
Why is a robin’s egg blue?

Exploring the evolution of egg colour in birds

by 

PHILINA ANNE ENGLISH

A thesis submitted to the Department of Biology 

in conformity with the requirements for the 

degree of Master of Science

Queen’s University

Kingston, Ontario, Canada

May, 2009

Copyright © Philina A. English, 2009



ABSTRACT

A recent hypothesis for explaining blue-green eggs in birds suggests that they may 

be a sexually selected signal of female (and thus nestling) quality that males use 

to make parental investment decisions. Although this hypothesis has found mixed 

correlational support in a few species, well-controlled experimental support has 

been lacking in non-cavity-nesting species with vivid blue eggs. In this study, we 

isolate the influence of egg colour on male behaviour by replacing natural 

American robin Turdus migratorius clutches with four artificial eggs (all of the 

same colour) representing extremes in natural colour intensity. After incubation, 

three unrelated nestlings were fostered into each experimental nest immediately 

after the normal incubation period and parental behaviour was monitored when 

nestlings were 3, 6, and 9 days old. For the youngest nestlings, male provisioning 

rate significantly increased in the dark egg treatment, but the effect of egg colour 

disappeared at the older nestling stages.  This result remains significant when 

controlling for variation in female behaviour. Male feeding rate at unmanipulated 

nests was also significantly related to natural egg colour. These results suggest 

that blue-green egg colour acts as post-mating signal of female quality in at least 

some cup-nesting species, but does not exclude the possibility that the blue-green 

pigment also serves other adaptive purposes.
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CHAPTER 1. General Introduction

“I know of no more inspiring subject than the colour of birds’ eggs. 
The most superficial glance over a collection of eggs reveals hosts of 
interesting problems which require solution. I look forward to the 
time when any description of colour and marking will be considered 
incomplete unless supplemented by an account of their meaning and 
importance in the life of the species.” (Poulton 1890)

In the past century, we have made considerable progress in addressing adaptive questions 

about birds, but our current understanding of the meaning and importance of egg colour 

is still surprisingly incomplete. While the broad variability in both the colour and 

patterning of birds’ eggs has inspired considerable speculation concerning their adaptive 

significance, only a few evolutionary hypotheses have been tested. Without a thorough 

understanding of egg chemistry and physiology, and how it varies across all species, it is 

difficult—if not impossible–to truly understand the evolutionary processes involved.

Unfortunately most detailed studies of egg chemistry and physiology have 

concentrated on commercial and domestic species, but they have shown the following. It 

takes about 24 hours after fertilization for most birds’ eggs to form. About 4 hours after 

the ovum is released into the infundibulum (and usually fertilized) it has moved down to 

the isthmus where shell formation begins (Figure 1.1). For the next 20 hours or so, calcite 

crystals grow on the surface of the membrane surrounding the albumen to form a dense 

layer interwoven with protein and pigment molecules that constitute the shell. Finally, a 

protein layer, or cuticle, covers the outer surface of the egg and acts as the first line of 

defence against desiccation and microbial infection for the developing embryo (Reu et al. 
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Figure 1.1. The avian female reproductive tract (on the left) including ovary (1-5), 

infundibulum (7), magnum region (9) where the ovum becomes coated in albumen (10), 

isthmus (13) where the shell membranes are formed, the uterus (14), the large intestine 

(15) and cloaca (17), from which the egg is laid.  The other figure shows where shell 

formation and pigmentation occurs as the egg rotates past glands on the uterus wall. 

From Duval (1889).



2006). Depending upon the type of bird, pigment molecules can be either distributed with 

varying degrees of evenness throughout the shell structure, or deposited mainly in the 

cuticle. Most of the resulting colours and patterns are heritable characteristics of species 

and populations (Punnett 1933; Poole 1964; Burley and Vadehra 1989), but there can be 

variation in the expression of these traits based on female condition and resource 

availability (Gosler et al. 2000; Moreno et al. 2005; Siefferman et al. 2006; Aviles et al. 

2007).

 The appearance of most birds’ eggs can be described by a base colour and both the 

colour and pattern of any maculation (Figure 1.2). Base colours can be white, shades of 

brown (cream, pinkish, chocolate, etc.), blue, or even green. The maculation generally 

consists of spots or scrawls of varying colour, size, distribution and density. Both base 

colours and maculation are primarily due to three pigments, all related to haemoglobin: 

protoporphyrin IX is responsible for browns, reds and yellows, and both biliverdin IX 

and biliverdin zinc chelate are responsible for blues and greens. Protoporphyrin is a 

precursor to the haem portion of haemoglobin, whereas biliverdin is formed when the 

haem group in haemoglobin is cleaved, and this can be further reduced to bilirubin 

(Figure 1.3). Zhao et al. (2006) recently found evidence that the blue pigments are 

synthesized at the shell gland, while protoporphyrin is most likely synthesiszed in the 

blood (Baird et al. 1975). It has been suggested that some or all of these pigments may be 

of limited availability in the body and that they can act as antioxidants and pro-oxidants, 

depending upon the circumstances (Afonso et al. 1999; Asad et al. 2001; McDonagh 

2001; McGraw 2005).
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Figure 1.2. A diversity of colours and patterns in passerine eggs from the Queen’s 

University collection. Photo by Philina English.
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Figure 1.3. An iron atom (Fe2+) is inserted into the centre of the protoporphyrin ring to 

form the haem component of haemoglobin. Later in the breakdown of haemoglobin, the 

pyrrole ring is broken to form biliverdin and in some species further reduced to form 

bilirubin.
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 Pigment-free eggs appear white due to the high reflectivity of dry calcite crystals, 

which also appear somewhat translucent when moist. When present, protoporphyrin is 

generally concentrated in the outer shell layers or in the cuticle, while biliverdin is always 

distributed throughout the shell structure (Harrison 1966; Schwartz et al. 1975). As a 

result, the inner surface of the shell always appears white or blue, while the base colour 

of the outer surface can either be the same as the inner surface, or in the presence of a 

protoporphyrin layer can appear either buff-coloured to shades of brown if the inner shell 

is white, or pale green to dark olive if the inner colour is a shade of blue. Similarly, all 

maculation on eggs is protoporphyrin-based and can either be entirely on the outer shell 

surface, as in all Galliformes, or distributed at varying depths in the shell (Figure 1.4)

(Harrison 1978). When the pigment globules are near the surface, they show through the 

partly translucent outer shell layer resulting in shades of pink, grey, or buff in otherwise 

white eggs, or shades of purple, lilac or mauve in blue shells. In the majority of species 

exhibiting eggshell maculation, the pigment is distributed both within the shell structure 

and on the shell surface and tends to be concentrated around the larger end of the egg.

One survey of pigments in birds’ eggs found that visually white eggs often contain 

protoporphyrin and/or biliverdin but not biliverdin’s zinc chelate (Kennedy and Vevers 

1976). Only 6 of 108 species sampled in that study had eggshells that did not contain any 

known pigment: northern fulmar (Flumarus glacialis), white-throated dipper (Cinclus 

cinclus), one of three pigeon species and all three parrot species that were sampled. The 

shells of only three species contained biliverdin but not protoporphyrin: American robin 

(Turdus migratorius), European starling (Sturnus vulgaris), and glossy ibis (Plegadis 
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Figure 1.4. Top: Very pale blue eggs of Accipiter nisus with protoporphyrin patches 

distributed at varying depths in the shell.  Bottom left: cross-section of eggshell (X25), 

with external surface facing downward, showing bands of protoporphyrin at varying 

depths in an otherwise evenly coloured shell. Bottom right: detail of overlapping pigment 

spots (X10). Surface protoporphyrin (solid arrow) over top of the biliverdin ground 

colour and internalized protoporphyrin (dahed arrow) showing through a layer of shell 

containing biliverdin. From Jagannath et al. (2007).



falcinellus), which also contained the zinc chelate. Only the white-collared flycatcher 

(Muscicapa collaris) had egg shells containing both protoporphyrin and biliverdin’s zinc 

chelate, but lacking independent biliverdin. Of the remaining species, 49 had egg shells 

containing only protoporphyrin, 33 with both protoporphyrin and biliverdin, and 17 with 

all three primary pigments. Based on this survey there were no clear patterns in the 

distribution of pigments across avian orders, and all pigments occurred sporadically from 

the oldest avian lineages to the most derived (see Hackett et al. 2008 for a comprehensive 

molecular phylogeny). Likewise, the presence of biliverdin deposited in the yolk of the 

Mexican leaf frog (Pachymedusa dacnicolor)—where it contributes to the physiological 

development of the embryo (Falchuk et al. 2002) and might provide camouflage for eggs 

laid on vegetation (Martinetti and Bagnara 1983)—suggests that these molecules have a 

long evolutionary history in eggs.

Adaptive explanations for the evolution of egg colours are diverse. White is 

considered to be the ancestral state based on both phylogenetic character analysis (Kilner 

2006) and being the only character state present in extant crocodilians, the closest living 

relatives to birds (Wallace 1889). White is also the appearance of the structural 

components of pigment-free eggs (Kennedy and Vevers 1976). Dominant hypotheses for 

the subsequent evolution of colour in birds’ eggs include the need for crypsis, individual 

egg recognition, brood parasite mimicry, thermoregulation, and improved eggshell 

strength. Other more specialized hypotheses suggest that bright colours may be more 

visible to the parents when eggs are laid in dark environments, or may provide some form 

of aposematic or sexual signalling. In general, the presence of brown pigment, whether in 
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base colour or pattern, has been associated with predator avoidance (camouflage), while 

the presence of blue is less well understood. I discuss below the adaptive hypotheses and 

supporting research relevant to each major egg type with a particular focus on rich blue-

green colouration and its evolutionary origins. For additional information, Kilner’s 

(2006) review of egg colour in birds, and Underwood and Sealy’s (2002) chapter in Avian 

Incubation should be consulted.

Why such diversity in egg appearances?

The dominant impression one has when observing a collection of eggs is of tremendous 

variety and intricacy of pattern (Figure 1.2). Perhaps it is not surprising that the majority 

of attention to egg colour in wild birds has been concentrated on explaining this variation. 

The simplest explanation is that birds exploit such a wide variety of habitats that the 

patterns that provide optimal crypsis must also vary widely (Wallace 1889). This is 

certainly true for much of the interspecific variation in generally cryptic (brown) eggs. 

However, there are many cases that require further explanation including the African 

village weaver (Ploceus cucullatus), the eggs of which exhibit ground colours from white 

to deep blue-green and maculation varying in size, shape, shade and density, despite 

being concealed within elaborate woven nests (Figure 1.5), and the common murre (Uria 

aalge) whose equally variable eggs are laid directly on exposed cliff ledges (Figure 1.6). 

Although this level of variability is relatively rare, it is not unique to these species. 

