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ABSTRACT
Animal colouration generally evolves via natural or sexual selection, or some
combination of the two. From a naturalist’s perspective, the diversity of colour exhibited
by avian eggs is particularly interesting, because much of this diversity has not been
thoroughly explained by either mode of selection. Until recently, a sexual selection
mechanism for the evolution of egg colour was not known, and natural selection did not
appear to be acting on some egg colours, most notably the unspotted white and blue-
green eggs laid in open nests. The goal of my dissertation is to investigate the functional
significance and selective pressures facing the evolution of egg colour. In Chapter 2, |
investigate whether egg colour serves as signal of female quality. | find little support for
this hypothesis and suggest that future research should examine other explanations for the
evolution of egg colour. In Chapter 3, | find that environmental contaminants have a
significant influence on egg colour. This has important implications for employing
eggshell pigmentation as a non-destructive bio-indicator. In Chapters 4 and 5, | conduct
large-scale comparative analyses that involve the reconstruction of a super-tree including
representatives of all but one avian order. In Chapter 4, | find that predation is negatively
related to ultraviolet chroma in open nests, and eggshell brightness is positively related to
predation pressure in species using open nests above the ground. In addition, the risk of
brood parasitism is greatest in species with a high proportion of blue-green chroma, but
nest attendance is higher for these nests, suggesting that parents may behaviourally
mitigate the risks of parasitism. I also find greater variation between clutches in species
that experience high rates of parasitism; this presumably makes spotting a brood parasitic

egg easier. In Chapter 5, | find that within cavity nests, selection is acting to increase



eggshell brightness. | also find suggestive evidence that eggshell pigments could be
adapted to protect the embryo from harmful solar radiation. In Chapter 6, | document and
describe eggshell phosphorescence, a previously undocumented property, and suggest

that this property is due to porphyrin within the eggshell.
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Chapter 1 — General Introduction

Sexual reproduction

Sexual organisms are derived from the unification of parental gametes
(Gegenbaur 1859; Kokkiker 1899, as cited in Mayr 1982). One gamete, known as the
ovum, is larger and generally less mobile than its smaller, highly motile counterpart,
known as sperm. This difference in gamete size, known as anisogamy, is maintained by
the combined effect of competition of two or more sperm attempting to fertilize the ovum
(sperm competition), and an increased likelihood of fertilization if one gamete is
numerous and small (Parker 1982). This distinction has important implications for
parental investment. Specifically, males with motile gametes (sperm) invest in quantity,
while females with larger immobile gametes (eggs) invest more in the quality of the
gamete (Trivers 1972). This difference between the sexes provides an opportunity for the
female to provision the cell with more than just a haploid set of genes. Once fertilization
occurs, the developing zygote uses maternal resources allocated to the ovum. Since
females have the opportunity to provision their offspring with resources, they have some
options available in terms of how they will allocate those resources across progeny. The
differential allocation hypothesis suggests that a female mated to a high quality partner
should increase her maternal investment (Burley 1986). Such maternal investment has
been found in the zebra finch (Taeniopygia guttata), where females add more
testosterone to their eggs when mated to more attractive males (Gil et al. 1999).
However, these types of decisions about maternal allocation need not necessarily be in
response to the perceived attractiveness of her mate. Females may also choose to invest
more or less based on environmental conditions and to enhance the competitive ability of

certain chicks (Schwabl 1996a, b; Royle et al. 2001).



Chapter 1 — General Introduction

Females incur a number of costs associated with egg production, which can limit
when and how often a female will become fertile (Monaghan and Nager 1997; Monaghan
et al. 1998).Oviparity, or the production of eggs outside the body, restricts females to
depositing eggs under only certain favourable conditions. For example, many conditions
are too harsh or unstable for the development of external eggs (Andrews and Mathies
2000). As females invest heavily into the production of the eggs themselves, they may
face limitations on the number of eggs, quality of these eggs, or frequency with which
they lay (Monaghan and Nager 1997). Birds, in particular, display an interesting array of
investment strategies, ranging from raising a single brood, raising multiple broods per
year, raising offspring in two separate nests, leaving eggs to hatch from the heating action
of decomposing debris, and even laying their eggs within the nests of conspecifics (intra-
specific brood parasitism) or heterospecifics (inter-specific brood parasitism), therby
evading their parental care responsibilities, with variable investment by the male within
these strategies (Kendeigh 1952; Verner and Willson 1969).

Another important yet understudied female investment strategy lies in the
deposition of pigments into eggshells, which produces a vast array of colours and patterns
across the class Aves (Kennedy and Vevers 1976; Kilner 2006; Walters 2006). My
dissertation research will investigate the functional significance and evolution of avian

egg colouration,

Formation of the avian egg
As with most vertebrates, female birds are born with all of the gametes (odcytes)

that they will use throughout their reproductive lifespan. However, ovum maturation does



Chapter 1 — General Introduction

not occur until the proper hormonal triggers have begun the egg formation process.
Although there are large interspecific differences in when females reach their age at first
reproduction (Mgller 2006; Wasser and Sherman 2009), the process of egg formation is
remarkably similar between species (Romanoff and Romanoff 1949). In birds for
example, environmental cues such as variation in day length are important hormonal
triggers for egg formation (Bentley et al. 2000; Visser and Sanz 2009). One hormone
integral to ovum development is the follicle stimulating hormone (Romanoff and
Romanoff 1949; Onagbesan et al. 1999). This hormone, in conjunction with an insulin-
like growth factor, is responsible for the rapid growth of follicular ova, and the timing of
these processes are tied to a species-specific breeding cycle. Ova develop sequentially
and the length of this process depends on the size of the bird and the size of the clutch it
will lay (ranging from 4-5 days in Passeriformes to 16 days in Sphenisciformes).
Prolactin levels increase at the beginning of egg laying and inhibit further egg production,
which presumably corresponds to a transition from laying to incubation behaviour (Burke
and Dennison 1980).

Prior to ovulation, while ova are still attached to the ovary, a vascularised follicle
surrounds the primordial o6cytes and allows for the addition of yolk. Through this
process oocytes develop into ova, which are attached to the ovary by a small structure
known as the peduncle. The liver-produced proteins and lipids that form the yolk are then
transferred through the blood and accumulate in the yolk sac via receptor-mediated
endocytosis (Romanoff and Romanoff 1949; Hirayama et al. 2003). In some species, this
increase in ovum mass represents a greater than 1000% increase from its original size

(Harris 1964). When the ovum has reached full size, ovulation occurs. At the time of



Chapter 1 — General Introduction

ovulation, the peduncle is cleaved at its base, known as the stigma, and is released from
the ovary into the oviduct. The region of the oviduct that receives the ovum is known as
the infundibulum, and it pulses back and forth towards each successive ovum. By the
time the follicle breaks, the ovum is within the infundibulum where fertilization will
occur (for a more complete review, Romanoff and Romanoff 1949).

The structure of the avian oviduct allows a female to store sperm for long periods
of time prior to fertilization (Birkhead and Mgller 1992; Das et al. 2008). The sperm is
stored in sperm storage tubules that are located at the junction of the vagina and uterus,
situated at the opposite end of the female’s reproductive tract to the site of fertilization
(Bobr et al. 1964). During the laying period, sperm must be continuously secreted from
the sperm storage tubules so that it can travel to the infundibulum where fertilization
occurs (Baskt 1998). This mechanism facilitates insemination even if females have not
mated at the exact moment that would allow both the sperm and ovum to coincide within
the infundibulum.

Once fertilization has occurred, the ovum moves further along the oviduct into the
magnum, where the egg undergoes the process of albumen addition. There are actually
four dehydrated layers of albumen, including the familiar layer of white twisted-looking
strands that is found on either end of the yolk. This layer comprises strands known as the
chalazae, which take this form because the ovum is slowly rotated as this layer is secreted
around it. More specifically, the chalaza attached to the pointed end of the egg is longer,
thicker, and more firmly attached to the albumen, and it is twisted in a counter clockwise
direction. The chalaza at the blunt end of the egg is twisted in a clockwise direction as it

is applied. While the egg rotates, this serves to tighten the chalazae and keep the



Chapter 1 — General Introduction

blastoderm oriented upwards and within the geometric center of the egg (Romanoff and
Romanoff 1949; Rahman et al. 2007). After the chalazae are added, the remaining three
layers of albumen are added over top. The egg continues to move away from the
infundibulum into the isthmus where the porous inner- and outer- membranes are added.
The inner membrane is a fine mesh of keratin fibres, while the outer membrane is
composed of a coarser mesh of keratin fibres. The inner keratinized membrane often
appears pinkish, and is the reason why some white eggshells appear to have a pinkish
hue. These porous membranes allow for gas and liquid exchange after the egg is laid.

It is the permeability of these membrane layers which allows the egg to take on its
characteristic shape. The albumen enclosed within these membranes becomes hydrated at
this stage, through a process known as plumping. Now the egg has its ultimate shape and
a firmer surface onto which the shell will adhere. In this form, the avian egg is
reminiscent of the eggs of some closely related taxa within Chelonia (turtles, tortoises,
and terrapins) and Lepidosauria (scaled lizards) (Ewert 1979). The membrane-bound egg
then moves to the uterus where the process of shell formation begins.

