conserved across vertebrates containing four well-

conserved cysteine residues (K. M. Lee et al., 2006) hypothesized to be responsible for 

prolactin’s common roles, particularly in reproduction and parental care (Manzon, 2002). 

The name ‘pro-lactin’ was derived from the idea of a pituitary-derived stimulatory factor 

that initiated milk development had been identified in the 1920s (Stricker & Grueter, 1928). 

Prolactin was first identified in birds in the 1930s and is associated with parental care in 

almost every female bird studied to date (Angelier et al., 2016; Smiley, 2019). In mammals, 

prolactin is associated with pregnancy, lactation, and parental care after birth in both 

females and males (Storey et al., 2000). In both mammals and birds, high concentrations 

of circulating prolactin correlates with increases of parental care behaviours (Dixson & 

George, 1982; Li et al., 2022; Smiley, 2019; Storey et al., 2000). Studies on the effect of 

prolactin on fish parental care indicate administration of mammalian prolactin induce 

parental care behaviour (Blüm & Fiedler, 1965; Cunha et al., 2019), but have not yet 

established a causal relationship. There are no studies to date that have quantified 

endogenous prolactin in fish and determined how concentrations covary with parental care 

behaviour.  

1.2.5 Behavioural Genomics 

While the neuroendocrine regulation of parental care is relatively well understood, a 

concept inherent to behavioural endocrinology is the idea that if hormones produce a 

change in behaviour, there is likely a change in the animal’s brain. Moreover, 

advancements in genomic technologies allow for a more in-depth characterization of 

changes in the brain and processes in other tissues that facilitate care.  

 A cornerstone technique of molecular biology is the polymerase chain reaction (PCR) and 

the subsequent quantitative PCR (qPCR), which is a method used to determine and 

compare the quantity of gene expression. This fine lens allows researchers to compare 

single genes at a time. To analyze larger profiles, an earlier technique used to determine 

relative gene expression during the onset of, or during, a behaviour was DNA or RNA 
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arrays, which assessed the expression of thousands of genes on a chip or slide using a 

computer. More recently, RNA sequencing is a relatively new technique that uses next-

generation sequencing to determine and quantify all cellular RNA (mRNA, rRNA, tRNA, 

etc.) in a sample. This allows researchers to analyze the continuously changing cellular 

transcriptome and identify novel genes and expression patterns. Moreover, these 

technological advancements in genomic technologies help to understand the role of 

individual genes in the evolution and expression of behaviour. 

1.2.6 Genes and parental care 

Genomic studies have determined that alterations in gene expression pertinent to parental 

care occurs predominantly in the brain. The neural architecture related to this in mammals 

is well-defined (Dobolyi et al., 2014; Kohl & Dulac, 2018; Zhang et al., 2021). Lesions in 

the hypothalamic preoptic area impair parental care (Lee & Brown, 2007) and exhibits high 

expression of receptors for hormones linked to parental care (Numan & Insel, 2011). Genes 

associated with parental care have also been identified in the hypothalamic-septal region 

in zebra finch (Taeniopygia guttata) and the diencephalon and telencephalon in male three-

spined stickleback (Gasterosteus aceuleatus), suggesting a full characterization of parental 

care associated gene expression should not be limited to one area of the brain (Bukhari et 

al., 2019; Kumari et al., 2022).  

Transcriptomic analyses have determined genes expressed during parental care in 

mammals, birds, and fish are often associated with metabolism, neuromodulatory structure, 

immune system regulation, and transcription (Bukhari et al., 2019; Duclot et al., 2022; 

Lynch et al., 2019). However, much of this present has focused on maternal care, reflecting 

the dominance of this parental care system in mammals and birds. Given the prevalence of 

paternal care and the different costs associated with male compare compared to female 

(Klug et al., 2013), it is important to understand the genetic pathways associated with the 

expression and evolution of paternal care. 

1.3 Study Species 

I investigated the influence of perceived and realized paternity on parental care behaviour 

in sunfish. The majority of my thesis focuses on the parental care behaviour of bluegill 
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sunfish (Lepomis macrochirus), along with the parental care provided by the hybrid 

offspring produced with pumpkinseed sunfish (Lepomis gibbosus).  

1.3.1 Bluegill sunfish 

Bluegill sunfish are a member of the Centrarchidae family and are found in temperate 

freshwater across North America (Scott & Crossman, 1988). I studied a population of 

bluegill in Lake Opinicon (44˚34’N, 76˚19’W), which have been studied for their 

alternative reproductive tactics since the late 1970s (Gross, 1982). The reproductive season 

lasts from late-May to early-July, during which the ‘parental’ male morph (Figure 1.3) 

enters the littoral zone and sweeps the floor substrate with their caudal fin to construct nests 

in breeding colonies of up to 150 males (Gross & MacMillan, 1981). On spawning day 

parental males court and spawn with females, then provide uniparental male care to their 

brood for 7-10 days (Gross, 1982). Males provide nurturing care by fanning eggs within 

the nest to sweep debris from eggs and flush oxygen over the nest. They circle the nest as 

a guarding behaviour, which may also increase the movement of water and oxygen over 

the nest (Côté & Gross, 1993). During the parental care period, parental males forgo their 

reduce their foraging in lieu of caring for their brood, and may lose up to 10% of their body 

mass (Magee et al., 2006). The bluegill mating system is highly promiscuous with an 

average of 25% offspring sired by precocious ‘cuckolder’ males (Gross & Charnov, 1980). 

Cuckolder males mature within 1-2 years and use size-based tactics to fertilize eggs in 

parental male nests. Small cuckolders are called ‘sneakers’ and conceal themselves in 

vegetation until they intrude by darting into parental male nests to fertilize eggs (Gross, 

1982). As they grow, cuckolders switch tactics and use female mimicry. These ‘satellite’ 

or mimic males orbit around the nest and enter when a parental male is spawning with a 

female, then fertilize the eggs while acting as if they too are spawning with the male (Gross, 

1982). Given the potential for low paternity within the nest, parental males are able to 

discern relatedness to their brood using olfactory cues released by larvae after eggs hatch 

(Neff & Sherman, 2003). Males adjust their care in response to paternity recognition, where 

males with higher paternity provide higher quality parental care (Neff, 2003; Neff & Gross, 

2001). 
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Figure 1.3 Alternative life history tactics of bluegill sunfish (Lepomis macrochirus). 

Figure has been modified from Gross & Charnov (1980). Ages are approximate and 

may differ among populations.  

Similar to bluegill, pumpkinseed sunfish in Lake Opinicon also exhibit alternative 

reproductive tactics where parental males guard and care for nests while cuckolder males 

use a sneaking tactic to fertilize eggs (Gross, 1979). On average, pumpkinseed sire close 

to 78% off the larvae in their nest (Garner & Neff, 2013). 9% of the nest is sired by 

pumpkinseed cuckolders while the remaining 13% are sired by bluegill cuckolders (Garner 

& Neff, 2013). When bluegill cuckolders fertilize pumpkinseed nests, they produce hybrid 

sunfish (Konkle & Philipp, 1992; Figure 1.4). While hybrid males are functionally sterile 

(Immler et al., 2011), they provide care for offspring. Very little is known about the 

mechanisms underlying hybrid parental care, including behaviour, kin recognition, 

endocrinology, and genetics. 
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Figure 1.4 Images of bluegill and pumpkinseed sunfish, and their hybrid offspring. 

Bluegill photo by Nike Brooke. Hybrid and pumpkinseed photos taken by Emma 

Churchman. 

1.3.2 Mechanisms regulating bluegill parental care 

Parental males also adjust their care behaviour in response to hormone administration. 

When implanted with 11-ketotestosterone, bluegill increase the frequency of aggressive 

nest defensive behaviour (Cunha et al., 2019; Rodgers et al., 2013). Parental males also 

increase the frequency of aggressive behaviour and decrease the frequency of nurturing 

behaviour in response to testosterone administration (Rodgers et al., 2012). Similarly, when 

treated with androgen blocker flutamide, nurturing care increases and aggressive care 

decreases (Rodgers et al., 2013). When considering paternity, after larvae hatch and 

bluegill can determine paternity, circulating testosterone and 11-ketotestosterone 

concentrations are positively correlated with paternity within the nest (Neff & Knapp, 

2009). Taken together, androgens are clearly involved in bluegill aggressive behaviour. 

While 11-ketotestostone is correlated with paternity, and paternity affects parental care, it 

is possible that 11-ketotestosterone may mediate this change in behaviour. 
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Prolactin also appears to have a role in bluegill nurturing parental care. Early studies 

administered bromocriptine, a prolactin inhibitor, and observed a reduction in nurturing 

behaviour (Kindler et al., 1991). More recently, by increasing circulating prolactin levels 

via subcutaneous implants, parental males also increase their nurturing behaviour (Cunha 

et al., 2019). Circulating endogenous prolactin concentrations have only been quantified 

during the parental care period in female Nile tilapia (Oreochromis niloticus; Tacon et al., 

2000). Prolactin concentrations varied during the parental care period, however the study 

did not analyze or link these concentrations to behaviour (Tacon et al., 2000). While 

bluegill exhibit a positive nurturing response to elevated prolactin, the hormone has not 

been quantified in response to paternity, nor have any studies explored a causal link to 

endogenous circulating concentrations and parental care behaviour in fish.  

Early work using microarrays to determine how increases in 11-ketotestosterone affect 

gene expression during parental care in bluegill observed that males with increased 11-

ketotestosterone concentrations have reduced expression of immune related genes but were 

not associated with prolactin gene expression (Partridge et al., 2014). Transcriptome work 

in bluegill has yet to establish a relationship to paternity and how this is related to parental 

care. 
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Figure 1.5 Factors influencing adjustments in parental care in bluegill sunfish. Solid 

lines indicate established relationships, and dotted lines indicate areas that require 

further investigation. 

1.4 Research Objective 

The primary objective of this thesis is to determine what mechanisms underlie adaptive 

adjustments in parental care behaviour in response to paternity in sunfish. My overarching 

hypothesis was that if 11-ketotestosterone, prolactin, or gene expression varies in response 

to experimentally manipulated paternity, they may be associated with the adjustment of 

parental investment via care behaviour provided by parental males. Across three of my data 

chapters (2-4) I used the bluegill alternative reproductive system to manipulate perceived 

and realized paternity and analyze each potential proximate mechanism. In my final data 

chapter, I broadened my scope to hybrid sunfish to determine if these mechanisms have 

the potential to drive parental care irrespective of paternity.  To do this, I used a two-prong 

approach to fully characterize response to paternity. To manipulate indirect cues of 

paternity, I experimentally provided cues of cuckoldry on spawning day to increase the 

uncertainty of paternity within the nest. To manipulate direct paternity, I experimentally 

lowered paternity within the nest by swapping eggs between nests.  
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My research had the following objectives: 

1) To examine the effect of direct and indirect paternity cues on 11-ketotestosterone 

concentrations, and how this relates to aggressive behaviour during egg and larvae care 

(Chapter 2). 

2) To characterize circulating prolactin concentrations during the parental care period in 

fish and correlate endogenous prolactin to parental care behaviour (Chapter 2).  

3) To examine the effect of indirect paternity cues on circulating prolactin concentrations 

during the egg care period (Chapter 3).  

4) To examine the effect of direct paternity manipulation on the bluegill transcriptome in 

response to direct paternity manipulation (Chapter 4). 

5) To characterize hybrid parental care behaviour compared to bluegill and pumpkinseed 

sunfish (Chapter 5). 

6) To characterize hybrid 11-ketotestosterone and prolactin profiles during the parental 

care period (Chapter 5). 

7) To examine the effect of direct paternity manipulation on hybrid hormone levels and 

gene expression in comparison to bluegill and pumpkinseed (Chapter 5).  

The collective goal of this work was to identify endocrine and molecular mechanisms that 

underlie changes in parental care behaviour in sunfish. In doing so, I aim to not only 

enhance our proximate understanding of adaptive adjustments in parental care, but also 

contribute to the broader evolutionary narrative of how parental care itself has evolved. 
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Chapter 2  

2 Parental care behaviour in response to perceived paternity 
is not mediated by 11-ketotestosterone in bluegill sunfish 

A version of this chapter has been published in General and Comparative Endocrinology: 

Churchman, E.K.L., Hain, T.J.A., Knapp, R., Neff, B.D. (2023) Parental care behaviour in 

response to perceived paternity is not mediated by 11-ketotestosterone in bluegill sunfish. 

General and Comparative Endocrinology, 343, 114367.  

2.1 Introduction 

Parental care is essential to the survival of many young animals. Quality parental care can 

increase the rate of survival to hatch/birth, growth rate, and even future reproduction later in 

life (Clutton-Brock, 1991; Klug & Bonsall, 2014). While the benefits of parental care are well-

documented, parental care can be costly. Providing care often requires parents to forego 

potential breeding opportunities, reduce their foraging rate, and can make them more 

susceptible to predation and parasitism (reviewed by Alonso-Alvarez & Velando 2012). 

Parental investment theory indicates that these competing factors should result in parents 

assessing offspring value and then investing more care in high-quality or otherwise more 

valuable offspring (Trivers, 1972).   

Parental investment theory predicts that parents should alter their level of care to reflect the 

reproductive value of their brood (Trivers, 1972). In an evolutionary context, this response to 

value is adaptive provided that parents invest more in offspring that are most likely to 

contribute to the parents’ fitness (Westneat & Sherman, 1993). Reproductive value may be 

based on the number and size of the offspring as well as the relatedness of the offspring to the 

parent (Westneat & Sherman, 1993). Offspring number and size typically can be assessed fairly 

easily with large broods valued over small broods and large or otherwise healthy offspring 

valued over small or sickly offspring (Montgomerie & Weatherhead, 1988). To determine the 

relatedness of offspring to a parent, however, requires some form of kin recognition and 

discrimination (Mateo 2004).  
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Kin recognition mechanisms can allow parents to allocate parental care based on paternity. 

This allocation of care in response to relatedness, or genetic value, is widespread across taxa, 

including for example the rhacophorid frog (Kurixalus eiffingeri, Chen et al., 2011), scissortail 

sergeant (Abudefduf sexfaciatus, Manica, 2004), sarasins ährenfisch (Telematherina 

sarasinorum, Gray et al., 2008), bluegill sunfish (Lepomis macrochirus, Neff & Gross 2001; 

Neff 2003), and at least 52 species of birds (reviewed in Møller & Birkhead, 1993). Animals 

can recognize kin directly or indirectly. Indirect kin recognition involves using context-based 

cues such as location or the number of intrusions by brood parasites to determine the likelihood 

that individuals encountered are related (Mateo, 2004). For example, in cliff-nesting birds, 

finding a nestling in one’s nest is a strong indication of relatedness because nestlings are unable 

to move between nests (Cullen, 1957). Bluegill males use the number of sneakers around their 

nest on the day of spawning to make inferences about their paternity within the nest (Neff, 

2003). Direct kin recognition occurs when animals use methods such as familiarity, or 

phenotype matching to interpret direct cues of relatedness (Holmes & Sherman, 1982). 

Familiarity is based on prior association, in the sense that individuals remember the phenotypes 

of individuals they have interacted with in situations normally associated with kinship and 

later, recognize and treat those individuals as kin (Mateo 2004). Phenotype matching is most 

common in species with large broods, including fish (Hain, 2015). This form of recognition 

occurs when individuals form a ‘template’ of what related individuals look, smell or sound like 

based on the phenotypes of family members encountered during development (Holmes & 

Sherman, 1982). These individuals later compare this template to phenotypes of individuals 

they encounter to determine if they are related (Holmes and Sherman, 1982). In promiscuous 

species with mixed broods, individuals may use self-referent phenotype matching whereby the 

kin template is formed using their own phenotype (Hain and Neff, 2006). Specifically, 

individuals born into broods with mixed relatedness should be more likely to form a self-

referent template to determine relatedness of other individuals. 

Behavioural endocrinology is a rapidly expanding field with hormones being proposed as a 

proximate mechanism to mediate parental care behaviour (Numan & Insel, 2011; Smiley et al., 

2019). In particular, androgens have been shown to be critical to the establishment and then 

maintenance of territories and courtship by modulating behaviour. However, increases in 

androgens can suppress nurturing parental care and immune response, which requires parents 
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to regulate their androgens during the parental care period (Wingfield et al. 1990). There is a 

large body of research demonstrating that testosterone in birds mediates aggressive behaviour 

during the breeding and parental care season. Typically, increases in testosterone increase 

behaviours like singing, posturing, and attacking (Nelson, 1995; Wingfield et al., 2000). The 

challenge hypothesis was proposed by Wingfield et al. (1990) as a way for parents to balance 

the trade-off of aggressive behaviour and parental care, by increasing androgen synthesis only 

in response to challenges to avoid suppressing other forms of parental care and immune 

response. The challenge hypothesis has since been supported in several taxa including fish, 

mammals, and reptiles (reviewed in Moore et al., 2020). While the challenge hypothesis 

broadly explains androgen regulation, much of the research is focused on mammals and birds 

where testosterone is the primary androgen. When tested in fish, T elicits a response consistent 

with other taxa, but at a lower response than 11-ketotestosterone (Moore et al., 2020). 

Unaromatizable 11-ketotestosterone is the active metabolite of testosterone in fishes (Borg, 

1994). While fish synthesize 11-ketotestosterone, testosterone, and 11ß-hydroxytestosterone, 

11-ketotestosterone is found at the highest levels in the breeding season and has been found to 

be more effective than testosterone in stimulating secondary sexual characteristics including 

reproductive behaviour and parental care in many fishes (reviewed in Borg, 1994). Thus, in 

fishes, 11-ketotestosterone is likely to be the primary androgen, underscoring the nuanced 

nature of behavioural endocrinology across species. 

Bluegill are endemic to North America and have been extensively studied for their alternative 

reproductive tactics. In bluegill, parental care is performed by males called “parentals” (Gross, 

1982). Parental males establish territories within colonies, build nests, court, and spawn with 

females, and then provide sole care for the offspring by oxygenating eggs, cleaning the nest, 

and defending the brood from nest predation (Gross, 1982). Parental males sometimes nest and 

spawn multiple times during the breeding season (68). The bluegill mating system is highly 

promiscuous, with about 25% of the broods being sired by precocious males called cuckolders 

(Neff 2001; Neff & Clare 2008; Garner & Neff 2013). In Lake Opinicon, cuckolder males 

mature at age 2 years and use a sneaking tactic where they hide in vegetation around the nests 

and dart into nests to fertilize eggs when the parental male is spawning with a female (Gross 

& Charnov, 1980). At about 4 years of age, cuckolders switch tactic and instead use female 

mimicry (Gross, 1982). These mimics orbit around the nests like satellites and enter the nest 
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while the parental male is spawning with a female. “Satellite” males then fertilize the female’s 

eggs while acting as if they are also spawning with the parental male. 

Parental males are able to discriminate between larvae they have sired, and larvae sired by 

other males. Such kin discrimination happens using both indirect cues of paternity (nest 

intrusion by sneakers during spawning) and direct phenotype matching of olfactory cues 

released by larvae after egg hatching (Neff & Gross, 2001; Neff 2003; Neff & Sherman 2003). 

This ability to discriminate based on paternity leads to differences in parental care: parental 

males with high paternity provide more aggressive parental care against brood predators than 

males with low paternity (Neff & Gross 2001; Neff 2003). Prior work has also been able to 

elicit aggressive behaviour by exposing parental males to exogenous 11-ketotestosterone via 

subcutaneous implant (Cunha et al., 2019; Rodgers et al., 2012). In these studies, exposure to 

high concentrations of 11KT resulted in increased aggressive nest defensive behaviour (Cunha 

et al., 2019; Rodgers et al., 2012). Taken together, 11-ketotestosterone may regulate aggressive 

behaviour in bluegill during the breeding season, and this aggressive behaviour should vary 

based on paternity. This, in the current study, my objective is to elucidate the role of 11-

ketotestosterone in adaptive adjustments of parental care behaviour in bluegill. I hypothesize 

the manipulation of perceived paternity will lead to changes in nurturing and defensive 

behaviour, and the underlying mechanism of these behavioural adjustments is 11-

ketotestosterone. I predict males with experimentally reduced perceived paternity will reduce 

the quality of their parental care and frequency of care behaviours. Furthermore, if 11-

ketotestosterone mediates these behaviour changes, I expect males with lower perceived 

paternity to have lower circulating 11-ketotestosterone concentrations. To test this, I subjected 

parental males to either a direct paternity manipulation where paternity in the nest was altered, 

or to a visual manipulation where males perceived the visual cue of nest intrusion by sneakers 

on the day of spawning. I then measured changes in the circulating concentration of 11-

ketotestosterone and parental care behaviour. 
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2.2 Methods 

2.2.1 Species and study site 

I studied a population of bluegill in Lake Opinicon (44°34′N, 76°19′W), Ontario, Canada. This 

890-hectare lake has been a study site for this species since the mid-1970s (68). In Lake 

Opinicon, bluegill breed from late May to July. During this time, parental males enter the 

littoral zone and build nests in colonies of up to 300 males. Parental care lasts between 7 and 

10 days, with the eggs hatching around day 3. From 2018-2021 swimmers equipped with 

snorkelling gear monitored bluegill reproductive behaviour along a 2 km stretch of the littoral 

zone of the lake. When a colony formed, I tagged each nest with an individually numbered 

ceramic tile. A single swimmer mapped the colony to record the position of each nest after 

spawning and assigned each nest an egg score from 1-5 as a proxy of the number of eggs in 

the nest (Claussen, 1991; Cargnelli and Gross, 1996). This score is based on the percentage of 

the nest covered in eggs and is highly correlated with the number of eggs and larvae in the nest 

(Classen, 1991).  

