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Abstract 

Environmental and ecological conditions shape the evolution of life history traits in 

many species. Among such factors, food quality or nutrition availability can play an 

important role in moderating an animal’s life history traits. In particular, it has been 

argued that sexually selected traits should exhibit heightened condition dependence, and 

theory predicts that only the fittest males are able to acquire and allocate the resources 

required for their expression. Because male condition is dependent on resource 

allocation, condition dependence in sexual traits is expected to underlie trade-offs 

between reproduction and other life-history functions. My thesis works towards 

determining whether such trade-offs and resource availability influence the expression 

of precopulatory (sexual behaviour and sexual ornamentation) and postcopulatory traits 

(the quality, size and number of sperm) in the guppy Poecilia reticulata, a polyandrous 

livebearing freshwater fish. In addition to studying condition dependence in these 

sexual traits, I also explore their genetic basis under experimentally manipulated dietary 

conditions, thus enabling me to determine whether genotype-by-environment 

interactions underlie the expression of pre- and postcopulatory sexual traits in this 

model species in sexual selection. 

 

In my first experimental chapter (Chapter 2), I tested whether experimentally 

manipulating diet quality (carotenoid levels) and quantity (food levels) influences the 

expression of pre- and postcopulatory sexual traits. I also determined whether diet 

manipulation mediates relationships among these traits. The study revealed a significant 

effect of diet quantity on the expression of both pre- and postcopulatory male traits; 

diet-restricted males performed fewer sexual behaviours and exhibited significant 

reductions in colour ornamentation, sperm quality, sperm number, and sperm length 

than those fed ad libitum. However, contrary to expectation, the study revealed no 

significant effect of carotenoid manipulation on the expression of any of these traits, and 

no evidence for a trade-off in resource allocation between pre- and postcopulatory 

episodes of sexual selection. Thus, while this initial study failed to reveal evidence for 

the expected co-dependence of pre- and postcopulatory traits on dietary carotenoid 

levels, it nevertheless underscored the sensitivity of behavioural, ornamental, and 

ejaculate traits to dietary stress and corroborates prior evidence from guppies that male 
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sexual traits are highly sensitive to levels of resource acquisition. Furthermore, this 

study emphasised the important role that condition dependence plays in maintaining the 

high variability in male sexual traits frequently reported in this species. 

 

In my second experimental chapter (Chapter 3), I extended my prior investigations of 

diet quality (and interacting effects with diet quantity) to include polyunsaturated fatty 

acids, which are known to play a key role in regulating sperm quality (and in some 

cases fertility) in many species. Specifically, I investigated whether diet quantity and/or 

composition in the form of long-chain omega-3 polyunsaturated fatty acids (n3 LC-

PUFA) influence the expression of pre- and postcopulatory traits. Similar to Chapter 2, 

this study further underscored the key role that diet quantity plays in regulating the 

expression of pre- and postcopulatory traits. However, the study also showed that n3 

LC-PUFA manipulation had a significant effect on sperm traits, and in particular sperm 

viability. The study also revealed interacting effects of diet quantity and n3 LC-PUFA 

levels on courtship displays, and the area of orange and iridescent colour spots in the 

males’ colour patterns. Finally, through detailed analysis of tissue samples extracted 

from males that were fed different n3 LC-PUFA levels, the study confirmed that the 

dietary manipulations of n3 LC-PUFA resulted in the differential uptake of n3 LC-

PUFA in body and testes tissues in the different experimental groups. This study 

therefore revealed the effects of diet quantity and n3 LC-PUFA on behavioural, 

ornamental and ejaculate traits in male guppies, whilst further underscoring the likely 

role that diet plays in maintaining the high variability in these condition-dependent 

sexual traits.   

 

Having uncovered important regulatory effects of n3 LC-PUFA dietary levels on the 

expression of postcopulatory sexual traits, my third experimental chapter (Chapter 4) 

tested for possible interactive effects of dietary carotenoids and n3 LC-PUFA levels on 

the expression of ejaculate traits. The inclusion of dietary carotenoid levels in this study 

was motivated by the expectation that the absorption and bioconversion of carotenoids, 

which are fat-soluble antioxidants, can be dependent on the intake of polyunsaturated 

fatty acids. Thus, n3 LC-PUFA levels may play an important role in regulating any 

effect of carotenoids on ejaculate traits. As with my first experimental chapter, this 

study revealed no main effects of carotenoids on ejaculate traits, although the study did 

corroborate the significant main effects of n3 LC-PUFA on sperm viability. 
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Interestingly, the study revealed significant interacting effects of n3 LC-PUFA and 

carotenoid levels on sperm length. Collectively, these findings add to the growing 

evidence that n3 LC-PUFA are critical determinants of sperm quality, but also provide 

tentative evidence that for some traits these effects are contingent on levels of 

carotenoids in the diet.  

 

The consistent evidence that n3 LC-PUFA influences the expression of ejaculate traits 

in this thesis (Chapters 3 and 4) motivated my fourth study (Chapter 5) in which I tested 

for condition dependence in paternity success between two groups of male guppies 

assigned haphazardly to either n3 LC-PUFA supplemented (n3LC-enriched) or control 

(n3LC-reduced) diets. Through the use of controlled heterospermic artificial 

inseminations, and subsequent microsatellite paternity analysis, this study revealed that 

males fed the n3LC-reduced diet had a significantly lower share of paternity than their 

n3LC-enriched counterparts when their sperm compete for fertilisations (sperm 

competition). This study was therefore the first to reveal an effect of n3 LC-PUFA 

manipulation on paternity success in any species, whilst concomitantly suggesting that 

the currently observed trend for reduced n3 LC-PUFA (especially in western diets) may 

have important implications for individual reproductive fitness in a broad range of 

species.  

 

In my final experimental chapter (Chapter 6) I conducted an experimental quantitative 

genetic study to determine whether the manipulation of dietary resources (diet quantity) 

influences levels of additive genetic variance underlying the expression of pre- and 

postcopulatory sexual traits. In this way, I was able to determine whether genotype-by-

environment interactions (GEIs) influence the expression of sexual traits, and thus work 

towards an understanding of how environmental factors maintain the high (phenotypic 

and genetic) variance that typifies the expression of sexually selected traits in guppies. 

To test these ideas, I conducted a paternal half-sibling breeding design in which male 

(full-sibling) offspring were assigned to either high- or low-feed treatments. I then used 

standard quantitative genetic analyses to examine genetic and environmental variation 

underlying sexual trait expression under these different diet quantity levels. As with my 

prior experiments, this study revealed significant effects of diet levels on the majority of 

pre- and postcopulatory sexual traits. Importantly, this study also revealed significant 
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GEIs underlying the expression of ejaculate traits (sperm velocity, sperm length) and 

male ornamentation (the area of iridescence in the male’s colour patterns).  

 

Taken together, the results from this series of experiments underscore the key role that 

diet plays in regulating the expression of pre- and postcopulatory sexually selected traits 

in guppies, both in terms of trait expression and in aiding our understanding of the 

evolutionary potential of these traits. As such, my work contributes towards our 

understanding of the important role that environmental effects play in moderating 

sexual selection. 
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1. General Introduction 

1.1 Sexual selection 

Sexual selection acts on traits that function in the context of reproduction and was 

defined by Darwin (1871) as ‘the advantage some individuals have over others of the 

same sex and species in exclusive relation to reproduction’. Darwin (1871) recognized 

two selective mechanisms in his theory of sexual selection: 1) competition for mates 

(intrasexual competition), and 2) mate choice (intersexual selection). Because sexual 

selection typically operates more strongly on males than on females (due to their 

relatively low reproductive investment: Bateman, 1948, Trivers, 1972), intrasexual 

selection usually involves male-male competition, while mate choice is usually a 

process involving female mating preferences (Andersson, 1994, Andersson and Iwasa, 

1996, Andersson and Simmons, 2006, Birkhead and Møller, 1998a, Clutton-Brock and 

Parker, 1992, Kokko et al., 2012).   

 

In accordance with Darwin’s original observations, males are known to compete 

with other males for access to females by fighting (Callander et al., 2013, Hardling and 

Kokko, 2005), engaging in agonistic displays (Bohorquez-Herrera et al., 2014, Caillaud 

et al., 2008), holding or defending territories (Brashares and Arcese, 2002, Dijkstra et 

al., 2008), and by separating or guarding their prospective mates from other males 

(Hogg, 1984, Wada et al., 2011). There is also abundant evidence for intersexual 

selection, for example in species where males gather in leks to display their extravagant 

traits to prospective females. Intersexual selection is credited with the evolution of a 

myriad of sexually selected displays traits (usually in males), including (but not limited 

to) behaviour, ornaments, vocal signals and chemical signals. (Andersson, 1994, 

Andersson and Iwasa, 1996, Fletcher et al., 2009, Kagawa and Soma, 2013, Loyau et 

al., 2005).  

 

Because females in most species mate with two or more males within a single 

reproductive episode (termed ‘polyandry’) (Birkhead and Møller, 1998b), sexual 

selection can also occur after mating, either in the form of sperm competition, where 

ejaculates from rival males compete to fertilize eggs from a given female (Parker, 

1970), or through cryptic female choice (hereafter CFC), where females favour the 
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sperm of some males over others during this competition (Eberhard, 1996, Thornhill, 

1983). Sperm competition and CFC therefore represent the post-mating equivalents of 

mating competition (intrasexual competition) and mate choice (intersexual selection), 

respectively. Sperm competition is a powerful evolutionary force that can favour a 

range of male adaptations, including, for example, testes size (Hosken and Ward, 2001, 

Moller, 1991, Simmons, 2001, Stockley et al., 1997), sperm swimming behaviour (i.e. 

‘motility’) (Denk et al., 2005, Gasparini et al., 2010, Malo et al., 2005), the proportion 

of live sperm in the ejaculate (sperm viability) (Garcia-Gonzalez and Simmons, 2005, 

Hunter and Birkhead, 2002), sperm size or morphology (Balshine et al., 2001, Immler et 

al., 2011, Rowe and Pruett-Jones, 2011) and sperm production (e.g. production of larger 

ejaculates) (Firman and Simmons, 2011, Firman et al., 2013, Lupold et al., 2011, 

Montoto et al., 2011). Selection imposed through sperm competition may also favour 

adaptations that enable males to physically displace the sperm from previous males 

(Moreira et al., 2007, Simmons, 2001, Takami, 2007), or reduce the likelihood of sperm 

competition through mate guarding (e.g. by remaining with females after copulation or 

by physically plugging their genitalia: Eberhard, 2009, Raveh et al., 2011, Schofl and 

Taborsky, 2002). Selection can also favour a range of adaptations in females that 

function to bias paternity towards certain (e.g. preferred or compatible) males (Jennions 

and Petrie, 2000, Slatyer et al., 2012). In this way, females may exploit behavioural, 

morphological or physiological mechanisms to moderate the paternity share of 

competing ejaculates, thus ultimately governing which sperm fertilize their eggs (see: 

Birkhead, 1998, Eberhard, 1996). For example, females choose sperm of target mates 

by ejecting/dumping sperm of non-target males (Lupold et al., 2013, Peretti and 

Eberhard, 2010, Pizzari and Birkhead, 2000, Wagner et al., 2004), or they can store 

sperm of a target mate to fertilize more eggs (Bretman et al., 2009, Gasparini and 

Pilastro, 2011, Liu and Avise, 2011, Olsson et al., 2009, Uller et al., 2013).  

 

1.2 Condition dependence in sexual selection 

Sexual selection clearly favours the evolution of exaggerated (male) traits, such that 

individuals with the most developed signals (e.g. calls, ornaments or courtship, etc.) will 

achieve higher reproductive success (Andersson, 1994, Andersson and Iwasa, 1996, 

Darwin, 1871). In the case of intersexual selection, theory predicts that traits targeted by 

(pre- or post-mating) female mating preference should exhibit heightened condition 
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dependence compared to morphological traits that are not targeted by sexual selection 

(Cotton et al., 2004b). Condition dependence describes a form of developmental 

plasticity in which the expression of sexually selected traits is linked to the quantity or 

quality of resources available to males that can be allocated to competing life-history 

functions (e.g. Cotton et al., 2004a, Delcourt and Rundle, 2011, Tigreros, 2013). 

Consequently, sexual selection is expected to generate condition-dependent sexual 

dimorphism, where variation in the expression of sexual traits in males reflects variation 

in condition (Bonduriansky, 2007). A corollary of this argument is that selection (either 

direct or indirect) acting on female mating preferences will result in the evolution of 

male sexual signals that offer reliable signals of mate quality (e.g. Brooks, 2002, Cotton 

et al., 2006, Hunt et al., 2005).  

 

Studies show that females may benefit either directly or indirectly by exerting 

preferences for such traits. In both cases, male sexual signals should evolve to relay 

‘honest’ information about an individual’s ability to deliver resources that directly 

influence female reproductive fitness (direct benefits) or genetic benefits that improve 

offspring quality (indirect benefits). Direct benefits can arise when females obtain food 

or nuptial gifts from their mates (Engqvist, 2007, Tigreros et al., 2013), through gaining 

access to high quality territories (Byrkjedal et al., 2013, Hasegawa et al., 2012), 

protection from predators (Quinn and Ueta, 2008, Tuomainen and Candolin, 2013), 

receiving male parental care (Kamel and Grosberg, 2012, Matysiokova and Remes, 

2013), or having high quality ejaculates that improve female fecundity (Magallon-

Gayon et al., 2011, Rubolini et al., 2006). On the other hand, indirect benefits (e.g. 

through the acquisition of ‘good’ genes or ‘compatible’ genes) are predicted to increase 

the fitness (e.g. survival and reproductive success) of a female’s offspring (Briggs, 

2013, Johnson and Brockmann, 2013, Rowe and Houle, 1996). However, condition 

dependence may not only be attributable to indirect benefits. 

 

From the male’s perspective, the reproductive benefits associated with 

expressing sexual signals are likely to be balanced by the costs of producing or 

maintaining them (Bokony et al., 2008, Godin and McDonough, 2003, Moller et al., 

2011). The handicap theory predicts that individuals of superior quality or better 

condition are better able to bear these costs, and thus males in good condition can afford 

to invest more heavily in sexual traits than those in relatively poor condition (Iwasa and 
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Pomiankowski, 1991, Pomiankowski, 1987, Zahavi, 1975). It follows, therefore, that a 

male’s reproductive ‘fitness’ can depend on the subtle interplay between resource 

availability (e.g. food or ecological factors that govern the expression of condition-

dependent sexual displays) and genetic factors (i.e. variation among males in their 

ability to assimilate resources and translate these into fitness) (Adler and Bonduriansky, 

2013, Cotton et al., 2004b, Rowe and Houle, 1996, Tomkins et al., 2004). Furthermore, 

sexual selection should favour males that are able to optimise the balance between 

investment in sexual traits (contributing towards reproductive success) and the viability 

costs associated with their expression (e.g. Bonduriansky, 2007, Keyser and Hill, 2000, 

Pizzolon et al., 2012). 

 

Evidence to support the theory of condition dependence in sexually selected 

traits has accumulated in recent years, and there is growing support for the idea that the 

expression of sexually selected traits can be sensitive to environmental factors (e.g. 

Adler and Bonduriansky, 2013, David et al., 2000, Perry and Rowe, 2010). Indeed, 

several studies have reported that variation in a range of environmental conditions can 

moderate the ability of males to express both precopulatory sexually selected traits 

(ornaments, calls or courtships, etc.) involved in mate attraction (Kotiaho, 2002, Proulx 

et al., 2002, Sicsu et al., 2013, Wilgers and Hebets, 2011), and postcopulatory traits 

involved in sperm competition (e.g. sperm quality/quantity, testis size, etc.) (Almbro et 

al., 2011, Perry and Rowe, 2010, Schulte-Hostedde et al., 2005). For example, the 

presence of winter snow regulates mating behaviour and reproduction in the Alpine ibex 

(Apollonio et al., 2013), while rainfall can affect moulting for nuptial plumage 

colouration in fairy-wrens (Cockburn et al., 2008). Similarly, eutrophication and 

predation risk influence sexual displays and mating success in amphipods (Cothran et 

al., 2012) while diet quality regulates the sexual trait expression in a range of species 

(Blount et al., 2003, Simmons, 2012, Trajkovic et al., 2013).   

 

Many studies have also tested whether the condition dependent expression of 

sexual traits underlies trade-offs between costly sexual traits (e.g. ornamentation, 

ejaculate traits, etc.) and other sexual or non-sexual traits, including body size, growth, 

survival, etc. (Andersson et al., 2002, Griffith, 2000, Simmons and Emlen, 2006). 

According to this latter body of work, trade-offs between sexual signals and other 

fitness components mean that any resources allocated to sexual selection will result in a 
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decrease in the availability of resources for alternative uses (Andersson, 1994, 

Gustafsson et al., 1995, Shutler, 2011). One way to expose such trade-offs is to 

manipulate resource availability (e.g. via dietary manipulation) so that males are 

‘forced’ to allocate limited resources to competing life-history functions under resource-

restriction (e.g. Attisano et al., 2012, Hunt et al., 2004b). 

 

1.3 Effects of nutrition on condition dependent sexual traits 

An animal’s nutritional status is considered a key regulator governing the expression of 

condition dependent sexual traits (Cotton et al., 2004b, Nowicki et al., 1998, Nowicki et 

al., 2002, Spencer and MacDougall-Shackleton, 2011, Svensson and Wong, 2011). 

Accordingly, studies have revealed that levels of dietary nutrients can influence the 

expression of fitness-enhancing phenotypic traits in numerous species (e.g. Smith et al., 

2007, Tigreros, 2013, Ward et al., 2011). For example, diets supplemented with protein 

can have significant effects on calling, copulation and ejaculate traits in some species 

(Aluja et al., 2001, Taylor and Yuval, 1999), while dietary carbohydrates can stimulate 

male pheromone expression, attractiveness and mating performances in others (Prabhu 

et al., 2008, South et al., 2011). Studies that have manipulated a range of dietary 

nutrients, including carotenoids (Blount et al., 2003, Pike et al., 2010), fatty acids (Al-

Daraji et al., 2010, Robbins et al., 2012), vitamins (Almbro et al., 2011, Marri and 

Richner, 2014), and many other dietary nutrients, also reveal important regulatory 

effects on the expression of sexually selected traits in a variety of taxa. There is also 

evidence that dietary stress can modulate the circulation of hormones (e.g. 

corticosterone, insulin-like growth hormones, etc.), which are necessary for 

immunocompetence, development and the expression of numerous sexually selected 

traits (Buchanan, 2000, Warren et al., 2013). Studies also reveal that trade-offs are 

expected to occur between fitness traits when dietary resources are limited (Benito et 

al., 2011, Lewis et al., 2011, Sentinella et al., 2013, Simmons and Emlen, 2006) in 

accordance with the prediction that male should balance the costs of expression of these 

traits under limiting dietary conditions (e.g. Attisano et al., 2012, Hunt et al., 2004b). 

Thus an animal’s condition, and therefore reproductive fitness, can be linked to its 

nutritional status, which ultimately regulates the physiological processes underlying the 

development of sexually selected traits. In the following sections, I briefly outline the 

likely importance of two such dietary nutrients – carotenoids, and polyunsaturated fatty 
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acids – in moderating the expression of pre- and postcopulatory sexually selected traits 

across a range of species.   

1.3.1 Carotenoids 

Carotenoids are fat-soluble hydrocarbons with important antioxidant, immunostimulant 

and other biological properties (Bendich and Olson, 1989, Britton et al., 2008, Krinsky, 

2001, Svensson and Wong, 2011, Vershinin, 1999). They are essential nutrients, 

meaning that animals cannot synthesize them de novo but must instead obtain them 

through dietary sources. Carotenoids are powerful antioxidants, and as such prevent or 

repair cells from oxidative damage by quenching or scavenging oxidative molecules 

(Krinsky, 2001, Perez-Rodriguez, 2009, Svensson and Wong, 2011). For example, they 

act as strong inhibitors of lipid peroxidation, where reactive oxygen metabolites (ROM) 

can cause cell damage by degrading lipids in the cell membranes (Krinsky, 1989, 

Takashima et al., 2012). Some studies have also reported that carotenoids can play an 

important role in immune systems, such as suppressing tumour specific cell growth and 

thereby increasing immunity against tumour antigens (Jyonouchi et al., 2000). They can 

also enhance antibody production to T-dependent antigens (Jyonouchi et al., 1994), aid 

the proliferation and functions of murine immunocompetent cells (Okai and 

HigashiOkai, 1996) and modulate immune function and sexual display in some species 

(Blount et al., 2003). There is also evidence that carotenoids have other biological roles, 

including acting as vitamin A in some species (Parker, 1996), and increasing growth 

(Biard et al., 2006, Karino and Haijima, 2004), survival (Pike et al., 2007a) and parental 

care (Pike et al., 2007b) in others. Because of these important biological functions, 

carotenoids have attracted significant attention among biochemists, nutritionists, health 

scientists, behavioural ecologists and evolutionary biologists. 

 

Carotenoids are also responsible for the sexually dimorphic red, orange and 

yellow secondary sexual colours expressed in many animals (Moller et al., 2000, Price, 

2006, Svensson and Wong, 2011). Thus, in addition to their (naturally selected) roles in 

regulating numerous physiological processes linked to health, in many species 

carotenoids also play an important role in sexual selection. The way in which 

individuals balance the allocation of carotenoids to competing life history functions 

(health vs. sex) has attracted considerable attention from evolutionary biologists in 
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recent years (Blount et al., 2003, Catoni et al., 2008, Hill et al., 2009, Lindstrom et al., 

2009). One key area of interest surrounds the possibility that carotenoid-based sexual 

display reflect an individual’s condition, which in turn provides an honest signal of 

(male) quality during mate choice. In accordance with this idea, several studies have 

shown that males fed elevated levels of carotenoids (e.g. lutein, zeaxanthin, astaxanthin, 

canthaxin, β-carotene, etc.) in their diet are able to produce enhanced sexual ornaments 

(Ewen et al., 2008, Perez-Rodriguez, 2008) and sexual display behaviour (Grether, 

2000, Kodric-Brown, 1989) than those fed reduced levels of carotenoids. There is also 

evidence that males fed diets enriched with carotenoids produce high quality ejaculates, 

as measured by increases in sperm motility (e.g. Helfenstein et al., 2010, Tas et al., 

2010), sperm viability and counts (Durairajanayagam et al., 2014, Mangiagalli et al., 

2012), sperm morphology (e.g. Atessahin et al., 2006, Durairajanayagam et al., 2014), 

and both fertility and competitive fertilization success (e.g. Almbro et al., 2011, Pike et 

al., 2010). Thus carotenoids are known to influence the expression of numerous 

sexually selected traits in many animals, and therefore condition dependence in these 

signals is expected (Andersson, 1986, Pomiankowski, 1987, Zahavi, 1975).  

 

1.3.2 Polyunsaturated fatty acids 

As with carotenoids, polyunsaturated fatty acids (PUFA) are essential nutrients that 

have important physiological functions, including promoting growth, reproduction, 

vision, and brain development (Carlson et al., 1996, Gurr et al., 2002, Kishimoto et al., 

1969). Since animals cannot synthesize PUFA de novo (due to the lack of the 

appropriate fatty acid desaturase enzymes), they must also be obtained from the dietary 

sources. Studies reveal that PUFA can influence behaviour in some animals (de Wilde 

et al., 2002, de Wilde et al., 2003, Dervola et al., 2012, Enslen et al., 1991, Schuchardt 

et al., 2010, Watts et al., 2003) and there is emerging evidence that they also have the 

capacity to influence the expression of numerous traits subject to sexual selection in 

different taxa (Al-Daraji et al., 2010, Alavi et al., 2009, Attaman et al., 2012, Hossain et 

al., 2007, Lahnsteiner et al., 2009, Robbins et al., 2012, Samadian et al., 2010, Sexton et 

al., 1989).  

 

Polyunsaturated fatty acids are structural determinants of gametes (Lenzi et al., 

1996) and therefore play essential roles in gametogenesis (Izquierdo et al., 2001) by 
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supplying energy for gonad maturation (Grubert et al., 2004). Evidence that sperm 

exhibit high levels of long chain polyunsaturated fatty acids (LC-PUFA) comes from 

numerous vertebrates, including humans (Alvarez and Storey, 1995, Lenzi et al., 1996, 

Wathes et al., 2007), various livestock (Poulos et al., 1986) and birds (Surai et al., 

1998). LC-PUFA are believed to contribute actively to membrane fluidity and mobility 

(Hazel, 1995) and the fusion capacity of spermatozoa (Connor et al., 1998, Stubbs and 

Smith, 1984). Thus, LC-PUFA may play a critical role in determining the expression of 

postcopulatory sexually selected traits. Consistent with this idea, the dietary 

supplementation of LC-PUFA has been shown to enhance sperm velocity (Alavi et al., 

2009, Samadian et al., 2010), sperm viability (Al-Daraji et al., 2010, Robbins et al., 

2012), sperm number (Estienne et al., 2008, Harlioglu et al., 2013) and sperm length 

(Robbins et al., 2012, Rooke et al., 2001). 

 

1.4 The genetic basis of condition dependent sexual signals 

Until now, my discussion of how environmental factors regulate the expression of 

sexual traits has ignored the role that genes play in regulating condition-dependence 

(e.g. Rowe and Houle, 1996, Tomkins et al., 2004). This question is important because 

genetic variance in condition dependence is required for its evolution (e.g. see Delcourt 

and Rundle, 2011). Although this topic has received relatively little empirical attention, 

there is recent evidence that individual plasticity in sexual trait expression can have a 

genetic basis (Higginson and Reader, 2009, Ingleby et al., 2010). Genotype-by-

environment interactions (GEIs) can be defined as the extent to which genotypic 

expression is influenced by the environment (Hunt et al., 2004a, Kokko and Heubel, 

2008), with GEIs occurring whenever the relative performance of different genotypes is 

dependent on the environment (biotic or abiotic) in which they are expressed (Lynch 

and Walsh, 1998). In sexual selection, GEIs are likely to be important as they can affect 

the expression of both male sexual traits and female mating preferences, thus 

influencing how these traits co-evolve (Grant and Grant, 2002, Ingleby et al., 2010). For 

example, genotype-by-environment interactions can either enhance or reduce the 

genetic benefits to mate choice, depending on the degree to which GEIs maintain 

variation and the extent to which they obscure signal quality (see details: Kokko and 

Heubel, 2008). Furthermore, the maintenance of genetic variation in sexual traits is 

important as an individual’s condition is likely to be dependent on multiple loci and the 
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sexually selected trait is expected to capture some of this genetic variation because of its 

genetic correlation with condition (Cothran and Jeyasingh, 2010, Tomkins et al., 2004). 

For these reasons, GEIs may have far-reaching implications for the operation of sexual 

selection in numerous species (see review by Ingleby et al., 2010). 

 

1.5 The guppy system as a model for studying condition dependent expression of 

pre- and postcopulatory sexual traits 

The guppy (Poecilia reticulata) is an important model species for the study of sexual 

selection (Evans et al., 2011, Houde, 1997, Magurran, 2005). Guppies are small 

poeciliid fish native to freshwater streams in the northeast of South America but 

introduced worldwide as they are highly adaptable and thrive in many different 

environmental and ecological conditions (Magurran, 2005). Guppies are highly 

polyandrous (females mate with multiple males) livebearing fish, where males and 

females exhibit marked sexually dimorphism. Males are typically smaller than females 

and exhibit highly complex colour patterns composed of orange (carotenoid and 

pteridine), iridescent (structural), and black (melanin based) spots (Houde, 1997). For 

their part, females exhibit largely cryptic colouration. During their relatively brief (ca. 

2-3 days each month) period of sexual receptivity, females typically prefer males 

exhibiting relatively large and bright orange spots (Houde, 1987, Houde and Endler, 

1990, Kodric-Brown, 1985), which males advertize to females during ritualized 

courtship displays known as ‘sigmoid’ displays (where males arch their body in a 

characteristic s-shaped posture and quiver) (Houde, 1997). Outside periods of female 

sexual receptively (from two to three days after parturition), males can employ coercive 

copulation attempts (termed ‘gonopodial thrusts’), where they attempt to forcibly 

inseminate females without prior courtship (Houde, 1997).  

 

1.5.1 Polyandry in guppies 

According to the available evidence from molecular parentage studies, female guppies 

have among the highest frequencies of polyandry (mating with multiple males) in any 

species of vertebrate (Hain and Neff, 2007, Neff et al., 2008). Polyandry has been 

observed in wild (Elgee et al., 2012, Kelly et al., 1999, Neff et al., 2008) and laboratory 

populations of guppies (Becher and Magurran, 2004, Evans and Magurran, 2000, 
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Ojanguren et al., 2005) and is known to provide both direct and indirect benefits to 

females (Evans and Magurran, 2000, Ojanguren et al., 2005), possibly attributable to 

paternity biases favouring genetically high quality males (e.g. see Evans et al., 2004) 

and/or CFC favouring attractive (e.g. see Pilastro et al., 2004) or genetically compatible 

(e.g. Gasparini and Pilastro, 2011, Johnson et al., 2010) males. Furthermore, polyandry 

has been shown to result in the production of male offspring with brighter colouration 

(Barbosa et al., 2010), larger bodies (Ojanguren et al., 2005) and those with enhanced 

antipredator skills (Evans and Magurran, 2000). Females also benefit directly from 

polyandry through increased brood size (Evans and Magurran, 2000). 

 

Because of polyandry, postcopulatory sexual selection (sperm competition and 

cryptic female choice) is likely to play a critical role in the evolution of male and female 

reproductive traits in guppies (see Evans and Pilastro, 2011). However, the evolutionary 

dynamics of traits targeted by postcopulatory sexual selection may be influenced, in 

part, by patterns of covariance between these traits and those operating during 

precopulatory sexual selection. In the following sections, I briefly present the evidence 

that links pre- and postcopulatory sexual selection in guppies, before exploring the 

possibility that condition dependence targets these interrelated episodes of sexual 

selection. 

 

1.5.2 The interplay between pre- and postcopulatory sexual selection in guppies 

A number of studies have revealed evidence for correlations between pre- and 

postcopulatory traits in guppies, which in turn is thought to explain why both sperm 

competition and CFC target phenotypically attractive males (reviewed by Evans and 

Pilastro, 2011). For example, several studies have reported significant positive 

correlations between various ejaculate traits (e.g. sperm number and length) and male 

body size (Pilastro and Bisazza, 1999, Pilastro et al., 2002, Pitcher and Evans, 2001, 

Skinner and Watt, 2007) and courtship behaviour (Evans et al., 2002b, Matthews et al., 

1997, Pitcher and Evans, 2001), both of which are known to predict female mating 

preferences in some populations (Houde, 1997). Furthermore, several studies have 

shown that relatively colourful males have higher quality and/or higher numbers of 

sperm than their drab counterparts (Locatello et al., 2006, Pitcher et al., 2007, Skinner 

and Watt, 2007). Taken together, the accumulated evidence suggesting positive 
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phenotypic correlations between components of pre- and postcopulatory sexual 

selection in guppies may explain why sperm competition favours phenotypically 

attractive male guppies (Evans and Magurran, 2001, Evans et al., 2003, Pitcher et al., 

2003). Nevertheless, results from quantitative genetic analyses of pre- and 

postcopulatory sexually selected traits in guppies also provide evidence for trade-offs 

between male attractiveness and sperm quality. Specifically, Evans (2010) reported 

evidence for a genetically based trade-off between the area of iridescent colour spots (a 

predictor of mate choice in Australian feral population used in that study [Brooks and 

Endler, 2001a]) and both sperm velocity and sperm viability. Thus, the accumulated 

evidence from guppies suggests complex patterns of covariance between pre- and 

postcopulatory sexually selected traits.  

 

1.5.3 Condition dependence and sexual selection 

Numerous lines of evidence support the idea that pre- and postcopulatory traits exhibit 

condition dependence in guppies. For example, male mating behaviour is highly 

sensitive to prevailing environmental and ecological conditions, including diet (Devigili 

et al., 2013, Kodric-Brown, 1989, Kolluru et al., 2009), light intensity (Archard et al., 

2009, Chapman et al., 2009, Endler, 1987), social environment (Guevara-Fiore, 2012, 

Jordan and Brooks, 2012, Rezucha and Reichard, 2014), parasite infection (Kolluru et 

al., 2009) and predation risk (Evans et al., 2002a). There is also evidence that male 

colour patterns can vary depending on diet quality in some populations (Grether, 2000, 

Grether et al., 2001a, Kodric-Brown, 1989). Female mate preferences for colourful 

males are also influenced by environmental and ecological factors, including the social 

environment (Gasparini et al., 2013a), variation among populations (Lindholm et al., 

2014), differences in predation risk (Godin and Briggs, 1996, Kemp et al., 2009, Ruell 

et al., 2013), and the ambient conditions under which mate choice occurs (Endler, 1992, 

Gamble et al., 2003). 

 

1.6 Aims and predictions of this thesis 

The complex interrelationships between pre- and postcopulatory traits in male guppies 

(see above), coupled with the evidence that several traits under precopulatory sexual 

selection (e.g. behaviour and colour patterns) are influenced by various environmental 

factors, means that any influence of environment on precopulatory traits may ultimately 
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influence ejaculate traits. For example, the evidence presented above shows that 

experimental dietary restriction can influence courtship behaviour and both sperm 

viability (Devigili et al., 2013) and sperm number (Gasparini et al., 2013b), but we 

currently lack evidence that males balance their investment (e.g. via trade-offs) 

according to resource availability (e.g. diet quantity or quality).  

 

The aim of this thesis is to explore the extent to which resource availability 

influences the expression of pre- and postcopulatory sexually selected traits in male 

guppies. My thesis is therefore broadly designed to test for condition dependence in 

sexual selection, but also asks whether previously established patterns of covariance 

between pre- and postcopulatory sexual traits (both positive and negative) are 

attributable environmental conditions (e.g. stressful environments may expose trade-

offs between different components of sexual selection; Folstad and Karter, 1992, Møller 

and Petrie, 2002, Simmons, 2012). To manipulate environments, I use a combination of 

dietary restriction and manipulations in diet quality. In this way, my work is geared 

towards developing a mechanistic understanding of condition dependence in this 

system, which commences by exploring how different dietary nutrients interact to 

influence male reproductive traits. My work also establishes whether variation in 

developmental plasticity in sexual traits has a genetic basis, and addresses broader 

evolutionary implications of condition dependence in this system. My thesis addresses 

the following core aims:   

 

i) To develop and test the efficacy of a range of diets involved in moderating the 

expression of male sexual traits 

ii) To determine how different dietary conditions (notably quantity and quality of diets) 

interact to influence the expression of (and interplay between) pre- and postcopulatory 

sexual traits  

iii) To establish the fitness implications, in terms of competitive fertilization success, of 

diet-moderated condition dependence in this system 

iv) To explore the genetic basis of condition dependence  
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Condition-dependent expression of pre- and 

postcopulatory sexual traits in guppies 
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2.1 Abstract 

Female choice can impose persistent directional selection on male sexually selected 

traits, yet such traits often exhibit high levels of phenotypic variation. One explanation 

for this paradox is that if sexually selected traits are costly, only the fittest males are 

able to acquire and allocate the resources required for their expression. Furthermore, 

because male condition is dependent on resource allocation, condition dependence in 

sexual traits is expected to underlie trade-offs between reproduction and other life-

history functions. In this study we test these ideas by experimentally manipulating diet 

quality (carotenoid levels) and quantity in the guppy (Poecilia reticulata), a livebearing 

freshwater fish that is an important model for understanding relationships between pre- 

and postcopulatory sexually selected traits. Specifically, we test for condition 

dependence in the expression of pre- and postcopulatory sexual traits (behaviour, 

ornamentation, sperm traits). Consistent with prior work we found a significant effect of 

diet quantity on the expression of both pre- and postcopulatory male traits; diet-

restricted males performed fewer sexual behaviours and exhibited significant reductions 

in colour ornamentation, sperm quality, sperm number and sperm length than those fed 

ad libitum. However, contrary to our expectations, we found no significant effect of 

carotenoid manipulation on the expression of any of these traits, and no evidence for a 

trade-off in resource allocation between pre- and postcopulatory episodes of sexual 

selection. Our results illustrate the sensitivity of behavioural, ornamental and ejaculate 

traits to dietary stress, and highlight the important role of condition dependence in 

maintaining the high variability in male sexual traits. 

 

Keywords: dietary manipulation, carotenoids, lek paradox, trade-offs, genetic variation 
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2.2 Introduction 

Conspicuous sexual traits that function either in the context of intrasexual interactions 

or through intersexual mate choice (Darwin, 1871) may act as ‘honest’ indicators of 

male quality. Examples of such traits include weaponry (e.g. horns) used during male-

male contests and elaborate ornaments (e.g. colourful plumage, crest or comb) or 

courtship songs used to attract females (Andersson, 1994). The genic capture hypothesis 

(see Rowe and Houle, 1996) predicts that despite persistent directional sexual selection 

on such traits, their expression can be highly variable because only individuals of 

superior quality or condition are able to bear the costs of expressing them (Cotton et al., 

2004a, Grafen, 1990, Iwasa and Pomiankowski, 1991, Iwasa and Pomiankowski, 1999, 

Pomiankowski, 1987, Zahavi, 1975) and because condition itself is underpinned by high 

genetic variance (reviewed by Tomkins et al., 2004). An individual’s condition largely 

depends on the amount of resources available for acquisition and allocation to fitness-

enhancing traits (Lorch et al., 2003, Tomkins et al., 2004); thus condition-dependence in 

secondary sexual traits is thought to underlie trade-offs between costly sexual displays 

and other life-history functions (i.e. increasing allocation to one function results in 

decreasing resource availability for alternative functions) (Andersson et al., 2002, 

Griffith, 2000, Gustafsson et al., 1995, Kilpimaa et al., 2004, Lozano, 1994, Lozano, 

2001, McGraw, 2006, Perry and Rowe, 2010, Peters et al., 2004, Simmons and Emlen, 

2006).  

 

The manipulation of resource availability, particularly through dietary 

manipulation, offers a useful way of testing for condition dependence in sexually 

selected traits. Accordingly, many studies have shown that males fed diets of high 

nutritional quality and/or quantity exhibit enhanced ornamental (Cotton et al., 2004a, 

Devigili et al., 2013, Hill, 2000, Hooper et al., 1999, Tibbetts, 2010), behavioural 

(Devigili et al., 2013, Engqvist and Sauer, 2003, Gottlander, 1987, Holzer et al., 2003, 

Jennions and Backwell, 1998, Kim and Choe, 2003, Kotiaho, 2000, Kotiaho, 2001, 

Mappes et al., 1996) and morphological traits (Bjorksten et al., 2000, Hunt and 

Simmons, 1997, Laparie et al., 2010, Meidel and Scheibling, 1999). Dietary 

manipulation may also influence the expression of traits subject to postcopulatory 

sexual selection, which comprises sperm competition, where ejaculates from two or 

more males compete for the fertilization of ova (Parker, 1970), and cryptic female 
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choice, where females influence the outcome of sperm competition through 

physiological, morphological or behavioural adaptations (Eberhard, 1996, Thornhill, 

1983). Because females typically mate with two or more males within a single 

reproductive episode (Birkhead and Møller, 1998b), postcopulatory sexual selection is a 

potent evolutionary force in most mating systems (Birkhead and Pizzari, 2002). Studies 

that have tested for condition dependence in traits subject to postcopulatory sexual 

selection have revealed evidence that dietary manipulation influences ejaculate size 

(Delisle and Bouchard, 1995, Ferkau and Fischer, 2006, Franssen et al., 2008, Jia et al., 

2000, Kemp et al., 1991, Lewis and Wedell, 2007, Perry and Rowe, 2010, Rogers-

Bennett et al., 2010), sperm quality (Gage and Cook, 1994, Simmons, 2012) and testes 

size (Ward and Simmons, 1991). Surprisingly, however, despite the importance of both 

pre- and postcopulatory episodes of sexual selection in most taxa, only a handful of 

studies have tested for condition dependence in both pre- and postcopulatory traits 

simultaneously (Devigili et al., 2013, Lewis et al., 2012, Lewis et al., 2011, Pike et al., 

2010, Tigreros, 2013). 

 

Carotenoids constitute an important source of antioxidants that are ingested 

through the diet and may simultaneously contribute towards the expression of male 

sexual ornaments and ejaculate traits (Blount et al., 2001, Blount et al., 2003, Grether et 

al., 1999, Helfenstein et al., 2010, Velando et al., 2008). Indeed, carotenoids are known 

to influence the expression of numerous traits subject to precopulatory sexual selection 

in many birds and fishes (Grether, 2000, Hill, 1990, Karino and Shinjo, 2004, Kodric-

Brown, 1989, Lindstrom et al., 2009, McGraw and Ardia, 2003), and therefore 

condition dependence in these signals is both expected (Andersson, 1986, 

Pomiankowski, 1987, Zahavi, 1975) and supported by empirical evidence in these 

groups (Alonso-Alvarez et al., 2004, Hill et al., 2009, Lindstrom et al., 2009, Nicoletto, 

1993, Pike et al., 2007a). There is also evidence that carotenoids may influence the 

expression of traits subject to postcopulatory sexual selection (Helfenstein et al., 2010, 

Pike et al., 2010), which in turn may explain why carotenoid-based sexual ornaments 

and components of sperm quality (Helfenstein et al., 2010, Locatello et al., 2006) or 

sperm competitiveness (Evans et al., 2003, Helfenstein et al., 2008) are correlated in 

some species. For example, in the three-spined stickleback Gasterosteus aculeatus, the 

expression of carotenoid-based nuptial colouration is positively correlated with male 

fertility, and males fed experimentally elevated levels of carotenoids exhibit 
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significantly higher fertilization rates than their counterparts fed a low carotenoid diet 

(Pike et al., 2010). Similarly, in birds, Helfenstein et al. (2010) found that the ejaculates 

of male great tits (Parus major) were susceptible to oxidative stress, and that when 

relatively less ornamented males were fed carotenoid-supplemented diets their sperm 

quality improved, suggesting that dull (unattractive) males were deficient in carotenoid 

antioxidants.  

 

The guppy Poecilia reticulata is an ideal species for evaluating how carotenoids 

simultaneously contribute towards the expression of pre- and postcopulatory sexual 

traits. In this polyandrous livebearing fish, males and females exhibit marked sexually 

dimorphism, with males exhibiting complex colour patterns composed of orange 

(carotenoid and pteridine), iridescent (structural), and black (melanin based) spots and 

females exhibiting cryptic colouration (Houde, 1997). For their part, female guppies 

exhibit consistent sexual preferences towards males exhibiting relatively large and 

bright orange spots, which males advertize to females during ritualized courtship 

displays (Houde, 1997). Outside periods of female sexual receptively, males can 

employ coercive copulation attempts (termed ‘gonopodial thrusts’), where they attempt 

to forcibly inseminate females without prior courtship. Several studies on guppies have 

revealed positive correlations between the extent of orange pigmentation, which 

exhibits condition dependence in this species (Grether, 2000, Karino and Shinjo, 2004, 

Kolluru and Grether, 2005, Kolluru et al., 2009, van Oosterhout et al., 2003), and 

components of sperm quality (Locatello et al., 2006, Pitcher et al., 2007), while two 

studies have reported a positive association between the extent of a focal male’s orange 

pigmentation and his success in sperm competition (Evans et al., 2003, Pitcher et al., 

2003). These latter studies therefore suggest possible functional co-dependence of pre- 

and postcopulatory sexual traits on resource availability, which is predicted by theory 

(Blount, 2004, Velando et al., 2008) but so far lacking in direct experimental support.  

 

In this study we determine whether the experimental manipulation of dietary 

carotenoids influences the expression of precopulatory (sexual behaviour and colour 

ornamentation) and postcopulatory (the velocity, viability, number and size of sperm) 

traits in guppies. Our manipulation of carotenoid levels spanned the period from the 

onset of sexual maturity (around 13 weeks) until males were aged seven months, and 

involved the complete exclusion of dietary carotenoids in the restricted group, thus 



 

21 

 

maximising any impact of carotenoid deficiency on the observed traits. Because the 

expression of male sexual traits is sensitive to diet quantity (Devigili et al., 2013), we 

also explored the effects of carotenoid manipulation under experimentally low and high 

food levels, thus potentially exposing any interactive effects of diet quantity and quality 

on the expression of pre- and postcopulatory sexual traits. Based on prior work 

(Devigili et al., 2013) we expected to see a reduction in trait values under food 

limitation, and interacting effects of carotenoid supplementation and food levels under 

the assumption that the effects of carotenoid limitation will be more prevalent under 

dietary stress (Hill et al., 2009). Finally, we test for condition dependence in both sexual 

and non-sexual traits, with the a priori expectation that traits under sexual selection 

should exhibit greater condition dependence than other traits (Cotton et al., 2004b).  

 

2.3 Materials and Methods 

2.3.1 Origin and maintenance of study fish 

The guppies used in this experiment were descendents of wild-caught fish from 

Alligator Creek in Queensland, Australia and were kept in mixed-sex aquaria at the 

University of Western Australia (115L tanks) until required for this experiment. These 

stock tanks were lit by overhead fluorescent lamps (Philips TLD 36W) on a 12:12 light: 

dark cycle and maintained at 27°C. The stock population was fed six days per week on a 

diet of Artemia nauplii which was supplemented with commercial dry food three days 

per week (Wardley Total Tropical Gourmet Flake BlendTM).  

 

2.3.2 Dietary treatments 

The males used in this experiment were aged three months at the start of the trials. 

These males (n=120 in total) were assigned at random to one of two experimental diet 

treatments (hereafter termed ‘high quality’ and ‘low quality’), and then further divided 

into two food level treatments (‘high quantity’ and ‘low quantity’). Our experimental 

design therefore tested the effect of two factors (quality and quantity) and their 

interaction on male traits, with n=30 males assigned to each of the four diets. The two 

experimental diets (i.e. high and low quality) were prepared as ‘micro-pellets’ (pellet 

size: 300-500μm) by NutraKol Pty Ltd, Western Australia (see Table 2.1 for diet 
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formulations); the high quality (carotenoid-enriched) diet was identical to the low 

quality diet except for the presence of four carotenoid pigments (i.e. they were 

nutritionally identical in other regards; see Table 2.1). Both diets were compositionally 

similar to those used in previous guppy studies (Grether, 2000, Grether, 2005, Kolluru 

et al., 2006) and based on naturally occurring levels of these pigments in the diet of wild 

fish (Grether et al., 1999, Grether et al., 2001b).  

 

Once assigned to their allotted diet treatments, males were reared individually in 

2L tanks (illuminated on a 12:12h cycle with Philips TLD 36W fluorescent lamps) and 

fed standard amounts of the micro-pellets once daily (six days per week) at a rate of 4% 

(1.9mg; high quantity) or 2% (0.9mg; low quantity) of their body weight until they were 

sexually mature (seven months old). Rearing males individually and in random 

positions in a temperature-controlled room (mean 26°C; range 25 - 27°C) ensured that 

common environmental effects would not have contributed to any of the observed 

differences in trait values in this experiment. During the four month rearing period 13 

males died prior to testing (n=3 in high quality/high quantity group; n=3 in low 

quality/high quantity group; n=5 in high quality/low quantity group and n=2 in low 

quality/high quantity group). 