The next step of complete calcification and pigmentation makes bird eggs unique.
The evolution of shell calcification is believed to have been linked to selection pressures
caused by soil microbes because the common ancestor of birds and reptiles were likely at
risk of microbial invasion (Packard and Packard 1980). This hypothesis proposes that the
calcified shell reduces permeability, and therefore provides greater protection for
developing embryos. Nonetheless, there remains a great diversity in the degree of shell
calcification found in reptiles (Ewert 1979; Packard and DeMarco 2004) and an

investigation of the evolutionary origins of calcification would be enlightening.
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Within the uterus, eggshell pigments are added to the shell. This process results in
the diversity of colours exhibited by avian eggs, which forms the basis of the chapters to
follow. Cone-shaped calcium carbonate structures are first laid over the outer membrane,
and these ultimately form what is known as the mammillary layer of the egg. This layer
has the important function of providing calcium necessary for bone formation to the
developing embryo (Dieckert et al. 1989). After this layer has been laid, a layer known as
the palisade (or spongy) layer is placed over it. This layer is created by the interweaving
of collagen-like fibres and calcite, resulting in the hard dense layer which characterizes
the outer surface of avian eggs (Romanoff and Romanoff 1949). It is within this palisade
layer that the eggshell ground colouration is added. Here, when | refer to eggshell ground
colouration, I mean the colour that uniformly covers the shell’s surface. Ground
colouration is created by two pigments that may be found independent of one another or
in combination: proto-porphyrin, which produces brown colours, and biliverdin, which
produces blue-green colours (Romanoff and Romanoff 1949; Kennedy and Vevers 1976;
Miksik et al. 1994; Miksik et al. 1996; Gorchein et al. 2009). Although these two
pigments may also be circulating in the blood, those found within the shell originate from
within the shell gland (Baird et al. 1975; Zhao et al. 2006). Recent research suggests that
the mechanism behind biliverdin deposition more specifically involves transportation of
biliverdin from the shell gland into the uterus fluid; in blue-green eggs, biliverdin in the
shell gland was transferred to uterine fluid and then to the shell surface, while in white
eggs, biliverdin was produced in the shell gland but was not present in the uterine fluid
(Liu et al. 2010). This implies that once within the fluid, pigments may be easily

intermixed with the calcium matrix. The process of interspersing pigments within the
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calcium matrix begins after the formation of the palisade layer, and therefore pigments
are rarely found within the mammillary layer (Romanoff and Romanoff 1949). However,
there are exceptions to how far pigments penetrate into the shell, even within a single
species (personal observation).

Many avian eggs also possess another layer known as the cuticle; however, this
layer is not present in all species (e.g., gulls, Romanoff and Romanoff 1949). When
present, this layer is comprised of two membranes and covers the entire shell surface,
including numerous pores in the shell. This outer layer is gas permeable, which allows
gas exchange necessary to sustain the developing embryo, and is the last feature added to
the egg before laying. The properties of this layer determine the apparent texture of the
eggshell (glossy, chalky, etc.).Within this layer, another form of porphyrin-based
pigmentation is applied, which creates the familiar brown streaks, spots, and other
markings found atop the ground colouration in a variety of species. This layer is thickest
where the pigments are deposited and is otherwise even across the unspotted areas
(Romanoff and Romanoff 1949). Some species, especially those with absent or thin
cuticles, will create spots by intermixing pigments within the calcium matrix, known as
shell pigments, while the spotting found within the cuticle is known as cuticular pigment
(Romanoff and Romanoff 1949).

Interestingly, spots are placed specifically where the shell is thinnest (Gosler et
al. 2005), which has been hypothesized to be due to a shared carrier protein between
porphyrin and calcium (Solomon 1997). Such a mechanism would allow porphyrin to be
carried to the shell whenever calcium is lacking.The deposition of pigment where the

shell is thinnest potentially adds to the structural integrity of the eggshell (Gosler et al.
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2005). However, researchers have yet to determine the mechanism that allows pigments
within this proteinaceous cuticle layer to bind to specific shell areas. For example, the
pigments forming dark eggshell spots could initially be evenly distributed throughout the
cuticle layer and then become concentrated at thin parts of the shell. The thin parts of the
shell would then act as sinks for pigment concentration, leading to a patchy distribution
of pigmentation in the cuticle layer. More research on dark eggshell spotting is also
warranted because dark spots appear to have different photo-electric properties than
lighter speckling (Chapter 6), even though they should be produced by the same pigments
(Kennedy and Vevers 1976). More precise analytical approaches will be necessary to
fully characterize the pigment composition of avian eggs. This point is timely because
current extraction protocols do not necessarily isolate pigments found in specific areas of

the egg; they usually homogenize pigments throughout the shell.

Pigment composition of avian eggs

Although researchers have been in almost unanimous agreement about the general
composition and origin of eggshell pigments since the late 1800°s (Sorby 1875), the
specific composition of pigments has long been debated (Liebermann 1878; Sorby 1878)
and remains contentious (Lang and Wells 1987; Gorchein et al. 2009). What is certain is
that there are two main pigment classes involved in colouring birds’ eggs: porphyrins and
verdins (Kennedy and Vevers 1976; Miksik et al. 1994; Miksik et al. 1996). These are
biologically important pigments, and are intimately connected to the heme biosynthesis
pathway, which is necessary for the formation of chlorophyll in plants and haemoglobin

in nearly all vertebrates (Moore 1998; Ponka 1999; McDonagh 2001). Porphyrin is
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comprised of four pyrrole subunits, arranged in a ring with substitutions around this ring
perimeter (Figure 1A; McGraw 2006). This molecule is constructed by the binding of
identical colourless monopyrrole units. Chain-link polymerization of these pyrroles
creates the highly planar, conjugated double bond system which produces the brilliantly
coloured and highly photo-sensitive porphyrin (Needham 1974). Porphyrin has multiple
absorption peaks (Figure 2) and on the surface of avian eggs this pigment appears brown
to reddish brown. In addition, porphyrin is the precursor to numerous important natural
colourants including chlorophyll and heme, a precursor to hemoglobin that is integral to
the oxygenation of living tissues (Ponka 1999). The difference between heme and
chlorophyll begins with the addition of an iron ion (in the case of heme), and a
magnesium ion (in the case of cholorphyll). The porphyrin that precedes the addition of a
metal ion is known as proto-porphyrin IX. The majority of investigations have only found
the iron-less proto-prophyrin in avian eggshells (Kennedy and Vevers 1976; Miksik et al.
1994; Miksik et al. 1996; Gorchein et al. 2009). However, some researchers have
detected other forms of natural porphyrins (Sorby 1875; With 1973; Baird et al. 1975),
prompting questions about the possible presence of other forms of porphyrin in the
eggshell (Lang and Wells 1987; Gorchein et al. 2009). In some cases, the detection of
other natural porphyrins may be the result of experimental contamination (Gorchein et al.
2009).

The second pigment found in avian eggs is biliverdin, which produces blue-green
colouration. Researchers have been aware of this pigment’s role for more than a hundred
years (Sorby 1875); however, biliverdin in avian eggs was known as odcyan until 1945

when it was confirmed to be identical to biliverdin (Romanoff and Romanoff 1949). This
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pigment is formed through the oxidation of heme, a process which releases both an iron
ion and a single molecule of carbon monoxide (Galbraith 1999). Biliverdin is an open-
chain tetrapyrrole molecule (Figure 1B), and along with its derivatives, is known to have
powerful antioxidant capacities (Stocker et al. 1987; Kaur et al. 2003). Biliverdin is
characterized by two major absorption peaks in the 375-384 nm and 665-670 nm ranges

(Figure 2; Ding and Xu 2002; Falchuk et al. 2002).

Genetic determination of eggshell pigments

For either natural or sexual selection to act on a trait, variation within the trait
needs to be heritable (Darwin 1871). Heritability, or the proportion of variation in a trait
attributable to an organism’s genes rather than environmental conditions, can be
calculated to determine if a trait meets this basic criterion for selection (Boag and Grant
1978). Considering the wealth of empirical and theoretical studies on egg colouration
(Underwood and Sealy 2002; Kilner 2006; Cherry and Gosler 2010), there has been
surprisingly little research on the environmental and genetic control of egg colour.
Nevertheless, our knowledge of the heritability of egg colour is expanding, and we are
beginning to understand at least generally how several different forms of pigmentation
are inherited. The heritability of white and brown colours has been well studied in poultry
(Wei et al. 1992; Francesch et al. 1997; Zhang et al. 2005); however, less effort has
focused on blue-green egg colour. It has been proposed that blue shell colouration is
under simple autosomal dominance (Punnett 1933; Stevens 1991) that involves
independent pairs of alleles at two loci (Collias 1993), although this may be an over-

simplification. Collias (1993) suggested a two allele system, and categorized egg colours
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2 ¢¢

as “white,” “emarld,” or “turquoise.” Although this work carefully describes what was
known about eggshell pigmentation at the time, these colour classifications do not
currently have an adequate pigment strategy to explain them, nor was there any attempt
to use an analytical approach to quantify them. If future work should find other pigments
in avian eggs, this genetic control mechanism may provide an adequate explanation.
More careful genetic studies outlined a similar system in the Japanese quail (Coturnix
japonica) (Ito et al. 1993). An eggshell colour mutation, known as celadon, entered a
captive population and produced blue-green eggshells. This mutation was controlled by
an autosomal recessive gene (ce) and is located on a different locus than the gene
controlling white eggshells in Japanese quail (we). These loci are not linked, but the
phenotypic expression of ce is masked by the expression of we (Ito et al. 1993). In
combination, these two studies provide evidence for a two-allele system for the genetic
control of egg colour.

