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ABSTRACT 

Ornamental traits in male birds have been the subject of much research effort, and sexual 

selection is recognized as the leading explanation for their evolution. The expression of 

ornamental traits in females has received little study until recent decades. Female colouration has 

been considered a non-adaptive, correlated response to selection on males. However, models 

predict that male mate choice, female competition, and the evolution of honest signals could help 

explain female ornamentation, especially where male investment in offspring and variation in 

female quality are high. I investigated this in the American robin (Turdus migratorius), a socially 

monogamous species with bi-parental care and variable female ornamentation. Female robins 

display conspicuous red breast plumage, bright yellow bills, and achromatic ornamentation. 

Female ornamentation is similar to males, but is subdued to varying degrees across individuals.  

Female colouration could function as a useful criterion in mate selection by males if it is 

correlated with aspects of female quality important to producing viable offspring. I assessed 

whether female ornamentation in robins might act as an honest signal by relating variation in 

female colour to measures of individual quality and reproductive investment. To assess 

ornamentation, I took colour measurements of the bill, crown and breast of male and female 

robins in the field using reflectance spectrometry. Female bill, breast and crown traits reliably 

predicted age, crown and bill colour traits were related to better body condition, and bill colour 

decreased seasonally as well as with ectoparasite load. I found evidence of assortative mating 

based on crown UV reflectance and bill colour. To assess reproductive investment, I measured 

egg size, yolk proportion, and deposition of yolk testosterone and carotenoids. Females with 

brighter (lighter) carotenoid-based bill colour laid larger eggs, and females with yellower bills 

laid eggs with higher yolk proportions and more total yolk carotenoids. Yolk testosterone level 

was associated with redder female breasts. These results support the hypothesis that female colour 

may be a reliable indicator of individual quality and capacity for reproductive investment.  
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CHAPTER 1. General Introduction 

“...the manner in which the individuals of either sex or of both sexes 

are affected through sexual selection cannot fail to be complex in the 

highest degree.” (Darwin 1859) 

 

Ornamental colours in male birds have been well studied, while female colour traits have 

received considerably less attention. In the last 20 years, research on the evolution of female 

ornamentation, particularly in species with conventional sex roles, has become more prominent; 

however, considerable gaps remain in our understanding (reviewed in Amundsen and Parn 2006). 

A growing body of theory and evidence suggest that sexual selection can act on female traits 

independent of males, and that female morphological traits appear to have an adaptive signaling 

function in many species (reviewed in Amundsen and Parn 2006; Kraaijeveld et al. 2007). The 

types of information signals convey in females, and the fitness benefits males might gain by 

choosing ornamented females, however, are not well known. Understanding the unique selection 

pressures and trade-offs that shape ornamentation in females will lead to a greater understanding 

of trait evolution and the role of sexual selection in nature (LeBas 2006). In this study, I address 

gaps in our understanding of female ornamentation by investigating female colour in relation to 

individual quality and reproductive investment in the American robin (Turdus migratorius), a 

socially monogamous species with bi-parental care and variable female ornamentation.  

 

The Evolution of Female Ornamentation in Birds 

The spectacle of colourfully adorned birds has long been a subject of curiosity among 

evolutionary biologists. Bird plumage can be coloured by deposition of pigments, such as 

carotenoids and melanins, or through physical interaction between light and the nanostructures of 

barbs and barbules, which is often responsible for blue, violet, ultraviolet and iridescent plumages 
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(Hill and McGraw 2006). Carotenoids are mainly responsible for the production of red, orange 

and yellow feather or integument colouration, while melanin pigmentation typically produces a 

variety of black, brown, gray, rufous, and buff shades (McGraw 2006a,b). Because of the wide 

variety of colours and patterns across bird species, avian ornamentation has been well researched, 

and ornamental plumage characteristics in male birds have been especially well studied (McGraw 

and Hill 2006). Sexual selection has been one of the leading explanations of how such traits 

evolved (reviewed in Andersson 1994). Male conspicuous colouration has been demonstrated in 

many species to reflect individual quality in terms of physiological condition, parasite exposure, 

immunocompetence, sperm competition, and parental ability (reviewed in Andersson 1994).   

Though male visual signals are relatively well studied, less is known about why females 

can be conspicuously decorated (Amundsen 2000), or what distinct information female signals 

might convey. Female colouration is widespread across taxa and exhibits extraordinary variety 

across bird species (Amundsen 2000; Amundsen and Parn 2006). Literature available on the 

adaptive function of female conspicuous traits is sparse, but growing. In recent decades, the 

number of studies investigating female ornamentation has increased, and colourful female traits 

have been related to male mate choice (Amundsen et al. 1997; Amundsen and Forsgren 2001; 

Jones et al. 2001; Torres and Velando 2005; Bitton et al. 2007), parasite resistance (Roulin et al. 

2000, 2001) and parental ability (Massaro et al. 2003), for example. 

Traditionally, female ornamentation has been considered non-adaptive, occurring simply 

as a correlated response to sexual selection acting on male phenotypes (Fisher 1930; Lande 

1980). Darwin (1859, 1871) noted that the females of many species are colourful, sometimes 

equally as conspicuously as males of the same species. Apart from the ‘sex-role reversed’ species 

(where typical roles of males and females are reversed, i.e. females often compete for mates, and 

males are often the limiting sex and provide the majority of parental care), Darwin eventually 

attributed female colouration to “modes of inheritance”, proposing that traits in males which are 
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sexually selected would be transferred to females in varying degrees both within and among 

species, having little or no adaptive function in females. This view is, in essence, equivalent to the 

‘genetic correlation hypothesis’ (Amundsen and Parn 2006; Kraaijeveld et al. 2007). However, 

this hypothesis is most relevant in species where ornamentation is similar between sexes 

(Amundsen 2000). Given that many male and female traits are genetically correlated, selection 

acting directly on male phenotypes could certainly indirectly result in corresponding changes in 

female traits to varying degrees (Lande 1980; Irwin 1994). However, Lande’s (1980) 

foundational work on the evolution of sexual dimorphism has often been over-simplified or 

misinterpreted as an argument that female ornamentation occurs only as a byproduct of genetic 

correlation, excluding possible adaptive explanations that may occur in addition to or in exclusion 

of genetic correlation (Amundsen and Parn 2006). As modeled by Lande (1980, 1987), sexual 

selection is expected to initially increase the development of conspicuous traits in both males and 

females; subsequently, in some species, there may be evolution toward predation-induced natural 

selection for crypsis in females (Wallace 1889, Lande 1980; Irwin 1994). The final result should 

theoretically reflect a balance of opposing selection forces (Wallace 1889; Martin and Badyaev 

1996; Amundsen and Parn 2006). Species that express mutual ornamentation may or may not 

have reached a stable evolutionary equilibrium (Irwin 1994). However, the fact that male and 

female traits are genetically correlated to varying extents does not preclude the possibility that 

colourful traits may function as signals in females as well as males (Irwin 1994; Amundsen and 

Parn 2006; Kraaijeveld et al. 2007).  

 The long-held view that sexual selection is predominantly acting on male birds is 

consistent with observations that female ornamentation is less common across species, and when 

present is often more subdued than that of the male (Amundsen 2000). An obvious exception 

where ornaments are more conspicuous in females lies in sex-role-reversed species (Berglund et 

al. 1997), in which potential reproductive rates are higher in females than in males, females 
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actively compete for mates (Vincent et al. 1992; Andersson 1994), and males often perform the 

bulk of parental care (Massironi et al. 2005). However, female ornaments are also widespread in 

species with more ‘conventional’ sex roles (males being the more competitive sex) (Massironi et 

al. 2005). There is vast diversity of female colour across species with conventional sex roles, 

ranging from no obvious ornamentation, to females expressing conspicuous colour, to species in 

which female ornaments are distinct from those of males (Funk and Tallamy 2000; Amundsen 

and Forsgren 2001; Domb and Pagel 2001; Heinsohn et al. 2005; Weiss 2006). This variation 

may point to female signals as evolutionary adaptations, because female-specific ornaments are 

unlikely to be caused by genetic correlations with male traits (Kraaijeveld et al. 2007). 

 Some authors conclude that genetic correlation between the sexes could rarely completely 

account for mutual ornamentation, because of the plasticity with which taxa appear to move 

between sexual monomorphism and dimorphism throughout evolutionary history (Price and Birch 

1996; Kraaijeveld et al. 2007). In passerines, dichromatism has been evolutionarily lost more than 

it has been evolved (Price and Birch 1996; Peterson 1996). Further, comparative studies suggest 

evolutionary changes in colour traits have occurred more frequently in females, often via gaining 

ornamentation (blackbirds: Irwin 1994; tanagers: Burns 1998; Anseriformes: Figuerola and Green 

2000; reviewed in Amundsen and Parn 2006; but see Doucet et al. 2008). 

 A number of mechanisms have been proposed to explain the evolution of female 

ornamentation, in addition to genetic correlation. Depending on whether traits are cryptic or 

conspicuous in the environment, natural selection could play a role in shaping ornamentation 

(Kraaijeveld et al. 2007). Alternatively, colourful female traits may function as status signals (e.g. 

Murphy et al. 2009) and evolve through female-female competition over mates or other 

resources. They may also serve to attract potential mates by reflecting aspects of individual 

genetic or parental quality, and evolve by male mate preference (e.g. Hill 1993). These 

hypotheses are similar to adaptive explanations commonly attributed to male traits (Amundsen 
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and Parn 2006). It is important to note these are not necessarily mutually exclusive alternatives, 

but all fall under the phenomenon of ‘social signaling’ (Berglund et al. 1996; Kraaijeveld et al. 

2007). For example, as in male birds, any one trait may signal information related to dominance 

used in competition, and simultaneously serve to attract mates (Berglund et al. 1996). 

 Trivers (1972) identified the imbalance between the sexes in parental investment as a key 

variable that leads to sexual selection, typically taking the form of male-male competition and 

female choosiness. In species with conventional sex roles, the traditional view is that females are 

selective and males are indiscriminate in mating (Amundsen and Forsgren 2001). This may result 

in males having a higher potential reproductive rate (Clutton-Brock and Parker 1992). Given that 

scenario, male reproductive success is often limited by number of partners, and males are 

generally not expected to reject mating opportunities (Johnstone et al. 1996). In order for female 

ornaments to evolve through mate choice, males must be somewhat selective. A classical 

assumption is that when one sex is selective, the other is not, but this is not always the case. 

Varying levels of choosiness are in fact possible in both sexes (Amundsen and Parn 2006).  

 Theoretical models predict that male mate choice, female competition, and the evolution of 

honest signals in females should occur under certain circumstances (Parker 1983; Johnstone et al. 

1996; Johnstone 1997; Kokko and Johnstone 2002). In particular, males are expected to be 

choosy when female quality is highly variable and potential benefits of being selective are high, 

and when males have ample access to females (i.e. low search costs such that rejected mates can 

be easily replaced). The importance of exercising choice is higher when male potential 

reproductive rate is limited by factors other than access to females, such as in cases of substantial 

male investment in parental care (Johnstone et al. 1996; Amundsen et at. 1997; Bonduriansky 

2001). Given these models, species with relatively high male post-hatch investment are expected 

to possess more ornamented females. This trend has been observed in early comparative work: in 
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species where male post-hatch investment is high, males tend to be smaller and less competitive 

(Archer and Mehdikhani 2003), and females tend to be more colourful (Doucet et al. 2008). 

 The mutual sexual selection hypothesis proposes that elaborate monomorphic characters 

function in both sexes as mate-choice signals or status signals used during competition for mates, 

whereby the most ornamented males and females are of highest quality and obtain highest mating 

success. Because the relative degree of parental care devoted by the female or male has a strong 

influence on operational sex ratios and potential reproductive rates (Emlin and Oring 1977), 

mutual mate choice, and therefore mutual ornamentation, is thought to be especially likely when 

breeding is costly for both sexes (Kokko and Monaghan 2001) and bi-parental care is equally 

beneficial to both sexes (Kokko and Johnstone 2002). Thus, mutual sexual selection might be 

most expected in socially monogamous species with obligate bi-parental care (Burley 1986).  

 Species where both males and females are colourful span the range of mating systems 

(Amundsen and Parn 2006). A common feature of many species where both sexes are colourful is 

that both sexes invest extensively in offspring care (Kraaijeveld 2003; Kraaijeveld et al. 2007). 

Bi-parental care is common in socially monogamous birds, and roles and investment level of 

males is highly variable among species (Owens and Bennett 1994). The costs to males of high 

investment in offspring provisioning and protection are often not direct (i.e. survival). Males may 

instead experience indirect costs that influence fitness, as any care provided to nestlings requires 

energy that could be allocated to other activities such as attracting additional mates, foraging, or 

seeking shelter (Liker and Szekely 2005; Massironi et al. 2005 (in fish); Kraaijeveld et al., 2007). 

When males contribute substantially to a breeding attempt and are limited in the number of 

broods for which they can provide care (i.e. Massironi et al. 2005 (in fish)), they would benefit 

from choosing a female whose reproductive potential is highest in terms of quantity or quality of 

offspring, to maximize reproductive success (Jones et al. 2001). However, speculation that social 

monogamy and/ or bi-parental care are key factors in mutual ornamentation demands more 
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rigorous testing (Amundsen and Parn 2006). One recent model illustrates that male mate choice 

can persist even in polygynous systems, if it is linked to female mate preferences via pleiotropy, 

or when it is based on traits in females that indicate high fertility or ability to produce higher 

quality, more viable, offspring (Servedio and Lande 2006). 

 

Maternal Investment 

If female ornament expression is maintained by sexual selection in mutually ornamented 

species, female ornamentation may provide information about reproductive potential, in addition 

to signaling other aspects of individual quality in both sexes (Møller and Pomiankowski 1993; 

Jawor et al. 2004). A handful of studies have found that female ornamentation does reflect 

reproductive investment or ‘maternal effects’ (e.g. Jawor et al. 2004; Weiss 2006 (in lizards); 

Simons et al. 2012). Maternal effects are, in essence, non-genetic influences of a female’s 

phenotype on the quality of offspring she produces (Jawor et al. 2004). In birds, these can include 

investment in egg size, proportion of yolk in eggs, and steroid hormones and carotenoids in yolks, 

among other aspects of offspring provisioning (Mousseau and Fox 1997; Jawor et al. 2004).   

Egg Size 

 Patterns of variation in avian egg size have been well studied, because egg size is an easily 

measured trait that has fitness consequences in many species (Carey 1983; Christians 2002; Krist 

2010). Larger eggs give offspring a good start in life by providing more total supplies and caloric 

energy for the growing embryo. Egg size has been shown to influence hatching success (Williams 

1994; Wiebe and Bortolotti 1995; Krist 2010), and there is considerable evidence that heavier 

chicks hatch from larger eggs (e.g. Birkhead and Nettleship 1982; Amundsen 1995; Jager et al. 

2000; Cunningham and Russell 2000; Göth and Evans 2004). Most often, these chicks are heavier 

because they hatch with more nutrient reserves, rather than being structurally larger (see Williams 

1994). Egg size is also positively correlated with offspring growth rate and survival in many 
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species (Grant 1991; Hipfner and Gaston 1999), often independently of parental feeding rates and 

nest defence ability (Bolton 1991; Magrath 1992; Styrsky et al. 2002; Pelayo and Clark 2002; 

Krist 2010). Chicks from larger eggs may also hatch at a later developmental stage, have superior 

thermoregulatory abilities (Rhymer 1988), and have greater fasting endurance (Williams 1994). 

Positive effects are most commonly observed within the first week after hatch (Christians 2002), 

though sometimes persist until after chicks have fledged (Krist 2010). Thus, variation in egg size 

could be fundamental in determining variation in chick mortality that occurs at high levels soon 

after hatch in many species (Lack 1968; Williams 1994; Krist 2010).  

 Considerable variation in egg size is maintained within species, and despite being a well-

studied trait, evolutionary sources of this variation remain poorly understood (Christians 2002; 

Williams 2005). Egg size variation within clutches is typically small compared to variation 

between clutches (Ricklefs 1984; Rohwer 1986; Christians 2002); effect sizes for the positive 

effects of hatching from large eggs are also greater between rather than within clutches (reviewed 

in Krist 2010). Egg size is consistent within females; repeatability between breeding attempts 

tends to be greater than that for other reproductive traits such as lay date or clutch size (Christians 

2002). Egg size has been related to factors such as clutch size, lay date, temperature, photoperiod, 

food supply and nutrient reserves of the laying female (Birkhead and Nettleship 1982; Styrsky et 

al. 2002; Bańbura et al. 2010), mate attractiveness (Cunningham and Russell 2000; Horváthová et 

al. 2012), as well as female characteristics such as age or experience (Hipfner et al. 1997; Jager et 

al. 2000), heterozygosity (Wetzel et al. 2012), mass and size (Dufva 1996), body condition 

(Wiebe and Bortolotti 1995), parasite exposure (Dufva 1996), and female ornamentation (Bitton 

et al. 2008). Despite the influence of such factors, a substantial heritable component of egg size 

often exists. The extent to which genotypic, phenotypic, and environmental effects contribute to 

between clutch variation fluctuates widely among species (Ojanen et al. 1979; Christians 2002).  
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 The production of eggs is a costly process for female birds (Monaghan and Nager 1997; 

Williams 2005), as eggs must contain all the energy and nutrients required for embryos to 

develop. Larger eggs require an absolutely larger investment because they contain more yolk, 

albumen and shell than smaller eggs (Arnold et al. 1991). Female capacity to form larger eggs 

depends on the ability to obtain sufficient protein, lipid, water, calcium and other components 

from dietary intake or body reserves (Heany et al. 1998). These nutrients are often limiting, and 

depletion of body stores can have considerable consequences for the condition and survival of the 

female (Nager et al. 2001; Veasey et al. 2001). Thus, a trade-off may exist between egg 

production and self-maintenance, between egg production and chick provisioning, and/ or 

between current and future fecundity (Lack 1947; Blount et al. 2000; Williams 2005). 

 Female birds create a complex nutritional environment within each egg (Blount et al. 

2000), and subtle biases in maternal egg investment, such as variation in egg composition (Arnold 

1992), can influence offspring quality. For example, chicks hatching with proportionately greater 

yolk reserves often hatch in better body condition (Williams 1994; Pelayo and Clark 2002). 

Indeed, egg yolk represents the largest energy investment in an egg by the laying female. Yolk, 

composed primarily of lipids, is the major source of energy and nutrients in eggs (Royle et al. 

1999; Sotherland and Rahn 1987). Developing embryos use lipids to provide energy through the 

oxidation of fatty acids (Royle et al. 1999). Hatchlings with greater reserves may benefit from 

enhanced thermoregulation and reduced risk of starvation during inclement weather or prolonged 

parental absences (Rhymer 1988; Pelayo and Clark 2002). Egg yolks also contain low 

concentrations of micronutrients such as antioxidants, steroid hormones, and immunoglobulins, 

which may also influence offspring quality. Increasing attention is being paid to such maternal 

effects, and differential investment of these compounds passed on from the mother can have 

pronounced effects on the developing embryo (Mousseau and Fox 1998; Møller et al. 2000).  
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Yolk Testosterone Investment 

 Sex steroid hormones or androgens are among the compounds found in fresh laid avian 

eggs, and the amount deposited in yolk is recognized as an important component of reproductive 

investment (Schwabl 1993). Yolks of all species analysed to date contain substantial 

concentrations of testosterone, 5-alpha-dihydrotestosterone and androstenedione; levels much 

higher than those found in embryo or adult plasma. Estradiol and corticosterone are also present 

in relatively low concentrations (Groothuis et al. 2005). As embryos are not known to secrete or 

modify hormones at an early stage of development (Petrie et al. 2001; Groothuis et al. 2005), the 

main source of androgens in fresh egg yolk is indeed maternal. Lipophilic androgens are likely 

transferred from the female to the egg via cells in ovarian follicle walls during yolk development 

prior to ovulation (Schwabl 1993; Adkins-Regan et al. 1995; Groothuis et al. 2005).  