2.2.2 Direct Manipulation of Paternity 

My objective in this study was to replicate the experimental paternity manipulation of Neff 

(2003), while adding blood sampling to assess the effect of paternity manipulation on 

circulating 11-ketotestosterone (11KT) levels. Parental males were paired based on their 

assigned egg scores the morning after spawning was observed at each colony (day 1; Figure 

2.1). The paired males with equal egg scores were then caught one at a time using a dip net 

and brought to a nearby boat. Nests were covered with a screen to prevent egg predation while 

the parental male was absent from the nest. I immediately took a 200 µL whole-blood sample 

from the caudal vein using a 25G needle attached to a 1 mL heparinized syringe. These samples 

took an average of 85 seconds to collect from the time of capturing the male (range = 21 to 

256 seconds) and were used to measure baseline circulating concentrations of 11KT. I then 

measured total body length (mm) and placed the male in a recovery tank while the nest was 

manipulated. Both males remained on the boat while their nests were manipulated, and each 

pair of males were returned to their nests after the manipulation was completed. Each male 

spent fewer than 10 minutes on the boat, and all manipulations took place between 09:00 – 
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12:00 EST. The Animal Care Committee at Western University (ACC) approved all 

procedures performed in this study (AUP #2010-214 and 2018-084).  

Following Neff (2003), I assigned each pair of males to one of two treatments: (1) control; or 

(2) egg manipulation. For the egg manipulation treatment, I swapped about one-half of each 

male’s eggs between the two nests. These swaps were not performed between neighbouring 

nests to ensure the foreign eggs introduced were unrelated to the focal male. I performed a 

sham swap in the nests of males assigned to the control treatment, in which I removed and then 

returned one-half of the eggs to the original nest. This mimicked the disturbance of the egg 

swap, but not the reduction in paternity.  

On day 2, I recorded each male’s parental care behaviours by performing a standardized nest 

defense test between 14:00 – 17:00 EST. I presented a natural egg predator (pumpkinseed 

sunfish, Lepomis gibbosus) in a transparent plastic bag on the border of the parental male’s 

nest and recorded the parental male’s defensive behaviour for 1 min using a go-pro camera 

(Hero 5 and 6, San Mateo, California, USA). Later from the videos I quantified three 

aggressive behaviours (sensu Neff, 2003): (1) lateral display; (2) opercular flare; and (3) bite.  

I monitored nests daily to determine the day of hatch, which was expected on day 3. I 

performed another nest defense test the day after hatch. Immediately after the test, I collected 

another blood sample from each parental male, as described above, to measure circulating 

11KT concentration. Due to a difference in blood sampling methodology post-hatch in 2018, 

those samples were not analyzed for 11KT, but the behavioural data from those males were 

used. 
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Figure 2.1. Timeline of direct paternity manipulation and indirect perceived paternity 

visual manipulation on bluegill sunfish (Lepomis macrochirus).  

Days in blue represent the timeline of the swapped eggs paternity manipulation protocol, and 

in green represent the indirect manipulation.  

2.2.3 Indirect manipulation of perceived paternity 

In a second experiment, I manipulated perceived paternity using an indirect cue – the presence 

of sneakers during spawning. Following Neff (2003), I placed two transparent plastic tanks (20 

× 16 × 10 cm) on opposite sides of parental males’ nest on the day of spawning (Figure 2.1). I 

assigned parental males to one of two treatments: (1) control; or (2) sneaker visual cue. I placed 

two bluegill sneaker males in each tank surrounding the males assigned to the experimental 

treatment. I left these tanks beside the nest for the duration of the spawning day to present a 

visual cue of high cuckoldry by sneakers to the parental male. The tanks beside the nests of 

males assigned to the control treatment remained empty during the day of spawning. 

On the day after spawning (day 1), each parental male was caught via dip net and brought to 

the boat one at a time for initial processing. I measured each male’s total body length (mm) 

and a 200 µL whole-blood sample to measure circulating 11KT. The next morning, I set up 

GoPro Cameras (Hero 5, 6, or 7) at each parental male’s nest. I recorded nurturing behaviour 

for 30 minutes between 09:00-12:00 EST. I quantified four nurturing behaviours: (1) rim 



 

 

32 

circling; (2) caudal fan; (3) pectoral fan; and (4) egg consumption (Gross & Macmillan, 1981; 

Cote & Gross, 1993; Neff 2003). In the afternoon, between 14:00-17:00 EST, I recorded and 

quantified nest defense parental care behaviour using the same standardized nest defense test 

from the direct paternity manipulation experiment. 

2.2.4 Hormone analysis 

I extracted plasma from each blood sample within 8 hours of collection and stored it at -20˚ C 

for transportation back to the University of Western Ontario. I then used enzyme-linked 

immunosorbent assay (ELISA) kits (CAT# 582751; Cayman Chemical, Ann Arbor, MI) to 

determine the concentration of 11KT in the plasma. I ran each sample in triplicate. 

Concentrations of 11KT were within the range expected based on previous studies of 

reproductive hormones in bluegill (Neff & Knapp, 2009; Magee et al., 2006).  

2.2.5 Statistical analyses 

I used R Studio (2015) for all statistical analyses. Degrees of freedom were calculated as the 

adjusted values as calculated in R. For both the direct and indirect manipulation of perceived 

paternity experiments, I first used t-tests to determine if there was a difference in egg score or 

body length between treatments. I used a Shapiro-Wilk test to assess the normality of each 

behaviour and 11KT concentration. I then used t-tests to determine the effect of experimental 

treatment on each of the nest defense behaviours (lateral displays, opercular flares, bites), and 

11KT concentrations. For the indirect paternity manipulation experiment, I also used t-tests to 

compare the effect of the treatment on the nurturing behaviours (rim circling, caudal fanning, 

pectoral fanning, and egg consumption).   

I used Spearman’s rank correlations to determine if there was a relationship between individual 

fish 11KT concentration and their nest defense and nurturing behaviours. I compared each 

treatment separately, and further analyzed each treatment per time point (egg care and larvae 

care).  
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2.3 Results 

2.3.1 Direct manipulation of paternity 

During the egg stage of care, I collected blood from 145 males (Ncontrol = 71, Nswap = 74), and 

behaviour observations for 74 males (Ncontrol = 32, Nswap = 42). The discrepancy between the 

blood and behaviour sample sizes is largely explained by nest abandonment between the first- 

and second-day post-spawning. During the larvae care stage, immediately after the nest 

defense test, I collected blood from 51 males (Ncontrol = 22, Nswap = 29) and behaviour 

observations from 65 males (Ncontrol=29, Nswap = 36). The discrepancy between blood and 

behaviour sample sizes during larval care is explained by video quality and water clarity, along 

with the coagulation of plasma for some blood samples, which prevented use of the ELISA 

assay. In 2018, 15 control and 9 swap males abandoned their nests after hatch. In 2020, 12 

control and 9 swap males abandoned their nests after hatch. In 2021, 13 control and 8 swap 

males abandoned their nests after hatch.  

Body length and egg score were similar between the control and egg swap treatments. At the 

egg care stage, there was no significant difference in egg score between the control (2.6 ± 1.1; 

mean ± SD) and egg swap treatments (2.8 ± 1.0; t120 = -0.84, p = 0.40). At the larval care stage, 

there was no significant difference in the egg score of males who remained after hatch between 

the control (2.6 ± 1.0) and egg swap treatments (2.8 ± 1.0; t120 = -0.84, p = 0.40). At the egg 

care stage, there was no significant difference in body length between the control (195 ± 

10mm) and egg swap treatments (196 ± 12mm; t140 = -0.37, p = 0.71). At the larval care stage, 

there was no significant difference in body length between the control (195 ± 10mm) and egg 

swap treatments (196 ± 12mm; t125 = -0.58, p = 0.56).  

There was no significant difference in the number of lateral displays performed by males in 

the control or swap treatments at the egg (t74 = -1.18, p = 0.24) or larval care stages (t65 = -

0.62, p = 0.54; Figure 2.2A). Similarly, there was no significant difference in the number of 

opercular flares performed by males in the control or swap treatments at the egg (t74 = 0.27, p 

= 0.79) or larval care stages (t65 = -0.75, p = 0.46; Figure 2.2B). There was no significant 

difference in the number of bites performed by males in the control or swap treatments at the 

egg care stage (t74 = -1.19, p = 0.24). However, after hatch, during the larval care stage, males 
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in the control treatment performed significantly more bites than males in the experimentally 

lowered paternity treatment (t65 = 3.38, p < 0.01 Figure 2.2C).  

Males in the control and swap treatments at the egg care stage had no significant difference in 

their 11KT concentration (t57 = 0.74, p = 0.46). However, during the larval care stage, males 

in the experimentally lowered paternity treatment had significantly higher 11KT than males in 

the control treatment (t51 = -2.44, p = 0.02; Figure 2.2D). There was also a significant difference 

in the change in individual 11KT concentrations with control males increasing on average by 

5.14 ng/mL and swap males increasing by 19.8 ng/mL (t57 = -3.83, p < 0.01).  

There was no relationship between the number of lateral displays performed by parental males 

in the control treatment and circulating 11KT concentrations (R = 0.21, p = 0.10), but there 

was a positive relationship in the males in the swap treatment (R = 0.22, p = 0.05). There was 

no relationship between the number of opercular flares performed by males and their 

circulating 11KT in the control treatment (R = 0.058, p = 0.66), or the swap treatment (R = 

0.064, p = 0.57). Similarly, there was no relationship between the number of bites males 

performed and their circulating 11KT in the control treatment (R = 0.18, p = 0.16) or swap 

treatment (R = -0.12, p = 0.28). 

 

Figure 2.2. Nest defense behaviours (A. Lateral Display, B. Opercular Flare, C. Bite) and 

11-ketotestoterone concentration (D) by parental male bluegill (Lepomis macrochirus) 

during the egg and larvae stages in response to a natural predator (Mean ± SEM). Control 

males (sham swapped eggs) are denoted by blue bars while treatment males with 

experimentally reduced paternity (swapped eggs) are denoted by orange bars. 
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2.3.2 Indirect manipulation of perceived paternity 

I analyzed the aggressive nest defense behaviour of 62 males (Ncontrol = 30, Nsneaker = 32), and 

the nurturing behaviour of 55 males (Ncontrol = 26, Nsneaker = 29). I collected blood from 56 

males (Ncontrol = 30, Nsneaker = 26). Variation in sample sizes stems from variation in water 

clarity/video quality, and video quality, and one male from whom blood coagulation in the 

needle prevented sample collection.  

Parental males in the control and sneaker visual treatments were not significantly different 

from each other in either egg score (control = 2.4 ± 1.1; mean ± SD; treatment = 2.7 ± 1.5; t50 

= -0.91, p = 0.37) or body length (control = 196 ± 9 mm; treatment 193 ± 13 mm; t59 = 1.33, p 

= 0.19). Based on the analysis of nest defense behaviours, there was no significant difference 

between the control and sneaker treatments in the number of lateral displays (t59 = -0.12, p = 

0.90), opercular flares (t59 = -0.04, p = 0.97) or number of bites (t59 = 1.67, p = 0.09; Figure 

2.3). Males in the sneaker treatment performed significantly fewer rim circles (t56 = 3.18, p = 

0.01), pectoral fans (t56 = 2.57, p = 0.02) and egg consumption motions (t56 = 3.97, p < 0.01) 

than males in the control treatment (Figure 2.4). There was no significant difference in the 

number of caudal fans performed by males in the control treatment relative to males in the 

sneaker treatment (t56 = 0.61, p = 0.55).   

 

Figure 2.3. Nest defense behaviours (A. Lateral Display, B. Opercular Flare, C. Bite) 

and 11-ketotestosterone concentration (D) by parental male bluegill (Lepomis 

macrochirus) during the egg stage in response to a natural predator (Mean ± SEM). 

Control males with higher perceived paternity are denoted by blue bars. Treatment males 

with lower perceived paternity (sneaker visual cue of cuckoldry) are denoted by orange bars. 
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Figure 2.4. Nurturing behaviours (A. Rim circling, B. Caudal fan, C. Pectoral fan, D. Egg 

consumption) by parental male bluegill (Lepomis macrochirus) during the egg stage 

(Mean ± SEM). Control males with higher perceived paternity are denoted by blue bars. 

Treatment males with lower perceived paternity (sneaker visual cue of cuckoldry) are denoted 

by orange bars. 

2.4 Discussion 

My results show parental males adjust both nurturing and defensive behaviours in response to 

perceived paternity. Males with higher perceived paternity defended their nests more 

aggressively and provide a higher quality of nurturing care than those with lower perceived 

paternity. Indeed, when paternity was directly manipulated by swapping eggs between nests, 

males with higher paternity more aggressively defended their nests than males with lower 

paternity. My results support and expand on the experiment by Neff (2003), in which the author 

also subjected parental male bluegill to indirect and direct reductions in perceived paternity 

and observed that males with experimentally reduced paternity reduced their level of care. Neff 

(2003) analyzed overall nest defensive behaviour, which my study expands upon by both 

supporting increased defensive behaviour by control males, and by analyzing each behaviour 

separately to determine that biting drives the observed changes. My study also quantified four 

nurturing behaviours. I determined differences in nurturing parental care are also observable 

prior to eggs hatching and, in line with Neff (2003), persist after eggs hatch. Taken together, 

my research replicates and expands upon the behavioural differences by parental males in 

response to perceived paternity.  

My other objective was to determine the role of 11KT in the regulation of parental care 

behaviour and the possibility of this hormone serving as a mechanism for how parental males 
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alter their behaviour in response to perceived paternity. The role of 11KT in the regulation of 

teleost behaviour has been extensively tested using experimental manipulations (Cunha et al., 

2019; Rodgers et al., 2012; Ros et al., 2004; Kindler et al., 1991) while the response of naturally 

circulating plasma concentrations has rarely been examined. The few studies that have 

quantified plasma 11KT concentrations in response to stimuli yield conflicting results: 11KT 

increases in response to territorial intrusion in Sarotherodon galilaeus and Sparisoma viride 

(Ros et al., 2003; Cardwell & Liley, 1991) but did not increase in Neogobius melanostomus or 

Acanthochromis polyacanthus (Sokolowska et al., 2013; Hay & Pankhurst, 2003). At a 

species-specific level, prior research has demonstrated that bluegill increase their nest defense 

behaviour when subjected to artificially elevated 11KT delivered via subcutaneous implants 

(Rodgers et al., 2012; Cunha et al., 2019). My results from the direct manipulation of paternity 

experiment showed that males with higher paternity actually had lower circulating 11KT 

concentrations after the eggs hatched. During the egg stage of care, as with males in the visual 

manipulation of sneakers, there was no difference in circulating 11KT concentration between 

treatments. Furthermore, circulating 11KT was positively related only to lateral displays in one 

group of males. All other aggressive defense behaviours were not related to circulating 11KT 

concentrations. My data thus suggest that 11KT is not responding to changes in paternity or 

perceived paternity and the observed differences in parental care are regulated by another 

mechanism. Instead, prior work has shown that males that renest increase circulating androgen 

concentrations towards the end of the parental care period (Specker & Kishida 2000; Pankhurst 

& Peter 2002; Magee et al., 2006). Thus, it is conceivable that the elevated 11KT levels in 

males in our egg swap treatment were associated with renesting potential in response to low 

paternity.  

The difference between our findings and those of previously published work may be 

interpreted as a difference between response and regulation of 11KT. In prior studies, bluegill 

had subcutaneous implants inserted to administer varying concentrations of 11KT and 

implanted males had 60% higher concentrations of 11KT relative to the control males (see 

Cunha et al., 2019). In these implant studies, bluegill with higher circulating levels of 11KT 

exhibited more aggressive behaviour, so clearly circulating levels can affect parental behaviour 

(Rodgers et al., 2012; Cunha et al., 2019). Felix et al. (2020) suggest that androgen response 

varies between individuals and is related to their scope for response (maximum physiological 
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level – baseline level). In the implant studies, the bluegill 11KT baseline levels were elevated 

by implantation and the natural scope for response was presumably reduced. In my study, I 

observed the physiological response to paternity in which 11KT was not directly manipulated, 

and so changes in hormone concentrations were attributed to their natural baseline and 

response to paternity cues. In particular, bluegill in my study should have had more flexibility 

in their androgen concentration changes due to a lower baseline level and thus higher scope 

for response. In the context of perceived paternity, males do not appear to differentially 

regulate circulating levels of 11KT during the egg phase, and seemingly only elevate the 

androgen in response to low paternity once the eggs hatch. This indicates paternity may 

influence regulation of 11KT in the context of renesting, and not in terms of regulation of 

aggressive parental behaviour.  

Considering my 11KT results contradicted my prediction, I looked further into the relationship 

between individual circulating 11KT and parental care behaviours. Interestingly, I found no 

relationship between most of the nest defense behaviours and 11KT concentrations. The one 

exception was a positive relationship between lateral displays and 11KT concentration for the 

males in the egg swap treatment. I also found several positive relationships between nurturing 

behaviours and 11KT concentrations. It is possible that bluegill maintain sufficiently high 

levels of 11KT that they do not respond to challenges by elevating circulating concentrations. 

Goymann et al (2019) proposed the “Challenge Hypothesis 2.0” that posits males in 

promiscuous mating systems are not constrained by a trade-off between nurturing and 

aggressive behaviours. Rather, males can maintain high levels of androgens during the parental 

care season without impacting the quality of care. They also suggest that androgen 

concentrations may be high enough to respond to challenges without requiring any additional 

elevation in circulating androgen concentrations. My findings support this idea, by providing 

empirical evidence that male bluegill are not constrained by an androgen-parental care trade-

off.  

Future research should examine other potential mechanisms underlying adaptive parental care 

behaviour in bluegill. While males with higher perceived paternity perform a higher quality of 

parental care, it does not appear that 11KT is the key hormone driving this response. That said 

11KT receptors can be activated in less than 10 minutes and may be involved in the observed 
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differences in behaviour through differences in density or ligand binding efficiency (Goymann 

et al., 2019; Moore et al., 2020; Borg, 1994). Outside of androgenic activity, we suggest future 

investigations consider nonapeptides as a potential mechanism to mediate parental care given 

their role in care modulation (DeAngelis et al., 2020; Cunha-Saraiva et al., 2019) and potential 

linkage to paternity (Stiver et al., 2019). My study highlights the importance of increasing our 

understanding of the neuroendocrine and neurogenomic mechanisms that regulate behaviour, 

as it is clear they are complex and challenging to generalize across taxa. 
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Chapter 3  

3 Prolactin modulates changes in parental care behaviour in 
response to perceived paternity in bluegill sunfish 
(Lepomis macrochirus)  

A version of this manuscript has been submitted for publication. 

3.1 Introduction 

Parental care systems have evolved to optimize offspring survival and parental fitness (Klug 

& Bonsall, 2014). While beneficial, providing care often comes at a cost for a parent, including 

the potential for reduced breeding opportunities, decreased time for foraging, and increased 

vulnerability to predation and parasitism (Alonso-Alvarez & Velando, 2012). Because of these 

costs, parental investment theory predicts parents will allocate care based on offspring value, 

whereby offspring that are larger, healthier, and more related to a parent are deemed most 

valuable (Trivers, 1972). This strategic allocation of care allows parents to invest in higher 

quality care to offspring that are most likely to increase their fitness by passing on their genes. 

While such selective care, based on relatedness, has been observed in several fishes 

(Churchman et al., 2023; Gray et al., 2008; Manica, 2004; Neff, 2003) and over 50 species of 

birds (Moller & Birkhead, 1993), the mechanisms driving this differential allocation of care 

remain largely unknown. 

Parental care behaviour necessitates significant physiological changes in the brain and 

reproductive system (Bridges, 2015; Champagne & Curley, 2013; Stiver & Alonzo, 2009). 

These changes are primarily driven by the endocrine system, such that responsiveness to 

hormones is a requirement of the parental phenotype (Ball & Balthazart, 2008).  Central to this 

regulation is prolactin, a hormone widely regarded as one of the most important 

neuroendocrine controls of parental care (Schradin & Anzenberger, 1999). While prolactin was 

first identified in birds (Riddle et al., 1933), the idea of a pituitary-derived stimulatory factor 

that initiated milk production had been hypothesized in the 1920s (Stricker & Grueter, 1928) 

from which the name “pro-lactin” was derived. Prolactin is a multifunctional polypeptide 

hormone belonging to a family of hormones including growth hormone and somatolactin 
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(Dobolyi et al., 2020). The family is ubiquitous in vertebrates and prolactin is known to have 

over 300 functions (Goffin et al., 2002; Gong et al., 2022). The largely-conserved sequence of 

the prolactin gene is hypothesized to be responsible for its common structure and function 

across vertebrate taxa, particularly in reproduction and parental care (Manzon, 2002). In 

mammals and birds, prolactin has been shown to modulate parental care in both sexes, with 

higher concentrations of circulating prolactin being associated with increases in the expression 

of parental care behaviours (Chastel et al., 2005; Dixson & George, 1982; Li et al., 2022; Miller 

et al., 2009; Ouyang et al., 2011; Riechert et al., 2014; Smiley, 2019; Smiley & Adkins-Regan, 

2016; Storey et al., 2000). While the prolactin gene originated in the evolutionary ancestors of 

fishes, the oldest vertebrate taxon, its function in parental care in this taxon is less understood. 