A recent five-year study has established heritability measures for blue-green
eggshell colour in a population of pied flycatchers (Ficedula hypoleuca), and has shown
that in this population, within-clutch standard deviation in blue-green chroma and egg
brightness were the most heritable aspects of eggshell colouration (Morales et al. 2010).
In addition, investigations into the inheritance of eggshell spotting has shown that this
trait is sometimes linked to the female W chromosome (Gosler et al. 2000), while in other
cases it is not (Mahler et al. 2008). These investigations establish that there is a genetic
component to egg colouration on which selection may operate, despite there also being a
significant environmental component (Avilés et al. 2007; Jagannath et al. 2008; Morales

et al. 2011).
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Objective colour measurement

Although there are numerous methods for quantifying colour (Andersson and
Prager 2006; Montgomerie 2006), and many different colour spaces in which colours
may be modeled (Wyszceki and Stiles 1982; Endler and Mielke 2005), | will restrict this
discussion to the field of spectroscopy, which is the technique I used in the following
chapters. Spectroscopy involves the quantification of light emitted from surfaces. The
reflectance of a surface is defined as the ratio of reflected light to incident light across a
range of wavelengths (Wyszceki and Stiles 1982). In behavioural sciences, reflectance is
often expressed as a percentage relative to a white standard. The wavelengths of light are
measured in nanometers (nm). A perfectly white object should reflect at 100% across all
wavelengths, and the reflectance of other achromatic colours should be similarly even
across all wavelengths but at increasingly lower reflectance levels as you progress from
white through grey to black. Throughout this dissertation | use a WS-1 Spectralon-based
white standard, which provides 96% reflectivity between 300 — 400nm, and 99% between
400 — 700nm (Ocean Optics, Dunedin, FL).

Reflectance is generally measured with a device known as a spectroradiometer.
This device measures radiometric quantities across a wavelength range (Wyszceki and
Stiles 1982). A spectrophotometer measures both the reflectance and transmission of
light, while simultaneously examining the radiant power of an object at each wavelength
relative to incident light. There has been confusion about the terminology regarding the
equipment commonly employed by researchers measuring the reflectance of animal

surfaces. The data collected by a spectroradiometer is compared to a reference light
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source, and then percent reflectance across the wavelength range can be determined from
these data. These conversions are conducted automatically with most end-user
applications (Ocean Optics, Dunedin, FL). Andersson and Prager (2006) provide a good
general rule of thumb: if your instrument “measures the spectral composition of the
radiation as a function of wavelength, it is a spectroradiometer” (p. 50). However,
changes in how spectrometers operate, modern charge-couple device (CCD) spectrometer
technology, and integration with computer software seems to be blurring the line between
spectroradiometer and spectrophotometer. This is most likely why companies such as
Ocean Optics and many researchers opt for the more generic term spectrometer, which is
the term | use throughout this dissertation.

Throughout this dissertation | used an external light source which provides full
spectrum light through a bifurcated fibre optic cable. This cable comprises six separate
fibre optic cables, with the light being delivered through the outer five cables of the
bundle. The inner fibre optic cable carries the reflected light back to the spectrometer.
This returning light enters the unit and then is redirected to a diffraction grating. The
grating of this component is specifically adjusted for each unit, and essentially separates
the light much the way a prism would. This refracted light then is focused on a mirror
which shines the light on the CCD photo-diode array. These diodes are photosensitive
and the light that falls on this array is registered as voltage differences across the
elements of the array. These data are simultaneously assessed by the integrated software
installed on the computer operating the spectrometer, and reflectance (as well as other

output) may then be visualized.
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Colour

Our concept of colouration is necessarily anthropogenic. However, if we hope to
understand the function and evolution of colour signals across diverse taxa, it is necessary
to have a broader and more generally applicable appreciation of colouration (Endler
1990; Bennett et al. 1994). In the past, perceptual biases dictated how researchers
quantified variation in colour, and these biases influenced theories on animal colour
perception (Bennett et al. 1994). This illustrates an important point, that colour is more
than just the spectral properties emitted by an object, it is actually a physiological
experience for the receiver (Wyszceki and Stiles 1982). A good, psychologically-
grounded definition of colour should take this into account. One such definition is that
colour is the perceptual ability of an observer to discriminate two equivalently
illuminated structures of equal size and shape by differences in the spectral composition
of reflected light alone (Wyszceki and Stiles 1982). This definition makes proper
measurement difficult, and only recently have our technical abilities caught up with our
conceptual knowledge-base.

In terms of natural pigments, most colours are produced through the transfer of
electrical charges from one ion to another. This operates under the general umbrella of
molecular orbital theory and applies to molecules with alternating single and double
bonds (Needham 1974). Generally, larger molecules with multiple rings, or those
possessing side groups, have extended pi orbitals, which define the combined wave
characteristics of the electrons comprising the molecule (Nassau 1997). These molecules
exhibit absorption properties in the human-visible range. These properties are shared by

porphyrin and biliverdin as well as most natural pigments (Needham 1974), and the
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difference between the structures of porphyrin and biliverdin explain the variation in their
absorption spectra. In addition, these differences in orbitals, conjugation, and resonance
explain differences in the luminescence properties of these two pigments. This point will
be elaborated on more thoroughly in Chapter 6. Human perception has traditionally been
used to classify which molecules are considered pigments. For example, although simple
benzene rings can be excited in the ultraviolet range (Nassau 1997), these are not
considered pigments because humans lack the ability to detect ultraviolet light.
Nevertheless, these molecules may be important for organisms with different perceptual
abilities (see Avian Vision section, below).

Numerous terms are used to describe colour such as hue, saturation, chroma, and
brightness. These are complicated by the colloquial usages of colour terms that are also
used in a technical sense (MacAdam 1997). Hue represents the perception of
predominant wavelengths of colour (such as red, blue, yellow, etc.). Saturation and
chroma can be thought of as the degree of purity of the colour, while brightness refers to
its value on a white to black scale (Kelber et al. 2003). In the human visual system, any
colour can be explained by two chromatic (hue, saturation) and one achromatic
(brightness) aspect of colour. Variation in colours is detected by the combined output of
photoreceptors known as rods and cones. These receptors are activated at different
thresholds of light. Rods are active in low light and are the predominant photoreceptors
used in scotopic conditions such as at night, whereas cones are activated at high light
levels often experienced in full daylight (Jacobs 1981; Kelber et al. 2003). Furthermore,
cones possess pigments, known as photopigments, which have specific absorptance

characteristics. The absorptance properties of the photopigments allow cones to
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differentially absorb light across the spectrum based on the photopigment that they
possess, and these differences can be used to classify different cone types. To
discriminate between colours, a viewer must possess at least two distinct cone types
(Jacobs 1981; Wyszceki and Stiles 1982; Kelber et al. 2003); however, possessing
multiple cone types does not necessarily equate to possessing colour vision (Chen et al.
1984; Chen and Goldsmith 1986). In addition to these reception prerequisites, the
perception of colour is also dependent on subsequent neurological stages (Jacobs 1981).
Careful physiological, neurological, and behavioural experimentation are necessary to
determine if an animal has colour vision (Jacobs 1981; Kelber et al. 2003). Such
experimentation has improved our understanding of both mammalian and avian colour
vision and has contributed significantly to the study of animal behaviour (Vorobyev et al.

2001; Goldsmith and Butler 2003, 2005).

Visual systems of avian nest predators

An appreciation for the visual abilities of potential predators has important
implications for avian egg colour (Ricklefs 1969; Bosque and Bosque 1995; Cain et al.
2006). Aside from birds, mammals and reptiles are important nest predators of birds
(Ricklefs 1969; Bosque and Bosque 1995; Weatherhead and Blouin-Demers 2004;
Sinclair et al. 2005; Cain et al. 2006). Snakes may arguably be the most important avian
nest predators in some parts of the world (Weatherhead and Blouin-Demers 2004).
Although the visual system of snakes remains poorly described, the photopigments of at
least one species seem to be primarily adapted for low light vision and motion detection

rather than colour vision (Sillman et al. 2001). Nevertheless, colour may still be an
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important cue in prey detection, especially when used in combination with other signal
reception modalities (de Cock Buning 1983). Mammals also rely heavily on non-visual
signaling modalities (Alberts 1992), although colour has been shown to act as an
important visual cue in this group (Wells and Lehner 1978; Jacobs 1993) and is therefore
worthy of being addressed. Variation in mammalian colour vision is quite high because
mutations within the opsin gene that controls photopigment expression are common
(Kelber et al. 2003). Unfortunately, little of this diversity has been subjected to rigorous
examination among mammals. Even when information on spectrally distinct cone types is
available, mammalian visual abilities have not often been examined behaviourally. We
do have a general understanding of some commonalities in colour vision across this class.
Generally, mammals are classified as dichromats, meaning that they have only two cone
types, and this distinction results in marked differences from our own trichromatic vision.
When considering the six mammalian families representing the most important avian
nests predators (Sinclair et al. 2005), there is variation in the sensitivity of both cone
types (Canidae: 429 and 555 nm, Felidae: 450 and 555 nm, : 444 and 543 nm in tree
squirrels, 436 and 518 nm in ground squirrels, Muridae: 360 and 512 nm, Procyonidae:
unknown and 560, Didelphidae: unknown and 560; reviewed in, Jacobs 1993). In
dichromats, the spectral sensitivities of both photopigments dictate which colours are
differentiable. Primates are also common nest predators; however their visual systems
vary across the order, and even within a species between sexes. Colour vision is
important for successful foraging in a number of primate species, and trichromacy is
thought to be an adaptation for this lifestyle in some primates (Mollon 1989; Osorio and

\orobyev 1996). Old world primates tend to be trichromatic, and new world primates
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tend to be dichromatic or trichromatic or a combination of both (Jacobs et al. 1996;
Kelber et al. 2003). These colour vision abilities may explain the relatively high
occurrence of primate induced nest predation (Olmos 1990; Tarwater 1998; Robinson
and Robinson 2001). Birds also possess excellent colour vision and are another important
source of avian nest predation, and the colour of nest contents appears to be an important

factor regulating this pressure (Blanco and Bertellotti 2002; Castilla et al. 2007).