 Differential allocation of hormones might provide a mechanism by which females 

influence offspring phenotype (Gil et al. 1999). Since variation in maternal androgens in bird 

eggs was first described (Schwabl 1993), several studies have shown that minute differences in 

exposure to yolk steroid hormones can influence offspring phenotype, development, behaviour 

and survival (Schwabl 1996; Lindström 1999; Lipar and Ketterson 2000; Strasser and Schwabl 

2004; Sockman et al. 2008; Cucco et al. 2008). Yolk androgens have been shown to affect several 

important fitness components at the embryo, nestling and juvenile stages (Groothuis et al. 2005). 

The effects of androgens such as testosterone (T) and its precursor androstenedione (A4) begin as 

organizational effects at the onset of development, and higher levels of these hormones have been 

linked to faster embryo growth and shorter incubation times (Schwabl 1996; Lipar and Ketterson 

2000; Eising et al. 2001; Eising et al. 2006).  

Elevated levels of yolk T have not only been associated with beneficial effects. They may 

also entail costs by impairing nestling immune function, increasing vulnerability to parasites, and 

heightening metabolic rate and oxidative stress (Royle et al. 2001; Andersson et al. 2004; Müller 
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et al. 2005; Groothuis et al. 2005; Navara et al. 2006; Tobler et al. 2007a; Cucco et al. 2008). 

However, general adverse effects are unlikely (Groothuis et al. 2005). Rather, offspring may 

benefit differentially or have an optimal concentration or ceiling for yolk T depending on lay 

order, other aspects of egg quality, offspring sex, or nest environment (Royle et al. 2001; 

Groothuis et al. 2005; Safran et al. 2008). Some authors suggest potential immunosuppressive and 

oxidative effects of T within normal physiological ranges could be negated by antioxidants and 

other yolk compounds, or nestling diet (Blount et al. 2000; Groothuis et al. 2005; Cucco et al. 

2008). Moreover, immune-enhancing effects of yolk T have also been described, with some 

effects lasting to fledgling and adult stages (Tobler et al. 2010). 

 Early developmental benefits of higher levels of androgens may translate into a series of 

post-hatch benefits to offspring, such as more frequent or efficient begging displays, faster 

development of sexual ornaments, and higher dominance status (Schwabl 1993; Pilz et al. 2004; 

Strasser and Schwabl 2004; Eising et al. 2006). Lipar and Ketterson (2000) showed that treatment 

of yolk with T resulted in increased hatch muscle size in red-winged blackbirds (Agelaius 

phoeniceus), which may facilitate early hatching and begging. In many species, experimentally 

increased androgen concentrations resulted in faster nestling growth rates in terms of body mass 

and/or tarsus length (Schwabl 1996; Gil et al. 1999; Eising et al. 2001; Pilz et al. 2004; Navara et 

al. 2006), earlier eye opening (Schwabl 1996), and enhanced competitive ability and aggression 

(Schwabl 1993, 1996; Eising et al. 2006). Chances of offspring survival until fledge, especially 

during the first week after hatch, was also improved by higher yolk T concentrations in some 

species (Pilz et al. 2004; Groothuis et al. 2005; Eising et al. 2006; Von Engelhardt et al. 2006). 

The benefits from prenatal T on early chick behaviour, growth and survival are often particularly 

relevant during the critical week after hatch (Eising et al. 2006; Pilz et al. 2004; Von Engelhardt 

et al. 2006). In some cases, effects of yolk T manipulation continue after fledging and into 

adulthood (reviewed in Groothuis et al. 2005; Tobler et al. 2010). Beneficial effects were only 
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significant in environments with food shortages in at least one study (Pilz et al. 2004), suggesting 

that effects of yolk T depends on food availability and may be mediated in part by sibling 

competition. The finding that nestlings from control eggs showed slower growth rates when 

raised with chicks from T injected eggs than when raised with other chicks hatched from control 

eggs (Eising et al. 2001) supports this idea.  

 Marked variation in yolk androgen concentrations often occurs within clutches as a 

function of lay order. Differential investment of yolk T may be an adaptive strategy to mediate 

post-hatch sibling rivalry (Reed and Vleck 2001; Gil et al. 2004), and may depend on the degree 

of hatching asynchrony (Royle et al. 2001; Müller et al. 2004). Understanding how allocation 

patterns vary with lay order is adaptive requires that variation be measured with factors such as 

food availability, clutch size, other egg traits and maternal quality (Groothuis et al. 2005). 

 Much intraspecific variation in androgen deposition is accounted for by differences among 

females rather than differential allocation within a clutch (Schwabl 1996; Lipar et al. 1999; Reed 

and Vleck 2001; Groothuis and Schwabl 2002; Mazuc et al. 2002; Pilz et al. 2004; Gil et al. 2004, 

2006; Tschirren et al. 2009; Remeš 2011). Experiments have shown that some females allocate 

more (or less) androgens to broods fathered by higher quality or more ornamented males (Gil et 

al. 1999, 2004, 2006; Tanvez et al. 2004; Safran et al. 2008; Garcia-Fernandez et al. 2010; Remeš 

2011), younger males (Michl et al. 2004), and when exposed to increased courtship display or 

song rates (Loyau and Lacroix 2010). Such patterns of differential investment are consistent with 

the differential allocation or investment hypothesis, which predicts that females invest more in 

their offspring when the chances of maximizing reproductive success are high, or as a 

compensatory strategy (Trivers 1972; Burley 1988). As not all females allocate maximal levels of 

yolk androgen to all eggs or clutches (Pilz et al. 2003; Gil et al. 2004), depositing high levels of 

androgen in yolk presumably carries fitness costs to females (Gil 2003). 
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  There is some evidence that yolk androgen allocation may be directly costly to laying 

females (reviewed in Groothuis et al. 2005), and that birds of higher quality are better able to 

endure such costs (but see Verboven et al. 2003; Horváthová 2012). Females in better condition 

(Tobler et al. 2007b) as well as older, perhaps more experienced females (Pilz et al. 2003), have 

been shown to deposit higher levels of androgens in yolk. Females arriving earlier or laying 

earlier or larger clutches allocated more T to yolk in barn swallows (Hirundo rustica) (Gil et al. 

2006b). Females with challenged immune systems and those who experienced higher stress 

deposited lower amounts of yolk androgens (Mazuc et al. 2003; Gil et al. 2004, 2006a), while 

those laying a first clutch with higher yolk T were more likely to lay a replacement clutch after 

egg removal (Gil et al. 2006a). Gilbert et al. (2006) demonstrated yolk T in male eggs increased, 

relative to that of female eggs, with increases in maternal fat stores. Other factors such as social 

density (Reed and Vleck 2001; Safran et al. 2010; Remeš 2011), maternal social status (Müller et 

al. 2002; Tanvez et al. 2008), aggressive behaviour (Whittingham and Schwabl 2002), exposure 

to parasites (Tschirren et al. 2004), and food availability might influence maternal hormonal state, 

and in turn affect testosterone transfer to eggs (Groothuis et al. 2005).  

 While research indicates yolk T can enhance offspring and thus parental fitness, proximate 

mechanisms and adaptive explanations behind variation in T allocation remain unclear. Given 

pronounced effects of yolk androgens on offspring, it seems reasonable to assume that hormone 

deposition is shaped by selection and not simply an epiphenomenon of fluctuating female 

hormone status during egg production (Groothuis et al. 2005). Studies on the association between 

maternal yolk T investment and female quality/ condition, and particularly female ornamentation, 

are sparse (but see Remeš 2011) and demand further investigation (Tschirren et al. 2009). 

Additionally, gaining knowledge regarding alternate maternal effects such as investment of other 

hormones, antibodies and antioxidants would vastly improve our understanding of testosterone-

mediated maternal effects in eggs (Groothuis et al. 2005; Safran et al. 2008). 
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Yolk Carotenoid Investment 

 Carotenoids are a group of over 600 lipid-soluble, biologically active pigments that serve 

essential physiological functions in animals (reviewed in Surai 2002). Animals cannot synthesize 

carotenoids de novo, and must therefore obtain them through dietary intake (Olson and Owens 

1998; Møller et al. 2000). The yellow to red colour of egg yolk in birds and many other oviparous 

animals is the result of maternal investment of carotenoids (Blount et al. 2000; Surai 2002). The 

most abundant carotenoids in yolk typically include lutein and zeaxanthin, as well as provitamin 

carotenoids, which serve as precursors of Vitamin A (Surai 2002). Little is known regarding the 

mechanisms of maternal transmission of pigments to developing oocytes (Isaksson and 

Andersson 2007, Saino et al. 2008). Some authors suggest the amount and composition of yolk 

carotenoids directly reflects maternal dietary consumption (Bortolotti et al. 2003), while others 

believe specific regulatory mechanisms are in place (Surai et al. 2001b; Royle et al. 2003; Blount 

et al. 2002a; Koutsos et al. 2003). Nevertheless, there is mounting evidence that allocation of 

carotenoids in the yolk is an adaptive and important maternal effect. 

 Carotenoids are thought to play a pivotal role in healthy reproduction, especially during 

embryogenesis and at hatching (reviewed in Surai et al. 2001a). This period of rapid development 

and growth is associated with high metabolic rates and oxidative stress (Blount et al. 2000a), to 

which embryos are very vulnerable (Surai et al. 1999, Surai 2002). Free radicals resulting from 

oxidative metabolism cause damage to DNA, proteins and yolk lipids important in biological 

membranes, hormonal precursors, embryonic growth and post-hatch energy stores (Surai 2002). 

Experimental studies have shown that maternal yolk carotenoids and related antioxidants like 

Vitamin E efficiently protect embryonic tissue against damage caused by free radicals (Blount et 

al. 2002a; McGraw et al. 2005), increase hatchability of eggs and viability of chicks, and boost 

growth and circulating levels of carotenoids in hatchling plasma (Surai et al. 1998; Surai and 

Speake 1998; Surai 2002; Karadas et al. 2005; Isaksson and Andersson 2007; Saino et al. 2008). 
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As precursors to Vitamin A and retinoids, carotenoids are indirectly involved in cell 

differentiation during development, and in repair of damaged tissue (Bertram 1999; Surai et al. 

2001a, 2001b). Embryonic exposure to carotenoids is thought to be important in immune function 

development (Surai 2002; Biard et al. 2005, 2009; Koutsos et al. 2003; Saino et al. 2003; but see 

Saino et al. 2008) and the ability to acquire and metabolize carotenoids in post-hatch life 

(Koutsos et al. 2003). Maternal investment may therefore bestow additional advantages to 

offspring by way of influencing the development of phenotypic traits such as carotenoid-based 

secondary sexual signals and immunocompetence (Biard et al. 2005, 2009; McGraw et al. 2005; 

Saino et al. 2008). 

 In addition to their role in avian reproduction, carotenoid pigments are conspicuous in the 

sexual signals of many animals. Bright yellow to red colours in feathers and bare parts are 

typically the result of ingested and sometimes modified dietary carotenoids (Hill and McGraw 

2006). Signals based on carotenoid pigments are shown to function in mate choice or intrasexual 

competition in many species (reviewed in Møller et al. 2000; Hill 1993; Hill and McGraw 2006). 

Carotenoid pigments may be a limiting resource to vertebrates because of fluctuating availability 

in the environment, differences in individual foraging ability, or differences in individual 

metabolizing efficiency (Olson and Owens 1998; Møller et al. 2000; McGraw et al. 2005). 

Ingested carotenoids may be circulated in the bloodstream directly or transformed into more 

oxidized forms at a metabolic cost (McGraw et al. 2005). The pigments can be taken up from 

circulation and deposited into integument tissue or feathers for display. Birds may also use 

carotenoids as antioxidants, immunostimulants (Møller et al. 2000) or other biological functions 

including reproduction (Blount et al. 2000). The importance of these pigments in self-

maintenance (reviewed in Surai 2002) has led to hypotheses based on a trade-off between 

physiological function and the expression of ornamental colour. By way of such a trade-off, 
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carotenoid-based colouration could convey reliable information about individual quality and 

health status (Lozano 1994; Shykoff and Widmer 1996; Hill 2000; Møller et al. 2000). 

 In sexually dichromatic birds that exhibit carotenoid-based colouration, males commonly 

circulate significantly higher concentrations of carotenoids in their plasma than do females 

(Bortolotti et al. 1996; McGraw and Ardia 2003; McGraw 2005; Juola et al. 2008), even when 

both sexes consume the same amounts and types of supplemented food (McGraw et al. 2005). 

One possible explanation for this difference is that females are limited in their ability to circulate 

carotenoid pigments (and therefore to express carotenoid-based signals) because of strong natural 

selection pressure to store large amounts of carotenoids in egg yolk (Blount et al. 2000; Foote et 

al. 2004(in fish)). Females may circulate more carotenoids during the physiological state before 

egg laying in order to divert the pigments into yolk (Negro et al. 1998; Blount et al. 2000; Juola et 

al. 2008). Indeed, maternal carotenoid investment into eggs has been shown to directly reflect 

levels of circulating carotenoids in female plasma (Isaksson and Andersson 2007). Thus, female 

allocation of antioxidants to egg production may be traded off against self-maintenance and 

carotenoid-based sexual signaling (Blount et al. 2000, 2004; Isaksson and Andersson 2007). 

 The knowledge that maternally derived carotenoid pigments are thought to enhance fitness 

benefits to offspring (Mousseau and Fox 1998), and that egg laying capacity is carotenoid-limited 

in many species (Blount et al. 2004; Saino et al. 2002; McGraw et al. 2005) raises the question of 

whether carotenoid-based visual traits in female birds might advertise capacity to invest resources 

into laying high quality eggs (Blount et al. 2000, 2004; Amundsen and Forsgren 2001). As 

females provision yolks with considerable amounts of carotenoids relative to their circulating 

levels and body stores (Blount et al. 2000), a possible function of carotenoid-based integument 

colour is to signal maternal investment potential (Blount et al. 2000, 2004; McGraw et al. 2005). 
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Study Species: The American Robin 

The charismatic American robin is one of the most recognizable, abundant, and 

widespread birds across North America during the breeding season (Sallabanks and James 1999). 

Because of its familiarity, the ornamental nature of this species is often overlooked. However, 

robins indeed exhibit a complex and impressive form of ornamentation including a combination 

of multiple pigment based colours and patterns covering many body parts (Jawor and Breitwisch 

2003). Species displaying both carotenoid and melanin ornaments may provide more reliable 

indication of their overall quality than birds displaying only one or the other type of ornament 

(Jawor and Breitwisch 2003). The unmistakable American robin plumage consists of deep gray 

upper parts with a blackish crown (eumelanin), a conspicuous brick rufous breast (phaeomelanin: 

McGraw 2006b), distinct black and white streaking on the throat, white crescents above and 

below the eye, and large white tips on the outer rectrices. Their bills are bright yellow reflecting 

carotenoid pigment deposition in the keratinized tissue (this study). 

Robins are sexually monomorphic with both males and females displaying the same 

conspicuous colour traits, but there is a degree of dichromatism in that expression of colour traits 

varies substantially within and between the sexes (Rowe and Weatherhead 2011). Compared to 

males, female robins often show a slightly paler expression of these traits (Sallabanks and James 

1999). However, much variation exists, ranging from females looking relatively drab to appearing 

nearly indistinguishable from some males (pers. obs.). If dull colouration was beneficial to all 

females in equal measure, this high amount of variation might be considered surprising 

(Amundsen 2000). Wallace (1889) first noticed that many conspicuous sexually monomorphic 

species nest in cavities, while species that nest in the open tend to have more drably coloured 

females (see also Doucet et al. 2008). Robins present an exception, in that they are open cup 

nesters with conspicuous relatively monomorphic colour traits. As ornamentation has often been 
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defined in terms of its potential costs (i.e. Maynard Smith and Harper 2003), conspicuous 

colourful traits in female robins seem ideal for study. 

 Robin pairs are seasonally and socially monogamous, and exhibit bi-parental care. 

Although males sometimes assist by delivering nest material, females are the primary nest 

builders. Females perform incubation duties, though males remain near the nest and will provide 

defense if a threat exists (pers obs). Females lay an average of four eggs in a sturdy nest of grass 

and mud. Clutch sizes range from two to five, but the vast majority of nests contain three or four 

eggs (Sallabanks and James 1991). Female robins are responsible for a high pre-hatch 

reproductive investment into eggs. Of course, gamete production alone is a huge investment for 

females, relative to that of males. In addition, mean fresh mass of a robin egg is 6.3 grams 

(Howell 1942), representing approximately eight to nine percent of adult female mass (Howell 

1942; Sallabanks and James 1999; this study). Considering the average four-egg clutch, and the 

fact that robins often lay multiple broods per season, egg production is presumably a costly 

process in this species. Egg size and mass vary seasonally, with smaller and lighter eggs laid on 

average on either end of the season (Sallabanks and James 1999; this study). This suggests that 

egg production is limited by physiological constraints. Fertility also seemingly declines with 

season, with later clutches more frequently including an infertile egg (pers. obs). 

 Male robins often engage in courtship feeding, deliver material during nest construction 

and remain near the nest until the clutch is complete. The major contribution of the male robin 

lies in an extensive post-hatch investment in offspring care. Both males and females participate in 

defending the nest from predators and provisioning nestlings (Sallabanks and James 1999). The 

nestlings are altricial and are fed for twelve to fourteen days following hatching. Immediately 

after hatch, nestlings are brooded and fed saliva by the female. Soon after, both parents deliver 

worms, caterpillars, and insects (Sallabanks and James 1999). Males provide the greater 

proportion of nutritional care through feeding trips, while females provide more thermoregulation 
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via brooding behaviour at the nest (Sallabanks and James 1999). Parental care continues for up to 

three weeks post-fledging (Weatherhead and McRae 1990), and responsibilities are divided 

between both parents. Males however, will carry out all fledgling care once the female starts 

laying eggs and incubating a subsequent brood (Weatherhead and McRae 1990). Given their local 

abundance, relatively monomorphic conspicuously colourful plumage and significant post-hatch 

investment on behalf of the male, the American robin is an ideal species with which to investigate 

hypotheses regarding the function and evolution of female ornamentation.  

Thesis Outline  

 The purpose of this study was to investigate whether female colour traits can act as honest 

signals of individual female quality. Using a socially monogamous passerine species with 

obligate bi-parental care, I tested the hypothesis that female plumage and bill colour act as sexual 

signals in mutual mate choice, reflecting individual female quality in terms of age, physiological 

condition, parasite exposure, and/or ability to invest energy and nutrient stores into laying high 

quality eggs. Proxies of maternal investment investigated in this study included egg size, 

proportion of yolk in eggs and carotenoid and testosterone deposition in yolk.  

 I first describe female colour in terms of how traits vary seasonally, between years and 

among age groups. I investigate relationships between colour and female body condition and 

parasite load, as models predict that sexually selected traits may be condition-dependent and/ or 

costly (e.g. Kodric-Brown and Brown 1984). I describe the degree of sexual dichromatism by 

comparing colour traits between males and females, which may reflect differences in selection 

pressures acting on each sex. In order to be useful as signals, traits that evolved via sexual 

selection should exhibit sufficient variation within populations to enable discrimination between 

individuals based on these traits (Darwin 1871; Alatalo et al. 1990; Evans and Barnard 1995). I 

show how variation in colour traits compares to that of other morphological traits (e.g., Jones and 

Montgomerie 1992; Evans and Barnard 1995; Alatalo et al. 1988; McGraw and Hill 2000; 
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Mennill et al. 2003). I also assess assortative mating, the degree of non-random mating in relation 

to colour traits, in socially mated pairs. Assortative mating by colour has been described in a 

population of robins previously (Rowe and Weatherhead 2011), but only melanin-based traits 

were assessed. In this study, I include carotenoid-based bill colour, which has been found to be 

important in other mutually ornamented species (i.e. Jawor et al. 2004). 