Previous studies on prolactin in fishes have focused on the manipulation of prolactin levels 

through exogenous administration or RNAi to knockdown protein production in target tissues. 

Early studies that artificially elevated prolactin did so by introducing mammalian prolactin 

(Blüm, 1968; Blüm & Fiedler, 1965; Lam & Hoar, 1967). These studies showed that 

administration of mammalian prolactin induce behavioural and histological effects including 

osmolality and parental care behaviour (Whittington & Wilson, 2013). Purified fish prolactin 

can now be synthesized, which allows for results from manipulation studies that are more 

biologically pertinent and reflective of natural physiology (Whittington & Wilson, 2013). 

Studies that quantify endogenous plasma prolactin activity in fish are limited to a single study. 

Tacon et al. (2000) quantified prolactin isoforms in plasma from female Nile tilapia 

(Oreochromis niloticus) during their reproductive cycle (Tacon et al., 2000). They found that 

circulating prolactin varied day to day and suggested that this variation indicates that prolactin 

is involved in parental behaviour. To date, however, no study has directly linked circulating 

plasma prolactin concentrations with parental care behaviour in fish. 

Bluegill sunfish (Lepomis macrochirus) are native to North America and are a focal species in 

the study of alternative reproductive tactics. Bluegill parental care is performed exclusively by 

males called “parentals” (Gross, 1982). These males establish territories within colonies, build 

nests, court, and spawn with females, and subsequently provide sole care for the offspring. In 

our study population in Lake Opinicon (Ontario, Canada), parental care lasts up to 10 days and 

has two distinct periods. The first is the egg period (up to 3 days long) where a parental male 
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actively aerates the eggs by fanning water across the brood, cleans the nest by removing moldy 

or inviable eggs, and guards the eggs from nest predators. The second is the larval period (up 

to 7 days long), which primarily involves guarding the hatched offspring from nest predators. 

The bluegill mating system is promiscuous with some offspring being sired by specialized 

males called “cuckolders”. Cuckolders fertilize eggs by intruding on spawning events in a 

parental’s nest, yet provide no care for their offspring (Garner & Neff, 2013; Neff, 2001). In 

Lake Opinicon, cuckolder males mature at 2 years of age and use a sneaking tactic 

(“sneakers”), whereby they hide in vegetation around nests and then become visible when they 

dart into the nest of a parental male to fertilize eggs (Gross, 1982). At about 4 years old, 

cuckolders switch tactics and instead use female mimicry (Gross, 1982). Mimics hover above 

the nest, entering while the parental male is spawning with a female, and fertilize eggs while 

acting as if they are also spawning with the parental male. 

Parental male bluegill have evolved the capacity to discriminate between offspring that they 

sire and those of cuckolder males (Neff & Gross, 2001; Neff & Sherman, 2003). The males 

make this discrimination using two different mechanisms. During the egg period of care, 

parental males use the presence of sneakers around their nest during spawning as an indirect 

cue of paternity — more sneakers lead to lower perceived paternity (Neff & Gross, 2001). 

After the eggs hatch, parental males use odour cues to directly assess paternity within their 

brood (Neff & Sherman, 2003). This paternity assessment impacts care dynamics: parental 

males with high perceived paternity provide greater care compared to males with low perceived 

paternity (Churchman et al., 2023; Neff, 2003; Neff & Gross, 2001). Furthermore, prolactin 

has been implicated in modulating parental care behaviours. Specifically, the administration 

of ovine prolactin has been shown to increase a parental male’s nurturing behaviours (Cunha 

et al., 2019). However, the endogenous concentration of circulating prolactin has not 

previously been measured nor has it been linked to the dynamic adjustments in parental care 

in response to perceived paternity. 

In the current study I quantified circulating concentrations of prolactin in plasma taken from 

parental male bluegill during each day of the parental care period. I expected that prolactin 

concentrations would be higher during the egg period than the larval period of care because 

nurturing behaviours (fanning, nest cleaning) are performed almost exclusively during the egg 
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period. I also targeted colonies to manipulate the perceived paternity of nesting parental males. 

During the day of spawning, I exposed some parental males to visual cues of sneakers while 

other males (control group) were not exposed to this manipulation. I subsequently quantified 

nurturing behaviour and circulating concentrations of prolactin during the egg period of care. 

I predicted that parental males with lower perceived paternity (those exposed to the sneakers 

during spawning) would provide less parental care relative to the control males and that males 

providing less parental care would have lower concentrations of prolactin. My results provide 

a test of both prolactin’s role in parental care in a fish and its role in modulating parental care 

behaviour in response to perceive paternity. 

3.2 Methods 

3.2.1 Species and study site 

I studied a population of bluegill in Lake Opinicon (44°34′N, 76°19′W), Ontario, Canada. Lake 

Opinicon is an 890-hectare lake in which researchers have studied this species since the mid-

1970s (Gross, 1982). The reproductive and breeding behaviour has been well documented: 

breeding parental males enter the littoral zone and nest in colonies of up to 150 fish and provide 

care for up to 10 days, with the eggs typically hatching on day 2 or 3 (Gross, 1982). I monitored 

reproductive behaviour over a 2 km stretch of Lake Opinicon via swimmers equipped with 

snorkelling gear. When a colony formed, I tagged each nest with an individually numbered 

ceramic tile. 

3.2.2 Prolactin concentrations during the parental care period 

In 2020, I sampled random males within a colony on each day of the parental care period from 

spawning day (day 0) to day 5 (the last full day of care for this colony). I caught each male via 

dip net and brought the male to a nearby boat, where I measured their total body length and 

extracted a 200 µL whole-blood sample from the caudal vein (mean = 61 seconds, range = 33 

– 137 seconds, from the time of capture to blood collection). I allowed each male 

approximately 2 minutes to recover, and then returned him to his nest. I stored blood samples 

on ice until transport back to shore for processing. I extracted plasma from each blood sample 

within 8 hours of collection and stored it at -20 ˚C until transportation back to the University 

of Western Ontario. 
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3.2.3 Manipulation of perceived paternity 

In 2019, a single swimmer mapped the colony immediately after placing the ceramic tiles at 

nests and assigned an egg score from 1-5 (Cargnelli & Gross, 1996; Claussen, 1991). This 

score is based on the percentage of egg coverage within the nest and is highly correlated with 

the actual number of eggs and larvae in the nest (Claussen, 1991). Then, following Neff (2003), 

parental males were assigned to either (1) a control treatment or (2) a sneaker visual cue 

treatment (7). I made an effort to assign nests with similar egg scores to each treatment. At the 

beginning of the day of spawning, I placed two transparent plastic tanks (20×16×10 cm) on 

opposite sides of each parental male’s nest. For parental males assigned to the sneaker visual 

cue treatment, two sneakers were placed in each tank around the male’s nest. The control 

treatment males’ tanks remained empty. All tanks were removed at the end of the spawning 

day. The day after spawning (day 1), I caught each parental male via dip net and brought the 

male to the boat for processing for body size and blood sampling while caring for eggs, as 

described above. On day 2, I recorded nurturing behaviour – see Churchman et al., (2023) for 

full behavioural results. Briefly, I set up GoPro Cameras (Hero 5, 6, or 7; San Mateo, CA) at 

each parental male’s nest. I recorded behaviour for a continuous 30-minute window between 

09:00-12:00 EST and quantified four nurturing behaviours: (1) rim circling; (2) caudal fan; (3) 

pectoral fan; and (4) nest pecking (Côté & Gross, 1993; Gross & MacMillan, 1981). The first 

three behaviours move water over the eggs and help to oxygenate them, while nest pecking is 

a more opportunistic behaviour that involves removing eggs from the nest to prevent the spread 

of mold (Côté & Gross, 1993; Gross & MacMillan, 1981). 

3.2.4 Circulating prolactin concentrations 

I used an enzyme-linked immunosorbent assay (ELISA) kit designed with recombinant 

Atlantic salmon prolactin to determine circulating concentrations of prolactin (Fish Prolactin 

ELISA Kit MBS700669; MyBioSource Inc., San Diego, CA). The assay was manufactured in 

an ISO 9001:2015 certified laboratory, and reports and intra-assay precision CV% < 15%, and 

an inter-assay precision CV% <15%. The laboratory validated the linearity and recovery of the 

assay during development and production. I ran each sample in duplicate to balance the high 

plasma demands of the assay with the welfare of the animal during sampling. The ELISA kit 

standard was designed in µIU/mL, where 1 µIU/mL is approximately equal to a concentration 
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of 0.047 ng/mL (MyBioSource Inc, personal communication). The Animal Care Committee at 

Western University (ACC) approved all procedures performed in this study (AUP #2010-214 

and 2018-084) and the fish were collected under scientific collection permits from the Ontario 

Ministry of Natural Resources and Forestry. 

3.2.5 Statistical analysis 

 I performed all statistical analyses using R Studio (RStudio Team, 2015). Degrees of freedom 

were calculated as the adjusted values within R. All tests were conducted as two-tailed 

assessments. To analyze the prolactin concentration profiles across the parental care period, I 

ran an ANCOVA to determine if the concentrations changed over the course of the 5 days. I 

included body length as a covariate. I then used t-tests to compare the prolactin concentrations 

on the day of spawning and day 1 of parental care (when eggs were exclusively present in the 

nest) to the remaining days (day 2-5), when larvae were present in the nest, with Bonferroni 

correction to account for multiple tests. Next, for the manipulation of perceived paternity study, 

we first used a Fisher’s Exact Test to compare nest abandonment rates between the two 

treatments. I used t-tests to determine if there was a difference in egg score or body length 

between treatments. Similarly, I used a t-test to assess the difference in circulating prolactin 

concentrations between treatments. I assessed the correlation between the four nurturing 

behaviours using Pearson’s r correlation. I normalized each nurturing behaviour via minimum-

maximum normalization (Kappal, 2019), then generated an overall nurturing score by scaling 

and loading the significantly correlated nurturing behaviours with a principal components 

analysis. I removed three prolactin concentration outliers in accordance with Tukey’s fences. 

I also ran two ANCOVAs to determine the effect of treatment on (1) the nurturing behaviour 

PCA1 score (2) nest pecking behaviour and included prolactin concentration as a covariate for 

both. I ran a Spearman’s correlation to compare the relationship between prolactin 

concentration and egg score or body length. For all models, I confirmed the validity of the 

models by testing for linearity, autocorrelation, homoscedasticity, normality of residuals, and 

checking for influential observations. All models passed these tests. 
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3.3 Results 

3.3.1 Prolactin concentrations during the parental care period 

I collected blood samples from parental male bluegill on the day of spawning (day 0) and each 

subsequent day until day 5 of the parental care period (Figure 3.1). For this colony, eggs 

hatched on day 2 and the final full day of care was day 5. I took blood samples from an average 

of 5 males per day (range = 4 – 7). The body length of these males was 194 ± 10 mm (all means 

are reported as mean ± SD; range = 176 – 217 mm). Body length did not differ across the 

sampling days (F1,29 = 3.48, p = 0.07). Average circulating prolactin concentration across all 

sampling days was 13.7 ± 8.8 µIU/mL (range = 1.95 – 35.3 µIU/mL; Figure 3.1). There was a 

significant effect of day on prolactin concentration (F1,28 = 4.42, p = 0.04). As expected, 

prolactin concentrations were higher when eggs were present (day 0 and 1; 19.3 ± 11.2 

µIU/mL) versus when larvae were present (day 2-5; 10.8 ± 5.6 µIU/mL; t13 = 2.37, p = 0.03). 

There was no significant effect of body length on these prolactin concentrations (F1,28 = 0.91, 

p = 0.35).  

 

Figure 3.1. Changes in circulating prolactin concentration over the course of the 

parental care period in bluegill sunfish (Lepomis macrochirus). Day denotes the number 
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of days after spawning (day 0), while the shading denotes the period of parental care with 

either eggs or larvae present in the nest. Data points represent the mean prolactin 

concentration per day and error bars denote the standard error of the mean. The dashed line 

represents the average prolactin concentration throughout the parental care period. 

3.3.2 Manipulation of perceived paternity 

I manipulated perceived paternity by placing sneaker males around some nests and compared 

the parental males in these nests to control males that were not exposed to the sneaker male 

cue. I collected blood from 37 males (Ncontrol = 17, Nsneaker = 20) and nurturing behavioural 

observations from 31 males (Ncontrol = 14, Nsneaker = 17). I was unable to collect behavioural 

data for six males due to poor video quality. Body length was similar between the control males 

(197 ± 9 mm) and sneaker treatment males (190 ± 13 mm; t33 = 1.63, p = 0.11). Egg scores 

were also similar between the two treatments (control: 2.2 ± 1.2; sneaker: 2.6 ± 1.3; t27 = -0.71, 

p = 0.48). Four parental males from the control treatment and six parental males from the 

sneaker treatment abandoned their nest prior to the end of the care period. A Fisher’s exact test 

indicated that there was no significant difference in nest abandonment rate between the two 

groups (p = 1.0, OR = 0.89 (95% CI = 0.25 – 3.1)). 

I measured four nurturing behaviours during the egg period of care: rim circling, caudal 

fanning, pectoral fanning, and nest pecking. The first three behaviours were correlated and 

involve moving oxygenated water over the eggs (Table 3.1). Nest pecking involves removing 

moldy eggs from the nest and was not correlated with the other three behaviours (Table 3.1). I 

used a principal components analysis to collapse the rim circling, caudal fanning, and pectoral 

fanning into a single axis (PCA1 had loadings of 0.96, 0.68, 0.18 for the three behaviours, 

respectively). Parental males in the control treatment performed more nurturing behaviours 

and nest pecking behaviours compared to males exposed to the sneaker treatment (PCA1: F1,26 

= 5.36, p = 0.03; Nest pecking: F1,26 = 5.76, p = 0.02; Figure 3.2).  
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Table 3.1. Correlation between individual nurturing behaviours in bluegill sunfish 

(Lepomis macrochirus). Values in the table represent the correlation coefficient R and 

values that are bolded are significant at 𝜶 = 0.05. 

 Rim circling Caudal fanning Pectoral fanning Egg pecking 

Rim circling - 0.68 0.37 0.14 

Caudal fanning - - 0.66 -0.05 

Pectoral fanning - - - -0.17 

Egg pecking - - - - 

 

 

Figure 3.2. Parental care behaviour and prolactin concentrations from two experimental 

treatments in bluegill sunfish (Lepomis macrochirus). Shown are the PCA1 nurturing score 

(A), nest pecking behaviour (B), and circulating prolactin concentration (C). The treatments 

comprised a control group (higher perceived paternity) and a group exposed to the visual cue 

of sneakers around the nest (lower perceived paternity). 

Parental males in the control treatment also had significantly higher circulating prolactin 

concentrations (20 ± 6.0 µIU/mL) as compared to the males in the sneaker treatment (16 ± 

3.3 µIU/mL; t26.7 = 2.31, p = 0.03; Figure 3.2C).  

I also used an ANCOVA to examine the relationship between circulating prolactin 

concentrations within each treatment and our behavioural data (Figure 3.2). There was a 

significant effect of both treatment and prolactin concentration for PCA1 (treatment F1,25 = 
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4.82, p = 0.03; prolactin F1,25 = 6.78, p = 0.02) and only treatment for the nest pecking 

behaviour (treatment F1,25 = 5.77, p = 0.02; prolactin F1,25 = 0.04, p = 0.84). There was no 

significant interaction between treatment and prolactin concentration for either PCA1 (F1,25 

= 0.166, p = 0.69) or nest pecking behaviour (F1,25 = 1.03, p = 0.32). Finally, males with 

higher egg scores tended to have higher prolactin concentrations, but this correlation was 

not significant (rs = 0.34, S27 = 2691.7, p = 0.07) and prolactin concentration was not 

correlated with body length (rs = 0.05, S33 = 6795.5, p = 0.78). 

 

Figure 3.3.  Analysis of covariance results for PCA1 nurturing score and circulating 

prolactin concentration from two experimental treatments in bluegill sunfish 

(Lepomis macrochirus). Shown are the PCA1 nurturing scores for parental males from a 

control group (green circles) and a group exposed to the visual cue of sneakers around the 

nest (orange triangles). PCA1 values above 0 indicate higher frequency than average of 

nurturing behaviour whereas values below 0 indicate a lower frequency than average. 
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3.4 Discussion 

Prolactin is conserved across vertebrates and has its evolutionary origin in the ancestors of 

fishes (Dobolyi et al., 2020), the basal vertebrate taxon. Although prolactin is well known to 

affect parental care in mammals and birds (Bachelot & Binart, 2007; Smiley, 2019), no study 

has linked endogenous concentrations of prolactin to parental care behaviour in a fish. Here, I 

now show that endogenous concentrations of prolactin are positively associated with parental 

care behaviour. Moreover, by manipulating perceived paternity, my findings implicate 

prolactin as a mechanism mediating adaptive changes in parental care behaviour in response 

to changes in the perceived value of the brood. 

Previous research on the behavioural endocrinology of parental care in fishes has focused on 

androgens and cortisol. Considering prolactin’s pivotal role in mammalian and avian parental 

care, and given the gene’s conservation in vertebrate genomes, biologists have recognized the 

paucity of data showing a similar role in fish parental care (Kindler et al., 1991; Whittington 

& Wilson, 2013). Previously, exploratory approaches have been largely confined to 

experimental manipulation of mammalian prolactin and its inhibitors. This research has 

nevertheless been integral in suggesting that: (1) artificially elevating prolactin levels increases 

nurturing care behaviour (Blüm & Fiedler, 1965; Cunha et al., 2019; Yada et al., 2004); and 

(2) increasing levels of bromocriptine (a dopamine receptor agonist that inhibits secretion of 

pituitary prolactin) decreases nurturing care behaviour (Cunha et al., 2019; Deane et al., 2000; 

Kindler et al., 1991). My first objective was to bridge this gap by determining the natural 

circulating concentration of prolactin during the parental care period in bluegill and associating 

it with parental care behaviour. I sampled bluegill parental males on the day of spawning, while 

performing care for eggs, and while performing care for larvae. As expected, prolactin 

concentrations were highest during spawning day, when eggs accumulate in the nest, and 

during subsequent egg care. Concentrations were lower during the larval period of care, where 

most of the care involves defending the nest from predators. This pattern mirrors that of 

mammals and birds, where prolactin concentrations are initially high and decrease over time 

(Dixson & George, 1982; Garcia et al., 1996; Storey et al., 2000). 

Despite the conservation of the prolactin gene across vertebrate genomes, my results suggest 

that the binding efficiency of fish prolactin to its receptor may be much greater than that of 
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mammalian prolactin. Cunha et al., (2019) implanted parental male bluegill with two 

concentrations of ovine prolactin: 1.25 IU/implant and 12.5 IU/implant (Cunha et al., 2019). 

Given the size of the fish, these concentrations are close to 0.28 IU/mL and 2.8 IU/mL of blood 

per fish, provided they were full absorbed. Notably, an increase in nurturing behaviour was 

evident only with the higher dose. In contrast, in our study, circulating endogenous prolactin 

concentrations remained below 35 µIU/mL, which is several orders of magnitude lower than 

the ovine prolactin implant concentration used in the aforementioned study. The range of 

values I detected are more comparable to circulating plasma prolactin concentrations in female 

Nile tilapia (Oreochromis niloticus; 4 – 10 ng/mL (Tacon et al., 2000) vs 0.44 – 1.53 ng/mL 

for my study when using the conversion of IU to ng units; see Methods). Given the stark 

difference in circulating concentrations of endogenous prolactin that elicit a behaviour 

response compared to the required mammalian dose, I expect it is likely the fish prolactin 

receptor is significantly more sensitive to fish prolactin compared to mammalian prolactin. The 

prolactin receptor DNA sequence has been characterized in several fishes and is similar in 

structure to the mammalian receptor with highly conserved functional domains (Breves et al., 

2014). Fish prolactin sequences, on the other hand, are less than 40% homologous to 

mammalian prolactin sequences and lack the N-terminus conserved in other vertebrates 

(Manzon, 2002; Whittington & Wilson, 2013). I posit the difference in binding efficiencies is 

due to the subsequent structural variations in the prolactin hormone rather than the receptor. 

This difference must be considered in the interpretation of work in fishes that is based on 

responses to administration of mammalian prolactin. Even so, the conservation of core 

functional domains in prolactin across vertebrates indicates an evolutionary conserved function 

of prolactin in regulating parental care behaviour. 

My second objective was to link circulating concentrations of prolactin to variation in parental 

care behaviour among individuals. I quantified four nurturing behaviours that are typical in 

care-giving fishes and determined that parental male bluegill with higher circulating 

concentrations of prolactin had higher nurturing scores and performed more nest pecking, 

which is a cleaning behaviour. By associating higher concentrations of prolactin to increased 

nurturing behaviour I provide evidence of prolactin’s regulatory role in bluegill parental care. 

Furthermore, because these nurturing and nest cleaning behaviours increase survival of the 

offspring (Kindler et al., 1991), my results implicate prolactin as part of the mechanism 
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underlying the adaptive adjustments in parental investment in response to assessments of brood 

value (Alonzo & Klug, 2013). Specifically, while studies of birds and fish consistently 

demonstrate an association between paternity and paternal care, the mechanisms driving this 

relationship remain unidentified (Alonzo & Klug, 2013). I manipulated perceived paternity 

and found that males with lower perceived paternity had lower concentrations of circulating 

prolactin and provided less care for the offspring in their nest. My findings suggest that 

paternity perception influences prolactin expression in brain regions governing parental 

investment. Interestingly, bluegill with higher realized paternity show increased brain 

expression of phosphodiesterase 2A, a gene responsive to olfactory cues and prolactin 

(Churchman, unpublished data). Given that bluegill determine paternity through olfactory 

signals (Neff & Sherman, 2003), a potential gene interaction may be involved in kin 

recognition and parental care mediated through prolactin. Future research could extend these 

findings by exploring whether prolactin similarly mediates the relationship between paternity 

and parental investment in mammals and birds, thereby enhancing our understanding of 

prolactin’s role in adaptive parental care across a broader range of taxa. 