Despite the weaver being a small passerine with elaborate nest structures and the murre a 

large seabird, these two species do share one characteristic besides variability in egg 
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Figure 1.5.  The female African village weaver (Ploceus cucullatus, top left; 

photo by Doug Janson), suffers from intra- and interspecific brood parasitism 

resulting in diversity in egg colour and pattern (bottom right, photo adopted from 

Collias 1993). 
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Figure 1.6. The common murre (Uria aalge), a colonial nesting seabird,  lays a 

single egg on bare rock. Variation in colour and patterning of the eggs allows each 

pair to reconize its own egg. Photo by Robert Montgomerie.



colour—they are both colonial. The standard explanation for high within-species 

variation in egg colour is that consistent differences between their eggs allow individual 

females to recognize their own eggs. In the common murre, eggs laid by one female 

generally appear similar but differ noticeably from those of neighbouring females. 

Tschanz (1958) showed that individuals learn to recognize their own egg and will retrieve 

them—as well as others similar in appearance—if they roll into the vicinity of a 

neighbouring pair’s egg. This ability to recognize her own egg appears to be learned 

during the laying of a female’s first clutch, and, as a result, females can be experimentally 

manipulated into learning the wrong egg type (Tschanz 1958; Lotem et al. 1995). 

Individuals apparently compare any egg with their memory of the pattern and variability 

previously experienced in their own clutches (Lahti and Lahti 2002), and so reduced 

variation within-individuals is likely to enhance the ability of females to accurately 

identify eggs that are not their own (Lyon 2003; Kilner 2006). 

In species that build nests, where eggs are not able to roll away, we might expect egg 

recognition to be required only when brood parasitism—the practice of laying eggs in 

another bird’s nest—is common (Figure 1.7). African village weavers experience both 

intra- and inter-specific brood parasitism, and differences in both background egg colour 

and spotting pattern aid in recognition and expulsion of foreign eggs (Victoria 1972; 

Lahti and Lahti 2002). Patterns of increased between-female and decreased within-female 

variation observed in village weavers begin to disappear in populations introduced on 

islands that lack an obligate brood parasite with mimetic eggs (Lahti 1995). While egg 

recognition is certainly possible, many species will incubate eggs that look nothing like 
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Figure 1.7. Some species experience intense brood parasitism. This red-eyed vireo 

(Vireo olivaceus, middle sized egg) has had two of it’s own eggs replaced, one by a 

brown-headed cowbird (Molothrus ater, abnormally small egg ) and one by a bronzed 

cowbird (Molothrus aeneus, largest egg). Photo by Vanya Rohwer.



their own presumably due to a lack of experience with brood parasites or a lack of 

selective advantage over the relevant evolutionary time period (Davies and Brooke 1989). 

For example, some species are too small to safely remove a foreign egg without 

damaging their own; so if the costs of abandoning and rebuilding outweigh the costs of 

rearing the foreign chick, egg recognition might even be selected against (Davies and 

Brooke 1989; Lotem et al. 1995).

 The evolutionary response to egg recognition and egg colour variation is that some 

species of obligate brood parasites also exhibit a wide diversity of egg colours (Brooke 

and Davies 1988). Where host species learn to identify parasitic eggs and respond by 

either expelling or abandoning them, obligate brood parasites experience strong selection 

towards producing mimetic eggs that cannot be detected by hosts. Where the majority of 

suitable hosts have similar eggs, selection will initially be directional, but where a 

diversity of egg patterns occurs amongst discriminatory hosts, disruptive selection is 

expected to result in egg colour polymorphisms (Figure 1.8). These polymorphisms 

appear to be maintained via sex-linked genetics transmitted along the female line and 

reinforced through female imprinting on foster parents (Gibbs et al. 2000). Assortative 

mating based on the natal host species of each pair member appears not to occur because 

adult birds do not exhibit any traits that would reveal the identity of their foster parents, 

allowing the maintenance of  polymorphic female lines for each egg colour 

polymorphism without genetic divergence within species. The presence of 

polymorphisms within a host species, like the village weaver, would require the parasite 

not only to imprint on her foster species, but to also recognize clutches similar to her own 
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Figure 1.8. The common cuckoo (Cuculus canorus) is an obligate brood parasite 

exhibiting many polymorphic egg races. The egg on the left of each pair belongs to a 

cuckoo, while the egg on the right belongs to a host species. The host species shown (top 

to bottom in left, then right, column) are: dunnock (Prunella modularis), tree pipit 

(Anthus trivialis), chaffinch (Fringilla coelebs), skylark (Alauda arvensis), red-backed 

shrike (Lanius collurio), common redstart (Phoenicurus phoenicurus), great reed warbler 

(Acrocephalus arundinaceus), brambling (Fringilla montifringilla), winter wren 

(Troglodytes troglodytes), and European robin (Erithacus rubecula). Photo modified 

from Walters (1994).

Cuckoo   Host       Cuckoo      Host



egg type. This likely increases the probability of the cuckoo making a mistake and laying 

in a nest for which its egg is not mimetic. This scenario of stable polymorphisms 

preventing unbridled parasitism, while maintaining the possibility for a high level of 

mimicry, is the mathematically predicted end result of co-evolution between a host-

parasite pair in the absence of other genetic or environmental constraints on egg colour 

(Takasu 2003).

 Given that frequent brood parasitism affects a minority of species, and that most 

species recognize the location of their nest rather than their eggs, it is not surprising that 

examples of multiple within-species polymorphisms are uncommon. However, the rarity 

of even moderate within-species variation in general egg colour and pattern suggests that 

other genetic, or more likely environmental, constraints are the dominant factors driving 

egg colour evolution. 

Why are pigments not only on the surface?

As discussed earlier, patterned and blue eggs often contain pigments hidden deep within 

the shell structure. In fact, the majority of species with maculated shells contain 

protoporhyrin pigment patches hidden within the shell (Figure 1.4). This is the case in all 

Passeriformes, while hidden pigment patches are absent in the orders including the 

gamebirds (Galliformes), the loons (Gaviiformes) and the herons (Ciconiiformes) and the 

families Falconidae and Jacanidae (Harrison 1966).

 The pattern of biliverdin distribution in eggshells appears even more consistent. In 

all Neognathae and the tinamous (Tinamidae), blue pigment is distributed throughout the 
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structure of the shell and never occurs in discrete patches (Harrison 1966; Schwartz et al. 

1975). Only the ratites vary from this pattern by lacking pigment in the mammillae, 

which form the innermost layer of the shell (Harrison 1966).  So, what can possibly be 

the purpose of pigments embedded deep within the shell? 

 One possibility is that protoporphyrin and biliverdin provide some structural benefit 

to the shell, possibly through direct cushioning of calcite crystals to prevent brittleness, or 

simply as a substitute for calcite when resources are limited (Solomon 1987, 1997). It has 

also been suggested that the relative abundance of protoporphyrins in avian blood, as well 

neutral pH, high infrared reflectance, and a molecular structure reminiscent of the solid-

state lubricants used by engineers make them ideal for use in eggshell construction 

(Solomon 1987, 1997). In great tits (Parus major), a species with the typical pattern of 

diffuse brown speckling on a small white egg (Figure 1.9), Gosler et al. (2005) found 

evidence that the speckles serve a structural function. For individual eggs, pigment 

patches were located in thinner areas of the shell and eggshell thickness became more 

variable as mean thickness decreased. Within clutches, the darkness and size of 

maculation increased with laying sequence. Between clutches, eggshells were generally 

thicker and less spotted in nesting habitats with higher soil calcium. So far biliverdin has 

not been studied in as much depth, although its similar molecular structure suggests that 

it could be equally useful in shell construction (Hargitai et al. 2008). If biliverdin does 

serve some valuable structural role, the decreasing intensity of blue in the egg-laying 

sequence observed in pied flycatchers, Ficedula hypoleuca (Moreno 2005), could be the 

result of chemical limitation, or be related to the pattern of decreasing investment in egg 
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Figure 1.9. Variation in diffuse speckling across a wide range of passerine species. The 

yellow-rumped warbler (top left) and magnolia warbler (top right) show typically 

variable spotting and, along with the house wren (bottom right), the spots are 

concentrated in a ring around the broader end of the egg. The swainson’s thursh (bottom 

left) and the alder flycatcher (centre) have larger colour patches with different base 

colouration. Photos by Philina English.



size and shell thickness associated with asynchronous hatching and brood reduction 

(Nisbet 1982). Likewise, the increasing intensity of blue in the egg laying sequence 

observed in eastern bluebirds, Sialia sialis (Siefferman et al. 2006), and collared 

flycatchers (F. albicollis) might either act to compensate for a depletion in calcium 

resources or be correlated with increases in female investment offsetting the 

disadvantages faced by asynchronous hatching (Hargitai et al. 2008). 

 Other possible roles for pigments within the shell have yet to be explored. One 

possibility is that they are biologically active, either used directly by the embryo or 

providing some form of antimicrobial protection. Alternatively, they may simply be 

deposited through some evolutionary accident, possibly as a by-product of metabolism 

reflecting female stress during the egg-laying period (Moreno and Osorno 2003; Hargitai 

et al. 2008). 

Evidence suggesting a biologically active role for eggshell pigments is limited but 

intriguing. Biliverdin has been shown to be generally biologically active both as an 

antioxidant (Kaur et al. 2003) and in an anti-inflammatory capacity (Nakagami et al. 

1993). Protoporphyrin has been categorized as an antioxidant when bonded to a metal ion 

(McGraw 2005), but is otherwise considered a pro-oxidant at high concentrations 

(Afonso et al. 1999) and possesses light-activated antimicrobial properties (Stojiljkovic et 

al. 2001; Bozja et al. 2003). Research into the antimicrobial defences of eggshells have 

already shown that soluble shell components, including certain proteins, inhibit growth of 

some bacteria (Mine et al. 2003; Nys et al. 2004) and that eggs with thinner cuticles are 

more susceptible to bacterial penetration (De Reu et al. 2006). It therefore seems possible 
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that concentrations of protoporphyrin may provide some light-mediated antimicrobial 

defences, but possible roles for biliverdin and other eggshell constituents remain 

unexplored.

Why lay white eggs?

Many birds lay white or nearly-white eggs, including all species in orders such as the 

tubenose seabirds (Procellariiformes), grebes (Podicepediformes), parrots 

(Psittaciformes), owls (Strigiformes), woodpeckers (Piciformes), and swifts and 

hummingbirds (Apodiformes) with the exception of tree-swifts (Hemiprocnidae) with 

their strange grey eggs. The white appearance is caused by the calcium crystals that form 

the rigid shell, but the presence of pigments in many eggs that appear white raises a 

number of questions. Is there some structural or chemical benefit from these pigments 

that suggests an intermediate stage in the evolution of coloured eggs? Or is it simply that 

all of these species evolved white eggs secondarily and retain trace amounts of pigment 

from an ancestral state as a coloured egg? The latter is almost certainly the case for many 

groups—for example, the high frequency of coloured eggs in the songbirds 

(Passeriformes) suggests that passerine species with white eggs likely had an ancestor 

with coloured eggs. However the abundance of white eggs that contain traces of pigment 

even amongst ancient avian lineages suggests that these pigments have some role other 

than visual signalling (see section Why pigments are not only on the surface?).