 

As male guppies exhibit largely determinate growth (i.e. their size does not 

change substantially after reaching sexual maturity), food levels were maintained at 

these levels throughout the experimental period. We standardized the quantity of micro-

pellets by using an electric balance to ensure that food quantities did not differ among 

males within each group throughout the feeding trials. We chose the amount given 

following preliminary trials, which confirmed that most fish assigned to the low-

quantity diet consumed their food within 10 mins, while those assigned to the high 

quantity group continued feeding well beyond this time. During the four month rearing 

phase, each focal male had visual (but not direct) access to two adult females housed in 

adjacent tanks to ensure that they remained sexually motivated (e.g. see Bozynski and 

Liley, 2003, Gasparini et al., 2009). Opaque paper screens were placed between 

adjacent male tanks to prevent visual interactions among the experimental males. In all 

tanks, the water was partially exchanged (30-40%) and treated with an anti-algal 

treatment (2-chloro-4, 6-bis-(ethylamino)-s-triazine) each week to prevent algal growth, 
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which may otherwise provide a source of carotenoids to the experimental fish (Grether, 

2000).  

 

2.3.3 Mating behaviour 

Mating behaviour trials took place between 08.00 and 12.00 to correspond with the peak 

of sexual activity in this species (Houde, 1997). For these trials, we used ten replicate 

8L observation tanks (28.5x14.5x19 cm, filled to 14 cm) containing aquarium gravel 

and artificial pondweed. In each trial, a non-virgin female from a mixed-sex (stock) 

aquarium was placed in the tank and allowed to settle overnight. Females were 

approximately matched for size (by eye) across trials and used only once. The following 

day, a single male was placed in the aquarium and allowed to settle for at least five 

minutes or until he showed sexual interest in the female (i.e. following the female or 

engaging in courtship). For each 15 minute trial, we recorded male mating behaviour as 

the number of sigmoid displays (males arch their body in a characteristic s-shaped 

posture and quiver), gonopodial thrusts (forced mating attempts in which males 

approach females from behind and attempt copulations without prior courtship or 

female solicitation), and the time (in seconds) spent by the male courting or chasing the 

female (a measure of the male’s overall sexual interest in the female, hereafter ‘sexual 

interest’). After the trial, each male was returned to its individual tank and maintained 

on the same diet treatment for a further seven days before being used for the body size, 

colour pattern and sperm analyses. This period of isolation after the mating behaviour 

trials ensured that males would have fully replenished their sperm supplies prior to 

sperm counts and sperm analyses (see below) (Bozynski and Liley, 2003, Gasparini et 

al., 2009). 

 

2.3.4 Male body size and colouration 

One week after the behavioural trials, each male was anaesthetized and its body surface 

was gently dried with blotting paper. The male was then photographed under standard 

lighting (two 13W fluorescent bench lamps) against a measurement scale on a white 

background using a digital camera (Nikon D70s with Nikon 105mm macro lens). Each 

image included a colour standard (mini Munsell Colour Checker) and a unique code 

so that subsequent analyses of male traits were performed blind of treatment. The raw 
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uncompressed images (.NEF) were converted to TIFF files and imported into ImageJ 

software (http://rsbweb.nih.gov/ij/) for the measurements of body size and colouration. 

We measured the total area of the male’s coloured spots on the left side of the body, 

including the area of carotenoid and pteridine pigments (orange and yellow spots, 

hereafter summed as ‘orange’) and structural colours (blue, green, purple, silver and 

white, collectively termed ‘iridescence ’; Brooks and Endler, 2001b). The total number 

of orange and iridescent spots was also recorded as an index of colour complexity 

(Brooks and Endler, 2001a, Nicoletto, 1993). Standard length (the distance in mm from 

the male’s snout to the tip of his caudal peduncle) and body area (the area [mm2] of the 

body excluding all fins) was estimated to test for a possible trade-off between somatic 

growth and sperm quality.  

 

The reflectance of each male’s coloured spots was measured directly from the 

digital photographs using ColourWorker software (Chrometics Ltd.: 

http://www.chrometrics.com/ download.html). This program utilises reference spectra that 

are specific to the reflectance properties of the subject material being photographed and 

compares this to the spectral information obtained from a colour standard (with known 

reflectance properties), which is included in each image. The inclusion of the colour 

standard in every digital photograph allows the program to compensate for any variation 

in reflectance due to ambient lighting or variation in the light encoding capability of the 

camera. As ColourWorker does not include reference spectra that are suitable for 

evaluating the reflectance of fish skin pigments, we imported spectra obtained from a 

previous experiment investigating the influence of diet quantity on male guppy 

colouration. In this previous experiment (Devigili et al., 2013), guppies originated from 

the same Queensland population as those used in the current experiment and skin 

reflectance was measured using a USB4000 spectrometer (Ocean Optics, Inc., USA) 

and miniature Deuterium Tungsten light source (Analytical Instrument Systems, Inc., 

NJ) (see Devigili et al., 2013 for full details of spectrometry). Spectral data were 

collated using SpectraSuite software (Ocean Optics), linearly interpolated at 5nm 

intervals (range: 400-700nm) and then imported as reference files into the 

ColourWorker program (n=60 orange spectra and 30 iridescent spectra).  

 

We used ColourWorker to obtain three measures of reflectance for each colour 

spot by placing the program’s point sampler in a different location (but towards the 

http://www.chrometrics.com/%20download.html
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centre of each patch) within each colour spot. Each spot was measured specific to its 

corresponding reference spectra, thus orange spots were measured by selecting our 

orange guppy spectra as reference material and iridescent spots were measured using 

our iridescent guppy reference spectra. We obtained a measure of reflectance (between 

0 and 1) for each 5nm wavelength interval between the range 400-700nm. For each 

male we averaged the three reflectance measurements for each spot (for orange and 

iridescent patches separately). Reflectance data from ColourWorker can only be 

obtained between 400 and 700nm, thus we could not obtain measures of ultraviolet 

(300-400nm) reflectance using this method.  

 

Finally, principal component analysis (PCA) was used to reduce the number of 

colour pattern reflectance measures (n=61 measures of reflectance per patch) for our 

subsequent analyses (see below). We performed PCA for the orange and iridescent 

spectra separately (using all males), entering reflectance at each wavelength (e.g. 

400nm, 405nm, 410nm…) as a separate variable. We only considered principal 

components with eigenvalues greater than one and obtained four PCs for orange spots 

(OR-PC1-4) and three PCs for iridescent spots (IR-PC1-3) (Table 2.2). We determined 

how the PCs were loaded against the original (wavelength) variables by plotting 

wavelength against the factor loadings in each case (see Figures 2.2 and 2.3). As for 

other studies that have used PCA for the analysis of spectral data, we confirmed that 

PC1 (which accounted for >65% of the total variability in the PCA) represents mean 

spectral reflectance (typically correlated with brightness), while subsequent PCs 

describe the shape of the reflectance spectrum (which is correlated with hue and 

chroma) (Cuthill et al., 1999).  

 

2.3.5 Analysis of body shape 

We used geometric morphometrics to estimate variation in male body shape following 

the methods described by Hendry et al. (2006). Briefly, we used tpsDig2 software 

(Rohlf, 2005b) to superimpose 18 landmarks on each image (see Figure 2.4). 

Landmarks were subsequently designated as fixed (placed at homologous points on 

each image) or semi-sliders (placed on curved surfaces between fixed landmarks) using 

tpsUtil software (Rohlf, 2005a). Landmark data were subsequently analysed using 

tpsRelw v1.42 software (Rohlf, 2005a) to generate relative warp scores, which describe 
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shape variation as deviations from a consensus shape. These scores were subject to 

relative warp analysis, which corresponds to a principal components analysis and serves 

to reduce multivariate shape data to relative warps (RWs) that describe most of the 

variation in shape. We retained three relative warps, which collectively explained 

approximately 64% of the overall variance in male body shape (hereafter referred to as 

RW1-3). The shape variation captured by these RW scores is illustrated by the thin-plate 

splines in Figure 2.5. Briefly, RW1 describes variation in the shape of the abdomen 

(flank), RW2 describes variation in the shape of the gill region and operculum plate, and 

RW3 describes the elongation of males’ caudal peduncle. These three indices of body 

shape were included in our analysis to provide measures for non-sexual traits. 

 

2.3.6 Sperm assays  

Immediately after the digital photography, the anesthetized males were carefully dried 

and placed on a glass slide under a dissecting microscope with their gonopodium 

(intromittent organ) swung forward. A micropipette was used to add 40 µl of an 

extender medium (207 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.49mM MgCl2, 

0.41mM MgSO4, 10 mM Tris, pH 7.5) at the base of the gonopodium. Light pressure 

was then applied to each male’s abdomen to expel all strippable sperm into the extender 

medium (Matthews et al., 1997). The use of the extender medium ensured that sperm 

bundles remained intact and quiescent until they were used for the sperm performance 

assays (Gardiner, 1978). From this total sperm pool, we extracted ten 

spermatozeugmata (unencapsulated sperm bundles) for the sperm viability assays (see 

below) before activating the remaining sperm with 40 µl of 150 mM KCl solution with 

2 mg/mL bovine serum albumin (BSA) (Billard and Cosson, 1990). The use of BSA in 

this solution helped to prevent sperm from sticking to the slide (Pitcher et al., 2007). 

From these activated sperm samples, two aliquots (each containing three sperm 

bundles) were immediately used for the computer-assisted sperm analysis (CASA) of 

motility (see below). Sperm bundles not used for CASA and sperm viability assays 

were collected in a known volume of saline solution and 1% formalin (to prevent sperm 

degradation) and stored at 4°C until counted.   

 

------- 
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2.3.6.1 Computer-assisted sperm analysis (CASA) 

Sperm velocity was estimated immediately after each sample was activated with the 

KCl/BSA solution using CASA (following Evans, 2009). For these assays, the two 

freshly activated samples from each male were placed in separate wells of a 12-cell 

multitest slide (MP Biomedicals, Aurora, OH, USA) previously coated with a 1% 

polyvinyl alcohol to further prevent sperm from sticking to the glass slide (Wilson-

Leedy and Ingermann, 2007). The sample was then analysed using the CEROS Sperm 

Tracker (Hamilton Thorne Research, Beverly, MA, USA). The measures included: (1) 

average path velocity (VAP), which estimates the average velocity of sperm cells over a 

smoothed cell path; (2) straight line velocity (VSL), the average velocity on a straight 

line between the start and the end point of the track; (3) curvilinear velocity (VCL), the 

actual velocity along the trajectory; (4) linearity (LIN), the ratio of net distance moved 

to total path distance (VSL/VCL); (5) straightness (STR), the ratio of net distance 

moved to smoothed path distance (VSL/VAP); and (6) the amplitude of lateral head 

displacement (ALH), the magnitude of lateral displacement of a sperm head about its 

spatial average trajectory. The threshold values for defining static cells were 

predetermined at 24.9µm/s for VAP and VCL, and 15µm/s for VSL (Evans, 2009). 

Sperm velocity measures were based on an average of 35.1 ± 2.09 SE sperm tracks per 

sample (mean value is taken for n=104 males; n=3 males did not produce sperm). 

 

We used principal components analysis to reduce the number of sperm trait 

variables (n=7), many of which were highly correlated, to a single composite measure 

of ‘speed’, which is known to predict competitive fertilization success in guppies 

(Boschetto et al., 2011). The first principal component (PC1) from this analysis was 

strongly positively loaded by VAP, VSL and VCL, the frequency of tail beating (BCF) 

and measures of straightness (STR) and linearity (LIN) (see Table 2.3). Thus, 

collectively PC1 describes the speed and straightness of sperm between the start- and 

end-point of their tracks.  

 

2.3.6.2 Sperm viability 

A live/dead sperm viability assay (Invitrogen, Molecular Probes) was used to estimate 

the proportion of live sperm in the reserved sub-sample of each male’s stripped 
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ejaculate. The assay stains live sperm green with the membrane-permanent nucleic acid 

stain SYBR-14, and dead sperm red with propidium iodide, which penetrates damaged 

sperm cell membranes. Sperm bundles were agitated using a pipette and vortex, 

suspended in 10µl extender medium and mixed with an equal volume of 1:50 diluted 1 

mM SYBR-14. Samples were left in the dark for 10 min before 2 µl of 2.4 mM 

propidium iodide was added. Samples were incubated in the dark for a further 10 min 

before being observed under a fluorescence microscope. The proportion of live sperm in 

each sample was then estimated from 200 sperm cells per sample. 

 

2.3.6.3 Sperm number and length   

Sperm counts were performed using an improved Neubauer haemocytometer under 40x 

magnification (Leica DM1000 microscope) after vortexing each sample for 10 seconds. 

The average of five counts per male was used to estimate the total number of sperm in 

each stripped ejaculate (Matthews et al., 1997). Sperm counts were corrected to allow 

for sperm that had been removed from each sample for the CASA and viability assays 

(Evans, 2009). 

 

Photographs of each male’s sperm were obtained under 1000x magnification 

(Leica DM1000 microscope) using a digital camera (Leica DFC320). Where possible, 

20 undamaged spermatozoa were analysed per male (mean number of sperm cells 

analysed per male = 19.3 ± 0.25 SE; range = 10 – 20). ImageJ software was used to 

measure the total length of each sperm cell (Gasparini et al., 2010).  

 

2.3.7 Statistical analysis 

A total of 107 males survived until the end of the experiment. All data exhibited normal 

distributions with the exception of the sexual behaviours (sexual interest, sigmoid 

displays, gonopodial thrusts), sperm counts and sperm viability. Appropriate 

transformations (log10 for all traits except sperm viability, where arcsine square-root 

transformation was used) yielded normal distributions for all of these traits. We 

performed a multivariate general linear model (MGLM) in JMP to test for an overall 

effect of the two diet treatments (quality and quantity) and their interaction on 

precopulatory (Or-PC1-4, IR-PC1-3, orange area, iridescent area, orange spot number, 
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iridescent spot number, sexual interest, sigmoid displays, gonopodial thrusts), 

postcopulatory (sperm velocity PC1, sperm viability, sperm counts, total sperm length) 

and non-sexual traits (body shape RW1-3). In this analysis we included male body length 

(standard length) as a covariate, while the two treatments and their interaction were 

fitted as fixed effects. As the MGLM revealed an overall significant effect (see below), 

subsequent univariate general linear models (GLMs) were used to test for the effect of 

the significant factors on individual traits. For these univariate tests we corrected for 

multiple comparisons using the False Discovery Rates (FDRs) method proposed by 

Benjamini and Hochberg (1995). To quantify the magnitude of treatment effects, we 

calculate Cohen’s effect size (Cohen, 1988) for each trait. Finally, we calculated 

Pearson’s r to test for correlations between pre- and postcopulatory traits. For these tests 

we restricted our analysis to traits that were significantly affected by the treatments. We 

used partial correlations (using the ‘ppcor’ package in R) for those traits that were 

significantly influenced by male standard length.   

 

2.4 Results 

The overall model for sexual traits (MGLM) revealed a significant effect of diet 

quantity on the response variables but no effect of diet quality or the quantity-by-quality 

interaction (Table 2.4A). Overall, males fed the high quantity diet were larger than those 

assigned to the low quantity treatment (SL mean ± SE; high: 15.84± 0.23 mm, low: 

14.45 ± 0.09 mm; F1, 104=30.4, P<0.001). The MGLM therefore included male SL as a 

covariate when testing the overall effects of diet treatment on the sexual and non-sexual 

traits. The subsequent univariate GLMs revealed that diet quantity had an effect on male 

sexual behaviour, colouration, sperm performance (see below) and the third component 

of body shape (RW3). As predicted, the diet treatments had no significant influence on 

the first two principal sources of variance in male body shape (RW1 & RW2). However, 

there was an effect of diet quantity on RW3 (Table 2.4B), which although unanticipated 

may reflect the effect of diet restriction on components of body size (see Discussion).  

 

2.4.1 Effect of diet on precopulatory sexually selected traits 

We found that diet-restricted males performed fewer courtship (sigmoid) displays and 

exhibited a reduction in sexual interest during the behavioural trials compared with 
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males assigned to the high quantity group (for the effect of diet treatment on sigmoid 

displays see Figure 2.6). By contrast, we detected no significant difference in the 

number of gonopodial thrust attempts between the two quantity groups (Table 2.4B). 

Male colour patterns also differed between the high- and low-quantity groups. Males on 

the low quantity diet exhibited a reduction in the area of orange pigmentation and fewer 

orange spots than those in the high quantity group (Figure 2.7A). However, these food-

deprived males had a larger total area of iridescent pigmentation (but not a greater 

number of iridescent spots) than those in the high quantity group (Figure 2.7B).  

 

The mean reflectance spectra obtained from the photographs of male orange and 

iridescent colour patches are highly comparable to those reported for other studies of 

guppies that have used reflectance spectrometry (e.g. Kemp et al., 2009). The PCs 

describing variation in the spectral characteristics of orange and iridescent spots varied 

between the diet quantity treatments. PC1 (which was positively correlated with 

brightness) was significantly higher in males assigned to the low quantity groups, 

suggesting that these fish had brighter orange and iridescent spots (Figures 2.8A and 

2.8B). For orange spots, PC2 was positive for low quantity males and negative for high 

quantity males. PCs 2-4 represent differences in the relative amounts of medium- to 

short-wavelength light reflected. This suggests that males in the low quantity group had 

a greater proportion of medium-wavelength light reflected (450-575nm: blue-green) 

relative to short-wavelength light (violet: 400-450nm) reflected from their orange spots 

compared to well-fed males. For iridescent spots, PC3 describes the relative amount of 

violet to blue-green light reflected. Food-deprived males with lower PC3 scores 

therefore also had relatively higher reflectance at medium wavelengths of light (blue-

green) compared with short wavelengths of light (violet) for iridescent spots.  

 

2.4.2 Effect of diet on postcopulatory sexually selected traits 

All of the sperm traits measured were affected by diet quantity; food-deprived males 

had fewer, slower-swimming, less viable and shorter sperm than their well-fed 

counterparts (Table 2.4B; see also Figure 2.9 for PC1 sperm velocity). 

 

--------------- 
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2.4.3 Correlations between pre- and postcopulatory traits 

We found no evidence for significant associations (e.g. indicative of trade-offs) between 

pre- and postcopulatory traits for males maintained on a low quantity diet (Table 2.5A). 

In the high quantity group, a few negative relationships emerged (Table 2.5B), but all 

were rendered highly non-significant following correction for FDR.  

 

2.5 Discussion 

Our results reveal that dietary manipulations had a significant effect on the expression 

of pre- and postcopulatory sexually selected traits, and one component of shape (RW3), 

in male guppies. For precopulatory sexually selected traits, we found that males fed a 

restricted diet exhibited reductions in courtship, sexual interest, area of orange spots, 

and orange spot number compared to those assigned to the high quantity group. The 

significant effect of diet treatment on one of the non-sexual traits (RW3) was 

unanticipated, given the expectation of relatively lower condition dependence in traits 

not subject to sexual selection (Cotton et al., 2004b). However, inspection of the thin-

plate splines for RW3 (Figure 2.5) suggests that variation in this component of shape 

describes the elongation of the male’s caudal peduncle, and while this measure was no 

significantly correlated with SL (r=0.072, n=90, p=0.49), it nevertheless appears to 

describe variation in the size of this component of male’s body and thus may reflect the 

overall effect of food limitation on body size. 

 

Our results also revealed strong effects of diet quantity on all ejaculate traits 

measured in this study. We found that food-deprived males produced fewer and shorter 

sperm with slower-swimming velocities and reduced viability than those assigned to the 

ad libitum diet treatment. By contrast, we found that diet quality, as manipulated by 

carotenoid levels, had no effect on the expression of either pre- or postcopulatory 

sexually selected traits. Furthermore, and contrary to our initial predictions, we found 

no evidence that males trade resources between pre- and postcopulatory sexual 

selection, despite evidence from the same population for a (negative) quantitative 

genetic correlation between ejaculate quality and male sexual ornamentation (Evans, 

2010). Below, we discuss each of these key findings in detail. 
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2.5.1 Effect of diet on precopulatory traits 

We found a significant effect of diet quantity treatment on components of male 

courtship but not gonopodial thrusting. Consistent with prior work, we observed a 

significant reduction in sigmoid displays in the restricted diet group (Devigili et al., 

2013), suggesting that this component of male sexual behaviour exhibits condition-

dependence and therefore may provide an honest signal of male quality (Head et al., 

2010, Kolluru and Grether, 2005, Kolluru et al., 2009, van Oosterhout et al., 2003). Our 

results also revealed that male sexual interest was influenced by diet (see also Albo et 

al., 2011, Devigili et al., 2013, Kolluru et al., 2009), suggesting that in guppies, as with 

some other species, courtship effort is a reliable indicator of male condition (e.g. 

Kloskowski et al., 2012, Shamble et al., 2009, Shine and Mason, 2005). Furthermore, as 

with Devigili et al.’s (2013) study, our results revealed no significant effect of diet 

quantity on the frequency of gonopodial thrusts. While this result may indicate that 

gonopodial thrusts entail relatively lower costs than sigmoid displays (Houde, 1997), it 

is also consistent with the possibility that males redirect limiting resources to alternative 

reproductive tactics because males in poor condition are unattractive to females 

irrespective of the level of courtship (see Devigili et al., 2013). Unlike previous work 

revealing an effect of carotenoid supplementation on the expression of male behavioural 

traits (van Hout et al., 2011), including guppies (Grether, 2000, Hill, 1991, Kodric-

Brown, 1989), we found no such evidence in our study (see also Toomey and McGraw, 

2012). 

 

Our finding that diet quantity affected the overall area of orange pigmentation 

and the number of orange spots is consistent with previous work on guppies (Devigili et 

al., 2013) and other species (Hill, 2000, Tibbetts, 2010). We also found that the total 

area of iridescent colouration was significantly larger in food-deprived males than their 

well-fed counterparts. One possible explanation for this finding is that a reduction in the 

area of orange colouration makes the surrounding iridescence patches appear larger and 

more prominent. Although we found no evidence for an effect of diet quality on male 

colouration, the observed differences in the spectral properties of orange spots in males 

fed high- and low-quantity diets is consistent with changes in the carotenoid or 

drosopterin content of these patches. Specifically, our finding that males fed a high 

quantity diet showed a change in wavelength-specific reflectance (chroma) and a 
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reduction in overall spot brightness is in accordance with the absorbance characteristics 

of carotenoid and drosopterin pigments (Grether, 2000) and suggests that these 

increased in the spots of well-fed males. Although carotenoids are primarily obtained 

directly through unicellular algae present in the diet (Goodwin, 1984), drosopterins can 

be synthesized from carbohydrates and amino acids (Grether et al., 1999); increased 

availability of these compounds in males on high quantity diets may therefore have 

contributed to the observed changes in the spectral properties of the orange spots.  

 

A further possible explanation for the lack of effect of diet quality in our study is 

that all males were initially reared to sexual maturity (until 3 months) on a common diet 

of live brine shrimp (Artemia), which are known to contain carotenoids (Gilchrist and 

Green, 1960, Krinsky, 1965, Nelis et al., 1988). Thus, carotenoids may not have been 

sufficiently limited in the low quality treatment and future studies investigating the 

effect of dietary carotenoid intake may benefit by introducing dietary manipulations 

from birth (see Grether, 2000). Another explanation is that the skin shrinkage associated 

with the body area reduction observed in food-limited males may have compensated for 

any reduced concentration of carotenoids in the pigmented area, causing a reduction of 

spot size but balancing the reduction in the quantity of carotenoids available for male 

ornamentation (see also Devigili et al., 2013). Finally, the absorption and bioconversion 

of some carotenoids are markedly reduced when the intake of fat is low (Jialal et al., 

1991, Prince and Frisoli, 1993), and therefore a minimum amount of fat is necessary for 

uptake of carotenoids (Castenmiller and West, 1998). Our ongoing work addresses this 

issue by combining manipulations of carotenoids with dietary fat intake.  

 

2.5.2 Effect of diet on postcopulatory traits 

We found consistent effects of diet quantity on ejaculate quality (e.g. sperm swimming 

velocity, sperm number, sperm viability and sperm length), thus confirming condition 

dependence in these traits. The first principal component for the CASA measures (PC1), 

which broadly described variation in sperm swimming velocity and straightness, was 

significantly lower in the low quantity group compared to the high quantity group (see 

Figure 2.9). Similar to our findings, Selvaraju et al. (2012a) found that rams fed a low-

energy diet exhibited a significant reduction in sperm motility compared to those fed a 

high energy diet, while Alavi et al. (2009) reported that in the cyprinid fish Barbus 
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barbus, males fed a diet containing low quantities of polyunsaturated fatty acids 

(PUFAs) produced ejaculates with lower sperm velocity than those fed a high quality 

diet. Furthermore, recent work by Helfenstein et al. (2010) on great tits (Parus major) 

revealed that cartotenoid-deprived pale males produced ejaculates with a lower 

percentage of motile sperm and spermatozoa with reduced swimming ability compared 

to males fed a high carotenoid diet. Although we found no effect of carotenoids on 

sperm velocity, our findings for food quantity, which also extend to measures of sperm 

viability, provide further support for the conclusion that components of sperm quality 

are sensitive to dietary stress.  

 

Interestingly, we also detected a significant effect of diet quantity on total sperm 

length; males assigned to the low quantity diet had comparatively shorter sperm than 

their counterparts fed ad libitum. This finding adds to accumulating evidence from other 

taxa revealing that sperm length may be compromised by male condition. For example, 

Merrells et al. (2009) found that zinc-deficient rats produced abnormal sperm with 

relatively short flagella, while Alavi et al. (2009) reported that PUFA deficient male 

Barbus barbus produced relatively short sperm compared to those fed a control diet. 

Similarly, Immler et al. (2010) noted that significant changes in stress and sex steroid 

hormone levels influenced sperm morphometry in Gouldian finches. Our results also 

reveal evidence for condition dependence in sperm numbers, corresponding with several 

studies on other taxa (Gage and Cook, 1994, Perry and Rowe, 2010, Selvaraju et al., 

2012a, Simmons and Kotiaho, 2002). Previous work on guppies has revealed positive 

phenotypic correlations between sperm length and/or sperm numbers and body size 

(Pilastro and Bisazza, 1999, Pitcher and Evans, 2001, Skinner and Watt, 2007). In our 

study, males assigned to the high quantity group were significantly larger than those in 

the low quantity group, thus potentially explaining why larger males produced larger 

ejaculates and longer sperm.  

 

In contrast to our results for diet quantity, we found no significant effect of diet 

quality on any of the measured postcopulatory traits. As we have noted above in 

reference to precopulatory traits, one explanation for this finding is that carotenoid-

deprived males may have relied on previously ingested pigments obtained prior to 

reaching sexual maturity (i.e. from Artemia). Another explanation may be that 

carotenoids need to be incorporated with a minimum level of polyunsaturated fatty 
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acids or vitamins (A or E) to influence those traits (Almbro et al., 2011, Castenmiller 

and West, 1998).  

 

2.5.3 Exposing resource allocation trade-offs 

Throughout this experiment, resources were limited both quantitatively and 

qualitatively, yet we found no evidence that dietary manipulation exposes a trade-off 

between pre- and postcopulatory traits. Although such trade-offs are expected under 

conditions of resource limitation (Van Noordwijk and Dejong, 1986), our findings are 

consistent with previous work with guppies, suggesting that males invest equally in pre- 

and postcopulatory traits so that these mechanisms of sexual selection act in 

concordance (Devigili et al., 2013, Evans and Magurran, 2001, Evans et al., 2003, 

Pilastro et al., 2004, Pitcher et al., 2003). Nevertheless, trade-offs between pre- and 

postcopulatory traits might yet be exposed through manipulations of other resources, 

and one idea we are currently pursuing is to determine whether the interaction between 

carotenoids and other dietary components affects the relative investment in pre- and 

postcopulatory sexual selection in this species. 
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Tables and figures 

 

Table 2.1. Composition of high- and low-quality experimental diets (dry weight basis) 

Diets Ingredients Carotenoid supplements (μg/g) 

Fish and mussel 

meala 

Fish oil Vitaminsb Gelatin Othersc Lutein 

 

Zeaxanthin Astaxanthin 

 

ß-carotene 

 

Low 

 

74.8 

 

 

5.9 

 

3.5 

 

5.2 

 

10.6 

 

0 

 

0 

 

0 

 

0 

High 74.8 

 

5.9 3.5 5.2 10.6 1000 100 100 1500 

a Fish meal- 55% and mussel meal-19.8% 
b Vitamin C- 1.2%; vitamin E- 0.7% and vitamin mix- 1.6% 
c Lecithin- 1.2%; immune stimulant- 3.5% and egg white- 5.9%
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Table 2.2. Eigenvalues and proportion of variation explained for the principal 

components (PCs) of orange spots (OR-PC1-4), iridescent spots (IR-PC1-3) and original 

sperm velocity traits (CASA-PC1-2) 

PCs eigenvalues % of variation explained 

Orange spot PCs 

OR-PC1 39.39 64.6 

OR-PC2 9.56 15.7 

OR-PC3 8.63 14.2 

OR-PC4 3.2 5.3 

Iridescent spot PCs 

IR-PC1 41.43 67.9 

IR-PC2 11.46 18.8 

IR-PC3 8.04 13.1 

Casa PCs 

CASA-PC1 4.44 63.4 

CASA-PC2 1.57 22.5 

 

 

Table 2.3. Loading matrix with correlations between principal components (PC1-PC2) 

and original sperm velocity traits. The eigenvalues of PC1 and PC2 were 4.44, 1.57 and 

explained 63.4% and 22.5% of the variation in the data respectively 

Traits PC1 PC2 

   

VAP 0.94668 -0.05298 

VSL 0.93471 -0.23062 

VCL 0.70657 0.63464 

ALH -0.09061 0.96435 

BCF 0.66168 0.22074 

STR 0.94264 0.09374 

LIN 0.91485 -0.36042 
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Table 2.4. Results of diet quantity, quality and their interaction on male sexual traits. 

Overall results of the MGLM are given in (A), with male body length (in mm) entered 

as a covariate and diet quantity, quality and their interaction as fixed effects. Separate 

univarate GLMs were subsequently conducted for each of our traits entering diet 

quantity as a fixed effect and male standard length as a covariate (B). Body length had a 

significant effect only for those traits marked with ^ (covariate effects: iridescent PC2: 

F1, 101=9.69, P=0.002; iridescent area: F1, 101=19.3, P<0.001; iridescent spots: F1, 

101=4.00, P=0.048). Asterisks denote significance after controlling for FDR; *P<0.05, 

**P<0.01, ***P<0.001; ntests = 21). Mean ± SE is not reported for the RW scores as they 

are standardised to have a mean of zero 

 

(A)  

Response df F-ratio P 

Overall model 20, 59 25.9 <0.001 

    

Diet quantity 20, 56 15.5 <0.001 

Diet quality 20, 56 0.55 0.92 

Diet quantity x 

quality interaction 
20, 56 0.54 0.94 

SL (covariate) 20, 56 2.02 0.020 
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(B) 

Trait Response Mean±SE df F P Effect size (r) 

  High quantity Low quantity     

Body shape RW1 

RW2 

RW3 

 

n/a 

 

n/a 

1, 87 1.72 

0.20 

5.52 

0.19 

0.66 

0.021* 

 

n/a 

Behaviour Sexual interest 

Sigmoid displays 

Gonopodial thrusts 

2.65±0.023 

0.959±0.05 

0.606±0.04 

2.45±0.057 

0.632±0.072 

0.552±0.047 

 

1, 103 

 

6.51 

6.72 

0.48 

0.012* 

0.011* 

0.490 

0.299 

0.338 

0.079 

Colour patterns Orange PC1 

Orange PC2 

Orange PC3 

Orange PC4 

Orange area 

Orange spots 

Iridescent PC1 

Iridescent PC2^ 

Iridescent PC3 

Iridescent area^ 

Iridescent spots^ 

-2.248±0.56 

-0.746±0.32 

0.159±0.31 

-0.242±0.21 

5.28±0.294 

5.788±0.21 

-2.254±0.78 

-0.055±0.44 

0.873±0.37 

14.179±0.45 

10.635±0.31 

2.248±1.0 

0.746±0. 49 

-0.159±0.48 

0.242±0.27 

3.76±0.286 

3.90±0.202 

2.254±0.89 

0.055±0.50 

-0.873±0.38 

14.305±0.39 

9.7308±0.35 

 

1, 101 

 

 

16.1 

7.34 

0.09 

3.21 

4.98 

21.8 

9.10 

3.88 

7.13 

7.67 

0.15 

<0.001*** 

0.008* 

0.77 

0.08 

0.028* 

<0.001*** 

0.003** 

0.051 

0.009* 

0.007* 

0.703 

0.356 

0.24 

0.053 

0.134 

0.341 

0.534 

0.348 

0.016 

0.306 

0.02 

0.183 

Sperm traits CASA PC1 

Sperm viability 

Sperm number 

Sperm length 

1.459±0.10 

0.841±0.008 

6.82±0.025 

53.688±0.14 

-0.967±0.75 

0.78±0.009 

6.45±0.032 

52.843±0.10 

1, 100 

1, 100 

1, 94 

1, 96 

261.8 

12.89 

51.5 

15.8 

<0.001*** 

0.001** 

<0.001*** 

<0.001*** 

0.869 

0.412 

0.673 

0.425 
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Table 2.5. Correlations between pre- and post-copulatory traits for males on the low 

quantity (A) and high quantity (B) diets. Values shown are correlation coefficients, 

sample size and P-values (in brackets). Significant values are given in bold but these 

were all non-significant following correction for FDR. ^ indicates trait analysed using 

partial correlations to control for male SL 

(A) 

 

 Pre-copulatory traits Post-copulatory traits 

Trait CASA 

PC1 

Sperm 

viability 

Sperm 

number 

Sperm 

length 

Behaviour Sexual interest  0.14, 51 

(0.33) 

-0.03, 51 

(0.85) 

-0.11, 49 

(0.46) 

0.12, 49 

(0.42) 

Sigmoid displays  -0.20, 51 

(0.16) 

-0.06, 51 

(0.66) 

-0.03, 49 

(0.84) 

-0.16, 49 

(0.27) 

Colouration Orange PC1 -0.02, 50 

(0.91) 

-0.14, 50 

(0.33) 

0.06, 48 

(0.67) 

-0.02, 48 

(0.88) 

Orange PC2  0.02, 50 

(0.90) 

-0.13, 50 

(0.37) 

0.20, 48 

(0.18) 

0.09, 48 

(0.53) 

Orange area -0.10, 50 

(0.51) 

-0.05, 50 

(0.73) 

-0.17, 48 

(0.25) 

-0.18, 48 

(0.22) 

Orange spots -0.09, 50 

(0.55) 

0.00, 50 

(0.98) 

-0.20, 48 

(0.18) 

-0.21, 48 

(0.15) 

Iridescent PC1 -0.15, 50 

(0.29) 

0.15, 50 

(0.31) 

0.03, 48 

(0.86) 

-0.19, 48 

(0.19) 

Iridescent PC3 -0.20, 50 

(0.16) 

-0.04, 50 

(0.76) 

-0.19, 48 

(0.20) 

-0.19, 48 

(0.21) 

Iridescent area^ -0.06, 50 

(0.66) 

-0.17, 50 

(0.24) 

0.06, 48 

(0.70) 

-0.09, 48 

(0.57) 
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(B) 

 Pre-copulatory traits Post-copulatory traits 

 Trait CASA 

PC1 

Sperm 

viability 

Sperm 

number 

Sperm 

length 

Behaviour Sexual interest  -0.17, 53 

(0.21) 

-0.12, 53 

(0.41) 

0.05, 49 

(0.72) 

-0.03, 51 

(0.83) 

Sigmoid displays  -0.19, 53 

(0.18) 

-0.08, 53 

(0.58) 

-0.14, 49 

(0.35) 

0.10, 51 

(0.47) 

Colouration Orange PC1 0.14, 51 

(0.32) 

-0.09, 51 

(0.54) 

-0.01, 47 

(0.93) 

-0.18, 49 

(0.20) 

Orange PC2  0.24, 51 

(0.08) 

0.27, 51 

(0.05) 

-0.05, 47 

(0.75) 

0.03, 49 

(0.86) 

Orange area -0.28, 51 

(0.049) 

-0.16, 51 

(0.25) 

-0.08, 47 

(0.58) 

-0.07, 49, 

(0.62) 

Orange spots -0.27, 51 

(0.051) 

0.01, 51 

(0.92) 

-0.19, 47 

(0.20) 

-0.03, 49 

(0.85) 

Iridescent PC1 0.05, 51 

(0.71) 

-0.08, 51 

(0.59) 

-0.07, 47 

(0.64) 

-0.20, 49 

(0.16) 

Iridescent PC3 -0.05, 51 

(0.75) 

-0.09, 51 

(0.51) 

-0.20, 47 

(0.18) 

-0.30, 49 

(0.040) 

Iridescent area^ 0.29, 51 

(0.035) 

-0.01, 51 

(0.94) 

0.31, 47 

(0.029) 

-0.25, 49 

(0.08) 
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Figure 2.1. A male guppy (Poecilia reticulata). Photograph courtesy of Clelia 

Gasparini  

 

Figure 2.2. Factor loadings plotted against wavelength for PC1-PC4 that were used to 

describe variation in the reflectance spectra of male guppy orange spots. These data 

illustrate how the loadings of the principal components vary in relation to wavelength. 

PC1 is loaded positively across the full wavelength range and corresponds to orange 

spot brightness. PC2 is loaded positively in the wavelength range 475-575nm and 

negatively in the range 400-450nm and represents the relative amount of medium to 

short wavelength light reflected. PC3 is the amount of short-medium (425-525nm) to 

medium-long (525-650nm) wavelength light reflected while PC4 is weakly positively 

loaded below 425nm and between 500-575nm 
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Figure 2.3. Principal component loadings for PC1-PC3 plotted against wavelength for 

male guppy iridescent spots. As for guppy orange spots, PC1 is positively loaded across 

all wavelengths and corresponds with spot brightness. PC2 represents the relative 

amount of short-medium (400-525nm) to long (>550nm) wavelength light reflected 

while PC3 corresponds to the amount of short (<450nm) and long (>575nm) 

wavelength light reflected relative to medium (450-575nm) wavelength light reflected 

 

 

 

Figure 2.4. Identification of landmarks used in the geometric morphometric analysis. 

We used 6 fixed (white dots) and 12 sliding (black dots) semilandmarks that were 

positioned on each image using tpsDig2 software 
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Figure 2.5. The thin-plate splines illustrating shape variation between high (red dots) 

and low (blue dots) quantity male guppy that were captured by the relative warp (RWs) 

scores. RW1 describes variation in the shape of the abdomen (flank), RW2 describes 

variation in the shape of the gill region and operculum plate, and RW3 describes the 

elongation of males’ caudal peduncle 
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Figure 2.6. The mean (±SE) sigmoid displays for males fed high and low quantity and 

quality diets 
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Figure 2.7. The mean (±SE) orange area (A) and iridescent area (B) for males fed high 

and low quantity and quality diets  
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Figure 2.8. The mean (±SE) spectral reflectance of orange (A) and iridescent (B) spots 

for male guppies assigned to high and low quantity diet groups  
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Figure 2.9. The mean (±SE) PC1 scores from the CASA analysis for males assigned to 

high and low quantity and quality diets  
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CHAPTER THREE 

 

The expression of pre- and postcopulatory 

sexually selected traits reflects levels of dietary 

stress in guppies 
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3.1 Abstract 

Environmental and ecological conditions can shape the evolution of life history traits in 

many animals. Among such factors, food or nutrition availability can play an important 

evolutionary role in moderating an animal’s life history traits, particularly sexually 

selected traits. Here, we test whether diet quantity and/or composition in the form of 

omega-3 long chain polyunsaturated fatty acids (here termed ‘n3LC’) influence the 

expression of pre- and postcopulatory traits in the guppy (Poecilia reticulata), a 

livebearing poeciliid fish. We assigned males haphazardly to one of two experimental 

diets supplemented with n3LC, and each of these diet treatments was further divided 

into two diet ‘quantity’ treatments. Our experimental design therefore explored the main 

and interacting effects of two factors (n3LC content and diet quantity) on the expression 

of precopulatory (sexual behaviour and sexual ornamentation, including the size, 

number and spectral properties of colour spots) and postcopulatory (the velocity, 

viability, number and length of sperm) sexually selected traits. Our study revealed that 

diet quantity had significant effects on most of the pre- and postcopulatory traits, while 

n3LC manipulation had a significant effect on sperm traits and in particular on sperm 

viability. Our analyses also revealed interacting effects of diet quantity and n3LC levels 

on courtship displays, and the area of orange and iridescent colour spots in the males’ 

colour patterns. We also confirmed that our dietary manipulations of n3LC resulted in 

the differential uptake of n3LC in body and testes tissues in the different n3LC groups. 

This study reveals the effects of diet quantity and n3LC on behavioural, ornamental and 

ejaculate traits in P. reticulata and underscores the likely role that diet plays in 

maintaining the high variability in these condition-dependent sexual traits.   

 

Key-words: sexual selection, cryptic female choice, sperm competition, nutrients, 

condition dependence, genic capture 
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3.2 Introduction 

The environmental and ecological conditions (biotic and abiotic) experienced by 

animals early in life can play a critical role in shaping life history traits and 

consequently individual fitness (Metcalfe and Monaghan, 2001). These traits and fitness 

consequences include growth (Hylander et al., 2014, Krause and Naguib, 2014), 

survival (Archambault et al., 2014, Hastings et al., 2013) and reproduction (Luszczek-

Trojnar et al., 2014, Wang et al., 2014), among others. Among the environmental 

factors contributing to these effects, dietary resources can play a pivotal role in shaping 

fitness by affecting an animal’s physiology, behaviour, immunity and life history traits 

(e.g. Boland et al., 2001, Boutin, 1990) as well as the expression of sexually selected 

traits (e.g. Gage and Cook, 1994, Lewis et al., 2011, Pike et al., 2010).  

 

Sexually selected traits used by males to attract females and/or compete for 

access to mates are often thought to exhibit heightened condition dependence compared 

to non-sexual traits (Cotton et al., 2006, Iwasa and Pomiankowski, 1999, Zahavi, 1975). 

Accordingly, several studies have shown that males fed diets either of high quantity 

and/or quality exhibit enhanced ornamental (e.g. Cotton et al., 2004a, Devigili et al., 

2013 and Chapter 2, Hooper et al., 1999) and behavioural traits (e.g. Devigili et al., 

2013 and Chapter 2, Engqvist and Sauer, 2003, Jennions and Backwell, 1998, Kotiaho, 

2000) compared to males fed inferior diets. Dietary manipulation can also influence the 

expression of traits subject to postcopulatory sexual selection, such as sperm motility 

(Cerolini et al., 1995, Selvaraju et al., 2012a), the proportion of live sperm in the 

ejaculate (sperm viability) (e.g. Devigili et al., 2013), the number of sperm produced 

(e.g. Gasparini et al., 2013b), sperm length (e.g. Chapter 2) and testes size (Ward and 

Simmons, 1991). These latter findings are highly relevant for species where females 

mate with multiple males within a single reproductive episode (polyandry), where 

sperm competition (where ejaculates from different males compete for fertilizations; 

Parker, 1970) and cryptic female choice (where females influence this competition; 

Eberhard, 1996, Thornhill, 1983) extend the opportunities for intra- and intersexual 

selection beyond mating. In both pre- and post-copulatory episodes of sexual selection, 

male secondary sexual characteristics may function as ‘honest’ indicators of male 

quality during mating contest/sperm competition and (cryptic) female choice (Cotton et 

al., 2004b, Jennions and Petrie, 2000, Yasui, 1997).  
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Polyunsaturated fatty acids (PUFAs) are key nutrients moderating animal 

development and growth and underpin numerous critical physiological processes, 

including reproduction, vision, and brain development (Carlson et al., 1996, Gurr et al., 

2002, Kishimoto et al., 1969). Animals cannot synthesize PUFAs de novo which must 

be obtained from the diet. PUFAs can therefore contribute to the condition-dependent 

expression of sexual traits, and more generally the behavioural characteristics of many 

species (e.g. de Wilde et al., 2003, Enslen et al., 1991, Watts et al., 2003). PUFAs may 

also play a critical role in the development of fertility traits, particularly in determining 

the structural properties of spermatozoa. In most vertebrates, sperm comprise high 

levels of long-chain (LC) PUFAs (polyunsaturated fatty acid with 20 or more carbon 

atoms), as revealed by studies of spermatozoa in humans (Wathes et al., 2007), birds 

(Surai et al., 1998) and a variety of livestock (Poulos et al., 1986). In these groups, 

PUFAs serve as structural determinants of gamete membranes (Lenzi et al., 1996) and 

play an essential role in gametogenesis (Izquierdo et al., 2001) by supplying energy for 

gonad maturation (Grubert et al., 2004). They also influence membrane fluidity and 

mobility (Hazel, 1995) and the fusion capacity of spermatozoa (Connor et al., 1998, 

Stubbs and Smith, 1984). Despite the importance of PUFAs in regulating behaviour and 

fertility traits, their role in determining the expression of traits subject to pre- and 

postcopulatory sexual selection is largely unknown. 

 

The guppy Poecilia reticulata offers a useful model for investigating the 

functional co-dependence of pre- and postcopulatory traits on dietary resources. 

Guppies are polyandrous livebearing fish in which males and females exhibit marked 

sexual dimorphism. Males exhibit complex colour patterns composed of orange 

(carotenoid and pteridine), iridescent (structural), and black (melanin) spots, most of 

which play a role in sexual selection in this species (Houde, 1997). For their part, 

females express cryptic colouration and exhibit consistent sexual preferences towards 

males exhibiting relatively large and bright colour spots, particularly orange, which 

males advertize to females during ritualized courtship displays (Houde, 1997). 

Importantly, many male ornamental and behavioural traits are sensitive to 

environmental factors, particularly resource availability (Karino and Haijima, 2004, 

Kodric-Brown, 1989, Kolluru and Grether, 2005), and studies have shown that males in 

good condition exhibit enhanced pre- and postcopulatory sexual traits (Grether, 2000, 

Kolluru et al., 2009). In particular, two recent studies on guppies have tested whether 
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the expression of pre- and postcopulatory sexual traits is influenced by dietary resource 

availability. In an initial study, Devigili et al. (2013) reported that both precopulatory 

(behaviour and sexual colouration) and postcopulatory (sperm viability) traits were 

impacted by dietary restriction, with males fed restricted diets exhibiting reductions in 

each of these traits. Subsequent work that tested for interacting effects of dietary 

carotenoid levels (quality) and dietary restriction (quantity) (Chapter 2) revealed no 

evidence that carotenoid levels influenced either pre- or postcopulatory sexual traits, 

although Devigili et al.’s (2013) finding that dietary limitation had deleterious effects on 

all of these traits was corroborated.  

 

In the present study we extend previous studies of condition dependence in 

guppies to determine whether the experimental manipulation of dietary omega-3 long 

chain polyunsaturated fatty acids (n3LC) levels, diet quantity, and their potentially 

interacting effects, influence the expression of precopulatory (sexual behaviour and 

colour patterns) and postcopulatory (velocity, viability, number and length of sperm) 

traits. Since environmental conditions experienced during an individual’s lifetime can 

influence numerous life history traits (e.g. Anderson et al., 2014, Rick et al., 2014, 

Simmons, 2012), we manipulated diet quantity and n3LC levels from the onset of 

sexual maturity (around 13 weeks) until males were aged six months. In our study we 

ensured that n3LC levels were set at minimal levels in the restricted group, thus 

maximising any impact of n3LC deficiency on the observed traits. Because the 

expression of male sexual traits is sensitive to diet quantity (Devigili et al., 2013 and 

Chapter 2), we explore the effects of n3LC manipulation under experimentally low and 

high food levels, thus potentially exposing any interactive effects of diet quantity and 

n3LC levels on the expression of pre- and postcopulatory sexual traits.  

 

3.3 Materials and Methods 

3.3.1 Animals and dietary treatments 

The guppies used in this experiment were reared from descendants of fish captured from 

a natural population in Queensland (2006) and maintained following the same protocols 

as described in Chapter 2. One hundred and twenty males were used for the experiment. 