In conclusion, by investigating endogenous prolactin concentrations and its association with 

parental care behaviour in bluegill, my results provide the first data from a fish linking prolactin 

concentration to parental care behaviour. These data support an evolutionarily conserved 

function of prolactin in regulating parental care behaviour in vertebrates. Furthermore, by 

manipulating perceived paternity, my data reveal prolactin as a hormone governing the 

adaptive changes in parental investment that are made in response to assessments of the fitness 

value of offspring. 
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Chapter 4  

4 Paternity perception and gene regulation in bluegill 
sunfish (Lepomis macrochirus) 

A version of this manuscript has been prepared for submission. 

4.1 Introduction 

Parental care has evolved repeatedly across taxa and falls into several categories: uniparental 

maternal, uniparental paternal care, and biparental care. Uniparental maternal care involves 

exclusive maternal investment, whereas uniparental paternal care is characterized by exclusive 

paternal investment. Biparental care involves contributions from both parents with the 

distribution of care varying based on offspring requirements and the relative costs and benefits 

of the care to each parent (Clutton-Brock, 1991). In mammals, uniparental maternal care is the 

predominant type of care, from which biparental systems have emerged (Reynolds et al., 2002). 

Contrastingly, biparental care is prevalent in over 90% of avian species (Balshine, 2013) and 

in fishes, when parental care is observed, uniparental paternal care is more frequent (Gross & 

Shine, 1981). The provision of parental care is often correlated with enhanced offspring 

survival, accelerated juvenile growth, and increased reproductive success in adulthood (Klug 

& Bonsall, 2014).  

While parental care increases the survival of offspring and contributes to fitness (Dulac et al., 

2014; Reynolds et al., 2002), it is also costly to the parent. The costs can include reduced 

foraging time, compromised immune function, and lost reproductive opportunities (Alonso-

Alvarez & Velando, 2012). Given these costs, parental investment theory predicts care-giving 

parents will alter their level of care to reflect the value of the brood. This reproductive value 

can be based on the number and size of offspring along with the relatedness of the offspring to 

the parent (Westneat & Sherman, 1993). In the case of relatedness, males have been shown to 

differentially allocate parental care based on perceived relatedness of offspring, yet our 

understanding of the mechanisms underlying this allocation are limited (Alonzo & Klug, 

2013).  
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Parental care in animals necessitates a sophisticated suite of molecular and physiological 

changes, particularly impacting neural and reproductive systems (Bridges, 2015; Champagne 

& Curley, 2013; Stiver & Alonzo, 2009). The predominant understanding of these changes in 

the context of parental care is anchored in the dynamics of the endocrine system, to the extent 

whereby hormonal responsiveness is a requirement of the parental phenotype (Ball & 

Balthazart, 2008). In particular, while the neuroendocrine regulation of parental care is well 

understood, advancements in genomic technologies are helping to understand the role of 

individual genes in the evolution and expression of parental behaviour. Transcriptomics, or the 

analysis of an organism’s complete mRNA expression, facilitates the identification of novel 

genes and expression patterns through RNA-sequencing. Transcriptomic analysis paired with 

observations of parental care behaviour has the potential to broaden our understanding of the 

mechanisms governing the allocation of parental care. By conducting transcriptomic analysis 

of specific tissues such as the brain during parental care periods we can expand our 

understanding of gene-level behavioural regulation, as well as the potential evolution and 

adaptation of candidate genes.  

Past transcriptomic studies have shown that alterations in gene expression pertinent to parental 

care predominantly occur within the brain. The neural architecture related to this function in 

mammals is relatively well-defined (Kohl & Dulac, 2018), with particular emphasis on the 

hypothalamic preoptic area’s role in regulating parental behaviours (Dobolyi et al., 2014; Wu 

et al., 2014; Zhang et al., 2021). However, parental care associated gene expression is not 

limited to this area of the brain (Bukhari et al., 2019; Kumari et al., 2022). The bulk of 

transcriptomic research has been focused on maternal care, possibly reflecting the dominance 

of maternal care in mammals and biparental care in birds. A recent transcriptomic study in 

maternal mice determined that expression of neuropeptides and their response pathways are 

necessary for parental care (Wu et al., 2014). In parental prairie voles, transcriptomic analysis 

has determined the involvement of processes related to the mitochondria, RNA translation, 

immune system regulation, and chemokine signaling (Duclot et al., 2022). In birds, transcripts 

associated with neuromodulatory, structural, and metabolic pathways are up-regulated in 

parental red-winged blackbirds (Agelaius phoeniceus; Lynch et al., 2019). In zebra finches 

(Taeniopygia guttata), similar patterns were noted, as well as enriched dopamine pathways. 

Transcriptomic studies in fishes have determined shared commonalities at a molecular level 



 

 

67 

with maternal mammals and suggest the neurogenomic state maintained across pregnancy and 

post-partum care resembles the neurogenomic state maintained by paternal fish (Bukhari et al., 

2019). In parental male three-spined stickleback (Gasterosteus aculeatus), transcripts 

associated with energy metabolism in the brain, modification of the immune system, and 

transcription are important during parental care (Bukhari et al., 2019).  

Bluegill sunfish (Lepomis macrochirus) are native to North America and are a well-studied 

species that exhibit male alternative reproductive tactics. In this species, “parental” males 

establish and defend territories within breeding colonies, construct nests, court, and spawn with 

females, and subsequently provide uniparental male care to their brood (Gross, 1982). The 

bluegill mating system is highly promiscuous with ~25% of offspring being sired by 

precocious “cuckolder” males (Garner & Neff, 2013; Neff, 2001). Cuckolder males mature 

early and use a sneaking tactic by concealing themselves in vegetation and intruding into the 

nests of parental males to fertilize eggs. As they grow, cuckolders switch tactics and instead 

use female mimicry to orbit around the nest and enter the nest while a parental male is spawning 

with a female, while acting as if they are also spawning with the male (Gross, 1982). Parental 

males can discern relatedness to their brood using olfactory cues released by larvae after the 

eggs have hatched (Neff & Sherman, 2003). This paternity-based recognition influences 

paternal care, as males with higher relatedness to their brood tend to provide superior care 

(Churchman et al., 2023; Neff, 2003; Neff & Gross, 2001). Mechanistically, parental males 

alter their parental care behaviour when exposed to elevated concentrations of hormones 

including 11-ketotestosterone and prolactin (Cunha et al., 2019; Rodgers et al., 2012). The 

transcriptomic regulation of paternal care in response to paternity cues has yet to be 

investigated.  

In this study, I experimentally manipulated paternity in the nests of parental male bluegill 

sunfish and conducted whole-brain transcriptomic analysis to explore the association between 

gene expression and differences in paternal investment via care behaviour. Although the 

preoptic area is frequently the focal area in neurogenomic studies of parental care, I chose to 

examine the entire brain to capture comprehensive changes and pathways occurring throughout 

the brain. My objective was to determine if there is a discernable difference in gene expression 

between control males and those with experimentally reduced paternity, and to subsequently 
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identify candidate genes that may be involved in any changes in paternal behaviour in response 

to perceived paternity. 

4.2 Methods 

4.2.1 Bluegill sampling 

I collected bluegill via dipnet from Lake Opinicon (44°34′N, 76°19′W), Ontario, Canada in 

June 2018, 2020, and 2021. The fish used in this study are a subset of those used for a parallel 

study on the endocrine regulation of parental care in response to perceived paternity and were 

collected in 2018 and 2021 (see Churchman et al., 2023). Prior to collection, males were 

exposed to one of two treatments: (1) control; or (2) egg manipulation. For the egg 

manipulation group, I swapped about one-half of each male’s eggs between the two nests the 

day after spawning. I performed a sham egg swap in the nests of males assigned to the control 

treatment, in which I removed and then returned one-half of the eggs to the original nest. This 

mimicked the disturbance of the egg swap, but not the reduction in paternity. I recorded each 

male’s nest defense twice: once while they were caring for eggs (day 2) and once the day after 

the eggs hatched and the males were caring for larvae (day 4) and scored three behaviours: 

lateral display, opercular flare, and bite. Across 2018 and 2021, of the 47 parental males who 

remained on the nest for the five days, 22 were assigned to the control treatment and 25 to the 

egg swap treatment. I euthanized individuals using clove oil and immediately dissected and 

stored whole brains in RNAlater (ThermoFisher Scientific; Mississauga, ON, Canada). The 

total amount of time required for fish capture, euthanasia, dissection, and brain storage in 

RNAlater was under 10 minutes. I stored the brains in RNAlater at 4 ˚C for 24 hours. They 

were then flash-frozen and kept in liquid nitrogen until we transported them on dry ice to the 

University of Western Ontario where they were stored at -80 ˚C. The Animal Care Committee 

at Western University (ACC) approved all procedures performed in this study (AUP #2010-

214 and #2018-084).  

4.2.2 cDNA and Transcriptome Assembly, Annotation, and Analysis 

I extracted total RNA from whole brains using a standard Trizol (Life Technologies, Carlsbad, 

CA) extraction protocol (https://tools.thermofisher.com/content/sfs/manuals/Trizol_reagent 

.pdf). I removed residual genomic DNA from all samples prior to sequencing using a Qiagen 
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RNAeasy® Cleanup kit. Fifteen samples from each of the control and swap treatments from 

2018 were analyzed via transcriptome sequencing (total 30 samples). The remaining 17 

samples (7 control, 10 egg swap) collected in 2021 were used for qPCR analysis to verify 

transcriptome results. I quantified total RNA using a Nanodrop spectrophotometer 

(ThermoFisher Scientific; Mississauga, ON, Canada). The average A260/A280 of all RNA 

samples was 1.87 ± 0.09 (mean ± SD). 

I sent the 30 transcriptome samples plus an additional 10 samples from parental males in a 

separate stress-based study to Génome Québec (Montreal, Quebec, Canada) where quality was 

assessed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) before 

cDNA libraries were prepared from the RNA using NEBNext RNA First Strand Synthesis and 

NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New England BioLabs). 

The remaining library preparation was completed using NEBNext Ultra II DNA Library Prep 

Kit for Illumina (New England BioLabs). Libraries were quantified using the KAPA Library 

Quantification Kits - Complete kit (Universal; Kapa Biosystems). Génome Québec sequenced 

the libraries using 2 x 125 bp sequencing format on an Illumina Hiseq 2500 (Illumina, San 

Diego, CA, USA).    

Transcriptomes were assembled and annotated by the Canadian Centre for Computational 

Genomics (C3G) at McGill University. Prior to assembly, the read quality was assessed with 

FastQC.  Nucleotides with a quality score below PHRED = 5 and a minimum read length of 

25 were trimmed using Trimmomatic. The reference transcriptome was assembled de novo 

using Trinity (v. 2.11.0). One representative from each treatment with the highest number of 

reads was used to construct the combined reference transcriptome. A total of over 249 million 

paired-end reads were assembled. The fully assembled transcriptome consisted of 371 553 

transcripts in total (N50 = 3086 bp, N90 = 373 bp). To determine whether this was an 

appropriate representation of the brain transcriptome reads from samples not used in the 

assembly were mapped back to the transcriptome using bowtie-RSEM and >90% of those reads 

aligned. For gene annotation, Trinotate (v. 3.2.2) was used to identify transcripts via blastx, 

blastp, signal, TMHMM, RNAMMER, HMMSCAN, and Transdecoder.     

I first analyzed differential expression using edgeR in R Studio (RStudio Team, 2015; version 

4.2.2, Posit 2022, Boston, MA, USA). I filtered out genes with less than 10 counts per million 



 

 

70 

in at least 4 samples. I compared expression between treatments using a Fisher Exact test and 

applied an FDR correction to control for multiple testing (𝛼= 0.05). I identified differentially 

expressed transcripts as those with an FDR < 0.05. I noted inflated log 2 fold change (log2FC) 

values from low count values in one treatment. To help with this, I then ran the analysis using 

DESeq2 (version 1.38.3) in R Studio and calculated log2FC values extracted adjusted p-values. 

I pre-filtered the data the same way as with edgeR and then compared expression between 

treatments based on a generalized linear model. Given the similarly inflated log2FC values, I 

retained the same cut off for differentially expressed genes. In addition, I considered the raw 

count values of the transcripts to determine if there was a biologically relevant difference.  

4.2.3 Quantitative PCR Primer Design and Analysis 

Given the limited amount of RNA available for qPCR analysis, I selected eight genes for qPCR 

that were identified as differentially expressed by both edgeR and DESeq2: SNPH, AKAP9, 

GNS, USP40, RUSC2, ROA1, PDE2A, and HA1F. I designed primers to recognize mRNA 

sequences of using Primer-BLAST software (NCBI; Table 4.1). Reference sequences for the 

primer design were based on sequences present in the assembled transcriptome. I set primer 

melting temperatures to a minimum and maximum of 57 ˚C and 63 ˚C respectively. I set the 

PCR product size to a minimum of 70 and a maximum of 200.  I tested the primers against a 

pooled cDNA sample in a gradient PCR, then by gel electrophoresis to determine the accuracy 

of the melt temperature and primer product size. I validated primer efficiency using a 1:10 

serial dilution curve and a single melt curve. All primers, including the reference gene, 

displayed an efficiency between 90-110%. 
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Table 4.1 Primer sequences 

Primer 5'-3' Sequence 

Syntaphilin (SNPH) 
Forward TCTCTCTGTCGTCCCAATCT 

Reverse TCCCTTCCTCTTCACACTCT 

A-kinase anchor protein 9 (AKAP9) 
Forward CCTACAGAGCAAAGAGCAAGAG 

Reverse GCTGTAGGGTGAGGTGTTTAAG 

N-acetylglucosamine-6-sulfatase (GNS) 
Forward TTCCACCCACTGCTGTTATG 

Reverse GAGGTTTGACTGGTGCTCTT 

Ubiquitin Carboxyl-terminal hydrolase-40 

(USP40) 

Forward ACTCTTCTCCTCGCTCTCTAC 

Reverse GTTTGTCTGGCTGGTGTTTG 

Iporin (RUSC2) 
Forward GTTAGCAGACCGGCAATGA 

Reverse CTTGTCCATCGTCACCTTCTC 

Heterogenous nuclear ribonucleoprotein A1 

(ROA1) 

Forward CCCTCACAAAGCAGGAAAT 

Reverse CTCTGCCACCCTGATTAAAG 

Phosphodiesterase 2A (PDE2A) 
Forward CAGCCATCCTTCCCATTC 

Reverse CGGTTGCTCTCTGTCTAAAG 

Class 2 histocompatibility antigen, F10 alpha 

chain (HA1F) 

Forward CACGATGTTCTGGAGGAAAG 

Reverse GTCAACACTCATCTGGAAGG 

Elongation factor 1-beta (EF1B) 
Forward CGTGGGTTACGGCATCAAGA 

Reverse GATCTTGTTGAAAGCGGCGA 

For the qPCR samples, I synthesized cDNA for the 17 samples using qScript cDNA 

Supermix (Quantabio; Beverly, MA, USA) from the same amount of RNA per sample and 

stored the cDNA at -20 ˚C. Due to a low RNA concentration of one sample, I was unable 

to synthesize cDNA from 1000ng RNA and standardized all samples to the maximum 

possible concentration of 820ng RNA per reaction (Supplementary Table 1; Appendix B). 

I used POWER SybrGreen Master Mix (ThermoFisher Scientific; Mississauga, ON, 

Canada) to amplify cDNA according to the manufacturer’s instructions with thermal-

cycling conditions configured to an initial 10-minute activation at 95 ˚C then 40 cycles of 

15 seconds at 95 ̊ C to denature and 60 seconds at 60 ̊ C to anneal/extend. Each 12µL qPCR 

reaction included 2µL cDNA, and 0.4µM forward and 0.4µM of reverse primer. I ran each 

reaction in triplicate using a QuantStudio 3 real-time PCR cycler (Applied Biosystems; 

Waltham, MA, USA).  

I normalized transcript abundance in two ways: to a reference gene (EF1𝛼) and two internal 

calibrator samples consisting of pooled cDNA. I used internal calibrator samples in each 
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run to control for any inconsistencies between qPCR runs. I calculated the relative 

transcript abundance using the comparative CT method (2-ΔΔCT). This compared egg swap-

treated samples against the control samples. I then normalized the values by log 

transforming the relative abundance to obtain logFC values (log(2-ΔΔCT)). I compared 

logFC values between treatments using Welch-corrected t-tests in R Studio.  

4.3 Results 

4.3.1 Behavioural Results 

A full description of behavioural results has been published in Churchman et al. (2023). 

There was no significant difference in the number of lateral displays, opercular flares, or 

bites performed by males in the control vs swap treatments during the egg care period (t74 

= -1.18, p = 0.24; t74 = 0.27, p = 0.79; t74 = -1.19, p = 0.24). Similarly, there was no 

significant difference in the frequency of lateral displays or opercular flares between 

treatments during the larvae care period (t65 = -0.62, p = 0.54; t65 = -0.75, p = 0.46). 

However, males in the control treatment bit significantly more frequently than males in the 

swap treatment during larvae care (t65 = 3.38, p < 0.01).  

4.3.2 Differential Gene Expression 

After correcting for false discovery rate, edgeR identified 22116 transcripts with nonzero 

total read counts of which ten transcripts were differentially expressed (FDR <0.05) 

between control and egg swap treatments: GNS, AKAP9, three isoforms of SNPH, USP40, 

RUSC2, two isoforms of gene “DN4077” that could not be identified by annotation, and 

another unidentified transcript “DN721” (Table 4.2). DESeq2 identified 22092 transcripts 

with a nonzero total read count of which 28 were differentially expressed (Figure 4.1; 

Supplementary Table 1; Appendix B). These transcripts included all the transcripts 

identified by edgeR (Table 4.2). After correcting with lfcShrink, only transcripts for SNPH 

and RUSC2 were differentially expressed per log2FC >1 and <-1 and FDR < 0.05. Given 

the difference in raw count values between treatments (Table 4.2), I considered count 

differences >150 to be biologically relevant: SNPH, AKAP9, GNS, USP40, RUSC2, ROA1, 

PDE2A, and HA1F. The inflated log2FC values may be attributed to zero counts in the 

control treatment for SNPH, GNS, and AKAP9.  
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Among differentially expressed transcripts, PDE2A and HA1F were expressed at higher 

levels in control males relative to egg swap males, while SNPH, AKAP9, ROA1, and GNS, 

were expressed at higher levels in egg swap males relative to control males. The number 

of differentially expressed transcripts was too low to perform a statistically powerful GO 

enrichment analysis.  

 

Figure 4.1. Heatmap of differentially expressed transcripts between bluegill parental 

males with higher paternity compared to parental males with experimentally reduced 

paternity. Only transcripts differentially expressed at FDR 𝜶 = 0.05 after false discovery 

rate correction are included in the heatmap. Each column represents a sample ID (control 

males are highlighted in blue and the swap males are highlighted in orange. Each row 

represents a transcript. 
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Table 4.2. Differentially expressed transcripts between bluegill parental males 

exposed to either a control treatment (sham swapped eggs) or (2) experimentally 

reduced paternity (swapped eggs). 

Gene 

ID 

Isoform 

ID 

Mean Raw Count Mean 

expression 
LogFC1 Log2FC2 

Adjusted 

Log2FC3 

Adjusted  

p-value2 Control Swap 

SNPH 

c0_i1_i12 159.87 0 67.74 10.15 25.02 4.26 x 10-7 <0.001 

c0_g1_i15 281.35 0 117.45 10.95 24.53 3.88 x 10-7 <0.001 

c0_g1_i20 380.50 0 161.57 11.41 26.22 13.84 <0.001 

AKAP9 c0_g1_i6 186.61 0 87.39 10.51 25.37 4.47 x 10-7 <0.001 

GNS c0_g1_i13 382.99 0 161.02 11.4 26.22 6.02 x 10-7 <0.001 

USP40 c0_g1_i13 96.73 0 46.87 9.62 24.48 5.38 x 10-7 <0.001 

RUSC2 c0_g1_i21 255.12 540.87 384.42 -1.08 -1.08 -0.99 <0.001 

ROA1 c0_g1_i14 258.76 102.54 162.54 1.36 10.01 2.84 x 10-7 0.004 

PDE2A c0_g2_i6 170.13 360.43 261.95 -1.18 -1.18 -1.60 x 10-7 0.008 

HA1F c0_g1_i4 1.25 276.30 140.38 -7.04 -4.98 1.44 x 10-3 0.026 

1Values calculated with edgeR 

2Value calculated with DESeq2 

3Adjusted with lfcShrink 

4.3.3 Quantitative PCR 

After standardizing to EF1A-β, the relative expression did not differ significantly 

between treatments for any of the 8 genes analyzed by qPCR (Table 4.3; Figure 4.2).  

Table 4.3. Quantitative PCR relative expression (log fold change) between bluegill 

parental males exposed either a control treatment (sham swapped eggs) or (2) 

experimentally reduced paternity (swapped eggs). 