  Species that presently have white eggs are often those that either cover their nest 

when the adult is not incubating, aggressively defend their nest, or nest in cavities or 
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other well-concealed or inaccessible locations (Figure 1.10). The whiteness of these eggs 

is generally explained by either a lack of selection for crypsis, the absence of significant 

chemical or structural benefit of concentrated pigmentation, and/or enhanced visibility to 

parents in dark nest sites. Cavity nesters that must keep track of eggs both to ensure 

proper care and incubation, and to prevent damage (Holyoak 1969; Aviles et al. 2006) 

would benefit from having white eggs that are easily detected in dim light. The ‘lack of 

selection’ hypothesis requires that there be no benefit to pigment deposition, but this has 

not yet been shown (Underwood and Sealy 2002). However, there is evidence for the loss 

of pigmentation in environments that are dark, or otherwise do not select for cryptic 

colouration. Thus, cavity-nesting species show reduced pigmentation when compared to 

their closest open-nesting relatives and some burrow-nesting alcids have eggs that appear 

white but have faint markings reminiscent of cliff dwelling members of the family 

(Poulton 1890). Domestication is another situation that can limit the selective forces 

acting on egg colour, and various breeds of domestic fowl have egg colours that tend 

towards increasing whiteness (Darwin 1875; Poulton 1890). 

Why lay brown eggs?

Given the high nutrient content of embryos, many mammal, bird and reptile species make 

eggs a large component of their diet (Orians and Janzen 1974). In bird species that are 

unable to effectively defend their nest, incubating adults often blend in very well with 

their surroundings (Figure 1.11). At times, however, eggs have to be left unattended (e.g., 

while the parent forages), and under these circumstances cryptically coloured eggs will 
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Figure 1.10. White eggs occur most often in species like the Canada goose, Branta 

canadensis (left) which aggressively defend their nests, or in woodpeckers and other 

cavity nesters where the eggs are thoroughly conceal from view (middle, a three-toed 

woodpecker, Picoides tridactylus, peers from its nesting cavity; right, eggs and hatchling 

boreal chickadees, Poecile hudsonica, are barely visible at the bottom of a hollow snag). 

Photos by Philina English.
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Figure 1.11. The eggs and incubating adults of many ground-nesting species are very 

well camouflaged. Top right: female rock ptarmigan (Lagopus muta) and her clutch of 

brown-speckled eggs (photo by Robert Montgomerie). Bottom left: the eggs of the 

American golden plover (Pluvialis dominica) match almost perfectly the tundra lichens 

on which they nest (photo by Philina English).



be much more likely to avoid detection. Of course, the need for crypsis will depend upon 

the nesting environment. Species nesting in cavities, amongst dense foliage, or on 

inaccessible cliffs, as wells as those capable of intimidating predators by individual or 

group aggression will be less likely to evolve cryptic egg patterns than those in exposed 

areas with less aggressive defence strategies. 

 The best examples of cryptic eggs occur among members of the shorebird family 

Charadriidae, many of which nest on beaches or open tundra (Figure 1.11). The shells of 

their eggs are often white or very pale blue, with a thin, pigmented surface layer 

obscuring much of this paleness with markings that make the eggs almost invisible 

against the dominant nesting habitat (Walters 2006). These heavily pigmented brown 

eggs have been shown to suffer less depredation than white or relatively pale eggs both 

for ground-nesting species (Tinbergen et al. 1962; Montevecchi 1976; Solis and de Lope 

1995; Yahner and Mahan 1996; Blanco and Bertellotti 2002; Castilla et al. 2007) and 

some species with elevated nests (Westmoreland and Best 1986; Westmoreland and Kiltie 

2007). However, there is also considerable evidence that most predators first detect 

conspicuous nest structures, essentially providing no advantage for egg crypsis in most 

species with elevated nests (Gotmark 1992; Weidinger 2001).

Why lay blue-green eggs?

Are vivid blue-green eggs simply the result of chance increases in the concentration of 

biliverdin that was already present in the eggshell for structural or biochemical reasons, 

or through evolutionary accident? Although possible, most of these mechanisms could act 
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even under a patterned brown surface layer. In the absence of a need for camouflage, the 

brown surface layer would be lost resulting in vivid blue-green eggs. However, the 

presence of a vivid blue-green shell hidden by a dull surface layer is relatively rare, if it 

exists at all, suggesting that these hypotheses are most relevant to the presence of pale 

blue eggshells and additional explanations will be required to explain the intensity of blue 

colour found in species such as the American robin (Turdus migratorius), grey catbird 

(Dumetella carolinensis, Figure 1.12) and glossy ibis (Plegadis falcinellus).

 It has also been suggested that blue eggs may in fact be cryptic in certain 

environments (Wallace 1889). Many of the species with the most intensely blue eggs nest 

in shrubby or open forest habitats where bright spots of sunlight break sporadically 

through the layered vegetation making blue-green eggs appear somewhat like a leaf-

filtered patch of sunlight (Lack 1958; Oniki 1985; Figure 1.12). It has even been found 

that of the two egg morphs in the South American tern (Sterna hirundinacea), the 

greenish egg is more cryptic than brown eggs to mammalian predators, while browner 

eggs are more cryptic to avian predators (Blanco and Bertellotti 2002). Thus, due to the 

partial colour blindness of some mammalian predators, vivid blue might not always seem 

so conspicuous, but studies testing for differences in depredation rates between blue and 

other egg colours have often not found support (Gotmark 1992; Weidinger 2001; 

Westmoreland and Kiltie 2007). This is probably because in species that build a hanging 

or cup nest above ground many predators find eggs by detecting the nest itself (Gotmark 

1992; Weidinger 2001). Even in a forest study lacking obvious nest structures, blue eggs 

were depredated at equivalent rates to white eggs (Gotmark 1992) suggesting that, in the 
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Figure 1.12. The grey catbird (Dumetella carolinensis) lays one of the most richly 

coloured eggs of all passerines. Their blue-green appearance changes dramatically 

depending on the lighting: natural leaf-filtered sun-light (left) and conventional flash 

photography (right). Photos by Philina English.



songbirds at least, crypsis is probably not the adaptive force behind the evolution of 

bright blue eggs. 

 Because embryos are incubated at temperatures only slightly below those that are 

potentially fatal (Webb 1987), the type and concentration of pigmentation could play an 

important role in thermoregulation. Likewise, the blue pigment could act as a parasol, 

preventing solar radiation from passing through the otherwise translucent calcite matrix 

and harming the embryo (Lahti 2008). Early work suggested a tradeoff between crypsis 

and thermoregulation because dark egg colours in exposed environments imposed a high 

risk of overheating the developing embryos due to absorption of solar energy (Bertram 

and Burger 1981; Montevecchi 1976). These studies were conducted using artificial 

colour (e.g., crayons) and subsequent studies have shown that egg pigments are in fact 

highly reflective in the infrared making them much less heat absorbent than those 

artificially coloured eggs (Bakken et al. 1978). While blue eggs are on average more 

reflective than brown eggs, there is considerable overlap in the spectral curves (Bakken et 

al. 1978), and a field study comparing the thermal properties of naturally brown and blue 

eggs in three blackbird species (Euphagous cyanocephalus, Agelaius phoeniceus, 

Xanthocephalus xanthocephalus) found no difference in heat gain (Westmoreland et al. 

2007). However, Lahti (2008) suggests that even if biliverdin is acting primarily as a 

parasol, its concentration may be limited by a need to avoid heat gain and thus explaining 

why bird species experiencing brood parasitism tend to decrease rather than increase 

pigment concentrations, compared with unparasitized relatives, to achieve intraspecific 

variability. While it is still possible that pigment concentrations are limited by the risks of 
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heat gain in some exposed nest sites, it is unlikely that this could explain the evolution of 

blue rather than brown eggs. 

 Given how vivid blue-green eggs appear to us, it may also be reasonable to assume 

that their colour serves some purpose as a signal, that these eggs are in fact meant to be 

seen. Bright colours in nature often either advertise distastefulness to would-be predators, 

or indicate quality in a potential adversary or mate. These options do not immediately 

seem relevant to eggs because depredation rates can be high in species with vividly 

coloured eggs (Gotmark 1992; Farnsworth and Simons 2000; Weidinger 2001; Figure 

1.13) and pairing and fertilization take place prior to egg-laying. Despite this, the 

possibility that eggs are aposematically coloured received considerable attention in the 

past, but no convincing evidence of a lack of palatability in vividly coloured eggs was 

ever found (Swynnerton 1916; Cott 1948, 1952; Lack 1958; Kilner 2006 for review). 

More recently, Moreno and Osorno (2003) suggested that post-mating sexual selection 

for increased paternal investment might drive the evolution of vivid blue-green egg 

colouration, and supporting evidence is growing. 

The post-mating sexual selection hypothesis depends upon the intensity of blue egg 

colour being an honest signal of egg quality (either genetic or biochemical quality), being 

readily observable by the male parent, and resulting in positive fitness consequences for 

the parents. A number of characteristics of blue egg colour fit with this scenario: egg 

colour is heritable, in the case of chickens and quail at least two autosomal loci control 

egg colour—one the brown pigment and the other the blue (Wei et al. 1992; Poole 1964; 

Punnett 1933); egg colour is variable within species (Siefferman et al. 2006; Moreno et 
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al. 2005; Aviles et al. 2007); and egg colour is observable by the male either during his 

turn at incubating or during the female’s breaks from incubation. Most important, 

however, Moreno and Osorno (2003) also argued that because the blue pigment, 

biliverdin, has antioxidant properties (Kaur et al. 2003), it would be valuable to the 

female, and its deposition into eggshells costly. Finally, the male must respond to the 

signal by adjusting investment in offspring, resulting in increased survival and long-term 

fitness of the offspring.

 The mechanism that links pigment concentration in eggs to female health is still 

unclear. Originally, it was believed that the water-soluble biliverdin and its fat-soluble 

derivative bilirubin (Figure 1.3) were waste products destined solely for excretion. 

However, recent evidence that both biochemicals can act as antioxidants has led to the 

suggestion that the conversion of biliverdin to bilirubin may indeed be for the purpose of 

ensuring lipid-soluble antioxidant capacity (Stocker et al. 1987; McDonagh 2001). This, 

however, does not indicate a limitation in the availability of biliverdin, and it has been 

suggested that the degradation of haem may be necessary to prevent the pro-oxidant 

activity of excess haem rather than to provide antioxidant capacity through biliverdin 

(Ryter and Tyrrell 2000). In addition, the preponderance of both pigments in excreta 

actually suggests a surplus in the bloodstream might be deleterious to health. Another 

possible link between female health and pigment disposition is related to the hormones 

controlling egg development, which are known to induce oxidative stress (Moreno and 

Osorno 2003). If healthy females were better able to respond to the increase in oxidative 

stress by increasing the degradation of haem, more pigment would be made available for 
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deposition onto the eggshell and/or the cost of depositing biliverdin would increase. In 

fact, a recent study in the grey catbird, Dumetella carolinensis, showed that females with 

higher total antioxidant capacity in their bloodstream prior to laying laid bluer eggs 

(Hanley et al. 2008), while a study in Ficedula hypoleuca, a cavity-nesting passerine with 

pale blue eggs, found that after stressing females prior to laying, the females that laid the 

bluest eggs had lower post-laying antioxidant levels (Morales et al. 2008). These results, 

coupled with studies showing that spectrophotometric measures of relative reflectance in 

the blue-green portion of the spectrum—blue green chroma (calculated as R400-570/R360-700 

and R400-570/R300-700 respectively)—are strongly correlated with eggshell biliverdin 

concentration (Moreno et al. 2006a; López-Rull et al. 2008), provide the physiological 

basis for this form of sexual selection. 