Males, which were aged three months at the start of the trials, were assigned 
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haphazardly to one of two experimental diet treatments that differed in the level of 

omega-3 long-chain polyunsaturated fatty acids (hereafter termed ‘n3LC-enriched’ and 

‘n3LC-reduced’; n=60 per treatment). Each of these diet treatments was further divided 

haphazardly into two diet quantity treatments corresponding to overall feed levels (‘high 

quantity’ and ‘low quantity’). Our experimental design therefore explored the main and 

interacting effects of two factors on male traits, with n=30 fish assigned to each of the 

four treatments. The two experimental diets (n3LC-enriched and n3LC-reduced) were 

formulated to contain 45% protein and 10% lipid, thus differing only in the composition 

of the added lipid (Harpaz et al., 2005). These diets were manufactured as steam 

pelleted feed following previously described procedures (Brown et al., 2010), and then 

ground and sieved to a particle size of 100-250 μm. Both diets were identical in 

composition, with the exception of the oil blend used as added fat (Tables 3.1 and 3.2). 

Specifically, the two blends (Table 3.2) were formulated so that they contained similar 

levels of saturated fatty acids (SFA) and n-6 polyunsaturated fatty acids, but differed in 

their n3LC content (high [12.9%] in the n3LC-enriched diet and only a trace amount 

[1.8%] in the n3LC-reduced diet), which was balanced off by increasing amounts of 

monounsaturated fatty acids (MUFA) in the n3LC-reduced diet (see Table 3.3). The 

trace amount of long-chain polyunsaturated fatty acids (LC-PUFA), primarily in the 

form of 22:6n-3, in the n3LC-reduced diet came from the fishmeal used as a protein 

source in both diets (fishmeal is used to provide protein and ensure palatability but also 

contains small amounts of LC-PUFA). Once assigned to their allocated diet treatments, 

males were reared individually in separate 2L aquaria (illuminated on a 12:12h cycle 

with Philips TLD 36W fluorescent lamps) for a period of three months, and fed standard 

amounts of the crumbled diet once daily (six days per week) at a rate of 4% (1.9mg; 

high quantity) or 1% (0.5mg; low quantity) of their body weight until they were six 

months old. Male guppies exhibit largely determinate growth from approximately 13 

weeks (the onset of sexual maturity), and thus diet levels could be fixed at a standard 

quantity throughout the treatment phase. 

 

3.3.2 Measurements of sexually selected traits  

3.3.2.1 Precopulatory traits 
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The methods used to measure precopulatory traits followed those described previously 

in Chapter 2. Briefly, mating behaviour trials took place between 08.00 and 12.00 to 

correspond with the peak of sexual activity in this species (Houde, 1997). For these 

trials, we used an 8L observation tank for each male (28.5x14.5x19 cm, filled to 14 cm) 

containing aquarium gravel and artificial pondweed. In each trial, a non-virgin female 

from a mixed-sex (stock) aquarium was placed in the tank and allowed to settle 

overnight. Females were approximately matched for size (by eye) across trials and used 

only once. The following day, a single male from one of the treatment groups was 

placed in the aquarium and allowed to settle for at least five minutes or until he showed 

sexual interest in the female (i.e. following the female or engaging in courtship). For 

each 10 minute trial, we recorded male mating behaviour as the number of sigmoid 

displays (males arch their body in a characteristic s-shaped posture and quiver), 

gonopodial thrusts (forced mating attempts in which males approach females from 

behind and attempt copulations without prior courtship or female solicitation), and the 

time (in seconds) spent by the male courting or chasing the female (a measure of the 

male’s overall sexual interest in the female, hereafter ‘sexual interest’). After the trial, 

each male was returned to its individual tank and maintained on the same diet treatment 

for a further seven days before being used for the body size, colour patterns, sperm traits 

and fatty acids analyses. This period of isolation after the mating behaviour trials 

ensured that males would have fully replenished their sperm supplies prior to measuring 

sperm number and carrying out sperm analyses (see below) (Bozynski and Liley, 2003, 

Gasparini et al., 2009). 

 

We measured the area of carotenoid and pteridine pigments (orange and yellow 

spots, hereafter summed as ‘orange’) and structural colours (blue, green, purple, silver 

and white, collectively termed ‘iridescence’) from digital photographs taken of each 

anaesthetized fish using ImageJ software (ImageJ website. Available: 

http://rsbweb.nih.gov/ij/. Accessed 4 August 2014). We also measured male body 

length (‘standard length’ = distance in mm from the snout to the tip of the caudal 

peduncle; hereafter SL). The total number of orange and iridescent spots was also 

recorded as an index of colour complexity (Brooks and Endler, 2001a, Nicoletto, 1993). 

The reflectance of each male’s coloured spots was measured from the digital 

photographs using ColourWorker software (Chrometics Ltd. Website. Available: 

http://www.chrometrics.com. Accessed 4 August 2014; see details Chapter 2). Briefly, 

http://rsbweb.nih.gov/ij/
http://www.chrometrics.com/
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each male was photographed along with a simulated Gretag Macbeth Standard with 

known reflectance to provide a reference for the software, allowing us to account for 

minor variation in lighting conditions among images. The raw uncompressed images 

(.NEF) were converted to TIFF files before being imported into ColourWorker. Once 

reflectance data were obtained, we used principal component analysis (PCA) to 

extrapolate PCs for the orange and iridescent spectra separately. Similar to previous 

studies, the first PC explained >87% of the total variability in orange spots, and >77% 

of the total variability in iridescent spots and represents mean spectral reflectance 

(typically correlated with brightness). We therefore used the first PC in our analysis 

(Cuthill et al., 1999).  

 

3.3.2.2 Postcopulatory traits 

Immediately after the digital photography, the anesthetized males were carefully dried 

and placed on a glass slide under a dissecting microscope with their gonopodium 

(intromittent organ) swung forward. A micropipette was used to add 500 µl of an 

extender medium (207 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl2, 0.49mM MgCl2, 

0.41mM MgSO4, 10 mM Tris, pH 7.5) at the base of the gonopodium. The use of the 

extender medium ensured that sperm bundles remained intact and quiescent until they 

were used for the sperm velocity assays (Gardiner, 1978). Light pressure was then 

applied to each male’s abdomen to expel all strippable sperm into the extender medium 

(Matthews et al., 1997). From this total sperm pool, we placed 2-3 spermatozeugmata 

(unencapsulated sperm bundles) for sperm velocity estimation in a single well of a 12-

well multitest slide (MP Biomedicals, Aurora, OH, USA) coated with 1% polyvinyl 

alcohol (Sigma-Aldrich, Australia) to avoid sperm sticking to the glass slide (Wilson-

Leedy and Ingermann, 2007). We also extracted ten spermatozeugmata for sperm 

viability assays and the remaining sperm bundles were collected in a known volume of 

saline solution with 1% formalin (to prevent sperm degradation) and stored at 4°C until 

sperm number and length were measured (see below).  

 

We used computer-assisted sperm analyses (CASA) to estimate sperm velocity 

using the CEROS sperm tracker (Hamilton-Thorne Research, Beverly, MA, USA). 

Sperm velocity was estimated immediately following activation by 150 mM KCl with 2 

mg/mL bovine serum albumin (BSA) (Billard and Cosson, 1990). The measures were 



 

56 

 

based on an average of 85.0 ± 4.65 SE sperm tracks per sample (mean value is taken for 

n=112 males; n=8 males did not produce sperm). As the average path velocity (VAP) 

was highly correlated with the straight line velocity (VSL) (r=0.95; P<0.0001) and also 

with the curvilinear velocity (VCL) (r=0.88; P<0.0001), we restricted our analysis of 

sperm velocity to VAP for brevity (note that results were unchanged whatever measure 

we used). The threshold value for defining static cells was predetermined at 24.9µm/s 

for VAP (Evans, 2009).  

 

A live/dead sperm viability assay (Invitrogen, Molecular Probes) was used to 

estimate the proportion of live sperm in the reserved sub-sample of each male’s stripped 

ejaculate (following the same methods explained in Chapter 2). The assay stains live 

sperm green with the membrane-permanent nucleic acid stain SYBR-14, and dead 

sperm red with propidium iodide, which penetrates damaged sperm cell membranes. 

The proportion of live sperm in each sample was then estimated from 200 sperm cells 

per sample. 

 

Sperm number was estimated for the reserved portion of each male’s stripped 

ejaculate using an improved Neubauer haemocytometer under 40x magnification (Leica 

DM1000 microscope) after vortexing each sample for 30 seconds. The average of five 

counts per male was used to estimate the total number of sperm in each stripped 

ejaculate (Matthews et al., 1997). Sperm number was corrected to allow for sperm that 

had been removed from each sample for the CASA and viability assays. 

 

To estimate sperm length (distance in m from the top of the sperm head to the 

tip of the flagellum), photographs of each male’s sperm were obtained with an objective 

magnification of 40x (Leica DM1000 microscope) using a digital camera (Leica 

DFC320). Where possible, 20 undamaged spermatozoa were measured per male (mean 

number of sperm cells analysed per male = 19.73 ± 0.15 SE; range = 10 – 20). ImageJ 

software was used to measure the total length of each sperm cell.  

 

3.3.3 Fatty acids content in diets and fish tissue samples 

The experimental diets and the testes and body samples of the high quantity dietary 

groups were collected and preserved at -80°C for subsequent fatty acid analysis. After 
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lipid extraction (Folch et al., 1957), a known amount of tricosanoate (23:0) was added 

as internal standard, and fatty acids were esterified into methyl esters using the acid 

catalysed methylation method. The identification of FA methyl esters was determined 

using an Agilent Technologies GC 7890A gas chromatograph (Agilent Technologies, 

USA) equipped with an BPX70 capillary column (120m, 0.25mm internal diameter, 

0.25µm film thickness; SGE Analytical Science Pty Ltd, Ringwood, Vic, Australia), a 

flame ionisation detector (FID), an Agilent Technologies 7693 autosampler injector, 

and a split injection system, using chromatographic conditions previously reported 

(Norambuena et al., 2013). Each of the fatty acids was identified relative to known 

external standards (Sigma-Aldrich, Inc., St. Louis, MO, USA, and Nu-Chek Prep, 

Elysian, MN, USA), and the resulting peaks were then corrected by the theoretical 

relative FID response factors and quantified relative to the internal standard. 

 

3.3.4 Statistical analysis 

No mortality was recorded during the experiment. Sperm number and sperm viability 

data were appropriately transformed prior to analysis (cube root transformation for 

sperm number and arcsine square root transformation for sperm viability). All analyses 

were performed using ‘R’ version 3.1.0 (R Development Core Team, 2014). We 

calculated descriptive statistics (means, SEs, ranges etc.) using the ‘pysch’ package, 

tested for normality with the ‘nortest’ package, and carried out principal components 

analysis with the ‘FactoMineR’ package. 

 

We performed two multivariate analyses of variance (MANOVA) to test for an 

overall effect of the two diet treatments (n3LC and diet quantity) and their interaction 

on (a) colour patterns (orange spot number, orange area, orange PC, iridescent spot 

number, iridescent area, iridescent PC) and (b) sperm traits (sperm swimming velocity, 

sperm viability, sperm number, total sperm length). Note that behavioural traits were 

excluded from the first MANOVA model because their distributions did not meet the 

assumptions of the multivariate test (see above). In both models, the treatment groups 

and their interaction were fitted as fixed effects, while male body length (standard 

length) was included as a covariate only in the first model since colour patterns were 

correlated with body size (see Results). As both models revealed an overall significant 

effect of one or both treatments on the traits of interest (see below), subsequent 
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univariate analyses of variance (ANOVA) models were run to identify where these 

effects lie.  

 

Next we used analyses of variance to compare the composition of fatty acids in 

the fish tissue samples (body and testes) for the two high quantity diet treatments (i.e. 

n3LC-enriched and n3LC-reduced; n=30 tissue samples per treatment). Initially we used 

MANOVA to test for overall effects of diets on body and testes samples. We then used 

a series of one-way ANOVA models (reported in the Supplementary Material) to 

highlight where specific differences in fatty acid composition in diets and the body and 

testes samples of two high quantity groups lie. We used ‘type II’ tests in all models as 

these offer more powerful approaches for estimating sums of squares in the absence of 

interactions which were largely absent or weak in our analysis (as in our analysis; see 

Langsrud, 2003). All analyses of variance models were run using the ‘car’ package of 

‘R’.  

 

3.4 Results 

Overall, the high quantity group males were significantly larger than those assigned to 

the low quantity dietary group (SL mean ± SE; high quantity: 16.61± 0.14 mm, low 

quantity: 14.89 ± 0.09 mm; F1, 113=113.5, P<0.001).  

 

3.4.1 Effect of diet on pre- and postcopulatory traits 

The two MANOVA models revealed overall significant main effects of one or both of 

the diet treatments on male colour patterns and sperm traits (see Table 3.4). Our 

separate GLMM models also revealed significant effects of treatment on the 

behavioural traits. Specifically, these latter models revealed that diet quantity had a 

significant effect on all male sexual behaviours (sexual interest, sigmoid displays and 

gonopodial thrusts) and a marginal interactive effect of both treatments on sigmoid 

displays (see Table 3.5). By contrast, we detected no significant effect of n3LC on any 

of the precopulatory traits (see Table 3.5). The analyses revealed that diet-restricted 

(low quantity) males performed significantly fewer courtship (sigmoid) displays and 

gonopodial thrusts, and exhibited a reduction in sexual interest during the behavioural 

trials, compared with the high quantity group (Figures 3.1A-C).  
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Our univariate analyses also revealed significant effects of diet quantity on the 

size, number and brightness of the males’ colour spots (see Table 3.5). Specifically, 

males assigned to the low quantity diet exhibited significantly fewer orange spots and a 

reduction in the area of orange and iridescent spots than those in the high quantity group 

(Figures 3.2A-C). We also detected significant interacting effects of quantity-by-n3LC 

on the area of orange and iridescent colour (see Figures 3.3A-B). The PC describing 

variation in the spectral characteristics of orange and iridescent spots (Kemp et al., 2009 

and Chapter 2) varied between the diet quantity groups. Males assigned to the high 

quantity group had brighter iridescent spots than low quantity males (Table 3.5).   

 

The multivariate model describing treatment effects on sperm traits revealed 

significant effects of both diet quantity and n3LC levels (see Table 3.4). Our subsequent 

univariate models revealed that sperm swimming velocity, sperm viability, sperm 

number and sperm length were affected by diet quantity, while n3LC had a significant 

effect only on sperm viability (Table 3.5). The low quantity males had slower-

swimming, fewer, shorter and reduced number of viable sperm than their well-fed 

counterparts (see Figures 3.4A-C and 3.5A), whereas n3LC-reduced males had less 

viable sperm than n3LC-enriched group (Figure 3.5B).   

 

3.4.2 Fatty acids analyses 

Our MANOVA model revealed that diet had significant effects on the accumulation of 

fatty acids in body and testes tissues (see Table 3.6). The subsequent univariate 

ANOVA models revealed that males fed n3LC-enriched diet had a significantly higher 

percentage of 14:0, 16:1n-7, 18:2n-6, 20:5n-3, 22:5n-3, 22:6n-3, saturated fatty acids 

(SFA), n-3 polyunsaturated fatty acids (n3 PUFA), n-3-long chain polyunsaturated fatty 

acids (n3 LC-PUFA) than males fed n3LC-reduced diets, while the males fed n3LC-

reduced diets had significantly higher content of 18:1n-9 and monounsaturated fatty 

acids (MUFA) in their body tissues than their counterparts fed n3LC-enriched diets. In 

testes tissues, males assigned to n3LC-enriched diet had significantly more 20:5n-3 and 

22:5n-3 than the n3LC-reduced group, while males fed n3LC-reduced diets had only 

significant amount of 18:1n-9 than the n3LC-enriched group (see Table 3.7).  

 

--------- 
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3.5 Discussion 

Our results reveal that dietary manipulations had a significant effect on the expression 

of pre- and postcopulatory sexually selected traits in male guppies. In the case of 

precopulatory sexually selected traits, we found that males assigned to the low quantity 

group (fed a restricted diet) exhibited reductions in courtship (sigmoid) displays, 

gonopodial thrusts, sexual interest, area of orange spots and iridescent spots, and orange 

spot number compared to those assigned to the high quantity group. We also found 

significant effects of diet quantity and n3LC levels on ejaculate traits; low quantity 

males produced slower-swimming, fewer, shorter and less viable sperm than those 

assigned to the ad libitum diet treatment, while n3LC-reduced had reduced number of 

viable sperm than n3LC-enriched males. Finally, we found that n3LC-enriched group 

accumulated significantly higher percentage of n3LC in their body and testes tissues 

than n3LC-reduced group. Below, we discuss each of these key findings in detail. 

 

3.5.1 Effect of diet on precopulatory traits  

Our results revealed significant effects of diet quantity on male sexual behaviour, thus 

supporting similar findings from guppies and other taxa showing that mating tactics and 

sexual interest can reflect a male’s current nutritional condition (Engqvist and Sauer, 

2003, Kolluru and Grether, 2005, Kolluru et al., 2009, Ritschard and Brumm, 2012). 

Indeed, our findings for the effect of diet quantity on male sexual behaviour are broadly 

similar to previous work on guppies, where males fed restricted diets performed reduced 

sigmoid displays compared to their well fed counterparts (Devigili et al., 2013 and 

Chapter 2). We also found tentative evidence for interactive effects of diet quantity and 

n3LC levels on courtship behaviour, which suggests that the effects of diet quantity on 

this particular behaviour may be modulated by the quantity n3LC. Similar findings have 

been reported elsewhere, for example where dietary nutrients have significant effects on 

behavioural traits of males (Blay and Yuval, 1997, Engqvist and Sauer, 2003, Schatral, 

1993). Interestingly, the present analyses also revealed that high quantity males 

performed significantly more gonopodial thrusts than those in the low quantity group. 

This result was unanticipated in the light of previous research on the same population 

revealing no significant effect of dietary restriction on the frequency of gonopodial 

thrusts (Devigili et al., 2013 and Chapter 2). However, the difference between studies 
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may be due to slight variation in feeding levels, which in the case of study of Chapter 2 

involved feeding fish at 4% body weight in the high quantity group (as we did) and 2% 

body weight in the low quantity group (note that Devigili et al., 2013 did not specify 

weights and used a different diet [Artemia] to manipulate diet intake). In the present 

study, we set the low quantity group at 1% body weight, thus potentially exacerbating 

nutritional stress and exposing condition dependence in a broader range of behaviours. 

Our results also revealed that the males’ sexual interest was influenced by diet quantity, 

which is also consistent with other studies of the same species (Devigili et al., 2013 and 

Chapter 2, Kolluru et al., 2009). In particular, low quantity males spent significantly 

less time following females than their counterparts assigned to the high quantity group. 

Notwithstanding minor difference among studies, overall our study complements 

previous work on guppies in revealing that male mating behaviour is strongly 

contingent on condition, and thus may provide honest signals of male quality during 

mate choice (Head et al., 2010, Kolluru and Grether, 2005, Kolluru et al., 2009, van 

Oosterhout et al., 2003). 

  

As with the behavioural traits, we found that diet quantity had significant effects 

on the expression of the males’ colour spots. Specifically, we found that diet quantity 

influenced the size of orange and iridescent spots, the total number of orange spots, and 

the spectral properties of iridescent spots. These findings largely corroborate previous 

studies on guppies (Devigili et al., 2013 and Chapter 2) and other species (Hill, 2000, 

Tibbetts, 2010) and suggest that, as with the behavioural traits, colour spots convey 

‘honest’ information about male condition, thus potentially explaining their 

evolutionary maintenance through sexual selection (Cotton et al., 2004b, Rowe and 

Houle, 1996). By contrast, we found no effect of n3LC supplementation on male 

colouration, although there was evidence for interacting effects of diet quantity and 

n3LC supplementation on the area of orange and iridescent spots. These interactions are 

intriguing and may indicate that the expression of these colour patterns are modulated 

by n3LC in the diet. In our experiment, juvenile guppies (<3 months) were fed a diet of 

live Artemia prior to the experimental feeding trials. Thus, the experimental males 

would have assimilated these in their tissues prior to the treatments because Artemia 

comprise a rich source of carotenoids (Gilchrist and Green, 1960, Krinsky, 1965). As 

dietary lipid quantity plays a key role in the assimilation of dietary carotenoids 

(Lakshminarayana and Baskaran, 2013, Prince and Frisoli, 1993, Yonekura and Nagao, 
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2007), it is possible that in the case of orange spots, males fed a diet containing high 

n3LC levels may exhibit enhanced colouration due to the role that dietary lipids play in 

modulating the absorption, transport and metabolism of these previously ingested 

carotenoids (Erdman et al., 1993, Parker, 1996, but see also San-Jose et al., 2012),. Such 

effects clearly have the potential to expose the quantity-by-n3LC interactions for orange 

colour spots exposed by our study, although we currently lack an explanation for the 

equivalent effects observed for iridescent colour spots. Future studies would benefit by 

investigating the effect of dietary carotenoids and LC-PUFAs quantity from birth (see 

Grether, 2000).  

 

3.5.2 Effect of diet on postcopulatory traits  

Our results revealed that diet quantity had significant effects on sperm swimming 

velocity, sperm number, sperm length and sperm viability, while n3LC levels had a 

significant influence on sperm viability only. Our finding that sperm swimming velocity 

was strongly contingent on diet quantity is consistent with a previous study on the same 

guppy population (Chapter 2). Similar to our findings, Cerolini et al. (1995) also 

reported that in chickens, food restricted broiler breeder males produced significantly 

fewer motile sperm than those fed ad libitum. The findings from these studies may be 

explained by the reduced energy content of diets fed to food-restricted males. Dietary 

energy levels can affect gonadotrophin secretion, which in turn regulates the production 

of spermatozoa in animals (Dunn and Moss, 1992, Martin and Walkden-Brown, 1995, 

Schillo, 1992). To explicitly test the effects of energy levels on ejaculate traits, 

Selvaraju et al. (2012a) conducted a study where rams were fed diets differing in energy 

levels. Their findings revealed that rams fed a low-energy diet exhibited a significant 

reduction in sperm motility compared to those fed a high-energy diet, possibly due to 

role that energy levels play in modulating insulin-like growth factor-I (IGF-I) and 

concomitant effects on sperm function (Selvaraju et al., 2012a). Thus, the present 

results might be attributable to the high quantity group having comparatively higher 

energy levels available to stimulate hormones that control sperm physiology.  

 

Like previous studies (Devigili et al., 2013 and Chapter 2) we also found 

significant effect of diet quantity on sperm viability, indicating that low quantity males 

produced significantly fewer viable sperm than their counterparts in the high quantity 
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group (Figure 3.5A). Our results also revealed that n3LC-reduced males had 

significantly reduced number of viable sperm than the n3LC-enriched group (Figure 

3.5B). This latter result is also consistent with findings reported in other taxa. For 

example, Al-Daraji et al. (2010) reported that in Japanese quail, males fed diets 

supplemented with fish oil (high in omega-3) produced significantly more live sperm 

than those fed diets supplemented with sunflower oil (low in omega-3). Similarly, in an 

experimental study on humans, Robbins et al. (2012) showed that men whose diets were 

supplemented with walnuts (rich in PUFAs) experienced significant improvement in 

sperm motility and sperm viability than those who consumed diets without any walnuts. 

Thus, our findings add to the growing evidence that n3LC levels are critical 

determinants of sperm quality in vertebrates whilst underscoring how the condition-

dependent expression of ejaculate traits can reflect differences in dietary composition 

rather than overall energy levels.   

 

We also found that high quantity males produced significantly higher number of 

sperm than the low quantity group, again supporting prior evidence from guppies (see 

also (Gasparini et al., 2013b and Chapter 2) and other taxa (Gage and Cook, 1994, Perry 

and Rowe, 2010, Rogers-Bennett et al., 2010, Selvaraju et al., 2012a, Simmons and 

Kotiaho, 2002). Dietary energy levels are critically important for the production of 

hormones that promote reproductive activity, including ejaculate production (Dunn and 

Moss, 1992, Martin and Walkden-Brown, 1995, Schillo, 1992). This may, in turn, 

explain why low quantity males in our experiment were both smaller and produced 

fewer sperm than their counterparts in the high quantity group. In an experiment with 

another population of guppies, Gasparini et al. (2013b) found that diet restricted males 

(fed limited Artemia) showed significant reduction in sperm number. Parker and 

Thwaites (1972) similarly reported a reduction in both body size and ejaculate volume 

in rams fed restricted diets (either 75% or 50% of the control maintenance diet), while 

Sexton et al. (1989) found that in chickens, fully fed broiler breeder males produced 

ejaculates comprising higher sperm concentrations than feed-restricted males (see also 

Buckner et al., 1986). However, unlike previous studies on other taxa (Al-Daraji et al., 

2010, Dolatpanah et al., 2008, Estienne et al., 2008, Harlioglu et al., 2013), we found no 

significant effect of n3LC on sperm number. 
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We detected a significant effect of diet quantity on total sperm length; low 

quantity males had comparatively shorter sperm than their counterparts fed ad libitum 

(see also Chapter 2). This finding suggests that sperm length, along with body size and 

sperm numbers, may be compromised by male condition, possibly reflecting a 

difference in energy content between the high and low quantity diets. Previous work on 

guppies has revealed positive phenotypic correlations between sperm length and/or 

sperm numbers and body size (Pilastro and Bisazza, 1999, Pitcher and Evans, 2001, 

Skinner and Watt, 2007). Our finding that males assigned to the high quantity group 

were significantly larger than those in the low quantity group may help explain why 

larger males produce larger ejaculates comprising longer sperm, assuming that all three 

traits are similarly influenced by dietary energy levels. Although relatively few studies 

have explored sperm morphometry in this context, Immler et al. (2010) found that in 

Gouldian finches, changes in stress and sex steroid hormone levels accompanying 

changes in the social environment influenced sperm length, thus similarly revealing 

plasticity in sperm length in response to different environmental conditions. However, 

unlike some studies on other taxa (Al-Daraji et al., 2010, Robbins et al., 2012, Rooke et 

al., 2001), we found no significant effect of n3LC on sperm length. One possible 

explanation for the lack of significant effects of n3LC on sperm number and length in 

our study may be that n3LC males may have relied on previously ingested fatty acids 

obtained prior to reaching sexual maturity (i.e. from Artemia). Another explanation may 

be that n3LC needs to be incorporated with a minimum level of carotenoids, essential 

amino acids or vitamins (A or E) to influence those traits (Castenmiller and West, 1998, 

Dolatpanah et al., 2008). These are clearly fruitful areas for further investigation. 

 

3.5.3 Fatty acids analyses 

Many studies have revealed that fatty acid profiles in tissues, blood cells and semen 

samples reflect an individual’s dietary quantity (Castellano et al., 2010, Cerolini et al., 

2003, Maldjian et al., 2005, Samadian et al., 2010, Surai et al., 2000, Vassallo-Agius et 

al., 2001). Our results similarly show that males fed n3LC-enriched diets accumulated a 

higher percentage of PUFAs in the body and testes tissues, while the n3LC-reduced 

group contained significantly more MUFAs in these tissues. Thus our results reveal that 

dietary supplementation of PUFAs can increase their uptake in tissue levels, most likely 

in the testes, which might have an impact on ejaculate quality (see above).   
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3.6 Conclusions 

In conclusion, our results reveal that diet quantity has a number of significant effects on 

both pre- and postcopulatory traits in male guppies, while n3LC had a significant effect 

only on sperm viability and interacted with diet quantity to influence sigmoid displays 

and colour area. Our results also confirm that the uptake of n3LC in body and testes 

tissues was directly influenced by the manipulation of PUFAs in the experimental diets. 

We strongly advocate further experiments that manipulate omega-3/omega-6 ratios (e.g. 

Henrotte et al., 2010, Yan et al., 2013) and explore the interactive effects of PUFAs 

with other dietary resources such as carotenoids (Castenmiller and West, 1998, Scabini 

et al., 2011), essential amino acids (Azeddine et al., 2010, Lahnsteiner et al., 2010), and 

vitamin A or E (Dolatpanah et al., 2008, Yue et al., 2010). We anticipate that such 

experiments will further emphasise the key role that nutritional stress plays in shaping 

male reproductive traits and the complex interactions among dietary resources that 

underlie such effects. 
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Tables and figures 

 

Table 3.1. Ingredients used to formulate the experimental diet 

Ingredients (g/kg) Enriched Reduced 

Pregel starch 218.72 218.72 

Blood meal 78.58 78.58 

Fish meal 65.48 65.48 

Poultry by product meal 183.36 183.36 

Soy protein concentrate 196.45 196.45 

Whey protein concentrate 65.48 65.48 

Lupin 130.97 130.97 

Minerals & vitamins  5.00 5.00 

Choline 3.00 3.00 

Methionine 3.00 3.00 

Lysine 1.50 1.50 

Oil blend "High" 48.46 - 

Oil blend "No" - 48.46 

 

 

 

Table 3.2. Formulation of oil blends in the diets 

Oil blends (%) n3LC-enriched n3LC-reduced 

Cod Liver Oil 45.0 - 

Fish Oil (Anchovy) 45.0 - 

Soybean oil 10.0 1.8 

High oleic sunflower oil - 55.0 

Palm oil - 36.7 

Linseed oil - 6.5 
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Table 3.3. Fatty acids composition of the experimental diets 

Fatty acids 
n3LC-enriched n3LC-reduced 

(% total fatty acids) 

12:0 0.1 0.1 

14:0 3.8 1.0 

14:1n-5 0.1 0.1 

15:0 0.3 0.1 

16:0 18.9 19.5 

16:1n-7 5.7 2.2 

18:0 4.4 4.4 

18:1n-9 27.8 49.0 

18:1n-7 2.7 1.5 

18:2n-6 16.0 15.8 

18:3n-6 0.2 0.1 

18:3n-3 2.1 3.0 

18:4n-3 1.0 0.2 

20:0 0.2 0.3 

20:1n-11 0.2 0.1 

20:1n-9 1.3 0.3 

20:2n-6 0.2 0.0 

20:3n-6 0.1 0.0 

20:4n-6 0.5 0.1 

20:3n-3 0.1 0.0 

20:4n-3 0.5 0.1 

20:5n-3 6.7 1.0 

22:0 0.2 0.3 

22:1n-11 0.9 0.0 

22:1n-9 0.3 0.1 

22:2n-6 0.0 0.0 

22:4n-6 0.2 0.0 

22:3n-3 0.0 0.0 

22:5n-3 1.2 0.2 

24:0 0.1 0.2 
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22:6n-3 4.3 0.5 

TOT 100.0 100.0 

SFA 28.0 25.7 

MUFA 38.9 53.2 

PUFA 33.1 21.1 

LC-PUFA 13.9 2.1 

n-6 C18 PUFA 16.1 15.9 

n-6 LC-PUFA 1.0 0.3 

n-3 C18 PUFA 3.1 3.1 

n-3 LC-PUFA 12.9 1.8 

 

 

 

 

Table 3.4. MANOVA results of diet quantity, n3LC and their interaction on male 

colour patterns and sperm traits 

Response test stat F-ratio df den df P(>F) 

Colour patterns      

Quantity  0.295 7.124 6 102 <0.001 

n3LC  0.019 0.333 6 102 0.918 

SL 0.394 11.04 6 102 <0.001 

Quantity* n3LC 0.076 1.393 6 102 0.225 

Sperm traits      

Quantity  0.522 27.02 4 99 <0.001 

n3LC 0.163 4.808 4 99 0.001 

Quantity* n3LC 0.055 1.439 4 99 0.227 

Significant P-values are marked in bold and italic fonts.  



 

69 

 

Table 3.5. Univariate models for pre- and postcopulatory sexually selected traits in guppies. Results include the effect of the quantity and 

n3LC (and their interactions) diet treatments on the measured traits. Since the data for sigmoid displays and gonopodial thrusts had many 

zeros, and sexual interest was not normalised by any transformation, we used the ‘glmmADMB’ package, which provides a generalized 

linear mixed models (GLMM) framework with negative binomial responses and zero-inflation (e.g. a mixture of negative binomial 

distribution and a point mass at zero). We entered treatment groups (diet quantity and n3LC) and their interaction as fixed effects, and 

allowed zero-inflation in the models for sigmoids and gonopodial thrusts (but not for sexual interest) with negative binomial distribution. 

The negative binomial distribution was used to approximate overdispersion (Lindén and Mäntyniemi, 2011) 

 

Response traits 

Quantity group 

 (Mean±SE) 
  

n3LC group  

(Mean±SE) 
  Quantity*n3LC 

      High     Low Test 

statistic 

P Enriched Reduced Test 

statistic 

P  Test 

statistic 

P 

Precopulatory traits  

   z    z  z  

Sexual interest 479.1±10.2 134±19.9 -5.08 <0.001 303.9±28.8 309.2±26.1 0.25 0.80 -1.07 0.28 

Sigmoid displays 8.4±0.72 0.88±0.32 -6.83 <0.001 4.75±0.73 4.53±0.75 -0.01 0.99 2.01 0.044 

Gonopodial thrusts 3.23±0.39 1.15±0.29 -3.03 0.002 2.07±0.35 2.32±0.38 -0.33 0.74 -0.09 0.93 

   F    F  F  

Orange area^ (mm
2
) 11.05±0.4 7.09±0.3 15.12 <0.001 9.15±0.5 8.96±0.4 0.34 0.559 5.21 0.024 

Orange spots 5.55±0.2 4.6±0.21 8.99 0.003 4.98±0.2 5.16±0.24 0.25 0.62 0.003 0.959 

Orange PC1 1.46±1.03 -1.39±0.89 2.09 0.15 -0.75±0.9 0.76±1.02 1.10 0.296 0.13 0.72 

Iridescent area^ (mm
2
) 9.26±0.42 5.82±0.21 4.37 0.039 7.31±0.4 7.75±0.45 0.701 0.40 5.84 0.017 

Iridescent spots^ 7.81±0.27 6.22±0.22 2.55 0.113 6.91±0.2 7.11±0.29 0.19 0.66 3.53 0.063 

Iridescent PC1 2.43±0.94 -2.31±0.8 5.05 0.027 -0.64±0.9 0.65±0.97 0.88 0.351 0.53 0.470 
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Postcopulatory traits  

Sperm velocity (µm/s) 86.27±1.8 74.47±2.1 18.69 <0.001 83.23±2.32 78.23±1.85 3.35 0.069 2.39 0.125 

Sperm viability 0.77±0.02 0.68±0.03 7.42 0.008 0.79±0.03 0.67±0.02 12.57 <0.001 1.68 0.197 

Sperm number (x10
6
) 2.77±0.21 1.16±0.12 61.99 <0.001 2.17±0.23 1.77±0.17 2.92 0.091 0.06 0.81 

Sperm length (µm) 54.59±0.1 53.7±0.12 30.66 <0.001 54.02±0.14 54.29±0.12 3.001 0.086 1.12 0.292 

Significant P-values are marked in bold and italic fonts.  

Body length had a significant effect only for those traits marked with ^ (covariate effects: Orange area: F1,110= 4.79, P= 0.031; Iridescent area: F1, 110 = 

30.14, P < 0.001; Iridescent spots: F1, 110 = 6.52, P = 0.012).  

 

 

 

 

Table 3.6. MANOVA results for fatty acids content (%) in body samples and testes tissues after the treatment 

Samples Response test stat F-ratio df den df P(>F) 

Body Fatty acids 0.88 10.8 24 35 <0.001 

Testes Fatty acids 0.76 4.05 24 31 <0.001 

Significant P-values are marked in bold and italic fonts.  
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Table 3.7. ANOVA results for fatty acids content (%) in body samples and testes tissues after the treatment. Significant P values are 

highlighted in bold and italic fonts 

Classes of FA Body 

(Mean±SE) 

 Testes 

(Mean±SE) 

 

n3LC-enriched n3LC-reduced F P n3LC-enriched n3LC-reduced F P 

Saturated fatty acids (SFA) 

14:0 2.27±0.05 1.7±0.08 35.39 <0.001 1.01±0.17 0.78±0.13 1.07 0.31 

16:0 22.14±0.2 21.79±0.3 0.87 0.354 19.88±0.54 19.48±0.54 0.27 0.603 

18:0 9.68±0.15 9.4±0.13 1.920 0.17 13.02±0.45 12.9±0.51 0.03 0.86 

Monounsaturated fatty acids (MUFA) 

16:1n-7 4.59±0.1 3.75±0.17 18.15 <0.001 2.74±0.33 2.39±0.21 0.80 0.38 

18:1n-9 28.16±0.4 32.3±0.56 35.22 <0.001 19.36±1.19 23.11±1.25 4.75 0.034 

Polyunsaturated fatty acids (PUFA) 

n-6 Polyunsaturated fatty acids (n-6 PUFA) 

18:2n-6 5.97±0.08 5.44±0.2 6.16 0.016 5.72±1.18 4.44±0.17 1.06 0.307  

18:3n-6 0.75±0.03 0.83±0.04 3.16 0.081 0.23±0.07 0.29±0.07 0.34 0.562 

n-6 Long chian polyunsaturated fatty acids (n-6 LC-PUFA) 

20:3n-6 0.45±0.07 1.52±1.07 0.99 0.323 0.54±0.13 1±0.23 3.18 0.08 

20:4n-6 1.41±0.08 1.51±0.07 0.77 0.384 3.3±0.29 3.95±0.44 1.59 0.212 

22:4n-6 0.67±0.04 0.67±0.04 0.00 0.989 0.94±0.13 1.09±0.13 0.66 0.416 
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22:5n-6 0.42±0.03 0.45±0.03 0.88 0.353 0.89±0.1 1.21±0.12 3.93 0.053 

n-3 Polyunsaturated fatty acids (n-3 PUFA) 

18:3n-3 3.17±0.22 3.29±0.24 0.15 0.704 1.15±0.22 1.25±0.17 0.15 0.695 

18:4n-3 0.6±0.06 0.49±0.06 1.56 0.216 0.22±0.06 0.2±0.05 0.05 0.818 

n-3 Long chain polyunsaturated fatty acids (n-3 LC-PUFA) 

20:4n-3 0.49±0.06 0.51±0.06 0.11 0.745 0.15±0.05 0.11±0.03 0.42 0.522 

20:5n-3 1±0.06 0.61±0.05 25.07 <0.001 0.69±0.08 0.29±0.07 15.10 <0.001 

22:5n-3 1.8±0.05 1.09±0.06 87.89 <0.001 1.82±0.09 1.09±0.11 27.08 <0.001 

22:6n-3 6.33±0.19 4.9±0.22 23.27 <0.001 18.35±1.41 16.89±1.22 0.60 0.441 

Fatty acid classes 

SFA 34.83±0.3 33.65±0.5 4.28 0.043 35.09±0.68 34.28±0.42 0.97 0.33 

MUFA 40.22±0.4 42.38±0.8 5.68 0.020 29.21±1.55 32.36±1.38 2.27 0.14 

PUFA 24.95±0.4 23.97±1.2 0.58 0.448 35.7±1.73 33.36±1.43 1.07 0.30 

n-6 PUFA 11.32±0.2 12.01±0.7 0.83 0.365 13.21±0.97 13.39±0.48 0.025 0.87 

n-6-LC PUFA 4.61±0.26 5.74±0.9 1.37 0.247 7.27±0.61 8.66±0.64 2.48 0.12 

n-3 PUFA 13.63±0.3 11.96±0.6 6.08 0.017 22.49±1.27 19.97±1.1 2.20 0.14 

n3 LC-PUFA 9.86±0.22 8.17±0.6 6.94 0.011 21.12±1.36 18.51±1.16 2.09 0.154 
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Figure 3.1. The mean (±SE) effect of diet quantity on (A) sigmoid displays, (B) 

gonopodial thrusts and (C) sexual interest 
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Figure 3.2. The mean (±SE) effect of diet quantity on (A) number of orange spots, (B) 

orange area and (C) iridescent area  
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Figure 3.3. The quantity-by-n3LC interaction effect (mean ± SE) on (A) orange area and 

(C) iridescent area 
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Figure 3.4. The mean (±SE) effect of diet quantity on (A) sperm swimming velocity, (B) 

sperm number and (C) total sperm length  
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Figure 3.5. The mean (±SE) effect of (A) diet quantity and (B) n3LC on sperm viability 
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CHAPTER FOUR 

 

 

Testing the interactive effects of carotenoids and 

polyunsaturated fatty acids on ejaculate traits in guppies 
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4.1 Abstract 

This study was conducted to test for interactive effects of dietary carotenoids and 

polyunsaturated fatty acids on the expression of ejaculate traits in the polyandrous livebearing 

guppy, Poecilia reticulata Peters. The study revealed no main effects of carotenoids on 

ejaculate traits, but significant main effects of polyunsaturated fatty acids on sperm viability 

and weak but significant interacting effects of both nutrients on sperm length. Collectively, 

these findings add to the growing evidence that polyunsaturated fatty acids are critical 

determinants of sperm quality, but also provide tentative evidence that for some traits these 

effects may be moderated by carotenoid intake. 

 

Key words: nutrients, condition dependence, oxidative stress, life history, sperm competition
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4.2 Introduction 

Carotenoids continue to attract the attention of evolutionary biologists, primarily because of 

their antioxidant properties and consequent effects on life history traits (Blount et al., 2001, 

Svensson and Wong, 2011). However, carotenoids are fat-soluble antioxidants and their 

absorption and bioconversion can be moderated by the intake of other nutrients, including 

polyunsaturated fatty acids (PUFA) (Castenmiller and West, 1998, Failla et al., 2014). 

Carotenoids can themselves protect fatty acids from oxidation, particularly omega-3 long-

chain PUFA (here termed ‘n3 LC-PUFA’) (Wang et al., 2008). Like carotenoids, n3 LC-

PUFA are important modulators of numerous physiological processes, including reproduction 

and ejaculate fitness (Robbins et al., 2012, Wathes et al., 2007).  

 

Given the expected interacting effects of dietary carotenoids and n3 LC-PUFA, it is 

surprising that until now the effects of both nutrients on ejaculate traits have been studied 

independently. For example, experimentally induced changes in oxidative stress and dietary 

carotenoid manipulation have been linked to the expression of ejaculate traits and fertilisation 

rates in birds and fishes (e.g. Helfenstein et al., 2010, Pike et al., 2010), while n3 LC-PUFA 

regulates sperm quality across several species (Robbins et al., 2012, Rooke et al., 2001, 

Wathes et al., 2007). However, the extent to which n3 LC-PUFA and carotenoids interact to 

determine ejaculate quality has yet to be determined in any species. 

 

This study tests for interactive effects of dietary carotenoids and n3 LC-PUFA on 

ejaculate traits in the guppy (Poecilia reticulata Peters), a highly polyandrous livebearing 

freshwater fish. The experiment focuses on traits known to predict reproductive fitness in 

poeciliid fishes (Boschetto et al., 2011, Smith, 2012) and follows two recent papers on the 

same population revealing (1) no singular effect of dietary carotenoid manipulation on 

ejaculate traits (Chapter 2) and (2) significant effects of n3 LC-PUFA manipulation on sperm 

viability – the proportion of live sperm in the ejaculate (Chapter 3) . The present experiment 

extends Chapter 2’s study by determining whether any effect of carotenoids on ejaculate traits 

is either moderated or promoted by n3 LC-PUFA.  

 

4.3 Materials and Methods 

4.3.1 Animals and dietary treatments 
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One hundred and twenty males (aged 3 months) were divided haphazardly into four 

experimental dietary groups (n=30 for each group and also see Table 4.1; for diet composition 

see Chapter 2 and 3). The experimental diets differed in the level of carotenoids (hereafter 

termed ‘carotenoid-enriched’ and ‘carotenoid-reduced’) and n3 LC-PUFA (hereafter termed 

‘n3LC-enriched’ and ‘n3LC-reduced’). Carotenoid-enriched diets were compositionally 

similar to the carotenoid-reduced diets except for the presence of four carotenoid pigments: 

leutin, zeaxanthin, astaxanthin and β-carotene (Grether, 2000, Kolluru et al., 2006). Within 

each of the two carotenoid treatments, two n3 LC-PUFA diets were formulated – each 

containing equal levels of total fatty acids but differing in n3 LC-PUFA content, which was 

counterbalanced by differences in oleic acid (a monounsaturated fatty acid) but identical in 

omega-6 PUFA (see Table 4.1). Once assigned to their allotted treatments, males were reared 

individually in separate 2L aquaria for three months and fed ad libitum the crumbled diet 

twice daily (six days per week) until they were tested at six months old.  

 

4.3.2 Measurements of ejaculate traits 

Sperm samples were collected from the anesthetised males by applying light pressure to the 

abdomen. From this total sperm pool, two spermatozeugmata (unencapsulated sperm bundles) 

were collected for sperm velocity estimates and ten spermatozeugmata for sperm viability 

assays. The remaining sperm bundles were collected for sperm counts and sperm length 

measures (see below).  

 

Computer-assisted sperm analyses (CASA) were used to estimate sperm velocity 

using the CEROS sperm tracker (Hamilton-Thorne Research, Beverly, MA, USA). The two 

spermatozeugmata were placed into a single well of a 12-well multitest slide (MP 

Biomedicals, Aurora, OH, USA) pre-treated with 1% polyvinyl alcohol (Sigma-Aldrich, 

Australia) to avoid sperm sticking to the glass slide (Wilson-Leedy and Ingermann, 2007). 

Sperm velocity was estimated immediately following activation by 150 mM KCl with 2 

mg/mL bovine serum albumin (BSA) (Billard and Cosson, 1990). The ensuing measures of 

average path velocity (VAP; µm/s) were based on an average of 59.05 ± 4.21 SE sperm tracks 

per sample. A live/dead sperm viability assay (Invitrogen, Molecular Probes) was used to 

estimate the proportion of live sperm from 200 sperm cells per sample. Sperm counts were 



 

82 

 

estimated using an improved Neubauer haemocytometer and corrected for sperm removed for 

other assays (Evans, 2009). ImageJ was used to measure the total length of sperm from digital 

photographs of 10 (where possible) undamaged spermatozoa (mean number of sperm cells 

analysed per male = 9.91 ± 0.06 SE; range = 5 – 10).   

 

4.3.3 Statistical analysis 

One of the n=120 fish died during the experiment and four males did not produce sperm (final 

sample size n=115). Data were checked for normality and transformed as appropriate. A 

multivariate analysis of variance (MANOVA) was performed to test for an overall effect of 

the two diet treatments (carotenoid and n3 LC-PUFA) and their interaction (carotenoid-by-n3 

LC-PUFA) on the sperm variables. Separate univariate analyses of variance (ANOVA) 

models were performed subsequently to detect specific treatment effects on each trait. 

Treatment groups and their interaction were fitted as fixed effects in all models. All models 

were run using the ‘car’ package of ‘R’ version 3.1.0 (R Development Core Team, 2014).  

 

4.4 Results 

The MANOVA revealed an overall significant effect of n3 LC-PUFA on the sperm traits 

(F4,105= 4.039, P < 0.004), while carotenoid intake and the interaction between carotenoids 

and n3LC-PUFA had no significant effects (F4,105= 0.153, P =0.961; F4,105= 1.623, P = 0.174, 

respectively). The univariate tests confirmed that n3 LC-PUFA intake had a significant effect 

on sperm viability (F1,110= 12.96, P = 0.0005; see Figure 4.1). Interestingly, the univariate 

tests revealed a weak, but significant, interacting effect of carotenoids and n3 LC-PUFA on 

sperm length (F1,109= 4.28, P < 0.041). According to this latter model, sperm were 

significantly longer in the carotenoid-enriched group when n3 LC-PUFA levels were reduced.  