Gene ID Welch’s t-test 

Syntaphilin (SNPH) t12.2 = 1.02, p = 0.33 

A-kinase anchor protein 9 (AKAP9) t13.2 = 1.23, p = 0.24 

N-acetylglucosamine-6-sulfatase (GNS) t12 = 1.24, p = 0.24 

Ubiquitin Carboxyl-terminal hydrolase-40 (USP40) t14.9 = 1.90, p = 0.08 

Iporin (RUSC2) t13.2 = 0.54, p = 0.59 

Phosphodiesterase 2A (PDE2A) t10.2 = 0.63, p = 0.54 

Class 2 histocompatibility antigen, F10 alpha chain (HA1F) t12.5 = 0.13, p = 0.90 

Heterogenous nuclear ribonucleoprotein A1 (ROA1) t12.7 = -0.00, p = 1.00 
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Figure 4.2. Relative differential gene expression between bluegill parental males. 

Control males (sham swapped eggs) are denoted by blue boxplots while treatment males 

with experimentally reduced paternity (swapped eggs) are denoted by orange boxplots. 

4.4 Discussion 

Bluegill sunfish are an excellent model for investigating parental care allocation in 

response to perceived paternity given their multiple male reproductive tactics, and the 

presence of a single parental morph that is capable of offspring recognition. In this study, 

I manipulated the paternity of parental males, assembled, and analyzed their brain 

transcriptome, and further explored differentially expressed genes via qPCR. Two 

transcripts were expressed at higher levels in males in the control treatment (high 

paternity): Phosphodiesterase 2A (PDE2A) and class I histocompatibility antigen, F10 

alpha chain (HA1F). PDE2A is a member of the phosphodiesterase (PDE) family and has 

a crucial role in the hydrolysis of cyclic nucleotide cAMP (Keravis & Lugnier, 2012; Sadek 

et al., 2020). Cells use cAMP hydrolysis to finely tune their responses to stimuli including 

olfactory signals (Breer, 2003; Genovese et al., 2021) and hormones (Nikolaev et al., 2005; 

Zaccolo et al., 2021). Of particular note is the relationship between the hormone prolactin 

and PDE activity. A study on the effects of prolactin on cAMP accumulation suggested 
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prolactin inhibits cAMP accumulation by enhancing PDE activity (Gitay-Goren et al., 

1989). It was subsequently observed that prolactin-receptor activity stimulates PDE 

activity (Fanjul et al., 1993). In a parallel experiment, I determined parental male bluegill 

with increased perceived paternity have higher concentrations of circulating prolactin 

(Churchman et al., manuscript submitted for publication). Thus, in the context of this work, 

I propose males with higher paternity may have increased expression of PDE2A in 

response to elevated prolactin concentrations. Given that bluegill determine their paternity 

via olfactory cues produced by larvae (Neff & Sherman, 2003) it is also possible that 

PDE2A may function as a mechanism through which recognition occurs. Specifically, 

males with higher paternity have higher levels of PDE2A, which could then be used to 

regulate cAMP hydrolysis in the response to the olfactory cues produced by the larvae. 

Taken together it is possible males in the control treatment have higher levels of PDE2A 

in response to their olfactory stimulated paternity recognition, combined with, or in 

response to, elevated concentrations of circulating prolactin during parental care. 

The transcripts HA1F and N-acetylglucosamine-6-sulfatase (GNS) were expressed at 

elevated levels in control treatment males and males in the egg swap treatment respectively. 

HA1F, a part of the major histocompatibility complex (MHC) class I family of genes, plays 

a crucial role in the immune system (Roche & Furuta, 2015) and has been linked to disease 

resistance in Atlantic salmon (Salmo salar; Grimholt et al., 2003). This finding contrasts 

with the common trade-off observed between parental care and immune suppression 

(Bukhari et al., 2019; Carlton et al., 2014; Demas et al., 2012; Duclot et al., 2022; Fedorka, 

2014). However, parental behaviours can also increase the parent’s risk of disease if their 

care behaviour exposes them to pathogens (Ganser et al., 2020). Bluegill parental males 

care for their nest by pecking at surrounding substrate and cannibalizing eggs within their 

nest that are infected to reduce the spread of fungi and other pathogens (Gross, 1982; Neff 

& Sherman, 2003). Males with higher perceived paternity engage in more egg pecking 

behaviour (Churchman et al., 2023), potentially leading to increased pathogen exposure 

and corresponding heightened expression of HA1F. This suggests a possible adaptive 

immune response, as opposed to broad immunosuppression, with specific pathogen 

recognition (Magnadóttir, 2006; Uribe et al., 2011). Conversely, GNS, an innate immune-

response associated lysosomal enzyme crucial in glycosaminoglycan catabolism and 
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cytokine-binding (Vallet et al., 2022; Yang et al., 2021), showed increased expression in 

the egg swap treatment males. A previous study has shown down-regulation of immune-

related genes during parental care in three-spined stickleback (Bukhari et al., 2019), so 

given that lower paternity males in the egg swap treatment provide less care (Churchman 

et al., 2023; Neff, 2003), these males may be able to invest it/maintain a more active innate 

immune system (Frank, 2002). My data suggest differing immune response strategies 

between treatments – control males counter pathogen exposure with a HA1F-mediated 

response whereas egg swap males maintain an active innate immune system to due reduced 

care-giving demands.  

Given the role of GNS in the catabolism of glycosaminoglycans including heparin, the 

potential interaction between experimental methods and GNS expression warrants further 

discussion. Fish blood clots very rapidly and extraction techniques must account for this. 

Standard protocol for blood sampling via the caudal vein is with a heparinized needle 

(Canada Department of Fisheries and Oceans Canada, 2004), which may subsequently 

introduce heparin into the bloodstream, potentially influencing GNS expression through 

the catabolism of heparin. However, given that this gene was differentially expressed 

between treatments and all fish were exposed to the same sampling technique, it seems 

unlikely that differences in GNS expression would be an artifact of our methods. 

Furthermore, while the data are not available for fish, heparin has a half-life of one to two 

hours in humans (Cook, 2010). Considering this half-life and the mere ten-minute window 

between capture, venous puncture, and euthanasia in my protocol, the probability of 

heparin-induced upregulation of GNS expression is low. I therefore consider it to be more 

plausible the observed differential expression is a response to treatment, rather than an 

inadvertent consequence of methodology. 

Males with experimentally reduced paternity expressed higher levels of Syntaphilin 

(SNPH), A-Kinase Anchor Protein 9 (AKAP9), and Heterogenous nuclear 

ribonucleoprotein A1 (ROA1) relative to the control fish. Each of these genes is related to 

the stress response, which suggests males with lower paternity are under a greater amount 

of stress during the parental care period. SNPH is involved in mitochondrial movement 

(Caino et al., 2017; M. Y. Lin et al., 2017). These energy-generating organelles are 
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transported along neurons to areas of high metabolic demand by specialized proteins 

including SNPH. When exposed to stressful conditions, this transport system may be 

damaged and lead to the immobilization of mitochondria (Chang & Reynolds, 2006; M. Y. 

Lin et al., 2017). While SNPH has not been studied in fish, I propose that the expression of 

SNPH transcripts by males in the egg swap treatment could be a response to the stress of 

low paternity, resulting in a disrupted energy transport pathway within the brain. Given the 

significant role of the preoptic area in parental care, this region might be particularly 

vulnerable to diminished energy transport when the parental male is exposed to stress. As 

a result, I suggest that mitochondrial transport in the brain may influence the allocation of 

parental care in bluegill.  

AKAP9 and ROA1 were also expressed at higher levels in the egg swap treatment and are 

both stress-associated transcripts that are integral to physiological stress responses 

(Colledge & Scott, 1999; Guil et al., 2006; J. W. Lin et al., 1998; Shors & Mathew, 1998; 

Westphal et al., 1999). In the context of reproduction and parental care, stressed individuals 

often reallocate resources from current reproduction to survival and future reproduction. 

The higher AKAP9 and ROA1 expression in egg swap males with reduced paternity could 

signal stress and potentially indicate a shift in resource allocation away from their current 

brood towards future reproductive investments. Parents should allocate care to the most 

valuable offspring, and it is possible bluegill males, that assess low paternity in their brood 

lower their parental care efforts to conserve resources for future reproduction.  

Males in the control treatment expressed higher levels of Ubiquitin carboxyl-terminal 

hydrolase 40 (USP40). While not well studied in fish, USP40 belongs to the ubiquitin 

carboxyl-terminal hydrolase (UCH) family. Studies on Cyprinus carpio and Monopterus 

albus suggest UCHs are important in the processes of nerve degeneration, cellular repair 

and the development of reproductive cells (Dietrich et al., 2016; Sun et al., 2008). A study 

in the fish Oreochromis niloticus discovered UCH mRNA is expressed in the olfactory 

bulb and may be involved in chemoreceptive functions (Mochida et al., 2002). Given this, 

it is plausible that USP40 may play a role in kin recognition or offspring sensory input in 

bluegill, potentially showing increased activity when males have higher paternity. Taken 

together, I suggest males with higher perceived paternity may be more sensitive to 
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offspring cues, while USP40 may also help to support cellular repair during parental care. 

RUSC2 encodes a protein that interacts with a Rab GTPase, which is involved in immunity 

through the regulation of intracellular trafficking (Bayer et al., 2005; Prashar et al., 2017). 

Although RUSC2’s role in fish immune response has not been examined, its elevated 

expression level in males in the egg swap treatment compared to those in the control 

treatment indicate it may be involved in the maintenance of innate immunity during 

parental care in response to lower paternity and reduced levels of parental care.  

In my follow-up qPCR analysis to the transcriptome data, no significant difference was 

found in gene expression, which I attribute to environmental variation. The qPCR samples 

were collected in a different field season with notable environmental differences, including 

a significantly higher ambient temperature during the breeding season (22.7 ̊ C vs 27.7 ̊ C), 

which increased water temperature. This temperature increase could result in a 30% 

increase in metabolic rate for bluegill (Dent & Lutterschmidt, 2003) and may have affected 

parental care-related gene expression. Regardless, my study highlights the complex 

genomic responses to paternity and parental care behaviour. I encourage further research 

to consider the interplay between paternity and parental investment and subsequent effects 

on both the stress and immune responses. My data implicate differential immune responses 

for males with high paternity (high parental effort) versus low paternity (low parental 

effort), rather thana ubiquitous down regulation of immunity with parental care. The data 

also identify candidate genes that may be involved in kin recognition as well as the 

reallocation of effort to future reproduction. 
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Chapter 5  

5 Hormonal and behavioural dynamics of parental care in 
bluegill (Lepomis macrochirus) x pumpkinseed (Lepomis 
gibbosus) hybrid sunfish 

This chapter has been prepared as a manuscript for submission. 

5.1 Introduction 

Alternative reproductive tactics are an important aspect of reproductive behaviour across 

taxa (Gross, 1996). In several species of sunfish (Lepomis spp.), parental males prioritize 

growth for several years prior to sexual maturation, after which point they use a parental 

tactic and establish territories, construct nests in colonies, spawn with females and then 

provide sole care for their brood (Gross, 1982). Smaller “cuckolder” males mature earlier 

and fertilize eggs by intruding on spawning events in a parental male’s nest by initially 

employing a sneaking tactic (“sneakers”) where they hide in vegetation around nests and 

dart into the nest to fertilize eggs. As they get larger, cuckolders switch tactics and instead 

use female mimicry (“mimics”), whereby they hover around the nest, then enter the nest 

while the parental male is spawning with a female by acting as though they too are 

spawning with the parental male and instead fertilize eggs.  

Bluegill (Lepomis macrochirus) and pumpkinseed (Lepomis gibbosus) sunfish parental 

males typically sire an average 75-78% of the larvae in their nest in Lake Opinicon (Garner 

& Neff, 2013). In bluegill, the remaining 25% of larvae are sired by bluegill cuckolders, 

while in pumpkinseed only 9% are sired by pumpkinseed cuckolders, and the remaining 

13% are sired by bluegill cuckolders. When bluegill cuckolders fertilize pumpkinseed 

nests, they produce hybrid sunfish (Garner & Neff, 2013; Konkle & Philipp, 1992). Hybrid 

females occasionally spawn in pumpkinseed nests and may backcross with either bluegill 

or pumpkinseed males (Garner & Neff, 2013). Hybrid males, however, typically have 

inferior reproductive characteristics and sire <10% of the larvae in their nest (Immler et al., 

2011). In the absence of competition, hybrid sperm is fertile, but they are outcompeted by 

the sperm of either parental species (Immler et al., 2011).  
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Paternal males can improve their fitness by preferentially investing in care for their own 

genetic offspring or abandoning broods in which they have sired few young and gain a 

selective advantage of indiscriminately paternal males (Westneat & Sherman, 1993). Thus, 

parental investment theory predicts male parental effort to be related to the proportion of 

the brood that the male has sired (Trivers, 1972). Given that cuckolders provide no care to 

their offspring in either bluegill or pumpkinseed, it is beneficial for parental males to 

adaptively adjust their parental care in response to paternity. In pumpkinseed, nest defense 

during egg care is positively correlated with paternity, however the mechanisms through 

which the males assess paternity are not known (Rios-Cardenas & Webster, 2005). Bluegill 

parental males can discriminate between offspring they sire and those of cuckolder males 

either by (1) interpreting the presence of sneakers around their nest during spawning day 

as an uncertainty of paternity, or (2) directly assessing olfactory cues released by the larvae 

to determine paternity. This paternity assessment impacts nurturing and defensive care 

dynamics during egg and larvae care as bluegill parental males lower the quality of their 

parental care in response to both perceptions of low paternity (Churchman et al., 2023; 

Neff, 2003; Neff & Gross, 2001). Hybrids sire very few offspring in their nest yet provide 

parental care regardless. One potential explanation for this behaviour is a failure to assess 

paternity, in which case high levels of parental care is their default phenotype. Alternately, 

there may be a breakdown or upregulation of an endocrine or genomic pathway controlling 

parental care. Thus, hybrids provide an opportunity to isolate and assess potential 

mechanisms driving parental care independent of paternity.  

Given the importance of behavioural endocrinology to parental care, research into the 

mechanisms underlying bluegill parental care is typically endocrine focused. As with most 

taxa, androgens have been proven to increase aggressive nest defense behaviours in bluegill 

(Cunha et al., 2019; Rodgers et al., 2012). Exogenous administrations of prolactin, 

colloquially referred to as the hormone of paternity (Schradin & Anzenberger, 1999), have 

been proven to increase nurturing behaviours in bluegill. More recently, we have proven 

endogenous circulating concentrations of prolactin correlate with nurturing care in bluegill 

and are associated with adjustments in care in response to uncertainty of paternity (Chapter 

3). It is possible both prolactin and 11-ketotestosterone, the primary androgen in fish (Borg, 
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1994), regulate changes in parental care in response to paternity and high levels of one or 

both hormones may drive parental care regardless of paternity in hybrids.  

Genomic mechanisms underpinning changes in parental investment in response to 

paternity have not yet been characterized. However, molecular studies exploring gene 

expression during parental care suggest there are neurogenomic profiles associated with 

birds and fish providing parental care and those that do not (Bukhari et al., 2019; Lynch et 

al., 2019; Partridge et al., 2016). Given the distinct genotypes associated with parental care 

providing males, it is possible there is a role for genomic regulation of adaptive adjustments 

in response to paternity. Similarly, in a prior transcriptomic study, bluegill with lower 

perceived paternity have increased expression of transcripts associated with energy 

transport in the brain and decreased expression of transcripts associated with immune 

function (Churchman, unpublished data). Molecular mechanisms regulating parental care 

have not been established in pumpkinseed, nor hybrids.  

The objectives of this study were to: 

1. Establish 11-ketotestosterone and prolactin concentration profiles over the parental 

care period for bluegill, pumpkinseed, and hybrid sunfish, and to compare circulating 

concentrations of each hormone while fish provide care for eggs.  

2. Characterize and compare parental care behaviours across species. 

3. Determine if hybrid and pumpkinseed sunfish adjust parental care in response to 

egg manipulation within the nest, and what mechanisms underlie their behavioural 

response.   

I hypothesize that (1) hybrids will maintain difference circulating concentrations of both 

hormones compared to bluegill and pumpkinseed; (2) parental care behaviour will differ 

between species; (3) hybrids will not adjust their level of care in response to nest 

manipulation in contrast to bluegill and pumpkinseed; and (4) 11-ketotestosterone, 

prolactin, and gene expression will influence parental care in all species. To that end, I 

predict higher concentrations of both hormones to be present in hybrids throughout the care 

period when compared to bluegill to facilitate the persistence of parental care regardless of 
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paternity. Similarly, I predict there should be no difference in hybrid parental care 

behaviours in response to egg manipulation within the nest. To test this, I compared hybrids 

to their paternal and maternal lineages, bluegill, and pumpkinseed sunfish respectively. I 

established a prolactin and 11-ketotestosterone profile during the parental care period for 

both bluegill and hybrids. I also subjected parental male bluegill, hybrids, and pumpkinseed 

to a direct paternity manipulation where paternity in the nest was altered by swapping eggs 

between nests, and then measured differences in circulating concentrations of 11-

ketotestosterone, prolactin, and parental care behaviour.  

5.2 Methods 

5.2.1 Species and study site 

I studied a population of sunfish in Lake Opinicon (44°34′N, 76°19′W), Ontario, Canada. 

This lake has been a study site for bluegill sunfish since the 1970s (Gross, 1982) and more 

recently hybrid sunfish within the last decade. In Lake Opinicon, sunfish breed from May 

to July. Pumpkinseed sunfish start in early May and breed to early July, while bluegill and 

hybrids begin breeding later in the May/early June until July. During this time, parental 

males enter the littoral zone. Pumpkinseed build nests separately or in small groups, 

whereas bluegill build colonies of up to 150 males, some of which include hybrids (Gross, 

1982). The stages of sunfish reproductive behaviour typically include (1) “staging” where 

parental males begin to gather at the nesting site, followed by nest building and then (2) a 

”loose to nest” stage where males begin to station and hover at their nest, (3) “tight to nest” 

where males sit lower and stay closer to the nest, then (4) spawning with females and finally 

(5) parental care lasts approximately 7 days, with eggs hatching around day 3.  

From 2018 to 2021, swimmers equipped with snorkelling gear monitored sunfish 

reproductive behaviour along a 2 km stretch of the littoral zone of the lake. When 

swimmers noted males becoming “tight to nest”, I tagged each nest with an individually-

numbered ceramic tile.  

My first objective was to determine 11-ketotestosterone (11KT) and prolactin 

concentration profiles over the parental care period. To do this, I took blood samples from 

random bluegill and hybrid males nesting within colonies on each day of the parental care 
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period from spawning day (0) to day 5 (the final day of parental care for these colonies – 

the stage and day of care was confirmed by a single swimmer). I caught each male with a 

dip net and brought the male to a nearby boat, where I measured their total body length and 

extracted a 200 µL whole-blood sample via caudal venipuncture (66  21 seconds from 

time of netting to blood collection; mean  SD). I allowed each male approximately 2 

minutes to recover in a dark water bucket on the boat, and then returned him to his nest. I 

stored blood samples on ice until transport back to shore for processing. The Animal Care 

Committee at Western University (ACC) approved all procedures performed in this study 

(AUP #2010-214 and #2018-084) and fish were collected under scientific collection 

permits from the Ontario Ministry of Natural Resources and Forestry. Logistically it was 

not possible to collect enough pumpkinseed to establish a profile as well as conduct 

behavioural observation and experimental manipulations as described below.  

My second objective was to compare parental care behaviour across species and to better 

understanding the care hybrid and pumpkinseed sunfish provide for their broods. To do so, 

in 2021, I set up GoPro cameras at each parental male’s nest in the morning of day 2 and 

recorded nurturing behaviour for 30 minutes from 09:00-12:00 EST. I quantified four 

nurturing behaviours: (1) rim circling, (2) caudal fanning, (3) pectoral fanning, and (4) nest 

pecking (see Côté & Gross, 1993; Gross & MacMillan, 1981; Neff, 2003). I compared 

these nurturing behaviours to a historical dataset of bluegill nurturing behaviour collected 

in 2019 in a parallel experiment (control males from Churchman et al., 2023). I collected 

nest defense behaviour data while caring for eggs (day 2) and for larvae (day 4). To do so 

I presented a natural egg predator (pumpkinseed sunfish for bluegill and hybrid nests, and 

a bluegill for pumpkinseed nests) in a transparent plastic bag on the border of the parental 

male’s nest between 14:00-17:00 EST. I then recorded the parental male’s defense 

behaviour for 1 minute using a GoPro camera (Hero 5 and 6, San Mateo, California, USA). 

I quantified three defensive behaviours from these videos: (1) lateral display, (2) opercular 

flare, and (3) bite.  

My third objective was to determine if hybrid sunfish adjust parental care in response to 

paternity as do bluegill. The bluegill used in this part of the study were a subset of those 

used for a parallel study on the endocrine regulation of parental care in response to 
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perceived paternity collected in 2018, 2020, and 2021. (see Churchman et al., 2023; and 

Churchman et al., manuscript submitted for publication). All hybrids and pumpkinseed 

were collected in 2021. A single swimmer mapped the colonies of bluegill-hybrid sunfish, 

and individual pumpkinseed nests, immediately after spawning and assigned each nest an 

egg score from 1-5. This score is based on the percentage of egg coverage within the nest 

and is correlated with the actual number of eggs and larvae in the nest (Claussen, 1991). 