 Another convincing line of evidence in support of the sexual selection hypothesis is 

that the intensity of blue-green egg colour is correlated with several different measures of 

female health and egg quality. For example, correlational studies have linked increasing 

blue-green chroma with standardized measures of body condition in several passerines: F. 

hypoleuca (Morales et al. 2006; Moreno et al. 2005; Moreno et al. 2004), F. albicollis 

(Krist and Grim 2007), Sialia sialis (Siefferman et al. 2006) and Sturnus unicolor (Soler 

et al. 2006), all secondary cavity nesters with pale blue eggs. This positive correlation is 

maintained after experimentally manipulating female condition prior to egg laying by 

supplemental feeding in F. hypoleuca (Moreno et al. 2006a), and by wing feather removal 

in the spotted starling S. unicolor (Soler et al. 2008). Another study in S. unicolor found 

only mixed support for this correlation, but their method of colour analysis was 
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somewhat different (López-Rull et al. 2007). In addition, positive correlations between 

eggshell blue-green chroma and immunocompetence of females, maternally derived 

antibodies in yolk, nestling immunocompetence and fledging success have been found in 

F. hypoleuca (Morales et al. 2006; Moreno et al. 2005); however, in another study of S. 

unicolor, egg blue-green chroma did not accurately reflect female and egg quality despite 

both being positively related to biliverdin content (López-Rull et al. 2008). Finally, a 

decrease in egg colour intensity through the laying sequence suggested pigment 

limitation in the flycatcher (Moreno et al. 2005), while the opposite pattern of increasing 

pigment concentration with increasing egg size is seen in bluebirds (Siefferman et al. 

2006). Even the pattern in colour intensity with age is reversed between these two 

species. These studies show that blue egg colour can act as an honest indicator of female, 

egg and nestling quality; but is this signal being received?

 In species with male incubation one can be quite certain that the male observes the 

eggs, while in the majority of species with female-only incubation and biparental nestling 

care, males are often seen in the vicinity of the nest and have been observed inspecting 

the nest box while the female was absent (Moreno et al. 2005). If males are using egg 

colour to determine the quality of their offspring, then males should increase their 

investment by more aggressively defending the nest and increasing nestling provisioning 

rates (Moreno and Osorno 2003). If, instead, males were using egg colour solely as an 

indicator of female condition and ability to provide for chicks, the male might decrease 

his investment (Kilner 2006). 
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 Initial correlative studies in F. hypoleuca (Moreno et al. 2004) and D. carolinensis 

(Hanley et al. 2008) found positive correlations between egg colour and paternal nestling 

feeding rates. Later cross-fostering experiments that de-coupled female characteristics 

from egg colour found a positive correlation in F. hypoleuca (Moreno et al. 2006b) and 

no correlation in F. albicollis (Krist and Grim 2007). Finally, artificial eggs representing 

the natural extremes in colouration were used in S. unicolor to effectively de-couple both 

female and nestling characteristics from egg colour. The result was a highly significant 

increase in paternal feeding rates with more intensely blue-green egg colour (Soler et al. 

2008). Combined, the research to date shows quite convincingly that post-mating sexual 

selection can, and in some cases does, act on blue egg colour. However, the extent to 

which this occurs in nature is still unclear. In fact, only one correlational study has been 

conducted a non-cavity nesting species (Hanley et al. 2008), leaving considerable 

uncertainty as to the relative importance of sexual signalling in the more vividly blue-

green eggs of many cup-nesting species, where solar radiation could also influence egg 

colour evolution. 

Thesis Outline

After nearly 150 years of study and interest, a comprehensive understanding of the 

evolution of both colour and pattern in avian eggs may finally be possible. The recent 

publication of a well-supported molecular phylogeny of avian orders (Hackett et al. 

2008), combined with a flourish of interest into questions about the structural and 

signalling significance of certain colours and patterns provides a framework from which 
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the details of variation and mechanisms can finally be explored. Given that most of the 

research on the signalling roles for blue-green egg colour has been conducted in cavity-

nesting passerines with relatively pale eggs, there is a clear gap in our knowledge when it 

comes to the value of this signal in open-nesting species with vivid blue-green eggs. In 

this thesis, I test experimentally the signalling utility of blue-green eggs in a cup-nesting 

species. 

Study species: American robin

One of North America’s most abundant and recognizable garden birds, the American 

robin (Turdus migratorius) is also famous for its eye-catching immaculate blue eggs 

(Figure 1.14). Among its 15 congeners breeding in North and Central America, no others 

are near so widely distributed, or even occur regularly north of Mexico. 

The American robin is typical of the Thrush family (Turdidae) in its terrestrial and 

arboreal foraging habitats and its ability to thrive in fragmented and human-modified 

environments. As a result of their ability to exploit a wide variety of habitats, as well as a 

diet including both invertebrates and fruit, the thrushes are one of the most successful 

avian families with more than 330 species and a cosmopolitan distribution (Collar 2005). 

Also, likely due to the wide diversity of habitats that they nest in, almost all combinations 

of egg ground colour and pattern occur within Turdidae, although speckled blue eggs tend 

to dominate (Walters 2006). Thrushes are almost always territorial, and socially, but not 

sexually, monogamous, with males contributing the greater proportion of nestling 

provisioning (Collar 2005). Therefore, the predominance of blue egg colour is consistent 
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Figure 1.14.  An early spring male American robin, Turdus migratorius (left), and a 

typical grass-lined nest with a clutch of 3 vivid blue-green eggs (right). Photos by Philina 

English.



both with the pigment’s potential use as a parasol in sunny, disturbed habitats, and as a 

sexual signal under conditions of social monogamy with paternal care.

Robins build large cup-shaped nests of dead grass and twigs surrounding a mud cup 

and lined with finer grasses. The timing and duration of nest construction may depend on 

recent precipitation and the availability of mud from worm castings (Sallabanks and 

James 1999). Eggs are laid at 25-hour intervals, generally in late morning or early 

afternoon, and incubation generally starts after the second-to-last egg is laid 

(Weatherhead et al. 1991). Clutch sizes range from 2 to 5, with the vast majority of nests 

containing 3 or 4 eggs. While nests containing 7 or 8 eggs are occasionally found, they 

appear to be the result of clutch dumping or nest sharing. Mean clutch size for those 

initiated before 10 May in southern Ontario is 3.75, and this declines to 3.20 after 1 June 

(unpublished data). Egg fertility also appears to decline slightly, such that final broods 

often contain one addled egg. 

Pairs are seasonally and socially monogamous with new mates only found on the 

disappearance of the first and, at least under high density conditions, levels of extra-pair 

paternity as high as 48% of nestlings (Rowe and Weatherhead 2007). Nest building, 

incubation and brooding are done only by females, while both sexes participate in nest 

defence and nestling provisioning (Sallabanks and James 1999). Incubation lasts 12-14 

days with the last egg hatching 2 to 3 days after the first. For the first few hours of life, 

the nestlings are brooded and fed saliva by the female, after which worms, caterpillars 

and even winged insects are delivered by both parents, on average totalling 6 to 7 feeding 

visits per hour (Collar 2005). Brood reduction appears to occur in a low percentage of    
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4-nestling broods, but was not observed in smaller broods in our study (personal 

observation). Young leave the nest at approximately 13 days of age, after which both 

parents provide care for at least 3 weeks (Weatherhead and McRae 1990). Division of 

brood care does occur after nest departure, but the male resumes care of all fledglings 

once the female starts incubating a subsequent brood (Weatherhead and McRae 1990). 

Throughout most of their range, robins regularly rear 2 broods per season, with the 

second brood fledging as little as 5 weeks after the first (Sallabanks and James 1999). 

Third broods probably occur only after the failure of an earlier nest.

In the region surrounding Kingston, Ontario, the American robin is one of the most 

numerous breeding birds, estimated at 25 pairs per square km along breeding bird atlas 

routes, with eggs being observed from 11 April to 26 July (Weir 2008). This local 

abundance and their vivid blue eggs makes the American robin an ideal species in which 

to test the various theories for explaining bright blue egg colour.
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CHAPTER 2. Methods

Study species and study site

American robins are cup-nesting, socially monogamous, passerine birds that exhibit 

biparental care and lay immaculate blue-green eggs. Egg colour naturally varies from a 

relatively pale sky blue to a rich turquoise (Figure 2.1). Eggs are laid one per day to a 

total of no more than 5 (usually 3 or 4) in a bulky nest made of grass and mud. The nest is 

usually placed on a firm branch or ledge that is well sheltered from above. As nesting 

begins before leaf-out in eastern Canada, early nests are often placed low in a protected 

conifer, while later ones may be higher up in deciduous trees. In part because of this early  

start, robins throughout most of their range can rear as many as three broods in a single 

season despite suffering frequent depredation from squirrels, snakes, a variety of corvids 

and common grackles, Quiscalus quiscula (Sallabanks and James 1999). 

Incubation typically begins when the second last egg is laid and lasts for 12-13 days. 

Therefore, in a typical four-egg clutch the first chicks hatch roughly 15 days after the first  

egg was laid. Later in the season, hatching begins 12-13 days after the first egg is laid, 

either because of warmer ambient conditions or incubation starting after laying of the 

first or second egg (personal observation). Immediately after the eggs hatch, males 

provide the greater proportion of the nutritional care, while females provide all the 

thermoregulatory care (brooding). As the nestlings age and less thermoregulatory care is 

required, females increase the amount of nutritional care that they provide (Collar 2005). 

Male feeding rates also increase with nestling age. 
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Figure 1.13. Tinamidae, one of the most anchient lineages of living birds, lay the largest 

brightly coloured eggs of any bird. The blue egg showing through the snake’s skin 

demonstrates that bright colouration is not an effective deturrant against some predators. 

However the male tinamou provides all of the parental care making this species a perfect 

candidate for egg colour as a sexual signal. Photo from CrofootStories Panamania blog.
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Figure 2.1. Photograph of two American robin (Turdus migratorius) clutches illustrating 

the relatively greater between than within clutch variation in egg colour: top 3 eggs from 

a relatively pale clutch, bottom 3 eggs from a more vivid clutch. Photo by Philina 

English.