Avian vision

Birds possess four spectrally distinct photopigments and have tetrachromatic
vision (Bennett et al. 1994; Church et al. 2001; Hart 2001a; Maddocks et al. 2001;
Bennett and Thery 2007). In birds, all four photopigments are involved in colour vision
(Church et al. 2001). These photopigments are sensitive over a wide spectral range from
approximately 320 to 700 nm (Chen et al. 1984; Church et al. 1998; Withgott 2000; Hunt
et al. 2001; Odeen and Hastad 2003). The four classes of avian photopigments are
sensitive over different wavelength ranges, which include long-wave-sensitive (LWS;
Amax 543 - 571 nm), medium-wave-sensitive (MWS; Amax 497 - 509 nm), short-wave-
sensitive (SWS; Amax 430 - 463 nm), and either violet-sensitive (VS; Amax 402 - 426
nm) or ultraviolet-sensitive (UVS; Amax 355 - 376 nm). Although there are interspecific
differences in the wavelength of maximum sensitivity for these visual pigments (Hart
2001b), the absorption characteristics of these photoreceptors are generally similar across
all birds (Hart et al. 2000; Cuthill 2006). In addition to these photopigments, birds (as
well as some fishes, amphibians, and reptiles) possess oil droplets that absorb lower

wavelengths and effectively narrow the cone sensitivity curves. This reduces the overlap

19



Chapter 1 — General Introduction

between cone type sensitivities, which ultimately improves discriminability between

colours (Bowmaker et al. 1997; Hart 2001b).

Illustrating the diversity of avian egg colour

The colour of birds’ eggs has captured the interest of artists, philosophers, and scientists
for millennia (Stagiritis 350 BC; Wallace 1889; Purcell et al. 2008). When examining the
diversity of colours and forms of patterns found across species (Figure 3), it is no wonder
why people have been drawn to this trait. Although this diversity is believed to be
produced by only two pigment classes (Kennedy and Vevers 1976; Gorchein et al. 2009),
the dramatic variation in egg colour between species suggests that the mechanisms of
colouration remain to be fully explained. Colours on the surface of avian eggs reflect
many hues within the human visual range (400 — 700 nm). Reflectance spectra for species
that differ in visually perceived egg colour illustrate that the reflectance properties
between these eggs are indeed quite different. The blue-green colouration commonly
found in avian eggs is generally similar across species; this colour varies most often in
terms of chroma, with some species (Figure 3B) exhibiting higher and narrower
reflectance peaks than other species (Figure 3A). As mentioned earlier, the ground
colouration can comprise a combination of biliverdin and porphyrin, which can result in
olive, brown, or blue-green colours (Figure 3C). Although green eggs are rare, some
species such as the elegant crested tinamou (Eudromia elegans) exhibit remarkably green
eggs (Figure 3D). These spectral curves have a fundamentally different spectral shape
than those of blue-green eggs (Figures 3A -B), and of blue-green eggs created through a

mixture of blue-green and brown pigments (Figure 3C). The light buff brown colour
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produced by fine speckling creates the overall impression of a light brown colour (Figure
3E). Although the deep brown colour found in the eggs of Nothura boraquira are fairly
uncommon (Figure 3F), these colours do occur. Unlike many other egg colours, the deep
chocolate brown colours found in this species are very dark and result in relatively low

reflectance across the spectrum.

Concluding remarks

Avian egg colouration is remarkably variable across species (Walters 2006). This
variation is primarily produced by the differential contribution of two related pigment
classes that are integrated into the eggshell matrix while the eggs are in utero (Romanoff
and Romanoff 1949). In this dissertation, | adopt a comprehensive approach to
understanding variation in egg colour, ranging from the properties of the pigments
themselves to the evolutionary factors influencing the evolution of egg colouration. Here,
| provide a brief summary of the chapters that follow.

In Chapter 2, | test the hypothesis that blue-green egg colour may indicate female
quality in the ring-billed gull (Larus delawarensis). To this end, | combine an
observational and experimental approach to evaluate multiple assumptions of the sexual
signalling hypothesis: 1) blue-green egg colour is limiting, 2) high quality females
produce more chromatic eggs, 3) egg colour reflects offspring quality, 4) males exhibit
post-mating sexual selection based on this proposed egg colour signal.

In Chapter 3, | examine egg colouration in a non-signalling context in a related
gull species, the herring gull (Larus argentatus). Specifically, | used the world’s longest-

running environmental monitoring program examining changes in environmental
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contaminants, and their influence on avian populations of the Great Lakes. This
investigation is the first of its scale to examine the relationship between egg colour and
contaminants.

In Chapter 4, | investigate the role of egg colouration as a potential cue or signal
to conspecifics and heterospecifics. This large-scale comparative analysis involved the
reconstruction of a super-tree that includes representatives of all avian orders (except
sandgrouse, Pteroclidiformes). In this chapter | examine the hypothesis that egg colours
influence predation levels and found that in open-nesting species, predation pressure was
positively related to eggshell brightness. I also examine the blackmail hypothesis we
recently proposed (Hanley et al. 2010), which suggests that females lay colourful eggs to
coerce males into providing additional care. For this hypothesis to operate, risk needs to
be associated with certain egg colours and parents need to compensate for this risk. In
addition 1 examine the sexual signalling hypothesis suggesting that egg colour indicates
female quality and the sensory bias hypothesis suggesting that egg colour is selected
based on inherent colour preferences. Moreover, | examine the possibility that egg colour
enhances egg recognition in the context of brood parasitism and dense coloniality.

In Chapter 5, | use the same comparative information to investigate whether broad
environmental and ecological factors, such has habitat type and the form of nest, are
important selective agents for the evolution of egg colour. In particular, | test whether
eggs have been selected to be brighter in cavity nests, if egg pigments have evolved to
protect eggs from microbial invasion, and whether egg pigments provide protection from
direct solar radiation. Together with chapter 4, this research represents the largest

comparative examination of the evolution of egg colour to date.
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In Chapter 6, | provide the first documentation that avian eggshells phosphoresce,
and provide evidence to suggest that porphyrin within the shell matrix is the source of
eggshell phosphorescence. This property does not appear to negatively influence eggshell
reflectance; however, future egg colour research should utilize light sources that include
ultraviolet irradiance because this would best approximate natural lighting conditions.
Phosphorescence has both applied and evolutionary implications. Specifically, this
property may be diagnostic of the presence of proto-porphyrin within an egg, and is
likely related to the photo-dependent anti-microbial properties recently discovered in

porphyrins (Ishikawa et al. 2010).
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Figure 1.1
The molecular structure of A) proto-porphyrin and B) biliverdin. These figures were

produced with XDrawChem v 1.9.9 (Herger 2010).
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Figure 1. 2
The absorptance spectra of proto-porphyrin (solid line), and biliverdin 1Xa (dashed line).

These data are redrawn from Ding and Xu (2002), and Scalise and Durantini (2004).
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Figure 1. 3

Average reflectance spectra (£ SE) of six species exhibiting some of the variation seen across avian eggs. This variation encompasses
the bright blue-green of Tinamus major (A), the deep blue-green of Dumetella carolinensis (B), the brighter blue-green of Corvus
brachyrhynchos (C), the grass green of Eudromia elegans (D), the buff brown created by fine speckling in Campylorhynchus

brunneicapillus (E), and the deep chocolate brown of Nothura boraquira (F).
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Chapter 2 — Egg colour as a quality indicator

Chapter summary

Although many avian eggs appear to be cryptically coloured, many species also
lay vibrant blue-green eggs. This seemingly conspicuous colouration has puzzled
biologists since Wallace, as natural selection should favor reduced egg visibility to
minimize predation pressure. The sexual signaling hypothesis posits that blue-green egg
colouration serves as a signal of female quality, and that males exert post-mating sexual
selection on this trait by investing more in the nests of females laying more intensely
blue-green eggs. This hypothesis has received mixed support to date, and most previous
studies have been conducted in cavity-nesting species, where male evaluation of his
partner’s egg colouration, relative to that of other females, may be somewhat limited.
Here, we test the sexual signaling hypothesis in colonially nesting ring-billed gulls (Larus
delawarensis), where males have ample opportunity to assess their mate’s egg
colouration relative to that of other females. We used correlational data and an
experimental manipulation to test four assumptions and predictions of the sexual
signaling hypothesis: (1) blue-green pigmentation should be limiting to females; (2)
extent of blue-green egg colouration should relate to female quality; (3) extent of blue-
green egg colouration should relate to offspring quality; (4) males should provide more
care to clutches with higher blue-green chroma. Our data provide little support for these
predictions of the sexual signaling hypothesis in ring-billed gulls. In light of this and
other empirical data, we encourage future studies to consider additional hypotheses for

the evolution of blue-green egg colouration.
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Introduction

The evolution of conspicuous traits, such as elaborate displays and vibrant
colours, has long interested biologists and naturalists (Darwin 1871; Wallace 1889).
While theoretical models and empirical studies have provided a satisfying explanation for
the evolution of sexually selected ornaments (Andersson 1994), other exaggerated traits
remain perplexing. One particularly bewildering example is that of conspicuous egg
colouration. In several avian species, females lay eggs that are strikingly blue-green in
colour (Underwood and Sealy 2002; Moreno and Osorno 2003; Kilner 2006). This blue-
green colouration is acquired through deposition of a blue-green pigment called
biliverdin into the eggshell (Kennedy and Vevers 1976).