Prior to collection, males were exposed to one of two treatments (1) control; or (2) egg 

manipulation. For the egg manipulation group, I swapped about one-half of each male’s 

eggs between two nests the day after spawning (day 1 of parental care; Figure 5.1). I 

performed a sham swap in the nests of males assigned to the control treatment, in which I 

removed and then returned one-half of the eggs to the original nest. This mimicked the 

disturbance of the egg swap, but not the reduction in paternity. I collected nest defense 

behaviour data during each period of care: once while providing care for eggs (day 2) and 

once while providing care for larvae (day 4). To do so, I conducted the standardized 

aggression test using the natural egg predator as described above. I took blood samples 

twice to determine 11KT concentrations: once while they were caring for eggs (day 1) 

while we performed the swap treatment, and once the day after the eggs hatched and males 

were providing care for larvae (day 4) immediately after the predator presentation. Due to 

differences in blood sampling timing, the 11KT concentration of 2018 males caring for 

larvae are not included in this analysis. Furthermore, given that nurturing behaviour is only 

present during egg care, and prolactin concentrations correlate with nurturing care, I only 

quantified prolactin concentrations during the egg care period.   

In 2021, on the final day of parental care (day 5), I returned to the nesting sites to collect 

tissue for molecular analysis. To do so, we euthanized individuals using clove oil and 

immediately dissected and stored whole brains in RNAlater (ThermoFisher Scientific; 

Mississauga, ON, Canada). The total amount of time required for fish capture, euthanasia, 

dissection, and brain storage in RNAlater was under 10 minutes. I stored the brains in 

RNAlater at 4 ˚C for 24 hours. Brains were then frozen at -20 ˚C until transport on dry ice 

to the University of Western Ontario where they were stored at -80 ˚C.  
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Figure 5.1. Visual representation of methodology. 

5.2.2 Hormone analysis 

I extracted plasma from each blood sample within 8 hours of collection and stored it at 

-20˚C until transportation back to the University of Western Ontario. I then used 

enzyme-linked immunosorbent assay (ELISA) kits to determine the concentration of 

11-ketotestosterone (11KT; CAT# 582751Cayman Chemical, Ann Arbor, MI) and 

prolactin (Fish Prolactin ELISA Kit MBS700669; MyBioSource Inc., San Diego, CA). 

I ran each 11KT sample in triplicate, and each prolactin sample in duplicate to balance 

the high plasma demands of the assay with the welfare of the animal during sampling. 

The 11KT kit was designed in ng/mL while the ELISA kit standard was designed in 

µIU/mL, where 1µIU/mL is approximately equal to a concentration of 0.047ng/mL 

(MyBioSource Inc, personal communication).   

5.2.3 Quantitative PCR (qPCR) analysis 

I extracted total RNA from the whole brain of all 17 sunfish brains collected in 2021 

using a standard Trizol extraction protocol (Life Technologies, Carlsbad, CA). We 

removed residual genomic DNA from all samples using a Qiagen RNeasy Cleanup kit. 

I quantified total RNA using a Nanodrop One Microvolume UV-Vis 

Spectrophotometer (ThermoFisher Scientific; Mississauga, ON, Canada). The average 

A260/A280 of all RNA samples was 2.10 ± 0.04 (mean ± SD). I synthesized cDNA 

using qScript cDNA Supermix (Quantabio; Beverly, MA, USA) from 820ng RNA per 

sample and stored the cDNA at -20˚C. Due to a low RNA concentration of one sample, 

I was unable to synthesize cDNA from 1000ng RNA and standardized all samples to 

the maximum possible concentration of 820ng RNA per reaction.   
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I selected and designed primers for eight candidate genes identified by bluegill 

transcriptome analysis for the same paternity manipulation (Table 5.1): syntaphilin 

(SNPH), A-kinase anchor protein-9 (AKAP9), N-acetylglucosamine-6-sulfatase 

(GNS), Ubiquitin carboxyl-terminal hydrolase-40 (USP40), Iporin (RUSC2), 

heterogenous nuclear ribonucleoprotein A1 (ROA1), phosphodiesterase 2A (PDE2A), 

and class 2 histocompatibility antigen, F10 alpha chain (HA1F). I tested the primers 

against a pooled cDNA sample in a gradient PCR, then by gel electrophoresis to 

determine the accuracy of the melt temperature and primer product size. I validated 

primer efficiency using a 1:10 serial dilution curve and a single melt curve. All primers, 

including the reference gene, displayed an efficiency between 90-110%. 

Table 5.1. Primer sequences for qPCR 

Primer 5'-3' Sequence 

Syntaphilin (SNPH) 
Forward TCTCTCTGTCGTCCCAATCT 

Reverse TCCCTTCCTCTTCACACTCT 

A-kinase anchor protein 9 (AKAP9) 
Forward CCTACAGAGCAAAGAGCAAGAG 

Reverse GCTGTAGGGTGAGGTGTTTAAG 

N-acetylglucosamine-6-sulfatase (GNS) 
Forward TTCCACCCACTGCTGTTATG 

Reverse GAGGTTTGACTGGTGCTCTT 

Ubiquitin Carboxyl-terminal hydrolase-40 

(USP40) 

Forward ACTCTTCTCCTCGCTCTCTAC 

Reverse GTTTGTCTGGCTGGTGTTTG 

Iporin (RUSC2) 
Forward GTTAGCAGACCGGCAATGA 

Reverse CTTGTCCATCGTCACCTTCTC 

Heterogenous nuclear ribonucleoprotein A1 

(ROA1) 

Forward CCCTCACAAAGCAGGAAAT 

Reverse CTCTGCCACCCTGATTAAAG 

Phosphodiesterase 2A (PDE2A) 
Forward CAGCCATCCTTCCCATTC 

Reverse CGGTTGCTCTCTGTCTAAAG 

Class 2 histocompatibility antigen, F10 alpha 

chain (HA1F) 

Forward CACGATGTTCTGGAGGAAAG 

Reverse GTCAACACTCATCTGGAAGG 

Elongation factor 1-beta (EF1B) 
Forward CGTGGGTTACGGCATCAAGA 

Reverse GATCTTGTTGAAAGCGGCGA 

 

I used POWER SybrGreen Master Mix (ThermoFisher Scientific; Mississauga, ON, 

Canada) to amplify cDNA according to the manufacturer’s instructions with thermal-

cycling conditions configured to an initial 10-minute activation at 95 ̊ C, then 40 cycles 
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of 15 seconds at 95 ˚C to denature and 60 seconds at 60 ˚C to anneal and extend. Each 

12µL qPCR reaction included 2µL cDNA, and 0.4µM forward and 0.4µM reverse 

primer. I ran each sample in triplicate using a QuantStudio 3 real-time PCR cycler 

(Applied Biosystems; Waltham, MA, USA).  

I normalized transcript abundance to a reference gene (EF1) and two internal calibrator 

samples consisting of pooled cDNA. We used internal calibrator samples in each run 

to control for any inconsistencies between qPCR runs. We calculated the relative 

transcript abundance of egg-swap samples against control samples using the 

comparative CT method (2-ΔΔCT). I then normalized the values by log transforming the 

relative abundance to obtain logFC values.  

5.2.4 Statistical Analyses 

I performed all statistical analyses using R Studio. Degrees of freedom were calculated 

by R as the adjusted values. All tests were conducted as two-tailed. Given low sample 

size due to abandonment, several comparisons were assessed qualitatively rather than 

statistically and are defined below.  

I assessed the effect of species on body length and egg score over all four years with 

ANOVAs with body length or egg score as the dependent variable and species as the 

independent variable. I only collected abandonment data for all three species in 2021, 

and so we used a Chi-Squared test to compare abandonment between species within 

the one year.  

I qualitatively compared the 11KT and prolactin concentration profiles between 

bluegill and hybrid sunfish. I used an ANOVA to determine the effect of species on 

circulating prolactin while caring for eggs where prolactin was the response variable 

and species as the independent variable. I compared the effect of species on circulating 

11KT using an ANOVA during egg care with 11KT as the response variable, and the 

interaction between species and treatment as the independent variable. I compared 

significant differences using Tukey’s HSD test. I qualitatively compared circulating 

11KT between species while caring for larvae, considering only the control males. I 
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used spearman’s correlations to determine if (1) prolactin concentrations were 

associated with parental care behaviours during egg care in hybrids and pumpkinseed; 

(2) 11KT concentrations were associated with parental care behaviours during egg care 

in all three species; (3) 11KT concentrations were associated with parental care 

behaviours during larvae care in bluegill and hybrids, considering only the control 

males. Pumpkinseed were assessed qualitatively.  

I compared four nurturing behaviours between species using ANOVAs to determine 

the effect of species while caring for eggs: rim circling, caudal fanning, pectoral 

fanning, and nest pecking. I used ANOVAs to determine the effect of species on three 

defensive behaviours while caring for eggs: lateral display, opercular flaring, and 

biting. In all models, individual behaviours were considered the response variable with 

species as the independent variable. Significant differences were assessed using 

Tukey’s HSD test. I qualitatively assessed the effect of species on these defensive 

behaviours while caring for larvae by comparing the behaviours of control fish from 

all three species.  

Due to logistical constraints restricting sample size in hybrids and pumpkinseed, I 

qualitatively compared the effect of experimental paternity treatment on defensive 

parental care behaviour and 11KT within each species.  Lastly, I used Welch’s two 

sample t-tests to compare differences in candidate gene expression between treatments 

for hybrids and bluegill. I qualitatively compared pumpkinseed expression between 

treatments.  

5.3 Results 

5.3.1 Species differences 

There was a significant effect of species on body length (F2,170 = 54.15, p < 0.001). 

Hybrids (215  8 mm; mean  SD) were significantly longer than bluegill (196  10 

mm; p < 0.001), but not pumpkinseeds (20  9 mm; p = 0.36). Pumpkinseed were also 

significantly longer than bluegill (p < 0.001). There was also a significant effect of 

species on egg score (F2,165 = 19.87, p < 0.001). Bluegill (3  1; mean + SD) had 
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significantly higher egg scores than hybrids (1  1; p < 0.001), and pumpkinseed (2  

1; p = 0.003). There was no significant difference between pumpkinseeds and hybrids 

(p = 0.68). In 2021, abandonment did not differ by treatment per species (X2 (2, 19) = 

4.10, p = 0.13). 

I collected blood samples from a total of 143 males during the parental care period for 

the prolactin and 11KT profiles (Nbluegill = 130, Nhybrid = 72). I quantified prolactin from 

69 males (Nbluegill = 32, Nhybrid = 37). When comparing prolactin concentrations over 

the course of the parental care period, hybrids had higher prolactin concentrations than 

bluegill (Figure 5.2A). I quantified 11KT from 138 males (Nbluegill = 98, Nhybrid = 40). 

When comparing 11KT concentrations over the course of parental care period between 

bluegill and hybrids (Figure 5.2B), bluegill maintained higher concentrations of 11KT 

than hybrids.  
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Figure 5.2. Circulating (A) prolactin and (B) 11-ketotestosterone concentrations over 

the parental care period in bluegill, pumpkinseed, and hybrid sunfish. Day denotes 

the number of days after spawning (day 0), while the shading denotes the period of parental 

care with either eggs or larvae present in the nest. Data points represent the mean prolactin 

concentration per day and error bars denote the standard error of the mean. 

There was a significant effect of species on prolactin concentrations during egg care (F2,27 

= 3.73, p = 0.04; Figure 5.2) There was a significant difference between bluegill and 

pumpkinseed prolactin concentrations (p = 0.04) but not bluegill and hybrid (p = 0.54) nor 

hybrid and pumpkinseed (p = 0.14). There was no significant effect of species on 11KT 

concentrations during egg care (F2,136 = 0.91, p = 0.40). Bluegill 11KT concentrations were 
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higher than hybrid and pumpkinseed during larvae care, while hybrid and pumpkinseed 

concentrations appeared similar.  

There was no significant correlation between prolactin concentrations and hybrid nor 

pumpkinseed lateral display, opercular flare, bite, rim circling, or nest pecking behaviours 

(Table 5.2A). There was no correlation between 11KT concentrations and bluegill lateral 

display, opercular flare, or biting behaviours during egg or larvae care. There were no 

significant correlations between any hybrid parental care behaviours and 11KT during egg 

care. There was a significant correlation between hybrid opercular flaring and 11KT while 

caring for larvae (r = -0.95, p = 0.01), however there were no other significant correlations 

between hybrid parental care behaviours while caring for larvae and 11KT. There were no 

significant correlations among any pumpkinseed parental care behaviours and 11KT while 

caring for eggs. There did not appear to be any relationship among pumpkinseed 

behaviours and 11KT while caring for larvae. 

Table 5.2. Correlation between individual parental care behaviours and circulating 

11-ketotestosterone and prolactin concentrations in bluegill, hybrids, and 

pumpkinseed sunfish during (A) egg and (B) larvae care. 

A.  

Hormone Species 
Lateral 

Display 
Opercular Flare Bite 

Rim 

Circle 

Nest 

Peck 

11KT 

Bluegill 0.13 0.10 0.12   

Hybrid -0.02 0.33 0.42 -0.01 0.01 

Pumpkinseed -0.40 0.07 0.00 0.59 0.42 

Prolactin 
Hybrid -0.35 0.20 0.16 -0.14 0.45 

Pumpkinseed 0.31 -0.36 -0.60 0.30 0.10 

B.  

Hormone Species Lateral Display Opercular Flare Bite 

11KT 

Bluegill 0.13 0.11 0.33 

Hybrid 0.45 -0.95 -0.80 

Pumpkinseed N/A N/A NEG 
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* Correlations were only calculated for control bluegill and hybrid males caring for 

larvae. Significant correlations are bolded (𝛼 = 0.05). Pumpkinseed associations while 

caring for larvae were assessed quantitatively. 

There was a significant effect of species on rim circling behaviour (F2,45 = 12.17, p = < 

0.001; Figure 5.3) where bluegill performed significantly more rim circling than hybrids 

(p < 0.001) and pumpkinseed (p = 0.002). There was no significant difference between 

pumpkinseed and hybrids (p = 0.89). There was a significant effect of species on caudal 

fanning behaviour (F2,45 = 4.24, p = 0.02) and pectoral fanning behaviour (F2,45 = 5.65, p = 

0.006). With the exception of a single hybrid fish, neither hybrids nor pumpkinseed 

performed any caudal fanning. There was a significant effect of species on nest pecking 

behaviour (F2,45 = 4.29, p = 0.02), where pumpkinseed performed significantly more 

pecking than hybrids (p = 0.01). There was no significant difference between pumpkinseed 

and bluegill (p = 0.11) nor bluegill and hybrids (p = 0.34).  

There was a significant effect of species on the number of opercular flares performed while 

caring for eggs (F2,88 = 3.96, p = 0.02; Figure 5.4), but not lateral displays (F2,88 = 1.93, p = 

0.15) nor bites (F2,88 = 1.16, p = 0.32). While caring for eggs, pumpkinseed performed 

significantly more opercular flares than bluegill (p = 0.02). There was no significant 

difference between hybrids and bluegill (p = 0.96) nor pumpkinseed and hybrids (p = 

0.053). While caring for larvae, there did not appear to be a difference between species in 

the number of lateral displays performed. Pumpkinseed appeared to perform more 

opercular flare than bluegill and hybrids, which seemed to flare at similar rates. While 

caring for larvae, bluegill appeared to bite more hybrids, which in turn bit more than 

pumpkinseed.  
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Figure 5.3. Comparison of nurturing behaviours among species of bluegill (BG), 

hybrid (HY), and pumpkinseed (PS) sunfish while caring for eggs. Significant 

differences between species per Tukey’s HSD test are marked by an asterisk (𝜶 = 0.05). 

 

Figure 5.4. Comparison of nest defensive behaviours and 11-ketotestosterone 

concentration (ng/mL) among species of bluegill, hybrid, and pumpkinseed 

sunfish while caring for eggs. Significant differences between species per Tukey’s 

HSD test are marked by an asterisk (𝜶 = 0.05).  
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Table 5.3. Mean number of nest defensive behaviours and 11-ketotestosterone 

concentration (ng/mL) for bluegill, hybrid, and pumpkinseed sunfish while caring for 

eggs and larvae in each treatment. Males exposed to the experimental swap treatment 

had 50% of their eggs swapped with another nest. Males in the control treatment were 

subjected to a sham swap. 

 

Lateral Display Opercular Flare Bite 11KT (ng/mL) 

Egg Larvae Egg Larvae Egg Larvae Egg Larvae 

Bluegill 

Control 
 2.0  1.4 

N = 33 

 1.7  1.7 

N = 33 

 7.9  3.9 

N = 33 

 6.4  3.9 

N = 33 

 6.7  4.7 

N = 33 

 12.6  

5.6 

N = 33 

 23.0  18.5 

N = 54 

 26.1  18.7 

N = 22 

Swap 
 2.5  1.8 

N = 42 

 2.2  1.8 

N = 41 

 7.4  4.1 

N = 42 

 7.4  4.3 

N = 41 

 7.5  5.6 

N = 42 

 8.5  4.9 

N = 41 

 21.5  16.9 

N = 56 

 43.1  32.3 

N = 27 

Hybrid 

Control 
 1.0  1.3 

N = 6 

 0.6  0.9 

N = 5 

 7.7  1.5 

N = 6 

 8.8  3.8 

N = 5 

 6.2  5.5 

N = 6 

 8.8  5.3 

N = 5 

 12.0  6.6 

N = 10 

 10.6  11.2 

N = 6 

Swap 
 1.7  0.6 

N = 3 

 1.0  1.0 

N = 3 

 6.3  5.1 

N = 3 

 10  1.0 

N = 3 

 5.0  6.1 

N = 3 

 1.7  1.5 

N = 3 

 6.7  5.2 

N = 7 

 36.3  32.1 

N = 6 

Pumpkinseed 

Control 
 2.0  1.2 

N = 5 

 2.3  1.0 

N = 4 

 13.2  4.0 

N = 5 

 12  5.6 

N = 4 

 5.4  5.2 

N = 5 

 3.8  5.8 

N = 5 

 2.1  1.1 

N = 5 

 10.1  2.3 

N = 4 

Swap 
 1.5  2.1 

N = 2 

 1.0  0.0 

N = 2 

 8.5  2.1 

N = 2 

 8.5  6.4 

N = 2 

 1.5  2.1 

N = 2 

 2.5  2.1 

N = 2 

 4.3  2.3 

N = 5 

 22.4  14.0 

N = 2 

*Variation in sample size between behaviour and 11KT is due to video quality and plasma coagulation. 

5.3.2 Response to paternity manipulation 

There did not appear to be any differences between treatments in the circulating 11KT, 

number of lateral displays, opercular flares, or bites of hybrids caring for eggs. While 

hybrids cared for larvae, there appeared to be no difference in lateral displays, and 

opercular flares. Hybrids appeared to have higher circulating 11KT in males assigned to 

the swap treatment. Similarly, hybrids in the swap treatment appeared to bite more 

frequently than those in the control treatment. There did not appear to be any differences 

between treatments in defensive behaviours or 11KT while pumpkinseed cared for eggs.           

There was no difference in gene expression between treatments in bluegill for any 

candidate genes. In hybrids, there was a significant difference in USP40 expression (t7.9 = 

3.49, p = 0.01), where males in the swap treatment expressed it at lower levels than males 

in the control treatment. There were no other significant differences in hybrid candidate 

gene expression between treatments. Pumpkinseed did not express SNPH. Otherwise, there 

did not appear to be any differences in candidate gene expression between treatments in 

pumpkinseed. 



 

 

104 

  

  

Figure 5.5.  Comparison of candidate gene expression (logFC) between treatments 

in bluegill, pumpkinseed, and hybrid sunfish. Bluegill are denoted by blue, hybrids in 

green, and pumpkinseed in orange. Solid bars represent the control treatment, and dotted 

bars represent the swap treatment.
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Table 5.4. Differences in candidate gene expression in response to perceived paternity in 

bluegill and hybrid sunfish. Significant differences are bolded (𝜶 = 0.05). 

Candidate Gene Bluegill Hybrid 

Syntaphilin (SNPH) t12.2 = 1.02, p = 0.33 t5.3 = 0.39, p = 0.71 

A-kinase anchor protein 9 (AKAP9) t13.2 = 1.23, p = 0.24 t8 = 0.46, p = 0.66 

N-acetylglucosamine-6-sulfatase (GNS) t12 = 1.24, p = 0.24 t7.9 = -1.74, p = 0.12 

Ubiquitin Carboxyl-terminal hydrolase-40 (USP40) t14.9 = 1.90, p = 0.08 t7.9 = 3.49, p = 0.01 

Iporin (RUSC2) t13.2 = 0.54, p = 0.59 t4.8 = 0.38, p = 0.72 

Phosphodiesterase 2A (PDE2A) t10.2 = 0.63, p = 0.54 t8 = -0.36, p = 0.73 

Class 2 histocompatibility antigen, F10 alpha chain (HA1F) t12.5 = 0.13, p = 0.90 t7.8 = -1.10, p = 0.30 

Heterogenous nuclear ribonucleoprotein A1 (ROA1) t12.7 = -0.00, p = 1.00 t8 = -1.42, p = 0.19 

5.4 Discussion 

In line with parental investment theory, bluegill sunfish adjust the quality of their parental care 

in response to perceived paternity (Churchman et al. 2023; Neff 2003). In contrast, hybrid 

sunfish, resulting from crossbreeding bluegill and pumpkinseed sunfish, are functionally sterile 

but still exhibit nest care behaviours. Overall, the objective of this study was to characterize 

circulating prolactin and 11-ketotestosterone (11KT) concentrations during parental care in 

hybrid sunfish, and to compare the quality of their care and their response to egg manipulation 

with that of bluegill and pumpkinseed. In particular, I sought to determine what mechanisms 

drive similarities or differences in their parental care behaviour and in response to perceived 

paternity.  