 The Investment Hypothesis predicts that high-quality females (and/ or females paired to 

high quality males) differentially invest into eggs in order to influence the quality of their 

offspring (Burley 1988; Mousseau and Fox 1998). Criteria to satisfy the investment hypothesis 

include that investment in egg components varies within and between clutches, indicating some 

females are able to allocate more or less than others (Burley 1988; Safran et al. 2008). I describe 

the variation in investment into eggs within and among clutches, as well as with other potential 

sources of variation such as egg size, lay date, clutch size, and female age and body condition.   

 Finally, I investigate whether female ornamentation in robins signals female quality in 

terms of ability to invest resources into reproduction. I focus this investigation on carotenoid-

based bare part (bill) colour as a predictor of egg investment, given the potential trade-offs 

between yolk investment, investment in shell pigment (Navarro et al. 2010), other physiological 

functions, and carotenoid signaling function (reviewed in McGraw 2006a). I hypothesize bill 

colour to predict egg size, proportion of yolk in eggs, and yolk carotenoid investment. I 

investigate melanin traits (breast and crown plumage) as predictors of testosterone in yolks, as 

melanin traits are typically thought to be linked to hormonal status and related to aggression and 

intrasexual competition (reviewed in McGraw 2006b). In the majority of species studied to date, 

relatively high levels of yolk carotenoid and testosterone have been found to be beneficial to 

offspring. These predictions assume more compounds are better, and testing these simple 

hypotheses allows comparison with similar studies. However, I recognize that more complex 

patterns of allocation and optimal concentrations are possible (Safran et al. 2008).  
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 A handful of studies have investigated proxies of reproductive investment or reproductive 

success related to female ornamentation in the past ten years (e.g. Velando et al. 2001; Massaro et 

al. 2003; Roulin and Dijkstra 2003; Jawor et al. 2004; Siefferman and Hill 2005; Bitton et al. 

2008), including egg size and egg composition (McGraw et al. 2005; Szigeti et al. 2007). Few 

studies have examined relationships between female ornamentation and maternal investment of 

yolk compounds in a wild population of a socially monogamous species (but see McGraw et al. 

2005; Safran et al. 2008). Given that high physiological costs of egg laying play a major role in 

shaping avian life history diversity (Carey 1983; Blount et al. 2000; Hipfner et al. 2003), studies 

such as this that investigate relationships between female colour and the ability to invest 

resources into eggs, including the investment of yolk micronutrients, are particularly relevant in 

elucidating the potential signaling functions of female ornamentation (Doutrelant et al. 2008).  
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CHAPTER 2. Methods 

Study Site and Species 

Fieldwork for this study was conducted in southeastern Ontario at the Prince Edward 

Point National Wildlife Area (43.93° N 76.88° W), the Queen’s University Biological Station 

(44.33° N 76.19° W), greenhouse properties near Odessa (44.18° N 76.43° W), as well as 

agricultural and rural areas surrounding each of these sites. Nests were found in natural scrubland, 

forest, rural and urban habitats. On the grounds and surrounding areas of the Queen’s University 

Biological Station near Chaffey’s Lock, Ontario and the Odessa greenhouses, robin nests were 

typically found on buildings and in trees in rural yards, as well as in mixed forest. The Prince 

Edward Point study area consisted mainly of mixed grassland and cedar-dominated scrubland, 

with isolated patches of deciduous and coniferous forest as well as stretches of rural yards with 

patches of remnant, non-commercial apple orchards (there were no chemical pesticides in use). 

In southeastern Ontario the American robin is one of the most abundant breeding birds, 

estimated at 25 pairs per square km (Sallabanks and James 1999). Nesting begins before leaf-out, 

making early nests relatively easy to find. Partly because of their early start, robins can regularly 

rear two broods per year despite suffering frequent nest predation from squirrels, snakes, corvids 

and icterids, especially in early spring (Sallabanks and James 1999). First broods can hatch as 

early as late April and breeding attempts can continue into August (pers. obs). A second brood 

can fledge in as little as 5 weeks after the first (Sallabanks and James 1999). Third re-nesting 

attempts are not uncommon, but probably occur mainly after the failure of an earlier nest. Female 

robins lay eggs at approximately 25-hour intervals, generally in the late morning or early 

afternoon (Weatherhead et al. 1991). Incubation normally starts after the penultimate egg is laid, 

and lasts from 11 to 14 days (Weatherhead et al. 1991), with shorter periods typical later in the 
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season (pers. obs.). Nestlings spend about 13 days in nests before fledging (Sallabanks and James 

1999).  

Natural scrubland and forest areas as well as rural properties within the study sites were 

surveyed for nests from late April until late July 2008, and from mid-April until mid-May 2009. 

The highest robin densities, and therefore most nests sampled, were within 500 m of man-made 

structures, associated with surrounding lawns, fields, gardens or orchards. Many nests were found 

in the crotch of an apple tree or nestled in a low conifer or shrub. As the season progressed, 

however, nests were more frequently found high in deciduous trees, where they were presumably 

better protected from predators after leaf-out (Sallabanks and James 1999). 

 

Assessment of Adult Birds  

Using mist nets, I attempted to capture male and female adult robins associated with each 

nest. Females were captured by flushing birds into mist nets set up in a ‘V’-shape around the nest. 

This was done after egg laying was complete in order to minimize the risk of nest abandonment 

due to disturbance. I made every effort to capture females during the first half of the average 12 

day incubation phase, to control for differences in condition that might occur as a result of the 

duration or stage of the breeding attempt. I excluded females that were captured after eggs had 

hatched. After day 3 of the chick-rearing period, I attempted to capture males associated with 

each nest using call playbacks or by flushing them from the nest when they delivered food. In 

total, I sampled 117 adult American robin females and 36 males at 131 nests over 2 seasons (2008 

and 2009). 98 females and 39 males were caught in 2008 across all sites and an additional 19 

females were caught in 2009 at Prince Edward Point. Females were sampled across the breeding 

season in 2008, and included multiple nesting attempts. I assumed nests found before 10 May to 

be first broods. I limited our 2009 study to nests found before May 20 in an attempt to catch 

females on their first breeding attempt. Nest searching ceased as the first chicks began to hatch. 
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Individual birds were marked with a unique band combination of one Canadian Wildlife 

Service aluminum band and two plastic colour bands, so that individuals could later be easily 

identified on video recordings (for a separate study). Though a few (N < 5) females were banded 

with yellow bands at the outset of the study; red, yellow and orange bands were generally avoided 

to prevent the possible influence of colour on the assessment of mate quality (Burley et al. 1982). 

I used standardized passerine banding protocols (Canadian Wildlife Service 2007), and recorded 

sex, body mass, wing chord length and fat stores of banded birds. Birds were aged using molt 

limit (Pyle 1997) where possible. I measured tarsus length, tallied ectoparasites on the crown, and 

collected 5 breast feathers from each bird for potential future pigment analysis. 

 For each adult bird, I measured the reflectance spectra of colour traits including the bill, 

breast, crown and mantle in the field using Ocean Optics SpectraSuite software, a USB4000 UV-

VIS reflectance spectrometer, and a PX-2 Pulsed Xenon lamp. All measurements were taken 

perpendicular to and touching the surface of the plumage or bare part. Five randomly chosen 

locations on each trait, except the bill, were measured. The relatively small size and slight 

curvature of the bill limited the space available to hold the probe perpendicular. As the mid point 

of the upper mandible provided the only surface sufficiently large and flat to measure, 3 

measurements were taken on the right upper mandible followed by 2 on the left (or vice versa). 

I determined reflectance spectra in the bird visible range (between 320 and 700 nm; Hart 

et al. 2000) relative to a spectrally uniform standard white reference (Andersson and Prager 2006) 

of TeflonTM tape wrapped evenly 4 times around a small piece of white plastic; fresh tape was 

used for each bird. The TeflonTM tape standard was tested against a ‘Spectralon’ white standard 

and proved to be equal in spectral quality, while having the advantage of being easily replaced 

and therefore always clean. A film canister lined with light absorbing black felt provided a dark 

reference. The dark reference controls for noise detected by the spectrophotometer such as 
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electromagnetic disturbances, and is subtracted from both the sample and white reference spectra 

(Andersson and Prager 2006). 

 Reflectance (R) refers to the proportion of light of each wavelength that is reflected from 

a surface. Light that is not reflected is either absorbed or transmitted, according to the properties 

of the material being measured (Andersson and Prager 2006). From the reflectance data collected 

in the field, I calculated tristimulus variables using RCLR software (version 0.9.28; Montgomerie 

2008). For each colour trait assessed (bill, breast, and crown), I calculated one measure each of 

brightness, hue, and saturation; the most commonly reported tristimulus colour variables in bird 

research (Montgomerie 2006). In addition, ultra-violet specific chroma was calculated for the 

crown, red chroma was calculated for the breast, and carotenoid chroma was calculated for bill 

colour. Variable calculations are described below.  

 Brightness is typically defined as the total amount of light reflected across all 

wavelengths (Montgomerie 2006). I obtained a standard measure of mean brightness (B2) for 

each trait, by calculating mean reflectance as the sum of all the percentage reflectance values in 

the spectral region of interest: from 320 to 700nm, corresponding to the visual range of most 

birds (Hart et al. 2000), and dividing by the number of values summed (Doucet et al. 2005). This 

standardized measure is easily compared among individuals and species (Montgomerie 2006). 

Hue indicates the wavelength along the visible spectrum that contributes the most 

reflected light, and is therefore often referred to as spectral ‘location’ (Montgomerie 2006). A 

measure of hue (H4) was calculated for traits according to the equation, with higher hue 

indicating a higher peak wavelength:  

. 

Subscripts refer to the brightness (B) of the red (r), yellow (y), green (g), and blue (b) segments of 

the spectrum and are specified as r = 605–700 nm, y = 510–605 nm, g = 415–510 nm, and b = 
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320–415 nm. This type of variable based on segment classification is useful where the reflectance 

curve has more than one peak (Montgomerie 2006). 

 Saturation is the ‘spectral purity’ of a colour: the degree to which a particular wavelength 

contributes to the spectra (Montgomerie 2006). It provides an index of the vividness versus the 

dilution with white or muddiness of colour (Endler 1990, Saks et al. 2003). I determined a general 

measure of saturation of bill and breast colour according to: 

. 

B again represents brightness of the red (r = 605–700 nm), yellow (y = 510–605 nm), green (g = 

415–510 nm), and blue (b = 320–415 nm) segments of the spectrum. For the grey to black crown, 

a more general measure of saturation (S8) was used, which was calculated as (Rmax - Rmin)/B2. 

Chroma is sometimes used interchangeably with saturation, but is best described as the 

relative saturation of a particular region of interest in the spectrum (i.e. Uv chroma) 

(Montgomerie 2006). A common index of chroma is calculated by dividing the total reflectance 

in a region of interest by the total reflectance across the bird-visible spectrum (S1). I determined 

‘red’ chroma (S1R) for breast plumage, with the region of interest defined as λ605-λmax and 

‘ultra-violet’ chroma of the crown region (S1Uv), using λmin-λ400 as the defined region of 

interest. Because it was clear that the spectral profile of robin bill colour was chiefly due to 

carotenoid pigmentation (Figure 3.1), I calculated “carotenoid chroma” sensu Andersson and 

Prager (see page 78 in Andersson and Prager 2006) for this trait as the difference in reflectance 

between 700 nm and 450 nm divided by the reflectance at 700 nm. This should directly indicate 

the influence of carotenoids since these absorb prominently at around 450 nm.  

I also took standardized digital photographs of the bill, throat patch, spread wing, and tail 

of each bird for help in confirming bird ages and for subsequent colour analysis. I was interested 

in the proportion of bill area coloured, as this may be as informative as colour intensity for bare 

parts such as the bill (Massironi et al. 2005). All photos were taken with a DCR-SR100 HDD 
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Handycam (Sony, San Diego, California) using flash while shading with a heavy black blanket. I 

used Image J software (version 1.43n; available at http://rsbweb.nih.gov/ij/) to measure 

proportion of bill coloured. Proportion coloured was quantified as a ‘yellow area score’ (YAS) 

ranging from 0 to 6 where 0 = < 10% yellow, 1 = < 25% pure yellow, majority brown or 

yellowish-brown, 2 = 25-50% pure yellow, top view with some brownish-yellow < 60% pure 

yellow, 3 = 50-75% pure yellow, top view has some yellow but majority yellowish - brown, side 

and bottom majority yellow, 4 = 75-90% pure yellow, top view majority yellow, a little bit of 

brown in all views, 5 = > 90% yellow, no brown or only a tiny patch near the tip of the bill, and 6 

= 100% yellow. Two independent observers scored each photo and these scores were averaged.  

Independent scores between observers showed a highly significant correlation (r = 0.85, df = 130, 

p=<0.001), and YAS generally correlated well with bill reflectance spectral data (B2: r = 0.36, df 

= 112, p=<0.001; S5b: r = 0.49, df = 112, p=<0.001; H4b: r = 0.36, df = 112, p=<0.001). I 

recaptured and measured colour on a subsample of adult females from 2008 (n=5) the following 

season to assess between-year differences in individual plumage and bill colour. I also recaptured 

a subsample of females within a season (n=5) to measure short-term changes in bill colour. 

Though sample size was small, I wished to obtain an estimate of repeatability. 

 

Nest Monitoring and Egg Collection 

Nests were found during the nest building, egg laying, and incubation phases of the 

nesting cycle. When nests were discovered during nest-building or egg-laying, I monitored them 

every afternoon or every second afternoon, and recorded lay order of eggs when possible. Eggs 

were marked with fine tipped felt markers and turned so the mark was facing into nest material. 

When nests were discovered during the incubation stage, eggs were candled to estimate laying 

and hatching dates, based on criteria outlined by Lokemoen and Koford (1996). Any nest 

discovered with chicks already hatched, or judged to be about to hatch, was excluded.  
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For each nest (n = 134 in 2008; n = 26 in 2009), egg phenology, number of eggs, and 

fresh egg mass were recorded in the field (n = 460 eggs in 2008; n = 108 eggs in 2009). Clutches 

were assigned a lay date as the mean ‘day of year’ on which eggs were laid (for example, if the 

first egg was laid on the 100th day and the last on the 105th day of the year, clutch lay day of year 

was designated as 102.5). After clutch completion, or when clutches were found complete, eggs 

were weighed to the nearest 0.01 g on a digital balance. Eggs were weighed as soon as possible 

after clutch completion and incubation stage was recorded in all cases, as verified by candling. 

 Eggs were digitally photographed with a hand held digital camera (DCR-SR100 HDD 

Handycam, Sony, San Diego, California) with a metric scale in each photo for measurement of 

length and breadth to the nearest 0.01 mm. I averaged two independent length (L) and width (B) 

measurements for each egg. Egg volume (V, in mm3) was calculated using Hoyt’s (1979) shape 

dependent constant calculated for American robin eggs (K=0.504) as: V = (K)(L)(B)
2
. I 

calculated mean egg volume for each clutch for comparison among females. However, fresh egg 

mass was used preferentially in analysis, as this measure of volume incorrectly assumes egg 

shape is consistent. Using the same techniques as for plumage colour, I also measured reflectance 

spectra of eggshells at five random locations on the egg surface. 

 Whole clutches of fresh eggs were collected from a subsample of randomly selected nests 

(n = 18 nests in 2008; n = 18 nests in 2009). Eggs were collected as soon as possible after laying 

of the last egg. As robins typically do not initiate incubation until laying the penultimate egg 

(Weatherhead et al. 1991), no collected egg would have been incubated for more than 24 h. Eggs 

were between day 0 and 1 of incubation (verified by candling), prior to early development of the 

embryo. Eggs were measured, weighed, and replaced by clay eggs carefully molded to resemble 

robin eggs in dimensions as well as mass, and painted to closely match the reflectance spectra of 

natural eggs. These fake clutches minimized the possibility of nest abandonment and granted time 

to capture the adult female associated with each collected clutch. Fake eggs were left in nests that 
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were being used for a collaborating experiment on eggshell colour using the same population, but 

were removed from non-experimental nests (including all nests in 2009) immediately after female 

capture. Collected eggs were stored at 4°C until components were separated in the lab. Eggs were 

collected throughout the breeding season in 2008, but collection was limited to the early breeding 

season in 2009. To my knowledge the majority of eggs collected in 2009 were from first clutches, 

except where a second clutch was deliberately collected. 

 

Egg Composition 

In the lab, I manually split each eggshell equatorially and carefully separated the yolk, 

albumen and shell. The three components were weighed separately and frozen in small ziplock 

bags at –20°C until further analysis. Egg yolks were further divided into separate samples for 

analysis of carotenoid and testosterone deposition. Because patterns of deposition of hormones 

and carotenoids are likely ringed (Lipar et al. 1999), whole yolks were homogenized in liquid 

nitrogen with a mortar and pestle prior to preparing samples. This allowed yolks to remain frozen, 

which is beneficial as there is a risk of carotenoids oxidizing with thaw (Barua et al. 2000). In 

addition, the resultant powder-like form of the yolk facilitated handling of otherwise sticky 

samples and obtaining an accurate sample mass, which is essential for assays of concentration. 

The powdered yolk was divided into three subsamples. Yolk mass per sample was recorded to the 

nearest 0.01g: 0.5 g was set aside for testosterone assays, 0.2 g was set aside for carotenoid 

assays, and the remainder of each yolk sample was reserved for potential future analyses. 

Samples were stored in 20 mL scintillation vials at –80°C until extraction.  

Yolk Carotenoid Extractions and Assays  

Yolk extractions were prepared for determination of total yolk carotenoid concentrations 

following methods adapted from Cassey et al. (2007). Yolk was pre-weighed to approximately 

200mg with the exact weight recorded to the nearest 0.01g. To each yolk sample, I added 0.7 mL 
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of 5% NaCl, then 1 mL of 100% ethanol and mixed thoroughly by gentle re-suspension with a 

transfer pipette for 30 s. The solutions were transferred to 15-mL polypropylene conical vials. I 

added 2 mL of hexane to the original scintillation vials and transferred the hexane with any 

remaining yolk residue to the yolk - NaCl - ethanol solution in the conical vials. Samples were 

homogenized and then centrifuged for 5 min to facilitate hexane phase separation. I removed as 

much of upper hexane layer as possible with a transfer pipette, and these first phase extracts were 

placed away from direct light. I added a second 2-mL aliquot of hexane to the lower aqueous 

phase, mixed via vortex shaker for 30 s and re-centrifuged the sample. The second hexane layer 

was again removed and added to the previous extract with a clean transfer pipette. Extracts were 

stored at –20°C until spectral analysis. 

 I used absorbance spectrometry to estimate total yolk carotenoid content. I determined 

the fine spectrum, i.e. absorption between 300-600 nm, using a Molecular Devices Spectramax 

plate reading spectrophotometer. This revealed the wavelengths of maximum absorption, and 

provided a clue as to the specific carotenoids present. There was a consistent small peak at 

327nm, probably representing all trans-retinol (Vitamin A), which is metabolically linked to 

carotenoids (Barua et al. 2000). There were also peaks at 421nm, 448nm and 475nm, consistent 

with lutein spectra (Andersson and Prager 2006). Lutein thus appeared to be the dominant 

carotenoid in robin egg yolks. I estimated carotenoid content using absorbance at 448 nm, and a 

molar extinction coefficient of 1%2550 (Barua et al. 2000). Each sample was assessed twice and 

mean absorbance was calculated for samples. I estimated mass of total carotenoids in the original 

sample (ug·g-1 yolk) based on concentration in the well, the total volume of hexane extract (4 mL) 

and the initial sample mass (200 mg). I calculated clutch means for comparisons among females. 