For more than a century, researchers have sought adaptive explanations for the
evolution of blue-green egg colouration (Kilner 2006). A number of hypotheses have
been proposed, including aposematism (Swynnerton 1916; Cott 1948), thermoregulation
(McAldowie 1886; Bakken et al. 1978; Lahti 2008), egg recognition (Victoria 1972;
Jackson 1992; Soler and Mgller 1996), and crypsis (Lack 1958). Despite a substantial
amount of research devoted to this topic, the adaptive significance of blue-green egg
colouration remains a matter of debate, as these hypotheses either remain inconclusive
(Underwood and Sealy 2002; Kilner 2006) or have been largely discredited (Lack 1958;
Kilner 2006). Moreover, a recent comparative analysis failed to yield new insight into the
adaptive significance of blue-green egg colouration, despite addressing multiple
hypotheses using a comprehensive dataset spanning all of Aves (Kilner 2006).

Recently, Moreno and Osorno (2003) proposed a novel hypothesis for the

evolution of blue-green egg colouration. They suggested that blue-green egg
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pigmentation acts as a sexually-selected, condition-dependent signal of female quality.
Moreno and Osorno (2003) reasoned that since biliverdin has been shown to have
antioxidant properties (Kaur et al. 2003), females should balance the use of biliverdin for
protection against free radicals and for deposition into eggshells. The sexual signaling
hypothesis proposes that only high quality females can afford the costs of depositing
large amounts of biliverdin during the laying period, a time of high oxidative stress.
Males should in turn respond to this signal by increasing their investment in clutches with
more deeply pigmented blue-green eggs (Moreno and Osorno 2003). The intraspecific
assumptions and predictions arising from this hypothesis can be divided into four main
categories. First, blue-green egg pigmentation should be limiting and costly to deposit.
Second, degree of blue-green egg pigmentation should relate to female quality. Third,
degree of blue-green egg pigmentation should relate to offspring quality. Fourth, males
should exert post-mating sexual selection on this trait by providing greater paternal
investment to nests with more intensely pigmented blue-green eggs.

The sexual signaling hypothesis has been investigated in a number of species, but
support for the hypothesis has been mixed. For example, a positive association between
male parental investment and blue-green egg colouration was documented in some
studies (Moreno et al. 2004; Moreno et al. 2006b; Soler et al. 2008) but not in others
(Krist and Grim 2007; Lopez-Rull et al. 2007). These findings, among others, suggest
that more research needs to be undertaken to assess the general applicability of the sexual
signaling hypothesis.

In this study, we investigated the sexual signaling hypothesis in ring-billed gulls

(Larus delawarensis). This species is well suited for addressing the sexual signaling
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hypothesis because both males and females care for offspring, and these birds usually
nest in large, densely-packed colonies that provide ample opportunity for direct
comparison of egg colour across females (Ryder 1993). Additionally, females lay
variably coloured eggs, with some females laying particularly blue-green eggs and others
laying eggs that are brownish in colour. This degree of variation could, in theory,
facilitate assessments of relative mate quality based on egg colour. Interestingly, all tests
of the sexual signaling hypothesis to date have been conducted in cavity nesters or
species that defend all-purpose nesting territories. In nest cavities, low light conditions
may reduce visibility and make egg colouration more difficult to assess (Aviles et al.
2006). In species that defend all-purpose nesting territories, including some cavity-
nesting species, territorial intrusions may make egg colour assessments relatively costly,
and the distance between nests prevents males from making direct comparisons of egg
colour between females.

We tested the following four assumptions and predictions of the sexual signaling
hypothesis using a combination of correlational and experimental data. (1) If blue-green
pigmentation is limiting, we expected that blue-green chroma would decrease with laying
order. We expected this pattern because egg laying is particularly energetically
demanding in gulls (Ricklefs 1974), and because the level of a potent antioxidant is
known to decrease over the laying period in a congener (Monaghan et al. 1998). (2) If
blue-green pigmentation signals female quality, an important assumption of the
hypothesis, we expected a positive relationship between female health and condition and
the blue-green chroma of her eggs. (3) If blue-green pigmentation signals offspring

quality, we predicted that chicks hatched from eggs with higher blue-green chroma would
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be larger than chicks hatched from less chromatic eggs. (4) If males exert post-mating
sexual selection based on blue-green egg colouration, we predicted that males mated with

females who laid more chromatic eggs would invest more in those clutches.

Materials and Methods
Study species and study site

From 1 May to 14 July 2007, we studied ring-billed gulls near Windermere Basin
in Hamilton, Ontario (43°15'49.30" N, 79°46'54.83" W). The ring-billed gull is a largely
monogamous, colonial species. Males and females cooperate in building nests on the
ground in low, open areas. Males and females share nearly equally in incubation,
brooding, and feeding young (Ryder 1993). Clutches are generally complete in 3-5 days,
and incubation lasts 25 days (Ryder 1993). In our study, most clutches were initiated on
4 May 2007 (mode), and hatched on 31 May 2007 (mode). Super-normal clutches are
known to occur in this species (Conover et al. 1979), and these would complicate our
study because these result from multiple females laying eggs into a single nest, or a male
pairing with two females at a single nest. Previous work has shown that 98% of 2-3 egg
clutches are from male — female pairings (Conover 1989). As a conservative means of
excluding super-normal clutches, we restricted our analysis to clutches with three or
fewer eggs. Therefore, our average clutch size for clutches with colorimetric data was 2.9
+ 0.5 (n=81).

We captured adult gulls in circular walk-in wire mesh traps placed on nests 9.69 +
2.6 days prior to egg hatching (see Brown 1995). For each individual captured, we

recorded tarsal length, bill length, length of head from tip of bill to base of skull, length
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of the exposed culmen, depth at the gonys, and wing chord (to the nearest mm), as well as
mass (to the nearest gram). We obtained blood from adult birds by puncturing the
brachial vein with a 26 %2 gauge needle, and drawing up a small amount of blood using a
heparinized capillary tube. This blood was used to calculate heterophil to lymphocyte
ratio in females (see below). We used a standard discriminant function (Ryder 1978) to
determine sex upon first capture. This discriminant function is based on morphometric
measurements and has a validated accuracy of 95.0%. Since the male is always larger
than his female partner (Ryder 1993), we were able to confirm these classifications based
on morphometric measurements when we caught both members of a mated pair. In
addition, we confirmed these sex classifications based on visual size comparisons and
behavioral observations. To facilitate visual identification of individual birds during
behavioral observations, we applied unique combinations of coloured leg bands as well

as Nyanzol dye markings on the head or wings.

Egg colour quantification

Female ring-billed gulls lay eggs that range from deep brown to deep olive-green
or paler blue-green in ground colouration, with a variable amount of dark brown
maculation (Figure 1; Ryder 1993; Baicich and Harrison 1997). These eggs are visually
similar in colouration to those of herring gulls (Larus argentatus) and black-headed gulls
(Larus ridibundus), the ground colouration of which is known to result from a
combination of protoporphyrin and biliverdin pigmentation (Kennedy and Vevers 1976).
We quantified the colouration of ring-billed gull eggs using a USB 4000

spectrophotometer with a PX-2 pulsed xenon light source and a Spectralon white
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standard (Ocean Optics, Dunedin, FL). For each egg, we measured reflectance on three
different regions of the egg: the lower portion, the medial portion, and the upper portion.
We took two measurements within each region, each of which comprised 30 readings
averaged by the spectrophotometer operating software (OOIBase32), and used the mean
of these readings in our analyses since colorimetric variables were highly repeatable
within eggs (see below). Because maculation likely results entirely from protoporphyrin
pigmentation (Kennedy and Vevers 1976), we only measured patches of ground
colouration free of maculation, as blue-green pigmentation was a focus of our study.
Visual inspection of reflectance spectra revealed that, as with other gulls (Kennedy and
Vevers 1976), the ground colouration of ring-billed gull eggs is likely produced by a
combination of biliverdin and porphyrin pigmentation. Most spectra had a series of long-
wavelength peaks and troughs, as expected from the absorbance properties of
protoporphyrin pigmentation (Scalise and Durantini 2004), and greenish eggs exhibited
proportionally greater reflectance in the blue-green portion of the spectrum, as expected
from patterns of biliverdin absorbance (Figure 1; Ding and Xu 2002; Falchuk et al. 2002).
We summarized variation in egg colour using two colorimetric variables
(Montgomerie 2006). We calculated blue-green chroma as the proportion of reflectance
in the blue-green portion of the spectrum (450-550 nm). Similarly, we calculated red
chroma as the proportion of reflectance in the red (600-700 nm) portion of the spectrum.
We chose narrow ranges for these two variables to encompass the maximum reflectance
generated by biliverdin (Ding and Xu 2002) and porphyrin (Scalise and Durantini 2004)
pigmentation. Since pigment deposition has a subtractive influence on reflectance, it is

unlikely to mask the independent effects of other pigments unless it absorbs strongly
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across all wavelengths. In addition, average clutch blue-green and red chroma were not
correlated (r =- 0.12, N =80, p = 0.28, Clg g5 = -0.33 to 0.10), suggesting that these two
variables revealed different information about egg colouration. We did not include other
colorimetric variables, such as hue, brightness, and other measures of chroma, as these
tended to be correlated with either blue-green or red chroma and were therefore
redundant (all p < 0.0001 for either blue-green or red chroma). Blue-green and red
chroma were highly repeatable across the different parts of each egg (blue-green chroma:
r=0.84, p <0.0001; red chroma: r = 0.71, p < 0.0001; Lessells and Boag 1987) and we
therefore used an average value for each egg in our analyses. Based on a subset of 25
eggs measured at two different times, our measurements blue-green and red chroma were
very highly repeatable (0.97 and 0.94, respectively, both p < 0.0001; Lessells and Boag
1987).