We surveyed dozens of rural and residential properties within 100 km of Kingston, 

Canada (42o13’N, 76o30’W) in April-August 2008. Highest robin densities, and therefore 

most nests sampled, were on or < 100 m from man-made structures and associated lawns, 

fields, and gardens. 

Egg colour manipulation

Our first egg date was 15 April, but breeding densities and synchronicity were not 

sufficient for experimental manipulation until the beginning of May. At least 3 

synchronous nests were required for experimental manipulation because high predation 

rates meant that more than one possible source nest was required to ensure that foster 

nestlings of the correct age would be available. For each experimental manipulation we 

located three synchronous nests within a few kilometres of each other on or prior to their 

second full day of incubation. The eggs of the most accessible nest in each triad were 

collected and replaced with four clay eggs painted either pale blue-green or a dark blue-

green. Pale and dark egg treatments were paired temporally and spatially whenever 

possible, and otherwise applied randomly. Nests that were not synchronous, and therefore 

could not be included in the egg colour manipulations, as well as those paired with 

experimental nests that suffered depredation of the artificial eggs, were monitored for 

natural variation. 

Artificial eggs were painted to match natural robin eggs as closely as possible based 

on spectrophotometric curves (Figure 2.2). Paint colours were custom mixed from 

commercially available acrylic paints and pigments (satin finish interior/exterior MF 
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Figure 2.2. Photograph and mean reflectance (± SD) spectra of natural robin eggs and 

pale and dark artificial eggs. Artificial egg colours represent, but do not exactly 

correspond to extremes in natural robin egg colour. Photo by Philina English.
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Porticobase D from Parade of Paints, Kingston). The dark colour was mixed first and 

then diluted with the same paint base to create the pale colour. All clay eggs were hand-

made using the same mass of clay and crafted to match the natural variation in egg 

volume and shape. The clay eggs (11.70-12.07 g) weighed more than the natural ones 

(5.44-8.28 g), did not reflect in the UV (Figure 2.2), and represented extremes in possible 

colouration, but in all cases were accepted immediately by incubating females. 

 Nests were visited, and eggs candled when necessary, every 2-3 days to determine 

egg-laying and hatching dates. Fourteen to sixteen days after the first egg was laid, the 

artificial eggs were replaced with three, <2-day-old, foster hatchlings from another nest. 

Three nestlings were used, rather than 4, because source nests containing 4 were not 

always available, and also to prevent brood reduction from complicating analyses. Brood 

reduction was only observed in nests with >3 nestlings, but partial-depredation did occur 

at 2 experimental nests. Of 86 unmanipulated nests, 40 fledged young, with failures 

mostly due to predation (19 at the egg stage, 14 as nestlings) and abandonment due to 

either high levels of human disturbance or egg damage with unknown cause (13). Of 27 

experimental nests containing 3 foster nestlings (15 dark and 12 pale), only 13 (8 dark 

and 5 pale) survived to have any feeding rates recorded. 

Measurement of natural egg colour

The reflectance spectra of the natural eggs in all nests were measured at five randomly 

chosen locations on the egg surface using Ocean Optics SpectraSuite operating software, 

a USB4000 UV-VIS spectrometer and a PX-2 Pulsed Xenon lamp. The probe holder was 
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placed touching and perpendicular to the egg surface. Reflectance was measured relative 

to complete darkness and a standard white reference, calibrated prior to measurement of 

each clutch. Our standard white reference was a fresh piece of Teflon tape wrapped 

evenly 3 times around a small piece of white plastic; a new piece of tape was used for 

each clutch. Wrapping 3 times ensured that the surface was opaque but sufficiently firm 

to the touch of the probe. The Teflon tape was tested against a Spectralon white standard 

and proven to be equal in spectral quality, while having the advantage of always being 

clean.

Reflectance is the proportion of light of each wavelength that is reflected from a 

surface to the viewer. R denotes total reflectance with a subscript indicating the range of 

wavelengths included. Variation in the spectra of light reflected from a surface is most 

commonly described in terms of the tristimulus colour variables hue, brightness and 

saturation. Hue is the spectral location, or the wavelength, that contributes the most 

reflected light. The reflectance spectra of robin eggs are characterized by a peak at 500 

nm, what we perceive as blue-green, and this corresponds to the hue produced by 

biliverdin (Falchuk et al. 2002; Figure 2.2). Brightness is the total amount of light 

reflected across all wavelengths, the total area under the reflectance curve. This 

characteristic of reflectance is negatively related to biliverdin concentration in eggshells 

(Lopez-Rull et al. 2008), but is also sensitive to calibration and measurement error. 

Saturation is the purity of a colour and therefore the degree to which particular 

wavelengths of light dominate the spectra. Chroma is often used interchangeably with 

saturation, but is best used to describe the relative saturation of a particular region of the 
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spectrum (Montgomerie 2006). Various indices of blue-green chroma have been shown to 

correlate with biliverdin concentration in eggshells (Moreno et al. 2006a; Lopez-Rull et 

al. 2008) and with female, egg and nestling quality in other passerine species (Morales et 

al. 2006; Moreno et al. 2006a; Siefferman et al. 2006; Hargitai et al. 2008; Lopez-Rull et 

al. 2008; Morales et al. 2008; Hanley et al. 2009). 

The reflectance spectra in the bird-visible spectrum (320 -700 nm) was averaged for 

each 3- and 4-egg clutch. From that average spectrum both blue-green chroma and a 

general measure of colour saturation were calculated using the software RCLR (version 

0.9.28; Montgomerie 2008). We defined blue-green chroma as the proportion of total 

reflectance that falls between 415 to 585 nm (R415-585/R320-700). Saturation (overall 

spectral purity) was calculated using a segment method (Endler 1990) as

where B is reflectance summed across different portions of the human-visible spectrum 

and r = 625– 700, y = 550–625, g = 475–550, and b = 400–475 nm, or as S´ where B is 

reflectance across different portions of the bird-visible spectrum and r = 605– 700, y = 

510–605, g = 415–510, and b = 320–415 nm (see Montgomerie 2006 ). For curves of a 

similar shape, as all of our robin egg measurements were, saturation is an index of the 

relative vividness of the eggshell colour; lower values correspond to both colour 

muddiness and dilution with white (Endler 1990; Saks et al. 2003). The mean values of 

blue-green chroma and saturation for each clutch did not differ between treatment groups 

(Wilcoxon tests, p >0.40 in each case).
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Parental investment

Adults at all natural and experimental nests were captured using mist nets placed near 

their nest. We marked individual birds with a locally unique band combination consisting 

of a standard metal band and two plastic colour bands. Females always received pale 

blue, yellow or white bands, while males received dark blue or purple bands, so that the 

sex of the parent could be easily determined on video during feeding visits. At each nest, 

the female was caught only after commencement of incubation to reduce probability of 

nest abandonment. Males were captured only after day 3 of the nestling phase and more 

than 48 hours prior to subsequent monitoring of provisioning rates. 

 Behaviour of adults at the nest was video recorded when the average (95% 

confidence limits) nestling age was about 3 days [experimental: 3.24 (3.00-3.49), N=13; 

unmanipulated: 2.90 (2.65-3.14), N=34], 6 days [experimental: 6.37 (5.87-6.87) N=9; 

unmanipulated: 5.83 (5.61-6.05), N=37], and 9 days [experimental: 9.37 (9.05-9.70), 

N=9; unmanipulated: 8.87 (8.58-9.15), N=27]. High definition video cameras (DCR-

SR100 HDD Handycam, Sony, San Diego, California) were placed about 5 m from nests 

and left alone for >2 hours, beginning no earlier than one hour after sunrise 

[experimental: 3.42 (2.80-4.04) h, N= 31; unmanipulated: 3.29 (3.02-3.55) h, N=98] and 

ending no later than 7 h after sunrise. Recording was not done during extreme heat or 

heavy rain. Regional air temperature at the start of recording was estimated based on 

Environment Canada weather station data for Kingston, ON. Videos were reviewed using 

Sony Vegas Platinum 8 software. Both the number of visits where at least one nestling 

was fed, and total time each adult was present at the nest were calculated as an hourly 
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rate for each parent. Cases where one parent was not observed during the sampling period 

were included only if the missing parent was observed later at the same nest; this 

occurred only twice. Sample duration [experimental: 2.01 (1.92-2.11) h, N = 31 

recordings; unmanipulated: 1.95 (1.91-1.98) h, N = 98] was measured starting with the 

first parental visit after start of video, to control for potential differences in individuals’ 

responses to human activity in the vicinity of the nest. Delay to first visit ranged from 0 

to 57 min after video recording began, but was generally short [experimental: 6.8 

(2.62-11.06) min, N = 31; unmanipulated: 5.42 (3.76-7.08), N=98]. All experimental 

nests contained only 3 nestlings, while unmanipulated nests contained from 1 to 4 

nestlings.

Statistical analysis

 When contructing statistical models in ecological studies, the number of possible 

predictor variables often exceeds that appropriate for small experimental sample sizes. To 

avoid this, we started with our comparatively large sample of unmanipulated nests to 

provide a better estimate of the true population characteristics,  and used hierarchical 

partitioning to assess which variables might be most important for predicting parental 

provisioning of nestlings (Quinn and Keough 2002). Hierarchical partitioning was 

conducted separately for male and female feeding rates during each nestling age class. 

Potential explanatory (predictor) variables included in these hierarchical partitioning 

analyses were: feeding rate of the other parent, female time at the nest, number of hours 

after sunrise at start of recording, ambient air temperature, average age and number of 
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nestlings, average egg date for the clutch, and the number of previous nesting attempts 

known or suspected to have occurred for each pair. The feeding rate of the other parent 

was included in each model to control for variation in habitat and environmental 

conditions that might influence both parents, and to account for the possibility that either 

parent might modify its effort based on the investment of the other parent to enhance 

immediate nestling survival or to limit its own energy expenditure. Female time at the 

nest was included as a measure of nestling brooding, both because this limits the time 

available to the female for foraging and because the male may be better able to assess 

female effort based on her time at the nest rather than the number of her feeding visits. 

Time of day might also influence feeding visit rates due to hunger after a night of fasting 

(we waited for an hour after sunrise to minimize this effect) and because potential food 

sources might change through the course of the morning. Extremes in ambient air 

temperature would be expected to increase the time a female spends brooding/shading, 

and potentially the availability of food. Likewise, variation in the number of nestlings and 

their age could influence both the amount of food and thermoregulatory care required. 

Finally, the average clutch egg date and number of previous nesting attempts were 

included to control for the possibility that parental behaviour changes either through 

exhaustion of intrinsic or extrinsic resources or with reduced chances of producing 

subsequent broods. Those variables found to be significant, or nearly so, predictors of 

parental feeding visit rates based on randomization tests (MacNally 2002) were explored 

using correlation analysis. All such variables were included in subsequent multiple 

regression analyses. 
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 For 3-nestling broods, the variables determined to be important by hierarchical 

partitioning for each parent were included, along with egg colour treatment, in full 

models of parental feeding behaviour at the experimental nests. This full model was used 

to test for the significance of egg colour treatment while controlling for all predictors 

found to have a significant influence on feeding rates at unmanipulated nests. Given the 

small sample sizes for our experimental treatments, this full model ensures that variation 

in variables known to be influential are controlled when assessing any treatment effect. 