----- 

4.5 Discussion 

The findings for n3 LC-PUFA confirm recent evidence that polyunsaturated fatty acids play 

an important role in regulating sperm viability in guppies (Chapter 3), a finding that has also 

been reported for other taxa (Al-Daraji et al., 2010, Robbins et al., 2012). The results from the 

present study also corroborate recent evidence that carotenoid intake has no overall main 
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effect on ejaculate traits in guppies or cichlids (Sullivan et al., 2014 and Chapter 2), although 

the evidence for weak interacting effects of carotenoids and n3 LC-PUFA on sperm length 

provide tentative evidence that any effect of carotenoids on sperm traits may be contingent on 

other nutrients (Almbro et al., 2011). Contrary to expectation, however, this study revealed no 

further evidence that n3 LC-PUFA moderate the action of carotenoids on ejaculate traits (see 

also Marri and Richner, 2014). 

 

The lack of any main effect of carotenoids on ejaculate traits in guppies contrasts with 

prior empirical evidence from other taxa that carotenoids influence sperm motility (e.g. 

Helfenstein et al., 2010, Tas et al., 2010), sperm morphology (e.g. Atessahin et al., 2006), and 

both sperm viability and sperm counts (e.g. Durairajanayagam et al., 2014, Mangiagalli et al., 

2012). One possible explanation for the present results is that carotenoids are only minor 

antioxidants in the focal population (see: Costantini and Moller, 2008, Marri and Richner, 

2014). We advocate further studies to determine whether other nutrients, including vitamins 

(e.g. vitamin E: Almbro et al., 2011, vitamin E & C: Marri and Richner, 2014) and/or 

hormones (e.g. Testosterone: Blas et al., 2006), modulate the action of carotenoids on 

ejaculate traits.  
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Tables and figures 

 

Table 4.1. Experimental dietary groups  

Group Sample 

size 

Provided diet Carotenoids (μg/g) Fatty acids 

 (% total fatty acids) 

Carotenoid n3 LC-

PUFA
a
 

 Lutein Zeaxanthin Astaxanthin ß-carotene  n3 LC- 

PUFA
a
 

MUFA
b
 

Carot+ n3+ 30 enriched enriched  1000 100 100 1500  12.9 40.2 

Carot+ n3- 30 enriched reduced  1000 100 100 1500  1.0 57.6 

Carot- n3+ 30 reduced enriched  n.d. n.d. n.d. n.d.  12.9 40.2 

Carot- n3- 30 reduced reduced  n.d. n.d. n.d. n.d.  1.0 57.6 

 

Carot: carotenoid and n3: n3 LC-PUFA, and ‘+’ denotes enriched and ‘-’ denotes reduced  

n.d.- not detected 
a Omega-3 long-chain polyunsaturated fatty acids 
b Monounsaturated fatty acids 
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Figure 4.1. The mean (±SE) effect of n3LC and carotenoid levels on sperm viability in 

guppies 
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CHAPTER FIVE 

 

 

Experimental reduction in dietary omega-3 polyunsaturated 

fatty acids depresses sperm competitiveness 
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5.1 Abstract 

The health benefits of diets containing rich sources of omega-3 long chain 

polyunsaturated fatty acids (n3 LC-PUFA) are well documented and include reductions 

in the risk of several diseases typical of western societies. The dietary intake of n3 LC-

PUFA has also been linked to fertility, and there is abundant evidence that a range of 

ejaculate traits linked to fertility in humans, livestock and other animals depends on an 

adequate intake of n3 LC-PUFA from dietary sources. However, relatively few studies 

have explored how n3 LC-PUFA influence reproductive fitness, particularly in the 

context of sexual selection. Here we show that experimental reduction in the level of n3 

LC-PUFA in the diet of guppies (Poecilia reticulata) depresses a male’s share of 

paternity when sperm compete for fertilisation, confirming that the currently observed 

trend for reduced n3 LC-PUFA in western diets has important implications for 

individual reproductive fitness.   

Keywords: condition dependent, sexual selection, ejaculate quality, fertilization. 
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5.2 Introduction  

As with many traits subject to sexual selection, ejaculates can be conspicuously variable 

within individual species (e.g. Hettyey and Roberts, 2006, Kleven et al., 2008, Malo et 

al., 2006). While the basis for such variation remains contentious (e.g. Snook, 2005), 

recent work exploring the role of condition dependence in sperm traits suggests that 

variation among individual males in the acquisition and/or allocation of resources may 

generate a considerable source of variance in ejaculate quality in polyandrous species 

(Almbro et al., 2011, Attaman et al., 2012, Ciereszko and Dabrowski, 2000, Fricke et 

al., 2008). 

 

The manipulation of resource availability, particularly through nutrient 

supplementation, offers a useful way to test for condition dependence in ejaculate traits. 

Accordingly, several studies have shown that males fed nutritionally enriched diets 

produce higher quality ejaculates compared to those fed low quality diets (Almbro et al., 

2011, Attaman et al., 2012, Ciereszko and Dabrowski, 2000, Fricke et al., 2008, Gage 

and Cook, 1994), and one study has reported significant effects of diet quality in 

regulating the outcome of sperm competition (Almbro et al., 2011). Among the key 

nutrients known to influence ejaculate quality, n3 LC-PUFA (namely eicosapentaenoic 

acid - EPA, and docosahexaenoic acid - DHA) play a critical role in determining the 

structural properties of spermatozoa, with concomitant effects on male fertility 

(Abayasekara and Wathes, 1999, Santos et al., 2008, Wathes et al., 2007). Animals 

cannot synthesise PUFAs de novo, and their capability of bioconverting dietary C18 

PUFA to LC-PUFA is limited. Animals must therefore obtain n3 LC-PUFA from 

dietary sources. The experimental manipulation of dietary n3 LC-PUFA levels therefore 

offers a useful way to test their effects on ejaculate ‘fitness’, and ultimately in sperm 

competitiveness. Despite their importance in regulating ejaculate traits (Connor et al., 

1998, Stubbs and Smith, 1984), only a single study has considered fatty acids explicitly 

in the context of postcopulatory sexual selection (delBarco-Trillo and Roldan, 2014), 

and no study has investigated the link between n3 LC-PUFA intake and sperm 

competitiveness.  

 

In the present study we use the guppy Poecilia reticulata, a highly polyandrous 

livebearing fish known to exhibit condition dependence in several ejaculate traits 
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(Devigili et al., 2013, Gasparini et al., 2013b and Chapter 2), to explore the effects of n3 

LC-PUFA intake on competitive fertilisation success. Using a series of controlled 

heterospermic artificial inseminations, we show that males fed diets enriched with n3 

LC-PUFA achieved significantly higher paternity success than their counterparts fed 

nutritionally impaired diets, thus confirming that ejaculate ‘fitness’ in this species is 

highly condition dependent and functionally dependent on resource acquisition.  

 

5.3 Material and Methods 

5.3.1 Study population and dietary treatments 

The experimental male guppies (n=60), aged three months at the start of the trials, were 

assigned haphazardly to one of two experimental diet treatments (n=30 per treatment) 

that differed in n3 LC-PUFA levels (hereafter ‘n3LC-enriched’ and ‘n3LC-reduced’). 

Both diets were compositionally similar, comprising identical quantities of basal 

ingredients, with the only exception being the type of added lipid sources. Both diets 

contained similar levels of saturated fatty acids and n6 PUFA, but differed in their n3 

LC-PUFA content (measured as 12.9% in the n3LC-enriched diet and 1.8% in the 

n3LC-reduced diet; see Table 5.1). The variation in n3 LC-PUFA content was offset by 

the proportional variation of monounsaturated fatty acids (primarily oleic acid). Once 

assigned to their treatments, males were reared individually in separate 2L aquaria for 

three months and fed ad libitum the crumbled diet once daily (six days per week) until 

they were tested at six months old. Male standard length (SL: distance in mm from the 

snout to tip of caudal peduncle) was measured after the three month feeding trials and 

did not differ significantly between treatments (mean ± SE: n3LC-enriched = 

16.87±0.2; n3LC-reduced = 16.69±0.18; T test, t=0.70; p=0.49). 

5.3.2 Artificial insemination 

Each replicate comprised a pair of rival males (one from each diet treatment; n=30 

pairs) and three virgin females (n=90). We used artificial insemination (Evans et al., 

2003) to inseminate equal numbers of sperm from the two males into three (unrelated) 

females. Immediately after insemination, each female was placed in a 2L plastic 

aquarium and fed live Artemia nauplii until parturition. Tissue samples from the caudal 

fin of males and females, and the whole newborns’ bodies, were collected and stored in 
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pure ethanol for paternity analyses. Only offspring arising from the female producing 

the largest brood in each replicate were used for subsequent paternity analyses (i.e. if 

more than one of the three females from a given replicate produced offspring, we only 

considered the largest brood for our analysis).  

  

5.3.3 Paternity analyses 

We used up to four microsatellite markers to assign paternity to each brood, including 

TTA, Pr46, KonD15, KonD21 (Genbank accession numbers: AF164205, AF127242, 

AF368429, AF368430, respectively). Genomic DNA was extracted from offspring 

using the EDNA HISPEX extraction kit (Fisher Biotec, Subiaco, Western Australia). 

PCR products were analysed on an ABI3730 Sequencer and visualized using 

GeneMarker V. 1.91 (http://www.softgenetics.com); paternity was assigned using 

CERVUS v. 3.0 (http://www.fieldgenetics.com). Only broods comprising three or more 

offspring were included in our subsequent analysis (final sample size n=26 independent 

broods). 

 

5.3.4 Statistical analysis 

We used a generalized linear model (GLM) to analyse the effect of diet treatment on the 

relative paternity share of competing males. For each family, we selected at random one 

focal male, such that in 50% of cases the focal male was assigned to the n3LC-enriched 

treatment and 50% to the n3LC-reduced treatment. Our model included the proportion 

of offspring sired by the focal male as the response variable and treatment (diet) as a 

fixed effect. The model was weighted by family size (total number of offspring) and 

specified a quasibinomial error distribution to account for overdispersion. All analyses 

were conducted using the ‘glm’ function in R v. 3.1.0 (R Development Core Team, 

2014).  

 

5.4 Results 

The mean number of offspring per family was 7.92 ± 0.4 SE (range = 3 to 14; total 

number of offspring= 206; see Figure 5.1 for relative paternity share in each brood). 

The GLM revealed that dietary n3 LC-PUFA levels had a significant effect on paternity 

http://www.softgenetics.com/
http://www.fieldgenetics.com/
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success, confirming that on average n3LC-reduced males sired a significantly lower 

proportion of offspring (mean ± SE: 0.39 ± 4.5) than their n-3LC-enriched rivals (0.61 ± 

4.5; t = -2.42; p=0.02; Cohen’s d =0.96; Figure 5.1).   

 

5.5 Discussion 

Our study reveals a clear link between diet quality and reproductive performance in 

male guppies, thus corroborating previous evidence that PUFAs play a critical role in 

regulating sperm and semen quality in several species (Abayasekara and Wathes, 1999, 

Al-Daraji et al., 2010, Robbins et al., 2012, Rooke et al., 2001, Wathes et al., 2007), 

including guppies (Chapter 3). Our finding that males fed diets enriched with n3 LC-

PUFA sired significantly more offspring than their counterparts fed reduced n3 LC-

PUFA levels complements recent evidence from crickets that males fed diets enriched 

with vitamin E and beta-carotene produce competitive superior ejaculates (Almbro et 

al., 2011). In both cases, nutritional stress played a role in modulating the competitive 

performance of ejaculates, a finding that is likely to have important implications for 

postcopulatory sexual selection and the evolution of female multiple mating 

(polyandry). 

 

One important implication of our findings is that variation in the availability of 

n3 LC-PUFA, and/or differences among individual males in patterns of resource 

acquisition and allocation, will generate considerable phenotypic variance in ejaculates 

(e.g. Robinson and Beckerman, 2013). Such environmental effects may explain, at least 

in part, the emerging evidence that ejaculates are inherently variable (see introduction), 

despite evidence for directional and/or stabilizing selection on these traits (e.g. 

Fitzpatrick et al., 2012, Johnson et al., 2013). To the extent that condition itself has a 

genetic basis, polyandry may enhance female fitness by biasing paternity in favour of 

genetically superior males (reviewed in Evans and Simmons, 2008). Thus, as with traits 

subject to precopulatory sexual selection, ejaculates may serve as ‘honest’ signals of 

male condition and genetic quality, and therefore serve as targets for viability selection. 

 

Finally, our results have broader implications in the context of linking n3 LC-

PUFA availability to fertility and reproductive fitness in a broad range of species. There 

is already some speculation that global declines in the production of n3 LC-PUFA by 
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marine phytoplankton (the primary source of all dietary n3 LC-PUFA available for both 

the marine and the terrestrial environments) may be linked to climate change (Kang, 

2011). Any such decline in the n3 LC-PUFA content of marine products may further 

compound the trend towards reduced n3 LC-PUFA levels in modern animal (including 

human) diets (Wathes et al., 2007), with concomitant impacts on health and fertility. 

Our results suggest that patterns of sexual selection may similarly be impacted by these 

changes, which in turn has the potential to influence population and community 

dynamics in affected groups (e.g. Saino et al., 2004). We therefore require further 

investigation to determine the generality of these effects in other species, and the 

possible implications for patterns of sexual selection in affected populations. 
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Tables and figures 

 

Table 5.1. Composition of fatty acids in the experimental diets 

Fatty acids 
n3LC-enriched n3LC-reduced 

(% total fatty acids) 

14:1n-5 0.1 0.1 

16:1n-7 5.7 2.2 

18:1n-9 27.8 49.0 

18:2n-6 16.0 15.8 

18:3n-6 0.2 0.1 

18:3n-3 2.1 3.0 

18:4n-3 1.0 0.2 

20:1n-9 1.3 0.3 

20:2n-6 0.2 0.0 

20:3n-6 0.1 0.0 

20:4n-6 0.5 0.1 

20:3n-3 0.1 0.0 

20:4n-3 0.5 0.1 

20:5n-3 6.7 1.0 

22:1n-9 0.3 0.1 

22:2n-6 0.0 0.0 

22:4n-6 0.2 0.0 

22:3n-3 0.0 0.0 

22:5n-3 1.2 0.2 

22:6n-3 4.3 0.5 

TOT 100.0 100.0 

SFA 28.0 25.7 

MUFA 38.9 53.2 

PUFA 33.1 21.1 

LC-PUFA 13.9 2.1 

n-6 C18 PUFA 16.1 15.9 

n-6 LC-PUFA 1.0 0.3 

n-3 C18 PUFA 3.1 3.1 

n-3 LC-PUFA 12.9 1.8 
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Figure 5.1. Proportion of offspring sired by n3LC-enriched and n3LC-reduced males in 

each of the (n=26) families 
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CHAPTER SIX 

 

 

Genotype-by-environment interactions underlie the 

expression of pre- and postcopulatory sexually selected 

traits in guppies 
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6.1 Abstract 

The role that genotype-by-environment interactions (GEIs) play in sexual selection has 

only recently attracted the attention of evolutionary biologists. Yet GEIs are likely to 

have profound evolutionary implications by potentially compromising the honesty of 

sexual signals and maintaining high levels of genetic and phenotypic variance 

underlying their expression. In this study, we test for GEIs in a highly sexually 

dimorphic freshwater fish, the guppy Poecilia reticulata. We conducted an experimental 

quantitative genetic study in which full sibling offspring arising from a paternal half-

sibling breeding design were experimentally assigned to differing nutritional 

‘environments’ (either high or low feed levels). We then determined whether the 

manipulation of diet quantity influenced levels of additive genetic variance underlying 

several highly variable and condition-dependent pre- and postcopulatory sexual traits. In 

accordance with previous work on this system, we found that dietary limitation had 

strong phenotypic effects on numerous pre- and postcopulatory sexual traits. 

Importantly, however, we report evidence for significant GEI underlying the expression 

of several of these sexually selected traits, which in some cases (area of iridescence and 

sperm velocity) reflected a change in the rank order of genotypes across different 

nutritional environments (i.e. ecological crossover). This latter evidence that GEIs can 

be attributable to a change in the rank order of sire genotypes is likely to have important 

evolutionary implications for guppies by influencing sexual signal reliability in unstable 

(nutritional) environments and by contributing towards the extreme levels of 

polymorphism in sexual traits typically reported for this species.  

Keywords: reaction norm, genetic variance, sperm quality, condition dependence 
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6.2 Introduction 

An individual’s condition can be defined as the pool of metabolic resources allocated to 

traits that enhance fitness (Rowe and Houle, 1996). Condition, in turn, potentially 

translates into fitness according to how efficiently it can bio-accumulate and bio-convert 

resources to reproductive success in the light of various environmental (e.g. 

Bonduriansky and Rowe, 2005, Cotton et al., 2004a) and genetic factors (e.g. Rowe and 

Houle, 1996, Tomkins et al., 2004). A number of studies spanning several taxonomic 

groups have revealed that the expression of phenotypic condition (e.g. ornamental 

and/or display traits that are correlated with reproductive fitness) can depend on such 

factors (e.g. Gienapp and Merila, 2010, Holzer et al., 2003, Ingleby et al., 2010), and 

that individuals in higher condition are better able to express elaborate phenotypic traits 

than those in poor condition (i.e. indicating condition dependence) (e.g. Gibson and 

Uetz, 2012, Holzer et al., 2003, Rowe and Houle, 1996). Furthermore, some genotypes 

are better able to maintain optimal phenotypic expression under relatively poor 

conditions than others, thus resulting in genotype-by-environment interactions (GEIs) 

(Hunt et al., 2004a, Rowe and Houle, 1996). 

Genotype-by-environment interactions are likely to be especially relevant in the 

context of sexual selection, where there is increasing recognition that individual 

plasticity in sexual trait expression can have a genetic basis (Higginson and Reader, 

2009, Hunt and Hosken, 2014, Ingleby et al., 2010). In particular, evidence from 

numerous quantitative genetic studies have shown that traits such as courtship 

behaviour (Danielson-Francois et al., 2009, Greenfield et al., 2012, Kotiaho et al., 2001, 

Mills et al., 2007, Taylor et al., 2013), ornamentation (Hughes et al., 2005, Kemp and 

Rutowski, 2007, Lewandowski and Boughman, 2008, Miller and Brooks, 2005) and 

ejaculates (Engqvist, 2008, Lewis et al., 2012) exhibit patterns of genetic variance that 

are modified by environmental effects. Furthermore, there is abundant evidence from 

many species that sexually selected traits can exhibit heightened condition dependence 

compared to other life-history traits (e.g. Buchanan, 2000, Cotton et al., 2006), thus 

making these traits potentially important targets of selection for paternal ‘good genes’ 

(Kokko et al., 2003). It is therefore possible that the reliability of sexual signals can be 

compromised when environmental conditions change (e.g. Barber et al., 2001, Ingleby 

et al., 2013c). Despite this, there are still relatively few studies that document GEIs in 
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the context of sexual selection, particularly those revealing ecological crossovers among 

reaction norms (i.e. changes in the rank performance of genotypes between 

environments; see Carreira et al., 2013, Ingleby et al., 2013b, Lewis et al., 2012). The 

potential for GEIs to disrupt the signaling efficacy of condition-dependent traits is 

therefore unknown in most species (Hunt and Hosken, 2014). 

The guppy (Poecilia reticulata) is a highly polyandrous livebearing freshwater 

fish in which males exhibit high levels of phenotypic and genetic variability for multiple 

sexually selected traits that underlie male reproductive success (Evans, 2010, Evans, 

2011, Gasparini et al., 2013b, Houde, 1992). Male guppies exhibit complex colour 

patterns composed of orange (mainly carotenoid-based), iridescent (structural) and 

black (melanin) spots. These highly conspicuous colour traits exhibit substantial levels 

of variance in size, spot number, spectral properties and position (Endler, 1983, Houde, 

1997), and there is growing evidence that their expression depends on a combination of 

genetic (Brooks and Endler, 2001a, Evans, 2010) and environmental factors (Grether, 

2000, Karino and Haijima, 2004, Kodric-Brown, 1989). In addition, males attract 

females by performing a ritualised courtship behaviour (termed sigmoid display) to 

reveal their highly polymorphic colour patterns to females (Houde, 1997). Males also 

use forced mating attempts (termed gonopodial thrusts) to achieve copulations with 

sexually unreceptive (or unwilling) females (Houde, 1997, Liley, 1966). Because 

females typically mate with multiple males during a single reproductive episode (Evans 

and Pilastro, 2011), sperm from different males (arising from multiple solicited or 

forced copulations) compete for fertilization to generate mixed paternity broods (Hain 

and Neff, 2007, Neff et al., 2008). Postcopulatory sexual selection therefore plays an 

important role in the guppy’s mating system. As with traits under precopulatory sexual 

selection, ejaculate traits also exhibit high levels of phenotypic and genetic variation 

(Evans, 2010, Evans, 2011, Gasparini et al., 2013b).   

In this study we use an experimental quantitative genetic design to test for 

genetic variance and GEIs underlying the expression of condition dependent pre- and 

postcopulatory traits in guppies. Recent evidence from guppies reveals that traits subject 

to both precopulatory (colour ornamentation and behaviour) and postcopulatory sexual 

selection (ejaculate traits) are highly sensitive to the nutritional environment (Devigili et 

al., 2013, Chapter 2 and 3). In the present study we extend these analyses to focus on 
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the genetic basis of such responses to resources limitation, and specifically the 

possibility GEIs that may underlie these patterns.  

6.3 Materials and methods 

6.3.1 Study population and its maintenance 

The guppies used in this experiment were reared from the descendants of fish captured 

in 2006 from a natural population in Queensland and kept in mixed-sex aquaria until 

required for this experiment. These stock tanks were lit by overhead fluorescent lamps 

(Philips TLD 36W) on a 12:12 light: dark cycle and maintained at 27 ± 1°C. The stock 

population was fed five days per week on a diet of Artemia nauplii supplemented with 

commercial dry food one day per week.  

6.3.2 Breeding design and rearing conditions 

We established a nested half-sibling breeding design by mating 46 adult stock males 

(sires) to three females each (dams, 138 in total). Matings were conducted using 

artificial insemination (Evans et al., 2003) to minimise the likelihood that differential 

maternal effects (attributable to differences in the females’ perception of male 

attractiveness) would have compromised our estimates of additive genetic variance 

(Kotiaho et al., 2003).  

The offspring produced by each dam were isolated from the mother, reared in 

family groups and fed a mixture of Artemia nauplii and dry food until they could be 

sexed by eye (Total number of male offspring tested = 408; mean age in days ± SE = 

70.49 ± 0.90). As male guppies exhibit minimal post-maturational growth after reaching 

sexual maturity, diet levels could be fixed at a standard quantity throughout the 

treatment phase (which commenced when males could be sexed). Upon reaching sexual 

maturity, males from a given full sibling family were placed individually in 2L aquaria 

and assigned haphazardly to one of two experimental diet treatments that were 

compositionally identical (see Table 6.1) but differed in quantity (‘high quantity’ and 

‘low quantity’) (diets prepared by Nutra-Kol Pty Ltd, Mullaloo, Australia). Males 

assigned to the high quantity diet were fed ~4% of their body weight (1.9mg) per day, 

while those assigned to the low quantity diet received a daily allowance of ~1% (0.5mg) 
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of their body weight. All males were fed once per day, six days per week for a total of 

four months. During the treatment phase, each focal male was exposed to visual stimuli 

from two adult females housed in adjacent tanks. These females were included to ensure 

that the focal males were able to perceive potential mating opportunities during the 

experimental feeding period (e.g. Bozynski and Liley, 2003, Gasparini et al., 2009). 

Opaque paper screens were placed between adjacent male tanks to prevent visual 

interactions among the experimental males. In all tanks, water was treated with an anti-

algal treatment (3 g l-1 2-chloro-4, 6-bis-(ethylamino)-s-triazine; Aquamaster) each 

week to prevent algal growth, which may otherwise provide an additional source of 

nutrition to the experimental fish (Grether, 2000). Male traits (see below) were 

measured after four months of dietary treatments (mean age in days ± SE= 190.49 ± 

0.90) 

6.3.3 Measurements of sexually selected traits  

6.3.3.1 Mating behaviour 

Mating behaviour trials took place between 08.00 and 12.00 to correspond with the peak 

of sexual activity in this species (Houde, 1997). For these trials, we used an 8L 

observation tank for each male (28.5x14.5x19 cm, filled to 14 cm) containing aquarium 

gravel and artificial pondweed. In each trial, a non-virgin female arising from a mixed-

sex (stock) aquarium was placed in the tank and allowed to settle overnight. Females 

were approximately matched for size (by eye) across trials and used only once. On the 

following day, a single male from one of the treatment groups was placed in the 

aquarium and allowed to settle for at least five minutes or until he showed sexual 

interest in the female (i.e. following the female or engaging in courtship). For each 10 

minute trial, we recorded male mating behaviour as the number of sigmoid displays 

(males arch their body in a characteristic s-shaped posture and quiver) and gonopodial 

thrusts (males attempt to forcibly inseminate females without prior courtship or female 

solicitation; see Houde, 1997). After the trial, each male was returned to its individual 

tank and maintained on the same diet treatment for a further seven days before being 

assessed for ejaculate traits and ornamentation. This period of isolation after the mating 

behaviour trials ensured that males would have fully replenished their sperm supplies 
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prior to measuring sperm number and carrying out sperm analyses (see below) 

(Kuckuck and Greven, 1997). 

6.3.3.2 Ejaculate traits 

One week after the behavioural trials, each male was anesthetized and placed on a glass 

slide under a dissecting microscope with its gonopodium (intromittent organ) swung 

forward. A micropipette was used to add 500 µl of an extender medium (207 mM NaCl, 

5.4 mM KCl, 1.3 mM CaCl2, 0.49 mM MgCl2, 0.41 mM MgSO4, 10 mM Tris, pH 7.5) 

to the base of the gonopodium. The use of the extender medium ensured that sperm 

bundles remained intact and quiescent until they were used for the sperm velocity and 

viability assays (Gardiner, 1978). Light pressure was then applied to each male’s 

abdomen to expel all strippable sperm into the extender medium (Matthews et al., 

1997). We then extracted sub-samples of stripped ejaculate for the various sperm assays 

(velocity, viability, sperm counts and sperm lengths; see below).  

To measure sperm velocity, we extracted two spermatozeugmata 

(unencapsulated sperm bundles) from the stripped ejaculate and placed these in a single 

well of a 12-well multitest slide (MP Biomedicals, Aurora, OH, USA) coated with 1% 

polyvinyl alcohol (Sigma-Aldrich, Australia) (Wilson-Leedy and Ingermann, 2007). We 

then activated the sperm sample with 150 mM KCl (with 2 mg/mL bovine serum 

albumin) (Billard and Cosson, 1990) and used the CEROS sperm tracker (Hamilton-

Thorne Research, Beverly, MA, USA) to estimate sperm velocity. Our ensuing 

computer-assisted sperm analysis (CASA) assays were based on an average of 38.0 ± 

1.2 SE sperm tracks per sample (mean value is taken for n=366 males; n=42 males did 

not produce sperm). As the average path velocity (VAP) was highly correlated with the 

straight line velocity (VSL) (r=0.97; P<0.001) and curvilinear velocity (VCL) (r=0.76; 

P<0.001), we restricted our analysis of sperm velocity to VAP for brevity. Within-

sample repeatability for VAP in this population has previously been shown to be high 

(r=0.74; see Evans, 2009). The threshold value for defining static cells was 

predetermined at 24.9µm/s for VAP (Evans, 2009).  

For the sperm viability assays, we extracted ten spermatozeugmata and used a 

live/dead® Sperm Viability Kit (Invitrogen, Molecular Probes) to estimate the 

proportion of live (with intact cell membranes) sperm in the ejaculate (following the 
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same methods explained in Chapter 2)  from 200 haphazardly chosen sperm cells per 

sample.  

Sperm number was estimated for the reserved portion of each male’s stripped 

ejaculate using an improved Neubauer haemocytometer under 40x magnification (Leica 

DM1000 microscope) after vortexing the sample to break down the sperm bundles. 

Sperm number for each sample was corrected to allow for sperm bundles that had been 

removed for the CASA (two bundles) and viability (10 bundles) assays (see Evans, 

2009). Briefly, because the number of sperm per bundle is fairly constant within and 

among individual spermatozeugmata (Evans et al., 2003), a correction could be made 

for each estimate to allow for sperm that were removed prior to the sperm counts 

(Evans, 2009). 

Following the sperm counts, the remaining ejaculate samples were preserved in 

a 1% formalin solution (to prevent sperm degradation) and stored at 4°C until required. 

To estimate total sperm length (distance in m from the top of the sperm head to the tip 

of the tail) and constituent components (head, midpiece and tail), photographs of each 

male’s sperm were obtained using a digital camera (Leica DFC320) attached to a 

microscope (Leica DM1000; 40x magnification). Where possible, 10 undamaged 

spermatozoa were measured per male (mean number of sperm cells analysed per male = 

9.77 ± 0.06 SE; range = 2 – 10) using ImageJ software.  

Considering the importance of ‘blind’ measurement (Head et al., 2015), all 

ejaculate measures were performed ‘blind’ of experimental treatment (i.e. the observer 

was unaware of a sample’s treatment status when conducting the various assays 

described above). 

6.3.3.3 Male ornamentation 

Following the ejaculate traits assays, males were dried with blotting paper and 

photographed under standard lighting (one 13W fluorescent bench lamps) against a 

measurement scale on a white background using a digital camera (Nikon D70s with 

Nikon 105mm macro lens). As with ejaculate traits, analyses of male ornamentation 

were performed blind of experimental treatment. ImageJ software was used for the 

measurements of body size (‘standard length’ = distance in mm from the snout to the tip 
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of the caudal peduncle; hereafter SL) and colour ornamentation (the number and area of 

orange and iridescent spots; see Evans et al., 2010 for details).  

6.3.4 Statistical analyses 

Three males died during the experiment and some inseminations failed to generate at 

least two male offspring from a family. The final analysis comprised data for 31 sires, 

71 dams and 408 offspring. All analyses were performed using ‘R’ version 3.1.0 (R 

Development Core Team, 2014). Our analysis of GEI comprised two approaches. First, 

we used a linear mixed-effects (LME) model to assess the significance of sire-by-

treatment interactions for each of the measured traits, which in turn served as an 

approximation of GEI (e.g. see Greenfield et al., 2012). The LME models were 

performed using the lme4 package of R (Bates et al., 2014) and included treatment as a 

fixed effect, male standard length as a fixed covariate, and sire, dam (nested within sire) 

and the interaction between treatment and sire as random effects. Only data for sperm 

midpiece and sperm tail were normally distributed; data for other traits were treated 

with appropriate transformations. Specifically, iridescent area, sperm velocity, and both 

sperm number and total sperm length were subjected to cubic root, square root and log10 

transformations, respectively, while the remaining traits other than those for counts 

(frequency of sigmoid displays and gonopodial thrusts) were transformed using the 

Box-Cox method; normality of the resultant data was confirmed from the Q-Q plots of 

residuals. These data were subsequently analysed using the lmer function in lme4. The 

behavioural data (sigmoids and gonopdodial thrusts) were analysed using the glmer 

function with the log-normal poisson family option and the inclusion of an additional 

observation-level random effect to control for overdispersion (Browne et al., 2005). The 

Χ2 and P-values for the fixed effects were obtained from the univariate Anova function 

of the full model, while P-values for the random effects were obtained from likelihood 

ratio tests (which compared the full model with a reduced model in which the random 

factor of interest was removed). The significance of the sire-by-treatment interaction 

was used to test for the presence of GEI. 

Genotype-by-environment interactions may arise either because the level of 

genetic variance differs between environments (‘variance GEI’), or because of 

differences among families in plasticity (i.e. where there is a crossing of family reaction 
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norms; ‘ecological crossover’) (see Conner and Hartl, 2000, Fry et al., 1996, Wade, 

2014). The latter (crossover) sources of GEI are of particular interest to evolutionary 

biologists because of their potential to influence the reliability of sexual signals and 

contribute towards their high levels of variance (Ingleby et al., 2010). For traits 

revealing evidence of GEI in the above LME models, we therefore tested for ecological 

crossover interactions by correlating the rank order of sire family means for each trait in 

the two nutritional environments (see Lewis et al., 2012). We used Spearman-Rank 

correlations for each trait, where resultant correlation coefficients were tested against 

the null hypothesis that rs = 0 (significant positive correlations between sire family 

means in each environment would indicate no significant crossover, and vice versa). We 

complement these analyses with a presentation of reaction norm plots for each of the 

traits showing evidence for GEI. 

Finally, for completeness we estimated genetic parameters (including 

heritabilities) through separate analyses of all traits within each treatment group (this is 

because GEIs underlay the expression of several traits, and thus global estimates of 

these parameters were not informative). In these models, we entered each trait as 

response variable and included only sire and dam (nested within sire) as random effects. 

We used untransformed variables to analyse genetic variation (Garcia-Gonzalez et al., 

2012) and calculated narrow-sense heritabilities due to sires and heritabilities due to 

dams (Roff, 2008). We also calculated standard errors for heritabilities using the 

jackknife procedure (Roff, 2008). The P-values for sire and dam effects were obtained 

by likelihood ratio tests.  

6.4 Results 

6.4.1 Environmental effects and genotype-by-environment interactions 

Our initial mixed-effects models revealed significant effects of dietary restriction on the 

majority of phenotypic traits, including body size, mating behaviour, the number and 

area of orange and iridescent spots, and the velocity, viability, number and length of 

sperm (see Table 6.2). By contrast, dietary restriction had no significant effect on sperm 

head length (Table 6.2). For all traits other than sperm length, males assigned to the low 

quantity group exhibited significantly reduced trait expression than those assigned to the 

high quantity group (see the electronic supplementary material, Figures 6.1A-L). 
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Interestingly, we found that males assigned to the low quantity group had significantly 

longer sperm with longer tails, while those in the high quantity group had sperm with 

longer midpieces than their counterparts in the low quantity group (also see Table 6.2). 

Sire-by-treatment interactions (GEIs) were significant for body size, orange and 

iridescent area, sperm velocity, sperm tail and total sperm length (see Table 6.2). These 

GEIs were in part attributable to the crossing of reaction norms (see Figures 6.2 and 

6.3), as evident for iridescent area and sperm velocity in which the rank orders of sire 

family means were not significantly correlated between nutritional environments (Table 

6.3). By contrast, the rank orders of sire family means for orange area and total sperm 

length were significantly positively correlated between treatments (Table 6.3). 

6.4.2 Descriptive genetic analyses 

Our analyses revealed significant additive genetic variance underlying several male 

traits, although as expected in the presence of GEIs, these patterns of genetic variance 

were not consistent for all traits under both treatment groups (Table 6.4). Broadly, the 

patterns of GEI evident from the mixed-effects models (above) were consistent with 

patterns of genetic variance revealed from the descriptive analyses of each trait within 

each diet treatment (see Table 6.4).  

6.5 Discussion 

The results from this study provide further evidence that dietary restriction significantly 

influences sexual trait expression in male guppies (Devigili et al., 2013, Gasparini et al., 

2013b, Chapter 2 and 3), but also extend these findings to show that the phenotypic 

responses to changes in resource availability (i.e. phenotypic plasticity) have a genetic 

basis. Our finding that genotype-by-environment interactions (GEI) underlie patterns of 

sexual trait expression is likely to have important repercussions for sexual selection in 

this species, which arguably provides some of the most extreme evidence for 

polymorphisms in male sexual trait expression in vertebrates (see Brooks, 2002). In the 

following sections we briefly discuss the phenotypic responses to dietary restriction 

uncovered in our study before considering the genetic basis underlying these phenotypic 

responses and the broader evolutionary implications associated with the presence of 

GEIs in this system.   
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6.5.1 Phenotypic responses to dietary restriction 

We found that males assigned to the low quantity group exhibited significantly reduced 

expression of a number of traits, including body size, sigmoid displays, gonopodial 

thrusts, the number and area of orange and iridescent spots, sperm velocity, sperm 

viability, sperm number and sperm midpiece compared to those assigned to the high 

quantity group. These results therefore largely corroborate recent evidence that dietary 

restriction can significantly affect the expression of sexually selected traits in guppies, 

much of which is discussed at length in previous papers (Devigili et al., 2013, Gasparini 

et al., 2013b, Chapter 2 and 3). Interestingly, however, our findings for total sperm 

length contrasted with patterns reported previously. Specifically, we found that males 

assigned to the low quantity group produced marginally significantly longer sperm (see 

Figure 6.1J), although interestingly the length of the sperm’s midpiece was significantly 

longer in the high quantity diet (Figure 6.1K). Our findings for total sperm length 

therefore contrast with our recent findings from two separate studies in which males fed 

restricted diets had significantly shorter sperm than their well fed counterparts (Chapter 

2 and 3) . The reasons for this difference among studies remain to be investigated.  

6.5.2 Patterns of genotype-by-environment interaction 

Our descriptive quantitative genetic analyses revealed evidence for significant additive 

genetic variance underlying the expression of several precopulatory (body size, orange 

spot number and area; iridescent spot number) and postcopulatory (sperm viability, 

sperm midpiece, tail and total length) sexually selected traits (Evans, 2010, Evans, 

2011). In contrast to Evans (2010), however, we found no evidence for significant 

additive genetic variance (and associated narrow sense heritabilities) underlying the 

expression of mating behaviour (sigmoid displays and gonopodial thrusts) and sperm 

velocity (VAP). We can only speculate on why both studies generated different results 

for these specific traits, although the presence of GEI for VAP and the different 

environmental conditions imposed between both studies may be factors influencing our 

ability to detect genetic variance in the present study.  

Given the presence of GEIs for some traits, patterns of genetic variance differed 

for individual traits expressed across both treatments. Moreover, the reaction norm plots 

for precopulatory (orange and iridescent area) and postcopulatory traits (sperm velocity 



 

110 

 

and total sperm length) suggest that the rank order of genotypes differed to varying 

extents according to the nutritional environment, a finding that was supported by the 

crossover analysis for individual traits expressed in both environments. Specifically, we 

can conclude from these latter analyses that the GEIs underlying iridescent colouration 

and sperm swimming velocity were attributable to a change in the rank order of sire 

family means in both environments. This finding is likely to have important 

evolutionary implications because it suggests that the success of a given genotype will 

be contingent on the nutritional environment it faces.  

One important evolutionary implication of the presence of GEI underlying the 

expression of male sexual ornamentation (iridescence) is that the rank order of male 

sexual attractiveness, and thus sexual selection on this trait, may depend on variation in 

the nutritional environment. This, in turn, may help explain the extreme polymorphism 

for this component of male sexual ornamentation (e.g. see Bussiere et al., 2008, Ingleby 

et al., 2010, Pomiankowski and Moller, 1995). Interestingly, the ranked performance of 

genotypes for orange area was statistically unchanged across the nutritional 

environments considered in this study, meaning that unlike iridescence, the reliability of 

this component of male sexual ornamentation is perhaps less compromised by dietary 

restriction (note, however, that the rank order correlation of sire family means was still 

well below 1; Table 6.3). However, it is important to note that in our study we 

considered just one dietary factor (feed levels), and that a change in the scale of the 

environmental manipulation (i.e. the boundaries of the x-axis in Figures 6.2 and 6.3) 

may yet expose an ecological crossover in the reaction norms for orange area (see 

Ingleby et al., 2010). Nevertheless, according to our results as they stand, the signal 

reliability of orange area (e.g. as an indicator of male ‘good genes’; see Evans et al., 

2004), was largely unaffected by diet restriction, as might be expected for a trait with 

very high (Y-linked) heritability (Brooks and Endler, 2001a, Evans, 2010, Houde, 

1992). 

We also found that the nutritional environment modified patterns of genetic 

variance underlying postcopulatory traits, adding to just a handful of studies that have 

demonstrated significant GEIs underlying the expression of ejaculate traits in insects 

(Engqvist, 2008, Lewis et al., 2012, Morrow et al., 2008). Similar to our finding for 

iridescent area, our ecological crossover analysis revealed that that rank order of family 
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means for sperm velocity – a determinant of sperm competitiveness in guppies 

(Boschetto et al., 2011) – was uncorrelated across nutritional environments. This 

finding is likely to have important implications for postcopulatory sexual selection, 

because genotypes that convey high sperm competitiveness under certain environmental 

conditions (e.g. high feed levels) may be disadvantaged under less benign conditions 

(dietary restriction). Corresponding evidence that nutrition moderates GEIs in 

postcopulatory sexual selection comes from Lewis et al.’s (2012) recent study of flour 

beetles (Tribolium castaneum), where the rank order of family means for the male’s 

sperm defence ability (proportion of offspring sired by the first of two males to mate 

with a female; P1) was contingent on diet quality (ratio of wheat in diets). However, as 

acknowledged by the authors of that study, the relatively low number of sire families 

(n=12) used in Lewis et al.’s (2012) correlation (crossover) analysis may have 

compromised their ability to reject the null hypothesis of no correlation between 

genotype rankings (required to support the conclusion of ecological crossover). Our 

crossover analysis, based on a sample of n=31 sire families, enables us to draw firmer 

conclusions from the lack of statistical significance for correlations of sperm velocity 

ranks across treatments. 

6.6 Conclusions 

In summary, we show that in guppies sexual trait expression is susceptible to nutritional 

stress, and that GEIs underlie such patterns of condition dependence. As such, our 

findings contribute towards the growing evidence that GEIs are likely to play an 

important role in sexual selection, with potentially important evolutionary implications 

in terms of the efficacy of sexual signals to convey reliable information about male 

quality, and the maintenance of genetic variance in sexual traits (see Hunt and Hosken, 

2014, Ingleby et al., 2010). Our findings suggest that for male guppies, the reliability of 

precopulatory male sexual signals (notably iridescence) may be compromised by 

environmental stochasticity (see also Kemp and Rutowski, 2007, Mills et al., 2007). 

Similarly, our findings for postcopulatory sexual traits (notably sperm velocity) suggest 

that genotypes coding for highly competitive sperm in one environment may perform 

quite differently under different conditions (see also Engqvist, 2008, Lewis et al., 2012, 

Morrow et al., 2008). Interesting directions for future work include testing whether 

GEIs affect sexual signalling efficacy (e.g. indirect benefits associated with mate 
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choice), and whether environmental effects similarly moderate the rank order of female 

mating preferences in line with expectation for sexual trait co-evolution.   

 



 

113 

 

Tables and Figures 

 

Table 6.1. Proximate composition of experimental diet 

Ingredients Dry weight (%) 

Fish meal 46.9 

Fish hydrolysate 8.1 

Mussels meal 19.8 

Vitamin mix 1.6 

Vitamin C 1.2 

Vitamin E 0.7 

Fish oil 5.9 

Lecithin 1.2 

Immune stimulant 3.5 

Egg white 5.9 

Gelatin 5.2 

Total (%) 100 
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Table 6.2. Mixed-effects models for male sexual traits in guppies, including number of offspring (N), trait means and associated standard 

errors (SE) for each trait. Chi-squared values (Χ2) and associated P values are presented for each model (significant values are highlighted 

in bold font). Significant GEIs are identified when P<0.05 for the Sire*Treat term 

 

Traits Response variables N Mean ± SE Variances Χ2
 P (>Χ2

) Effect size (R
2
) 

Precopulatory traits 

 

Standard length (mm) 387 13.47±0.06 

Treat 728.24 <0.001 

0.84 
Sire 4.55 0.03 

Dam 5.67 0.02 

Sire*Treat 14.01 <0.001 

Sigmoid displays 

(number/10min) 
408 3.51±0.24 

Treat 110.49 <0.001 

0.98 

Sire 0 1 

Dam 0.01 0.92 

Sire*Treat 0.12 0.73 

SL 16.83 <0.001 

Gonopodial thrusts 

(number/10min)  
408 0.78±0.07 

Treat 10.26 0.001 

0.91 

Sire 0 1 

Dam 0 1 

Sire*Treat 0 1 

SL 2.82 0.09 

Orange spots number 379 3.56±0.08 

Treat 40.61 <0.001 

0.65 

Sire 10.76 <0.001 

Dam 1.44 0.23 

Sire*Treat 0.29 0.59 

SL 16.45 <0.001 
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Orange area (mm2) 380 5.45±0.18 

Treat 43.30 <0.001 

0.78 

Sire 0.77 0.38 

Dam 11.02 <0.001 

Sire*Treat 5.94 0.01 

SL 47.84 <0.001 

Iridescent spots number 319 3.43±0.09 

Treat 36.87 <0.001 

0.63 

Sire 1.79 0.18 

Dam 0.54 0.46 

Sire*Treat 2.86 0.09 

SL 9.52 0.002 

Iridescent area (mm2) 307 2.51±0.09 

Treat 28.44 <0.001 

0.62 

Sire 0.06 0.80 

Dam 0 1 

Sire*Treat 4.85 0.03 

SL 19.59 <0.001 

Postcopulatory traits 

Sperm velocity (µm/s) 366 73.8±0.82 

Treat 57.83 <0.001 

0.50 

Sire 0 1 

Dam 0.35 0.55 

Sire*Treat 4.36 0.04 

SL 0.47 0.49 

Sperm viability 

(proportion) 
363 0.69±0.01 

Treat 16.12 <0.001 

0.40 

Sire 1.65 0.19 

Dam 0 1 

Sire*Treat 2.73 0.09 

SL 0.93 0.34 
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Sperm number (106) 360 3.04±0.11 

Treat 8.87 0.003 

0.48 

Sire 2.06 0.15 

Dam 3.13 0.08 

Sire*Treat 1.10 0.29 

SL 8.34 0.004 

Sperm head (µm) 350 3.96±0.01 

Treat 2.58 0.11 

0.37 

Sire 0 1 

Dam 7.41 0.006 

Sire*Treat 0.78 0.38 

SL 1.07 0.30 

Sperm midpiece (µm) 350 2.67±0.02 

Treat 45.53 <0.001 

0.63 

Sire 0.77 0.38 

Dam 2.71 0.09 

Sire*Treat 1.83 0.18 

SL 5.15 0.02 

Sperm tail (µm) 350 47.82±0.06 

Treat 15.24 <0.001 

0.68 

Sire 15.23 <0.001 

Dam 13.56 <0.001 

Sire*Treat 6.49 0.01 

SL 0.18 0.67 

Total sperm length (µm) 350 54.45±0.06 

Treat 4.48 0.03 

0.65 

Sire 12.56 <0.001 

Dam 20.98  <0.001 

Sire*Treat 4.04 0.04 

SL 0.24 0.62 
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Table 6.3. Analyses of ecological crossover underlying genotype-by-environment interactions (GEI) in male body size, ornamentation, 

sperm velocity and total sperm length. Analyses are based on Spearman’s rank correlation between sire family means for each trait in both 

nutritional environments. Analyses are restricted to traits in which sire-by-treatment interactions were significant (Table 6.2). Significant 

ecological crossovers are denoted where P values do not significantly differ from zero (as denoted by asterisk) 

Traits Spearman p P 

Standard length (mm) 0.5286 0.0022 

Orange area (mm2) 0.3935 0.0285 

Iridescent area (mm2) 0.0028 0.9880* 

Sperm velocity (µm/s) 0.0351 0.8514* 

Total sperm length (µm) 0.7734 <0.0001 
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Table 6.4. Patterns of genetic variation underlying the expression of sexually selected traits in male guppies exposed to different dietary 

treatments. Trait means (± SE) and variance components for sires (Varsire), dams (Vardam) and residual variance (Varres) come from mixed-

effects models. Narrow sense heritability estimates (h2
sire) were calculated by dividing the estimates of additive genetic variance (VA) by 

total phenotypic variance (VP). Tests for significance for sire estimates (Psire) are from likelihood-ratio tests, while mean standardised 

estimates of additive genetic variance (denoted by CVA & IA) are included for completeness 

 

Traits Treat Mean ± SE Varsire Vardam  Varres VA VP h
2

sire (SE) Psire CVA IA 

Standard length (mm) 
High 14.38±0.05 0.11 0.05 0.25 0.44 0.42 1.05 (0.27) 0.01 0.05 0.002 

Low 12.53±0.04 0.09 0.04 0.23 0.36 0.36 1.01(0.21) 0.003 0.05 0.002 

Sigmoid displays (freq.) 
High 6.69±0.35 1.73 0.006 23.05 6.95 24.79 0.28 (0.07) 0.27 0.39 0.16 

Low 0.24±0.08 0 0 1.28 0 1.28 0 (0) 1 0 0 

Gonopodial thrusts (freq.) 
High 1.21±0.11 0 0.08 2.34 0 2.42 0 (0.07) 1 0 0 

Low 0.34±0.06 0.05 0.09 0.59 0.21 0.75 0.29 (0.09) 0.26 1.35 1.82 

Orange spots number 
High 4.59±0.09 0.37 0.03 1.35 1.49 1.76 0.85 (0.17) 0.007 0.27 0.07 

Low 2.49±0.08 0.33 0.14 0.81 1.31 1.28 1.03 (0.11) 0.001 0.46 0.21 

Orange area (mm2) 
High 7.9±0.21 2.49 0.19 5.76 9.99 8.45 1.18 (0.25) <0.001 0.39 0.16 

Low 2.9±0.12 0.49 0.62 1.71 1.97 2.82 0.69 (0.12) 0.05 0.49 0.24 

Iridescent spots number 
High 4.42±0.1 0.27 0.02 1.39 1.07 1.67 0.64 (0.19) 0.13 0.23 0.05 

Low 2.36±0.09 0.22 0.07 0.92 0.89 1.21 0.74 (0.08) 0.04 0.40 0.16 

Iridescent area (mm2) 
High 3.5±0.12 0.39 0 2.16 1.54 2.55 0.61 (0.38) 0.17 0.35 0.29 

Low 1.41±0.06 0.04 0 0.48 0.18 0.53 0.34 (0.11) 0.22 0.30 0.09 
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Sperm velocity (µm/s) 
High 82.15±0.91 15.19 17.53 136.19 60.76 168.91 0.36 (0.26)  0.29 0.09 0.009 

Low 63.28±0.94 13.08 0 130.70 52.32 143.78 0.36 (0.19) 0.16 0.11 0.01 

Sperm viability 

(proportion) 

High 0.75±0.01 0.002 0.0005 0.009 0.008 0.011 0.73(0.27) 0.07 0.09 0.009 

Low 0.62±0.01 0.002 0 0.02 0.009 0.02 0.53 (0.12) 0.02 0.12 0.01 

Sperm number (106) 
High 3.79±0.17 0.84 0.50 4.44 3.34 5.78 0.58 (0.29) 0.09 0.48 0.23 

Low 2.06±0.09 0.19 0.01 1.19 0.75 1.39 0.54 (0.23) 0.17 0.42 0.18 

Sperm head (µm) 
High 3.96±0.009 0.0002 0.0008 0.013 0.0009 0.014 0.07 (0.17) 0.85 0.008 <0.000 

Low 3.97±0.01 0.0007 0.006 0.02 0.003 0.03 0.10 (0.18) 0.81 0.01 0.0002 

Sperm midpiece (µm) 
High 2.88±0.02 0.02 <0.000 0.07 0.09 0.09 0.96 (0.28) 0.004 0.11 0.01 

Low 2.38±0.02 <0.000 0.009 0.07 0.0004 0.08 0.005 (0.25) 1 0.008 <0.000 

Sperm tail (µm) 
High 47.47±0.08 0.45 0.17 0.57 1.79 1.18 1.51 (0.18) <0.001 0.03 0.0008 

Low 48.28±0.08 0.33 0.17 0.53 1.33 1.04 1.28 (0.28) 0.008 0.02 0.0006 

Total sperm length (µm) 
High 54.31±0.08 0.41 0.19 0.53  1.62 1.13 1.44 (0.20) <0.001 0.02 0.0006 

Low 54.63±0.09 0.29 0.23 059 1.15 1.11 1.03 (0.19) 0.02 0.02 0.0004 
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Figure 6.1. The mean (±SE) effects of diet quantity on (A) sigmoid displays, (B) 

gonopodial thrusts, (C) number of orange spots, (D) orange area, (E) number of 

iridescent spots, (F) iridescent area, (G) sperm swimming velocity, (H) sperm 

viability, (I) sperm number, (J) total sperm length, (K) sperm midpiece and (L) 

sperm tail 
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Figure 6.2. GEIs reaction norms for (A) orange area; and (B) iridescent area. Each 

coloured line represents the mean score for each sire family (N = 31 sires). The square 

dark black points represent the overall mean score within each treatment across all sires 

 

Figure 6.3. GEIs reaction norms for (A) sperm velocity; and (B) total sperm length. 