In most of our analyses, we used the mean colouration of each female’s entire
clutch. To ensure that averaging egg colouration within clutches was reasonable, we
calculated the repeatability of egg colouration within clutches (Lessells and Boag 1987).
If egg colouration reveals female quality, colouration should be repeatable within
clutches (Moreno et al. 2004; Krist and Grim 2007). Red and blue-green chroma were
significantly repeatable within clutches (repeatabilities: 0.53 and 0.64 respectively, both p
< 0.0001), indicating that egg colouration was more variable among than within clutches.
This interclutch variation in egg colouration is striking to humans (pers. obs.), and is
presumably detectable by the refined colour discrimination abilities of birds (Cuthill

2006).
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Assessing laying order effects

To determine whether blue-green egg pigmentation might be limiting to females,
we compared egg colouration to position in the laying sequence while controlling for nest
identification (ID). We monitored laying order by marking the blunt end of each egg with
an indelible marker. In most cases, the egg was marked on the day it was laid with its
number in the sequence. We used only eggs whose positions in the laying sequence were

known in our analyses of laying order effects.

Assessing female and offspring quality

As a measure of female quality, we calculated the body condition of each female
as size-adjusted body mass using the following equation: mass / (tarsus length + bill
length) (Kitaysky et al. 1999; Verboven et al. 2003; Buck et al. 2007). We used tarsus
and bill length as measures of structural size since, unlike wing length, these remain
constant over the breeding season (Kitaysky et al. 1999). Similar measures of female
condition have been shown to relate to immunocompetence, reproductive success, and
offspring quality in this (Boersma and Ryder 1983; Meathrel and Ryder 1987), and other
gull species (Alonso-Alvarez and Tella 2001; Verboven et al. 2003). Additionally, we
calculated heterophil to lymphocyte ratio as a measure of immune stress in females
(Davis 2005). We stained blood smears created in the field using a Hema 3 staining kit
(Fisher Scientific), and viewed these under oil immersion at 1000X magnification. We
counted the numbers of heterophils and lymphocytes until approximately 10,000 red
blood cells had been viewed to obtain a heterophil to lymphocyte ratio (H:L ratio).

Heterophils are phagocytosing cells of the innate immune system, and lymphocytes
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consist primarily of T- and B-cells of the acquired immune system (Norris and Evans
2000). In birds, H:L ratio tends to increase in response to stressors such as disease,
parasites, social stress, and starvation (Ots and Horak 1996), and represents an integrated
measure of immune stress (Salvante 2006).

We calculated two related measures of offspring quality. First, we calculated the
fresh egg mass of each egg using Hoyt’s (1979) formula (W = K,-LB?). We measured the
length (L) and breadth (B) of each egg on the day its colour was measured, and used the
shape-dependent constant calculated by Hoyt (1979) for western gulls (Larus occidentalis
livens), K,, = 0.53, as the shape of their eggs closely approximates that of ring-billed gull
eggs. Egg size has been shown to relate to offspring quality and survival in many species
(Grant 1991; Hipfner and Gaston 1999), including gulls (Parsons 1970; Lundberg and
Véisanen 1979), even when controlling for parental quality (Bolton 1991). Second, we
weighed chicks within several hours of hatching as an additional measure of offspring
quality. Our sample size is more limited for this analysis as the risk of nest abandonment
prohibited our obtaining more complete hatchling weight data. Chick mass has also been
shown to relate to health and survival in a number of species (e.g., Moss et al. 1981,

Grant 1991).

Assessing male investment and experimental manipulation

To investigate whether egg colouration influenced paternal care, we monitored
male investment in relation to egg colour at control nests and cross-fostered nests in the
same colony. Our control nests consisted of 40 unmanipulated nests. However, any

apparent influence of egg colouration on male investment in these control nests could
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result as a by-product of males responding to another female trait that is correlated with
egg colour, or as a consequence of assortative mating between high quality females that
lay intensely coloured blue-green eggs and high quality males that provide high levels of
parental care. Therefore, in our experimental treatment, we conducted full clutch swaps
for 15 pairs of nests on the day the third egg was laid. This ensured that any correlation
between egg colour and male care would be driven by the egg colour per se. We chose
this experimental design because we wanted to assess male responses to real eggs that
exhibited natural variation in colouration. Although some studies have used artificial eggs
or painted eggs, it is often difficult to mimic the appropriate spectral shape of egg
pigments using these techniques, especially in the ultraviolet range. We assume that our
experimental manipulation presented males with differently coloured eggs because
original egg colour was not correlated with cross-fostered egg colour for either blue-
green (r =-0.27,n =11, p=0.43, Clpgs=-0.79 t0 0.47) or red chroma (r = 0.25, n = 11,
p =0.45, Clggs=-0.49 to 0.78). Only 12 of the 30 fully swapped nests and 15 of the 40
controls survived to hatching, were visible for observation after hatching, or were not
excluded as super-normal clutches. At one of the cross-fostered nests, the original eggs
were depredated at their new location before we had the opportunity to measure their
colour.

To determine degree of paternal investment, two observers performed 30-minute
observation bouts on focal nests from an observation blind constructed in a central
location within the colony. In addition to provisioning offspring, which represents direct
investment in parental care, males may also invest in offspring indirectly. We therefore

recorded nestling feeding visits, length of brooding bouts, threats towards neighbors
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(direct lunge at a neighbor), and long call rate as indicators of male parental investment.
Long calling, which is characterized by a gull lowering its head and rapidly throwing it
back to shoulder level while calling, is a known threat display and is also used in pair
formation (Ryder 1993). We only included provisioning visits in our analyses if chicks
ingested food. We standardized investment rates by the number of chicks in each nest.
Parental feeding rate is known to decrease during the nestling period (Ryder 1993), and
we therefore focused our observations on the first 11 days after hatching to minimize this
effect (3.97 + 1.56 observations per nest, range between 2 — 7). We also tested for
relationships between nestling age and paternal investment within this age class. When
controlling for nest ID, hatchling age was not predictive of male feeding rates (F,7 75
=1.22, R*=0.30, p = 0.25; hatchling age: p = 0.41), brooding lengths (F2775= 1.03, R?=
0.27, p = 0.45; hatchling age: p = 0.03), or threatening rates (F2775=3.52, R> = 0.56, p <
0.0001; hatchling age: p = 0.11). Male long call rate did significantly increase with
nestling age (F27.75 = 4.12, R?=0.60, p < 0.0001; hatchling age: p = 0.0002), and we
therefore used the residuals of this regression in our analyses. We averaged these
measures of investment recorded over multiple observations within each nest for our
analyses. Since male effort may depend on the effort provided by his partner, we also
considered proportional male investment. We found that proportional male care did not
change with hatchling age for any investment variable (all p > 0.26), and we therefore
averaged proportional effort recorded over multiple observations within each nest for our
analyses. Our experimental manipulation did not appear to unduly affect male behavior,
since there was no overall difference between control and cross-fostered nests in terms of

male provisioning (F12s= 1.55, R = 0.06, p = 0.22, d = 0.48, Clges = -0.31 to 1.28), male
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threatening at the nest (Fy25= 0.74, R* = 0.03, p = 0.40, d = -0.33, Clggs = -1.12 t0 0.46),
male long call rate (F1,5=3.17, R* = 0.11. p = 0.09, d = -.69. Clges = -1.50 to 0.12), or

male brooding length (F125=2.79, R?=0.10, p = 0.11, d = -0.65, Clg.¢5 = -1.45 to 0.16).

Statistical Analyses

We used transformations to normalize data where necessary. We used generalized
linear models with nest identity as a random factor to assess the relationship between
colorimetric variables and laying order or offspring quality. We used simple correlations
to assess the relationship between our measures of female quality and average clutch
colouration. Similarly, we used correlations to determine the association between chroma
variables and paternal investment in control nests. For treatment nests, we used multiple
regression analyses with original and cross-fostered chromas as predictor variables and
measures of paternal investment as dependent variables. Some sample sizes vary because
we were unable to obtain all measurements for all individuals or eggs included in this
study.

We present standardized measures of effect size, and the confidence intervals (CI)
around those measures, where possible, to facilitate the interpretation of non-significant
results in our study (Nakawaga and Cuthill 2007). Standardized effect sizes estimate the
degree to which the null hypothesis is likely to be false (Cohen 1988; Nakagawa and
Foster 2004). Presentation of confidence intervals around the effect size is particularly
useful for the interpretation of non-significant results (Colegrave and Ruxton 2003;
Nakagawa and Foster 2004). Small effect sizes with corresponding Cls that encompass

zero provide support for the null hypothesis, indicating no real effect or a trivial effect if
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the null hypothesis is false. Standardized effect sizes can also be used to compare studies
despite variation in sample sizes, and are useful for meta-analyses (Nakagawa 2004;
Nakagawa and Cuthill 2007) and preferable to reporting retrospective power analyses

(Colegrave and Ruxton 2003; Nakagawa and Foster 2004).

Results
Biliverdin as a limiting factor

If blue-green egg pigmentation is limiting in this species, we expected to see a
decline in blue-green egg chroma with laying order. When controlling for nest identity,
we found a relationship between the level of blue-green egg chroma and position in the
laying order: the 2™ egg had higher blue-green chroma than the other eggs (Figure 2;
whole model: Fgpgs = 5.62, R?=0.81, p <0.0001; nest: p < 0.0001; laying order: p =
0.003). In a similar model, laying order did not predict red chroma (laying order: p =

0.08).