This model was then simplified using the information theoretic (IT) model selection 

process developed by Burnham and Anderson (2002), and the resulting best models for 

predicting parental feeding rates under egg colour manipulation are reported.

Finally, we tested for an effect of egg colour on parental feeding visit rates under 

natural conditions by analyzing egg colour data from unmanipulated clutches using the 

same explanatory variables as for the experimental nest. These complex sets of variables, 

including interactions between adult behaviour and the number of chicks, were then 

assessed using IT model selection.

Residuals of all reported models did not differ from normal (Shapiro-Wilk normality 

test, p >0.10).  All means and effect sizes are reported with symmetrical 95% confidence 

limits. Finally, contrast analyses of male and female feeding rates for each egg colour 

treatment were compared to those at the unmanipulated nests across all nestling ages 

(using REML with nest identity as a random factor) to assess whether the fake eggs were 

a realistic manipulation.
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All statistical analyses were performed in R 2.8.0 (packages hier.part for the 

hierarchical partitioning, MuMIn for information-theoretic model selection, and nlme for 

contrast analyses; R Development Core Team 2009, http://www.r-project.org/).
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CHAPTER 3: Results

Natural parental provisioning behaviour 

Feeding visit rates were successfully recorded at 33 unmanipulated nests on nestling day 

3, 36 on day 6 and 28 on day 9, and feeding rates of both parents increased as the 

nestlings aged (Figure 3.1). Male feeding visit rates at unmanipulated nests increased 

from an average of 3.20 visits/h (2.60-3.79) on day 3 to 4.37 visits/h (3.54-5.19) on day 9 

though this trend is not quite significant when all brood sizes are included (Figure 3.1), 

while female rates increased from 1.53 visits/h (1.13-1.93) on day 3 to 2.72 (2.23-3.22) 

on day 9. The proportion of the total feeding visits provided by the female also increased 

with nestling age, although the male continued to feed more frequently than the female 

(Figure 3.1). 

Females often made additional non-provisioning visits to their nest, mostly to brood 

nestlings, averaging 2.55 such visits/h on day 3, declining to 1.83 of these visits/h on both 

days 6 and 9. Total time spent by the female at unmanipulated nests also decreased from 

39 min/h on day 3 to 23 min/h on day 9. Males rarely visited the nest without food and 

were never observed brooding, although they did occasionally crouch over nestlings 

when a threat was nearby.

Across all nestling age categories, females feed nestlings less frequently the more 

time they spent brooding (Figure 3.2A). One might expect a decrease in time available 

for the female to feed to result in greater effort on the part of the male. This appears to be 

the case for 2- and, to a lesser extent, 3-nestling broods, but for 4-nestling broods the 
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Figure 3.1. Relationships between both male (black, r2  = 0.03, F1,97 = 3.07, p = 0.08) 

and female (grey, r2 = 0.10, F1,96 = 9.99, p = 0.002) feeding visit rates and actual average 

nestling age per brood; data for each parent analyzed separately.
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Figure 3.2. Both females (A: r2 = 0.29, F1,96 = 39.27, p <0.001) and males (B) adjust 

their feeding rates in relation to the amount of time the female spends brooding on the 

nest, regardless of nestling ages. Male response depends upon the number of nestlings 

(black = 4, r2 = 0.39, F1,26 = 16.45, p <0.001; medium grey = 3, r2 <0.001, F1,32 <0.001, p  

= 0.98; pale grey = 2, r2 = 0.24, F1,29 = 9.04, p = 0.005; open circle = 1 nestling). 



male, like the female, fed less frequently the more time the female spent on the nest 

(Figure 3.2B). Therefore, male feeding visit rate may be limited by female brooding for 

4-nestling broods—although males were occasionally observed coming to the nest while 

the female was brooding, they more often arrived shortly after her departure and therefore 

may have delayed a feeding visit when she was on the nest. 

Analysis of parental feeding rates at unmanipulated nests (see Methods) indicates 

that the number of nestlings was one of the most important predictors of feeding visit rate 

for both males and females at all nestling ages (Figure 3.3). Other variables were 

important at different nestling ages and the important predictors of feeding visit rate 

sometimes differed between the parents, as follows. For 3-day-old nestlings, both male 

and female feeding visit rates were also influenced by the amount of time the female 

spent brooding (Figure 3.2) and by the other parent’s feeding visit rate (Figure 3.4). There 

was also a slight non-significant decrease in male feeding rate with increasing mean egg 

date, but this was driven by late season clutches (egg dates after 20 June, day of year 172; 

Figure 3.5), which were much later than any of the experimental nests so egg date is not 

included in statistical models for experimental nests.

By day 6, aside from the number of nestlings, only time of day for females and mean 

egg date for males (still driven by late season nests) were important predictors. On 

nestling day 9, time of day had a significant positive impact on female feeding rate for 4-

nestling broods (Figure 3.6), while only number of chicks appeared to be influencing 

male feeding rate. There is, however, some evidence that male feeding rate may begin 

declining around nestling day 10 (Figure 3.1), so actual nestling age (rather than age 
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category) for the day 9 category is included in the model of visit rates at experimental 

nests.

Figure 3.3. Tukey box plots summarizing feeding rates for each parent, showing a 

general increase with the number of nestlings at all nestling age categories [day 3 (black), 

day 6 (medium grey), 9 (pale grey)]. 
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Figure 3.4. On nestling day 3, male and female feeding rates are positively correlated 

(r2 = 0.11, F1,33 = 3.99, p = 0.05).
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Figure 3.5. Relation between male feeding rate and mean egg date for 40 clutches 

initiated between 17 April (DOY 109) and 23 July (DOY 205). Male feeding rates shown 

separately for 3- (black, r2 = 0.09, F1,32 = 3.13, p = 0.09), 6- (medium grey, r2 = 0.05, F1,35 

= 1.93, p = 0.17), and 9-day-old nestlings (pale grey, r2, F1,25 = 0.31, p = 0.59).
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Figure 3.6. Female feeding rates on nestling day 9 increases significantly with time of 

day only for 4-nestling broods (black = 4-nestling, r2 = 0.61, F1,6 = 9.24, p = 0.02; 

medium grey = 3-nestling, r2 = 0.21, F1,9 = 2.39, p = 0.16; pale grey = 2-nestling, r2 = 

0.05, F1,5 = 0.28, p = 0.62).
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Parental responses to egg colour manipulation

Of 13 experimental clutches (8 dark and 5 pale) that survived to have day 3 feeding visit 

rates recorded, only 9 (5 dark, 4 pale) still had 3 nestlings through days 6 and 9 (1 dark 

and 1 pale were partially depredated; 2 dark were completely depredated). There was no 

significant difference between egg colour treatments on nestling day 3 for any of the 

variables that influenced feeding rates at unmanipulated nests (Wilcoxon tests, P>0.60 in 

each case). Only average actual nestling age differed between treatments on day 6 and 9

(p=0.01 and p = 0.06 respectively). 

At experimental nests, feeding visit rates ranged from 1.42-7.52 visits/h for males, 

and 0-6.58 visits/h for females, pooling data across all nestling age categories. This 

slightly exceeds the variation observed at the 15 unmanipulated nests containing 3 

nestlings (0.49-7.34 male visits/h, 0-5.94 female visits/h). Across all nestling age 

categories, feeding rates for males and females in the pale egg treatment were not 

significantly different from those at unmanipulated nests (contrast analysis, groups = 28, 

samples = 65: t = –0.36, p = 0.72  and t = 0.009, p = 0.99, respectively), whereas the dark 

treatment resulted in higher feeding rates than at unmanipulated nests by both male and 

female parents (contrast analysis, groups = 28, samples = 65: t = 1.82, p = 0.08 and t = 

2.79 , p = 0.01, respectively). Given that neither of the experimental treatments resulted 

in a significant decrease in parental provisioning rate, the artificial eggs do not appear to 

have been seen as inferior by either parent.

Male feeding visit rate (log10 transformed) on day 3 is best explained by egg colour 

treatment (Full model: t = 3.30, p = 0.009; Final model: t =- 4.26, p <0.001), followed by 
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female time on the nest (Full: t = 2.50, p = 0.03, Final: t = 2.56, p = 0.03). Both the full 

model (R2 = 0.68, F3,9 = 6.44, p = 0.013) and the reduced final model (R2 = 0.67, F2,10 

=10.2, p = 0.004; Figure 3.7) are highly significant. In the full model, female feeding rate 

is also included, but is not a significant predictor of male feeding visit rate (t = 0.56, p = 

0.59). This suggests that the significant treatment effect is not due to unmeasured 

variables (e.g., begging intensity) that could be expected to influence the feeding visit 

rates of both parents in a similar fashion. In addition, where male and female feeding 

rates are positively correlated, this seems to be the result of similar responses to other 

variables (e.g., female time at the nest) rather than to each other’s feeding visit rate. The 

resulting effect sizes from the full model indicate that, early in the nestling phase, the 

dark egg treatment increased male feeding visit rate by 1.76 (1.26-2.47) visits/h, or 50% 

over the pale treatment where males averaged 3.46 visits per hour.

In contrast, female feeding visit rate on nestling day 3 (Full model: R2 = 0.44, F3,9 = 

2.37, p = 0.14) is best though not significantly predicted by female time at nest (t = –1.55, 

p = 0.16), while the effects of male feeding visit rate and egg colour treatment are highly 

non-significant (t = 0.82, p = 0.44 and t = 0.57, p = 0.58, respectively), when the 

important variables influencing female visit rate at the unmanipulated nests are controlled 

statistically. Despite this, the final model predicting female feeding visit rate includes egg 

colour treatment as the sole predictor (R2 = 0.23, F1,11 = 4.55, p = 0.06). However, the 

lack of significance when other variables are in the model suggests that much of the 

variation explained by egg colour treatment can also be explained by a response to male 

feeding visit rate. 
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Figure 3.7. On nestling day 3, experimental male feeding rates are best predicted by egg 

colour treatment (black = dark eggs, grey = pale eggs) and female time at the nest 

(ANCOVA, R2 = 0.67, F2,10 =10.2, p = 0.004).
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On nestling days 6 and 9, both female and male feeding visit rates at experimental 

nests were not significantly influenced by any of the variables that influenced visit rates 

at unmanipulated nests (p >0.40), or by egg colour treatment (p >0.43), even when 

controlling for average actual nestling age. Using the information-theoretic (I-T) 

approach for day 6 and 9 data, the best model was always the null model, possibly as a 

result of small sample sizes due to predation. Nonetheless, a plot of male feeding rate by 

average nestling age shows a clear interaction between nestling age and male response to 

egg colour treatment (Figure 3.8).