Each coloured line represents the mean score for each sire family (N = 31 sires). The 

square dark black points represent the overall mean score within each treatment across 

all sires 
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7. General Discussion 

It has been well documented across numerous taxa that sexually selected traits often 

exhibit heightened condition dependence compared to non-sexual traits (e.g. Cotton et 

al., 2004b, Johnstone et al., 2009, Kotiaho, 2002, Punzalan et al., 2008) and this thesis 

adds to this body of evidence by revealing that a range of sexually selected traits (both 

precopulatory and postcopulatory) are highly sensitive to the guppy’s nutritional 

environment. Together, this evidence reveals that an individual’s condition, and 

therefore its reproductive fitness, depends not only on its genetic quality (e.g. Rowe and 

Houle, 1996, Tomkins et al., 2004), but also on a range of potentially interacting 

environmental effects (e.g. Adler and Bonduriansky, 2013, David et al., 2000, Perry and 

Rowe, 2010). My work therefore contributes towards our broader understanding of how 

diet modulates the expression of sexually selected traits (Cotton et al., 2004a, Gibson 

and Uetz, 2012, Simmons, 2012, Smith et al., 2007, Ward et al., 2011), although the 

expected trade-offs between pre- and postcopulatory sexual selection (Benito et al., 

2011, Lewis et al., 2011, Mougeot et al., 2010, Sentinella et al., 2013, Simmons, 2012) 

– moderated by dietary stress – were not apparent in my studies.  

 

To establish patterns of condition dependence in male sexual traits, my thesis 

focused on carotenoids, which are recognised as important antioxidants and 

immunostimulants (e.g. Britton et al., 2008, Krinsky, 2001, Svensson and Wong, 2011), 

and polyunsaturated fatty acids (PUFA), which are essential for physiological and other 

biological functions such as growth, reproduction, hormone secretions and 

immunonutritions (e.g. Alexander, 1998, Glencross, 2009, Phelan et al., 2011). The 

focus on these specific dietary nutrients was motivated by prior work in numerous 

species that has explored their influence on various life-history traits, including sexual 

traits (e.g. Blount et al., 2003, Grether, 2000, Pike et al., 2010, Robbins et al., 2012, 

Samadian et al., 2010). The broad conclusion from my PhD research is that these 

nutrients, in conjunction with dietary restriction, have varying effects on the expression 

of both pre- and postcopulatory sexually selected traits in male guppies (Chapter 2, 3 

and 4), which in turn had clear reproductive fitness implications in terms of competitive 

fertilization success (Chapter 5). My work also sheds light on the genetic basis of 

condition dependence in this system, particularly with respect to patterns of genotype-

by-environment interaction underlying the expression of pre- and postcopulatory 
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sexually selected traits (Chapter 6). In the following discussion, I briefly summarise and 

discuss the findings from each of these components of my thesis. 

 

7.1 Testing condition dependence by manipulating diet quantity and carotenoids 

In the first experimental chapter (Chapter 2), I tested for condition dependence of 

sexually selected traits by combining dietary restriction (already known to influence 

sexual trait expression in guppies; Devigili et al., 2013, Gasparini et al., 2013b) with the 

manipulation of carotenoid levels. Interestingly, while my findings corroborated 

Devigili et al. (2013) and Gasparini et al.’s (2013b) findings that a range of pre- and 

postcopulatory traits are negatively impacted by dietary restriction, I found no 

significant effect of carotenoid manipulation on the expression of any sexually selected 

trait. This finding was initially surprising given previous work that has revealed 

significant impacts of carotenoid content (using compositionally similar diets to the 

ones employed in my study) on male ornamentation (Grether, 2000, Kodric-Brown, 

1989) and mating success (Kodric-Brown, 1989).  

 

The lack of an effect of carotenoid manipulation on the measured traits is not 

without precedent, and a number of studies have revealed that carotenoids can have 

minimal or no impact on antioxidant capacity, fledging success and plumage reflectance 

in great tits (Marri and Richner, 2014), skin colouration and innate immunity in cichlids 

(Lin et al., 2010), dewlap colour in lizards (Ng et al., 2013) and sperm motility in 

cichlids (Sullivan et al., 2014). The broad conclusion from much of this work is that 

carotenoids may be only minor antioxidants in some species. Another possible 

explanation for the observed lack of effect of carotenoid supplementation on the 

measured traits is that the focal males were initially fed as juveniles on a common diet 

of live Artemia nauplii (up to 3 months) prior to the experimental feeding trials. Thus, 

the experimental males may have assimilated carotenoids in their tissues prior to the 

experimental treatments because Artemia comprise a rich source of carotenoids 

(Gilchrist and Green, 1960, Krinsky, 1965). It is possible, therefore, that carotenoids 

may not have been sufficiently limiting in restricted diet group. Furthermore, it is 

possible that cellular and/or hormonal processes that regulate the expression of 

carotenoid-based traits may not be influenced by dietary carotenoid supplementation 

(Blas et al., 2006, Hill and Johnson, 2012, McGraw and Ardia, 2007).  
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As with precopulatory traits, the work described in Chapter 2 also revealed that 

males fed a restricted diet produced smaller and lower quality ejaculates (shorter sperm 

with slower swimming velocities and reduced viability) than their counterparts in the 

non-restricted group. These results are consistent with several previous studies reporting 

that males fed restricted diets produced significantly fewer motile sperm (Cerolini et al., 

1995, Guan et al., 2014, Selvaraju et al., 2012a), lower sperm viability (Devigili et al., 

2013, Simmons, 2012) and reduced sperm number (Gasparini et al., 2013b, Guan et al., 

2014) compared to those on unrestricted diets. One possible explanation for these 

findings is that males fed a restricted diet may have been constrained to use their limited 

resources for self-maintenance rather than reproduction (Ardia, 2005, Tieleman et al., 

2008). Another possibility is that dietary limitation suppresses or disrupts the action of 

hormones critical to the development and maintenance of ejaculates, such that 

prolonged dietary restriction lowers ejaculate quality. For example, studies have shown 

that dietary energy levels (moderated by feed levels) can affect gonadotrophin secretion, 

which in turn regulates the production of spermatozoa in some species (Schillo, 1992, 

Selvaraju et al., 2012a). My results further emphasise the likely importance of dietary 

restriction on the expression of ejaculate traits, possibly attributable to the high quantity 

group having comparatively higher energy levels available to stimulate hormones that 

control sperm functional parameters than their low quantity counterparts (e.g. 

Lochmiller et al., 1985, Selvaraju et al., 2012b).  

 

As with precopulatory traits, carotenoids had no effect on the expression of any 

of the postcopulatory traits considered in Chapter 2. The lack of any main effect of 

carotenoids on ejaculate traits in guppies contrasts with prior empirical evidence from 

other taxa which reveals that carotenoids influence sperm motility (e.g. Helfenstein et 

al., 2010, Tas et al., 2010), sperm viability and counts (Durairajanayagam et al., 2014, 

Mangiagalli et al., 2012), as well as acting to increase the percentage of 

morphologically normal sperm by protecting from oxidative damage (e.g. Atessahin et 

al., 2006, Gupta and Kumar, 2002). However, as discussed above, the lack of any effect 

of carotenoids may be due to the fact that they are only are minor antioxidants in the 

focal species (see: Costantini and Moller, 2008, Marri and Richner, 2014, Sullivan et 

al., 2014) or that the rearing protocol (involving feeding juvenile guppies with brine 

shrimp) may have limited any impact of carotenoid restriction on the expression of 

these traits (Gilchrist and Green, 1960, Krinsky, 1965).  
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7.2 Testing condition dependence by manipulating fatty acid contents 

The results from Chapter 3 revealed that the manipulation of omega-3 long-chain 

polyunsaturated fatty acids (n3 LC-PUFA, hereafter termed PUFA) had no effect on the 

expression of any precopulatory sexually selected traits. By contrast, PUFA had striking 

effects on ejaculate quality, and in particular on sperm viability, which has recently 

been shown to predict competitive fertilization success in guppies (Fitzpatrick and 

Evans, 2014). In agreement with my first experiment (Chapter 2), this Chapter also 

revealed that males exhibited significant reductions in both pre- and postcopulatory 

traits expression under dietary restriction.  

 

The findings from Chapter 3 corroborate prior studies reporting that PUFA can 

contribute actively to ejaculate quality through its positive effects on sperm membrane 

fluidity, mobility and the fusion capacity of spermatozoa (Connor et al., 1998, Nissen 

and Kreysel, 1983, Stubbs and Smith, 1984), thereby influencing ejaculate traits in 

numerous species. For example, dietary PUFA supplementation can increase sperm 

motility and sperm number in rams (e.g. Samadian et al., 2010), enhance sperm motility 

and proportion of morphologically normal sperm in pigs (e.g. Rooke et al., 2001), 

significantly improve sperm motility in humans (e.g. Robbins et al., 2012), and increase 

sperm motility and sperm length in fish (e.g. Alavi et al., 2009). My findings therefore 

contribute towards the growing evidence that dietary PUFA are critical determinants of 

ejaculate quality in vertebrates whilst underscoring how the condition dependent 

expression of ejaculate traits can reflect differences in dietary composition rather than 

overall energy levels.  

 

The results from Chapter 3 also revealed that dietary supplementation of PUFA 

increased the uptake of these nutrients in the fish’s tissues. These effects are likely 

moderated by the increased uptake of PUFA in testes tissue, which would be expected 

to have an impact on ejaculate quality (Harlioglu et al., 2013, Vassallo-Agius et al., 

2001). My findings are consistent with other studies reporting that fatty acid profiles in 

tissues, blood cells and semen samples generally reflect the fatty acid contents of the 

diet. For example, PUFA supplemented diets can influence fatty acid composition in the 

tissues/semen of rats (e.g. Abbott et al., 2012, Ando et al., 2000), fish (e.g. Morton et 

al., 2014, Norambuena et al., 2012), boar (e.g. Castellano et al., 2010, Maldjian et al., 
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2005), among others (e.g. Gomez-Cortes et al., 2014, Mateos et al., 2011, Robbins et 

al., 2012). My findings add to this body of evidence by showing that by feeding PUFA-

enriched diets to male guppies, the effect of these nutrients on ejaculate traits 

accompanies corresponding increases in detectable PUFA levels in the fish’s somatic 

tissues. 

 

7.3 Testing interacting effects of carotenoids and fatty acids on ejaculate traits 

Carotenoids are fat-soluble antioxidants which may protect PUFA from oxidation 

(Wang et al., 2008), and their absorption and bioconversion can be influenced by the 

intake of dietary fatty acids (Castenmiller and West, 1998, Failla et al., 2014). Because 

of the possible interactions between these nutrients, I extended the first two studies (see 

Chapter 2 and 3) to explore whether any effect of carotenoids on ejaculate traits is either 

moderated or promoted by PUFA. Again, the study revealed no main effect of 

carotenoids on ejaculate traits, but I did find a significant main effect of PUFA on 

sperm viability (Chapter 4).  

 

Interestingly, the results from Chapter 4 revealed a significant interactive effect 

of PUFA and carotenoid levels on sperm length. This latter finding was unanticipated 

and therefore is not easy to interpret, although previous studies have reported that both 

carotenoids and PUFA can increase the percentage of morphologically normal sperm in 

different taxa. For example, using lycopene (a carotenoid), Atessahin et al. (2006) 

reported a significant increase in the percentage of morphologically normal sperm in 

rats treated with cisplatin (a toxic drug), while Gupta and Kumar (2002) found 

improvement in the proportion of morphologically normal sperm in infertile men who 

were given oral supplementation of lycopene. In other studies, Rooke et al. (2001) 

found that feeding tuna oil (rich in PUFA) to pigs increased the proportion of normal 

sperm morphology, while Robbins et al. (2012) found that the routine consumption of 

walnuts (high in PUFA) by men increased the percentage of morphologically normal 

sperm. Although it is not clear how these nutrients work to affect sperm morphology, 

the findings corroborate other evidence showing that carotenoids can increase sperm 

quality by protecting sperm from oxidative damage (Helfenstein et al., 2010, Krinsky, 

2001), while PUFA supplementation can enhance sperm membrane structure and 
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consequently help to produce morphologically normal sperm (Lenzi et al., 1996, Lenzi 

et al., 2000).  

 

7.4 Exposing resource allocation trade-offs 

In the experiments described in Chapters 2-4, the manipulation of diet quantity and 

quality was expected to expose trade-offs between different components of sexual 

selection, particularly between pre- and postcopulatory episodes where dietary resources 

(e.g. energy, carotenoid levels and PUFA) were shown variously to affect the 

expression of traits involved during both episodes of selection. Contrary to this 

prediction, I found no evidence that dietary manipulation exposed trade-offs among 

traits due to resource limitation which in turn contrasts with results reported for other 

taxa (Cothran et al., 2012, Lewis et al., 2011, Mougeot et al., 2010, Orledge et al., 2012, 

Simmons, 2012).  

 

Several studies have reported that greater investment in sexual/reproductive 

traits can be achieved only at a cost to self-maintenance (Stearns, 1989), for example 

through reductions in fat storage or immunity (Hahn and Tinkle, 1965, Sheldon and 

Verhulst, 1996). In my studies, males fed restricted diets (either on the basis of quantity 

or quality) may have been unable to reallocate their limited resources towards the 

expression of costly (i.e. highly energy dependent) sexually selected traits (e.g. 

reproduction purpose) rather than self-maintenance, and therefore no resource allocation 

trade-offs were occurred between different sexually selected traits.  

 

There is evidence that physiological processes such as the regulation of 

hormones can mediate life-history trade-offs (Finch and Rose, 1995, Flatt et al., 2005, 

Heyland et al., 2005, Zera and Harshman, 2001). For example, hormones can regulate 

transitions between major life cycle stages such as maturation, metamorphosis and 

reproduction, and thus may have important effects on phenotypic traits involved in 

trade-offs (Heyland et al., 2005, Jacobs and Wingfield, 2000). Thus, a further 

explanation for the lack of trade-offs in my study may be that males fed restricted diets 

exhibit impaired physiological processes (Hill and Johnson, 2012, Johnson and Hill, 

2013, Kaisuyama and Matsuno, 1988) that are critical for the development and 

expression of different sexually selected traits (Buchanan, 2000, Warren et al., 2013).  
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7.5 Exploring effects of dietary manipulation on sperm competitiveness 

Chapters 3 and 4 clearly revealed an important regulatory role of PUFA on ejaculate 

traits, particularly sperm viability. The clear implication from these studies is that 

variation in the level of PUFA in guppy diets will have fitness repercussions for males, 

especially in the light of recent evidence linking variation in sperm viability with 

competitive fertilisation success in guppies (Fitzpatrick and Evans, 2014). Surprisingly, 

despite numerous studies on other taxa (particularly livestock) revealing possible links 

between PUFA and male fertility (Gulliver et al., 2012, Santos et al., 2008, Wathes et 

al., 2007), the fitness implications of varying PUFA levels on male reproductive fitness 

had never been addressed until now. The work described in Chapter 5 built on the 

foundations of the previous two studies to determine how PUFA availability influences 

the outcome of sperm competition when ejaculates from two males compete to fertilise 

eggs. The use of artificial insemination in this experiment enabled me to control the 

relative number of sperm inseminated by both males in each trial, and a range of other 

potentially confounding factors such as mating order effects and any variance in 

paternity attributable to the female’s perception of relative male attractiveness (Evans et 

al., 2003, Pilastro et al., 2004, Pitcher et al., 2003). My ensuing results revealed that 

variation in PUFA influenced sperm competitiveness; males fed diets enriched with 

PUFA sired a significantly higher number of offspring than those fed reduced levels of 

PUFA (Chapter 5). As such, the results from this experiment provide the first explicit 

evidence that ejaculate fitness is functionally dependent of PUFA.  

 

The results from Chapter 5 corroborate recent findings from another study 

reporting that vitamin E and beta-carotene interact to influence sperm competitiveness 

in crickets (Almbro et al., 2011). Thus, both studies revealed that diet quality plays a 

key role in modulating the competitive performance of ejaculates, a finding that is likely 

to have important implications for postcopulatory sexual selection. Nevertheless, little is 

known about the mechanistic basis for such effects, although some studies suggest that 

PUFA levels can modulate prostaglandin (PGs) synthesis, steroidogenesis and 

testosterone production, all of which impact on fertility (e.g. ovulation, fertilizing ability 

of sperm) in different species (Abayasekara and Wathes, 1999, Cerda et al., 1997, 

Gulliver et al., 2012, Wade et al., 1994, Wathes et al., 2007). Studies have also shown 

that PGs can play important roles in steroid production for gonad maturation (Gulliver 
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et al., 2012, Patino et al., 2003, Sorbera et al., 2001), regulating sperm quality (Hoang et 

al., 2013, Lishko et al., 2011, Strunker et al., 2011, Wathes et al., 2007) and mediating 

the stimulatory actions of luteinising hormone on testicular steroid synthesis 

(Abayasekara and Wathes, 1999).   

 

 7.6 Exposing the genetic basis of condition dependent sexual traits 

Together, the studies described in Chapters 2-5 reveal clear evidence for the condition 

dependent expression a range of pre- and postcopulatory sexually selected traits in 

guppies. In the final experimental chapter of this thesis (Chapter 6), I set up a 

quantitative genetic breeding design to explore patterns of genetic variation underlying 

these phenotypically plastic responses in the allocation of resources to pre- and 

postcopulatory sexual selection. Specifically, this chapter tested whether genotype-by-

environment interactions (GEIs) underlie patterns of resource allocation between 

different episodes of sexual selection.  

 

My descriptive quantitative genetic analyses that accompanied this study 

revealed significant additive genetic variance underlying many traits. However, the 

presence of significant GEIs underlying the expression of some traits, notably the area 

of orange and iridescent colour spots, sperm velocity and sperm length, is likely to have 

important implications for their evolutionary dynamics. In particular, the ecological 

crossover analyses, which revealed that the rank order of sire family means differed 

across nutritional environments for some traits (iridescence and sperm velocity), 

suggests that the success of a given genotype can be contingent on the ecological (e.g. 

nutritional) environment it faces. As I discuss in Chapter 6, this finding may have far 

reaching consequences, both in terms of compromising the ‘honesty’ of sexual signals 

and in maintaining genetic variance underlying their expression (see Hunt and Hosken, 

2014, Ingleby et al., 2010, Ingleby et al., 2013a). 

 

While studies of GEIs in the context sexual selection are generally scarce (see 

Ingleby et al., 2010), these results nevertheless corroborate the emerging evidence that 

GEIs can underlie the expression of precopulatory sexually selected traits (Ahuja et al., 

2011, Greenfield et al., 2012, Ingleby et al., 2013b, Ingleby et al., 2014) and ejaculate 

characteristics (Engqvist, 2008, Lewis et al., 2012, Morrow et al., 2008). My latest 



 

133 

 

contribution on guppies adds a vertebrate model to the list of species considered in this 

context, whilst underscoring the need to focus on sexual selection in more complex (but 

ultimately more realistic) settings to fully appreciate the impact of GEIs on the 

evolutionary dynamics of both male and female reproductive traits (see review by 

Ingleby et al., 2010). Clearly this is an area of significant growth, as demonstrated by 

the publication of a new edited volume on GEIs in the context of sexual selection (Hunt 

and Hosken, 2014).  

 

7.7 Overall conclusions and future directions 

In conclusion, my work reveals the critical role that diet plays in shaping pre- and 

postcopulatory traits in male guppies. One consistent finding that emerged from my 

work is that diet quantity has a significant effect on most of the pre- and postcopulatory 

traits (Chapter 2, 3 and 6). Interestingly, the effects of diet quality were more equivocal 

and notably depended on what components of diet ‘quality’ I focused on, and the 

specific traits in question. For example, dietary carotenoids had no main effect on any 

trait (Chapter 2 and 4), while PUFA had a significant effect on some components of 

sperm quality (Chapter 3 and 4), and consequently sperm competitiveness (Chapter 5). 

One particularly interesting result from my work was the finding that diet quantity 

interacts with PUFA levels to influence the expression of orange and iridescent colour 

area (Chapter 3). Similarly, the interaction between carotenoids and PUFA was shown 

to influence sperm length (Chapter 4). These latter findings confirm that the action of 

certain dietary components on the expression of pre- and postcopulatory sexual traits 

may be contingent on numerous other dietary (or other environmental) variables. As 

such, ‘null’ results, in the context of testing the effect of environmental variables on 

fitness traits, need to be interpreted cautiously. A similarly complex scenario emerges 

from my quantitative genetic analyses, which revealed that patterns of genetic variance 

underlying resource allocation to sexually selected traits can be contingent on the 

environment (Chapter 6).  

 

The results from chapters documenting condition dependence in sexual traits are 

consistent with the view that under dietary restriction, males are forced to allocate their 

limited resources to self-maintenance or other physiological activities rather than to 

costly sexually selected traits (Ardia, 2005, Tieleman et al., 2008). On the other hand, 
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males fed ad libitum are likely to be less constrained in how they allocate dietary 

resources and thus may be better able to invest in the production and maintenance of 

costly condition-dependent traits (Cotton et al., 2004b, Iwasa and Pomiankowski, 1991, 

Pomiankowski, 1987, Tomkins et al., 2004, Zahavi, 1975). A possible explanation for 

these findings is that reduced energy levels under dietary restriction may impact 

physiological processes that underpin the expression of ornamental and behavioural 

traits. Indeed, studies reveal that dietary restriction can modulate energy levels which 

affect the circulation of optimum levels of different hormones (e.g. corticosteroids, 

insulin-like growth hormone, etc.), which in turn are necessary for the development of 

phenotypic traits (e.g. cognitive skills and the production of sexually selected traits) 

(Buchanan, 2000, Healy and Braithwaite, 2000, Warren et al., 2013). Future studies are 

required to investigate the extent to which similar processes apply to guppies, in 

particular by exploring how energy levels regulate hormonal and other physiological 

processes.      

 

The lack of any effect of carotenoids on the expression of ornamental traits 

(particularly orange pigmentation) was surprising. As I have discussed above, this result 

may reflect the fact that these nutrients are only minor antioxidants in our focal species, 

and thus have little impact on the males’ ability to express sexually selected traits 

(Costantini and Moller, 2008, Marri and Richner, 2014, Ng et al., 2013, Sullivan et al., 

2014). Alternatively, the experimental males used for my studies may have acquired 

(and consequently stored) these nutrients from their early diet of live Artemia nauplii 

(Gilchrist and Green, 1960, Krinsky, 1965). Clearly there is a need to test between these 

possibilities. As the carotenoid content of natural diets has not been specifically 

documented for populations of guppies in Queensland (from where the ancestral stock 

of my experimental fish came), the experimental carotenoid diets were prepared based 

on the information obtained by Grether (2000) and Kolluru et al. (2006) for Trinidadian 

populations. One avenue for further research, therefore, is to carefully analyse the 

composition of diets in the focal population in order to further refine the experimental 

diets, whilst carefully managing the diets of newborn (pre-experimental) fish to ensure 

that no ‘hangover’ effects of early dietary experience affect subsequent results. 

 

The potentially confounding effects outlined above may also explain the lack of 

any interactive effect of carotenoids and PUFA (Chapter 4) on the traits of interest. 
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Indeed, in addition to assimilating carotenoids in their early diets, (Gilchrist and Green, 

1960, Krinsky, 1965), the focal males used in Chapter 4 may also have obtained fatty 

acids from their early (pre-experimental) diet (Coutteau and Sorgeloos, 1995, Tizol-

Correa et al., 2006). Thus, one simple direction for future research would be to revisit 

this question after (a) refining the carotenoid diets in line with the suggestion above, and 

(b) applying careful controls to the diets of newborn guppies to ensure that both 

nutrients are sufficiently limiting (or at least standardised) before commencing any 

feeding trials. Furthermore, future investigations that explore the interactive effects of 

carotenoids and/or PUFA with other essential nutrients known to influence the 

expression of numerous fitness traits, such as proteins, carbohydrates, vitamins and 

hormones, would be useful (Blas et al., 2006, Fricke et al., 2008, Harrison et al., 2014, 

Marri and Richner, 2014, Sentinella et al., 2013). In this way, we can determine whether 

any effect of either nutrient (carotenoid or PUFA) depends on variation in other 

(unmeasured) variables (e.g. see Almbro et al., 2011). 

 

A further surprising finding from my studies is that diet manipulation, both in 

terms of quantity and quality, had no detectable effect on patterns of covariance 

between sexually selected traits. In particular, I anticipated detecting resource allocation 

trade-offs between sexually selected traits (particularly between pre- and postcopulatory 

traits; see Parker, 1998) when resources were limited, in line with predictions from life 

history theory (Van Noordwijk and Dejong, 1986) and previous empirical work 

(Cothran et al., 2012, Lewis et al., 2011, Mougeot et al., 2010, Perry and Rowe, 2010, 

Simmons, 2012). In my studies, the experimental males were treated only after reaching 

sexual maturity (~ 3 months old), which in turn may have limited the scope for 

detecting any change in the distribution of resources that are set during development. 

Specifically, there are likely to be limits to ornament size relative to body size (Knell et 

al., 2004), and thus further exaggeration of sexually selected traits by males fed high 

quality/quantity diets may be constrained because these males were already sexually 

mature. Further work that imposes dietary manipulation on sub-adults would be useful 

to test whether such constraints apply in guppies. Furthermore, diet restriction may 

modulate hormonal secretions required during early development for growth, 

reproduction and other physiological processes (Warren et al., 2013, Zera and 

Harshman, 2001). Such secretions, in turn, can underlie life-history trade-offs (Flatt and 

Heyland, 2011, Ketterson and Nolan, 1992, Williams, 2012), and thus it may be 
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necessary to ensure that resource manipulation is timed to coincide with key phases of 

development during which hormones regulate such trade-offs. In this regard, future 

research designed to identify the specific hormones that contribute towards the 

development of sexually selected traits are needed to understand the mechanistic basis 

for resource allocation trade-offs. 

 

Finally, the findings of the quantitative genetic experiment suggest that the 

reliability of precopulatory (see also Kemp and Rutowski, 2007, Mills et al., 2007) and 

postcopulatory traits (see also Engqvist, 2008, Lewis et al., 2012, Morrow et al., 2008) 

may be compromised under certain environmental conditions. Consequently, an 

interesting direction for future work would be to test whether changes in the nutritional 

environment disrupt sexual selection for paternal ‘good genes’, which are thought to 

underlie female mating preferences in this system (Evans et al., 2004, Reynolds and 

Gross, 1992). To my knowledge, no study has yet tested whether sexual signalling 

efficacy (e.g. indirect benefits associated with mate choice) is compromised by GEIs, 

and thus whether environmental effects also have the potential to moderate the rank 

order of female mating preferences in line with expectation for sexual trait co-evolution. 

Many of the findings presented in this thesis suggest that guppies are likely to provide 

an ideal model system for testing these possibilities. 
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Abstract

Female choice can impose persistent directional selection on male sexually

selected traits, yet such traits often exhibit high levels of phenotypic variation.

One explanation for this paradox is that if sexually selected traits are costly,

only the fittest males are able to acquire and allocate the resources required for

their expression. Furthermore, because male condition is dependent on resource

allocation, condition dependence in sexual traits is expected to underlie trade-

offs between reproduction and other life-history functions. In this study we test

these ideas by experimentally manipulating diet quality (carotenoid levels) and

quantity in the guppy (Poecilia reticulata), a livebearing freshwater fish that is

an important model for understanding relationships between pre- and post-

copulatory sexually selected traits. Specifically, we test for condition dependence

in the expression of pre- and postcopulatory sexual traits (behavior, ornamenta-

tion, sperm traits) and determine whether diet manipulation mediates relation-

ships among these traits. Consistent with prior work we found a significant

effect of diet quantity on the expression of both pre- and postcopulatory male

traits; diet-restricted males performed fewer sexual behaviors and exhibited

significant reductions in color ornamentation, sperm quality, sperm number,

and sperm length than those fed ad libitum. However, contrary to our expecta-

tions, we found no significant effect of carotenoid manipulation on the expres-

sion of any of these traits, and no evidence for a trade-off in resource

allocation between pre- and postcopulatory episodes of sexual selection. Our

results further underscore the sensitivity of behavioral, ornamental, and

ejaculate traits to dietary stress, and highlight the important role of condition

dependence in maintaining the high variability in male sexual traits.

Introduction

Conspicuous sexual traits that function either in the

context of intrasexual interactions or through intersexual

mate choice (Darwin 1871) may act as “honest” indica-

tors of male quality. Examples of such traits include

weaponry (e.g., horns) used during male–male contests

and elaborate ornaments (e.g., colorful plumage, crest, or

comb) or courtship songs used to attract females

(Andersson 1994). The genic capture hypothesis (see

Rowe and Houle 1996) predicts that despite persistent

directional sexual selection on such traits, their expression

can be highly variable because only individuals of supe-

rior quality or condition are able to bear the costs of

expressing them (Zahavi 1975; Pomiankowski 1987;

Grafen 1990; Iwasa and Pomiankowski 1991, 1999;

Cotton et al. 2004a) and because condition itself is under-

pinned by high genetic variance (reviewed by Tomkins

et al. 2004). An individual’s condition largely depends on

the amount of resources available for acquisition and

allocation to fitness-enhancing traits (Lorch et al. 2003;

Tomkins et al. 2004); thus condition dependence in

secondary sexual traits is thought to underlie trade-offs

between costly sexual displays and other life-history

functions (i.e., increasing allocation to one function

results in decreasing resource availability for alternative

functions) (Lozano 1994, 2001; Gustafsson et al. 1995;

Griffith 2000; Andersson et al. 2002; Kilpimaa et al. 2004;

Peters et al. 2004; McGraw 2006; Simmons and Emlen

2006; Perry and Rowe 2010).
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The manipulation of resource availability, particularly

through dietary manipulation, offers a useful way of

testing for condition dependence in sexually selected

traits. Accordingly, many studies have shown that males

fed diets of high nutritional quality and/or quantity exhi-

bit enhanced ornamental (Hooper et al. 1999; Hill 2000;

Cotton et al. 2004a; Tibbetts 2010; Devigili et al. 2012),

behavioral (Gottlander 1987; Mappes et al. 1996; Jennions

and Backwell 1998; Kotiaho 2000, 2001; Engqvist and

Sauer 2003; Holzer et al. 2003; Kim and Choe 2003;

Devigili et al. 2012), and morphological traits (Hunt and

Simmons 1997; Meidel and Scheibling 1999; Bjorksten

et al. 2000; Laparie et al. 2010). Dietary manipulation

may also influence the expression of traits subject to

postcopulatory sexual selection, which comprises sperm

competition, where ejaculates from two or more males

compete for the fertilization of ova (Parker 1970), and

cryptic female choice, where females influence the

outcome of sperm competition through physiological,

morphological, or behavioral adaptations (Thornhill 1983;

Eberhard 1996). Because females typically mate with two

or more males within a single reproductive episode (Birk-

head and Møller 1998), postcopulatory sexual selection is

a potent evolutionary force in most mating systems

(Birkhead and Pizzari 2002). Studies that have tested for

condition dependence in traits subject to postcopulatory

sexual selection have revealed evidence that dietary

manipulation influences ejaculate size (Kemp et al. 1991;

Delisle and Bouchard 1995; Jia et al. 2000; Ferkau and

Fischer 2006; Lewis and Wedell 2007; Franssen et al.

2008; Perry and Rowe 2010; Rogers-Bennett et al. 2010),

sperm quality (Gage and Cook 1994; Simmons 2012),

and testes size (Ward and Simmons 1991). Surprisingly,

however, despite the importance of both pre- and post-

copulatory episodes of sexual selection in most taxa, only

a handful of studies have tested for condition dependence

in both pre- and postcopulatory traits simultaneously

(Pike et al. 2010; Lewis et al. 2011, 2012; Devigili et al.

2012; Tigreros 2013).

Carotenoids constitute an important source of anti-

oxidants that are ingested through the diet and may

simultaneously contribute toward the expression of male

sexual ornaments and ejaculate traits (Grether et al. 1999;

Blount et al. 2001, 2003; Velando et al. 2008; Helfenstein

et al. 2010). Indeed, carotenoids are known to influence

the expression of numerous traits subject to precopulato-

ry sexual selection in many birds and fishes (Kodric-

Brown 1989; Hill 1990; Grether 2000; McGraw and Ardia

2003; Karino and Shinjo 2004; Lindstrom et al. 2009),

and therefore condition dependence in these signals is

both expected (Zahavi 1975; Andersson 1986; Pomian-

kowski 1987) and supported by empirical evidence in

these groups (Nicoletto 1993; Alonso-Alvarez et al. 2004;

Pike et al. 2007; Hill et al. 2009; Lindstrom et al. 2009).

There is also evidence that carotenoids may influence the

expression of traits subject to postcopulatory sexual selec-

tion (Helfenstein et al. 2010; Pike et al. 2010), which in

turn may explain why carotenoid-based sexual ornaments

and components of sperm quality (Locatello et al. 2006;

Helfenstein et al. 2010) or sperm competitiveness (Evans

et al. 2003; Helfenstein et al. 2008) are correlated in some

species. For example, in the three-spined stickleback

Gasterosteus aculeatus, the expression of carotenoid-based

nuptial coloration is positively correlated with male

fertility, and males fed experimentally elevated levels of

carotenoids exhibit significantly higher fertilization rates

than their counterparts fed a low carotenoid diet (Pike

et al. 2010). Similarly, in birds, Helfenstein et al. (2010)

found that the ejaculates of male great tits (Parus major)

were susceptible to oxidative stress, and that when

relatively less ornamented males were fed carotenoid-

supplemented diets their sperm quality improved, sug-

gesting that dull (unattractive) males were deficient in

carotenoid antioxidants.

The guppy Poecilia reticulata (Fig. 1) is an ideal species

for evaluating how carotenoids simultaneously contribute

toward the expression of pre- and postcopulatory sexual

traits. In this polyandrous livebearing fish, males and

females exhibit marked sexual dimorphism, with males

exhibiting complex color patterns composed of orange

(carotenoid and pteridine), iridescent (structural), and

black (melanin based) spots and females exhibiting cryp-

tic coloration (Houde 1997). For their part, female

guppies exhibit consistent sexual preferences toward males

exhibiting relatively large and bright orange spots, which

males advertize to females during ritualized courtship

displays (Houde 1997). Outside periods of female sexual

receptively, males can employ coercive copulation

attempts (termed “gonopodial thrusts”), where they

attempt to forcibly inseminate females without prior

Figure 1. A male guppy (Poecilia reticulata). Photograph courtesy of

Clelia Gasparini.
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courtship. Several studies on guppies have revealed posi-

tive correlations between the extent of orange pigmenta-

tion, which exhibits condition dependence in this species

(Grether 2000; van Oosterhout et al. 2003; Karino and

Shinjo 2004; Kolluru and Grether 2005; Kolluru et al.

2009), and components of sperm quality (Locatello et al.

2006; Pitcher et al. 2007), while two studies have reported

a positive association between the extent of a focal male’s

orange pigmentation and his success in sperm competi-

tion (Evans et al. 2003; Pitcher et al. 2003). These latter

studies therefore suggest possible functional codependence

of pre- and postcopulatory sexual traits on resource

availability, which is predicted by theory (Blount 2004;

Velando et al. 2008) but so far lacking in direct experi-

mental support.

In this study, we determine whether the experimental

manipulation of dietary carotenoids influences the expres-

sion of precopulatory (sexual behavior and color orna-

mentation) and postcopulatory (the velocity, viability,

number, and size of sperm) traits in guppies. Our manip-

ulation of carotenoid levels spanned the period from the

onset of sexual maturity (around 13 weeks) until males

were aged 7 months, and involved the complete exclusion

of dietary carotenoids in the restricted group, thus maxi-

mizing any impact of carotenoid deficiency on the

observed traits. Because the expression of male sexual

traits is sensitive to diet quantity (Devigili et al. 2012), we

also explored the effects of carotenoid manipulation

under experimentally low and high food levels, thus

potentially exposing any interactive effects of diet quantity

and quality on the expression of pre- and postcopulatory

sexual traits. Based on prior work (Devigili et al. 2012)

we expected to see a reduction in trait values under food

limitation, and interacting effects of carotenoid supple-

mentation and food levels under the assumption that the

effects of carotenoid limitation will be more prevalent

under dietary stress (Hill et al. 2009). Finally, we test for

condition dependence in both sexual and nonsexual

(morphological) traits, with the a priori expectation that

traits under sexual selection should exhibit greater condi-

tion dependence than nonsexually selected traits (Cotton

et al. 2004b).

Methods

Origin and maintenance of study fish

The guppies used in this experiment were descendents of

wild-caught fish from Alligator Creek in Queensland, Aus-

tralia and were kept in mixed-sex aquaria at the University

of Western Australia (115 L tanks) until required for this

experiment. These stock tanks were lit by overhead fluores-

cent lamps (Philips TLD 36W, Royal Philips Electronics,

Amsterdam, the Netherlands) on a 12:12 light: dark cycle

and maintained at 27°C. The stock population was fed

6 days per week on a diet of Artemia nauplii which was

supplemented with commercial dry food 3 days per week

(Wardley Total Tropical Gourmet Flake BlendTM, The

Hartz Mountain Corporation, Secaucus, NJ).

Dietary treatments

The males used in this experiment were aged 3 months at

the start of the trials. These males (n = 120 in total) were

assigned at random to one of two experimental diet treat-

ments (hereafter termed “high quality” and “low quality”),

and then further divided into two food level treatments

(“high quantity” and “low quantity”). Our experimental

design therefore tested the effect of two factors (quality

and quantity) and their interaction on male traits, with

n = 30 males assigned to each of the four diets. The two

experimental diets (i.e., high and low quality) were

prepared as “micro-pellets” (pellet size: 300–500 lm) by

NutraKol Pty Ltd, Western Australia (see Table 1 for diet

formulations); the high-quality (carotenoid-enriched) diet

was identical to the low-quality diet except for the pres-

ence of four carotenoid pigments (i.e., they were nutrition-

ally identical in other regards; see Table 1). Both diets

were compositionally similar to those used in previous

guppy studies (Grether 2000, 2005; Kolluru et al. 2006)

and based on naturally occurring levels of these pigments

in the diet of wild fish (Grether et al. 1999, 2001).

Once assigned to their allotted diet treatments, males

were reared individually in 2 L tanks (illuminated on a

12:12 h cycle with Philips TLD 36W fluorescent lamps)

Table 1. Composition of high- and low-quality experimental diets (dry weight basis).

Diets

Ingredients Carotenoid supplements (lg/g)

Fish and mussel meal1 Fish oil Vitamins2 Gelatin Others3 Lutein Zeaxanthin Astaxanthin ß-carotene

Low 74.8 5.9 3.5 5.2 10.6 0 0 0 0

High 74.8 5.9 3.5 5.2 10.6 1000 100 100 1500

1Fish meal: 55% and mussel meal: 19.8%.
2Vitamin C: 1.2%; vitamin E: 0.7%, and vitamin mix: 1.6%.
3Lecithin: 1.2%; immune stimulant: 3.5%, and egg white: 5.9%.
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and fed standard amounts of the micro-pellets once daily

(6 days per week) at a rate of ~4% (1.9 mg; high quan-

tity) or ~2% (0.9 mg; low quantity) of their body weight

until they were sexually mature (7 months old). Rearing

males individually and in random positions in a tempera-

ture-controlled room (mean 26°C; range 25–27°C)

ensured that common environmental effects would not

have contributed to any of the observed differences in

trait values in this experiment. During the 4-month

rearing period 13 males died prior to testing (n = 3 in

high-quality/high-quantity group; n = 3 in low-quality/

high-quantity group; n = 5 in high-quality/low-quantity

group and n = 2 in low-quality/high-quantity group).

As male guppies exhibit largely determinate growth

(i.e., their size does not change substantially after reaching

sexual maturity), food levels were maintained at these

levels throughout the experimental period. We standard-

ized the quantity of micro-pellets by using an electric bal-

ance to ensure that food quantities did not differ among

males within each group throughout the feeding trials.

We chose the amount given following preliminary trials,

which confirmed that most fish assigned to the low-quan-

tity diet consumed their food within 10 min, while those

assigned to the high-quantity group continued feeding

well beyond this time. During the 4-month rearing phase,

each focal male had visual (but not direct) access to two

adult females housed in adjacent tanks to ensure that they

remained sexually motivated (e.g., see Bozynski and Liley

2003; Gasparini et al. 2009). Opaque paper screens were

placed between adjacent male tanks to prevent visual

interactions among the experimental males. In all tanks,

the water was partially exchanged (30–40%) and treated

with an antialgal treatment (2-chloro-4, 6-bis-(ethylami-

no)-s-triazine) each week to prevent algal growth, which

may otherwise provide a source of carotenoids to the

experimental fish (Grether 2000).

Mating behavior

Mating behavior trials took place between 0800 and 1200

to correspond with the peak of sexual activity in this

species (Houde 1997). For these trials, we used ten repli-

cate 8 L observation tanks (28.5 9 14.5 9 19 cm, filled

to 14 cm) containing aquarium gravel and artificial pond-

weed. In each trial, a nonvirgin female from a mixed-sex

(stock) aquarium was placed in the tank and allowed to

settle overnight. Females were approximately matched for

size (by eye) across trials and used only once. The follow-

ing day, a single male was placed in the aquarium and

allowed to settle for at least 5 min or until it showed

sexual interest in the female (i.e., following the female or

engaging in courtship). For each 15 min trial, we

recorded male mating behavior as the number of sigmoid

displays (males arch their body in a characteristic s-

shaped posture and quiver), gonopodial thrusts (forced

mating attempts in which males approach females from

behind and attempt copulations without prior courtship

or female solicitation), and the time (in seconds) spent

by the male courting or chasing the female (a measure of

the male’s overall sexual interest in the female, hereafter

“sexual interest”). After the trial, each male was returned

to its individual tank and maintained on the same diet

treatment for a further 7 days before being used for the

body size, color pattern, and sperm analyses. This period

of isolation after the mating behavior trials ensured that

males would have fully replenished their sperm supplies

prior to sperm counts and sperm analyses (see below)

(Bozynski and Liley 2003; Gasparini et al. 2009).

Male body size and coloration

One week after the behavioral trials, each male was anes-

thetized and its body surface was gently dried with blotting

paper. The male was then photographed under standard

lighting (two 13W fluorescent bench lamps) against a mea-

surement scale on a white background using a digital cam-

era (Nikon D70s with Nikon 105 mm macro lens, Nikon

Corporation, Tokyo, Japan). Each image included a color

standard (mini Munsell Colour CheckerTM, Munsell Color,

Grand Rapids, MI) and a unique code so that subsequent

analyses of male traits were performed blind of treatment.

The raw uncompressed images (.NEF) were converted to

TIFF files and imported into ImageJ software (http://rsb-

web.nih.gov/ij/) for the measurements of body size and

coloration. We measured the total area of the male’s col-

ored spots on the left side of the body, including the area

of carotenoid and pteridine pigments (orange and yellow

spots, hereafter summed as “orange”) and structural colors

(blue, green, purple, silver, and white, collectively termed

“iridescence”; Brooks and Endler 2001b). The total number

of orange and iridescent spots was also recorded as an

index of color complexity (Nicoletto 1993; Brooks and En-

dler 2001a). Standard length (the distance in mm from the

male’s snout to the tip of his caudal peduncle) and body

area (the area [mm2] of the body excluding all fins) was

estimated to test for a possible trade-off between somatic

growth and sperm quality.