As was expected, hybrids exhibited a distinct hormonal profile compared to bluegill during 

parental care. Specifically, bluegill’s prolactin levels typically remained below 20 µIU/mL and 

decreased from spawning day to day 4 of parental care, with a slight increase on day 5. In 

contrast, hybrids, displayed a nearly inverse pattern, maintaining prolactin levels above 20 

µIU/mL, which rose from spawning day to day 4, with a slight decrease in prolactin on day 5. 

This pattern in bluegill parallels the prolactin trends observed in mammals and birds, where 

initial high concentrations of prolactin generally diminish over the parental care period (Dixson 

& George, 1982; Garcia et al., 1996; Storey et al., 2000). However, the absence of a clear link 

between prolactin levels and parental behaviour in hybrids suggests a more complex 

mechanism at play in regulating their parental care. In a study on ring doves (Streptopelia 

risoria), more experienced females showed greater sensitivity to prolactin (Wang & Buntin, 
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1999). This might help explain the observed hormonal differences between bluegill and 

hybrids. I determined bluegill had higher egg scores than hybrids and suggest if females lay 

eggs more frequently in bluegill nests compared to hybrids, it is possible that bluegill parental 

males are also more “experienced” parents than hybrids and are more sensitive to prolactin. 

Additionally, research on rock doves (Columba livia) found that prolactin administration led 

to increased testes size and higher gonadotropin receptor expression (Farrar et al., 2022). Thus, 

it is plausible that the elevated prolactin levels in hybrids functions to boost spermatogenesis. 

Given that hybrid sperm is outcompeted in the presence of any other sperm, high prolactin 

levels may promote the production of high quantities of sperm rather than high quality (Immler 

et al., 2011). This trait could also be inherited from their maternal lineage. While 

comprehensive prolactin profiling for pumpkinseed was not feasible, initial data showed 

pumpkinseed having higher prolactin levels that bluegill and hybrids the day after spawning. 

Consequently, hybrids might be genetically predisposed to maintain higher concentration of 

prolactin than bluegill, which may functionally serve to induce parental care.  

Hybrids and bluegill exhibit similar patterns in their 11KT levels throughout the parental care 

period. Unlike prolactin, however, hybrids consistently displayed lower levels of 11KT than 

bluegill during this period. A trade-off between nurturing and defensive behaviour has been 

established in bluegill (Cunha et al., 2019), and that study also showed that administration of 

prolactin and 11KT increase nurturing and aggressive behaviours, respectively. While a direct 

trade-off between prolactin and androgens has not been explicitly established, it is plausible 

that maintaining high levels of both hormones simultaneously is not feasible, which might 

explain the lower 11KT levels in hybrids compared to bluegill. Interestingly, in hybrids, 11KT 

levels were inversely related to the defensive behaviour opercular flaring, a finding that 

contradicts existing research where increased 11KT levels are linked to heightened defensive 

actions (Cunha et al., 2019). This suggests that hybrids might regulate their defensive 

behaviour differently from bluegill. Considering the unknown reason for poor hybrid sperm 

performance, it is possible that issues with their reproductive organs affect their androgen 

production. Therefore, I suggest hybrids do not regulate their defensive behaviour via 11KT.  

Dehydroepiandrosterone (DHEA) is an androgen precursor and prohormone and has been 

proven to be important in the expression of aggression when gonadal androgen synthesis is 

low in non-breeding birds and mammals (reviewed in Soma et al., 2015). If hybrids are not 
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physiologically capable of synthesizing high levels of 11KT, or other androgens, then perhaps 

DHEA is important in the maintenance of hybrid aggression. 

During egg care, hybrid sunfish displayed nest defense behaviours that were similar to both 

their parental species. The notable difference was observed in pumpkinseed, which showed 

more frequent opercular flaring compared to bluegill, while hybrids demonstrated flaring at a 

frequency that was intermediate between the two. In the larvae care phase, bluegill engaged in 

biting more often than pumpkinseed, with hybrids again showing a behaviour level that was 

intermediate but not distinctly difference from either parent species. These observations 

indicate that each species adopts distinct nest defense tactics, with hybrids displaying a 

combination of behaviours from both bluegill and pumpkinseed.  

In contrast to their intermediate defensive behaviour, the nurturing behaviour of hybrids was 

of markedly poor quality. They exhibited fewer nurturing behaviours than either bluegill or 

pumpkinseed, often just hovering over their nest without active movement. This suggests that, 

unlike their defensive behaviour, the nurturing behaviour of hybrids is not a blend of their 

parent species, but rather an inferior form. This lack of nurturing behaviour in hybrids does not 

correlate with their prolactin levels. This is notable as high prolactin is almost ubiquitously 

associated with high levels of nurturing behaviour across taxa (Cunha et al., 2019; Dixson & 

George, 1982; Smiley, 2019; Storey et al., 2000). It is possible that high prolactin levels 

initially promote a parental care-giving state while females lay eggs in hybrid nests on 

spawning day, but does not regulate nurturing behaviours. Additionally, hybrids with elevated 

11KT levels tended to exhibit less frequent defensive behaviours. My work highlights the 

complex nature of hormonal regulation in hybrid parental care and suggest that their parenting 

behaviour is not a straightforward inheritance from their bluegill and pumpkinseed lineages. 

In line with previous findings, bluegill with experimentally reduced paternity exhibited a 

decreased frequency of biting in response to nest predators compared to their control 

counterparts (Neff, 2003). Pumpkinseed were less tolerant of experimental manipulation, and 

so with a low sample size after larvae hatched, it is challenging to draw definitive conclusions. 

My data suggest a similar level of care between both treatments at both stages of care, similar 

to the response observed by Rios-Cardenas and Webster (2005). They observed no difference 

in behaviour in response to high or low perceived paternity. Moreover, prior to hatch, hybrids 
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in both treatments provided a similar frequency of defensive care. After hatch, they appear to 

provide relatively similar levels of care between treatments as well. There was a slight decrease 

in biting after hatch in the swap treatment, however this may be attributed to variance in the 

data. Therefore, as expected, hybrids appear to continue to provide care for offspring regardless 

of relatedness. Taken together, it is possible that hybrids do not adjust their level of care in 

response to paternity as a maternally-conserved trait from pumpkinseed. Pumpkinseed nest 

solitarily, and thus are perhaps less likely to be cuckolded and have a less active kin recognition 

mechanism. Hybrids may therefore care for unrelated offspring because they do not recognize 

them as unrelated.  

My genetic analysis suggests that hybrids in both treatments express A-Kinase Anchor Protein 

9 (AKAP9) at high levels than bluegill and pumpkinseed, while pumpkinseed appear to have 

lower expression of N-acetylglucosamine-6-sulfatase (GNS) than bluegill and hybrids. In 

addition, pumpkinseed did not express Syntaphilin (SNPH). There was no differential 

expression of any candidate genes between treatments in bluegill, while Ubiquitin Carboxyl-

terminal hydrolase-40 (USP40) was expressed at higher levels in hybrid controls relative to 

males exposed to the nest manipulation. Due to the logistical challenge of collecting 

pumpkinseed after two blood samples, my sample size is very low for our molecular analysis. 

Differences in pumpkinseed gene expression are most likely associated with sample size, rather 

than a true biological difference. AKAP9 was upregulated in hybrids and is associated with 

stress response (Colledge & Scott, 1999; Lin et al., 1998). Hybrids nest in bluegill colonies 

that evolved as a form of protection during care (Gross, 1982), and it is possible the stress of 

nesting within a territorial colony of parental males has resulted in increased expression of 

AKAP9 in hybrids. Given the low sample size, it is unlikely that this difference reflects a 

biological response to treatment. Given the low difference in expression (logFC) between the 

reference gene and the swap hybrid males, it is more likely that the swap males do no express 

this at a lower level and is a factor of individual variation rather than an effect of treatment. 

The expression level in the control treatment males relative to the reference gene is closer to 

the expression levels of bluegill and pumpkinseed. Therefore, I suggest gene expression level 

in USP40, along with the other candidate genes, is conserved from bluegill and hybrids.  
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My research underscores multifaceted nature of parental care in hybrid sunfish, revealing how 

evolutionary lineage and hormone levels intertwine to regulate parental care behaviour. My 

findings demonstrate that while hybrids exhibit traits inherited from their bluegill and 

pumpkinseed lineages, their parental care behaviours and physiological responses, particularly 

in relation to prolactin and 11KT, are distinct and complex. 
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Chapter 6  

6 General Discussion 

Parental care has an important role in the development, growth, and eventual success of many 

species. However, despite the benefits of healthier offspring that are more likely to reproduce 

and pass on the parent’s genes, the care is energetically, physically, and reproductively costly 

to the parent. Consequently, parents may adjust their care to selectively provide, and invest in, 

higher quality care to offspring that are related, and therefore more valuable, to them. Several 

hypotheses have emerged that indicate the endocrine system is critical in parental care 

regulation, and this may interplay with genomic pathways that influence care. In my thesis, I 

bridge the gap between what is understood about mechanisms that broadly regulate parental 

care behaviour, and behavioural responses to paternity. The overall goal of my research was 

to assess changes in parental care behaviour in response to perceived paternity and to identify 

potential proximate mechanisms that regulate parental care behaviour. To do this, I worked 

primarily with bluegill sunfish to analyze potential mechanisms and explored the role of 

hormones and candidate genes in care-giving behaviour irrespective of paternity in hybrid 

sunfish. In doing so, my thesis contributes to our understanding of how parental investment 

behaviour evolved and is maintained in systems with variable parentage. 

6.1 Summary of findings 

6.1.1 11-Ketotestosterone responds to recognition of paternity but 
does not regulate parental care behavioural response  

The role of androgens in the regulation of male reproductive and aggressive behaviour is a 

cornerstone of behavioural endocrinology. Increases in androgens correlate positively with 

aggressive behaviour during the reproductive season (Farner & Wingfield, 1980), and 

experimental administration can induce aggressive behaviours (Hau et al., 2000; Rodgers et 

al., 2012). While high concentrations of androgens can suppress nurturing behaviour and are 

often considered detrimental to parental care (Wingfield et al., 1990), it is important to note 

that parental care can be exhibited as aggressive behaviour, particularly in the defense of 

offspring (Møller & Nielsen, 2014). Similarly, offspring defense correlates positively with 

offspring value (Redondo & Carranza, 1989). In chapter 2, I examined the role of 11-
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ketotestosterone (11KT), the primary androgen in fish, in regulating parental care behaviour 

in response to indirect and direct cues of paternity in bluegill. I show that bluegill with higher 

paternity within their nest increase aggressive defense behaviour, but this is not correlated with 

circulating 11KT concentrations. Similarly, I show that bluegill with a higher perception of 

paternity perform more nurturing behaviour, but that this is also not regulated by 11KT. 

Interestingly, 11KT was higher in males with experimentally lowered nest paternity, 

suggesting that these males may be preparing to renest rather than perform higher quality care 

for lower value offspring. The possibility of males increasing 11KT concentrations as they 

recognize a brood of low genetic value should be tested further by examining physical and 

reproductive correlates, as well as the timing of the next nesting attempt. Regardless, my 

findings suggest that 11KT concentrations respond to paternity but does not regulate the 

behavioural response to paternity.  

6.1.2 Prolactin regulates parental care behaviour and responds to 
paternity perception 

Although the critical role of prolactin in parental care has been proven in mammals and birds 

via correlations with behaviour and experimental manipulations (Smiley, 2019; Storey et al., 

2000), the role of prolactin in fish has not been established. Experimentally administered 

prolactin has been shown to influence parental care behaviour (Cunha et al., 2019). However, 

empirical evidence linking endogenous circulating prolactin in fish to parental care behaviour 

is missing. While both fish and mammalian prolactin can induce a response to increase 

nurturing behaviour in fish, very little is known about how these doses reflect endogenous 

levels. In chapter 3, I establish circulating endogenous prolactin is a key hormone in fish 

parental care and is involved in behavioural responses to perceived paternity.  

I quantified circulating prolactin on each day of the parental care period from spawning day to 

day 6 of care, which is when larvae start to leave the nest. Similarly to mammals and birds, 

prolactin concentrations were highest while eggs accumulate in the nest and during subsequent 

care, then lowered after eggs hatched and nurturing care subsided (Dixson & George, 1982; 

Smiley, 2019; Storey et al., 2000). I also determined that the highest measured concentration 

was substantially lower than prior manipulation work (Cunha et al., 2019; Páll et al., 2004). 

One of the challenges of behavioural endocrinology is measuring the concentrations that elicit 
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response, as animals are often sensitive to very low concentrations of circulating endogenous 

hormones (Nelson & Kriegsfeld, 2022). My work suggests that bluegill exemplify this concept, 

and that future work manipulating prolactin in fish should account for natural circulating 

concentrations to ensure accurate biological responses are captured.  

For a hormone to be causally linked to a behaviour, manipulation of a hormone should elicit a 

response, and circulating concentrations should correlate with the behaviour. Prior work has 

established that bromocriptine, a prolactin inhibitor, decreases nurturing care in bluegill 

(Cunha et al., 2019; Kindler et al., 1991). In parallel, prolactin administration increases 

nurturing care (Cunha et al., 2019). My data provides the foundation for a direct link, as I 

establish circulating prolactin concentrations correlate positively with nurturing behaviour. 

Taken together, my work solidifies the role of prolactin in fish parental care. 

Moreover, I manipulated an indirect cue of uncertainty of paternity on spawning day by 

presenting a visual cuckoldry cue to the parental male. Prolactin concentrations were lower in 

fish with lower perceived paternity, and higher in fish that appeared to have not been 

cuckolded. Fish with higher perceived paternity also provided more nurturing care. My data 

suggests that parental males lower their quality of care when it is likely they are caring for a 

nest with low paternity, and this adjustment may be mediated by prolactin.   

While the role of prolactin has been clearly established in mammals and birds, my data 

provides a foundation that prolactin also regulates fish parental care. Further, parental 

investment theory predicts that parents invest more in offspring that are of higher fitness value 

(Trivers, 1982), and my data provides evidence that prolactin may mediate this adjustment in 

care. Overall, it is clear: prolactin is critical for the maintenance of parental care behaviour and 

mediates how parents allocate care.  

6.1.3 Perceived paternity influences energy transport and immune-
related gene expression 

The predominant understanding of the regulation of parental care behaviour typically rests 

within endocrinology. However, parental care behaviour requires changes from a sophisticated 

suite of physiological systems outside of the endocrine, including neural pathways and gene 

expression (Ammari et al., 2023; Champagne & Curley, 2013). Prior research in mammals, 
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birds, and fish have determined that genes involved in metabolism, immune response, 

transcription, and enriched dopamine pathways are important in the establishment and 

maintenance of parental care (Bukhari et al., 2019; Kumari et al., 2022; Wu et al., 2014). While 

many species alter care in response to parentage, very little is known about how this occurs 

and how gene expression is involved in the adjustment of behaviour. In chapter 4, I show that 

genes associated with energy transport and immune response vary in response to direct 

recognition of paternity. 

I adjusted direct paternity cues by experimentally lowering paternity within the nest by 

swapping eggs between parental males and compared the gene expression of these males to 

males with 'sham' swapped nests with eggs that had been disturbed but not replaced via 

transcriptome analysis. I determined that males with higher paternity expressed one transcript 

at a lower level than males with experimentally manipulated paternity: syntaphilin (SNPH). 

SNPH is associated with mitochondrial movement in the brain (Lin et al., 2017). Higher 

expression of SNPH has been linked to damaged mitochondrial transport systems under 

stressful conditions (Chang & Reynolds, 2006; Lin et al., 2017). It is therefore possible that 

providing care to offspring that are less related to a parental male may be a stressor, and this 

gene is upregulated in males with lower paternity as energy transport to areas of the brain that 

regulate parental care behaviour are disrupted. Contrastingly, males with higher paternity 

expressed one gene at a higher level than males with reduced paternity: class I 

histocompatibility antigen, F10 alpha chain (HA1F). HA1F is associated with pathogen 

resistance in Atlantic salmon (Salmo salar; Grimholt et al., 2003). Parental males with higher 

paternity engage more frequently in parental care and are consequently more frequently 

exposed to pathogens and fungi within their nest (Neff & Sherman, 2003). I propose that HA1F 

is upregulated in males that are providing higher quality care, as an adaptive immune response. 

Taken together with my behavioural results in chapter 2, bluegill males with higher paternity 

are more likely to provide higher quality care, which may result in an upregulation of HA1F, 

while the disruption of mitochondrial movement via high SNPH expression may impact parts 

of the brain that involved in parental care, and account for the lower quality of care provided 

by males with reduced paternity. My work highlights the intricate system of immune, 

metabolic, and behavioural pathways that influence parental care behaviour, and how these 

may be involved in response to paternity.  
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6.1.4 Hybrid Parental Care: Defining care behaviour and potential 
underlying mechanisms 

When bluegill cuckolders fertilize eggs in pumpkinseed nests, they produce hybrid offspring. 

While little is known about the alternative life histories of hybrids, when they mature and enter 

a reproductive season larger males defend nests in bluegill colonies and care for offspring. 

Contrary to parental investment theory that proposes males allocate care accordingly to 

relatedness (Trivers, 1972), hybrids are considered sterile (Garner & Neff, 2013) yet continue 

to provide care for, and invest in, offspring. Hybrids therefore provide a unique opportunity to 

examine mechanisms underlying adjustments in care by determining if these mechanisms are 

capable of driving parental care regardless of paternity.  

To test this, I conducted the same direct manipulation of swapping eggs between nests. 

However, I hypothesized care behaviour to be similar between control and swap treated males 

if they provide care regardless of paternity. Further, I expected to see a difference in hormone 

profile during the parental care period relative to bluegill and pumpkinseed, but not between 

treatments. Similarly, I expected the expression of candidate genes that were associated with 

differences in perceived paternity to be similar between treatments. In chapter 5, I show that 

hybrids exhibited distinct hormonal profiles from their bluegill and pumpkinseed parental 

lineages, with notably higher prolactin levels that did not correspond to increased nurturing 

behavior, suggesting a complex regulation of parental care. These hybrids also had lower 

concentrations of 11KT during the parental care period. However, prolactin concentrations did 

not correlate with individual nurturing behaviours, and is unlikely to be the primary proximate 

explanation for the level of nurturing care hybrids provide. Similarly, 1KT concentrations did 

not correlate with defensive behaviours while caring for eggs, nor most lateral displays or bites 

while caring for larvae. Interestingly, in control males caring for larvae, 11KT was negatively 

correlated with the frequency of opercular flares. Thus, there is likely a mechanism other than 

11KT regulating aggression in hybrids. Behaviorally, while hybrids showed a blend of 

defensive behaviors from both parent species, their nurturing behavior was significantly 

inferior, indicating a complex, non-linear inheritance of parenting traits. In terms of response 

to paternity cues, bluegill altered their behavior with reduced paternity by reducing care 

quality, a response not observed in pumpkinseed. The lack of behavioural response in 

pumpkinseed is consistent with prior work that manipulated perceived paternity (Rios-
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Cardenas & Webster, 2005) but may be attributed to low sample size. Hybrids did not appear 

to respond to nest manipulation, which was in line with my hypothesis. Logistic constraints 

associated with nest abandonment impacted my sample size for molecular analysis. While it is 

possible that differential expression reflects biological relevance but may be attributed to 

individual variation rather than variation among species or between treatments. Preliminarily, 

hybrids appeared to express higher levels of stress-related gene A-Kinase Anchor Protein 9 

(AKAP9; Colledge & Scott, 1999) compared to bluegill and pumpkinseed, while pumpkinseed 

appeared to express lower levels of immune response-associated gene N-acetylglucosamine-

6-sulfatase (GNS; Yang et al., 2021) than bluegill and hybrids. It is possible hybrids are under 

stress while expending resources and providing care for offspring they cannot derive genetic 

benefits from. Differences in pumpkinseed GNS expression are most likely associated with low 

sample size. Moreover, hybrids in the control treatment group appeared to express Ubiquitin 

Carboxyl-terminal hydrolase-40 (USP40) at higher levels than males in the swap treatment. 

However, USP40 expression by hybrids in the swap treatment was not substantially lower than 

expression of the reference gene, which suggests my results are more likely due to variation 

between the individuals I analyzed rather than a pattern associated with a response to the swap 

treatment.  

Overall, my study suggests there are complex interactions between environmental factors and 

inherited traits underlying hybrid parental care. While hybrids do not adjust their parental care 

behaviour in response to egg manipulation, they have unique hormonal profiles compared to 

their parental lineages. My findings suggest hybrids are subject to distinct pressures, possible 

due to their sterility and stress associated with the demands of parental care. While I provide 

insights into the dynamics of hybrid parental care, further investigation is needed to fully 

understand hybrid behaviour and the proximate mechanisms that regulate it.    

6.2 Contributions to the field and future directions 

My thesis has advanced our understanding of parental investment by determining how key 

hormones like prolactin and 11KT are involved in the adjustment of care behaviour in response 

to paternity, as well as identifying candidate genes that may have a role in this regulation.  
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6.2.1 Shifting perspective: the regulation of care by prolactin 
highlights the importance of fish in the evolution of parental care  

Prolactin belongs to a gene family comprising of prolactin, growth hormone, and somatolactin, 

and is a key regulatory molecule across vertebrates (Dobolyi et al., 2020; Freeman et al., 2000). 