Parental responses to natural egg colour variation

Having found a significant effect of egg colour on male feeding visit rates, we next 

looked for a signal of egg colour effects on parental feeding rates at the 34 unmanipulated 

nests. Using the IT approach, the top 3 models predicting male feeding visit rate on day 3 

all included a positive effect of saturation (either S or S´) and each model had >1.65X the 

support of any less probable model (Figure 3.9; Appendix), while none of the well-

supported models of female feeding rate included any measures egg colour as a 

significant predictor (Appendix). In all of the top 3 models, saturation makes a 

statistically significant (p <0.05) contribution to the prediction of male feeding rate. 

When the models are split by number of nestlings, the strongest effect of egg colour is 

always observed in 3-nestling broods. 

On nestling days 6 and 9, almost all of the top models of male feeding rate contain an 

interaction between blue-green chroma and number of nestlings (Appendix). This 
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Figure 3.8. Male response to egg colour treatment (black = dark eggs, grey = pale eggs) 

changes as nestlings age (model R2 = 0.25, F3,27 =3.03, p = 0.05). 
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Figure 3.9. Residual day 3 male feeding rates (controlling for the interaction between 

female time on nest and the number of nestlings) are positively correlated with saturation 

(S) in the human-visible spectrum (400-700). Separate regression lines (not significant) 

illustrate a trend towards decreasing importance of egg colour with increasing number of 

nestlings (black = 4, medium grey = 3, pale grey = 2, open circle = 1).
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interaction appears to be driven by a significant negative relationship between these 

variables in 4-nestling broods. Meanwhile, the top 2 models of female feeding rate on day 

6 also include a negative effect of blue-green chroma (Appendix), while on day 9 all of 

the top models include a positive effect of saturation (Appendix) similar to that found on 

day 3 in males.
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CHAPTER 4: Discussion

In this study we provide a clear, experimental demonstration that variation in blue-green 

egg colour influences male provisioning and is thus likely to be a sexually selected trait 

in American robins. Male robins who saw more vividly coloured eggs in their nests fed 

young nestlings 50% more often than those who saw pale eggs, while female feeding 

rates were not significantly altered. The use of artificial eggs in our  experiment allowed 

us to isolate the effect of egg colour from direct signaling by both females and nestlings. 

Moreover, unmanipulated clutches also showed a positive correlation between egg colour 

and paternal effort early in the nestling phase. This is the first definitive evidence that egg 

colour is acting as a sexual signal in an exposed cup-nesting species with richly coloured 

eggs. 

Only one other study, conducted in the spotless starling Sturnus unicolor, a cavity 

nesting species with pale blue-green eggs, has found similarly convincing evidence that 

egg colour can act as a sexually selected trait (Soler et al. 2008). This starling study also 

employed artificial eggs of different colours to break the links between egg colour and 

both female quality (Moreno et al. 2004; Moreno et al. 2005; Morales et al. 2006; 

Moreno et al. 2006a; Siefferman et al. 2006; Soler et al. 2006; Krist and Grim 2007; 

Soler et al. 2008), and nestling vigour (Morales et al. 2006; Moreno et al. 2005). Soler et 

al. (2008) found a significant effect of egg colour across the whole nestling period, but 

with increasing overlap in the effect of treatments by the end of the nestling period. In our 

study, on the other hand, the effect of egg colour disappeared by midway through the 
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nestling phase (Figure 3.8). However, S. unicolor has a much longer nestling period and 

much lower male feeding rates than the American robin, both of which may have 

influenced importance of egg colour on male feeding visits as the nestlings aged. In fact, 

a declining effect of egg colour on feeding visit rates with nestling age would be expected 

where other signals like begging levels have the potential to more strongly influence male 

behaviour, especially as nestlings grow and demand greater investment. A couple other 

studies have found mixed support for the effect of egg colour on male provisioning 

through cross-fostering of eggs but not nestlings, but their results could have been related 

to nestling rather than egg characteristics (Moreno et al. 2006b; Krist and Grim 2007).

The experimental eggs used in both our study and Soler et al. (2008) lack any UV 

reflectance as that property was not available in commercially available paints. 

Fortunately the amount of UV reflectance in natural robin eggs constitutes <15% of the 

total reflectance in the bird-visible spectrum. Nonetheless, it is important to note both that 

all artificial egg clutches were immediately accepted by their incubating female, and that 

subsequent feeding rates did not differ significantly for the pale egg treatment, for which 

the difference in egg colour from natural coloration was most pronounced (Figure 2.2). 

We also controlled statistically several confounding variables that might have 

affected feeding behaviour between egg colour treatments. These variables were chosen 

from a detailed analysis of parental feeding rates in a much larger group of 

unmanipulated nests. As expected, the number of nestlings was by far the most important 

predictor of both male and female feeding rates in natural clutches (see also Wright and 

Cuthill 1990), therefore to control for nestling number only experimental nests containing 
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3 nestlings were studied. Also important for both males and females early in the nestling 

cycle was the amount of time the female spent on the nest brooding and the other parent’s 

feeding rate. Both of these variables likely influence feeding rates through a complex set 

of tradeoffs including compensating for shortfalls in the other parent’s effort (Wright and 

Cuthill 1990), matching effort to both the perceived quality (Burley 1988) and the 

investment of the other parent (Hinde 2006), and minimizing predator-attracting activity 

at the nest (Eggers et al. 2008). More detailed study of the feeding behaviour of both 

parents will be required to understand the functional relationship between these variables 

for robins. Thus for our study, the full models of the influence of egg colour on parental 

feeding rates incorporated both brooding time and the other parent’s feeding rate as 

covariates.  Our analyses suggest that as nestlings age their hunger levels eventually 

overwhelm most other factors in determining parental effort. This is consistent with 

studies showing that begging intensity is extremely important in stimulating parental 

effort (Smith and Montgomerie 1991; Ottosson et al. 1997) and with the decreasing 

importance of egg colour in our experimental manipulation.  

Given all of our experimental controls, we can think of no reasonable alternative 

explanations for the observed effect of egg colour on male provisioning. The colour of 

the natural eggs from our experimental nests did not differ between treatments and were 

only potentially observable in the nest for less than 10% of incubation period, all at the 

start of incubation and thus about 10 d before nestling provisioning began. None of the 

influential variables detected for unmanipulated nests differed between treatments. 

Moreover, including the other parent’s feeding rate as well as female brooding time in the 
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statistical models takes into account differences in environment that could affect both 

parents similarly. The fact that the male still shows a highly significant response to egg 

colour after controlling for female behaviour, while the female does not, implies that the 

male is responding directly to the eggs, rather than to changes in female behaviour.

Additional support for the hypothesis that sexual selection influences egg colour in 

robins is provided by patterns in unmanipulated nests in this study. In those nests, male 

feeding rate was positively related to both of the variables used to assess saturation (S 

and S´) and only on nestling day 3. Females, on the other hand, only responded to egg 

colour saturation by significantly changing feeding visit rate on day 9. This female 

response late in the nestling phase was not detected in our small experimental sample for 

day 9, but could be related to delays in a female’s matching response to male effort 

(Schwagmeyer et al. 2002). Strangely, the colour variable used in most previous studies 

of blue-green egg colour (blue-green chroma measured as R415-585/R320-700) did not 

correlate with both of measures of overall saturation, and only negatively with both 

parents’ feeding rates late in the nestling period. Blue-green chroma (measured as 

R400-570/R360-700 and R400-570/R300-700) is the only colour variable that has previously been 

shown to correlate with biliverdin concentration in eggshells (Moreno et al. 2006a; 

Lopez-Rull et al. 2008), but as far as we know the measure of saturation (S) that we used 

in this study has not previously been examined in this context.

Only two other studies have looked at correlations between egg colour and male 

feeding rates in a natural context. Moreno et al. (2004) used an index of chroma similar to 

our saturation index, and found a significant correlation between that variable and male 
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feeding rate (though it is not clear whether this relation was positive or negative). Hanley 

et al. (2008) conducted the only other study in a non-cavity nesting species, and using a 

different measure of blue-green chroma (R400-576/R380-700) found an extraordinarily strong 

relationship between male feeding rate and egg colour with only 7 nests (r2 = 0.74, p = 

0.01). 

The two egg cross-fostering studies also looked for correlations between 

provisioning rates and different indices of blue-green chroma. In Ficedula hypoleuca, 

Moreno et al. (2006) found a significant positive correlation between the proportion of 

feeding visits provided by the male and both the highest egg blue-green chroma (R400-570/

R360-700) in a clutch and the standard deviation of this index within a clutch. Interestingly 

they found no such correlation with mean clutch blue-green chroma. Krist and Grim 

(2007) also found no effect of egg colour on male provisioning using only mean clutch 

blue-green chroma (R401-600/R301-700) in the sister species F. albicollis. Given the 

differences in colour indices used in these studies, it is likely that both species respond to 

egg colour in a similar fashion, but a more thorough analysis of egg colour and better 

experimental controls will be required to be certain.

Given the accumulating evidence that blue-green egg colour is related to both 

female and egg immunocompetence as well as female condition in a variety of 

passerines, it is not surprising that males use egg colour to make decisions concerning 

allocation of resources. However, we now have the first solid proof that this signal is 

indeed influencing male behaviour in a species for which other environmental factors 

might be expected to constrain egg colour evolution. Still, these results do not suggest 
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that blue-green eggs have evolved exclusively under the influence of sexual selection. In 

fact, the presence of biliverdin throughout the eggshell structure is highly suggestive of 

an additional adaptive role that is more likely structural or physiological.

Future Directions

Even though egg colour has fascinated naturalists for centuries, we have only recently 

begun to comprehend the extent to which a diversity of adaptive pressures has shaped the 

spectacular diversity of egg colours and patterns we see in nature. As we have shown in 

this study, sexual selection is one very intriguing piece of the puzzle, but we should be 

careful not restrict our thinking about egg colour to any one adaptive process. For this 

reason, future research into the evolution of blue-green egg colour should first attempt to 

identify the various adaptive roles for biliverdin in avian eggshells and then assess the 

relative importance of sexual and natural selection in the evolution of this egg colour 

across species. 

So far, the vast majority of research into blue egg colour has focused on old world 

flycatchers (Muscicapidae), the sister family of the thrushes (Turdidae). This leaves open 

the question whether blue-green egg colouration is used as a signal of female quality in 

other birds. Given that some of the most vivid blue-green eggs occur in one of the most 

ancient taxa of extant birds, Tinamidae (Figure 1.13), it will be particularly interesting to 

examine the factors the affect their egg colour. In fact the tinamous provide an ideal 

scenario for female quality signaling because most are polyandrous with males providing 

all of the parental care. Also, being ground-dwelling and weak flyers, tinamou plumages 
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are generally very cryptic leaving little opportunity for more conventional forms of 

sexual selection to act. However, even if it can be shown that egg colour is a sexually 

selected trait in Tinamous, as well as in the passerine groups already studied, additional 

research into a broad range of passerine and non-passerine taxa will be required before 

we can claim that sexual selection on avian egg colour is the norm rather than the 

exception. 