Yolk Testosterone Quantification 

 In total 106 eggs were assayed from 15 full clutches and 10 partial clutches (containing the 

last 2 eggs of each whole collected clutch) collected in 2008, as well as 7 full clutches from 2009. 
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I used the 2-egg clutches due to lab time constraints, and because some eggs collected in 2008 

either suffered damage during transport or showed slight embryo development on closer 

inspection when eggs were separated in the lab.  

Sample Preparation 

  Yolk samples were processed for testosterone extraction over two days. On the first 

day, homogenized yolk samples that were pre-weighed to 0.5 grams in 20 mL glass scintillation 

vials and frozen at –80°C were taken out of storage 15-16 at a time. All samples were brought to 

a total volume of 2 mL with distilled/deionized water, allowed to equilibrate to room temperature, 

and vortexed for 15 s. Samples were first sonicated for 15 min in a VWR Scientific Aquasonic 

Model 75D, then shaken on a titer-plate shaker (Lab-line Instruments) for 60 min. The samples 

were diluted with 8 mL of HPLC grade methanol and then vortexed for 10 s. The samples then 

sat overnight at 4°C.  

 On the second day the samples were brought to room temperature, vigorously mixed on the 

titer-plate shaker for 90 min and then decanted into 15mL conical tubes. Samples were 

centrifuged at 3000 rpm for 10 min under refrigeration (2 ±1.5°C).  

 For each SPE run, solutions were prepared for all samples plus (i) a “raw” standard from 

our pooled supernatant, (ii) a “standard” (standard F- 10ng/ml) taken from the Diagnostic 

Systems Laboratories Testosterone ELISA kit, and (iii) a “spiked” standard containing both the 

raw supernatant and testosterone standard. I transferred 0.5 mL of each yolk sample solution to a 

20 mL scintillation vial containing 2 mL of Millipore water. For the “spike”, I transferred 0.5 

mL yolk supernatant (from the pooled sample) plus 75 µL 10 ng/mL testosterone standard to a 20 

mL scintillation vial containing 2 mL of Millipore water. For the “raw” sample I transferred 

0.5 mL yolk supernatant (from the pooled sample) plus 75 µL of Millipore water to a 20-mL 

scintillation vial containing 2 mL of Millipore water. For the “standard” I transferred 0.5 mL of 

Millipore water plus 75 µL of the 10ng/ml testosterone standard to a 20 mL scintillation vial 
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containing 2 mL of Millipore water. The raw, standard and spiked samples were included in 

each SPE run to enable continuous assessment of extraction efficiencies.  

Solid Phase Extraction 

 Each sample and standard was passed through a C18 column (United Chemical 

Technologies, Chromatographic Specialties, Inc.). Using vacuum filtration, each column was 

primed with 3 mL of HPLC-grade methanol to wet the sorbent bed. To maximize the retention of 

the analyte, 10 mL of Millipore water was added to each column (2 runs of 5 mL each). Each 

sample and standard was loaded onto the column in 2.5 mL volumes. At this stage, the 

testosterone binds to the column. Next, an interference wash was performed with 10 mL of 

Millipore water (2 runs each of 5 mL) to remove undesired compounds from the column. The 

columns were then allowed to dry for 15 min. Scintillation vials (7 mL) were placed under the 

columns and testosterone was then eluted with two volumes of 2.5 mL of 100% methanol. Each 

sample was then evaporated to dryness using the extraction apparatus vacuum.  

Pilot Assays 

The pilot assays were run using a yolk slurry containing half of the yolks from the eggs 

of four different birds. The first pilot assay was run to determine the following; 1) the range of 

testosterone concentration that could be obtained from American robin yolk samples 2) the 

amount of yolk supernatant to be added to the C18 columns and 3) the optimal concentration of 

the standard used for determining extraction efficiency in each subsequent SPE run. The second 

pilot assay was used to determine variability across columns, days and experimenters. 

ELISA Method  

The SPE samples and standards were reconstituted in 5% ethanol. Testosterone 

concentrations were analyzed using enzyme immunoassay kits from Diagnostic Systems 

Laboratories Inc. (catalog no. DSL-10-4000). The testosterone analyses were performed 

according to the manufacturer’s instructions. All SPE samples and standards and assay controls 

and standards were assayed in duplicate at a volume of 50 μL. One hundred microlitres of 
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enzyme conjugate solution was added to the antibody-coated plate and then 100 µl of antiserum 

was added to each well. The plate was then mixed on an orbital plate mixer for 1 hour. Following 

the incubation, the plate was washed five times with a Skanwasher™400. One hundred 

microlitres of tetramethylbenzidine was dispensed onto the plate after the washing step and then 

the plate was placed on the shaker for 30 minutes. Finally, 100 µL of stop solution were added to 

the plate to halt the enzymatic reaction.   

Assay variability was calculated from controls at 0.59 ng/ml and 5.37 ng/ml, yielding 

intra-assay coefficients of variability of 10.4% and 9.0% and inter-assay coefficients of variability 

of 13.8 % and 11.9 % respectively. Yolk testosterone was calculated as pg·mg -1 and ng·g -1 yolk, 

assuming that the original yolk sample was 0.5 g. Clutch means were calculated for each partial 

(two-egg) and full (four-egg) clutch for comparisons among females. �

 

Statistical Analysis  

Patterns of Variation in Female Ornamentation  

 The following analyses aimed to describe sources of variation in female ornamentation.  

Several outliers were identified and recorded within the tri-stimulus colour variable data. To be 

conservative, outlying points were not removed unless they were extreme (>3 standard deviations 

(SD) from mean) or strongly skewed test results and/ or the distribution of residuals from 

statistical models. As transformation did not improve distribution of the tri-stimulus colour 

variables, data were left untransformed. Only one set of tri-stimulus colour variable data per 

female robin sampled in the field were used (i.e. if a female was re-sampled later, that data was 

excluded from analyses, except in cases of assessing repeatability).  

 Two-tailed t-tests were used to determine if significant differences in female colour traits 

existed between years and age classes. Some variation between years could be due to seasonal 

effects (birds were sampled only during the early part of the breeding season in 2009). To test for 
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seasonal effects for colour traits that had significant between-year differences, day of year 

individuals were sampled, year, and their interaction were entered into ANCOVA models. For 

colour trait variables where no among-year differences were observed, pooled-year data were 

used to assess seasonal variation in bivariate linear regressions. Seasonal effects were also 

evaluated using linear regressions with colour variables within separate age classes. 

 Because of the clumped distribution of ecto-parasite data collected in the field from a 

visual tally of the crown region, I created a categorical variable with three factors: “None” (0 

ectoparasites), “Low” (1-5 ectoparasites), and “High” (> 5 ectoparasites). I used these factors in 

one-way ANOVAs with colour traits to determine the effect of parasite load on colour. Tukey-

Kramer HSD tests were used post-hoc to determine the nature of any significant differences. 

 I estimated body condition index as the residuals from an OLS regression of body mass on 

tarsus length, both log-transformed, as a unit of reserves may be more valuable to a smaller 

individual (Birkhead et al. 2006). Despite past criticism (Green 2001), this body condition index 

appears to satisfy critical assumptions: the proportion of mass associated with energy reserves is 

independent of body size, and the relationship between body size and mass is linear (Schulte-

Hostedde et al. 2005). To control for the effect of date on both body condition and colour traits, I 

entered day of year, residual mass and an interaction term into general linear models for variables 

significantly predicted by, or exhibiting some, linearity with body condition in bi-variate 

analyses. Models were created for pooled year data as well as within each year and age group 

independently.  

 Model simplification procedures (for ANOVA, ANCOVA, GLM) started with a global 

model including the pre-selected terms and all possible two-way interactions. Simplification 

continued by elimination of the highest-order non-significant interactions. Decisions regarding 

model simplification were based on the explanatory power of the model: if the new, simpler 

model was not significantly different from the previous model (i.e. did not explain significantly 
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more of the observed variation in the response), based on F-tests, then the simpler model was 

preferred and simplification continued in the same manner (Crawley 2007). 

 Two-tailed t-tests were used to determine if significant differences existed between male 

and female colour traits. Coefficients of variation (%) for colour traits and morphological traits 

(tarsus, wing chord, body length) were calculated for both males and females. A sexual 

dimorphism index (mean value of trait in male data/ mean value for trait in female data) was 

calculated for colour traits to further describe differences in colour between males and females.  

 I used Pearson rank order correlations to compare colour traits and assess assortative 

mating between social pairs. Assortative mating tests used pooled 2008 and 2009 data. Not 

enough males were caught in distinct categories to enable assessment of potential effects of year 

or age class on pairings (n=1 2009 male, n=4 known SY males).   

Patterns of Variation in Maternal Investment  

 The following analyses aimed to describe sources of variation in egg investment traits. Egg 

mass, yolk mass, and yolk proportion data were normally distributed. Distributions of individual 

egg data for carotenoid and testosterone concentrations exhibited significant right skew and were 

log-transformed to produce a normal distribution. This, along with removal of one clutch (2 eggs) 

that was an extreme outlier (> 4 SD from the mean) in the testosterone data, facilitated use of 

parametric statistics where appropriate. Outlying points at the high end of carotenoid data were 

not excluded from summary data; they were associated with eggs known to possess extremely 

orange yolks, but were identified prior to analyses and removed if they skewed test results and 

residual distributions. Outliers at the low end of the carotenoid data were assessed on a case by 

case basis, and compared to lab notes, as a number of yolk samples were flagged in the lab as 

potentially compromised (i.e. egg cracked in transport, >1d development, not pure sample, yolk 

slightly frozen then thawed, etc.). These issues were less of a concern for testosterone data 

because hormones are more stable than antioxidants, which have the potential to oxidize rapidly.  
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 Statistical tests revealed results that were not always similar when based on concentrations 

(pg·mg -1) or total yolk investment (μg per whole yolk) (c.f. Safran et al. 2008). Therefore, I 

report data for concentration, the more commonly reported variable, and total yolk investment. 

Statistical analysis of total yolk investment was limited to a subset of samples (see results for 

sample sizes), as some yolks could not be weighed accurately due to damage during handling.  

 I used log-log linear regressions to examine the relationships between egg size and egg 

composition (e.g., Birkhead and Nettleship 1982; Rohwer 1986; Arnold et al. 1991; Hill 1995).  

The slopes of the regression equations indicate the rate in which individual egg components vary 

with egg size. When equal to 1.0 (isometry), components increase proportionately with increases 

in egg size (Hill 1995). I used linear regressions to investigate relationships between egg 

investment traits and lay date, using pooled data and data from first and second broods separately, 

where known. I used one-way ANOVA to investigate variation in egg investment traits, including 

clutch size, between first and second nest attempts (where known), as well as among different 

clutch sizes. I entered lay date and all possible interaction terms into models. Model 

simplification and post hoc analyses followed that outlined in the preceeding section on female 

ornamentation. 

 To investigate lay order effects, or variation in egg investment within clutches, I 

standardized egg investment traits (Egg mass/ volume, yolk mass, yolk carotenoid investment and 

yolk testosterone investment) by using the absolute deviation of each egg from the clutch mean. 

This sets the mean for each female equal to zero and takes into account variation among females, 

allowing straightforward analysis of variation within clutches. I used these deviations to test for 

differences in trait means among different positions in lay order (Reed and Vleck 2001). This 

approach is similar to using repeated measures analysis with eggs within a clutch as the repeated 

measure within females as the subject. However, variable clutch size, incomplete clutch data and 

unknown lay order for whole clutches in many cases resulted in an unbalanced design 
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incompatible with repeated measures analysis. I performed ANOVAs to test for differences in 

investment traits with egg laying order within clutches of 3 and 4 eggs, using the standardized 

values. Tukey-Kramer HSD tests were used post-hoc to determine significant differences. Lay 

sequence was known for only one 5-egg clutch, therefore it was excluded from analyses. 

Can Female Quality and Ornamentation Predict Egg Investment?  

 One-way ANOVAs with data from both years and clutch sizes two through four combined 

were used to determine the amount of variation in each egg investment trait that was due to 

differences among clutches (i.e. among females), as opposed to within clutch differences.  

 I first assessed the effect of age on egg investment traits using t-tests, and determined age 

did not have to be entered as a categorical factor in subsequent investment models. I applied a 

combination of backward stepwise multiple regression analysis using Akaike’s Information 

Criterion (AIC) and general linear models to test whether female bill colour was associated with 

egg size, proportion yolk and yolk carotenoid investment, and whether female breast or crown 

colour was associated with yolk testosterone investment. To reduce bias and over-fitting in 

parameter estimation, bivariate scatterplots and pairwise correlation matrices were used to 

evaluate linearity between tri-stimulus variables of a colour trait of interest (i.e. bill colour) and 

each egg investment trait being modeled. Additional factors that could affect egg investment 

include lay order (Saino et al. 2002), aspects of mate quality (ornamentation, condition, and 

parental effort), lay date and year. Sample sizes obtained for mate quality data were prohibitively 

small for robust analysis. Lay order was not included in models as analyses were performed on 

clutch means. Where applicable, additional potential predictors for each investment trait, such as 

lay date, egg size (for yolk investment traits) and female body condition were included in models, 

based on linear relationships observed in previous analyses or based on pairwise correlations 

results. Pearson’s r correlations near 0.2 or higher and approaching significance were considered 

possible predictors for inclusion in egg investment models, and correlations > 0.70 (or with high 
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R2 values) between independent variables were considered to represent collinearity problems 

(Green 1979; Quinn and Keough 2007). 

 Analyses proceeded as follows. First, selected predictor variables for each dependent 

variable were used in full model multiple regression analyses. Second, a combination of 

backward stepwise selection multiple regression and AIC selection criteria was employed in 

selecting minimal adequate models. The model with the lowest AIC was considered the most 

parsimonious and plausible, though models are generally not considered to differ in likelihood if 

they do not differ by at least 2 AIC units (Burnham and Anderson 2002). Where there was more 

than one equally likely model, the model that included the fewest variables was chosen as the 

most parsimonious (equally likely models presented in Appendix A, Tables A.1 to A.2). General 

linear models were used, including only variables generated from best model selection. Residuals 

for final models were assessed for normality. Decisions regarding retention of outliers were made 

based on whether points were within 3 standard deviations of the mean or were easily attributable 

to error, and whether test statistics were skewed by their presence (Quinn and Keough 2007). 

 A repeated measures design might have been useful for egg investment models as in some 

cases I obtained data from multiple nests for a single female. However, because data were from 

unequal clutch sizes or in some cases clutch data was incomplete, repeated measures analysis was 

not ideal. Instead, general linear models were created including only one set of egg/ nest data per 

individual female, obtained closest to the time the female was sampled. I built separate models 

for 2008 and 2009 data where applicable rather than entering year as a categorical factor in 

models, as there were known differences in colour traits (predictors) among years. All analyses 

were performed using JMP 10.0 (SAS 2013) and R 3.0.1 (R Core Team 2013). 
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Table 3.1:  ANCOVA model for female bill carotenoid chroma with predictors: year, day of year, and a 
year·day of year interaction term (Minimal model: R2= 0.27, F=13.3, df=110, p<0.0001). The interaction 
between year and date, though not significant, is reported as a pre-defined variable of interest.   
______________________________________________________________________             
      Df          Sum Sq  Mean Sq     F value        p   
______________________________________________________________________________ 
Year             1    0.072  0.072    18.79   <0.001 
Day of Year             1    0.097  0.097    20.97   <0.001 
Year:Day of Year   1     0.0004  0.0004      0.02       0.89 
Residuals           110    0.42   0.004 

 
 
 
 
Table 3.2: ANCOVA model for female bill yellow area score including predictors: year, day of year, and a 
year·day of year interaction term (Minimal model: R2= 0.12, F=5.15, df=115, p<0.0023). Year and the 
interaction term, though not significant, are reported as pre-defined variables of interest.                                                            
______________________________________________________________________            
         Df          Sum Sq  Mean Sq     F value  p 

 
Year             1      4.6   4.6    3.55    0.062 
Day of Year             1    12.9   12.9    9.95    0.0021 
Year:Day of Year   1     0.0004 0.0004    2.49    0.42 
Residuals            110    0.5633 0.0043 

 
 

 

 As birds were caught only in the early part of the 2009 breeding season (before 20 May), I 

also tested for seasonal effects using bivariate analysis within each year. There was a significant 

relationship between day of year and female bill colour variables in 2008 (YAS = 6.3-0.02·DOY, 

R2=0.1, df=93, p=0.002; S9 = -0.75 + 0.002·DOY R2=0.17, df=91, p < 0.0001; Figure 3.2). 

Within 2009 data, only carotenoid chroma exhibited significant variation with day of year 

(S9Max = -0.80 + 0.0029·FDOY, R2=0.18, df=21, p=0.0496). For colour trait variables where no 

among year differences were observed, I used pooled-year data to assess seasonal variation. 

Female crown and breast colour variables did not vary with day of year (p > 0.05).  

 Relationships between day of year and female colour were distinct among age groups. 

While red breast chroma did not vary significantly with date in pooled data or ASY birds (p>0.1), 

a significant positive trend existed in SY female data (S1R=0.41+ 0.0006·DOY, R2=10.5, df=40, 
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Female Ornamentation and Body Condition  

 To account for the effect of date on both body condition (R.Mass = 0.045 - 0.0003· DOY, 

R2=4.8, df= 114, p= 0.02) and colour traits (previously described), I entered day of year, body 

condition and an interaction term into backward selection stepwise multiple regression models for 

variables exhibiting linearity with condition in bivariate analyses in 2008, 2009, or pooled data 

[Bill (YAS, B2, S5b, S9), Crown (S8)]. Female bill yellow area score was predicted by a minimal 

model with day of year as significant. An equally likely model explaining 15% of variation 

included the interaction between body condition and day of year as a significant term (Table 3.3; 

Appendix A). No other models were significant with year and age data pooled. Using 2008 data, 

a model with day of year and body condition predicted female crown saturation (Table 3.4; 

Figure 3.4). Within 2009 data, bill saturation was predicted by a model with day of year and 

condition (Table 3.5; Figure 3.4), and female bill yellow area score was predicted by a model 

with body condition as the significant term, explaining 23% of the observed variation (Table 3.6).  

 

Table 3.3:  Parameter estimates from general linear model predicting female bill yellow area score with 
year (2008-2009) data combined (glm: R2= 0.15, F=6.5 df=115, p=0.001).   
_______________________________________________________________________ 
Term             Estimate       Std. Error  t Ratio       p  
_______________________________________________________________________ 
Intercept           6.15      0.80                  7.7             <0.0001 
Day of Year            −0.02      0.01                −3.3               0.0006 
Female Body Condition         −0.43      3.88                −0.1               0.472 
Condition: Day of Year          0.44      0.22     2.0                0.033 

 

 

Table 3.4:  Parameter estimates from a general linear minimal model predicting female crown colour 
saturation, analyzing 2008 data independently (glm: R2= 0.11, F=3.43, df=89, p=0.02). 
_____________________________________________________________________________________ 
Term             Estimate       Std. Error              t Ratio       p  
_______________________________________________________________________ 
2008 
Intercept           0.54      0.15   3.51  0.0007 
Day of Year           0.003       0.001   2.80  0.0063 
Female Body Condition           0.025      0.008   2.09   0.0397 
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Patterns of Variation in Maternal Investment 

 Over two breeding seasons, a total of 578 eggs from 171 clutches were measured in the 

field.  The range in egg size was large. The biggest egg (8.28 g, 9.47 cm3) was almost twice as 

large as the smallest (4.86 g, 5.09 cm3). Mean robin egg mass represented 8.4 % of female body 

mass. The coefficients of variation of egg mass and volume indicate that egg size is a highly 

variable trait, more so than female body size traits such as tarsus length (CV%=2.4; Table 3.8).  