The reflectance of each male’s colored spots was

measured directly from the digital photographs using

ColourWorker software (developed by John Anderson

and Daniel Osorio, University of Sussex, U.K.; Chrometics

Ltd.: http://www.chrometrics.com/download.html). This

program utilizes reference spectra that are specific to the

reflectance properties of the subject material being photo-

graphed and compares this to the spectral information

obtained from a color standard (with known reflectance
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properties), which is included in each image. The inclu-

sion of the color standard in every digital photograph

allows the program to compensate for any variation in

reflectance due to ambient lighting or variation in the

light encoding capability of the camera. As ColourWorker

does not include reference spectra that are suitable for

evaluating the reflectance of fish skin pigments, we

imported spectra obtained from a previous experiment

investigating the influence of diet quantity on male guppy

coloration. In this previous experiment (Devigili et al.

2012), guppies originated from the same Queensland

population as those used in the current experiment and

skin reflectance was measured using a USB4000 spectrom-

eter (Ocean Optics, Inc., Dunedin, FL) and miniature

Deuterium Tungsten light source (Analytical Instrument

Systems, Inc., NJ) (see Devigili et al. 2012 for full details

of spectrometry). Spectral data were collated using Spec-

traSuite software (Ocean Optics), linearly interpolated at

5 nm intervals (range: 400–700 nm) and then imported

as reference files into the ColourWorker program (n = 60

orange spectra and 30 iridescent spectra).

We used ColourWorker to obtain three measures of

reflectance for each color spot by placing the program’s

point sampler in a different location (but toward the cen-

ter of each patch) within each color spot. Each spot was

measured specific to its corresponding reference spectra;

thus orange spots were measured by selecting our orange

guppy spectra as reference material and iridescent spots

were measured using our iridescent guppy reference spec-

tra. We obtained a measure of reflectance (between 0 and

1) for each 5 nm wavelength interval between the range

400–700 nm. For each male we averaged the three

reflectance measurements for each spot (for orange and

iridescent patches separately). Reflectance data from

ColourWorker can only be obtained between 400 and

700 nm; thus we could not obtain measures of ultraviolet

(300–400 nm) reflectance using this method.

Finally, principal component analysis (PCA) was used

to reduce the number of color pattern reflectance mea-

sures (n = 61 measures of reflectance per patch) for our

subsequent analyses (see below). We performed PCA for

the orange and iridescent spectra separately (using all

males), entering reflectance at each wavelength (e.g.,

400 nm, 405 nm, 410 nm…) as a separate variable. We

only considered principal components with eigenvalues

greater than one and obtained four PCs for orange spots

(OR-PC1–4) and three PCs for iridescent spots (IR-PC1–3)

(Table 2). We determined how the PCs were loaded

against the original (wavelength) variables by plotting

wavelength against the factor loadings in each case (see

Figs. S1, S2). As for other studies that have used PCA for

the analysis of spectral data, we confirmed that PC1

(which accounted for >65% of the total variability in the

PCA) represents mean spectral reflectance (typically

correlated with brightness), while subsequent PCs describe

the shape of the reflectance spectrum (which is correlated

with hue and chroma) (Cuthill et al. 1999).

Analysis of body shape

We used geometric morphometrics to estimate variation

in male body shape largely following the methods

described by Hendry et al. (2006). Briefly, we used

tpsDig2 software (Rohlf 2005a) to superimpose 18 land-

marks on each image (see Fig. 2). Landmarks were subse-

quently designated as fixed (placed at homologous points

on each image) or semisliders (placed on curved surfaces

between fixed landmarks) using tpsUtil software (Rohlf

2005b). Landmark data were subsequently analyzed using

tpsRelw v1.42 software (Rohlf 2005b) to generate relative

warp (RW) scores, which describe shape variation as

deviations from a consensus shape. These scores were

subject to RW analysis, which corresponds to a principal

components analysis and serves to reduce multivariate

shape data to RWs that describe most of the variation in

shape. We retained three RWs, which collectively

explained ~64% of the overall variance in male body

shape (hereafter referred to as RW1–3). The shape varia-

tion captured by these RW scores is illustrated by the

Table 2. Eigenvalues and proportion of variation explained for the

principal components (PCs) of orange spots (OR-PC1–4), iridescent

spots (IR-PC1–3), and original sperm velocity traits (CASA-PC1–2).

PCs Eigenvalues % of variation explained

Orange spot PCs

OR-PC1 39.39 64.6

OR-PC2 9.56 15.7

OR-PC3 8.63 14.2

OR-PC4 3.2 5.3

Iridescent spot PCs

IR-PC1 41.43 67.9

IR-PC2 11.46 18.8

IR-PC3 8.04 13.1

Casa PCs

CASA-PC1 4.44 63.4

CASA-PC2 1.57 22.5

Figure 2. Identification of landmarks used in the geometric

morphometric analysis. We used six fixed (white dots) and 12 sliding

(black dots) semilandmarks that were positioned on each image using

tpsDig2 software.
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thin-plate splines in Figure S3. Briefly, RW1 describes

variation in the shape of the abdomen (flank), RW2

describes variation in the shape of the gill region and

operculum plate, and RW3 describes the elongation of

males’ caudal peduncle. These three indices of body shape

were included in our analysis to provide measures for

nonsexual “traits” with the expectation that these traits

would exhibit reduced condition dependence in compari-

son to traits subject to sexual selection (Cotton et al.

2004b).

Sperm assays

Immediately after the digital photography, the anesthe-

tized males were carefully dried and placed on a glass

slide under a dissecting microscope with their gonopodi-

um (intromittent organ) swung forward. A micropipette

was used to add 40 lL of an extender medium

(207 mmol/L NaCl, 5.4 mmol/L KCl, 1.3 mmol/L CaCl2,

0.49 mmol/L MgCl2, 0.41 mmol/L MgSO4, 10 mmol/L

Tris, pH 7.5) at the base of the gonopodium. Light pres-

sure was then applied to each male’s abdomen to expel

all strippable sperm into the extender medium (Matthews

et al. 1997). The use of the extender medium ensured

that sperm bundles remained intact and quiescent until

they were used for the sperm performance assays (Gard-

iner 1978). From this total sperm pool, we extracted 10

spermatozeugmata (unencapsulated sperm bundles) for

the sperm viability assays (see below) before activating

the remaining sperm with 40 lL of 150 mmol/L KCl

solution with 2 mg/L bovine serum albumin (BSA)

(Billard and Cosson 1990). The use of BSA in this

solution helped to prevent sperm from sticking to the

slide (Pitcher et al. 2007). From these activated sperm

samples, two aliquots (each containing three sperm bun-

dles) were immediately used for the computer-assisted

sperm analysis (CASA) of motility (see below). Sperm

bundles not used for CASA and sperm viability assays

were collected in a known volume of saline solution and

1% formalin (to prevent sperm degradation) and stored

at 4°C until counted.

Computer-assisted sperm analysis

Sperm velocity was estimated immediately after each

sample was activated with the KCl/BSA solution using

CASA (following Evans 2009). For these assays, the two

freshly activated samples from each male were placed in

separate wells of a 12-cell multitest slide (MP Biomedi-

cals, Aurora, OH) previously coated with 1% polyvinyl

alcohol to further prevent sperm from sticking to the

glass slide (Wilson-Leedy and Ingermann 2007). The

sample was then analyzed using the CEROS Sperm

Tracker (Hamilton Thorne Research, Beverly, MA). The

measures included: (1) average path velocity (VAP),

which estimates the average velocity of sperm cells over a

smoothed cell path; (2) straight line velocity (VSL), the

average velocity on a straight line between the start and

the end point of the track; (3) curvilinear velocity (VCL),

the actual velocity along the trajectory; (4) linearity

(LIN), the ratio of net distance moved to total path

distance (VSL/VCL); (5) straightness (STR), the ratio of

net distance moved to smoothed path distance (VSL/

VAP); and (6) the amplitude of lateral head displacement

(ALH), the magnitude of lateral displacement of a sperm

head about its spatial average trajectory. The threshold

values for defining static cells were predetermined at

24.9 lm/sec for VAP and VCL, and 15 lm/sec for VSL

(Evans 2009). Sperm velocity measures were based on an

average of 35.1 � 2.09 SE sperm tracks per sample (mean

value is taken for n = 104 males; n = 3 males did not

produce sperm).

We used principal components analysis to reduce the

number of sperm trait variables (n = 7), many of which

were highly correlated, to a single composite measure of

“speed”, which is known to predict competitive fertiliza-

tion success in guppies (Boschetto et al. 2011). The first

principal component (PC1) from this analysis was

strongly positively loaded by VAP, VSL, and VCL, the

frequency of tail beating (BCF) and measures of STR and

LIN (see Table 3). Thus, collectively PC1 describes the

speed and STR of sperm between the start and end point

of their tracks.

Sperm viability

A live/dead sperm viability assay (Invitrogen, Molecular

Probes, Life Technologies Corporation, Carlsbad, CA) was

used to estimate the proportion of live sperm in the

reserved subsample of each male’s stripped ejaculate. The

assay stains live sperm green with the membrane-perma-

nent nucleic acid stain SYBR-14, and dead sperm red with

propidium iodide, which penetrates damaged sperm cell

Table 3. Loading matrix with correlations between principal

components (PC1–PC2) and original sperm velocity traits.

Traits PC1 PC2

VAP 0.94668 �0.05298

VSL 0.93471 �0.23062

VCL 0.70657 0.63464

ALH �0.09061 0.96435

BCF 0.66168 0.22074

STR 0.94264 0.09374

LIN 0.91485 �0.36042

The eigenvalues of PC1 and PC2 were 4.44, 1.57 and explained

63.4% and 22.5% of the variation in the data, respectively.
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membranes. Sperm bundles were agitated using a pipette

and vortex, suspended in 10-lL extender medium and

mixed with an equal volume of 1:50 diluted 1 mmol/L

SYBR-14. Samples were left in the dark for 10 min before

2 lL of 2.4 mmol/L propidium iodide was added. Samples

were incubated in the dark for a further 10 min before

being observed under a fluorescence microscope. The pro-

portion of live sperm in each sample was then estimated

from 200 sperm cells per sample.

Sperm number and length

Sperm counts were performed using an improved

Neubauer hemocytometer under 409 magnification (Leica

DM1000 microscope, Leica, Solms, Germany) after vor-

texing each sample for 10 sec. The average of five counts

per male was used to estimate the total number of sperm

in each stripped ejaculate (Matthews et al. 1997). Sperm

counts were corrected to allow for sperm that had been

removed from each sample for the CASA and viability

assays (Evans 2009).

Photographs of each male’s sperm were obtained under

10009 magnification (Leica DM1000 microscope) using a

digital camera (Leica DFC320). Where possible, 20

undamaged spermatozoa were analyzed per male (mean

number of sperm cells analyzed per male = 19.3 � 0.25

SE; range = 10–20). ImageJ software was used to measure

the total length of each sperm cell (Gasparini et al. 2010).

Statistical analysis

A total of 107 males survived until the end of the experi-

ment. All data exhibited normal distributions with the

exception of the sexual behaviors (sexual interest, sigmoid

displays, gonopodial thrusts), sperm counts, and sperm

viability. Appropriate transformations (log10 for all traits

except sperm viability, where arcsine square-root transfor-

mation was used) yielded normal distributions for all of

these traits. We performed a multivariate general linear

model (MGLM) to test for an overall effect of the two diet

treatments (quality and quantity) and their interaction on

precopulatory (Or-PC1–4, IR-PC1–3, orange area, iridescent

area, orange spot number, iridescent spot number, sexual

interest, sigmoid displays, gonopodial thrusts), postcopula-

tory (sperm velocity PC1, sperm viability, sperm counts,

total sperm length), and nonsexual traits (body shape

RW1–3). In this analysis we included male body length

(standard length) as a covariate, while the two treatments

and their interaction were fitted as fixed effects. As the

MGLM revealed an overall significant effect (see below),

subsequent univariate general linear models (GLMs) were

used to test for the effect of the significant factors on indi-

vidual traits. For these univariate tests we corrected for

multiple comparisons using the False Discovery Rates

(FDRs) method proposed by Benjamini and Hochberg

(1995). To quantify the magnitude of treatment effects, we

calculate Cohen’s effect size (Cohen 1988) for each trait.

Finally, we calculated Pearson’s r to test for correlations

between pre- and postcopulatory traits. For these tests, we

restricted our analysis to traits that were significantly

affected by the treatments. We used partial correlations for

those traits that were significantly influenced by male stan-

dard length. All analyses were performed using JMP� ver-

sion 9.0.0 (JMP, Cary, NC).

Results

The overall model for sexual traits (MGLM) revealed a sig-

nificant effect of diet quantity on the response variables but

no effect of diet quality or the quantity-by-quality interac-

tion (Table 4A). Overall, males fed the high-quantity diet

were larger than those assigned to the low-quantity

treatment (SL mean � SE; high: 15.84 � 0.23 mm, low:

14.45 � 0.09 mm; F1, 104 = 30.4, P < 0.001). The MGLM

therefore included male SL as a covariate when testing the

overall effects of diet treatment on the sexual and nonsexual

traits. The subsequent univariate GLMs revealed that diet

quantity had an effect on male sexual behavior, coloration

and sperm performance (see below). As predicted, the diet

treatments had no significant influence on the first two

principal sources of variance in male body shape (RW1 and

RW2). However, there was an effect of diet quantity on

RW3 (Table 4B), which although unanticipated may reflect

the effect of diet restriction on components of body size

(see Discussion).

Effect of diet on precopulatory sexually

selected traits

We found that diet-restricted males performed fewer

courtship (sigmoid) displays and exhibited a reduction in

sexual interest during the behavioral trials compared with

males assigned to the high-quantity group (for the effect

of diet treatment on sigmoid displays see Fig. 3). By

contrast, we detected no significant difference in the num-

ber of gonopodial thrust attempts between the two quan-

tity groups (Table 4B). Male color patterns also differed

between the high- and low-quantity groups. Males on the

low-quantity diet exhibited a reduction in the area of

orange pigmentation and fewer orange spots than those in

the high-quantity group (Fig. 4A). However, these food-

deprived males had a larger total area of iridescent pig-

mentation (but not a greater number of iridescent spots)

than those in the high-quantity group (Fig. 4B).

The mean reflectance spectra obtained from the

photographs of male orange and iridescent color
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patches are highly comparable to those reported for

other studies of guppies that have used reflectance

spectrometry (e.g., Kemp et al. 2009). The PCs describ-

ing variation in the spectral characteristics of orange

and iridescent spots varied between the diet quantity

treatments. PC1 (which was positively correlated with

brightness) was significantly higher in males assigned to

the low-quantity groups, suggesting that these fish had

brighter orange and iridescent spots (Fig. 5A and B).

For orange spots, OR-PC2 was positive for low-quantity

males and negative for high-quantity males. OR-PCs 2–4

represent differences in the relative amounts of

medium- to short-wavelength light reflected. This sug-

gests that males in the low-quantity group had a

greater proportion of medium-wavelength light reflected

(450–575 nm: blue–green) relative to short-wavelength

light (violet: 400–450 nm) reflected from their orange

spots compared to well-fed males. For iridescent spots,

IR-PC3 describes the relative amount of violet to blue–

green light reflected. Food-deprived males with lower

IR-PC3 scores therefore also had relatively higher reflec-

tance at medium wavelengths of light (blue–green)

compared with short wavelengths of light (violet) for

iridescent spots.

Effect of diet on postcopulatory sexually

selected traits

All of the sperm traits measured were affected by diet

quantity; food-deprived males had fewer, slower

Table 4. Results of diet quantity, quality, and their interaction on male sexual traits.

(A)

Response df F-ratio P

Overall model 20, 59 25.9 <0.001

Diet quantity 20, 56 15.5 <0.001

Diet quality 20, 56 0.55 0.92

Diet quantity 9 quality interaction 20, 56 0.54 0.94

SL (covariate) 20, 56 2.02 0.020

(B)

Trait Response

Mean � SE

df F P Effect size (r)High quantity Low quantity

Body shape RW1 1, 87 1.72 0.19

RW2 n/a n/a 0.20 0.66 n/a

RW3 5.52 0.021*

Behavior Sexual interest 2.65 � 0.023 2.45 � 0.057 6.51 0.012* 0.299

Sigmoid displays 0.959 � 0.05 0.632 � 0.072 1, 103 6.72 0.011* 0.338

Gonopodial thrusts 0.606 � 0.04 0.552 � 0.047 0.48 0.490 0.079

Color patterns Orange PC1 �2.248 � 0.56 2.248 � 1.0 16.1 <0.001*** 0.356

Orange PC2 �0.746 � 0.32 0.746 � 0. 49 1, 101 7.34 0.008* 0.24

Orange PC3 0.159 � 0.31 �0.159 � 0.48 0.09 0.77 0.053

Orange PC4 �0.242 � 0.21 0.242 � 0.27 3.21 0.08 0.134

Orange area 5.28 � 0.294 3.76 � 0.286 4.98 0.028* 0.341

Orange spots 5.788 � 0.21 3.90 � 0.202 21.8 <0.001*** 0.534

Iridescent PC1 �2.254 � 0.78 2.254 � 0.89 9.10 0.003** 0.348

Iridescent PC2^ �0.055 � 0.44 0.055 � 0.50 3.88 0.051 0.016

Iridescent PC3 0.873 � 0.37 �0.873 � 0.38 7.13 0.009* 0.306

Iridescent area^ 14.179 � 0.45 14.305 � 0.39 7.67 0.007* 0.02

Iridescent spots^ 10.635 � 0.31 9.7308 � 0.35 0.15 0.703 0.183

Sperm traits CASA PC1 1.459 � 0.10 �0.967 � 0.75 1, 100 261.8 <0.001*** 0.869

Sperm viability 0.841 � 0.008 0.78 � 0.009 1, 100 12.89 0.001** 0.412

Sperm number 6.82 � 0.025 6.45 � 0.032 1, 94 51.5 <0.001*** 0.673

Sperm length 53.688 � 0.14 52.843 � 0.10 1, 96 15.8 <0.001*** 0.425

Overall results of the MGLM are given in (A), with male body length (in mm) entered as a covariate and diet quantity, quality, and their interac-

tion as fixed effects. Separate univarate GLMs were subsequently conducted for each of our traits entering diet quantity as a fixed effect and

male standard length as a covariate (B). Mean � SE is not reported for the RW scores as they are standardized to have a mean of zero.

Body length had a significant effect only for those traits marked with ^(covariate effects: iridescent PC2: F1, 101 = 9.69, P = 0.002; iridescent area:

F1, 101 = 19.3, P < 0.001; iridescent spots: F1, 101 = 4.00, P = 0.048)..

Asterisks denote significance after controlling for FDR. *P < 0.05, **P < 0.01, ***P < 0.001; ntests = 21.
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swimming, less viable, and shorter sperm than their well-

fed counterparts (Table 4B; see also Fig. 6 for PC1 sperm

velocity).

Correlations between pre- and

postcopulatory traits

We found no evidence for significant associations (e.g.,

indicative of trade-offs) between pre- and postcopulatory

traits for males maintained on a low-quantity diet

(Table 5A). In the high-quantity group, a few negative

relationships emerged (Table 5B), but all were rendered

highly nonsignificant following correction for FDR.

Discussion

Our results reveal that dietary manipulations had a signif-

icant effect on the expression of pre- and postcopulatory

sexually selected traits, and one component of shape

(RW3), in male guppies. For precopulatory sexually

selected traits, we found that males fed a restricted diet

exhibited reductions in courtship, sexual interest, area of

orange spots, and orange spot number compared to those
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assigned to the high-quantity group. The significant effect

of diet treatment on one of the nonsexual traits (RW3)

was unanticipated, given the expectation of relatively

lower condition dependence in traits not subject to sexual

selection (Cotton et al. 2004b). However, inspection of

the thin-plate splines for RW3 (Fig. S3) suggests that vari-

ation in this component of shape describes the elongation

of the male’s caudal peduncle, and while this measure

was not significantly correlated with SL (r = 0.072,

n = 90, P = 0.49), it nevertheless appears to describe vari-

ation in the size of this component of the male’s body

and thus may reflect the overall effect of food limitation

on body size.

Our results also revealed strong effects of diet quantity

on all ejaculate traits measured in this study. We found

that food-deprived males produced fewer and shorter

sperm with slower swimming velocities and reduced

viability than those assigned to the ad libitum diet treat-

ment. By contrast, we found that diet quality, as manipu-

lated by carotenoid levels, had no effect on the expression

of either pre- or postcopulatory sexually selected traits.

Furthermore, and contrary to our initial predictions,

we found no evidence that males trade resources

between pre- and postcopulatory sexual selection, despite

evidence from the same population for a (negative)

genetic correlation between ejaculate quality and male

sexual ornamentation (Evans 2010). Below, we discuss

each of these key findings in detail.

Effect of diet on precopulatory traits

We found a significant effect of diet quantity treatment

on components of male courtship but not gonopodial

thrusting. Consistent with prior work, we observed a

significant reduction in sigmoid displays in the restricted

diet group (Devigili et al. 2012), suggesting that this com-

ponent of male sexual behavior exhibits condition depen-

dence and therefore may provide an honest signal of male

quality (van Oosterhout et al. 2003; Kolluru and Grether

2005; Kolluru et al. 2009; Head et al. 2010). Our results

also revealed that male sexual interest was influenced by

diet (see also Kolluru et al. 2009; Albo et al. 2011;

Devigili et al. 2012), suggesting that in guppies, as with

some other species, courtship effort is a reliable indicator

Table 5. Correlations between pre- and postcopulatory traits for males on the low-quantity (A) and high-quantity (B) diets.

(A)

Precopulatory traits Postcopulatory traits

Trait CASA PC1 Sperm viability Sperm number Sperm length

Behavior Sexual interest 0.14, 51 (0.33) �0.03, 51 (0.85) �0.11, 49 (0.46) 0.12, 49 (0.42)

Sigmoid displays �0.20, 51 (0.16) �0.06, 51 (0.66) �0.03, 49 (0.84) �0.16, 49 (0.27)

Coloration Orange PC1 �0.02, 50 (0.91) �0.14, 50 (0.33) 0.06, 48 (0.67) �0.02, 48 (0.88)

Orange PC2 0.02, 50 (0.90) �0.13, 50 (0.37) 0.20, 48 (0.18) 0.09, 48 (0.53)

Orange area �0.10, 50 (0.51) �0.05, 50 (0.73) �0.17, 48 (0.25) �0.18, 48 (0.22)

Orange spots �0.09, 50 (0.55) 0.00, 50 (0.98) �0.20, 48 (0.18) �0.21, 48 (0.15)

Iridescent PC1 �0.15, 50 (0.29) 0.15, 50 (0.31) 0.03, 48 (0.86) �0.19, 48 (0.19)

Iridescent PC3 �0.20, 50 (0.16) �0.04, 50 (0.76) �0.19, 48 (0.20) �0.19, 48 (0.21)

Iridescent area1 �0.06, 50 (0.66) �0.17, 50 (0.24) 0.06, 48 (0.70) �0.09, 48 (0.57)

(B)

Precopulatory traits Postcopulatory traits

Trait CASA PC1 Sperm viability Sperm number Sperm length

Behavior Sexual interest �0.17, 53 (0.21) �0.12, 53 (0.41) 0.05, 49 (0.72) �0.03, 51 (0.83)

Sigmoid displays �0.19, 53 (0.18) �0.08, 53 (0.58) �0.14, 49 (0.35) 0.10, 51 (0.47)

Coloration Orange PC1 0.14, 51 (0.32) �0.09, 51 (0.54) �0.01, 47 (0.93) �0.18, 49 (0.20)

Orange PC2 0.24, 51 (0.08) 0.27, 51 (0.05) �0.05, 47 (0.75) 0.03, 49 (0.86)

Orange area �0.28, 51 (0.049) �0.16, 51 (0.25) �0.08, 47 (0.58) �0.07, 49 (0.62)

Orange spots �0.27, 51 (0.051) 0.01, 51 (0.92) �0.19, 47 (0.20) �0.03, 49 (0.85)

Iridescent PC1 0.05, 51 (0.71) �0.08, 51 (0.59) �0.07, 47 (0.64) �0.20, 49 (0.16)

Iridescent PC3 �0.05, 51 (0.75) �0.09, 51 (0.51) �0.20, 47 (0.18) �0.30, 49 (0.040)

Iridescent area1 0.29, 51 (0.035) �0.01, 51 (0.94) 0.31, 47 (0.029) �0.25, 49 (0.08)

Values shown are correlation coefficients, sample size, and P-values (in brackets). Significant values are given in bold but these were all nonsignifi-

cant following correction for FDR.
1Indicates trait analyzed using partial correlations to control for male SL.
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of male condition (e.g., Shine and Mason 2005; Shamble

et al. 2009; Kloskowski et al. 2012). Furthermore, as with

Devigili et al.’s (2012) study, our results revealed no

significant effect of diet quantity on the frequency of

gonopodial thrusts. While this result may indicate that

gonopodial thrusts entail relatively lower costs than

sigmoid displays (Houde 1997), it is also consistent with

the possibility that males redirect limiting resources to

alternative reproductive tactics because males in poor

condition are unattractive to females irrespective of the

level of courtship (see Devigili et al. 2012). Unlike previ-

ous work revealing an effect of carotenoid supplementa-

tion on the expression of male behavioral traits (van

Hout et al. 2011), including guppies (Kodric-Brown 1989;

Hill 1991; Grether 2000), we found no such evidence in

our study (see also Toomey and McGraw 2012).

Our finding that diet quantity affected the overall area

of orange pigmentation and the number of orange spots

is consistent with previous work on the same population

of guppies (Devigili et al. 2012) and other species (Hill

2000; Tibbetts 2010). Surprisingly, we also found that the

total area of iridescent coloration was significantly larger

in food-deprived males than their well-fed counterparts.

One possible explanation for this latter finding is that a

reduction in the area of orange coloration makes the

surrounding iridescence patches appear larger and more

prominent. Although we found no evidence for an effect

of diet quality on male coloration, the observed differ-

ences in the spectral properties of orange spots in males

fed high- and low-quantity diets is consistent with

changes in the carotenoid or drosopterin content of these

patches. Specifically, our finding that males fed a high-

quantity diet showed a change in wavelength-specific

reflectance (chroma) and a reduction in overall spot

brightness is in accordance with the absorbance character-

istics of carotenoid and drosopterin pigments (Grether

2000) and suggests that these increased in the spots of

well-fed males. Although carotenoids are primarily

obtained directly through unicellular algae present in the

diet (Goodwin 1984), drosopterins can be synthesized

from carbohydrates and amino acids (Grether et al.

1999); increased availability of these compounds in males

on high-quantity diets may therefore have contributed to

the observed changes in the spectral properties of the

orange spots.

A further possible explanation for the lack of effect of

diet quality in our study is that all males were initially

reared to sexual maturity (until 3 months) on a common

diet of live brine shrimp (Artemia), which are known to

contain carotenoids (Gilchrist and Green 1960; Krinsky

1965; Nelis et al. 1988). Thus, carotenoids may not have

been sufficiently limited in the low-quality treatment and

future studies investigating the effect of dietary carotenoid

intake may benefit by introducing dietary manipulations

from birth (see Grether 2000). Another explanation is

that the skin shrinkage associated with the body area

reduction observed in food-limited males may have com-

pensated for any reduced concentration of carotenoids in

the pigmented area, causing a reduction of spot size but

balancing the reduction in the quantity of carotenoids

available for male ornamentation (see also Devigili et al.

2012). Finally, the absorption and bioconversion of some

carotenoids are markedly reduced when the intake of fat

is low (Jialal et al. 1991; Prince and Frisoli 1993), and

therefore a minimum amount of fat is necessary for

uptake of carotenoids (Castenmiller and West 1998). Our

ongoing work addresses this issue by combining manipu-

lations of carotenoids with dietary fat intake.

Effect of diet on postcopulatory traits

We found consistent effects of diet quantity on ejaculate

quality (e.g., sperm swimming velocity, sperm number,

sperm viability, and sperm length), thus confirming

condition dependence in these traits. The first principal

component for the CASA measures (PC1), which broadly

described variation in sperm swimming velocity and STR,

was significantly lower in the low-quantity group com-

pared to the high-quantity group (see Fig. 6). Similar to

our findings, Selvaraju et al. (2012) found that rams fed a

low-energy diet exhibited a significant reduction in sperm

motility compared to those fed a high-energy diet, while

Alavi et al. (2009) reported that in the cyprinid fish

Barbus barbus, males fed a diet containing low quantities

of polyunsaturated fatty acids (PUFAs) produced ejacu-

lates with lower sperm velocity than those fed a high-

quality diet. Furthermore, recent work by Helfenstein

et al. (2010) on great tits (Parus major) revealed that

cartotenoid-deprived pale males produced ejaculates with

a lower percentage of motile sperm and spermatozoa with

reduced swimming ability compared to males fed a high

carotenoid diet. Although we found no effect of carote-

noids on sperm velocity, our findings for food quantity,

which also extend to measures of sperm viability, provide

further support for the conclusion that components of

sperm quality are sensitive to dietary stress.

Interestingly, we also detected a significant effect of

diet quantity on total sperm length; males assigned to the

low-quantity diet had comparatively shorter sperm than

their counterparts fed ad libitum. This finding adds to

accumulating evidence from other taxa revealing that

sperm length may be compromised by male condition.

For example, Merrells et al. (2009) found that zinc-

deficient rats produced abnormal sperm with relatively

short flagella, while Alavi et al. (2009) reported that

PUFA deficient male Barbus barbus produced relatively
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short sperm compared to those fed a control diet. Simi-

larly, Immler et al. (2010) noted that significant changes

in stress and sex steroid hormone levels influenced sperm

morphometry in Gouldian finches. Our results also reveal

evidence for condition dependence in sperm numbers,

corresponding with several studies on other taxa (Gage

and Cook 1994; Simmons and Kotiaho 2002; Perry and

Rowe 2010; Selvaraju et al. 2012). Previous work on

guppies has revealed positive phenotypic correlations

between sperm length and/or sperm numbers and body

size (Pilastro and Bisazza 1999; Pitcher and Evans 2001;

Skinner and Watt 2007). In our study, males assigned to

the high-quantity group were significantly larger than

those in the low-quantity group, thus potentially explain-

ing why larger males produced larger ejaculates and

longer sperm.

In contrast to our results for diet quantity, we found

no significant effect of diet quality on any of the mea-

sured postcopulatory traits. As we have noted above in

reference to precopulatory traits, one explanation for this

finding is that carotenoid-deprived males may have relied

on previously ingested pigments obtained prior to reach-

ing sexual maturity (i.e., from Artemia). Another explana-

tion may be that carotenoids need to be incorporated

with a minimum level of PUFAs or vitamins (A or E) to

influence those traits (Castenmiller and West 1998;

Almbro et al. 2011).

Exposing resource allocation trade-offs

Throughout this experiment, resources were limited both

quantitatively and qualitatively, yet we found no evidence

that dietary manipulation exposes a trade-off between

pre- and postcopulatory traits. Although such trade-offs

are expected under conditions of resource limitation (van

Noordwijk and Dejong 1986), our findings are consistent

with several previous studies on guppies, suggesting that

males invest equally in pre- and postcopulatory traits so

that these mechanisms of sexual selection act in concor-

dance (Evans and Magurran 2001; Evans et al. 2003;

Pitcher et al. 2003; Pilastro et al. 2004; Devigili et al.

2012). Nevertheless, trade-offs between pre- and postcop-

ulatory traits might yet be exposed through manipula-

tions of other resources, and one idea we are currently

pursuing is to determine whether the interaction between

carotenoids and other dietary components affects the

relative investment in pre- and postcopulatory sexual

selection in this species.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Factor loadings plotted against wavelength for

PC1–PC4 that were used to describe variation in the

reflectance spectra of male guppy orange spots. These data

illustrate how the loadings of the principal components

vary in relation to wavelength. PC1 is loaded positively

across the full wavelength range and corresponds to

orange spot brightness. PC2 is loaded positively in the

wavelength range 475–575 nm and negatively in the range

400–450 nm and represents the relative amount of med-

ium to short wavelength light reflected. PC3 is the amount

of short-medium (425–525 nm) to medium-long (525–

650 nm) wavelength light reflected while PC4 is weakly

positively loaded below 425 nm and between 500–575 nm.

Figure S2. Principal component loadings for PC1–PC3

plotted against wavelength for male guppy iridescent

spots. As for guppy orange spots, PC1 is positively loaded

across all wavelengths and corresponds with spot bright-

ness. PC2 represents the relative amount of short-medium

(400–525 nm) to long (>550 nm) wavelength light

reflected while PC3 corresponds to the amount of short

(<450 nm) and long (>575 nm) wavelength light reflected
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relative to medium (450–575 nm) wavelength light

reflected.

Figure S3. The thin-plate splines illustrating shape varia-

tion between high (red dots) and low (blue dots) quantity

male guppy that were captured by the relative warp (RWs)

scores. RW1 describes variation in the shape of the abdo-

men (flank), RW2 describes variation in the shape of the

gill region and operculum plate, and RW3 describes the

elongation of males’ caudal peduncle.
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Abstract

Environmental and ecological conditions can shape the evolution of life history traits in many animals. Among such factors,
food or nutrition availability can play an important evolutionary role in moderating an animal’s life history traits, particularly
sexually selected traits. Here, we test whether diet quantity and/or composition in the form of omega-3 long chain
polyunsaturated fatty acids (here termed ‘n3LC’) influence the expression of pre- and postcopulatory traits in the guppy
(Poecilia reticulata), a livebearing poeciliid fish. We assigned males haphazardly to one of two experimental diets
supplemented with n3LC, and each of these diet treatments was further divided into two diet ‘quantity’ treatments. Our
experimental design therefore explored the main and interacting effects of two factors (n3LC content and diet quantity) on
the expression of precopulatory (sexual behaviour and sexual ornamentation, including the size, number and spectral
properties of colour spots) and postcopulatory (the velocity, viability, number and length of sperm) sexually selected traits.
Our study revealed that diet quantity had significant effects on most of the pre- and postcopulatory traits, while n3LC
manipulation had a significant effect on sperm traits and in particular on sperm viability. Our analyses also revealed
interacting effects of diet quantity and n3LC levels on courtship displays, and the area of orange and iridescent colour spots
in the males’ colour patterns. We also confirmed that our dietary manipulations of n3LC resulted in the differential uptake of
n3LC in body and testes tissues in the different n3LC groups. This study reveals the effects of diet quantity and n3LC on
behavioural, ornamental and ejaculate traits in P. reticulata and underscores the likely role that diet plays in maintaining the
high variability in these condition-dependent sexual traits.
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Introduction

The environmental and ecological conditions (biotic and

abiotic) experienced by animals early in life can play a critical

role in shaping life history traits and consequently individual fitness

[1]. These traits and fitness consequences include growth [2,3],

survival [4,5] and reproduction [6,7], among others. Among the

environmental factors contributing to these effects, dietary

resources can play a pivotal role in shaping fitness by affecting

an animal’s physiology, behaviour, immunity and life history traits

(e.g. [8,9]) as well as the expression of sexually selected traits (e.g.

[10–12]).

Sexually selected traits used by males to attract females and/or

compete for access to mates are often thought to exhibit

heightened condition dependence compared to non-sexual traits

[13–15]. Accordingly, several studies have shown that males fed

diets either of high quantity and/or quality exhibit enhanced

ornamental (e.g. [16–19]) and behavioural traits (e.g. [18–22])

compared to males fed inferior diets. Dietary manipulation can

also influence the expression of traits subject to postcopulatory

sexual selection, such as sperm motility [23,24], the proportion of

live sperm in the ejaculate (sperm viability) (e.g. [18]), the number

of sperm produced (e.g. [25]), sperm length (e.g. [19]) and testes

size [26]. These latter findings are highly relevant for species

where females mate with multiple males within a single

reproductive episode (polyandry), where sperm competition

(where ejaculates from different males compete for fertilizations

[27]) and cryptic female choice (where females influence this

competition [28,29]) extend the opportunities for intra- and

intersexual selection beyond mating. In both pre- and post-

copulatory episodes of sexual selection, male secondary sexual

characteristics may function as ‘honest’ indicators of male quality

during mating contest/sperm competition and (cryptic) female

choice [30–32].
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Polyunsaturated fatty acids (PUFAs) are key nutrients moder-

ating animal development and growth and underpin numerous

critical physiological processes, including reproduction, vision, and

brain development [33–35]. Animals cannot synthesize PUFAs de
novo which must be obtained from the diet. PUFAs can therefore

contribute to the condition-dependent expression of sexual traits,

and more generally the behavioural characteristics of many species

(e.g. [36–38]). PUFAs may also play a critical role in the

development of fertility traits, particularly in determining the

structural properties of spermatozoa. In most vertebrates, sperm

comprise high levels of long-chain (LC) PUFAs (polyunsaturated

fatty acid with 20 or more carbon atoms), as revealed by studies of

spermatozoa in humans [39], birds [40] and a variety of livestock

[41]. In these groups, PUFAs serve as structural determinants of

gamete membranes [42] and play an essential role in gametogen-

esis [43] by supplying energy for gonad maturation [44]. They also

influence membrane fluidity and mobility [45] and the fusion

capacity of spermatozoa [46,47]. Despite the importance of

PUFAs in regulating behaviour and fertility traits, their role in

determining the expression of traits subject to pre- and postcop-

ulatory sexual selection is largely unknown.

The guppy Poecilia reticulata offers a useful model for

investigating the functional co-dependence of pre- and postcop-

ulatory traits on dietary resources. Guppies are polyandrous

livebearing fish in which males and females exhibit marked sexual

dimorphism. Males exhibit complex colour patterns composed of

orange (carotenoid and pteridine), iridescent (structural), and black

(melanin) spots, most of which play a role in sexual selection in this

species [48]. For their part, females express cryptic coloration and

exhibit consistent sexual preferences towards males exhibiting

relatively large and bright colour spots, particularly orange, which

males advertize to females during ritualized courtship displays

[48]. Importantly, many male ornamental and behavioural traits

are sensitive to environmental factors, particularly resource

availability [49–51], and studies have shown that males in good

condition exhibit enhanced pre- and postcopulatory sexual traits

[52,53]. In particular, two recent studies on guppies have tested

whether the expression of pre- and postcopulatory sexual traits is

influenced by dietary resource availability. In an initial study,

Devigili et al. [18] reported that both precopulatory (behaviour

and sexual coloration) and postcopulatory (sperm viability) traits

were impacted by dietary restriction, with males fed restricted diets

exhibiting reductions in each of these traits. Subsequent work that

tested for interacting effects of dietary carotenoid levels (quality)

and dietary restriction (quantity) [19] revealed no evidence that

carotenoid levels influenced either pre- or postcopulatory sexual

traits, although Devigili et al.’s [18] finding that dietary limitation

had deleterious effects on all of these traits was corroborated.

In the present study we extend previous studies of condition

dependence in guppies to determine whether the experimental

manipulation of dietary omega-3 long chain polyunsaturated fatty

acids (n3LC) levels, diet quantity, and their potentially interacting

effects, influence the expression of precopulatory (sexual behaviour

and colour patterns) and postcopulatory (velocity, viability,

number and length of sperm) traits. Since environmental

conditions experienced during an individual’s lifetime can

influence numerous life history traits (e.g. [54–56]), we manipu-

lated diet quantity and n3LC levels from the onset of sexual

maturity (around 13 weeks) until males were aged six months. In

our study we ensured that n3LC levels were set at minimal levels in

the restricted group, thus maximising any impact of n3LC

deficiency on the observed traits. Because the expression of male

sexual traits is sensitive to diet quantity [18,19], we explore the

effects of n3LC manipulation under experimentally low and high

food levels, thus potentially exposing any interactive effects of diet

quantity and n3LC levels on the expression of pre- and

postcopulatory sexual traits.

Materials and Methods

Ethics Statement
The measures of precopulatory traits were performed in

conditions that mimic natural conditions. For postcopulatory

traits analysis, fish were anaesthetised to render them immotile

during procedures (e.g. sperm extraction, photograph). This study

was carried out in accordance with the Australian Code of Practice

for the Care and Use of Animals for Scientific Purposes. This work

was carried out under University of Western Australia’s Animal

Ethics approval RA/3/100/513.

Animals and Dietary Treatments
The guppies used in this experiment were reared from

descendants of fish captured from a natural population in

Queensland (2006) and maintained following the same protocols

as described in Rahman et al. [19]. One hundred and twenty

males were used for the experiment. Males, which were aged three

months at the start of the trials, were assigned haphazardly to one

of two experimental diet treatments that differed in the level of

omega-3 long-chain polyunsaturated fatty acids (hereafter termed

‘n3LC-enriched’ and ‘n3LC-reduced’; n=60 per treatment). Each

of these diet treatments was further divided haphazardly into two

diet quantity treatments corresponding to overall feed levels

(‘High-Quantity’ and ‘Low-Quantity’). Our experimental design

therefore explored the main and interacting effects of two factors

on male traits, with n=30 fish assigned to each of the four

treatments. The two experimental diets (n3LC-enriched and

n3LC-reduced) were formulated to contain 45% protein and

10% lipid, thus differing only in the composition of the added lipid

[57]. These diets were manufactured as steam pelleted feed

following previously described procedures [58], and then ground

and sieved to a particle size of 100–250 mm. Both diets were

identical in composition, with the exception of the oil blend used

as added fat (Tables 1 and 2). Specifically, the two blends

(Table 2) were formulated so that they contained similar levels of

saturated fatty acids (SFA) and n-6 polyunsaturated fatty acids, but

differed in their n3LC content (high [12.9%] in the n3LC-

enriched diet and only a trace amount [1.8%] in the n3LC-

reduced diet), which was balanced off by increasing amounts of

monounsaturated fatty acids (MUFA) in the n3LC-reduced diet

(see also Online Supplementary Material; Table S1). The trace

amount of long-chain polyunsaturated fatty acids (LC-PUFA),

primarily in the form of 22:6n-3, in the n3LC-reduced diet came

from the fishmeal used as a protein source in both diets (fishmeal is

used to provide protein and ensure palatability but also contains

small amounts of LC-PUFA). Once assigned to their allocated diet

treatments, males were reared individually in separate 2L aquaria

(illuminated on a 12:12 h cycle with Philips TLD 36 W fluorescent

lamps) for a period of three months, and fed standard amounts of

the crumbled diet once daily (six days per week) at a rate of 4%

(1.9 mg; High-Quantity) or 1% (0.5 mg; Low-Quantity) of their

body weight until they were six months old. Male guppies exhibit

largely determinate growth from approximately 13 weeks (the

onset of sexual maturity), and thus diet levels could be fixed at a

standard quantity throughout the treatment phase.

Measurements of Sexually Selected Traits
Precopulatory traits. The methods used to measure pre-

copulatory traits followed those described previously by Rahman

Effects of Diet on Sexually Selected Traits
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et al. [19]. Briefly, mating behaviour trials took place between

08.00 and 12.00 to correspond with the peak of sexual activity in

this species [48]. For these trials, we used an 8L observation tank

for each male (28.5614.5619 cm, filled to 14 cm) containing

aquarium gravel and artificial pondweed. In each trial, a non-

virgin female from a mixed-sex (stock) aquarium was placed in the

tank and allowed to settle overnight. Females were approximately

matched for size (by eye) across trials and used only once. The

following day, a single male from one of the treatment groups was

placed in the aquarium and allowed to settle for at least five

minutes or until he showed sexual interest in the female (i.e.

following the female or engaging in courtship). For each 10 minute

trial, we recorded male mating behaviour as the number of

sigmoid displays (males arch their body in a characteristic s-shaped

posture and quiver), gonopodial thrusts (forced mating attempts in

which males approach females from behind and attempt

copulations without prior courtship or female solicitation), and

the time (in seconds) spent by the male courting or chasing the

female (a measure of the male’s overall sexual interest in the

female, hereafter ‘sexual interest’). After the trial, each male was

returned to its individual tank and maintained on the same diet

treatment for a further seven days before being used for the body

size, colour patterns, sperm traits and fatty acids analyses. This

period of isolation after the mating behaviour trials ensured that

males would have fully replenished their sperm supplies prior to

measuring sperm number and carrying out sperm analyses (see

below) [59,60].

We measured the area of carotenoid and pteridine pigments

(orange and yellow spots, hereafter summed as ‘orange’) and

structural colours (blue, green, purple, silver and white, collectively

termed ‘iridescence’) from digital photographs taken of each

anaesthetized fish using ImageJ software (ImageJ website. Avail-

able: http://rsbweb.nih.gov/ij/. Accessed 4 August 2014). We

also measured male body length (‘standard length’ = distance in

mm from the snout to the tip of the caudal peduncle; hereafter

SL). The total number of orange and iridescent spots was also

recorded as an index of colour complexity [61,62]. The reflectance

of each male’s coloured spots was measured from the digital

photographs using ColourWorker software (Chrometics Ltd.

Website. Available: http://www.chrometrics.com. Accessed 4

August 2014; see details [19]). Briefly, each male was photo-

graphed along with a simulated Gretag Macbeth Standard with

known reflectance to provide a reference for the software, allowing

us to account for minor variation in lighting conditions among

images. The raw uncompressed images (.NEF) were converted to

TIFF files before being imported into ColourWorker. Once

reflectance data were obtained, we used principal component

analysis (PCA) to extrapolate PCs for the orange and iridescent

spectra separately. Similar to previous studies, the first PC

explained .87% of the total variability in orange spots, and .

77% of the total variability in iridescent spots and represents mean

spectral reflectance (typically correlated with brightness). We

therefore used the first PC in our analysis [63].

Table 1. Ingredients used to formulate the experimental diets.

Ingredients (g/kg) Enriched Reduced

Pregel starch 218.72 218.72

Blood meal 78.58 78.58

Fish meal 65.48 65.48

Poultry by product meal 183.36 183.36

Soy protein concentrate 196.45 196.45

Whey protein concentrate 65.48 65.48

Lupin 130.97 130.97

Minerals & vitamins 5.00 5.00

Choline 3.00 3.00

Methionine 3.00 3.00

Lysine 1.50 1.50

Oil blend "High" 48.46 -

Oil blend "No" - 48.46

doi:10.1371/journal.pone.0105856.t001

Table 2. Formulation of oil blends in the diets.

Oil blends (%) n3LC-enriched n3LC-reduced

Cod Liver Oil 45.0 -

Fish Oil (Anchovy) 45.0 -

Soybean oil 10.0 1.8

High oleic sunflower oil - 55.0

Palm oil - 36.7

Linseed oil - 6.5

doi:10.1371/journal.pone.0105856.t002

Effects of Diet on Sexually Selected Traits

PLOS ONE | www.plosone.org 3 August 2014 | Volume 9 | Issue 8 | e105856

http://rsbweb.nih.gov/ij/
http://www.chrometrics.com


Postcopulatory traits. Immediately after the digital photog-

raphy, the anesthetized males were carefully dried and placed on a

glass slide under a dissecting microscope with their gonopodium

(intromittent organ) swung forward. A micropipette was used to

add 500 ml of an extender medium (207 mM NaCl, 5.4 mM KCl,

1.3 mM CaCl2, 0.49 mMMgCl2, 0.41 mMMgSO4, 10 mM Tris,

pH 7.5) at the base of the gonopodium. The use of the extender

medium ensured that sperm bundles remained intact and

quiescent until they were used for the sperm velocity assays [64].