Even if sexual selection on egg colour is acting across a wide range of taxa, we can 

be quite certain that it is not acting alone. It may be that blue eggs can be cryptic under 

certain circumstances or that a need for crypsis has led to the “blueness” of the signal 

being obscured by  cryptic patterning, as in the greenish eggs of some gulls and corvids 

(Figure 4.1). Also, the intensity of blue may be limited by risk of hyperthermia at the high 

end, and by some as yet unidentified structural or chemical benefit on the low end. This 

potential for a naturally selected role for biliverdin in the egg shell has so far received the 

least attention and therefore has the greatest opportunity for further discovery. 

Even in robins or related species, there are still many details concerning the 

behavioural and fitness consequence of egg colour that could be explored. First, the lack 

of consistency in the calculation and use of colour variables needs attention. Laboratory 

analysis of eggshells will be required to determine how each index of colour relates to 

biliverdin concentration in the eggshell, in order to assess the relative value of different 

colour indices. Later, more elaborate models using avian vision, and both nest and 

lighting characteristics, should be applied in oder to achieve a more accurate assessment 

of the natural variation in egg appearance in the nest, as the parents see them. Next, 
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Figure 4.1. The eggs of the Bonaparte’s gull (Larus philadelphia, top left, photo by 

Philina English) and the common raven (Corus corax, bottom right, photo by Vanya 

Rohwer) maintain blue-green base colouration even when partially or entirely obscured 

by brown pigmentation. 



research into how egg colour and biliverdin concentration is related to female investment 

in yolk nutrients and the resulting impact on nestling vigour should be continued. Finally, 

and most important, we will need to determine the extent to which increased male 

investment early in the nestling cycle increases nestling vigour, and whether that 

increased vigour further increases investment by either parent as nestlings age. These 

relationship are likely to vary with resource availability and brood size, so studies 

addressing these questions would benefit from repetition in subsequent years, different 

habitats, and with different brood sizes. In fact, the use of 3 nestling broods in our 

experimental study may have been crucial to our result. With more nestlings, parental 

effort may reach an upper threshold where parental motivation based on begging alone 

may be enough to maximize effort and therefore overwhelm any effect of egg colour. On 

the other hand, a nest with too few nestlings might show enhanced parental effort, but 

show no fitness benefit because even at low levels of parental effort, nestlings are 

thriving due to lack of competition. Of course, the effect of brood size likely varies 

depending on resource availability between habitats, and even between seasons within 

any given habitat. Clearly, there is still much to be done.

Contributions to Science

As children we all asked, “why is the sky blue?” Fortunately for our mentors and 

teachers, there was an answer, an answer that introduced many fascinating and 

fundamental concepts in physics and chemistry. As young biologists, many of us also 

asked, “why is a robin’s egg blue?” But up until now there was no conclusive answer. 
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The results of our research provide at least part of that answer, an answer that involves a 

very intriguing aspect of biology, evolution by sexual selection. 

 Aside from enhancing our understanding of a fascinating field of natural history 

and evolutionary biology, this research utilizes two relatively unique analytical 

techniques. First, I used a larger population level sample to direct analysis and 

interpretation of a small experimental sample. This method allowed us to choose only the 

most important covariates to consider with our experimental sample, saving degrees of 

freedom in our models, and increasing our confidence in our results. Secondly, we 

employed information-theoretic model selection to accurately assess the strength of 

models relative to each other and to a null model. This is a method new to the field of 

ecology and evolutionary biology, but with extraordinary potential for evaluating the 

relative strength of evidence for multiple alternative hypotheses.  The I-T method may be 

particularly important for assessing the relative importance of other adaptive roles for 

blue-green egg colour as our understanding of this trait grows.
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SUMMARY

1. Blue-green egg colouration in birds has been hypothesized to be a sexually selected 

trait. Several studies in cavity-nesting passerines with pale blue-green eggs provide 

evidence that intensity of colouration is related to female and nestling quality and may 

trigger increased investment in parental care by males. No experimental evidence has yet 

been provided for vividly coloured eggs or any exposed cup-nesting species.

2. In this study, experimental manipulation of egg colour in Turdus migratorius resulted 

in a 50% increase in male feeding rates for nestlings age 3 days, but no difference on 

days 6 and 9. The day 3 response was significant even after controlling for female 

behaviour. The decline in response with nestling age can be explained by nestling 

behaviour overwhelming previously useful signals. 

3. Natural egg colour saturation (S and S´) correlated positively with male feeding rate 

only on nestling day 3. This matches the pattern shown in the experimental part of this 

study but needs further investigation.

4. Egg colour in T. migratorius influences male provisioning and is thus likely to be a 

sexually selected trait. Future studies should assess the potential of other adaptive roles 

for blue-green pigment in eggshells, as well as the fitness consequences of this signal. 

83



APPENDIX

84



Table A.1. IT selected models (< 2 AICc) of day 3 male feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; F = 

female, S = colour saturation index, BGC = blue-green chroma index).

85

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 107 0.00 0.23 5.15 23 0.47 0.38 0.004 nestling # 3.33 0.003

F time on nest 2.44 0.023

S´ 2.30 0.031

F time*nestling # -2.83 0.010

2 108 0.33 0.19 4.97 22 0.53 0.42 0.003 mean egg date -1.65 0.113

nestling # 2.79 0.011

F time on nest 1.81 0.083

S´ 2.13 0.045

F time*nestling # -2.34 0.029

3 108 0.42 0.18 4.98 23 0.46 0.37 0.005 nestling # 3.28 0.003

F time on nest 2.37 0.026

S 2.20 0.038

F time*nestling # -2.77 0.011

4 109 1.42 0.11 4.82 24 0.38 0.30 0.009 mean egg date -2.24 0.035

nestling # 2.44 0.023

F time on nest -2.20 0.037

5 109 1.65 0.10 4.70 21 0.57 0.45 0.004 nestling # 2.55 0.019

F time on nest 2.71 0.013

BGC 2.19 0.040

S´ 2.97 0.007

F time*nestling # -3.04 0.006

BGC*nestling # -2.23 0.037

6 109 1.70 0.10 4.53 22 0.51 0.40 0.005 mean egg date -1.38 0.181

nestling # 2.65 0.015

F time on nest 1.71 0.102

S´ 1.81 0.085

F time*nestling # -2.21 0.038

7 109 1.96 0.09 4.41 23 0.43 0.34 0.009 mean egg date -1.83 0.080

nestling # 1.99 0.059

F time on nest 1.01 0.322

F time*nestling # -1.54 0.139



Table A.2. IT selected models (< 2 AICc) of day 3 female feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; F = 

female, MFR = male feeding rate, S = colour saturation index).

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 80 0.00 0.46 7.21 25 0.37 0.32 0.003 nestling # 3.28 0.003

F time on nest -2.15 0.042

2 81 0.61 0.34 5.35 23 0.48 0.39 0.003 nestling # 3.49 0.002

F time on nest 2.08 0.049

MFR -2.93 0.008

MFR*nestling # -2.23 0.036

3 82 1.66 0.20 5.23 24 0.40 0.32 0.006 nestling # 3.21 0.004

F time on nest -2.18 0.039

S´ -1.08 0.291
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Table A.3. IT selected models (< 2 AICc) of day 6 male feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; BGC = 

blue-green chroma, F = female, BGC = blue-green chroma index).

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 125 0 0.421 10.3 26 0.61 0.55 <0.001 BGC 1.80 0.083

nestling # 2.37 0.026

F time on nest 2.06 0.049

BGC*nestling # -2.25 0.033

2 127 1.49 0.2 8.8 25 0.64 0.56 <0.001 nestling # 2.06 0.050

F time on nest 1.92 0.066

BGC 1.42 0.168

F time*nestling # -1.25 0.222

BGC*nestling # -1.86 0.074

3 127 1.59 0.19 8.7 25 0.64 0.56 <0.001 F feeding rate -1.21 0.236

BGC 1.46 0.157

nestling # 2.15 0.042

F time on nest 1.86 0.074

BGC*nestling # -2.01 0.055

4 127 1.6 0.189 11.0 27 0.55 0.50 <0.001 BGC 2.36 0.026

nestling # 2.73 0.011

BGC*nestling # -2.63 0.014
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Table A.4. IT selected models (< 2 AICc) of day 6 female feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; BGC = 

blue-green chroma index).

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 94 0.00 0.52 8.06 27 0.47 0.41 <0.001 time of day 2.003 0.055

nestling # 2.299 0.030

BGC -2.039 0.051

2 95 1.43 0.25 9.11 28 0.39 0.35 <0.001 nestling # 3.920 0.001

BGC -2.119 0.043

3 95 1.58 0.23 9.00 28 0.39 0.35 <0.001 time of day 2.083 0.047

nestling # 1.922 0.065
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Table A.5. IT selected models (< 2 AICc) of day 9 male feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; BGC = 

blue-green chroma index, F = female).

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 99 0.00 0.17 7.3 19 0.61 0.52 0.001 BGC 1.42 0.173

nestling # 1.92 0.070

mean nestling age -1.94 0.068

BGC*nestling # -1.83 0.082

2 99 0.06 0.16 15.2 22 0.41 0.38 0.001 nestling # 3.90 0.001

3 99 0.31 0.14 7.7 20 0.54 0.47 0.001 nestling # 3.93 0.001

BGC -1.70 0.104

mean nestling age -1.97 0.063

4 99 0.32 0.14 9.3 21 0.47 0.42 0.001 nestling # 3.70 0.001

mean nestling age -1.57 0.133

5 99 0.70 0.12 7.5 20 0.53 0.46 0.001 nestling # 2.98 0.007

F time on nest -1.59 0.128

mean nestling age -1.91 0.070

6 99 0.71 0.12 7.5 20 0.53 0.46 0.001 nestling # 1.95 0.065

BGC 1.56 0.135

BGC*nestling # -1.87 0.077

7 100 1.33 0.08 8.5 21 0.45 0.40 0.002 nestling # 4.03 0.001

BGC -1.22 0.236

8 100 1.50 0.08 8.4 21 0.44 0.39 0.002 nestling # 3.32 0.003

F time on nest -1.15 0.263
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Table A.6. IT selected models (< 2 AICc) of day 9 female feeding rate in response to 3 

natural egg colour indices and other important predictor variables (see Methods; S = 

colour saturation index). 

Rank AICc Delta Weight F DF R2 Adj. R2 p Parameter t    Pr(>|t|)

1 65 0.00 0.48 11.1 19 0.70 0.64 <0.001 time of day -1.17 0.255

nestling # -0.53 0.603

S´ 3.13 0.006

time of day*nestling # 2.00 0.060

2 66 0.96 0.29 11.7 20 0.64 0.58 <0.001 time of day 3.36 0.003

nestling # 3.98 0.001

S´ 3.57 0.002

3 66 1.45 0.23 9.8 18 0.73 0.66 <0.001 time of day -1.53 0.144

nestling # -1.54 0.142

S´ -0.66 0.515

time of day*nestling # 2.29 0.034

S´*nestling # 1.44 0.168
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