What is in a Robin’s Egg? 

 Whole yolk mass was obtained for approximately 161 fresh eggs from 56 clutches. Clutch 

mean yolk mass and proportion yolk exhibited high variation similar to that of egg mass (Table 

3.8). Albumen comprised 64 % (± 3.5SD) of egg mass on average. Mean albumen mass equaled 

4.14 g, and ranged from 2.49 g to 5.42 g (n=106). 

 
 
Table 3.8: Egg investment summary data for clutch size (n=170 clutches), and clutch mean egg mass 
(n=167), egg volume (n=159), yolk mass (n=56) and proportion yolk (n=55).  
1 runt egg (> 5 SD from mean of mass and volume) was excluded.  
______________________________________________________________________________            
 Clutch size            Egg mass(g)     Egg vol(cm3)    Yolk mass(g)         %Yolk 
______________________________________________________________________________________ 
Mean± SD      3.66± 0.63     6.40± 0.57   6.94± 0.83       1.312± 0.13  20.38± 0.02 
Median           4        6.40              6.89         1.312  20.44  
Min            2       5.02              5.09          0.867   16.53       
Max           5             7.90    9.41     1.708  24.41 
______________________________________________________________________________________ 
CV(%)       17.13   8.98            12.02        9.85        9.35 

 

 

 Egg mass, yolk mass and yolk proportion data were normally distributed (Shapiro, p > 

0.05). The distributions for carotenoid concentration (pg·mg -1) and testosterone concentration 

(pg·mg -1) exhibited significant right skew (Shapiro, p< 0.001), implying that a disproportionately 

small number of females invested greater than the mean level of these resources into their eggs 

(e.g. Pilz et al. 2003). There was a notable difference in carotenoid pigment-based yolk colour 

between eggs laid by different females. More than an 8-fold difference existed between highest 
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and lowest carotenoid concentrations (Table 3.9). Independent analyses of duplicate samples of 

the same yolks showed concentrations were highly repeatable (Intraclass corr. coefficient (rI) = 

81.3%, F=9.67, df=27, p<0.0001) (Lessells and Boag 1987). Concentrations were also highly 

repeatable within eggs from the same clutch (rI = 78.9%, F=8.46, df=161, p<0.0001). Variation 

in yolk testosterone (T) concentration and total yolk T was similar to that of carotenoid 

investment (Table 3.9). Based on actual versus expected recovery of the 10 ng/ml standard, mean 

extraction efficiency was 78 %. Mean (including raw, 10 ng/ml standard, and spiked 

(raw+standard) sample data) inter-assay (group) coefficient of variation for extractions was 

16.75%. Mean intra-assay CV(%) was 3.2. Concentrations were highly repeatable within eggs 

from the same clutch (rI = 80%, F=9.28, df=102, p<0.0001). 

 

Table 3.9: Summary data for testosterone (n= 102) and carotenoid (n= 163) concentration (pg·mg -1), as 
well as total testosterone (n= 92) and carotenoid (n= 137) investment per yolk (µg·yolk-1). Summary 
statistics calculated from individual egg data, rather than clutch means.           
______________________________________________________________________________ 
          Testosterone conc.       Carotenoid conc.       Yolk Testosterone       Yolk Carotenoids 
______________________________________________________________________________________ 
Mean ± SE      35.69 ± 2.17          76.02 ± 3.48    49.45± 2.99             100.63 ± 3.23      
Median               30.22             75.24          42.62          93.20 
Min      10.12                    22.34           12.8           24.49  
Max      126.45         147.99     137.31    242.41 
______________________________________________________________________________________ 
CV(% )             61.37            34.5            57.68         37.77 
______________________________________________________________________________ 
 

 

Variation in Egg Components with Egg Size 

Egg yolk and albumen varied significantly with egg mass. Egg yolk exhibited significant 

negative allometry (slope of the log-log regression < 1.0), demonstrating that yolk increased less 

as egg mass increased (Figure 3.8). Conversely, the slope of the log-log regression between egg 

mass and albumen was greater than 1.0 indicating slight positive allometry (LgAlbMass= -

0.56+1.06 · LgMass, R2=0.79, p<0.0001). Thus, larger robin eggs contained proportionately more 
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Variation in Egg Investment with Lay Date and Nest Attempt 

Egg investment exhibited some variation with the progressing season. The mean number 

of eggs laid per clutch was 3.8 ± 0.06 SE (n=57) for clutches initiated before 10 May, which 

declined to 3.32 ± 0.12 SE after 1 June (n= 28 clutches; Figure 3.9). I did not find any 4 or 5 egg 

clutches initiated after 10 June (Figure 3.9). Lay day of year significantly predicted clutch size 

(No.eggs= 4.94 - 0.009·date; R2 =0.73, n =111, p =0.004).   

Females often begin laying a second clutch within one week of nest failure or fledging of 

the previous brood, with the time interval after successfully fledging a brood relatively longer, 

and more often followed by building a new nest (pers. obs). Females who experienced nest failure 

at one or more nest attempts were more likely to lay three (or more) clutches. Second nests were 

also common among females successful in fledging a brood (pers. obs). There was a significant 

difference in number of eggs laid between multiple nest attempts (ANOVA, F= 4.96, df= 44, p= 

0.001), when analysing data from multiple attempts by individuals within a season (n=21 females 

with data from a second clutch and n=7 females with data from a third). Clutch size declined with 

nest attempt, from 3.76 at first nests, to 3.52 at second, and 3.0 at third nests. Mean number of 

eggs in third broods was significantly lower than in first and second broods (Tukey, p<0.5). The 

maximum observed number of nest attempts made by a single female was four.  

Because lay date was highly correlated with brood or nest attempt number where nest 

number was known (Pearson’s r=0.78, n=48 p=0.0001), it was difficult to partition the effects of 

these factors on egg investment. As sample sizes with known nest numbers were low, for final 

egg investment models I used day of year to capture seasonal variation with the understanding 

that some variation was due to multiple clutches. Analysed separately, there was no significant 

relationship between clutch size and date within first broods, while within second broods there 

was a significant decrease in clutch size with date (Figure 3.9).  
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 There were no two egg clutches and only one five egg clutch from which I collected 

testosterone (T) data, thus analysis of variation in yolk T investment among all clutch sizes was 

not possible. An apparent decline in T concentration (pg·mg -1 yolk) between three and four egg 

clutches was not significant (Wilcoxon, z=0.93, p= 0.37), nor was the difference in total T 

investment per yolk (µg·yolk-1) between three and four egg clutches (Wilcoxon, z=0.6, p=0.55).    

Variation in Egg Investment Within Clutches/ Lay Order Effects 

In 4-egg clutches, I found significant differences in standardized egg mass with known 

egg laying order (ANOVA, F= 3.07, df=74, p=0.03; Figure 3.13). Mean egg mass increased from 

egg 1 to egg 3 in the lay order sequence and decreased from egg 3 to egg 4; egg 1 was 

significantly smaller than the rest of the eggs in the clutch, and egg 3 was significantly larger 

relative to the other eggs (Tukey p< 0.05). Between-group sample sizes and variances were not 

equal (Bartlett, p= 0.002).  Performing analysis with Kruskal-Wallis tests or Welch’s ANOVA 

produced similar results. One potential outlier was identified, but it was not easily attributable to 

measurement error and did not affect results; it was therefore retained.  

For clutch size 3 and 4 combined, the relationship between yolk mass and lay order 

mirrored that of egg mass, with increases in standardized yolk mass from first eggs to eggs 2 and 

3, and decreases with egg 4 (ANOVA, F=3.8, df =65, p=0.01; Figure 3.13). Post hoc analysis 

revealed that mean yolk masses of eggs 2 and 3 in the lay sequence were heavier relative to eggs 

1 and 4 (Tukey, p<0.05). The trend was similar for 4-egg clutches (ANOVA, F=3.7, df=47, 

p=0.02) with the 4th yolk being significantly smaller than that from eggs 2 and 3 (Tukey p<0.05). 
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Female age did not significantly predict any of the egg investment parameters that I 

measured in this study in bivariate analyses (two-tailed t-test mean egg mass: df= 90, t= 0.50, p= 

0.62; mean yolk mass: df= 26, t= 0.46, p=0.64; mean C con.: df= 26, t= 0.46, p=0.64, mean T 

con.: df= 26, t= 0.46, p=0.64). Since experienced birds might invest more into a clutch depending 

on the time of season (or nest attempt), I introduced lay date as a factor along with female age in 

an ANCOVA. There was no interaction between female age and lay date, and no significant 

relationships with age uncovered (all p>0.05). I therefore did not include female age as a 

categorical predictor in any subsequent general linear models predicting egg investment.  

Egg Size and Female Bill Colour  

Based on results presented in the above section on patterns of variation in egg investment 

as well as pairwise correlations (Appendix A, Table A.3), four terms were entered into a model 

predicting clutch mean egg mass (g): female condition (residual log mass), egg lay date (day of 

year), female bill brightness, female bill carotenoid chroma, and all possible interaction terms. 

Earlier results indicated egg mass was similar in clutch sizes of three and four but significantly 

higher in clutches of two and five. Therefore, only data from clutch size three and four were 

included. Female condition, day of year and female bill brightness made up the minimal model, 

explaining 16% of variation in clutch mean egg mass (Table 3.12 - Table 3.13; Figure 3.15). 

 
 
Table 3.12: Minimal model predicting clutch mean egg mass (g) 
________________________________________________________________________ 
Source   DF  SS  MS            F Ratio  p  
________________________________________________________________________ 
Model      5  6.0  1.2              6.2           0.0006 
Error   103  28.5  0.3  
Total           108  34.5    
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Proportion Yolk and Female Bill Colour 

I used ‘proportion yolk’ to investigate yolk investment independently of the direct 

relationship with between egg and yolk mass. I kept egg mass as a possible predictor, as the 

relative amount of yolk varied with egg size. As yolk investment was similar in clutch size 3 and 

4 but significantly lower in clutch sizes of 5, data from 5-egg clutches were excluded from 

models (n= 4; no two egg clutches collected for yolk analysis). Based on previous results and 

pairwise correlations (Appendix A, Table A.4), mean egg mass, lay day of year, female body 

condition, bill brightness and saturation, and all possible interactions, were entered in a model to 

predict clutch mean yolk proportion. A model including bill brightness as a significant term and 

clutch mean egg mass as a near-significant (p=0.058) term explained roughly 30% of variation in 

proportion yolk for 2008 and 2009 data combined (Table 3.15; Figure 3.16). A more 

parsimonious model with only female bill brightness was equally good based on AIC values, and 

explained 20% of the variation in yolk proportion (Appendix A). Analysing 2008 data 

independently, mean egg mass was the only near significant term (p=0.056) in a model that was 

not significant (p=0.07). Analysing 2009 data, with removal of one outlier (>3SD from mean), 

though sample size was small, both female bill brightness and egg mass were significant in a 

model explaining 86% of variation in yolk proportion (glm: R2= 0.86, n =9, F=19.41, p= 0.0024; 

Table 3.15). Including 5-egg clutches and clutch size as a continuous variable in models did not 

change results, except that mean egg mass was significant in the final 2008-2009 model and 2008 

model, and female body condition was an additional significant term in the 2009 model, which 

explained 90% of the variation in clutch mean proportion yolk (note sample size was small) (glm: 

R2= 0.90, df =12, F=25.18, p= 0.0002).   
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pairwise comparisons (Appendix A). Data from all clutch sizes were combined to allow for a 

more meaningful sample size, though it was known that total yolk carotenoid investment (but not 

carotenoid concentration per se) tended to decrease with clutch size (Figure 3.12). Data from 

clutches of 5 eggs (n=4) were assessed in residual distributions and for their effect on test results.  

No bill colour models or terms significantly predicted clutch mean carotenoid 

concentration (all p>0.1) within 2008-2009 pooled data. For clutch mean total carotenoid 

investment per yolk, three predictors were entered: lay day of year, female bill brightness and 

carotenoid chroma, as well as possible interactions. Female bill brightness was the only predictor 

that remained in the best/ minimal model, which only neared significance and explained 13% of 

the observed variation in total carotenoid investment per yolk (Table 3.16-3.17; Figure 3.17).   

With 5 egg clutches and potential outliers (≧3 SD from mean) excluded, the model is significant, 

and includes lay day of year, carotenoid chroma and an interaction between day of year and bill 

brightness as additional significant or near significant terms, together explaining 47% of the 

variation. This and equally likely models for these data are presented in Appendix A, Table A.2.   

 

 
Table 3.16: Minimal model predicting clutch mean yolk C investment (µg·yolk-1) 2008-2009 data. 
________________________________________________________________________ 
Source   DF  SS  MS            F Ratio  p  
________________________________________________________________________ 
Model      1  1354  1354              4.04           0.0546 
Error   27  9058    335  
Total           28               1041 

 
 

 
 
Table 3.17: Parameter estimates from minimal model predicting clutch mean yolk C (µg·yolk-1). 
________________________________________________________________________ 
Term             Estimate       Std. Error  t Ratio       p  
________________________________________________________________________ 
Intercept           144.58      20.62     7.01  <0.0001 
Bill B2 Ave          −173.94      86.56   −2.01    0.0546 
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Breast colour variables were all strongly correlated with testosterone investment and 

highly correlated with each other. Red breast chroma was chosen for modeling. Hue was not 

entered into models as it exhibited high collinearity with red chroma and brightness (r > 0.80). 

Crown brightness was entered into models as a predictor. Based on pairwise correlations and 

previous results, other predictors included mean egg volume, lay day of year, and all possible 

interactions. Two outliers were removed after visual inspection of residual distributions. Female 

breast red chroma was the lone significant predictor for mean yolk T concentration and total yolk 

T, explaining 30-35% of variation (Table 3.20-21; Figure 3.20). Two additional residual outliers 

could arguably be removed, noted as possible yolk mass errors, which would increase R2 to 41%.  

 

Table 3.20: Parameter estimates from minimal model predicting mean Log T concentration (pg·mg -1) and 
Log yolk T (µg·yolk-1). 
________________________________________________________________________ 
Term             Estimate       Std. Error  t Ratio       p 
________________________________________________________________________ 
T concentration: 
Intercept         −0.91      0.53   −1.71    0.101 
F. Breast S1R             3.60      1.07     3.36    0.037 

Total T yolk: 
Intercept         −0.84      0.61   −1.39    0.179 
F. Breast S1R             3.72      1.20     3.08    0.006 

 
 
 
Table 3.21: Minimal models predicting Log T concentration (pg·mg -1) and Log yolk T (µg·clutch -1)  
 

 
Source   DF    SS    MS            F Ratio  p  
T concentration: 
Model      1  0.28    0.28              11.27           0.0028 
Error   22  0.55    0.03  
Total           23               0.83  

Total T yolk: 
Model      1  0.24    0.25              9.47           0.0057 
Error   21               0.55    0.02  
Total           22               0.79  
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CHAPTER 4. Discussion 

According to sexual selection theory, ornamentation evolved to communicate aspects of 

quality of individuals to potential mates (reviewed in Andersson 1994). There is good evidence 

that sexually monomorphic ornamental traits can function as honest signals important in mutual 

mate choice, and may be the result selection for their expression in both sexes (reviewed in 

Kraaijeveld et al. 2007). In this study I sought to test predictions related to mutual mate choice 

and the potential for female ornamentation to reflect capactity for reproductive investment, using 

the American robin as a study species. I also described additional sources and patterns of 

variation in female ornamentation and egg investment. Table 4.1 summarizes the main 

predictions and results of the study. Each outcome and its implications for the evolution of female 

ornamentation is discussed in further detail below: 

 

Patterns of Variation in Female Ornamentation  

 I first investigated female colour in terms of how traits vary seasonally, between years and 

among age cohorts. I assessed relationships between colour traits and female body condition and 

parasite load, described the degree of sexual dichromatism, and showed how variation in colour 

traits compares to that of non-ornamental traits. I also assessed assortative mating in socially 

mated robin pairs. Results of these investigations are discussed below. 

Between Year and Seasonal Variation in Colour Traits 

   Female bill colour was the only colour trait that varied between years in this study. This 

difference could be reflective, at least in part, of a seasonal change in bill colour, because I only 

sampled birds in the early part of the breeding season in 2009. Bill carotenoid chroma and 

saturation decreased significantly with both year and day of year. Yellow area score declined 

significantly only with day of year.  
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Table 4.1 Summary of predictions and results described in this study: Yes denotes significant variation; No 
denotes no significant relationship detected; (+) and (−) indicate positive and negative relationships, 
respectively. 
_____________________________________________________________________________________ 
Prediction     Results - Female Colour Traits                                                                      

Mutual Mate Choice  
Hypothesis     Bill Colour  Breast Colour       Crown Colour 
______________________________________________________________________________________ 
Seasonal variation          Yes          No   Yes 
 
Variation with Age           Yes          Yes   Yes  
 
Variation with Ecto-parasite Load        Yes(-)          No    No  
 
Variation with Body Condition        Yes*          No    Yes*  
 
Variation > Non-Ornamental Traitsa       Yes          Yes*   Yes  
 
Variation > Equivalent Male Traitsa      Yes           No   Yes   
 
Assortative Pairing by Trait        Yes           No   Yes  

______________________________________________________________________________________ 
Predictions             Results - Egg Investment                                                                      

Investment Hypothesis            Egg Size           Yolk %        Yolk Carotenoid    Yolk Testosterone             
______________________________________________________________________________________ 
Variation with Egg Size     N/A    Yes(−)          No        Yes(+)b  
 
Variation with Lay Date    No   Yes(+)  Yes(+)c        No 
 
Variation with Clutch Size      Yes(−,+)  Yes(−)  Yes(−) c       N/A 
 
Within clutch/ lay order variation    Yes(+,−)  Yes(+,−)   Yes(−)d        No  
 
Variation among females     Yes   Yes    Yes         Yes     
 
Variation predicted by female    No     No   No          No 
quality: body condition  
 
Variation predicted by female   Yes (−) Yes (+)  Yes(+)c        No   
quality: colour traits (bill colour)     

 
Variation predicted by female   No    No   No        Yes (+) 
quality: colour traits (breast colour)  
_____________________________________________________________________________________ 
* significant only in specific data categories (i.e. 2008 or 2009 data, SY or ASY birds, one colour variable, etc.)  
a) No statistical tests for significance. “Yes” indicates absolute values for variation (CV%) were notably higher.  
b) Using egg volume instead of mass as ‘egg size’ variable. Did not vary significantly with egg mass.  
c) Total yolk investment, but not concentration exhibited significant variation.  
d) Concentration, but not total yolk investment exhibited significant variation. 
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 Carotenoid-based integument and bill colour intensity have been shown to decline over 

the breeding season in other species (Navarro et al. 2010) and are linked to plasma carotenoid 

(and testosterone) levels with peaks that coincide with the start of the breeding season (Blas et al. 

2006; Navarro et al. 2010; Blas et al. 2013). Unlike in feather ornamentation, where pigment is 

deposited only once annually into dead tissue and colour is relatively static (but see McGraw and 

Hill 2004), bare-part signals must be continuously supplied with pigment (Lozano 1994). One 

recent study suggested changes to blood flow or chemistry (including multiple circulating 

carotenoid compounds) in vessels immediately beneath the translucent keratinized outer layer of 

the bill influences shifts in bill color over short time periods (Rosenthal et al. 2012). As 

carotenoid ornament deposition may trade-off with immunostimulant and antioxidant action or 

other important physiological functions (including investment into egg yolks) (Olson and Owens 

1998; Blount et al. 2000; McGraw et al. 2005a), it is plausible that carotenoid-dependent bill 

colour acts as a dynamic signal indicating current physiological status, condition, resource access, 

and/or breeding state that can be advertised and assessed by both sexes (Faivre et al. 2003; 

Velando et al. 2006; Safran et al. 2008; Navarro et al. 2010; Rosenthal et al. 2012; Blas et al. 