Egg colouration as a signal of female quality

If blue-green egg colouration evolved as a signal of female quality, an important
assumption of the sexual signaling hypothesis, it should correlate with female quality.
We used female body condition index as a measure of female quality and H:L ratio as a
measure of female immune stress. We found no association between female body
condition index and either colorimetric variable (blue-green chroma; r =-0.19,n =24, p
=0.38, Clggs=-0.55t0 0.23; red chroma; r =0.04, n =24, p=0.84, Clpgs=-0.37 to

0.44). Similarly, we found no relationship between female H:L ratio and either
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colorimetric variable (blue-green chroma; r =0.03,n =22, p =0.88, Clpgs=-0.39 to

0.44; red chroma; r = 0.05,n =22, p =0.82, Clygs=-0.36 to 0.45).

Egg colouration as a signal of offspring quality

According to our third prediction, blue-green egg colouration should indirectly
signal offspring quality, as investing in offspring of higher quality is the presumed benefit
of increased male investment in more chromatic clutches. Neither blue-green chroma nor
red chroma were significant predictors of fresh egg mass when controlling for nest ID
(Table 1). In a similar model, red chroma, but not blue-green chroma, was a significant
predictor of initial chick mass, such that larger chicks hatched from eggs that had higher

red chroma (Table 1).

Paternal investment

According to our fourth prediction, males should invest more in clutches with
more chromatic blue-green eggs. We addressed this prediction using both correlational
and experimental data. In a group of unmanipulated (control) nests, we found that neither
blue-green nor red chroma were correlated with male investment in long call rate, feeding
rate, neighbor threatening rate, and brooding length (all p > 0.58 and 0.36, respectively).
However, in control nests, male response to egg colouration could be confounded by
other variables (see Materials and Methods). Therefore, we used an experimental
manipulation to assess male parental care in relation to cross-fostered eggs. In
generalized linear models and regression analyses, neither original nor cross-fostered egg

colour significantly predicted measures of paternal investment (Table 2; Figure 3). We
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also assessed proportional male investment, relative to the total investment provided by
both parents, in relation to egg colouration in control and cross-fostered nests. We found
that in control nests, only proportional male feeding rate was significantly correlated with
blue-green egg chroma (r =0.56, n = 15, Clpgs = 0.01 to 0.85, p = 0.03; all other
variables p > 0.14 for blue-green chroma, and all p > 0.60 for red chroma). Using similar
models, we found no measure of proportional male investment related to either original
or cross-fostered blue-green or red chroma (all p > 0.13 and p > 0.33, respectively) in

cross-fostered nests.

Discussion

In this study, we evaluated whether the sexual signaling hypothesis might explain
egg colour variation in ring-billed gulls. We tested four assumptions and predictions of
this hypothesis: that blue-green egg chroma would decrease over the laying period, that
female health and condition would be positively correlated with the blue-green chroma of
her eggs, that more chromatic blue-green eggs would be larger and would produce larger
chicks, and that males would preferentially invest in clutches with more chromatic blue-
green eggs. We found little support for these predictions, and therefore conclude that the
sexual signaling hypothesis is unlikely to explain variation in blue-green egg colouration
in ring-billed gulls.

A key assumption of the sexual signaling hypothesis is that blue-green egg
pigmentation honestly reveals female quality and should therefore be limiting to females,
such that only high-quality females can afford the cost of biliverdin deposition (Moreno

and Osorno 2003). If biliverdin is limiting, we expected a negative relationship between
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blue-green egg chroma and position in the laying order. Position in the laying order did
influence blue-green chroma; however, the direction of the effect was rather ambiguous,
with the second egg being more chromatic. We expected a negative relationship because
of the comparatively high oxidative and energetic costs of egg laying in gulls (Ricklefs
1974; Monaghan et al. 1998), and because levels of a potent antioxidant decrease across
the laying period in a congener (Royle et al. 2001). Under these stressful conditions,
antioxidant limitation could be manifested as a decreased ability to deposit the pigment as
the laying sequence progresses (Moreno and Osorno 2003). Alternatively, one could
argue that the sexual signaling hypothesis should favor homogeneous pigment deposition
across the clutch. Although egg colouration was more similar within clutches than
between clutches, our analysis shows that pigment deposition was not homogeneous
across laying order. Three other studies have documented laying order effects on blue-
green egg colouration, including an increase in blue-green chroma (Siefferman et al.
2006), a decrease in egg brightness (Moreno et al. 2005), and a non-linear decrease in
blue-green egg chroma (Krist and Grim 2007). Taken together, these studies suggest that
there is no generalized relationship between laying order and blue-green egg
pigmentation across species. Interestingly, one recent study found little difference
between biliverdin levels in serum and excreta for hens laying blue-shelled and brown-
shelled eggs; however, biliverdin levels differed significantly in the shell gland for these
same females, suggesting that the biliverdin used in eggshell pigmentation is synthesized
directly in the shell gland, and that it may be largely independent of circulating levels of

biliverdin (Zhao et al. 2006). Physiological studies assessing whether biliverdin is
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limiting to female birds during egg-laying would provide a stronger test of this
prediction.

Another assumption of the sexual signaling hypothesis is that blue-green egg
chroma signals female quality, and more specifically, female antioxidant capacity
(Moreno and Osorno 2003). In this study, there was no significant association between
the blue-green chroma of a female’s eggs and her body condition index. We also found
no association between female H:L ratio and average clutch blue-green eggshell
colouration. It would be prudent to consider other measures of quality before ruling out a
link between female condition and egg colour in ring-billed gulls. Several studies have
supported an association between female quality and egg colour. For example, blue-green
egg colouration was found to correlate with age, condition, or immunocompetence in a
number of species (Moreno et al. 2005; Morales et al. 2006; Siefferman et al. 2006; Krist
and Grim 2007), and two experimental studies have shown that manipulating female
condition affects egg colour (Moreno et al. 2006a; Soler et al. 2008). Despite negative
results presented here and elsewhere (Moreno et al. 2004; Moreno et al. 2005; Cassey et
al. 2008), this is currently the most well-supported assumption of the sexual signaling
hypothesis. Nevertheless, experimental manipulations of female antioxidant capacity or
oxidative stress, and its resulting effect on egg pigmentation, would present stronger
direct tests of this assumption. Moreover, it is important to recognize that other proposed
functions of egg colour could yield positive associations between female quality and
colour, even if the colour does not function as a signal directed at males (Bakken et al.

1978; Gosler 2005; Highham and Gosler 2006; Martinez-de la Puente et al. 2007).
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Under the sexual signaling hypothesis, males should invest more in clutches laid
by females of higher quality, as revealed by their egg colouration, because higher quality
females should produce higher quality offspring (Moreno and Osorno 2003). We did not
find evidence that blue-green chroma significantly predicted egg mass or nestling mass in
ring-billed gulls. Nevertheless, an association between offspring quality and eggshell
colouration in itself is not sufficient to broadly support the sexual signaling hypothesis,
since these pigments may directly benefit the developing embryo without necessarily
serving as a signal (Cassey et al. 2008). Studies of the relationship between offspring
quality and blue-green egg colour in other species have yielded mixed results, and it is
difficult to draw general conclusions since different authors tend to use different quality
and egg colour measures. For example, Krist and Grim (2007) found a relationship
between blue-green egg chroma and nestling tarsus length, but not mass or T cell
mediated immunity. Moreno et al. (2005) found that nestlings had higher
immunoglobulin levels, controlling for ectoparasites, when they hatched from eggs that
were shifted away from blue-green colouration. Morales et al. (2006) found that blue-
green egg chroma was positively associated with egg immunoglobulin levels. Most
recently, Soler et al. (2008) found that nestlings supplemented with food showed a
negative relationship between T-cell mediated immunity and blue-green egg chroma,
whereas unsupplemented nestlings exhibited a positive relationship between the same
two variables. Neither Siefferman et al. (2006) nor Lopez-Rull et al. (2007) found a
relationship between egg colouration and egg characteristics. These findings suggest that
this prediction of the sexual signaling hypothesis might also benefit from further

experimental testing.
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Our study also tested the prediction that males should provide a disproportionate
amount of care to clutches with more chromatic blue-green colouration. We tested this
key prediction using correlational data and a cross-fostering experiment. Males did not
provide greater parental investment to clutches with more chromatic blue-green eggs in
control clutches or experimentally cross-fostered clutches. In addition, male investment
did not correlate with original egg colouration. When assessing proportional male
investment, we found a positive relationship between blue-green chroma and male
feeding rate in control clutches, but not in experimental clutches. No other proportional
male investment variables were correlated with either colour variable. Our data suggest
that male ring-billed gulls did not preferentially invest in more chromatic blue-green
clutches. In pied flycatchers, Ficedula hypoleuca, males provided more provisioning to
clutches with greater average blue-green clutch colouration (Moreno et al. 2004). A
subsequent cross-fostering experiment in this species revealed that males did not adjust
provisioning rate in response to average clutch colour, but rather adjusted proportional
provisioning rate in response to the standard deviation of egg chroma and maximum egg
chroma within a clutch (Moreno et al. 2006b). In the only study where egg colouration
was experimentally manipulated, male spotless starlings, Sturnus unicolor, provided
more care to artificial eggs painted a dark blue-green than to artificial eggs painted pale
blue-green (Soler et al. 2008). By contrast, a recent experimental study found that males
did not provide higher provisioning to more chromatic clutches in collared flycatchers,
Ficedula albicolis (Krist and Grim 2007). Another spotless starling study did not support

this prediction and showed that males instead used feather ornaments to assess female
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quality and provided less care to clutches with more chromatic blue-green eggs (Lopez-

Rull et al. 2007).