The presence of prolactin in ancient chordate species before the first vertebrate genome 

duplication is a marker of its long evolutionary history. It is well known that the whole genome 

duplication occurred 3 times during vertebrate evolution: (1) at the transition from chordates 

to vertebrates, (2) at the transition from agnathans to gnathostomes, and (3) after divergence 

of the teleost lineage (Dobolyi et al., 2020). Changes in prolactin sequences throughout 

vertebrate genome evolution align with major adaptive events, including freshwater 

adaptations and the development of lactation in mammals, suggesting its role in these pivotal 

evolutionary transitions (Dobolyi et al., 2020). By establishing the role of prolactin in fish 

parental care, my research implies that the origins of parental care may trace back to fish as 

the basal vertebrate species. This may represent a paradigm shift in the study of parental care, 

which is traditionally taxonomically biased towards birds and mammals (Stahlschmidt, 2011). 

Fishes, with their remarkable diversity in parental care strategies – accounting for variations 

in care-giving parents, allocation between parents, and methods of care (Gross & Sargent, 

1985) – should be recognized as a critical taxon for understanding the evolution of this 

behaviour.  

In addition to confirming prolactin’s regulatory role in fish parental care, my work explores its 

involvement in care allocation in response to paternity cues. This finding suggests a more 

complex role for prolactin, potentially influencing how parental care systems are shaped and 

evolve in response to various ecological and evolutionary pressures. While prolactin is known 

to initiate parental care behaviour (Smiley, 2019), the observed variation in care in response to 

different paternity cues indicates that prolactin may also dictate the nature and extent of care 

provided. Therefore, my thesis posits a proximate mechanism for the evolutionary shifts and 

adaptations in parental care systems, highlighting how changes in prolactin levels could 

mediate these transitions to optimize offspring care for maximum fitness benefits. Future 

research should, thus, consider prolactin as a proximate mechanism to understand the evolution 

and loss of parental care systems, offering a more comprehensive view of the evolutionary 

dynamics of parental care across the animal kingdom.  
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Interestingly, although hybrids maintain high concentrations of prolactin throughout the 

parental care period, this hormone does not correlate with nurturing behaviour. Despite a low 

likelihood of genetic relatedness to the offspring, hybrids display parental care behaviours, 

suggesting an underlying hormonal mechanism operating independently of direct genetic dies. 

Initially, I hypothesized that elevated prolactin levels would drive and regulate sustained 

parental care in these species. However, while hybrids do exhibit high prolactin levels, these 

do not seem to influence nurturing behaviours as observed in bluegill. While prolactin is known 

to induce caregiving behaviour in mammals (Bridges, 2020; Smiley et al., 2022) and birds 

(Angelier et al., 2016; Smiley, 2019), the specific role of prolactin in inducing and regulating 

parental care in fish remains less understood. My findings suggest that while high prolactin 

concentrations may induce a caregiving state in hybrids, they may not regulate specific 

nurturing behaviours. It is plausible a larger sample size might support the expectation that 

prolactin should regulate nurturing behaviours. However, I suggest it is more likely that 

hybrids, due to their inferior nurturing care compared to their parental lineages, may not engage 

in sufficient functional care to be regulated by prolactin. Although I did not assess the success 

of hybrid nests, it is conceivable that, as I hypothesized, high prolactin levels during the 

reproductive season trigger a caregiving state in hybrids, but that they may lack the ability or 

learning to effectively care for eggs. Therefore, in this context of naïve parental behaviour, 

prolactin’s role in regulating nurturing behaviour would be irrelevant. This suggests a more 

complex relationship between hormonal regulation and caregiving behaviour in species with 

alternative reproductive strategies and hybridization, warranting further exploration to 

understand the nuances of hormonal influence in parental care and investment. 

6.2.2 Rethinking androgens: 11KT has a complex role in the 
regulation of parental care in systems with alternative 
reproductive strategies 

The prevailing view in behavioural endocrinology posits androgens as key drivers of male 

reproduction and aggressive behaviour. This theory is supported by evidence suggesting a 

direct correlation between higher androgen levels and increased (Farner & Wingfield, 1980; 

Nelson & Kriegsfeld, 2022). However, my findings present a complex scenario. While high 

androgen levels have been traditionally viewed as counterproductive to parental care 

(Wingfield et al., 1990), my findings indicate that 11KT does not directly impact parental 
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behaviour, particularly in relation to paternity. Instead, my research suggests that although 

androgens are essential for parental behaviours in California mice (Peromyscus californicus; 

Trainor & Marler, 2001), and increased 11KT levels can induce aggression in bluegill (Cunha 

et al., 2019; Rodgers et al., 2013), the role of endogenous circulating 11KT may have a more 

nuanced role. My findings support the notion that 11KT is more involved in regulating 

reproductive behaviour and the distribution of resources across successive broods, rather than 

directly facilitating parental behaviour.  

In bluegill, I observed that increased perceived paternity does not correspond with elevated 

11KT levels, which contrasts both heightened bluegill defensive behaviours in response to 

elevated paternity, and established androgen theory. My results suggest that 11KT may 

regulate parental male preparation for future reproductive opportunities, particularly in 

response to reduced paternity. This challenges the binary perspective on androgens, suggesting 

instead that they have a more complex role within the realm of parental care, particularly in 

the context of aggressive, defensive parental behaviour. Additionally, while the difference in 

androgenic regulation between alternative reproductive morphs has been explored, it primarily 

explores the differences between morphs (Knapp, 2003) rather than how androgen regulation 

adapts in response to the presence of alternative male morphs. I noted an increase in aggressive 

behaviour in parental males with higher perceived paternity, but significantly lower 11KT 

levels than males with reduced paternity and did not correlate with behaviour. This contradicts 

the expected positive relationship between androgens and aggression (Nelson & Kriegsfeld, 

2022). It raises the possibility that in species with alternative reproductive morphs, 11KT might 

have a broader function, namely in the regulation of reproductive investment across different 

broods, as opposed to primarily regulating behaviour with a brood. Initially, I hypothesized 

that 11KT levels would be a determinant in behaviour in response to perceived paternity, with 

the expectation that aggressive parental care would be positively associated with circulating 

11KT.  

Instead, perhaps 11KT is positively correlated with the reallocation of resources that may be 

spent on defending a nest towards stimulating reproductive characteristics such as 

spermatogenesis in preparation for future reproductive opportunities and offspring. Indeed, 

increased 11KT levels can induce complete spermatogenesis in fish (Schulz, 2003), and these 
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levels tend to rise prior to spawning or renesting (Cargnelli & Gross, 1996; Magee et al., 2006; 

Specker & Kishida, 2000). This highlights the need for future studies to examine the role of 

11KT across species, and to consider the temporal regulation of 11KT in species with 

alternative morphs outside of the comparison between morphs. 

Studying hybrid sunfish, which provide care for eggs regardless of paternity, offers valuable 

insights into the role of androgens in parental care. When measuring 11KT over the parental 

care period, I observed that hybrids have lower circulating 11KT than bluegill for the duration 

of the period despite maintaining similar levels of aggressive behaviour. This implies a 

potential morphological or physiological impairment in the gonads that leads to compromised 

fertility and a reduction in androgen production. Interestingly, this deviates from the typical 

positive correlation between aggression and androgens documented in most species (Nelson & 

Kriegsfeld, 2022). This suggests an alternative mechanism regulates aggression in hybrid 

parental care. Given the importance of non-gonadally dependent dehydroepiandrosterone in 

the maintenance of aggression in non-breeding birds and mammals (Soma et al., 2015), it is 

possible this prohormone is involved in the hybrid regulation of aggression.  

Overall, the results of my thesis pertaining to 11KT underscores the complexity of hormonal 

regulation and emphasizes the need for a broader understanding of androgen functions beyond 

their conventional roles. My results challenge existing theories in behavioural endocrinology 

and indicate future research should explore the diverse role of androgens across species and 

reproductive contexts. The variations in 11KT levels observed in my study, along with their 

potential implications in parental care behavior, suggest that we should reconsider the binary 

perspective on androgens. This calls for a more comprehensive approach that considers the 

ecological and evolutionary contexts in which these hormones operate. 

6.2.3 Beyond hormones: stress and immune-response related genes 
in parental care dynamics  

Kin recognition, which starts with sensory detection and neural processing, suggests that the 

brain is likely involved, at least in part in regulating behavioural adjustments in response to 

paternity. My results provide evidence that gene expression in bluegill varies in response to 

paternity and support the notion that parental care is not driven only by endocrine factors, but 
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interplays with genetic changes. Using transcriptome analysis, I found that caring for less 

genetically related offspring may act as a stressor and affect brain energy transport and 

management. Several transcripts expressed in higher levels by males in the swap treatment are 

associated with physiological stress response. This provides evidence that expending resources 

on unrelated offspring may stress parental males. Moreover, when stress is high, Syntaphilin 

(SNPH) has been proven to disrupt energy transport to the brain by interrupting mitochondrial 

movement (Caino et al., 2017; Lin et al., 2017). If energy transport to areas of the brain 

associated with care behaviour is impacted, then this expression pattern may act as a potential 

mechanism underlying changes in care in response to paternity. In addition, my results provide 

evidence that males who provide higher quality care for the offspring have evolved 

mechanisms to support better adaptive immune function, likely as an adaptive response to the 

increased exposure to pathogens and fungi in the nesting environment. Such a correlation 

indicates a potential evolutionary adaptation that highlights the role of the immune system in 

paternal investment strategies.  

I used qPCR to analyze several candidate genes I initially identified as differentially expressed 

using RNAseq. Transcript expression patterns suggest hybrids express AKAP9 at higher levels 

than bluegill and pumpkinseed, and that pumpkinseed express GNS at lower levels than 

bluegill and hybrids. However, due to logistical challenges of sampling hybrids and 

pumpkinseed, my sample size was too low to definitively determine if these differences are 

species-specific or simply differences in individual expression. Similarly, while USP40 was 

differentially expressed between control and swap-treated hybrid males, it is challenging to 

determine if this is a biological response to manipulation, or individual variation. If the 

expression patterns I observed in AKAP9, GNS, and USP40 are accurately reflective of 

biological differences, this suggests stress and immune response are key factors in parental 

care. My preliminary evidence suggests that a more exhaustive comparative analysis among 

hybrids, bluegill, and pumpkinseed could yield important information about how hybrids 

provide care. It may also help to understand how the strategies optimized to balance the costs 

and benefits of parental care are inherited from different care systems and enhance our 

understanding of the evolutionary trade-offs and adaptations in parental care mechanisms.   
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In my qPCR analysis of bluegill, I found no significant genetic differences between treatments 

within each species. While it is possible this is due to environment differences, or low sample 

size, it is possible that the differentially expressed transcripts I initially identified as part of my 

transcriptome analysis may have been due to inflated log2FC values. This may stem from the 

majority of samples in the swap treatment that did not express these genes. Subsequent 

secondary analyses, implemented to correct for this inflation suggests the majority of initially 

identified differentially expressed transcripts were falsely identified. Rather than differentially 

expressed between treatments, these transcripts more likely reflect individual variation. This 

highlights the inherent challenges in molecular ecology, particularly when integrating 

techniques like RNAseq to address ecological questions. These methods have become popular 

over the past decade but often grapple with discerning meaningful data amidst the ‘noise’ 

inherent in highly variable wild populations. Gene expression within individuals can fluctuate 

based on factors like time of day, developmental or life history stage, and can vary between 

tissues, cells, or even within cells of the same tissue type (Aubin-Horth & Renn, 2009; 

Birnbaum et al., 2003; Francesconi & Lehner, 2014; Whitehead & Crawford, 2006). In non-

model organisms, the challenge intensifies in distinguishing genes that vary between 

individuals from those that genuinely vary due to treatment effects.  

I chose to sequence the entire bluegill brain to capture the most comprehensive picture of 

changes in response to perceived paternity possible. In this sense, my goal was to determine if 

genes were differentially expressed during (A) the sensing of offspring relatedness, (B) the 

processing of behaviour adjustments, and (C) changes in behaviour itself. However, 

sequencing the entire brain can introduce an overwhelming amount of “noise”, making it 

challenging to identify genes that are expressed in response to treatment. Additionally, 

RNAseq is biased towards highly transcribed genes (Łabaj et al., 2011), potentially obscuring 

more subtle gene expression patterns. The combination of individual variability, the sheer 

volume of transcripts expressed in the whole brain, and the potential biases in RNAseq likely 

contributed to the absence of differential expression between treatments observed in my study. 

Future research in this area may benefit from comparatively sequencing sections of the brain, 

and using methods that precisely isolate tissues from those regions to effective capture nuanced 

patterns of expression.   
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Lastly, my analysis identified several unannotated transcripts. While RNAseq can identify 

previously uncharacterized transcripts, non-model organisms like bluegill often lack extensive 

annotation and functional data (Pavey et al., 2012). Despite comparing my sequences to 

homologs in closely related species, it is possible that there are functional differences that are 

not accounted for. This presented a challenge in my research, raising the possibility that 

transcripts I found to be differentially expressed are key in the adjustment of behaviour in 

response to perceived paternity, yet remain unidentified. As such, the expansion of databases 

and repositories for gene annotation will be crucial in future research efforts to deepen our 

understanding of gene expression in species like bluegill.   

6.2.4 Paternity beyond genetics: hybrids provide care regardless of 
paternity  

One objective of my thesis was to determine why hybrid males provide care for offspring they 

are unlikely to have sired. However, to conclusively ascertain whether their response to 

experimental manipulation differs from that of bluegill, it was necessary to evaluate their 

reaction using the same experimental protocol. Given their effective sterility and likely zero 

paternity within nests (Garner & Neff, 2013; Immler et al., 2011), I hypothesized that hybrids 

would exhibit similar levels of care between treatments. My thesis built upon previous research 

by Neff (2003) which demonstrated that bluegill reduce care quality in response to perceived 

paternity, by replicating the behavioural response, and analyzing each parental care behaviour 

individually. I determined that bluegill with higher paternity more aggressively defend their 

nest by biting more after larvae hatch. While I observed a slight increase in biting in the hybrid 

control males, there was substantial variance in behaviour. Thus, it is unlikely this is a response 

to treatment, and rather individual variation in behaviour. There were no other differences 

between hybrids in the control and swap treatments in circulating hormone concentrations, or 

behaviours. It therefore appears hybrids provide similar quality of care regardless of egg 

manipulation. However, it is worth noting that hybrids do not provide similar quality of 

nurturing care to bluegill or pumpkinseed. While hybrid aggression is similar to bluegill and 

pumpkinseed, I observed markedly fewer nurturing behaviours. Future studies should consider 

the success of hybrid nests.  
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Given that hybrids provide care irrespectively of relatedness, but that the quality of care is 

poor, this raises the question of why they provide care. While possible, hybrids do not appear 

to nest solitarily. Rather they seem to nest in bluegill colonies. The most likely explanation for 

this is that hybrids nest in colonies to attract females to lay eggs in their nest. If no other sperm 

is present in the nest, they may be able to fertilize the eggs (Immler et al., 2011). While colonial 

nesting confers protection from predators (Gross, 1982) – parental male sized fish in Lake 

Opinicon are unlikely to be predated upon, thus it is possible, but unlikely that hybrids nest in 

colonies to avoid predation. Alternately, sites selected for colonial nesting should be optimal 

in terms of resources, protection, disturbance, and environmental conditions. It is possible 

hybrids nest in colonies and provide some level of care such that they can reside in an optimal 

environment within the lake. While little is known about bluegill nest site selection, wind and 

wave protection and dissolved oxygen levels appear to influence nesting sites (Gosch et al., 

2006; Stahr et al., 2013). Therefore, perhaps hybrids nest in colonies to identify and reside in 

optimal lake locations. It is also possible, that hybrids nest in colonies to obtain some other 

benefit of group-membership. By nesting in colonies, hybrids may benefit from social 

facilitation and learning whereby hybrids may improve their nesting or defense strategies by 

observing other parental males.  

In summary, the nesting behavior of hybrids in bluegill colonies presents an intriguing aspect 

of their reproductive strategy. Despite providing subpar parental care, nesting within bluegill 

colonies could be driven by various potential benefits. These benefits range from attracting 

females to acquire eggs, residing in an optimal environment with favorable conditions like 

protection and resource availability, to gaining advantages from group membership such as 

social facilitation and learning. Future research should consider these possibilities to develop 

a better understand the complexities of hybrid nesting behavior. This understanding could shed 

light on broader ecological and evolutionary questions about hybrid species and their 

reproductive strategies in natural habitats. 

6.3 Conclusions 

The objective of my thesis was to explore the dynamics of parental care behaviour in sunfish, 

particularly focusing on how adjustments in parental investment occur in response to paternity. 

My results suggest that while traditional views on hormones like 11KT and prolactin hold true 
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in certain contexts, their roles are far more complex and nuanced in regulating parental care 

behaviour – especially in species with complex reproductive systems like sunfish. My work 

contributes to our understanding of the mechanisms underlying parental care behaviour and 

parental investment, but also leads to new areas of interest for future work. My results call for 

further exploration into the endocrine, genetic, and environmental factors influencing parental 

care across species, and emphasizes the importance of considering a wide range of factors – 

from molecular to ecological – in understanding the evolution and persistence of parental care. 

Overall, my thesis advances our knowledge of parental care behaviour in fish, challenging 

existing theories and introducing new perspectives on the neuroendocrine regulation of these 

behaviours. This ultimately paves the way for future studies to delve deeper into the 

evolutionary biology of parental care, potentially transforming our understanding of this 

fundamental aspect of life across the animal kingdom.  
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Appendix B. Chapter 4 Supplementary Materials 

Supplementary Table 1. Differentially expressed transcripts between bluegill 

parental males with higher paternity compared to parental males with experimentally 

reduced paternity. Only transcripts differentially expressed at FDR = 0.05 after false 

discovery rate correction are included in the heatmap. 

 

 

 

Transcript ID 
Mean 

Expression 
log2FC 

log2FC 

SEM 
W-stat p-value 

Adjusted p-

value 

TRINITY_DN2384_c0_g1_i20 161.57 26.22 2.02 12.95 2.28E-38 5.02E-34 

TRINITY_DN4077_c0_g1_i16 167.29 26.28 2.28 11.54 8.53E-31 9.42E-27 

TRINITY_DN37119_c0_g1_i13 161.02 26.22 2.30 11.41 3.61E-30 2.66E-26 

TRINITY_DN4077_c0_g1_i1 136.88 24.88 2.37 10.50 8.46E-26 4.67E-22 

TRINITY_DN721_c0_g1_i8 142.36 -26.80 2.93 -9.14 6.35E-20 2.80E-16 

TRINITY_DN6355_c0_g1_i8 88.18 -26.14 2.93 -8.91 5.02E-19 1.85E-15 

TRINITY_DN2384_c0_g1_i15 117.45 24.53 2.83 8.66 4.77E-18 1.44E-14 

TRINITY_DN3950_c0_g1_i6 87.39 25.37 2.93 8.65 5.21E-18 1.44E-14 

TRINITY_DN2384_c0_g1_i12 67.74 25.02 2.93 8.53 1.49E-17 3.65E-14 

TRINITY_DN1632_c0_g1_i13 46.87 24.48 2.93 8.34 7.16E-17 1.58E-13 

TRINITY_DN1139_c1_g1_i7 21.81 -24.24 2.93 -8.26 1.42E-16 2.85E-13 

TRINITY_DN2690_c0_g1_i2 33.74 24.04 2.93 8.20 2.50E-16 4.60E-13 

TRINITY_DN2496_c0_g2_i7 15.38 -23.77 2.93 -8.10 5.43E-16 8.83E-13 

TRINITY_DN4212_c0_g1_i22 15.18 -23.76 2.93 -8.10 5.60E-16 8.83E-13 

TRINITY_DN933_c0_g1_i3 11.65 -23.40 2.93 -7.97 1.53E-15 2.25E-12 

TRINITY_DN691_c9_g1_i3 11.29 -23.35 2.93 -7.96 1.73E-15 2.39E-12 

TRINITY_DN122590_c0_g1_i1 8.14 -22.91 2.93 -7.81 5.83E-15 7.15E-12 

TRINITY_DN2077_c3_g1_i5 27.33 22.91 2.93 7.81 5.72E-15 7.15E-12 

TRINITY_DN330_c0_g1_i2 7.77 -22.85 2.93 -7.79 6.94E-15 7.66E-12 

TRINITY_DN933_c0_g1_i4 14.31 22.84 2.93 7.79 6.91E-15 7.66E-12 

TRINITY_DN523_c0_g2_i4 12.85 22.57 2.93 7.69 1.43E-14 1.51E-11 

TRINITY_DN12149_c0_g1_i10 10.51 22.41 2.93 7.64 2.19E-14 2.20E-11 

TRINITY_DN329_c0_g1_i16 15.75 22.38 2.93 7.63 2.40E-14 2.30E-11 

TRINITY_DN743_c0_g1_i26 8.81 22.17 2.93 7.55 4.23E-14 3.89E-11 

TRINITY_DN24409_c0_g1_i21 384.42 -1.08 0.20 -5.31 1.07E-07 9.47E-05 

TRINITY_DN917_c0_g1_i14 162.54 10.01 2.21 4.53 5.80E-06 4.27E-03 

TRINITY_DN2458_c0_g2_i6 261.95 -1.17 0.27 -4.35 1.35E-05 8.31E-03 

TRINITY_DN1001_c0_g1_i4 140.38 -7.05 1.76 -4.00 6.27E-05 2.56E-02 
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