2013). Indeed, I found evidence of this in female robins as well (see following sections).   

Age and Female Ornamentation  

   Breast, crown and bill colour variables reflected age of female robins, at least the 

somewhat broad distinction between second year (SY) and after second year (ASY) birds (Pyle 

1997). Females with a larger yellow area on their bill and yellower bills (lower carotenoid 

chroma) tended to be ASY birds. Females with higher red breast chroma and lower breast hue 

(representing redder and darker colour) also tended to be ASYs. ASY birds also tended to have 

blacker crown plumage with UV chroma than SY birds. I did not assess male ornamentation with 

respect to age, as sample size for SY males was prohibitively small (n=4). 

 Plumage attributes are reliable indicators of female age in some species (Bitton et al. 2008; 
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Komdeur et al. 2005; Bortolotti et al. 2006). It is hypothesized that birds increase reproductive 

effort with age because odds of survival and number of potential future reproductive attempts 

decline (Clutton-Brock 1984; Velando et al. 2006), because they are more experienced and 

competent breeders  (Forslund and Pärt 1995), or because they have acquired better foraging and 

energy allocation skills, necessary for maintaining good breeding condition  (Robertson and 

Rendell 2001). Numerous studies confirm that older females (but not necessarily ‘oldest’, see 

Robertson and Rendell 2001; Balbontin et al. 2007) enjoy higher reproductive success than young 

individuals in many species. Intermediate or older females may start breeding earlier (Robertson 

and Rendell 2001; Møller et al. 2004; Balbontin et al. 2007), lay heavier or more eggs (Lessells 

and Krebs 1989; Robertson and Rendell 2001; Hipfner et al. 2003; Reid et al. 2003), lay eggs 

with a higher yolk proportions (Hipfner et al. 2003), and fledge more young (Robertson and 

Rendell 2001; Reid et al. 2003; Møller et al. 2004; Komdeur 1996; Balbontin et al. 2007).  

 As older female birds often have increased reproductive success, and also may be more 

colourful, colour traits that vary with age could play an important role in male mate choice. As 

discussed later, I did not find correlations between female age and egg investment traits assessed 

in this study. Distinction between age groups was coarse (young, first-time breeders vs. all older, 

more-experienced breeders combined), and potential increased investment by intermediate age 

birds (i.e. Robertson and Rendell 2001; Balbontin et al. 2007) might be masked. Multi-year 

studies investigating the direction, strength, and consistency of relationships between color traits 

and aspects of female quality between years and age groups might be informative in this species. 

Female age may alternatively be related to other aspects of reproductive effort, such as parental 

feeding and/or nest defence rates. Though birds were not aged in their study, Rowe and 

Weatherhead (2011) found that female robins with darker breast plumage fledged more young, 

and females with less damage to their tail spots tended to nest earlier and produce nestlings in 

better condition. As this study showed that ASY females had darker breast plumage than SY 



 

74 

 

females, in addition to other age-dependent differences in colour, it would be interesting to test 

whether post-hatch investment, nestling condition, and/ or fledging success in this species is 

related to age dependent colour traits (these data were collected, but analyses are beyond the 

scope of the current study).  

Parasite Load, Body Condition and Female Ornamentation  

If mutual ornamentation evolved to communicate aspects of quality of individuals to 

potential mates, this could include information about heritable parasite resistance and overall 

health/ condition (Zuk 1992; Andersson 1994). In theory, trade-offs exist between expression of 

sexually selected traits and other aspects of fitness, such as physiological maintenance, survival, 

and investment in offspring. Individuals in better condition should have a larger pool of resources 

to draw from and divide between such demands. Honest sexually selected signals should evolve 

condition dependence because full trait expression should be costlier for individuals in relatively 

poor condition, such that the costs of producing a high quality signal outweigh the potential 

benefits (Parker 1983; Grafen 1990; Andersson 1994; Higham 2013). Sexually selected colourful 

traits in male birds, particularly those based on melanins and carotenoids (but also structural 

colours), have often been shown to relate to body condition indices, immunocompetence, and/ or 

parasite load (reviewed in Andersson 1994; Johnstone et al. 1996; Hill 2006; Hegyi et al. 2007; 

Galván 2010).  

I found that both carotenoid-based bill colour and melanin based crown colour were weak 

predictors of an index of body condition in female robins in at least one year. Female bill colour 

also predicted ecto-parasite infection. In a similar study, red-orange bill colour and underwing 

plumage, used in display to males, were both correlated with body size and condition in female 

northern cardinals (Cardinalis cardinalis) (Jawor et al. 2004). Parasite loads have been associated 

with reduced ornamentation in female barn owls (Roulin et al. 2001), pied flycatchers (Potti and 

Merino 1996), and great tits (Hörak et al. 2001; Fitze and Richner 2002). The results presented 
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here add to growing support for the idea that ornamental traits can reflect parasite resistance 

and/or body condition in females as well as males (e.g. Amundsen et al. 1997; Roulin et al. 2000; 

Amundsen 2000; Siefferman and Hill 2005; Weiss 2006; Velando et al. 2006).  

Sexual Dichromatism and Phenotypic Variation in Ornamental Traits  

Male and female robins showed the same overall colour patterns, but males were 

generally more colourful than females. Male bills had significantly higher yellow area scores, 

were brighter and were more yellow than female bills. Males had higher UV chroma and were 

darker in the crown region. Male breast plumage was also darker, more saturated, and redder than 

that of females. This sexually dichromatic pattern is common among socially monogamous 

mutually ornamented passerines (i.e. Andersson et al. 1998; Jawor et al. 2004; Siefferman and 

Hill 2005), and both confirms and adds to the work of Rowe and Weatherhead (2011) who found 

that male robin breast plumage was darker, more orange, and more saturated than that of females.  

In this study, variation in colour traits was often orders of magnitude higher (ranging 

from 5.2−27.8%) than that for non-ornamental morphological traits (ranging from 2.8-6.8%) in 

both males and females, consistent with these traits being the product of sexual selection 

(Andersson 1994). This is true for all colour traits in which coefficients of variation were 

assessed, except crown S1Uv (6.3%) in males and breast S1R in males (5.2%) and females 

(6.4%), which showed levels of variation only slightly higher than morphological traits.  

 Ornamental traits that signal individual quality should demonstrate higher variation within 

populations than non-ornamental morphological traits (Darwin 1871; Alatalo et al. 1990; Jones 

and Montgomerie 1992; Andersson 1994; Evans and Barnard 1994; Pomiankowski and Møller 

1995; Cuervo and Møller 1999, 2001). Pomiankowski and Moller (1995) argued that phenotypic 

variation is increased in sexually selected traits as expression of these traits may go beyond 

values that are optimal for survival, while phenotypic variation in non-ornamental traits is likely 

related to differences in the strength of natural selection pressures, with the strongest stabilizing 
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selection affecting bird wings (Balmford et al. 1993). Across a variety of species, sexually 

selected traits generally exhibit coefficients of variation ranging from 10-20%, where coefficients 

of variation between 2-5 % are more common for naturally selected traits (Dale 2006).  

 Female robins in this study exhibited a similar degree of variation to males in breast colour 

traits, and much more variation than males in bill colour and crown colour traits. Note that sample 

size for male data was half that of female data, however, it should be sufficient to gain an 

accurate picture of population variation; the fact that females and males showed a very similar 

degree of variation in non-ornamental traits supports this idea. In male-ornamented sexually 

dimorphic species, male ornaments typically show greater variation than female homologous 

traits (Alatalo et al. 1990), because female traits have not undergone costly exaggeration. Patterns 

of variation in both sexes similar to what I observed have been reported in other mutually 

ornamented species (i.e. Evans and Barnard 1994; Jones et al. 2000; Massaro et al. 2003), and 

some authors refer to the greater variability in female traits as 'paradoxical' and/or propose 

intrasexual status signaling as one explanation (i.e. Evans and Barnard 1994; Jones et al. 2000). If 

mutual mate choice contributes to the evolution of sexually monomorphic ornaments, and 

differences between sexes in the intensity of sexual selection versus natural selection and/or the 

costs of expressing the trait leads to differences in trait expression (Archer and Mehdikhani 2003; 

Andersson 1994), then higher variation in female traits may be due to trait expression being 

relatively more costly, or under greater natural selection pressure than in males. For example, 

females may be limited in their ability to express carotenoid-based traits, such as bill colour, 

because of a strong natural selection pressure to invest carotenoids in egg production (Blount et 

al. 2000; Foote et al. 2004). Future investigations would be needed to confirm these versus 

alternative explanations such as intrasexual competition, the role of extra-pair mating, and 

differences between males and females in the degree of mating success benefits gained from trait 

expression (Johnstone et al. 1996). 
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 Though coefficients of variation for colour traits are presented in this paper for comparison, 

and appear to support the hypothesis that colour traits in female robins have potential signaling 

function, a possible caveat must be noted. Though studies present high CV as evidence of colour 

traits being sexually versus naturally selected (e.g. McGraw and Hill 2000; Pryke et al. 2001; 

Massaro et al. 2003; Mennill et al. 2003; McGraw 2004; Doucet et al. 2005), the statistical 

validity of comparing coefficients of variation for tri-stimulus colour variables with those of a 

size measurement such as tarsus or wing length has been called into question by Dale (2006), 

who suggests that a meaningful comparison of variation in colour traits to that of other 

morphological traits is not currently possible due to the scale and nature of reflectance spectra.   

Assortative Mating 

 In this study population, socially mated robins paired assortatively by crown plumage and 

bill colour traits. Male and female crown UV chroma and bill yellow area scores were positively 

correlated. Additional bill colour traits were correlated among pairs, but the important variables 

differed between males and females. For example, bill saturation and hue were correlated (i.e. 

female hue with male saturation and vice versa), and brighter (lighter) female bills were 

correlated with male bills with higher carotenoid chroma. These relationships were independent 

of physical characteristics. There was no evidence of assortative mating based on tarsus length, 

wing chord, body mass, or body condition. These results both confirm and conflict with those of 

Rowe and Weatherhead (2011), who also found evidence of assortative mating in American 

robins. However, positive correlations among pairs in that study were based on breast plumage 

colour traits (which were not correlated in this study) and the extent of damage to tail spots 

(which I did not assess). They did not investigate crown plumage or bill colour traits.  

 Males and females of many bird species mate assortatively based on colour traits 

(MacDougall and Montgomerie 2003; Safran and McGraw 2004: Komdeur et al. 2005; Bitton et 

al. 2008), including by UV chroma (Andersson et al. 1998; Hunt et al. 1999), carotenoid-based 
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bill (and plumage) colour (Jawor et al. 2003), as well as by multiple colour ornaments (Jawor et 

al. 2003; Rowe and Weatherhead 2011). A supporting prediction of the mutual sexual selection 

hypothesis is that it should result in assortative mating (Trivers 1972), and patterns such as I 

found are often interpreted as evidence for mutual mate choice. However, though assortative 

mating may indeed be a product of both sexes seeking to mate with higher quality individuals 

(Bortolotti and Iko 1992), other processes may result in assortative pairing. Assortative mating 

could be the result of preferential pairing of similar phenotypes along a continuum (Burley 1986), 

or the outcome of mutual mate choice based on a trait or traits that co-vary with colour, for 

example, age (e.g. Robertson and Rendell 2001; Komdeur 1996). Female bill and crown colour 

did vary with age in this study. However, the majority of males were aged as ASY or ‘unknown’, 

and only 4 males were confirmed SY birds. This small sample size made it difficult to assess the 

potential role of age in mate pairings.  

 Assortative mating might also be an indirect effect related to time of arrival on breeding 

grounds or, if ornamentation is related to dominance, may be the outcome of intra-sexual 

competition for access to breeding territories or mates by one or both sexes (Creighton 2001). As 

pointed out by Rowe and Weatherhead (2011), further study including experimental manipulation 

of ornamental traits to control for confounding effects is necessary to determine the precise 

mechanisms responsible for assortative mating patterns in this species. Few studies have 

attempted to distinguish between such mechanisms, which may not necessarily be mutually 

exclusive (Faivre et al. 2001). Still, there is increasing evidence to support the idea that mutual 

mate choice, and male preference for more ornamented females, does occur in a variety of avian 

species (Monaghan et al. 1996; Amundsen et al. 1997; Faivre et al. 2001; Jawor et al. 2003). 

Ornamentation is related to measures of individual quality in the majority of these studies, 

suggesting that by mating assortatively, males and females both attempt to gain high quality 

mates (i.e. Jawor et al. 2004). It is thought that in passerines, males may benefit most from 
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pairing with females with traits that reflect favourable reproductive success (Faivre et al. 2001; 

Jones et al. 2001). In my study population, traits associated with assortative mating (bill colour 

and crown UV chroma) were also correlated with female age and/or aspects of quality or 

reproductive performance, and the specific attributes differed by trait as discussed further below.  

 
 

Patterns of Variation in Maternal Investment 

Though the main focus of this study was the relationship between female ornamentation 

and maternal investment, I also analyzed the environmental sources of variation and within clutch 

patterns of variation in egg traits. This allows a better understand of potential physiological 

limitations and trade-offs of egg production in American robins, and to take these factors into 

account where applicable in subsequent modeling and interpretation of results. Within clutch 

variation in an egg investment trait has been related to female expression of ornamentation in at 

least one study (e.g. yolk testosterone deposition, Gil et al. 2007). According to the investment 

hypothesis, variation in maternal investment can be important within as well as between clutches, 

if females can differentially allocate resources (Safran et al. 2008). The patterns of variation I 

observed with egg size, lay date/ brood number, clutch size, and within clutch lay order for each 

investment trait assessed (clutch size, egg size, yolk proportion, and carotenoid and testosterone 

deposition) are discussed briefly below in terms of their potential adaptive significance. 

Clutch Size 

Seasonal declines in clutch size are common across species (Lack 1947; Rowe et al. 

1994). Clutch size and timing of breeding are often mediated by maternal condition and food 

availability (see Rowe et al. 1994; Monaghan and Nager 1997). This could be an artefact of 

younger females laying later and smaller clutches than older birds, but seasonal declines have 

also been observed within age cohorts (i.e. Hochachka 1990). In addition to clutch size varying 

with date and female condition in many species, and being heritable to varying degrees (reviewed 
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in Christians 2002; Nicolaus et al. 2013), other environmental factors can contribute to variation. 

These include temperature, day length, habitat, density/ resource competition, and nest predation 

rates (Krebs 1970; Nol et al. 1997; Monaghan and Nager 1997; Martin et al. 2000; Nicolaus et al. 

2013; Rose and Lyon 2013). I sampled nests opportunistically across the breeding season and in 

different areas (populations), collecting data for only a small number of 2-egg and 5-egg clutches 

of known first broods, laid by distinct age groups, or laid in the early season (before 20 May). 

Therefore I did not analyse clutch size in relation to female quality or ornamentation. I did not 

assess lay date for similar reasons. However, clutch size and lay date were taken into account in 

subsequent models, as egg components often vary with these and other environmental factors (as 

described below).    

Egg Size 

Egg size was highly variable in this study. The largest egg was almost twice as large as 

the smallest. Mean robin egg mass was 6.4 g, representing 8.4% of female body mass, consistent 

with previously reported values (Sallabanks and James 1999). There was no significant difference 

in egg size with known nest attempt number, though sample size was limited (n=21 from second 

clutch and n=7 from third). Eggs were significantly (slightly) heavier in the late compared to the 

early season (before 20 May). A seasonal decline in egg size is more common across species, 

though most studies found no effect (reviewed in Christians 2002). The increase with season 

observed in this study might reflect females gaining resources required for egg formation via 

foraging as egg laying proceeds (Meijer and Drent 1999). As food availability generally improves 

during the laying period (at least over the first half of the season), females can presumably 

produce larger eggs over consecutive days (Hargitai et al. 2005). Another possibility is that 

females invest more into provisioning nutrient reserves in the egg relative to the chick rearing 

stage, which might enhance nestling survival if food becomes limiting late in the season 

(“anticipation” hypothesis; Murton and Westwood 1977; Monaghan et al. 1998). This strategy 
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might be particularly relevant in species that lay multiple broods or nest attempts, as is true with 

robins. As egg size increased slightly and clutch size declined with season in this study, one 

might assume a trade-off between egg number and egg size late in the season (i.e. Bancroft 1984; 

Cichone 1997). However, of studies that investigated variation in avian egg size with clutch size, 

the majority found no relationship, and among those that did, an increase was more common 

(Christians 2002). I found female robins that laid the most or the fewest eggs laid larger eggs; 

eggs were significantly heavier in clutches of two and five than the more common clutch sizes of 

three or four eggs.  

Laying large eggs, in absolute terms, requires more resources than laying an equivalent 

number of small eggs. However, complex trade-offs may exist simultaneously between egg size, 

clutch size and egg composition (Nager et al. 2000; Maddox and Weatherhead 2008). Larger egg 

size in this study was accompanied by a relative increase in albumen (protein and water) and a 

decline in yolk (energy rich fat and lipid soluble hormones and micronutrients). If females were 

nutrient limited in terms of yolk precursors (i.e. Blount et al. 2000, 2004), producing larger eggs 

provisioned with more albumen might be an adaptive strategy to compensate for relatively small 

yolks. Such physiological constraints in female birds are not well studied, but may be crucial to 

shaping a more complete understanding of variation in reproductive investment (Bernardo 1996; 

Christians 2002; but see Williams 2005). These ideas are discussed further in the sections that 

follow, which describe patterns of variation in yolk proportion and yolk carotenoid deposition as 

well as patterns of variation in maternal investment traits between females.  

Additional factors that could influence the adaptive value of egg size include the order 

eggs are laid within a clutch and the degree of hatching asynchrony (Maddox and Weatherhead 

2008; Forbes and Wiebe 2010). In this study, I found lay order within clutches affected egg mass. 

Within 4-egg clutches, mean egg mass increased from first to third laid eggs and decreased from 

third to last laid eggs; first laid eggs were significantly smaller relative to other eggs in the lay 
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sequence, and third laid eggs were significantly larger. The pattern of first laid eggs being small, 

egg size increasing among early laid eggs, and subsequently decreasing has been observed in 

other species (i.e. Reed et al. 2009).  

Some authors suggest that in altricial species, maternal effects impose handicaps on 

marginal offspring while conferring advantages to a core brood, such that increased investment 

might be of relatively higher value among marginal offspring (Forbes and Wiebe 2010). This may 

be especially true in species where females start incubation before the last egg is laid, eggs hatch 

asynchronously, and brood reduction is common (Slagsvold et al. 1984; Viñuela 2000). As a 

brood-reduction strategy, females of some species provision last laid eggs less to reinforce an 

age-size hierarchy, with last hatched nestlings at an initial competitive disadvantage, thus 

potentially sacrificing them to benefit their siblings (Lack 1954, Slagsvold et al. 1984; Viñuela 

2000). Most passerines produce clutches with limited hatching asynchrony (Ricklefs 1993). 

American robins typically start incubation around the time the penultimate egg is laid (Sallabanks 

and James 1999; pers. obs.). Hatching is asynchronous, nestling competition is common, and 

brood reduction is known to occur (McRae et al. 1993; Sallabanks and James 1999; pers. obs.). 

Two studies have investigated within clutch nestling competition in robins (Smith and 

Montgomerie 1991; McRae et al. 1993), taking into account the effects of hatchling size, but 

neither order eggs were laid nor the size of eggs nestlings hatched from were known.  

A combination of factors might explain patterns of within clutch egg size variation 

observed in this study. The significantly smaller first laid egg could minimize size hierarchy 

effects, since earlier hatched young are fed earlier and grow earlier than their siblings (brood-

survival strategy: Slagsvold et al. 1984; Cichone 1997; Lipar et al. 1999; Viñuela 2000). 