Light pressure was then applied to each male’s abdomen to expel

all strippable sperm into the extender medium [65]. From this

total sperm pool, we placed 2–3 spermatozeugmata (unencapsu-

lated sperm bundles) for sperm velocity estimation in a single well

of a 12-well multitest slide (MP Biomedicals, Aurora, OH, USA)

coated with 1% polyvinyl alcohol (Sigma-Aldrich, Australia) to

avoid sperm sticking to the glass slide [66]. We also extracted ten

spermatozeugmata for sperm viability assays and the remaining

sperm bundles were collected in a known volume of saline solution

with 1% formalin (to prevent sperm degradation) and stored at

4uC until sperm number and length were measured (see below).

We used computer-assisted sperm analyses (CASA) to estimate

sperm velocity using the CEROS sperm tracker (Hamilton-

Thorne Research, Beverly, MA, USA). Sperm velocity was

estimated immediately following activation by 150 mM KCl with

2 mg/L bovine serum albumin (BSA) [67]. The measures were

based on an average of 85.064.65 SE sperm tracks per sample

(mean value is taken for n=112 males; n=8 males did not

produce sperm). As the average path velocity (VAP) was highly

correlated with the straight line velocity (VSL) (r,0.95; P,0.0001)

and also with the curvilinear velocity (VCL) (r,0.88; P,0.0001),

we restricted our analysis of sperm velocity to VAP for brevity

(note that results were unchanged whatever measure we used).

The threshold value for defining static cells was predetermined at

24.9 mm/s for VAP [68].

A live/dead sperm viability assay (Invitrogen, Molecular Probes)

was used to estimate the proportion of live sperm in the reserved

sub-sample of each male’s stripped ejaculate (following the same

methods explained in [19]). The assay stains live sperm green with

the membrane-permanent nucleic acid stain SYBR-14, and dead

sperm red with propidium iodide, which penetrates damaged

sperm cell membranes. The proportion of live sperm in each

sample was then estimated from 200 sperm cells per sample.

Sperm number was estimated for the reserved portion of each

male’s stripped ejaculate using an improved Neubauer haemocy-

tometer under 406 magnification (Leica DM1000 microscope)

after vortexing each sample for 30 seconds. The average of five

counts per male was used to estimate the total number of sperm in

each stripped ejaculate [65]. Sperm number was corrected to

allow for sperm that had been removed from each sample for the

CASA and viability assays.

To estimate sperm length (distance in mm from the top of the

sperm head to the tip of the flagellum), photographs of each male’s

sperm were obtained with an objective magnification of 406

(Leica DM1000 microscope) using a digital camera (Leica

DFC320). Where possible, 20 undamaged spermatozoa were

measured per male (mean number of sperm cells analysed per

male = 19.7360.15 SE; range = 10–20). ImageJ software was used
to measure the total length of each sperm cell.

Fatty Acids Content in Diets and Fish Tissue Samples
The experimental diets and the testes and body samples of the

High-Quantity dietary groups were collected and preserved at -

80uC for subsequent fatty acid analysis. After lipid extraction [69],

a known amount of tricosanoate (23:0) was added as internal

standard, and fatty acids were esterified into methyl esters using

the acid catalysed methylation method. The identification of FA

methyl esters was determined using an Agilent Technologies GC

7890A gas chromatograph (Agilent Technologies, USA) equipped

with an BPX70 capillary column (120 m, 0.25 mm internal

diameter, 0.25 mm film thickness; SGE Analytical Science Pty Ltd,

Ringwood, Vic, Australia), a flame ionisation detector (FID), an

Agilent Technologies 7693 autosampler injector, and a split

injection system, using chromatographic conditions previously

reported [70]. Each of the fatty acids was identified relative to

known external standards (Sigma-Aldrich, Inc., St. Louis, MO,

USA, and Nu-Chek Prep, Elysian, MN, USA), and the resulting

peaks were then corrected by the theoretical relative FID response

factors and quantified relative to the internal standard.

Statistical Analysis
No mortality was recorded during the experiment. Sperm

number and sperm viability data were appropriately transformed

prior to analysis (cube root transformation for sperm number and

arcsine square root transformation for sperm viability). All analyses

were performed using ‘R’ version 3.1.0 [71]. We calculated

descriptive statistics (means, SEs, ranges etc.) using the ‘pysch’

package, tested for normality with the ‘nortest’ package, and

carried out principal components analysis with the ‘FactoMineR’

package.

We performed two multivariate analyses of variance (MAN-

OVA) to test for an overall effect of the two diet treatments (n3LC

and diet quantity) and their interaction on (a) colour patterns

(orange spot number, orange area, orange PC, iridescent spot

number, iridescent area, iridescent PC) and (b) sperm traits (sperm

swimming velocity, sperm viability, sperm number, total sperm

length). Note that behavioural traits were excluded from the first

MANOVA model because their distributions did not meet the

assumptions of the multivariate test (see above). In both models,

the treatment groups and their interaction were fitted as fixed

effects, while male body length (standard length) was included as a

covariate only in the first model since colour patterns were

correlated with body size (see Results). As both models revealed an

overall significant effect of one or both treatments on the traits of

interest (see below), subsequent univariate analyses of variance

(ANOVA) models were run to identify where these effects lie.

Next we used analyses of variance to compare the composition

of fatty acids in the fish tissue samples (body and testes) for the two

High-Quantity diet treatments (i.e. n3LC-enriched and n3LC-

reduced; n=30 tissue samples per treatment). Initially we used

MANOVA to test for overall effects of diets on body and testes

samples. We then used a series of one-way ANOVA models

(reported in the Supplementary Material) to highlight where

specific differences in fatty acid composition in diets and the body

and testes samples of two High-Quantity groups lie. We used ‘type

II’ tests in all models as these offer more powerful approaches for

estimating sums of squares in the absence of interactions which

were largely absent or weak in our analysis (as in our analysis; see

[72]). All analyses of variance models were run using the ‘car’

package of ‘R’.

Results

Overall, the High-Quantity group males were significantly

larger than those assigned to the Low-Quantity dietary group (SL

mean 6 SE; High-Quantity: 16.6160.14 mm, Low-Quantity:

14.8960.09 mm; F1, 113=113.5, P,0.001).
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Effect of Diet on Pre- and Postcopulatory Traits
The two MANOVA models revealed overall significant main

effects of one or both of the diet treatments on male colour

patterns and sperm traits (see Table 3). Our separate GLMM

models also revealed significant effects of treatment on the

behavioural traits. Specifically, these latter models revealed that

diet quantity had a significant effect on all male sexual behaviours

(sexual interest, sigmoid displays and gonopodial thrusts) and a

marginal interactive effect of both treatments on sigmoid displays

(see Online Supplementary Material; Table S2). By contrast, we

detected no significant effect of n3LC on any of the precopulatory

traits (see Online Supplementary Material; Table S2). The

analyses revealed that diet-restricted (Low-Quantity) males per-

formed significantly fewer courtship (sigmoid) displays and

gonopodial thrusts, and exhibited a reduction in sexual interest

during the behavioural trials, compared with the High-Quantity

group (Figures 1A, 1B and 1C).

Our univariate analyses also revealed significant effects of diet

quantity on the size, number and brightness of the males’ colour

spots (see Online Supplementary Material; Table S2). Specifically,

males assigned to the Low-Quantity diet exhibited significantly

fewer orange spots and a reduction in the area of orange and

iridescent spots than those in the High-Quantity group (Figur-

es 2A, 2B and 2C). We also detected significant interacting effects

of quantity-by-n3LC on the area of orange and iridescent colour

(see Figures 3A and 3B). The PC describing variation in the

spectral characteristics of orange and iridescent spots [19,73]

varied between the diet quantity groups. Males assigned to the

High-Quantity group had brighter iridescent spots than Low-

Quantity males (Online Supplementary Material; Table S2).

The multivariate model describing treatment effects on sperm

traits revealed significant effects of both diet quantity and n3LC

levels (see Table 3). Our subsequent univariate models revealed

that sperm swimming velocity, sperm viability, sperm number and

sperm length were affected by diet quantity, while n3LC had a

significant effect only on sperm viability (Online Supplementary

Material; Table S2). The Low-Quantity males had slower-

swimming, fewer, shorter and reduced number of viable sperm

than their well-fed counterparts (see Figures 4A, 4B, 4C and 5A),

whereas n3LC-reduced males had less viable sperm than n3LC-

enriched group (Figure 5B).

Fatty Acids Analyses
Our MANOVA model revealed that diet had significant effects

on the accumulation of fatty acids in body and testes tissues (see

Table 4). The subsequent univariate ANOVA models revealed

that males fed n3LC-enriched diet had a significantly higher

percentage of 14:0, 16:1n-7, 18:2n-6, 20:5n-3, 22:5n-3, 22:6n-3,

saturated fatty acids (SFA), n-3 polyunsaturated fatty acids (n-3

PUFA), n-3-long chain polyunsaturated fatty acids (n-3-LC PUFA)

than males fed n3LC-reduced diets, while the males fed n3LC-

reduced diets had significantly higher content of 18:1n-9 and

monounsaturated fatty acids (MUFA) in their body tissues than

their counterparts fed n3LC-enriched diets. In testes tissues, males

assigned to n3LC-enriched diet had significantly more 20:5n-3

and 22:5n-3 than the n3LC-reduced group, while males fed n3LC-

reduced diets had only significant amount of 18:1n-9 than the

n3LC-enriched group (see also Online Supplementary Material;

Table S3).

Discussion

Our results reveal that dietary manipulations had a significant

effect on the expression of pre- and postcopulatory sexually

selected traits in male guppies. In the case of precopulatory

sexually selected traits, we found that males assigned to the Low-

Quantity group (fed a restricted diet) exhibited reductions in

courtship (sigmoid) displays, gonopodial thrusts, sexual interest,

area of orange spots and iridescent spots, and orange spot number

compared to those assigned to the High-Quantity group. We also

found significant effects of diet quantity and n3LC levels on

ejaculate traits; Low-Quantity males produced slower-swimming,

fewer, shorter and less viable sperm than those assigned to the ad
libitum diet treatment, while n3LC-reduced had reduced number

of viable sperm than n3LC-enriched males. Finally, we found that

n3LC-enriched group accumulated significantly higher percentage

of n3LC in their body and testes tissues than n3LC-reduced group.

Below, we discuss each of these key findings in detail.

Effect of Diet on Precopulatory Traits
Our results revealed significant effects of diet quantity on male

sexual behaviour, thus supporting similar findings from guppies

and other taxa showing that mating tactics and sexual interest can

reflect a male’s current nutritional condition [22,50,53,74].

Indeed, our findings for the effect of diet quantity on male sexual

behaviour are broadly similar to previous work on guppies, where

males fed restricted diets performed reduced sigmoid displays

compared to their well fed counterparts [18,19]. We also found

tentative evidence for interactive effects of diet quantity and n3LC

levels on courtship behaviour, which suggests that the effects of

Table 3. MANOVA results of diet quantity, n3LC and their interaction on male colour patterns and sperm traits.

Response test stat F-ratio df den df P(.F)

Colour patterns

Quantity 0.295 7.124 6 102 ,0.001

n3LC 0.019 0.333 6 102 0.918

SL 0.394 11.04 6 102 ,0.001

Quantity* n3LC 0.076 1.393 6 102 0.225

Sperm traits

Quantity 0.522 27.02 4 99 ,0.001

n3LC 0.163 4.808 4 99 0.001

Quantity* n3LC 0.055 1.439 4 99 0.227

Significant P-values are marked in bold and italic fonts.
doi:10.1371/journal.pone.0105856.t003
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diet quantity on this particular behaviour may be modulated by

the quantity n3LC. Similar findings have been reported elsewhere,

for example where dietary nutrients have significant effects on

behavioural traits of males [22,75,76]. Interestingly, the present

analyses also revealed that High-Quantity males performed

significantly more gonopodial thrusts than those in the Low-

Quantity group. This result was unanticipated in the light of

previous research on the same population revealing no significant

Figure 2. The mean (±SE) effect of diet quantity on (A) number of orange spots, (B) orange area and (C) iridescent area.
doi:10.1371/journal.pone.0105856.g002

Figure 1. The mean (±SE) effect of diet quantity on (A) sigmoid displays, (B) gonopodial thrusts and (C) sexual interest.
doi:10.1371/journal.pone.0105856.g001
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effect of dietary restriction on the frequency of gonopodial thrusts

[18,19]. However, the difference between studies may be due to

slight variation in feeding levels, which in the case of Rahman et
al.’s [19] study involved feeding fish at 4% body weight in the

High-Quantity group (as we did) and 2% body weight in the Low-

Quantity group (note that [18] did not specify weights and used a

different diet [Artemia] to manipulate diet intake). In the present

study, we set the Low-Quantity group at 1% body weight, thus

Figure 3. The quantity-by-n3LC interaction effect (mean ± SE) on (A) orange area and (C) iridescent area.
doi:10.1371/journal.pone.0105856.g003

Figure 4. The mean (±SE) effect of diet quantity on (A) sperm swimming velocity, (B) sperm number and (C) total sperm length.
doi:10.1371/journal.pone.0105856.g004
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potentially exacerbating nutritional stress and exposing condition

dependence in a broader range of behaviours. Our results also

revealed that the males’ sexual interest was influenced by diet

quantity, which is also consistent with other studies of the same

species [18,19,53]. In particular, Low-Quantity males spent

significantly less time following females than their counterparts

assigned to the High-Quantity group. Notwithstanding minor

difference among studies, overall our study complements previous

work on guppies in revealing that male mating behaviour is

strongly contingent on condition, and thus may provide honest

signals of male quality during mate choice [50,53,77,78].

As with the behavioural traits, we found that diet quantity had

significant effects on the expression of the males’ colour spots.

Specifically, we found that diet quantity influenced the size of

orange and iridescent spots, the total number of orange spots, and

the spectral properties of iridescent spots. These findings largely

corroborate previous studies on guppies [18,19] and other species

[79,80] and suggest that, as with the behavioural traits, colour

spots convey ‘honest’ information about male condition, thus

potentially explaining their evolutionary maintenance through

sexual selection [30,81]. By contrast, we found no effect of n3LC

supplementation on male colouration, although there was

evidence for interacting effects of diet quantity and n3LC

supplementation on the area of orange and iridescent spots.

These interactions are intriguing and may indicate that the

expression of these colour patterns are modulated by n3LC in the

diet. In our experiment, juvenile guppies (,3 months) were fed a

diet of live Artemia prior to the experimental feeding trials. Thus,

the experimental males would have assimilated these in their

tissues prior to the treatments because Artemia comprise a rich

source of carotenoids [82,83]. As dietary lipid quantity plays a key

role in the assimilation of dietary carotenoids [84–86], it is possible

that in the case of orange spots, males fed a diet containing high

n3LC levels may exhibit enhanced colouration due to the role that

dietary lipids play in modulating the absorption, transport and

metabolism of these previously ingested carotenoids ([87,88], but

see also [89]). Such effects clearly have the potential to expose the

quantity-by-n3LC interactions for orange colour spots exposed by

our study, although we currently lack an explanation for the

equivalent effects observed for iridescent colour spots. Future

studies would benefit by investigating the effect of dietary

carotenoids and LC-PUFAs quantity from birth (see [52]).

Effect of Diet on Postcopulatory Traits
Our results revealed that diet quantity had significant effects on

sperm swimming velocity, sperm number, sperm length and sperm

Figure 5. The mean (±SE) effect of (A) diet quantity and (B) n3LC on sperm viability.
doi:10.1371/journal.pone.0105856.g005

Table 4. MANOVA results for fatty acids content (%) in body samples and testes tissues after the treatment.

Samples Response test stat F-ratio df den df P(.F)

Body Fatty acids 0.88 10.8 24 35 ,0.001

Testes Fatty acids 0.76 4.05 24 31 ,0.001

Significant P-values are marked in bold and italic fonts.
doi:10.1371/journal.pone.0105856.t004
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viability, while n3LC levels had a significant influence on sperm

viability only. Our finding that sperm swimming velocity was

strongly contingent on diet quantity is consistent with a previous

study on the same guppy population [19]. Similar to our findings,

Cerolini et al. [23] also reported that in chickens, food restricted

broiler breeder males produced significantly fewer motile sperm

than those fed ad libitum. The findings from these studies may be

explained by the reduced energy content of diets fed to food-

restricted males. Dietary energy levels can affect gonadotrophin

secretion, which in turn regulates the production of spermatozoa

in animals [90–92]. To explicitly test the effects of energy levels on

ejaculate traits, Selvaraju et al. [24] conducted a study where rams

were fed diets differing in energy levels. Their findings revealed

that rams fed a low-energy diet exhibited a significant reduction in

sperm motility compared to those fed a high-energy diet, possibly

due to role that energy levels play in modulating insulin-like

growth factor-I (IGF-I) and concomitant effects on sperm function

[24]. Thus, the present results might be attributable to the High-

Quantity group having comparatively higher energy levels

available to stimulate hormones that control sperm physiology.

Like previous studies [18,19] we also found significant effect of

diet quantity on sperm viability, indicating that Low-Quantity males

produced significantly fewer viable sperm than their counterparts in

the High-Quantity group (Figure 5A). Our results also revealed that

n3LC-reduced males had significantly reduced number of viable

sperm than the n3LC-enriched group (Figures 5B). This latter result

is also consistent with findings reported in other taxa. For example,

Al-Daraji et al. [93] reported that in Japanese quail, males fed diets

supplemented with fish oil (high in omega-3) produced significantly

more live sperm than those fed diets supplemented with sunflower

oil (low in omega-3). Similarly, in an experimental study on humans,

Robbins et al. [94] showed that men whose diets were supplemented

with walnuts (rich in PUFAs) experienced significant improvement

in sperm motility and sperm viability than those who consumed

diets without any walnuts. Thus, our findings add to the growing

evidence that n3LC levels are critical determinants of sperm quality

in vertebrates whilst underscoring how the condition-dependent

expression of ejaculate traits can reflect differences in dietary

composition rather than overall energy levels.

We also found that High-Quantity males produced significantly

higher number of sperm than the Low-Quantity group, again

supporting prior evidence from guppies (see also [19,25]) and

other taxa [11,24,95–97]. Dietary energy levels are critically

important for the production of hormones that promote repro-

ductive activity, including ejaculate production [90–92]. This may,

in turn, explain why Low-Quantity males in our experiment were

both smaller and produced fewer sperm than their counterparts in

the High-Quantity group. In an experiment with another

population of guppies, Gasparini et al. [25] found that diet

restricted males (fed limited Artemia) showed significant reduction

in sperm number. Parker and Thwaites [98] similarly reported a

reduction in both body size and ejaculate volume in rams fed

restricted diets (either 75% or 50% of the control maintenance

diet), while Sexton et al. [99] found that in chickens, fully fed

broiler breeder males produced ejaculates comprising higher

sperm concentrations than feed-restricted males (see also [100]).

However, unlike previous studies on other taxa [93,101–103], we

found no significant effect of n3LC on sperm number.

We detected a significant effect of diet quantity on total sperm

length; Low-Quantity males had comparatively shorter sperm

than their counterparts fed ad libitum (see also [19]). This finding

suggests that sperm length, along with body size and sperm

numbers, may be compromised by male condition, possibly

reflecting a difference in energy content between the High- and

Low-Quantity diets. Previous work on guppies has revealed

positive phenotypic correlations between sperm length and/or

sperm numbers and body size [104–106]. Our finding that males

assigned to the High-Quantity group were significantly larger than

those in the Low-Quantity group may help explain why larger

males produce larger ejaculates comprising longer sperm, assum-

ing that all three traits are similarly influenced by dietary energy

levels. Although relatively few studies have explored sperm

morphometry in this context, Immler et al. [107] found that in

Gouldian finches, changes in stress and sex steroid hormone levels

accompanying changes in the social environment influenced

sperm length, thus similarly revealing plasticity in sperm length

in response to different environmental conditions. However, unlike

some studies on other taxa [93,94,108], we found no significant

effect of n3LC on sperm length. One possible explanation for the

lack of significant effects of n3LC on sperm number and length in

our study may be that n3LC males may have relied on previously

ingested fatty acids obtained prior to reaching sexual maturity (i.e.

from Artemia). Another explanation may be that n3LC needs to be

incorporated with a minimum level of carotenoids, essential amino

acids or vitamins (A or E) to influence those traits [102,109]. These

are clearly fruitful areas for further investigation.

Fatty Acids Analyses
Many studies have revealed that fatty acid profiles in tissues,

blood cells and semen samples reflect an individual’s dietary

quantity [110–115]. Our results similarly show that males fed

n3LC-enriched diets accumulated a higher percentage of PUFAs

in the body and testes tissues, while the n3LC-reduced group

contained significantly more MUFAs in these tissues. Thus our

results reveal that dietary supplementation of PUFAs can increase

their uptake in tissue levels, most likely in the testes, which might

have an impact on ejaculate quality (see above).

Conclusions

In conclusion, our results reveal that diet quantity has a number

of significant effects on both pre- and postcopulatory traits in male

guppies, while n3LC had a significant effect only on sperm

viability and interacted with diet quantity to influence sigmoid

displays and colour area. Our results also confirm that the uptake

of n3LC in body and testes tissues was directly influenced by the

manipulation of PUFAs in the experimental diets. We strongly

advocate further experiments that manipulate omega-3/omega-6

ratios (e.g. [116,117]) and explore the interactive effects of PUFAs

with other dietary resources such as carotenoids [109,118],

essential amino acids [119,120], and vitamin A or E [102,121].

We anticipate that such experiments will further emphasise the key

role that nutritional stress plays in shaping male reproductive traits

and the complex interactions among dietary resources that

underlie such effects.
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Carotenoids continue to attract the attention of evolutionary biologists, primarily
because of their antioxidant properties and consequent effects on life-history traits
(Blount et al., 2001; Svensson & Wong, 2011). Carotenoids are, however, fat-soluble
antioxidants and their absorption and bioconversion can be moderated by the intake
of other nutrients, including polyunsaturated fatty acids (PUFA) (Castenmiller &
West, 1998; Failla et al., 2014). Carotenoids can themselves protect fatty acids from
oxidation, particularly omega-3 long-chain PUFA (n3LC-PUFA) (Wang et al., 2008).
Similar to carotenoids, n3LC-PUFAs are important modulators of numerous physiolog-
ical processes, including sperm production (Wathes et al., 2007; Robbins et al., 2012).

Given the expected interacting effects of dietary carotenoids and n3LC-PUFA, it is
surprising that until now the effects of both nutrients on ejaculate traits have been
studied independent of each other. For example, experimentally induced changes in
oxidative stress and dietary carotenoid manipulation have been linked to the expression
of ejaculate traits and fertilization rates in birds and ishes (Helfenstein et al., 2010;

‡Author to whom correspondence should be addressed. Tel.: +61 8 6488 2010; email:

jonathan.evans@uwa.edu.au
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Pike et al., 2010), while n3LC-PUFA regulates sperm quality across several species

(Rooke et al., 2001; Wathes et al., 2007; Robbins et al., 2012). The extent to which

n3LC-PUFA and carotenoids interact to determine ejaculate quality, however, has yet

to be determined in any species.

This study tested for interactive effects of dietary carotenoids and n3LC-PUFA on

ejaculate traits in the guppy Poecilia reticulata Peters 1859, a highly polyandrous

livebearing freshwater ish. The experiment focussed on traits known to predict

reproductive itness in poeciliids (Boschetto et al., 2011; Smith, 2012) and followed

two recent papers on the same population revealing (1) no effect of dietary carotenoid

manipulation on ejaculate traits (Rahman et al., 2013) and (2) signiicant effects of

n3LC-PUFA manipulation on sperm viability, the proportion of live sperm in the

ejaculate (Rahman et al., 2014). The present experiment extended Rahman et al.’s

(2013) study by determining whether any effect of carotenoids on ejaculate traits

is either moderated or promoted by n3LC-PUFA. To this end, 120 males (aged 3

months) were divided haphazardly into four experimental dietary groups (n= 30 for

each group; see Table I). The experimental diets differed in the level of carotenoids

(carotenoid-enriched and carotenoid-reduced) and n3LC-PUFA (n3LC-enriched and

n3LC-reduced), and are described in detail elsewhere (Rahman et al., 2013, 2014).

Carotenoid-enriched diets were compositionally similar to the carotenoid-reduced

diets except for the presence of four carotenoid pigments: leutin, zeaxanthin, astax-

anthin and �-carotene (Grether, 2000; Kolluru et al., 2006). Within each of the two

carotenoid treatments, two n3LC-PUFA diets were formulated, each containing equal

levels of total fatty acids but differing in n3LC-PUFA content, which was counterbal-

anced by increased amounts of oleic acid (a monounsaturated fatty acid) (see Table I).

Once assigned to their allotted treatments, males were reared individually in separate

2 l aquaria for 3 months and fed ad libitum on crumbled diet twice daily (6 days per

week) until they were tested at 6 months old.

Sperm samples were collected from the anaesthetized males by applying light pres-

sure to the abdomen. From this total sperm pool, two spermatozeugmata (unencapsu-

lated sperm bundles) were collected for sperm velocity estimates and 10 spermatozeug-

mata for sperm viability assays. The remaining sperm bundles were collected for sperm

counts and sperm length measures.

Table I. Composition of the experimental diets used to test the effects of carotenoids and

omega-3 long-chain polyunsaturated fatty acids (n3LC-PUFA) on sperm traits in Poecilia retic-

ulata

Provided diet

Carotenoids

(μg g−1)

Fatty acids

(% total fatty acids)

Sample

size Carotenoid

n3LC-

PUFA Lutein Zeaxanthin Astaxanthin

�-

carotene

n3LC-

PUFA MUFA

30 Enriched Enriched 1000 100 100 1500 12⋅9 40⋅2

30 Enriched Reduced 1000 100 100 1500 1⋅0 57⋅6

30 Reduced Enriched n.d. n.d. n.d. n.d. 12⋅9 40⋅2

30 Reduced Reduced n.d. n.d. n.d. n.d. 1⋅0 57⋅6

MUFA, Monounsaturated fatty acid; n.d., not detected.

© 2015 The Fisheries Society of the British Isles, Journal of Fish Biology 2015, doi:10.1111/jfb.12661
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Computer-assisted sperm analyses (CASA) were used to estimate sperm velocity
using the CEROS sperm tracker (Hamilton-Thorne Research; www.hamiltonthorne.
com). The two spermatozeugmata were placed into a single well of a 12-well
multitest slide (MP Biomedicals; www.mpbio.com) pre-treated with 1% polyvinyl
alcohol (Sigma-Aldrich; www.sigmaaldrich.com) to avoid sperm sticking to the
glass slide (Wilson-Leedy & Ingermann, 2007). Sperm velocity was estimated
immediately following activation by 150 mM KCl with 2 mg ml−1 bovine serum
albumin (Sigma-Aldrich) (Billard & Cosson, 1990). The ensuing measures of average
path velocity (VAP; μm s−1) were based on a mean± s.e. of 59⋅05± 4⋅21 sperm
tracks per sample. A live–dead sperm viability assay (Invitrogen, Molecular Probes;
www.lifetechnologies.com) was used to estimate the proportion of live sperm from
200 sperm cells sample−1. Sperm counts were estimated using an improved Neubauer
haemocytometer and corrected for sperm removed for other assays (Evans, 2009).
ImageJ (http://imagej.nih.gov/ij/) was used to measure the total length of sperm from
digital photographs of 10 (where possible) undamaged spermatozoa (mean± s.e.
number of sperm cells analysed per male= 9⋅91± 0⋅06; range= 5–10).

One of the n= 120 ish died during the experiment and four males did not produce
sperm (inal sample size n= 115). Data were checked for normality and transformed
as appropriate. A multivariate analysis of variance (MANOVA) was performed to test
for an overall effect of the two diet treatments (carotenoid and n3LC-PUFA) and their
interaction (carotenoid-by-n3LC-PUFA) on the sperm variables. Separate univariate
analysis of variance (ANOVA) models were performed subsequently to detect spe-
ciic treatment effects on each trait. Treatment groups and their interaction were itted
as ixed effects in all models. All models were run using the car package of R 3.1.0
(R Development Core Team; www.r-project.org).

The MANOVA revealed an overall signiicant effect of n3LC-PUFA on the sperm
traits (F4,105 = 4⋅039, P< 0⋅01), while carotenoid intake and the interaction between
carotenoids and n3LC-PUFA had no signiicant effects (F4,105 = 0⋅153, P> 0⋅05;
F4,105 = 1⋅623,P> 0⋅05, respectively). The univariate tests conirmed that n3LC-PUFA
intake had a signiicant effect on sperm viability (F1,110 = 12⋅96, P< 0⋅001; see Fig. 1).
Interestingly, the univariate tests revealed a weak, but signiicant, interacting effect
of carotenoids and n3LC-PUFA on sperm length (F1,109 = 4⋅28, P< 0⋅05). According
to this latter model, sperm were signiicantly longer in the carotenoid-enriched group
when n3LC-PUFA levels were reduced.

The indings for n3LC-PUFA conirm recent evidence that PUFAs play an impor-
tant role in regulating sperm viability in P. reticulata (Rahman et al., 2014), a ind-
ing that has also been reported for other taxa (Al-Daraji et al., 2010; Robbins et al.,
2012). The results from this study also corroborate recent evidence that carotenoid
intake has no overall main effect on ejaculate traits in P. reticulata or cichlids (Rahman
et al., 2013; Sullivan et al., 2014), although the evidence for weak interacting effects of
carotenoids and n3LC-PUFA on sperm length provide tentative evidence that any effect
of carotenoids on sperm traits may be contingent on other nutrients (Almbro et al.,
2011). Contrary to expectation, however, this study revealed no further evidence that
n3LC-PUFA moderate the action of carotenoids on ejaculate traits (Marri & Richner,
2014).

The lack of any main effect of carotenoids on ejaculate traits in P. reticulata contrasts
with prior empirical evidence from other taxa that carotenoids inluence sperm motility
(Helfenstein et al., 2010; Tas et al., 2010), sperm morphology (Atessahin et al., 2006)

© 2015 The Fisheries Society of the British Isles, Journal of Fish Biology 2015, doi:10.1111/jfb.12661
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Fig. 1. The proportion of viable sperm (mean± s.e.) in Poecilia reticulata males fed experimental diets that

differed in carotenoid and omega-3 long-chain polyunsaturated fatty acid (n3LC-PUFA) [enriched ( ) and

reduced ( )] levels.

and both sperm viability and sperm counts (Mangiagalli et al., 2012; Durairajanayagam

et al., 2014). One possible explanation for the present results is that carotenoids are

only minor antioxidants in the focal population (Costantini & Moller, 2008; Marri

& Richner, 2014). Further studies are needed to determine whether other nutrients,

including vitamins (e.g. vitamin E: Almbro et al., 2011; vitamin E and C: Marri &

Richner, 2014) and hormones (e.g. Testosterone: Blas et al., 2006), modulate the action

of carotenoids on ejaculate traits.

The authors thank C. Duggin for assistance with maintenance and husbandry, F. Norambuena
(Deakin University) and S. Kolkovski (NutraKol Pty Ltd; www.nutrakol.com) for help with food
preparation and the Australian Research Council (Discovery Grant), European Union (Outgoing
Marie Curie Fellowship) and the University of Western Australia for funding. This work was
approved by UWA’s Animal Ethics Committee (RA/3/100/513).

References

Al-Daraji, H. J., Al-Mashadani, H. A., Al-Hayani, W. K., Al-Hassani, A. S. & Mirza, H. A.
(2010). Effect of n-3 and n-6 fatty acid supplemented diets on semen quality in Japanese
quail (Coturnix coturnix japonica). International Journal of Poultry Science 9, 656–663.

Almbro, M., Dowling, D. K. & Simmons, L. W. (2011). Effects of vitamin E and beta-carotene
on sperm competitiveness. Ecology Letters 14, 891–895.

Atessahin, A., Karahan, I., Turk, G., Gur, S., Yilmaz, S. & Ceribasi, A. O. (2006). Protective
role of lycopene on cisplatin-induced changes in sperm characteristics, testicular damage
and oxidative stress in rats. Reproductive Toxicology 21, 42–47.

Billard, R. & Cosson, M. P. (1990). The energetics of ish sperm motility. In Controls of Sperm
Motility: Biological and Clinical Aspects (Gagnon, C., ed), pp. 153–173. Boca Raton,
FL: CRC Press Inc..

© 2015 The Fisheries Society of the British Isles, Journal of Fish Biology 2015, doi:10.1111/jfb.12661



D I E T A N D S P E R M T R A I T S I N P. R E T I C U L ATA 5

Blas, J., Perez-Rodriguez, L., Bortolotti, G. R., Vinuela, J. & Marchant, T. A. (2006). Testos-
terone increases bioavailability of carotenoids: insights into the honesty of sexual signal-
ing. Proceedings of the National Academy of Sciences of the United States of America
103, 18633–18637.

Blount, J. D., Møller, A. P. & Houston, D. C. (2001). Antioxidants, showy males and sperm
quality. Ecology Letters 4, 393–396.

Boschetto, C., Gasparini, C. & Pilastro, A. (2011). Sperm number and velocity affect sperm com-
petition success in the guppy (Poecilia reticulata). Behavioral Ecology and Sociobiology
65, 813–821.

Castenmiller, J. J. M. & West, C. E. (1998). Bioavailability and bioconversion of carotenoids.
Annual Review of Nutrition 18, 19–38.

Costantini, D. & Møller, A. P. (2008). Carotenoids are minor antioxidants for birds. Functional
Ecology 22, 367–370.

Durairajanayagam, D., Agarwal, A., Ong, C. & Prashast, P. (2014). Lycopene and male infertil-
ity. Asian Journal of Andrology 16, 420–425.

Evans, J. P. (2009). No evidence for sperm priming responses under varying sperm competition
risk or intensity in guppies. Naturwissenschaften 96, 771–779.

Failla, M. L., Chitchumronchokchai, C., Ferruzzi, M. G., Goltz, S. R. & Campbell, W. W. (2014).
Unsaturated fatty acids promote bioaccessibility and basolateral secretion of carotenoids
and alpha-tocopherol by Caco-2 cells. Food and Function 5, 1101–1112.

Grether, G. F. (2000). Carotenoid limitation and mate preference evolution: a test of the indicator
hypothesis in guppies (Poecilia reticulata). Evolution 54, 1712–1724.

Helfenstein, F., Losdat, S., Møller, A. P., Blount, J. D. & Richner, H. (2010). Sperm of colourful
males are better protected against oxidative stress. Ecology Letters 13, 213–222.

Kolluru, G. R., Ruiz, N. C., Del Cid, N., Dunlop, E. & Grether, G. F. (2006). The effects of
carotenoid and food intake on caudal in regeneration in male guppies. Journal of Fish
Biology 68, 1002–1012.

Mangiagalli, M. G., Cesari, V., Cerolini, S., Luzi, F. & Toschi, I. (2012). Effect of lycopene
supplementation on semen quality and reproductive performance in rabbit. World Rabbit
Science 20, 141–148.

Marri, V. & Richner, H. (2014). Differential effects of vitamins E and C and carotenoids on
growth, resistance to oxidative stress, ledging success and plumage colouration in wild
great tits. Journal of Experimental Biology 217, 1478–1484.

Pike, T. W., Blount, J. D., Lindstroem, J. & Metcalfe, N. B. (2010). Dietary carotenoid availabil-
ity, sexual signalling and functional fertility in sticklebacks. Biology Letters 6, 191–193.

Rahman, M. M., Kelley, J. L. & Evans, J. P. (2013). Condition-dependent expression of pre- and
postcopulatory sexual traits in guppies. Ecology and Evolution 3, 2197–2213.

Rahman, M. M., Turchini, G. M., Gasparini, C., Norambuena, F. & Evans, J. P. (2014). The
expression of pre- and postcopulatory sexually selected traits relects levels of dietary
stress in guppies. PLoS One 9, e105856.

Robbins, W. A., Xun, L., FitzGerald, L. Z., Esguerra, S., Henning, S. M. & Carpenter, C. L.
(2012). Walnuts improve semen quality in men consuming a western-style diet: random-
ized control dietary intervention trial. Biology of Reproduction 87, 1–8.

Rooke, J. A., Shao, C. C. & Speake, B. K. (2001). Effects of feeding tuna oil on the lipid com-
position of pig spermatozoa and in vitro characteristics of semen. Reproduction 121,
315–322.

Smith, C. C. (2012). Opposing effects of sperm viability and velocity on the outcome of sperm
competition. Behavioral Ecology 23, 820–826.

Sullivan, M., Brown, A. & Clotfelter, E. (2014). Dietary carotenoids do not improve motil-
ity or antioxidant capacity in cichlid ish sperm. Fish Physiology and Biochemistry 40,
1399–1405.

Svensson, P. A. & Wong, B. B. M. (2011). Carotenoid-based signals in behavioural ecology: a
review. Behaviour 148, 131–189.
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Experimental reduction in dietary
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depresses sperm competitiveness
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The health benefits of diets containing rich sources of long-chain omega-3

polyunsaturated fatty acids (n-3 LC-PUFA) are well documented and include

reductions in the risk of several diseases typical of Western societies. The diet-

ary intake of n-3 LC-PUFA has also been linked to fertility, and there is

abundant evidence that a range of ejaculate traits linked to fertility in

humans, livestock and other animals depend on an adequate intake of n-3

LC-PUFA fromdietary sources. However, relatively few studies have explored

how n-3 LC-PUFA influence reproductive fitness, particularly in the context of

sexual selection. Here, we show that experimental reduction in the level of n-3

LC-PUFA in the diet of guppies (Poecilia reticulata) depresses a male’s share of

paternity when sperm compete for fertilization, confirming that the currently

observed trend for reduced n-3 LC-PUFA in western diets has important

implications for individual reproductive fitness.

1. Introduction
As with many traits subject to sexual selection, ejaculates can be conspicuously

variable within individual species (e.g. [1–3]). While the basis for such variation

remains contentious (e.g. [4]), recent work exploring the role of condition depen-

dence in sperm traits suggests that variation among individual males in the

acquisition and/or allocation of resources may constitute a considerable source

of variance in ejaculate quality in polyandrous species [5–8].

The manipulation of resource availability, particularly through nutrient sup-

plementation, offers a useful way to test for condition dependence in ejaculate

traits. Accordingly, several studies have shown that males fed nutritionally

enriched diets produce higher-quality ejaculates compared with those fed low-

quality diets [5–9], and one study has reported significant effects of diet quality

in regulating the outcome of sperm competition [5]. Among the key nutrients

known to influence ejaculate quality, long-chain omega-3 polyunsaturated fatty

acids (n-3 LC-PUFA; namely eicosapentaenoic acid and docosahexaenoic acid)

play a critical role in determining the structural properties of spermatozoa, with

concomitant effects on male fertility [10–12]. Animals cannot synthesize PUFA

de novo, and their ability to bioconvert dietary C18 PUFA to LC-PUFA is limited.

Animals must therefore obtain n-3 LC-PUFA from dietary sources. The exper-

imental manipulation of dietary n-3 LC-PUFA levels therefore offers a useful

way to test their effects on ejaculate ‘fitness’, and ultimately in sperm competitive-

ness. Despite their importance in regulating ejaculate traits [13,14], only a single

study has considered fatty acids explicitly in the context of postcopulatory

sexual selection [15], and no study has investigated the link between n-3

LC-PUFA intake and sperm competitiveness.

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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In this study, we use the guppy Poecilia reticulata, a highly

polyandrous livebearing fish known to exhibit condition

dependence in several ejaculate traits [16–18], to explore

the effects of n-3 LC-PUFA dietary manipulation on competi-

tive fertilization success. We used controlled heterospermic

artificial inseminations to show that males fed diets enriched

with n-3 LC-PUFA achieved significantly higher paternity

success than their counterparts fed nutritionally impaired

diets, thus confirming that ejaculate ‘fitness’ in this species

is highly condition dependent and functionally dependent

on resource acquisition.

2. Material and methods

(a) Study population and dietary treatments
The experimental male guppies (n ¼ 60), aged three months at
the start of the trials, were assigned haphazardly to one of two
experimental diet treatments (n ¼ 30 per treatment) that differed
in n-3 LC-PUFA levels (hereafter ‘n-3LC-enriched’ and ‘n-3LC-
reduced’). Both diets were compositionally similar, comprising
identical quantities of basal ingredients, with the only exception
being the type of added lipid sources. Both diets contained simi-
lar levels of saturated fatty acids and n-6 PUFA, but differed
in their n-3 LC-PUFA content (measured as 12.9% in the
n-3LC-enriched diet and 1.8% in the n-3LC-reduced diet; see the
electronic supplementary material, table S1). The variation in n-3
LC-PUFA content was offset by the proportional variation of
monounsaturated fatty acids (primarily oleic acid). Once assigned
to their treatments, males were reared individually in separate 2 l
aquaria for three months and fed ad libitum the crumbled diet
once daily (6 days per week) until they were tested at six months
old. Male standard length (SL: distance in millimetres from
the snout to tip of caudal peduncle) was measured after the
three month feeding trials and did not differ significantly bet-
ween treatments (mean+ s.e.: n-3LC-enriched¼ 16.87+0.2;
n-3LC-reduced ¼ 16.69+0.18; t-test, t ¼ 0.70; p ¼ 0.49).

(b) Artificial insemination
Each replicate comprised a pair of rival males (one from each diet
treatment; n ¼ 30 pairs) and three virgin females (n ¼ 90). We
used artificial insemination [19] to inseminate equal numbers
of sperm from the two males into three (unrelated) females.
Immediately after insemination, each female was placed in a 2 l
plastic aquarium and fed live Artemia nauplii until parturition.
Tissue samples from the caudal fin of males and females, and
the whole bodies of newborn fish, were collected and stored in
pure ethanol for paternity analyses (see below). Only offspring
arising from the female producing the largest brood in each repli-
cate were used for subsequent paternity analyses (i.e. if more than
one of the three females from a given replicate produced offspring,
we only considered the largest brood for our analysis).

(c) Paternity analyses
We used up to four microsatellite markers to assign paternity to
each brood, including TTA, Pr46, KonD15 and KonD21 (Genbank
accession numbers: AF164205, AF127242, AF368429, AF368430,
respectively). Genomic DNA was extracted from offspring
using the EDNA HISPEX extraction kit (Fisher Biotec, Subiaco,
Western Australia). PCR products were analysed on an ABI3730
Sequencer and visualized using GENEMARKER v. 1.91 (http://
www.softgenetics.com); paternity was assigned using CERVUS
v. 3.0 (http://www.fieldgenetics.com). Only broods comprising
three or more offspring were included in our subsequent analysis
(final sample size: n ¼ 26 independent broods).

(d) Statistical analysis
We used a generalized linear model (GLM) to analyse the effect
of diet treatment on the relative paternity share of competing
males. For each family, we selected at random one focal male,
such that in 50% of cases the focal male was assigned to the
n-3LC-enriched treatment and 50% to the n-3LC-reduced treat-
ment. Our model included the proportion of offspring sired by
the focal male as the response variable and treatment (diet) as
a fixed effect. The model was weighted by family size (total
number of offspring) and specified a quasi-binomial error distri-
bution to account for overdispersion. All analyses were
conducted using the ‘glm’ function in R v. 3.1.0 [20].

3. Results
The mean number of offspring per family was 7.92+0.4 s.e.

(range ¼ 3–14; total number of offspring ¼ 206; see figure 1

for relative paternity share in each brood). The GLM revealed

that dietary n-3 LC-PUFA levels had a significant effect on

paternity success, confirming that on average n-3LC-reduced

males sired a significantly lower proportion of offspring

(mean+ s.e.: 0.39+ 4.5) than their n-3LC-enriched rivals

(0.61+4.5; t ¼ 22.42; p ¼ 0.02; Cohen’s d ¼ 0.96; figure 1).

4. Discussion
Our study reveals a clear link between diet quality and repro-

ductive performance in male guppies, thus corroborating

previous evidence that PUFA play a critical role in regulating

sperm and semen quality in several species [11,12,21–23],

including guppies [24]. Our finding that males fed diets

enriched with n-3 LC-PUFA sired significantly more off-

spring than their counterparts fed reduced n-3 LC-PUFA

levels complements recent evidence from crickets that males

fed diets enriched with vitamin E and b-carotene produce

competitive superior ejaculates [5]. In both cases, nutritional

stress played a role in modulating the competitive perform-

ance of ejaculates, a finding that is likely to have important

implications for postcopulatory sexual selection and the

evolution of female multiple mating (polyandry).

One important implication of our findings is that vari-

ation in the availability of n-3 LC-PUFA, and/or differences

among individual males in patterns of resource acquisition

and allocation, will generate considerable phenotypic var-

iance in ejaculates (e.g. [25]). Such environmental effects

may explain, at least in part, the emerging evidence that eja-

culates are inherently variable (see §1), despite evidence

for directional and/or stabilizing selection on these traits

(e.g. [26,27]). To the extent that condition itself has a genetic

basis, polyandry may enhance female fitness by biasing

paternity in favour of genetically superior males (reviewed

in [28]). Thus, as with traits subject to precopulatory sexual

selection, ejaculates may serve as ‘honest’ signals of male con-

dition and genetic quality, and therefore serve as targets for

viability selection.

Finally, our results have broader implications in the

context of linking n-3 LC-PUFA availability to fertility

and reproductive fitness in a broad range of species. There

is already some speculation that global declines in the pro-

duction of n-3 LC-PUFA by marine phytoplankton (the

primary source of all dietary n-3 LC-PUFA available for

both the marine and the terrestrial environments) may be
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linked to climate change [29]. Any such decline in the n-3 LC-

PUFA content of marine products may further compound

the trend towards reduced n-3 LC-PUFA levels in modern

animal (including human) diets [11], with concomitant

impacts on health and fertility. Our results suggest that

patterns of sexual selection may be similarly impacted by

these changes, which in turn has the potential to influence

population and community dynamics in affected groups

(e.g. [30]). We therefore require further investigation to deter-

mine the generality of these effects in other species, and the

possible implications for patterns of sexual selection in

affected populations.
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Abstract 

The role that genotype-by-environment interactions (GEIs) play in sexual selection has only 

recently attracted the attention of evolutionary biologists. Yet GEIs can have profound 

evolutionary implications by compromising the honesty of sexual signals, maintaining high 

levels of genetic variance underlying their expression, and altering patterns of genetic 

covariance among fitness traits. In this study, we test for GEIs in a highly sexually dimorphic 

freshwater fish, the guppy Poecilia reticulata. We conducted an experimental quantitative 

genetic study in which male offspring arising from a paternal half-sibling breeding design 

were assigned to differing nutritional ‘environments’ (either high or low feed levels). We 

then determined whether the manipulation of diet quantity influenced levels of additive 
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genetic variance and covariance for several highly variable and condition-dependent pre- 

and postcopulatory sexual traits. In accordance with previous work, we found that dietary 

limitation had strong phenotypic effects on numerous pre- and postcopulatory sexual traits. 

We also report evidence for significant GEI for several of these traits, which in some cases 

(area of iridescence and sperm velocity) reflected a change in the rank order of genotypes 

across different nutritional environments (i.e. ecological crossover). Furthermore, we show 

that genetic correlations vary significantly between nutritional environments. Notably, a 

highly significant negative genetic correlation between iridescent colouration and sperm 

viability in the high food treatment broke down under dietary restriction. Taken together, 

these findings are likely to have important evolutionary implications for guppies; ecological 

crossover may influence sexual signal reliability in unstable (nutritional) environments and 

contribute towards the extreme levels of polymorphism in sexual traits typically reported 

for this species. Furthermore, the presence of environment-specific genetic covariance 

suggests that trade-offs measured in one environment may not be indicative of genetic 

constraints in others. 