However, this pattern could also be explained by a brood reduction strategy (Slagsvold et al. 

1984; Reed et al. 2009), given that first laid eggs would not be incubated significantly longer than 

second or third eggs, and increasing egg size up to the penultimate egg could provide a 
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competitive advantage to middle laid eggs. Nutrient limitation might explain the last laid egg 

being consistently smaller (but not significantly different). Or, last eggs could represent additional 

marginal offspring and their size (and survival probability) might depend on food availability, 

sometimes referred to as an ‘insurance egg’ (Svagelj and Quintana 2011). One multi-year study 

on collared flycatchers (Ficedula albicollis) found that larger eggs were laid late in the lay order 

only in years with favorable environmental conditions (Hargitai et al. 2005), supporting the idea 

that females may adaptively enhance survival probability of last laid eggs when conditions allow, 

increasing the chances of the whole brood fledging (Slagsvold et al. 1984; Hargitai et al. 2005). 

Disentangling the degree to which these or other explanations of intraclutch variation in egg size 

apply to this species requires further research, and was not within the scope of this study.  

Yolk Mass/Proportion and Yolk Carotenoid Investment  

Across all eggs in this study population, yolk mass and total carotenoid (C) investment 

per yolk increased significantly with lay date. Concentration of C alone was not significantly 

predicted by date, though there was an increasing trend similar to that of total yolk C. The 

increase in yolk mass and yolk C investment could potentially be explained by the increase in 

absolute egg size over the season, yet yolks were proportionately smaller as egg size increased. 

Larger egg size was accompanied by a relative increase in albumen and decrease in yolk (energy 

rich lipids, hormones, and antioxidants). There was no significant difference in yolk mass or yolk 

C investment between known first and second broods. Yolk mass and yolk C investment also 

varied with clutch size; clutch mean yolk mass was significantly lower in clutches of 5 than 

clutches of 3 or 4 eggs. Total C investment per yolk was also significantly smaller with increased 

clutch size, while C concentration tended to decrease with clutch size, but not significantly.  

As suggested in the previous section, trade-offs may exist between egg size, clutch size, 

and egg composition (Nager et al. 2000), and multiple factors may influence these trade-offs, 

including degree of hatch asynchrony, lay date, and specific nutrient limitations. If females were 
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nutrient limited in terms of yolk precursors, producing larger or more eggs provisioned with 

relatively more protein rich albumen might be an adaptive strategy to compensate for small yolks. 

For example, in lesser black-backed gulls (Larus fucus), carotenoid supplementation did not 

influence egg size or clutch size. However, in the supplemented group, yolk and egg mass co-

varied proportionately, while in the control group, larger eggs had disproportionately small yolks 

(Blount et al. 2004). In a similar study, carotenoid supplemented gulls produced eggs with high 

carotenoid concentrations, whereas control diet females produced eggs with low yolk carotenoid 

concentrations (Blount et al. 2002). Conversely, females with limiting protein stores may lay 

smaller eggs and may provision them with relatively more yolk. Such physiological constraints in 

female birds are not well studied, but may be crucial to shaping the evolution of variation in 

reproductive investment (Bernardo 1996; Christians 2002; but see Williams 2005). Additional 

research would be needed to explicitly test these hypotheses, including investigating the relative 

importance of proteins, lipids, carotenoids and other nutrients in egg production and offspring 

fitness (Blount et al. 2004). This presents a challenge as determining the relative amount of egg 

components often eliminates the possibility of assessing offspring fitness (Arnold et al. 1991). 

Across species, eggs of precocial or semi-precocial species generally have higher yolk 

proportions than altricial species (Carey et al. 1983). If higher yolk proportions are related to 

lower parental care requirement, this trade-off might influence within species egg investment as 

well. Females that are limited in ability to produce yolk might confer other advantages to eggs 

such as higher albumen content, increased provisioning rates, or longer rearing periods. 

The within clutch relationship between yolk mass and lay order mirrored that of egg 

mass, with increases in standardized yolk mass from first laid eggs to eggs 2 and 3 in the lay 

sequence, which contained significantly heavier yolks than egg 1 and egg 4. At least among 4-egg 

clutches, first and fourth eggs were provisioned with fewer resources and may represent marginal 
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offspring relative to eggs in the middle of the lay order. As with egg size, this may reflect hatch 

asynchrony mitigation, brood reduction, nutrient limitation, or a combination of factors.  

A distinct decline in standardized yolk carotenoid concentration was observed with lay 

order. First-laid eggs had a significantly higher yolk carotenoid concentration than third laid eggs. 

Total yolk carotenoid investment also showed a decline with lay order, but the difference was 

non-significant. This appears to provide support for the nutrient limitation hypothesis. It has been 

suggested that carotenoids are a limiting resource for animals, and their availability can constrain 

antioxidant activity, immune function, and investment into egg yolks (Lozano 1994; Blount et al. 

2002; Blas et al. 2013). A decline in yolk carotenoids with lay order has been observed previously 

(i.e. Blount et al. 2004). Interestingly, this pattern contrasts with that of egg size, yolk mass, and 

testosterone investment (below). As with other investment traits, variation in yolk carotenoid 

deposition within clutches may be an adaptive strategy related to hatching asynchrony and brood 

reduction. It has been suggested that antioxidant capacity may vary with lay order depending on 

food availability and nutrient stores, and could maximize reproductive success along with 

variation in egg size and yolk androgen levels (Royle et al. 2001; Groothuis and Schwabl 2002).  

Yolk Testosterone Investment 

Clutch mean testosterone (T) concentration showed no significant relationship with egg 

lay date, nor did mean T investment per yolk. There was no difference in yolk T concentrations 

between known first and second broods. No two-egg clutches and only one five-egg clutch was 

collected for testosterone (T) assays, and thus analysis of variation in yolk T investment among 

all clutch sizes was not possible. There were no significant differences in yolk T investment 

between clutches of 3 and 4 eggs. Concentrations of testosterone in yolk did not vary significantly 

with egg mass or yolk mass. However, eggs of larger volume contained proportionately higher 

testosterone concentrations than eggs of smaller volume. Where yolk testosterone has co-varied 

with egg size in previous studies, it has been suggested that a combination of large egg size and 
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higher testosterone levels enhances the survival probability of chicks hatching from these eggs, 

though the precise mechanisms remain unclear (i.e. Reed and Vleck 2001; Hayward et al. 2011).   

The pattern of within-clutch yolk steroid hormone deposition varies among species, and 

is thought to reflect different life history strategies (Groothuis et al. 2005; Love et al. 2009). For 

both yolk testosterone concentration (pg·mg -1 yolk) and total testosterone investment per yolk 

(µg·yolk-1), first-laid robin eggs in this study consistently had smaller T investment than the other 

eggs in a clutch, as predicted. However, this difference was not significant. Yolk hormone levels 

have often been shown to vary with laying order (Eising and Groothuis 2003; Groothuis et al. 

2005; Love et al. 2008, 2009), and this variation is thought to play an important role in mediating 

sibling competition (Schwabl 1993; Eising et al. 2001). First laid eggs being provisioned with 

less testosterone than other eggs in a clutch has been documented previously (i.e. Sockman and 

Schwabl 2000; Reed and Vleck 2001; Kozlowski and Ricklefs 2010).  

Given that first laid eggs were also significantly smaller in this study, and contained 

significantly smaller yolks (but higher carotenoid concentrations), it might be expected that these 

eggs were also provisioned with less testosterone. This might imply a competitive disadvantage 

for nestlings that hatch from first laid eggs, or provisioning first eggs with fewer resources may 

be an adaptive strategy to mitigate hatch asynchrony, as first hatched eggs would be fed first and 

start growing earlier than nestlings from other eggs, and increased testosterone levels have been 

linked to earlier hatching, competitive ability, muscle development, and growth rates (Eising and 

Groothuis 2003; Groothuis et al. 2005). Nestling robins have been shown to compete vigorously 

(McRae et al. 1993), which could reflect females allocating testosterone differentially. However, I 

found only weak evidence to support this. It is possible that more robust samples would reveal 

statistically significant differences. Sample sizes for eggs of known lay order assayed for yolk 

testosterone were limited and uneven (n=13 first, 7 second, 16 third, and 22 fourth laid eggs). 
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As female robins start incubation before the last egg is laid, and it has been shown in 

some species that androgen concentrations decrease with incubation time, probably due to yolk 

and albumen mixing (Elf and Fivizzani 2002; Pilz et al. 2005), differences in testosterone levels 

with lay order may be partly obscured by differential incubation. However, any difference in 

incubation time would be a maximum of one day for eggs in this study, which were collected as 

soon as possible after clutch completion. In addition, measurement of T alone might not fully 

reflect maternal hormonal investment. Studying a more complete suite of maternal hormones 

might reveal synergistic patterns (i.e. Tschirren et al. 2004). Finally, other factors such as sex 

determination, population density, territory size, habitat quality, and parental quality may 

influence the degree of hatch asynchrony and differential investment of testosterone within a 

clutch (i.e. Groothuis and Schwabl 2002; Gilbert et al. 2006; Hayward et al. 2011).  

 
 

Can Female Quality and Ornamentation Predict Egg Investment?  

 I assessed the amount of variation in egg investment due to within clutch differences 

compared to between clutch (i.e. between female) differences. These data are useful because they 

provide rough estimates of upper limits of repeatability and potential heritable variation (Falconer 

and Mackay 1996; Svageli and Quintana 2011). I found that for each investment trait, most of the 

variation existed between females, relative to within clutches. For egg mass, 84% of the observed 

variation was attributable to differences among clutches (i.e. females) as opposed to within 

clutches (16%). This was among the highest values reported across bird species; generally, 

approximately 70% of variation in egg mass is due to between female differences (see Christians 

2002). For yolk mass, 75% of observed variation was due to differences among females. 

Differences between clutches accounted for 79% of variation in yolk carotenoid concentration 

and 80% of variation in yolk testosterone concentration.  

 The high repeatability estimates of egg investment traits assessed in this study could be a 
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result of a high degree of heritability, but could also be due in part to consistent non-genetic 

differences among females such as differences in foraging skills and/ or nutritional constraints 

(Boag and van Noordwijk 1987; Falconer and Mackay 1996; Svageli and Quintana 2011). I 

sought to investigate the sources of variation in egg investment among females and assess 

whether individual female quality in terms of body condition, age, and particularly female 

ornamentation might contribute to explaining some of the variation in maternal effects.  

Egg Size and Female Bill Colour 

Egg size has long been studied as an important life history trait in birds (Lack 1968). I 

found that female body condition; lay day of year and female bill brightness together explained 

about 17% of the observed variation in clutch mean egg mass in clutch sizes of three and four 

eggs. I believe this represent a meaningful portion of the non-genetic or environmental variation 

in this population. Egg size is often a highly heritable trait (generally > 0.5) (Christians 2002), 

and it is likely that much of the unexplained variation lies in genetic differences between females 

(Hargitai et al. 2005). Egg size is also often related to the environmental conditions that 

reproducing females experience during egg formation (Galbraith 1988; Hargitai et al. 2005).   

Egg size increased marginally with lay date in this study. As discussed previously, 

females laying eggs at later dates might increase egg size as a result of declining food availability 

toward the parental care period (Murton and Westwood 1977). Ambient temperature during egg 

formation may also affect egg size (i.e. Hargitai et al. 2005).  

 Egg production is thought to be costly for female birds (Bernardo 1996; Monaghan and 

Nager 1997; Williams 2005 and references therein), and physiological constraints may be 

reflected in variation in egg size and/or egg composition. Food availability fluctuations and 

depletion of reserves can have consequences for female condition and survival (Heany et al. 

1998; Nager et al. 2001; Veasey et al. 2001). Females in good condition in this study laid larger 

eggs than females in poor condition, possibly because they were better able to divert more energy 
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and resources from self-maintenance toward egg formation (i.e. Blount et al. 2000; Hargitai et al. 

2005; Williams 2005). A number of other studies found female mass or body condition to be 

positively correlated with egg size (Wiebe and Bortolotti 1995; Dufva 1996; Cichone 1997; 

Galbraith 1998; Jawor et al. 2004; Hargitai et al. 2005). Generally, <20% of variation in egg size 

is explained by female mass or condition (Christians 2002; but see Galbraith 1988). Pectoral 

muscle protein condition in particular has been suggested to influence capacity for producing 

large eggs in some species (Houston et al. 1983; Monaghan et al. 1998). This may reflect the 

relative importance of protein in egg formation, maintenance of the egg-laying machinery, and 

maintenance of pectoral muscle condition, thus influencing female foraging ability (Houston et al. 

1983; Monaghan et al. 1998; Nager et al. 2000).  

Female bill colour was related to egg size in this study such that females with bills that 

score ‘brighter’ laid larger eggs. In other words, females with lighter coloured bills laid larger 

eggs, and those with darker yellow bills laid smaller eggs. Recent studies have shown that 

carotenoid-based bill or integument colour, in contrast to pigments deposited annually in feathers 

during molt, can change over short time scales, and may reflect current physiological status 

(Safran et al. 2008; Navarro et al. 2010; Rosenthal et al. 2012). Therefore, this result could be in 

part an artifact of sampling females across the season after eggs were laid rather than at the onset 

of the breeding season prior to egg laying. Females that invested in larger eggs might have lighter 

bills post laying as a direct result of having invested more resources into egg production versus 

self-maintenance, and may or may not have had darker bills upon arrival to the breeding grounds 

and pairing with mates. Carotenoid-based bare part colour has been shown in some species to be 

more intensely coloured at the beginning of the breeding season in males and females, suggesting 

a sexual signaling function (Navarro et al. 2010; Blas et al. 2013). Further, seasonal changes in 

the relationship between circulating carotenoids and integument colour have been observed to be 

more pronounced in females than males across the season (Navarro et al. 2010). This might 
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reflect between sex differences in costs of reproduction or in trade-offs between natural and 

sexual selection (Foote et al. 2004; Massironi et al. 2005). Alternatively, relationships between 

bill colour and egg size could be related to the change in egg composition observed with egg size 

in this study (large eggs contained relatively more albumen and less yolk), such that females with 

lighter coloured bills invest proportionately less into egg yolk and more into egg albumen.  

Regardless of direction, it appears that female bill colour is indeed related to egg size 

investment in this study population. Variation in egg size has been related to female colouration 

in previous studies (i.e. Weiss 2006; Szigeti et al. 2007; Bitton et al. 2008). Female bill colour in 

particular has been shown to predict higher rates of brood production (i.e. Jawor et al. 2004 in 

northern cardinals; Simons et al. 2012 in zebra finches) and higher numbers of fledglings 

produced per brood (Simons et al. 2012). Carotenoid-based leg colour has been positively related 

to egg size in the upland goose (Chloephaga picta leucoptera) (Gladbach et al. 2010).  

Egg size has been shown to increase with female age in some bird species, but not others 

(reviewed in Christians 2002). At least one study has found an effect of female parasite load on 

egg size (Dufva 1996). The current study showed no relationship between female age or 

ectoparasite load and egg size. Other possible contributors to egg size variation not explicitly 

assessed in this study include ambient temperature during egg formation (i.e. Hargitai et al. 

2005), additional measures of general health and/ or hormonal status of the female, such as levels 

of circulating corticosterone (i.e. Henrickson et al. 2011), and differences in habitat quality and/or 

food availability (i.e. Blount et al. 2004; Bańbura et al. 2010). In addition, females may adjust 

their investment into egg size differentially according to mate quality, age and/ or attractiveness 

(Burley 1988; Cunningham and Russell 2000; Bolund et al. 2009; Horváthová et al. 2012).  

Yolk Proportion, Yolk Carotenoid Investment, and Female Bill Colour  

Results from yolk proportion and yolk carotenoid models will be discussed together in 

this section, as results were similar and these traits may be physiologically linked aspects of 
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maternal investment. For example, dietary carotenoid availability has been shown to limit yolk 

production (Blount et al. 2002). Carotenoid supplementation of female lesser black-backed gulls 

affected the relationship between egg mass and yolk mass such that yolk mass decreased as egg 

size increased in control but not in carotenoid supplemented female. Yolk is composed primarily 

of energy rich lipids and lipid soluble micronutrients including hormones, immune factors, and 

carotenoids as well as other antioxidants. Females may modify investment of these maternal 

effects via changes in yolk mass (i.e. Müller et al. 2009).  

I found no direct relationship between female age or body condition and yolk proportion 

or yolk carotenoid investment. Bill brightness and mean egg mass predicted mean yolk proportion 

in a model explaining 30% of the observed variation in 2008-2009 pooled data, and up to 86% of 

the observed variation in 2009, though sample size was small in this year. Bill brightness was 

negatively correlated with yolk proportion, indicating that females with darker yellow bills laid 

eggs with proportionately larger yolks. Yolk carotenoid investment was also predicted by female 

bill brightness. Females with darker bills invested more clutch mean total yolk carotenoids and 

total clutch carotenoids, but not higher carotenoid concentrations per se, explaining 

approximately 15% of the observed variation in pooled 2008-2009 data. Bill colour explained 

over 40% of variation in clutch carotenoid investment when years were analysed independently. 

As carotenoid concentration alone did not vary with bill brightness, yolk proportion seemed to be 

an important component of the relationship between bill colour and total carotenoid investment 

per yolk (or per clutch). 

The amounts of energy, macronutrients and micronutrients, including carotenoids, 

transferred to egg yolks are expected be related to female physiological status (i.e. availability of 

those compounds in the body) (Biard et al. 2009). Compounds devoted to producing egg yolk are 

lost from the female body, and this loss might exceed gains acquired via the diet (Bortolotti et al. 

2003). As noted in the section above on the relationship between bill colour and egg size 
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carotenoid-based integument colour has been shown to reflect circulating plasma carotenoids in 

both males and females in at least seven species  (reviewed in Hill and McGraw 2006; Navarro et 

al. 2010; Blas et al. 2013). Plasma levels of carotenoids, as well as carotenoid-based integument 

colouration, often display a seasonal decline in both sexes, and can be especially marked in post-

egg laying females (Navarro et al. 2010; Blas et al. 2013).  These findings suggest a plausible 

mechanism to maintain honesty of bill colour signaling. Females with more colorful bills may be 

better able to allocate carotenoids into integument for signaling and away from the immune 

system and other physiological functions including laying eggs. Higher quality and healthier 

females might better achieve this.   

Female carotenoid-based colour traits in many fish species predict egg carotenoid 

investment, number of eggs, viability of eggs, and male mate choice (i.e. Berglund et al. 1997; 

Amundsen and Forsgren 2001; Foote et al. 2004; Massironi et al. 2005; Svensson et al. 2006, 

2009). Sockeye salmon females, for example, deposit up to 85% of their carotenoid stores into 

their eggs (Crozier 1970). Male sockeye show an innate preference for redder females, with no 

apparent upper limit to the preference for increased red saturation (Foote et al. 2004). Blount et 

al. (2002) showed that female lesser black-backed gulls supplemented with dietary carotenoids 

had yellower legs, bills and orbital rings, and also laid eggs with more carotenoids deposited in 

yolk. Recent studies have shown that carotenoid-based integument colour in birds, and 

particularly bill colour (McGraw et al. 2005b; Navarro et al. 2010), can reflect carotenoid 

deposition into yolks. Support for this idea in the current study, as well as evidence of assortative 

mating by bill colour, suggests that male robins may pair with females with more colourful bills 

because they have higher plasma concentration levels of carotenoids, and these females transfer 

higher amounts of beneficial carotenoids into eggs. Further, the ability to acquire and metabolize 

carotenoids may be heritable in part (Kodric-Brown 1989; Craig and Foote 2001). By selecting 

females with colourful bills, males may gain direct benefits in the quality and probability of 
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survival of their offspring, and indirect genetic benefits of increased carotenoid utilization 

abilities of their young (Massironi et al. 2005). Thus, female bill colouration may reliably signal 

maternal quality in this species. 

 The high costs of acquisition, assimilation, and conversion of carotenoids, and the potential 

tradeoffs with important physiological functions versus status signaling, render carotenoid signals 

good candidates for reliable indicators of health and potential mate choice signals. The patterns of 

assortative mating and the relationships between yellow bill colour and female parasite load, body 

condition, and egg quality found in this study suggest that female bill colour may be related to 

male mate choice in robins. However, intrasexual competition may also play a role in the 

evolution of female bill colour. Even if bill colour evolved in a mate-choice context, the 

information relayed about individual quality could also be useful in female-female competitive 

interactions (i.e. Berglund et al. 1996). I did not assess circulating levels of carotenoids or 

testosterone in adult birds in this study. However, it is relevant to note that recent evidence has 

shown carotenoid-based bill colour may be mediated in part by testosterone (McGraw et al. 

2006), and may also function in signaling of status, potentially reflecting hormonal state and/ or 

readiness for aggression as well as an individual’s ability to buffer potential negative effects of 

high levels of circulating testosterone (Gonzalez et al. 2001). Bill color may convey information 

about breeding readiness as well as motivation to compete for food, nest sites, or mates. A link 

between dominance and carotenoid-based bill color might also arise from dominant females 

having better access to high-quality food sources (Murphy et al. 2009).  

Yolk Testosterone Investment and Female Breast Colour 

 Most research on maternal effects in terms of avian egg hormones concerns androgens. I 

chose to focus specifically on yolk testosterone, though measurement of testosterone level alone 

might not fully reflect maternal hormonal investment (Tschirren et al. 2004). Female birds 

deposit variable amounts of testosterone in egg yolk, and research has shown these hormones 
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influence several aspects of offspring development and phenotype, as discussed in Chapter 1. 

Previous studies that have shown immunosuppressive effects of experimentally increased yolk 

testosterone levels (Sockman and Schwabl 2000), optima specific to offspring sex (Saino et al. 

2006; von Engelhardt et al. 2006), dose dependent effects (Navara et al. 2005), and beneficial 

effects limited to periods of food limitation (Pilz et al. 2004) suggest potential benefits and costs 

of variation in yolk testosterone are likely complex. Variation may depend in part on heritability, 

parental and offspring phenotypes, and plastic responses to environmental cues (Groothuis et al. 

2005; Gil et al. 2006a; Müller et al. 2009). Moreover, there is potential for complementary or 

compensatory associations between testosterone and other yolk compounds, such as carotenoids 

(i.e. Royle et al. 2001; Navara et al. 2006; Groothius et al. 2005). However, as noted earlier, I did 

not detect a significant relationship between yolk carotenoids and yolk testosterone investment.   

 The adaptive significance and physiological mechanisms of patterns of variation in yolk 

androgen deposition among clutches remain unclear (Müller et al. 2007, 2009; Henriksen et al. 

2011). Variation might reflect physiological limitations and/ or adaptive strategies of the laying 

female (Mousseau and Fox 1998; Gil et al. 1999; Tschirren et al. 2004). If yolk testosterone 

investment represents a form of costly maternal investment (i.e. Gil et al. 1999), females may 

allocate differentially to maximize their lifetime fitness (Lack 1968). If androgens benefit all 

chicks similarly, females may benefit from adjusting the amount of hormones deposited in yolk in 

relation to their own quality, the quality of their mate, and their ability to match increased 

parental care demands (Müller et al. 2007).  

 Costs associated with yolk androgen deposition have been suggested by experimental 

studies showing decreases in yolk androgens in females raised in larger broods (Gil et al. 2004; 

but see Müller et al. 2009), in females exposed to an immune challenge (Gil et al. 2006a) and in 

females with elevated plasma corticosterone levels (Henriksen et al. 2011). Evidence also 

suggests female birds invest higher amounts of androgens in clutches of better potential quality. 
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For instance, females have been shown to invest more yolk testosterone when paired to attractive 

or older mates (Gil et al. 1999; Gil et al. 2006b, Michl et al. 2004; Safran et al. 2008; Remeš 

2011; but see Lopez-Rull and Gill 2009), and when breeding earlier in the season, a characteristic 

often associated with higher fitness (Pilz et al. 2003). I did not assess lay date (as I sampled nests 

opportunistically across the breeding season) or mate quality (as sample size of male data paired 

with nests where eggs were collected for lab analysis was limiting) with respect to variation in 

yolk androgen deposition in this study. Rather, I focused on variation in this trait in relation to 

individual female quality and female-specific colouration.  

There was significant inter-female variation in yolk testosterone investment in this study. 

Female body condition was not related to this variation. Androgen investment in yolks has been 

positively correlated with female body condition in some studies (i.e. Gil et al. 1999), but not in 

others (i.e. Pilz et al. 2003). Yolk testosterone levels do not seem to be positively correlated with 

yolk carotenoid deposition (Royle et al. 2001; Safran et al. 2010b; but see Navarra et al. 2006), 

but has been shown to vary with other reproductive traits such as clutch mass, egg size, and yolk 

mass (Müller et al. 2009; Hayward et al. 2011), which might suggest deposition of these 

compounds is related to female condition or reproductive experience (Safran et al. 2008). 

Testosterone investment was positively correlated with egg volume, but no relationship was 

detected between yolk testosterone and yolk mass or yolk carotenoid investment in this study. 

Females have been shown to decrease yolk androgen investment in nests experimentally infected 

with ectoparasites (Tschirren et al. 2004). However, no relationship between female ectoparasite 

load and yolk testosterone deposition was detected in this study. Supplemental feeding was 

associated with reduced yolk testosterone concentration in lesser black-backed gulls (Verboven et 

al. 2003), which suggests beneficial effects of yolk testosterone may be of greater importance 

during poor environmental conditions (Pilz et al. 2004; Müller et al. 2009).  
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I found female ornamentation, specifically female red breast colour, significantly 

positively predicted both yolk testosterone concentration and total testosterone investment per 

yolk. Females with darker and redder breasts laid yolks with higher testosterone concentrations 

and deposited more testosterone in egg yolk overall. These models explained between 30 - 40% 

of the observed variation in testosterone investment (up to 50% with outliers removed). Older 

females have also been shown to deposit higher levels of androgens in eggs (i.e. Pilz et al. 2003). 

Though variation in this colour trait was related to female age in this study population, age per se 

was not directly significantly related to yolk testosterone deposition.    

 Yolk testosterone investment might be influenced by maternal social experience and social 

status, which may also be related to melanin ornamentation. In many bird species social 

interactions with the same or opposite sex, including aggressive challenges during territory 

establishment and territory defence, increase androgen production (e.g. Schwabl 1997; Reed and 

Vleck 2001; Groothuis and Schwabl 2002; Mazuc et al. 2003; Hargitai et al. 2009). Androgen 

levels in females can vary widely as a function of environment, including their early 

developmental environment (reviewed in Groothuis et al. 2005; Müller et al. 2009; Safran 

2010b), and maternal levels of circulating androgens during yolk formation have been shown to 

correlate with yolk hormone levels (Schwabl 1996; but see Mazuc et al. 2003). Further evidence 

for the influence of social and environmental factors on yolk androgen levels comes from studies 

showing positive correlations between yolk testosterone concentrations and breeding density 

(Schwabl 1997; Hargitai et al. 2009) or number of territory intrusions (Whittingham and Schwabl 

2002). If levels of female social interaction influence yolk testosterone deposition, as evidence 

suggests, females may be able to modify the phenotypes of their offspring to prepare them for the 

level of social competition they might encounter after fledging (i.e Schwabl 1993, 1996; but see 

Müller et al. 2007). In canaries (Serinus canaria), high yolk T levels not only promoted postnatal 

growth and competitive ability, but influenced post fledging social status (Schwabl 1993, 1996).  
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 Melanin based plumage colouration has often been suggested as a potential status signal in 

birds, because, in addition to potentially being affected by food availability during molt 

(specifically dietary amino acids and metals) (Poston et al. 2005; reviewed in McGraw 2008), and 

possibly modulated by corticosterone (Roulin et al. 2008), it is often testosterone-mediated 

(reviewed in Jawor and Breitwisch 2003; McGraw 2008). Expression of melanin-based plumage 

signals can therefore be linked to physiological activity associated with competitive behaviour 

(Jawor and Breitwisch 2003) and could thus be maintained as an honest signal. [However, as 

discussed above, carotenoid-based ornaments have also received attention in recent years as 

potential status signals (i.e. Murphy et al. 2009; Roshenthal et al. 2012), and expression of these 

traits can also be linked to testosterone (Mundinger 1972; Blas et al. 2006)]. If competitive ability 

and/ or social status at the time of feather production is reflected in female melanin-based colour, 

and may also be related to investment in yolk testosterone levels at the time of breeding, this 

could subsequently influence offspring phenotype, competitive ability, and/ or social status. I 

suggest further study should explore the role of melanin based red breast plumage as a status 

signal in female robins, and the potential influence of parental social experience and breeding 

territory quality on yolk testosterone investment in this species.  

 

Conclusion 

 Results of this study indicate that multiple ornaments may provide information about 

aspects of condition and reproductive performance of female American robins to potential mates, 

as predicted by sexual selection models. Bill colour, breast colour and crown colour traits 

provided information about female age, quality (ectoparasite load/ body condition) and female 

capacity to allocate resources into reproduction. The patterns of assortative mating uncovered 

suggest that ornamental traits in female robins function as signals in competition over territories 

and mates, in mutual mate choice, or both (Andersson 1994). Mutual mate choice in species 
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where males invest in offspring care has clear adaptive value (Parker 1983; Johnstone et al. 1996; 

Johnstone 1997; Kokko and Johnstone 2002), if carotenoid and melanin-based colour traits are 

linked to female reproductive capacity, including maternal investment into egg components. 

Furthermore, as expression of ornaments can be related to testosterone and carotenoid investment 

in egg yolks female ornamentation might indicate to potential mates the levels of these 

components they invest into their eggs (Jawor et al. 2004). This may in turn influence the mating 

decisions of prospective mates and thereby shape the evolution of female ornamentation (Jawor et 

al. 2003). However, further experiments are needed before validating conclusions about the 

adaptive significance of female color in this species. A correlative link between colour traits and 

quality and/ or reproductive potential does not provide conclusive evidence of selection acting on 

females. However, even if the initial relationship between female colour and quality evolved as a 

by-product of selection on males, this could have provided a starting point for selection on female 

ornamentation (Amundsen and Parn 2006; Doutrelant et al. 2008). Female ornamentation in some 

species appears to vary importantly depending on environmental conditions that influence 

reproductive success (Parker et al. 2011, 2012). Therefore, multi-year studies that investigate the 

consistency of relationships between female color and maternal quality in differing selective 

environments may provide more insight into the mechanisms underlying female ornamentation. 
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SUMMARY 

1.   Female ornamentation in this study population reflected aspects of individual female 

quality including age, body condition and ectoparasite load. These results suggest that 

colourful traits may have a signaling function in female robins and multiple traits may 

convey aspects of quality.  

 

2.    Male robins were more colourful than females in general, but females were considerably 

more variable in their expression of ornamental traits. I found assortative mating based on 

bill and crown colour among social pairs of male and female American robins.  

 

3.   Females invested differentially into eggs within and between clutches. Results suggest 

complicated relationships among egg mass, yolk mass, and carotenoid and testosterone 

deposition in this species, which should be taken into account in further studies.  

 

4.    Female ornamentation was related to maternal reproductive investment. Female body 

condition and female bill brightness in addition to lay date were related to mean egg 

mass, such that females with lighter coloured bills laid larger eggs. Females with darker 

yellow bills laid eggs with proportionately larger yolks and deposited more carotenoids in 

their eggs. Females with redder breasts invested more testosterone in their yolks.  

 

5.    These results suggest female colour may function as an honest signal by which males can 

assess individual female quality and reproductive potential. Female ornamentation and 

mutual mate choice may be important in this and other socially monogamous species 

with bi-parental care.  
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Table A.1: Equally likely models for select female American robin colour traits in relation to body 
condition and day of year. Only models differing by less than two AIC units from the best model are shown 
(see Methods).  
 
Dependent                                Model  
variable       Rank       AICc        ∆        MS        F        df        R2        p             parameters        p>|t|   

Female bill YAS       1            355.9        -        17.3      13.8     115    0.11       0.0003     day of year   0.0003         

        2            354.9        1        7.9    6.5 115   0.15       0.001       day of year     0.001 

                   condition        0.472 

                   doy·condition 0.033 

    

 

Table A.2: Equally likely models for egg investment traits in relation to female colour. Only models 
differing by less than two AIC units from the best model are shown (see Methods).  
 
Dependent                                Model  
variable       Rank       AICc        ∆        MS        F        df        R2        p             parameters         p>|t|  
Egg size   1            187.38       -        1.9       6.2      108     0.15     0.0006     condition         0.006  
                                                                                                                                          day of year      0.026 
                                                                                                                                          F. bill B2         0.003                              
    2            188.31    0.93     1.5       5.0      108     0.16     0.001       condition         0.006  
                                                                                                                                          day of year      0.014 
                                                                                                                                          F. bill B2         0.008 
                 doy· B2      0.263 
    3            189.35    1.97     1.5       4.7      108     0.15     0.002       condition         0.008  
                                                                                                                                          day of year      0.045 
                                                                                                                                          F. bill B2         0.019 
                 F. bill S9          0.610 

Dependent                                Model  
variable       Rank       AICc        ∆        MS        F        df        R2        p             parameters        p>|t|  
Yolk proportion          1           136.77       -       0.002    5.6       26     0.32      0.002       egg mass          0.058 

F. bill B2         0.012                              
       2           135.41    1.36     0.002    6.6       26     0.21      0.017      F. bill B2         0.017 

                3           136.55    0.22     0.001    4.8       26     0.38      0.009       condition          0.125  
                                                                                                                                          egg mass          0.038 
                                                                                                                                          F. bill B2         0.015  

Dependent                                Model  
variable       Rank       AICc        ∆        MS        F        df        R2        p             parameters        p>|t|  
Total yolk        1           189.88       -       715.7    3.8       21     0.47      0.023       F. bill B2          0.011 
carotenoids                          lay date            0.495 
                 date· bill B2     0.024 
                 F. bill S9     0.052 
                                   2           189.66    0.22    1418.3   6.1       21     0.23      0.023       F. bill B2         0.023 
                                   3           191.07    1.19     675.9    3.0       21     0.33      0.059       F. bill B2         0.072  
                                                                                                                                          lay date            0.265 
                                                                                                                                          date· bill B2     0.183 
                                   4           189.87    0.01     799.9    3.4       21     0.26      0.056       F. bill B2         0.031          
                                                                                                                                          lay date            0.39 

 



 

124 

 

Table A.3: Reduced pairwise correlation matrix for predictor variables of clutch mean egg mass (g)   
_______________________________________________________________________ 
Variable    by Variable   Correlation (r)      p 
_______________________________________________________________________ 
Fem. Condition   Mean egg mass       0.19   0.07 
Lay Day of Year   Mean egg mass       0.17   0.08  
F Bill B2 (Ave)    Mean egg mass       0.25   0.012 
F Bill S9 (Max)    Mean egg mass                    0.26   0.008 
Lay Day of Year    Fem. Condition             -0.18   0.071 
F Bill B2 (Ave)    Fem. Condition           -0.12   0.226 
F Bill B2 (Ave)   Lay Day of Year                     0.02   0.849 
F Bill S9 (Max)   Fem. Condition            0.08                0.656 
F Bill S9 (Max)   F Bill B2 Ave       0.41   0.001    

 

 

Table A.4: Reduced pairwise correlation matrix for potential predictors of clutch mean proportion yolk 
(see table 3.14 for additional relevant pairwise correlations for clutch mean egg mass). 
________________________________________________________________________ 
Variable    by Variable   Correlation (r)      p 
Lay day of year   Proportion yolk          0.12   0.79  
F body condition   Proportion yolk                     0.11   0.56 
Mean egg mass   Proportion yolk     −0.33   0.09  
F Bill B2 (Ave)   Proportion yolk      −0.33   0.08 
F Bill S5b (Max)    Proportion yolk                   −0.31   0.10 
F Bill S9    Proportion yolk         0.15   0.43 
F Bill B2 (Ave)   Lay day of year                     0.02   0.91 
F Bill S5b (Max)   Lay day of year         −0.17                 0.27   
F Body Condition  Lay day of year     −0.18   0.07 
F Bill S5b (Max)   F Bill B2 (Ave)       0.44    0.001 

 

 
 
Table A.5: Reduced pairwise correlation matrix for potential predictor variables for clutch mean T 
concentration (pg·mg -1) (n=30) and clutch mean T investment per yolk (ug·yolk -1) (n=29).  
_______________________________________________________________________ 
Variable    by Variable   Correlation (r)     p 
_______________________________________________________________________ 
Lg Mean egg volume  Lg Mean T conc.        0.27   0.16 
Lay Day of Year   Lg Mean T conc.      −0.11   0.58 
Female Body Condition  Lg Mean T conc.                      0.07   0.75   
F Breast B2   Lg Mean T conc.                   −0.38    0.04 
F Breast S1R   Lg Mean T conc.       0.29   0.16 
Female Body Condition  Lg Mean T yolk                      0.14   0.45  
F Breast B2   Lg Mean T yolk     −0.44   0.02 
F Breast S1R   Lg Mean T yolk        0.27   0.19 
F Breast B2   F Breast S1R     −0.83              <0.001  
F Crown B2   Lg Mean T conc.      −0.31   0.09 
F Crown B2   Lg Mean T yolk     −0.25   0.09 
F Crown B2   Lay Day of Year     −0.23   0.02      
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Table A.6: Reduced pairwise correlation matrix for potential predictor variables for clutch mean 
carotenoid concentration (pg·mg yolk -1), clutch mean total carotenoid investment per yolk (ug·yolk -1), 
clutch maximum total carotenoid investment per yolk (ug·yolk -1), and total clutch carotenoid investment 
(ug·clutch-1). See previous correlation matrix tables for additional relevant correlations. 
_______________________________________________________________________ 
Variable                  by Variable   Correlation (r)      p 
_______________________________________________________________________ 
Mean C conc. (pg·mg -1)   F Bill B2 (Ave)       0.26   0.17  
Mean C per yolk (ug·yolk -1)    F Bill B2 (Ave)      −0.36   0.05  
Mean C per yolk (ug·yolk -1)    F Bill S9  (Ave)     −0.23   0.22 
Mean C per yolk (ug·yolk -1)    Lay day of year       0.16   0.38 
Mean C per yolk (ug·yolk -1)  F body condition     −0.08   0.65 
Max C per yolk (ug·yolk -1)  F Bill S5b (Ave)       0.27                0.15 
Max C per yolk (ug·yolk -1)  F Bill S9 (Ave)     −0.36                0.07 
Total clutch C (ug·clutch -1)  F Bill B2 (Ave)      −0.39   0.03 
Total clutch C (ug·clutch -1)  F Bill S9 (Ave)     −0.36   0.06 
Total clutch C (ug·clutch -1)  F Bill H4b (Ave)     −0.20   0.29         
F Bill S9  (Ave)    Lay day of year           0.16   0.41 
F Bill S5b (Max)    Lay day of year       −0.21   0.27 
F Bill H4b (Ave)    Lay day of year       0.31   0.10    
F Bill B2 (Ave)    F Bill S9  (Ave)       0.29   0.11  
F Bill S9  (Ave)    F Bill H4b (Ave)       0.58   0.001 
F Bill S9  (Ave)    F Bill S5b (Ave)     −0.57   0.001 

 
 

 