 

Keywords: reaction norm, genetic variance, sperm quality, condition dependence 

 

Introduction 

An individual’s condition can be defined as the pool of resources allocated to traits that 

enhance fitness (Rowe & Houle, 1996). Condition, in turn, potentially translates into fitness 

according to how efficiently an individual can accumulate and allocate resources to 

reproductive success in the light of various environmental (Bonduriansky & Rowe, 2005, 

Cotton et al., 2004) and genetic factors (Rowe & Houle, 1996, Tomkins et al., 2004). A 

number of studies spanning several taxonomic groups have revealed that the expression of 

phenotypic condition (e.g. ornamental and/or display traits that are correlated with 

reproductive fitness) can depend on such factors (e.g. Gienapp & Merila, 2010, Holzer et al., 

2003, Ingleby et al., 2010), and that individuals in higher condition are better able to express 

elaborate phenotypic traits than those in poor condition (i.e. indicating condition 

dependence) (e.g. Gibson & Uetz, 2012, Holzer et al., 2003). Furthermore, some genotypes 
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are better able to maintain optimal phenotypic expression under relatively poor conditions 

than others, thus resulting in genotype-by-environment interactions (GEIs) (Hunt et al., 

2004, Rowe & Houle, 1996). 

Genotype-by-environment interactions are likely to be especially relevant in the 

context of sexual selection, where there is increasing recognition that individual plasticity in 

sexual trait expression can have a genetic basis (Higginson & Reader, 2009, Hunt & Hosken, 

2014, Ingleby et al., 2010). In particular, evidence from numerous quantitative genetic 

studies have shown that traits such as courtship behaviour (Danielson-Francois et al., 2009, 

Greenfield et al., 2012, Kotiaho et al., 2001, Mills et al., 2007, Taylor et al., 2013), 

ornamentation (Hughes et al., 2005, Kemp & Rutowski, 2007, Lewandowski & Boughman, 

2008, Miller & Brooks, 2005) and ejaculates (Engqvist, 2008, Lewis et al., 2012) exhibit 

patterns of genetic variance that are modified by environmental effects. Furthermore, there 

is abundant evidence from many species that sexually selected traits can exhibit heightened 

condition dependence compared to other life-history traits (Cotton et al., 2006), thus 

making these traits potentially important targets of selection for paternal ‘good genes’ 

(Kokko et al., 2003). It is therefore possible that the reliability of sexual signals can be 

compromised when environmental conditions change (Barber et al., 2001, Ingleby et al., 

2013). Genotype-by-environment interactions also have the potential to alter patterns of 

genetic covariation for multiple sexual display traits, for example where the genetic 

architecture constraining evolutionary change (e.g. through trade-offs) is contingent on 

environmental conditions (Bussiere et al., 2008, Sgro & Hoffmann, 2004). As such, the 

evolutionary responses of individual sexual traits may differ substantially between 

environments because of concomitant changes in patterns of genetic covariance with other 

fitness traits (Ingleby et al., 2014). Despite these important evolutionary implications, there 

are relatively few studies that document GEIs in the context of sexual selection, particularly 

those revealing ecological crossovers among reaction norms (i.e. changes in the rank 

performance of genotypes between environments; Carreira et al., 2013, Ingleby et al., 2013, 

Lewis et al., 2012) and/or changes in patterns of genetic covariance in different 

environments (Robinson et al., 2009). 

The guppy (Poecilia reticulata) is a highly polyandrous livebearing freshwater fish in 

which males exhibit complex colour patterns comprising orange (carotenoids and 

drosopterins), iridescent (structural) and black (melanin) spots. These highly conspicuous 
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colour traits exhibit substantial levels of variance in size, spot number, spectral properties 

and position (Houde, 1997) and there is growing evidence that their expression depends on 

a combination of genetic (Brooks & Endler, 2001, Evans, 2010) and environmental factors 

(Grether, 2000, Karino & Haijima, 2004, Kodric-Brown, 1989). Males attract females by 

performing a ritualised courtship behaviour (termed sigmoid display) to reveal their highly 

polymorphic colour patterns to females (Houde, 1997). They also use forced mating 

attempts (termed gonopodial thrusts) to achieve copulations with sexually unreceptive (or 

unwilling) females (Houde, 1997). Females typically mate with multiple males during a single 

reproductive episode (Evans & Pilastro, 2011), and therefore sperm from different males 

(arising from multiple solicited or forced copulations) compete for fertilization to generate 

mixed paternity broods (Hain & Neff, 2007, Neff et al., 2008). Postcopulatory sexual 

selection therefore plays an important role in the guppy’s mating system, and recent studies 

have revealed associations between components of sperm quality (e.g. sperm number, 

sperm velocity and the proportion of live sperm in the ejaculate) and competitive 

fertilization success (Boschetto et al., 2011, Fitzpatrick & Evans, 2014).  

 

Guppies have proved to be especially useful models for studying the interplay 

between pre- and postcopulatory episodes of sexual selection. For example, several studies 

have revealed positive phenotypic associations between the extent of orange pigmentation 

in the male’s colour patterns and sperm swimming velocity (Locatello et al., 2006, Pitcher et 

al., 2007) and ejaculate size (Pilastro et al., 2002, Pitcher & Evans, 2001), and there is 

corresponding evidence that males with high levels of orange pigmentation are more 

successful than their drab counterparts during sperm competition (Evans et al., 2003, 

Pitcher et al., 2003). However, there is also evidence that some components of the male 

guppy’s colour patterns are negatively associated with components of sperm quality. For 

example, Evans (2010) reported a negative genetic correlation between male iridescent 

colouration and sperm viability (the proportion of live sperm in the ejaculate), highlighting a 

possible trade-off in investment between these components of pre- and postcopulatory 

sexual selection. Thus, the prevailing evidence to date suggests that different components 

of male sexual ornamentation exhibit conflicting patterns of genetic and phenotypic 

covariance with traits linked to ejaculate quality; orange pigmentation is generally positively 

associated with sperm velocity and sperm number while iridescence is negatively associated 
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with sperm viability. However, the extent to which the genetic integration of these pre- and 

postcopulatory sexual traits is contingent on environmental heterogeneity has yet to be 

established. 

In this study we use an experimental quantitative genetic design to test for genetic 

(co)variance and GEIs underlying the expression of condition dependent pre- and 

postcopulatory traits in guppies. Recent evidence from guppies reveals that traits subject to 

precopulatory (colour ornamentation and behaviour) and postcopulatory sexual selection 

(ejaculate traits) are highly sensitive to changes in diet quantity and quality (Devigili et al., 

2013, Rahman et al., 2013, Rahman et al., 2014). Indeed, there is abundant evidence that 

the availability of resources such as diet, among other sources of environmental variation, 

influences the expression of sexually selected traits in guppies (Kolluru, 2014). Until now, 

however, there has been limited support for the presence of GEI through resource limitation 

for sexual ornamentation in guppies (Kolluru, 2014), and to our knowledge there are no 

tests for GEIs in any context for postcopulatory traits in guppies. In the present study we 

test for GEI in a range of pre- and postcopulatory traits, focusing on those known to 

influence mating success (body size and colouration, mating behaviour) and paternity 

success (the number, velocity and viability of sperm) along with other putative targets of 

sexual selection (where we have yet to establish relationships between trait values and 

fitness; e.g. sperm length). Our analyses are based on data from a paternal half-sibling 

breeding design from which we determine (a) whether patterns of genetic variance are 

altered by diet intake; (b) the extent to which such GEIs are attributable to changes in the 

rank order of genotypes in different environments (i.e. ecological crossover); and (c) 

whether patterns of genetic covariation between sexually selected traits (particularly across 

the pre- and postcopulatory divide) change across nutritional environments.  

 

Materials and methods 

Study population and its maintenance 

The guppies used in this experiment were reared from the descendants of fish captured in 

2006 from a natural population in Queensland and kept in mixed-sex aquaria until required 

for this experiment. These stock tanks were lit by overhead fluorescent lamps (Philips TLD 

36W) on a 12:12 light: dark cycle and maintained at 27 ± 1°C. The stock population was fed 



A
c

c
e

p
te

d
 A

r
ti

c
le

This article is protected by copyright. All rights reserved. 

five days per week on a diet of Artemia nauplii supplemented with commercial dry food one 

day per week.  

 

Breeding design and rearing conditions 

We established a nested half-sibling breeding design by mating 46 adult males (sires) from 

our stock population to three females each (dams, 138 in total). Three of the male offspring 

died during the experiment and some inseminations failed to generate at least two male 

offspring from a family. The final analysis comprised data for 31 sires, 71 dams and 408 male 

offspring. Matings were conducted using artificial insemination (Evans et al., 2003) to 

minimise the likelihood that differential maternal effects (attributable to differences in the 

females’ perception of male attractiveness) would have compromised our estimates of 

additive genetic variance (Kotiaho et al., 2003).  

The offspring produced by each dam were isolated from the mother, reared in family 

groups and fed a mixture of Artemia nauplii and dry food until they could be sexed by eye (n 

male offspring tested = 408; mean age in days ± SE until sexing = 70.49 ± 0.90). As male 

guppies exhibit minimal post-maturational growth after reaching sexual maturity, diet levels 

could be fixed at a standard quantity throughout the treatment phase (which commenced 

when males could be sexed). Upon reaching sexual maturity, males from a given full sibling 

family were placed individually in 2L aquaria and assigned haphazardly to one of two 

experimental diet treatments that were compositionally identical (see the electronic 

supplementary material, Table S1) but differed in quantity (‘high quantity’ and ‘low 

quantity’) (diets prepared by Nutra-Kol Pty Ltd, Mullaloo, Australia). Males assigned to the 

high quantity diet were fed ~4% of their body weight (1.9mg) per day, while those assigned 

to the low quantity diet received a daily allowance of ~1% (0.5mg) of their body weight. 

These feed levels correspond with our previous work documenting the condition 

dependence of pre- and postcopulatory sexual traits in the same population (Rahman et al., 

2014). All males were fed once per day, six days per week for a total of four months. During 

the treatment phase, each focal male was exposed to visual stimuli from two adult females 

housed in adjacent tanks. These females were included to ensure that the focal males were 

able to perceive potential mating opportunities during the experimental feeding period 

(Bozynski & Liley, 2003, Gasparini et al., 2009). Opaque paper screens were placed between 

adjacent male tanks to prevent visual interactions among the experimental males. In all 
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tanks, water was treated with an anti-algal treatment (3 g l-1 2-chloro-4, 6-bis-(ethylamino)-

s-triazine; Aquamaster) each week to prevent algal growth, which may otherwise provide an 

additional source of nutrition to the experimental fish (Grether, 2000). Male traits (see 

below) were measured after four months of dietary treatments (mean age in days ± SE = 

190.49 ± 0.90).  

 

Mating behaviour 

Mating behaviour trials took place between 08.00 and 12.00 to correspond with the peak of 

sexual activity in this species (Houde, 1997). For these trials, we used an 8L observation tank 

for each male (28.5x14.5x19 cm, filled to 14 cm) containing aquarium gravel and artificial 

pondweed. In each trial, a non-virgin female arising from a mixed-sex (stock) aquarium was 

placed in the tank and allowed to settle overnight. Females were approximately matched for 

size (by eye) across trials and used only once. On the following day, a single male from one 

of the treatment groups was placed in the aquarium and allowed to settle for at least five 

minutes or until he showed interest in the female (i.e. following the female or engaging in 

courtship). For each 10 minute trial, we recorded male mating behaviour as the number of 

sigmoid displays, where males arch their body in a characteristic s-shaped posture and 

quiver, and gonopodial thrusts, where males attempt to forcibly inseminate females without 

prior courtship (Houde, 1997). After the trial, each male was returned to its individual tank 

and maintained on the same diet treatment for a further seven days before being assessed 

for ejaculate traits and ornamentation. This period of isolation after the mating behaviour 

trials ensured that males would have fully replenished their sperm supplies prior to 

measuring sperm number and carrying out sperm analyses (see below) (Kuckuck & Greven, 

1997). 

 

Ejaculate traits 

One week after the behavioural trials, each male was anesthetized and placed on a glass 

slide under a dissecting microscope with its gonopodium (intromittent organ) swung 

forward. A micropipette was used to add 500 µl of an extender medium (207 mM NaCl, 5.4 

mM KCl, 1.3 mM CaCl2, 0.49 mM MgCl2, 0.41 mM MgSO4, 10 mM Tris, pH 7.5) to the base of 

the gonopodium. The use of the extender medium ensured that sperm bundles remained 

intact and quiescent until they were used for the sperm velocity and viability assays 
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(Gardiner, 1978). Light pressure was then applied to each male’s abdomen to expel all 

strippable sperm into the extender medium (Matthews et al., 1997). We then extracted sub-

samples of the stripped ejaculate for the various sperm assays (velocity, viability, sperm 

counts and sperm lengths; see below).  

To measure sperm velocity, we extracted two spermatozeugmata (unencapsulated 

sperm bundles) from the stripped ejaculate and placed these in a single well of a 12-well 

multitest slide (MP Biomedicals, Aurora, OH, USA) coated with 1% polyvinyl alcohol (Sigma-

Aldrich, Australia) (Wilson-Leedy & Ingermann, 2007). We then activated the sperm sample 

with 150 mM KCl (with 2 mg/mL bovine serum albumin) (Billard & Cosson, 1990) and used 

the CEROS sperm tracker (Hamilton-Thorne Research, Beverly, MA, USA) to estimate sperm 

velocity. Our ensuing computer-assisted sperm analysis (CASA) assays were based on an 

average of 38.0 ± 1.2 SE sperm tracks per sample (mean value is taken for N = 366 males; N 

= 42 males did not produce sperm). As the average path velocity (VAP) was highly correlated 

with the straight line velocity (VSL) (r = 0.97; P < 0.001) and curvilinear velocity (VCL) (r = 

0.76; P < 0.001), we restricted our analysis of sperm velocity to VAP for brevity. Within-

sample repeatability for VAP in this population has previously been shown to be high 

(r=0.74; see Evans, 2009). The threshold value for defining static cells was predetermined at 

24.9µm/s for VAP (Evans, 2009). 

 

For the sperm viability assays, we extracted ten spermatozeugmata and used a 

live/dead® Sperm Viability Kit (Invitrogen, Molecular Probes) to estimate the proportion of 

live (with intact cell membranes) sperm in the ejaculate from 200 haphazardly chosen 

sperm cells per sample (Rahman et al., 2013).  

Sperm number was estimated for the reserved portion of each male’s stripped 

ejaculate using an improved Neubauer haemocytometer under 40x magnification (Leica 

DM1000 microscope) after vortexing the sample to break down the sperm bundles. Sperm 

number for each sample was corrected to allow for sperm bundles that had been removed 

for the CASA (two bundles) and viability (10 bundles) assays (Evans, 2009). Briefly, because 

the number of sperm per bundle is fairly constant within and among individual 

spermatozeugmata (Evans et al., 2003), a correction could be made for each estimate to 

allow for sperm that were removed prior to the sperm counts (Evans, 2009). 
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Following the sperm counts, the remaining ejaculate samples were preserved in a 1% 

formalin solution (to prevent sperm degradation) and stored at 4°C until required. To 

estimate total sperm length (distance in µm from the top of the sperm head to the tip of the 

tail) and constituent components (head, midpiece and tail), photographs of each male’s 

sperm were obtained using a digital camera (Leica DFC320) attached to a microscope (Leica 

DM1000; 40x magnification). Where possible, 10 undamaged spermatozoa were measured 

per male (mean number of sperm cells analysed per male = 9.77 ± 0.06 SE; range = 2 – 10) 

using ImageJ software.  

All ejaculate measures were performed ‘blind’ of experimental treatment (i.e. the 

observer was unaware of a sample’s treatment status when conducting the various assays 

described above). 

 

Male ornamentation 

Following the ejaculate traits assays, males were dried with blotting paper and 

photographed under standard lighting (one 13W fluorescent bench lamps) against a 

measurement scale on a white background using a digital camera (Nikon D70s with Nikon 

105mm macro lens). As with ejaculate traits, analyses of male ornamentation were 

performed blind of experimental treatment. ImageJ software was used for the 

measurements of body size (‘standard length’ = distance in mm from the snout to the tip of 

the caudal peduncle; hereafter SL) and colour ornamentation (the number and area of 

orange and iridescent spots).  

 

Statistical analyses 

All analyses were performed using ‘R’ version 3.1.0 (R Development Core Team, 2014). Our 

analysis of GEI initially involved setting up a linear mixed-effects (LME) model (with 

restricted maximum-likelihood methods; REML) to assess the significance of sire-by-

treatment interactions for each of the measured traits, which in turn served as an 

approximation of GEI (Greenfield et al., 2012). The LME models were performed using the 

lme4 package of R (Bates et al., 2014) and included treatment as a fixed effect, male 

standard length as a fixed covariate, and sire, dam (nested within sire) and the interaction 

between treatment and sire as random effects. Only the data for sperm length (head, 

midpiece, tail, and total sperm length) were normally distributed; data for other traits were 
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treated with following transformations: sperm viability data were subjected to arcsine 

square root transformation; iridescent area, sperm velocity, and both sperm number and 

total sperm length were subjected to cubic root, square root and log10 transformations, 

respectively; the remaining traits other than those for counts (frequency of sigmoid displays 

and gonopodial thrusts) were transformed using the Box-Cox method. Normality of the 

resultant data was confirmed from the Q-Q plots of residuals. These data were subsequently 

analysed using the lmer function in lme4. The behavioural data (sigmoids and gonopdodial 

thrusts) were analysed using the glmer function with the log-normal poisson family option 

and the inclusion of an additional observation-level random effect to control for 

overdispersion (Browne et al., 2005). The Χ2 and P-values for the fixed effects were obtained 

from the univariate Anova function of the full model, while P-values for the random effects 

(sire, dam and sire-by-treatment interaction) were obtained from likelihood ratio tests 

(which compared the full model with a reduced model in which the random factor of 

interest was removed). The significance of the sire-by-treatment interaction was used to 

test for the presence of GEI. 

 

Genotype-by-environment interactions may arise either because the level of genetic 

variance differs between environments (‘variance GEI’), or because of differences among 

families in plasticity (i.e. where there is a crossing of family reaction norms, termed 

‘ecological crossover’) (see Conner & Hartl, 2004, Fry et al., 1996, Wade, 2014). The latter 

(crossover) sources of GEI are of particular interest to evolutionary biologists because of 

their potential to influence the reliability of sexual signals and contribute towards their high 

levels of variance (Ingleby et al., 2010). For traits revealing evidence of GEI in the above LME 

models, we therefore tested for ecological crossover interactions by correlating the rank 

order of sire family means for each trait in the two nutritional environments (see Lewis et 

al., 2012). We used Spearman-Rank correlations for each trait, where resultant correlation 

coefficients were tested against the null hypothesis that rs = 0 (significant positive 

correlations between sire family means in each environment would indicate no significant 

crossover, and vice versa). We complement these analyses with a presentation of reaction 

norm plots for each of the traits showing evidence of GEI. 

We also estimated genetic parameters (including heritabilities) through separate 

analyses of all traits within each treatment group (this is because GEIs were associated with 
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the expression of several traits, and thus global estimates of these parameters were not 

informative). In these models, we entered each trait as response variable and included only 

sire and dam (nested within sire) as random effects. We used untransformed variables to 

analyse genetic variation (Garcia-Gonzalez et al., 2012) and calculated narrow-sense 

heritabilities due to sires and heritabilities due to dams (Roff, 2008). We also calculated 

standard errors for heritabilities using the jackknife procedure (Roff, 2008). The P-values for 

sire and dam effects were obtained by likelihood ratio tests.  

Finally, we used REML methods within the lme4 package of R to estimate additive 

genetic variances and covariances required for the calculation of pairwise genetic 

correlations within each nutritional environment. These analyses were restricted to traits in 

which the sire component was significant in at least one of the nutritional environments 

(using one-tailed probability of P<0.1 as variances are constrained to be positive) and/or for 

traits in which the sire-by-environment interaction was significant (two-tailed tests; see 

results). In this way, we test whether patterns of genetic covariation are influenced by diet. 

To estimate the covariance required for each genetic correlation, we calculated variances 

and covariance for the pairwise combinations of traits based on separate univariate 

analyses of trait 1 (z1), trait 2 (z2) and z1 + z2 (see Evans et al., 2013). Covariances for each 

pairwise relationship were then calculated as:  

 

COV(z1, z2) = 0.5(VAR(z1 + z2) – VAR(z1) – VAR(z2)) 

 

Standard errors (SE) for each genetic correlation were calculated using the jackknife 

procedure (Roff, 2008), while the statistical significance of each correlation was computed 

by comparing z-scores for these estimates to the corresponding two-tailed significance 

levels from a standard normal probability table (Åkesson et al., 2008). 

 

Results 

Environmental effects and genotype-by-environment interactions 

Our initial mixed-effects models revealed significant effects of dietary restriction on the 

majority of phenotypic traits, including body size, mating behaviour, the number and area of 

orange and iridescent spots, and the velocity, viability, number and length of sperm (see 
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Table 1). By contrast, dietary restriction had no significant effect on sperm head length 

(Table 1). For all traits other than sperm length, males assigned to the low quantity group 

exhibited significantly reduced trait expression than those assigned to the high quantity 

group (see the electronic supplementary material, Figs S1a-l). We found that males assigned 

to the low quantity group had significantly longer sperm with longer tails, while those in the 

high quantity group had sperm with longer midpieces than their counterparts in the low 

quantity group (also see Table 1). Sire-by-treatment interactions (GEIs) were significant for 

body size, orange and iridescent area, sperm velocity, sperm tail and total sperm length (see 

Table 1). In the cases of iridescent area and sperm velocity, GEIs were attributable to the 

crossing of reaction norms (see Figs 1 and 2), where the rank orders of sire family means 

were not significantly correlated between nutritional environments (Table 2). By contrast, 

the rank orders of sire family means for orange area and total sperm length were 

significantly positively correlated between treatments (Table 2). 

 

Descriptive genetic analyses 

Our analyses revealed significant additive genetic variance for several male traits, although 

as expected in the presence of GEIs, these patterns of genetic variance were not consistent 

for all traits under both treatment groups (Table 3). Broadly, the patterns of GEI evident 

from the mixed-effects models (above) were consistent with patterns of genetic variance 

revealed from the descriptive analyses of each trait within each diet treatment (see Table 3).  

 

Patterns of genetic covariation within environments 

Our analyses of genetic covariance within each environment revealed differences in the 

magnitude, and sometimes sign, of several bivariate relationships in each diet treatment. 

For example, iridescent area was highly significantly negatively genetically correlated with 

sperm viability in the high quantity diet treatment but statistically uncorrelated in the low 

quantity group (Table 4). On the other hand, iridescent area was positively genetically 

correlated with total sperm length in the high quantity group and genetically uncorrelated in 

the low quantity group. These contrasting relationships between iridescent area and both 

sperm viability (negative) and sperm length (positive) in the high quantity group may arise 

because of a trade-off between total sperm length and sperm viability, although the 

relationship was marginally non-significant in the high quantity group (rG=-0.30 ± 0.17, 
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p=0.08; Table 4). While the relationships between iridescent colouration and ejaculate traits 

were contingent on environmental effects, the relationships for orange pigmentation (area 

and spot number) and ejaculate traits were broadly consistent between treatments. For 

example, both orange area and spot number were consistently positively genetically 

correlated with sperm viability and negatively genetically correlated with total sperm length 

in both nutritional environments.  

 

Discussion 

The results from this study provide further evidence that dietary restriction significantly 

influences sexual trait expression in male guppies (Devigili et al., 2013, Gasparini et al., 

2013, Rahman et al., 2013, Rahman et al., 2014), but also extend these findings to show (a) 

that the phenotypic responses to changes in resource availability (i.e. phenotypic plasticity) 

have a genetic basis, and (b) that patterns of genetic covariation between components of 

pre- and postcopulatory sexual selection are strongly dependent on environmental effects. 

Our finding that genotype-by-environment interactions (GEI) underlie patterns of sexual 

trait expression is likely to have important repercussions for sexual selection in this species, 

which arguably provides some of the most extreme evidence for polymorphisms in male 

sexual trait expression in vertebrates (Brooks, 2002). In the following sections we briefly 

discuss the phenotypic responses to dietary restriction uncovered in our study before 

considering the genetic basis for these phenotypic responses and the broader evolutionary 

implications associated with the presence of GEIs in this system.   

 

Phenotypic responses to dietary restriction 

We found that males assigned to the low quantity group exhibited significantly reduced 

expression of a number of traits, including body size, sigmoid displays, gonopodial thrusts, 

the number and area of orange and iridescent spots, sperm velocity, sperm viability, sperm 

number and sperm midpiece compared to those assigned to the high quantity group. Some, 

but not all, of these traits have been linked to reproductive fitness in guppies. For example, 

a number of studies have linked the expression of orange and iridescent area to mating 

success in guppies (reviewed by Houde, 1997). Moreover, differences in male courtship 

rates (Evans & Magurran, 2001) and the area of orange pigmentation (Evans et al., 2003, 
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Pitcher et al., 2003) are associated with variance in male reproductive success (paternity) in 

guppies. Similarly, there is evidence supporting an association between paternity success 

and both sperm velocity (Boschetto et al., 2011) and sperm viability (Fitzpatrick & Evans, 

2014) in guppies, although to our knowledge no study has yet demonstrated a relationship 

between sperm length (e.g. total sperm length or length of constituent components) and 

male reproductive fitness. 

Our results largely corroborate recent evidence that dietary restriction can 

significantly affect the expression of sexually selected traits in guppies, much of which is 

discussed at length in previous papers (Devigili et al., 2013, Gasparini et al., 2013, Rahman 

et al., 2013, Rahman et al., 2014). However, our findings for total sperm length contrasted 

with patterns reported previously. Specifically, we found that males assigned to the low 

quantity group produced marginally significantly longer sperm (see Fig. S1j), although the 

length of the sperm’s midpiece was significantly longer in the high quantity diet (Fig. S1k). 

Our findings for total sperm length therefore contrast with our recent findings from two 

separate studies in which males fed restricted diets had significantly shorter sperm than 

their well fed counterparts (Rahman et al., 2013, Rahman et al., 2014). The basis for this 

difference among studies remains to be resolved.  

 

Patterns of genotype-by-environment interaction 

Our descriptive quantitative genetic analyses revealed evidence for significant additive 

genetic variance underlying the expression of several precopulatory (body size, orange spot 

number and area; iridescent spot number) and postcopulatory (sperm viability, sperm 

midpiece, tail and total length) sexually selected traits (see also Evans, 2010, 2011). In 

contrast to Evans (2010), however, we found no evidence for significant additive genetic 

variance (and associated narrow sense heritabilities) in mating behaviour (sigmoid displays 

and gonopodial thrusts) and sperm velocity (VAP). We can only speculate on why both 

studies generated different results for these specific traits, although the presence of GEI for 

VAP and the different environmental conditions imposed between both studies (e.g. feed 

levels and composition [ad libitum and containing live prey in Evans et al.’s study] differed 

between studies) may be factors influencing our ability to detect genetic variance in the 

present study.  
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Two previous studies utilising full-sibling breeding designs have tested for GEI for 

colouration in male guppies. Miller and Brooks (2005), for example, explored the effects of 

age and social environment on the expression of male sexually selected traits, including 

orange and iridescent colouration. Although Miller and Brooks (2005) found no significant 

GEIs attributable to male social environment, significant age-by-treatment interactions for 

both traits suggested that genotypes vary in the way that colour is expressed with age. Thus, 

as with our study, the signalling efficacy of these two components of male sexual 

ornamentation (orange and iridescence) may be contingent on environmental effects (e.g. 

either age or diet). However, in contrast to our findings, a study by Hughes et al. (2005) 

based on the analysis of (n=8) full-sibling families from two Trinidadian guppy populations 

revealed no evidence for GEIs for colour traits based on food restriction. Differences in 

population origin, diet type, and breeding design may account for the different results 

between studies. 

 

Given the presence of GEIs for some traits, patterns of genetic variance differed for 

individual traits expressed across both treatments. Moreover, the reaction norm plots for 

precopulatory (orange and iridescent area) and postcopulatory traits (sperm velocity and 

total sperm length) suggest that the rank order of genotypes differed to varying extents 

according to the nutritional environment, a finding that was supported by the crossover 

analysis for individual traits expressed in both environments. Specifically, we can conclude 

from these latter analyses that the GEIs for iridescent colouration and sperm swimming 

velocity were attributable, at least in part, to a change in the rank order of sire family means 

in both environments. This finding is likely to have important evolutionary implications 

because it suggests that the success of a given genotype will be contingent on the 

nutritional environment it faces.  

One important evolutionary implication of the presence of GEI in male iridescence is 

that the rank order of male sexual attractiveness, and thus sexual selection on this trait, may 

depend on variation in the nutritional environment. This, in turn, may help explain the 

extreme polymorphism for this component of male sexual ornamentation (Bussiere et al., 

2008, Ingleby et al., 2010, Pomiankowski & Møller, 1995). Interestingly, the ranked 

performance of genotypes for orange area was statistically unchanged across the nutritional 

environments considered in this study, meaning that unlike iridescence, the reliability of this 
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component of male sexual ornamentation is perhaps less compromised by dietary 

restriction (note, however, that the rank order correlation of sire family means was still well 

below 1; Table 2). However, it is important to note that in our study we considered just one 

dietary factor (feed levels), and that a change in the scale of the environmental 

manipulation (i.e. the boundaries of the x-axis in Figs. 1 and 2) may yet expose an ecological 

crossover in the reaction norms for orange area (see Ingleby et al., 2010). Nevertheless, 

according to our results as they stand, the signal reliability of orange area, which may serve 

as an indicator of paternal ‘good genes’ (Evans et al., 2004), was largely unaffected by diet 

restriction, as might be expected for a trait with very high (Y-linked) heritability (Brooks & 

Endler, 2001, Evans, 2010, Houde, 1992). 

 

We also found that the nutritional environment modified patterns of genetic 

variance in postcopulatory traits, adding to just a handful of studies that have demonstrated 

significant GEIs for ejaculate traits in insects (Engqvist, 2008, Lewis et al., 2012, Morrow et 

al., 2008). Similar to our finding for iridescent area, our ecological crossover analysis 

revealed that that rank order of family means for sperm velocity – a determinant of sperm 

competitiveness in guppies (Boschetto et al., 2011) – was uncorrelated across nutritional 

environments. This finding is likely to have important implications for postcopulatory sexual 

selection, because genotypes that convey high sperm competitiveness under certain 

environmental conditions (e.g. high feed levels) may be disadvantaged under less benign 

conditions (dietary restriction). Corresponding evidence that nutrition moderates GEIs in 

postcopulatory sexual selection comes from Lewis et al.’s (2012) recent study of flour 

beetles (Tribolium castaneum), where the rank order of family means for the male’s sperm 

defence ability (proportion of offspring sired by the first of two males to mate with a 

female; P1) was contingent on diet quality (ratio of wheat in diets). However, as 

acknowledged by the authors of that study, the relatively low number of sire families (N = 

12) used in Lewis et al.’s (2012) correlation (crossover) analysis may have compromised 

their ability to reject the null hypothesis of no correlation between genotype rankings 

(required to support the conclusion of ecological crossover). A similar criticism can be 

applied to our analysis, although our sample of N = 31 sire families enables us to draw 

firmer conclusions from the lack of statistical significance for correlations of sperm velocity 

ranks across treatments. 
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Patterns of genetic covariation across nutritional environments 

Our analyses of genetic covariance in both nutritional environments revealed striking 

differences in the magnitude, and sometimes sign, of relationships. Here, we focus mainly 

on the relationships between pre- and postcopulatory sexually selected traits, given 

previous widespread evidence for strong phenotypic and genetic integration of traits across 

this selective divide and the potentially important evolutionary implications associated with 

such relationships (see above). Notably, the patterns of genetic covariance involving, on the 

one hand, the size and number of orange spots, and on the other the size and number of 

iridescent spots, differed markedly. In both diet treatments the relationships involving 

orange were consistently positive for sperm viability and sperm number, and negative for 

total sperm length. These findings broadly accord with prior evidence that males with 

relatively high levels of orange pigmentation are disproportionately more successful during 

sperm competition than their drab counterparts (Evans et al., 2003, Pitcher et al., 2003) and 

further supports recent (unpublished) evidence that multivariate selection drives 

concordant patterns of pre- and postcopulatory sexual selection in guppies (Devigili, Evans 

& Pilastro; unpublished data). As we note above, both sperm viability and sperm number 

have been linked to sperm competition success in guppies (Boschetto et al., 2011, 

Fitzpatrick & Evans, 2014), but we currently lack evidence that links variation in sperm 

length to reproductive fitness in this species. Thus, the fitness implications associated with 

genetic correlations involving sperm length (generally negative for orange and positive for 

iridescence) remain to be investigated. 

In contrast with the consistent (positive) patterns of genetic covariation between the 

extent of orange pigmentation and ejaculate quality in both treatments, the relationships 

between measures of iridescence and ejaculate traits were contingent on diet treatment 

(see Table 4). As reported previously for this population of guppies (Evans, 2010), our 

analyses revealed a highly significant negative genetic correlation between iridescent area 

and sperm viability in the high quantity diet treatment, indicative of a trade-off between 

these components of pre- and postcopulatory sexual selection. However, this relationship 

broke down under dietary restriction, suggesting that the genetic architecture of these two 

traits may not be stable under temporally changing nutritional environments (see also 

Messina & Fry, 2003). As reported elsewhere, the dependency of genetic correlations on 

environmental heterogeneity is likely to have important evolutionary implications. For 
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example, combinations of traits are often subject to multivariate sexual selection (Lande & 

Arnold, 1983), and patterns of selection on correlated characters may change dramatically 

under differing environmental conditions (Ingleby et al., 2014). For example, in Drosophila 

simulans, patterns of nonlinear selection on cuticular hydrocarbons were contingent on diet 

composition (Ingleby et al., 2014). Furthermore, the observation that negative genetic 

correlations can break down when environments change challenges the assumption that 

trade-offs represent universal constraints to evolution (reviewed by Roff, 2002). The 

evolutionary pathways predicted from patterns of genetic covariance measured in a single 

(or benign) environment therefore may not be representative of those under contrasting 

environmental conditions (see Robinson et al., 2009).  

 

Conclusions 

In summary, we show that in guppies (a) sexual trait expression is susceptible to nutritional 

stress, (b) GEIs underlie such patterns of condition dependence, and (c) patterns of genetic 

covariance are impacted by environmental effects. As such, our findings contribute towards 

the growing evidence that GEIs are likely to play an important role in sexual selection, with 

potentially important evolutionary implications in terms of the efficacy of sexual signals to 

convey reliable information about male quality, the maintenance of genetic variance in 

sexual traits, and the stability of genetic correlations under fluctuating environmental 

conditions (collectively reviewed in Hunt & Hosken, 2014, Sgro & Hoffmann, 2004, Bussiere 

et al., 2008). Our findings suggest that for guppies, the reliability of precopulatory male 

sexual signals (notably iridescence) may be compromised by environmental stochasticity. 

Similarly, our findings for postcopulatory sexual traits (notably sperm velocity) suggest that 

genotypes coding for highly competitive sperm in one environment may perform quite 

differently under different conditions (see also Mills et al., 2007, Kemp & Rutowski, 2007). 

Interesting directions for future work include testing whether GEIs affect sexual signalling 

efficacy (e.g. indirect benefits associated with mate choice), and whether environmental 

effects similarly moderate the rank order of female mating preferences (Engqvist, 2008, 

Lewis et al., 2012, Morrow et al., 2008) in line with expectation for sexual trait co-evolution.   
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Fig. 1 GEI reaction norms for (a) orange area and (b) iridescent area. Each line represents 

the mean score for each sire family (N = 31 sires). The square dark black points represent 

the overall mean score within each treatment across all sires 

 

Fig. 2 GEI reaction norms for (a) sperm velocity and (b) total sperm length. Each line 

represents the mean score for each sire family (N = 31 sires). The square dark black points 

represent the overall mean score within each treatment across all sires 

 

Supporting information 

Table S1. Proximate composition of experimental diet 

 

Figure S1. Effects of diet quantity on pre- and postcopulatory traits. 
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Table 1 Mixed-effects models for male sexual traits in guppies, including number of offspring (N), trait means and associated standard errors 

(SE) for each trait. Chi-squared values (Χ2) and associated P values are presented for each model (significant values are highlighted in bold 

font). Significant GEIs are identified when P<0.05 for the Sire*Treat term. 

Traits Response variables N Mean ± SE Variances Χ2
P (>Χ2

) Effect size (R
2
)

Precopulatory traits 
 

Standard length (mm) 387 13.47±0.06 

Treat 728.24 <0.001

0.84 
Sire 4.55 0.03

Dam 5.67 0.02

Sire*Treat 14.01 <0.001

Sigmoid displays 
(number/10min) 

408 3.51±0.24 

Treat 110.49 <0.001

0.98 
Sire 0 1
Dam 0.01 0.92
Sire*Treat 0.12 0.73
SL 16.83 <0.001

Gonopodial thrusts 
(number/10min)  

408 0.78±0.07 

Treat 10.26 0.001

0.91 
Sire 0 1
Dam 0 1
Sire*Treat 0 1
SL 2.82 0.09

Orange spots number 379 3.56±0.08 

Treat 40.61 <0.001

0.65 
Sire 10.76 <0.001

Dam 1.44 0.23
Sire*Treat 0.29 0.59
SL 16.45 <0.001

Orange area (mm2) 380 5.45±0.18 

Treat 43.30 <0.001

0.78 
Sire 0.77 0.38
Dam 11.02 <0.001

Sire*Treat 5.94 0.01

SL 47.84 <0.001

Iridescent spots number 319 3.43±0.09 
Treat 36.87 <0.001

0.63 
Sire 1.79 0.18
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Dam 0.54 0.46
Sire*Treat 2.86 0.09
SL 9.52 0.002

Iridescent area (mm2) 307 2.51±0.09 

Treat 28.44 <0.001

0.62 
Sire 0.06 0.80
Dam 0 1
Sire*Treat 4.85 0.03

SL 19.59 <0.001

Postcopulatory traits 

Sperm velocity (µm/s) 366 73.8±0.82 

Treat 57.83 <0.001

0.50 
Sire 0 1
Dam 0.35 0.55
Sire*Treat 4.36 0.04

SL 0.47 0.49

Sperm viability (proportion) 363 0.69±0.01 

Treat 16.12 <0.001

0.40 
Sire 1.65 0.19
Dam 0 1
Sire*Treat 2.73 0.09
SL 0.93 0.34

Sperm number (106) 360 3.04±0.11 

Treat 8.87 0.003

0.48 
Sire 2.06 0.15
Dam 3.13 0.08
Sire*Treat 1.10 0.29
SL 8.34 0.004

Sperm head (µm) 350 3.96±0.01 

Treat 2.58 0.11

0.37 
Sire 0 1
Dam 7.41 0.006

Sire*Treat 0.78 0.38
SL 1.07 0.30

Sperm midpiece (µm) 350 2.67±0.02 

Treat 45.53 <0.001

0.63 
Sire 0.77 0.38
Dam 2.71 0.09
Sire*Treat 1.83 0.18
SL 5.15 0.02
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Sperm tail (µm) 350 47.82±0.06 

Treat 15.24 <0.001

0.68 
Sire 15.23 <0.001

Dam 13.56 <0.001

Sire*Treat 6.49 0.01

SL 0.18 0.67

Total sperm length (µm) 350 54.45±0.06 

Treat 4.48 0.03

0.65 
Sire 12.56 <0.001

Dam 20.98 <0.001

Sire*Treat 4.04 0.04

SL 0.24 0.62
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Table 2 Analyses of ecological crossover underlying genotype-by-environment interactions (GEI) in male body size, ornamentation, sperm 

velocity and total sperm length. Analyses are based on Spearman’s rank correlation between sire family means for each trait in both nutritional 

environments. Analyses are restricted to traits in which sire-by-treatment interactions were significant (see Table 1). Significant ecological 

crossovers are denoted where P values do not significantly differ from zero (as denoted by asterisk) 

Traits Spearman p P 

Standard length (mm) 0.5286 0.0022 

Orange area (mm2) 0.3935 0.0285 

Iridescent area (mm2) 0.0028 0.9880* 

Sperm velocity (µm/s) 0.0351 0.8514* 

Total sperm length (µm) 0.7734 <0.0001 
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Table 3 Patterns of genetic variation underlying the expression of sexually selected traits in male guppies exposed to different dietary 

treatments. Trait means (± SE) and variance components for sires (Varsire), dams (Vardam) and residual variance (Varres) come from mixed-

effects models. Narrow sense heritability estimates (h2
sire) were calculated by dividing the estimates of additive genetic variance (VA) by total 

phenotypic variance (VP). Tests for significance for sire estimates (Psire) are from likelihood-ratio tests, while mean standardised estimates of 

additive genetic variance (IA) are included for completeness (IA=VA/X2 , where VA = 4 x sire variance component and X = trait mean). 

Traits Treat Mean ± SE Varsire Vardam Varres VA VP h
2

sire (SE) Psire CVA IA

Standard length (mm) 
High 14.38±0.05 0.11 0.05 0.25 0.44 0.42 1.05 (0.27) 0.01 0.05 0.002
Low 12.53±0.04 0.09 0.04 0.23 0.36 0.36 1.01(0.21) 0.003 0.05 0.002

Sigmoid displays (freq.) 
High 6.69±0.35 1.73 0.006 23.05 6.95 24.79 0.28 (0.07) 0.27 0.39 0.16
Low 0.24±0.08 0 0 1.28 0 1.28 0 (0) 1 0 0

Gonopodial thrusts (freq.) 
High 1.21±0.11 0 0.08 2.34 0 2.42 0 (0.07) 1 0 0
Low 0.34±0.06 0.05 0.09 0.59 0.21 0.75 0.29 (0.09) 0.26 1.35 1.82

Orange spots number 
High 4.59±0.09 0.37 0.03 1.35 1.49 1.76 0.85 (0.17) 0.007 0.27 0.07
Low 2.49±0.08 0.33 0.14 0.81 1.31 1.28 1.03 (0.11) 0.001 0.46 0.21

Orange area (mm2) 
High 7.9±0.21 2.49 0.19 5.76 9.99 8.45 1.18 (0.25) <0.001 0.39 0.16
Low 2.9±0.12 0.49 0.62 1.71 1.97 2.82 0.69 (0.12) 0.05 0.49 0.24

Iridescent spots number 
High 4.42±0.1 0.27 0.02 1.39 1.07 1.67 0.64 (0.19) 0.13 0.23 0.05
Low 2.36±0.09 0.22 0.07 0.92 0.89 1.21 0.74 (0.08) 0.04 0.40 0.16

Iridescent area (mm2) 
High 3.5±0.12 0.39 0 2.16 1.54 2.55 0.61 (0.38) 0.17 0.35 0.13
Low 1.41±0.06 0.04 0 0.48 0.18 0.53 0.34 (0.11) 0.22 0.30 0.09

Sperm velocity (VAP; µm/s) 
High 82.15±0.91 15.19 17.53 136.19 60.76 168.9 0.36 (0.26) 0.29 0.09 0.009
Low 63.28±0.94 13.08 0 130.70 52.32 143.8 0.36 (0.19) 0.16 0.11 0.01

Sperm viability (proportion) 
High 0.75±0.01 0.002 0.0005 0.009 0.008 0.011 0.73(0.27) 0.07 0.09 0.009
Low 0.62±0.01 0.002 0 0.02 0.009 0.02 0.53 (0.12) 0.02 0.12 0.01

Sperm number (106) 
High 3.79±0.17 0.84 0.50 4.44 3.34 5.78 0.58 (0.29) 0.09 0.48 0.23
Low 2.06±0.09 0.19 0.01 1.19 0.75 1.39 0.54 (0.23) 0.17 0.42 0.18

Sperm head (µm) 
High 3.96±0.009 0.0002 0.0008 0.013 0.0009 0.014 0.07 (0.17) 0.85 0.008 <0.000
Low 3.97±0.01 0.0007 0.006 0.02 0.003 0.03 0.10 (0.18) 0.81 0.01 0.0002

Sperm midpiece (µm) High 2.88±0.02 0.02 <0.000 0.07 0.09 0.09 0.96 (0.28) 0.004 0.11 0.01



A
c

c
e

p
te

d
 A

r
ti

c
le

This article is protected by copyright. All rights reserved. 

Low 2.38±0.02 <0.000 0.009 0.07 0.0004 0.08 0.005 (0.25) 1 0.008 <0.000

Sperm tail (µm) 
High 47.47±0.08 0.45 0.17 0.57 1.79 1.18 1.51 (0.18) <0.001 0.03 0.0008
Low 48.28±0.08 0.33 0.17 0.53 1.33 1.04 1.28 (0.28) 0.008 0.02 0.0006

Total sperm length (µm) 
High 54.31±0.08 0.41 0.19 0.53 1.62 1.13 1.44 (0.20) <0.001 0.02 0.0006
Low 54.63±0.09 0.29 0.23 059 1.15 1.11 1.03 (0.19) 0.02 0.02 0.0004

 

Table 4 Genetic correlations within each nutritional environment (High quantity group = shaded rows; Low quantity = unshaded rows). 

Jackknife standard errors (SE) are given after each correlation coefficient (in parentheses). The significance of genetic correlations, calculated 

by comparing z-scores for these estimates to the corresponding two-tailed significance levels from a standard normal probability table, are 

denoted by asterisks (*<0.05; **<0.01; ***<0.001; significant coefficients highlighted bold). Note that for sperm velocity (VAP), some genetic 

correlations and/or associated SEs could not be estimated, possibly owing the structure of data which were analysed as untransformed values 

(DNC = did not calculate). 

Trait Treat Orange spot 
number 

Orange area Iridescent spot 
number 

Iridescent 
area 

Sperm velocity Sperm viability Sperm number Total sperm 
length 

Standard 
length 

High 0.20 (0.1)* 0.41 (0.17)* -0.07 (0.24) 0.19 (0.30) 0.33 (0.52) 0.27 (0.21) 0.41 (0.25) 0.21 (0.15)
Low 0.28 (0.25) 0.88 (0.07)*** 0.33 (0.27) 0.20 (0.27) -0.62 (0.16)*** 0.27 (0.24) 0.46 (0.24)* -0.97 (0.12)***

Orange spot 
number 

High - 0.84 (0.06)*** 0.55 (0.19)** -0.33 (0.27) 0.20 (0.52) 0.88 (0.25)*** 0.25 (0.49) -0.56 (0.15)***
Low - 0.62 (0.14)*** 0.82 (0.12)*** 0.45 (0.26) -0.25 (0.17) 0.60 (0.14)*** 0.35 (0.15)* -0.44 (0.12)***

Orange area High  - 0.24 (0.29) -0.31 (0.32) -0.16 (0.47) 0.85 (0.18)*** 0.65 (0.46) -0.58 (0.14)***
Low  - 0.66 (0.27)* -0.11 (0.22) -0.29 (0.20) 0.89 (0.17)*** 0.94 (0.24)*** -0.70 (0.14)***

Iridescent 
spot number 

High   - 0.43 (0.30) -0.37 (DNC) -0.50 (0.46) 0.40 (0.45) 0.48 (0.30)
Low   - 0.89 (0.16)*** -0.58 (0.19)** 0.70 (0.18)*** 0.31 (0.24) -0.08 (0.11)

Iridescent 
area 

High   - DNC -0.81 (0.28)*** 1.09 (1.24) 1.05 (0.24)***
Low   - 0.34 (0.23) 0.55 (0.39) -0.12 (0.18) -0.04 (0.31)

Sperm 
velocity 

High   - 0.08 (0.85) -0.50 (0.24)* 0.73 (0.34)*
Low   - -0.40 (0.23) -0.23 (0.27) 1.10 (0.16)***

Sperm 
viability 

High    - 0.90 (0.32)** -0.30 (0.17)
Low    - 0.67 (0.38) -0.25 (0.33)

Sperm 
number 

High    - 0.90 (0.25)***
Low    - -0.05 (0.40)
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