Using a combination of correlational and experimental data, we found that blue-

green egg colouration did not decrease with laying order, did not correlate with female or

offspring quality, and did not influence parental investment by males. Taken together, our

findings suggest that the sexual signaling hypothesis is unlikely to explain variation in

blue-green egg pigmentation in ring-billed gulls. Some of the analyses in our study were

based on small sample sizes; however, most of the relationships did not suggest trends i

the predicted direction and had low effect sizes with confidence intervals overlapping

n

zero. Although further testing may be required before this hypothesis can be convincingly

ruled out in ring-billed gulls, we suggest that other selective factors, such as egg
recognition (Victoria 1972; Soler and Mgller 1996; Lahti 2005) and crypsis (Lack 1958
Séanchez et al. 2004; Salek and Cepakova 2006) are likely to play a more important role
in explaining egg colour variation in this species. In addition, the ring-billed gull is
single-brooded with 62% of pairs remaining together for two consecutive breeding
seasons (Ryder 1993), which would suggest strong selection for a pre-mating, not post-
mating, signal of quality. Indeed, blue-green egg colouration may have evolved in
different avian lineages for different reasons (Kilner 2006). Since the sexual signaling
hypothesis continues to receive mixed support in various species, future studies should

continue to consider multiple hypotheses for the evolution of egg colouration in birds.

58



Chapter 2 — Egg colour as a quality indicator

Acknowledgements

We are very grateful to Jim Quinn for the advice, guidance, and logistical support he
provided throughout this project. We thank M. Vujacic, S. Mai, and especially A.
Mistakidis for their efforts in the field. The Doucet Lab provided insightful comments on
the manuscript. We also thank anonymous reviewers and the editorial staff for their
helpful suggestions. Our study was funded by an Explorer’s Club grant to D.H., and by
research and equipment grants from the Natural Sciences and Engineering Research

Council of Canada and the University of Windsor to S.M.D.

59



Chapter 2 — Egg colour as a quality indicator

References

Alonso-Alvarez C, Tella JL (2001) Effects of experimental food restriction and body-
mass changes on the avian T-cell-mediated immune response. Can J Zool 79:101-
105

Andersson M (1994) Sexual selection. Princeton University Press, Princeton, NJ

Aviles JM, Soler JJ, Perez-Contreras T (2006) Dark nests and egg colour in birds: a
possible functional role of ultraviolet reflectance in egg detectability. Proc R Soc
Lond B 273:2821-2829

Baicich PJ, Harrison CJO (1997) A guide to the nests, eggs, and nestlings of North
American birds, Second edn. Academic Pres, San Diego

Bakken GS, Vanderbilt VC, Buttermer WA, Dawson WR (1978) Avian eggs:
thermoregulatory value of very high near- infrared reflectance. Science 200:321-
323

Boersma D, Ryder JP (1983) Reproductive performance and body condition of earlier
and later nesting Ring-billed Gulls. J Field Ornith 54:374-380

Bolton M (1991) Determinants of chick survival in the lesser black-backed gull - relative
contributions of egg size and parental quality. J Anim Ecol 60:949-960

Brown KM (1995) Does blood-sampling ring-billed gulls increase parental desertion and
chick mortality. Colon Waterbird 18:102-104

Buck CL, O'Reilly KA, Kildaw SD (2007) Interannual variability of black-legged
kittiwake productivity is reflected in baseline plasma corticosterone. Gen Comp
Endocrinol 150:430-436

Cassey P, Ewen JG, Blackburn TM, Hauber ME, Vorobyev M, Marshall NJ (2008)
Eggshell colour does not predict measures of maternal investment in eggs of
Turdus thrushes. Naturwissenschaften 95:713-721

Cohen J (1988) Statistical power analysis for the behavioral sciences, 2nd edn. Lawrence
Erlbaum Assoc., New York

Colegrave N, Ruxton GD (2003) Confidence intervals are a more useful complement to
nonsignificant tests than are power calculations. Behav Ecol 14:446-450

Conover MR (1989) Parental care by male-female and female-female pairs of ring-billed
gulls. Colon Waterbird 2:148-151

Conover MR, Miller DE, Hunt GL (1979) Female-female pairs and other unusual
reproductive associations in ring-billed and California gulls. Auk 96:6-9

60



Chapter 2 — Egg colour as a quality indicator

Cott HB (1948) Edibility of the eggs of birds. Nature 161:8-11

Cuthill IC (2006) Color Perception. In: Hill GE, McGraw KJ (eds) Bird Coloration, vol 1.
Harvard University Press, Cambridge, Massachusetts, pp 3 — 40.

Darwin C (1871) The descent of man, and selection in relation to sex. Murray, London

Davis AK (2005) Effect of handling time and repeated sampling on avian white blood
cell counts. J Field Ornith 76:334-338

Ding ZK, Xu YQ (2002) Purification and characterization of biliverdin 1X, from Atlantic
salmon (Salmo salar) bile. Biochemistry (Moscow) 67:927-932

Falchuk KH, Contin JM, Dziedzic TS, Feng Z, French TC, Heffron GJ, Montorzi M
(2002) A role for biliverdin IXa in dorsal axis development of Xenopus laevis
embryos. PNAS 99:251-256

Gosler AG, Higham JP, Reynolds SJ (2005) Why are birds' eggs speckled? Ecol Lett
8:1105-1113

Grant MC (1991) Relationships between egg size, chick size at hatching, and chick
survival in the whimbrel Numenius phaeopus. Ibis 133:127-133

Higham JP, Gosler AG (2006) Speckled eggs: water-loss and incubation behaviour in the
great tit Parus major. Oecologia 149:561-570

Hipfner JM, Gaston AJ (1999) The relationship between egg size and posthatching
development in the thick-billed murre. Ecology 80:1289-1297

Hoyt DF (1979) Practical methods of estimating volume and fresh weight of bird eggs.
Auk 96:73-77

Jackson WM (1992) Estimating conspecific nest parasitism in the northern masked
weaver based on within-female variability in egg appearance. Auk 109:435-443

Kaur H, Hughes MN, Green CJ, Naughton P, Foresti R, Motterlini R (2003) Interaction
of bilirubin and biliverdin with reactive nitrogen species. FEBS letters 543:113-
119

Kennedy GY, Vevers HG (1976) A survey of avian eggshell pigments. Comp Biochem
Physiol B 55B:117-123

Kilner RM (2006) The evolution of egg colour and patterning in birds. Biol Rev Camb
Philos Soc 81:383-406

Kitaysky AS, Wingfield JC, Piatt JF (1999) Dynamics of food availability, body
condition and physiological stress response in breeding black-legged Kittiwakes.
Funct Ecol 13:577-584

61



Chapter 2 — Egg colour as a quality indicator

Krist M, Grim T (2007) Are blue eggs a sexually selected signal of female collared
flycatchers? A cross-fostering experiment. Behav Ecol Sociobiol 61:863-876

Lack D (1958) The significance of the colour of Turdine eggs. Ibis 100:145-166

Lahti DC (2005) Evolution of bird eggs in the absence of cuckoo parasitism. P Natl Acad
Sci USA 102:18057-18062

Lahti DC (2008) Population differentiation and rapid evolution of egg color in
accordance with solar radiation. Auk 125:796-802.

Lessells CM, Boag PT (1987) Unrepeatable repeatabilities - a common mistake. Auk
104:116-121

Lopez-Rull 1, Celis P, Gil D (2007) Egg colour covaries with female expression of a male
ornament in the spotless starling (Sturnus unicolor). Ethology 113:926-933

Lundberg CA, Vaisanen RA (1979) Selective correlation of egg size with chick mortality
in the black-headed gull (Larus ridibundus). Condor 81:146-156

Martinez-de la Puente J, Merino S, Moreno J, Tomas G, Morales J, Lobato E, Garcia-
Fraile S, Martinez J (2007) Are eggshell spottiness and colour indicators of health
and condition in blue tits Cyanistes caeruleus? J Avian Biol 38:377-384

McAldowie AM (1886) Observations on the development and the decay of the pigment
layer on birds' eggs. J Anat Physiol 20:225-237

Meathrel CE, Ryder JP (1987) Intraclutch variation in the size, mass and composition of
ring-billed gull eggs. Condor 89:364-368

Monaghan P, Nager RG, Houston DC (1998) The price of eggs: increased investment in
egg production reduces the offspring rearing capacity of parents. Proc R Soc Lond
B 265:1731-1735

Montgomerie R (2006) Analyzing colors. In: Hill GE, McGraw KJ (eds) Bird Coloration,
vol I. Harvard University Press, Cambridge, Massachusetts, pp 90 - 148

Morales J, Sanz JJ, Moreno J (2006) Egg colour reflects the amount of yolk maternal
antibodies and fledging success in a songbird. Biol Lett 2:334-336

Moreno J, Lobato E, Morales J, Merino S, Toméas G, Puente JM-dl, Sanz JJ, Mateo R,
Soler JJ (2006a) Experimental evidence that egg color indicates female condition
at laying in a songbird. Behav Ecol 17:651-655

Moreno J, Morales J, Lobato E, Merino S, Tomas G, Martinez-de la Puente J (2005)
Evidence for the signaling function of egg color in the pied flycatcher Ficedula
hypoleuca. Behav Ecol 16:931-937

62



Chapter 2 — Egg colour as a quality indicator

Moreno J, Morales J, Lobato E, Tomas G, Puente JM-dl (2006b) More colorful eggs
induce a higher relative paternal investment in the pied flycatcher Ficedula
hypoleuca: a cross-fostering experiment. J Avian Biol 37:555-560

Moreno J, Osorno JL (2003) Avian egg colour and sexual selection: does eggshell
pigmentation reflect female condition and genetic quality? Ecol Lett 6:803-806

Moreno J, Osorno JL, Morales J, Merino S, Tomas G (2004) Egg colouration and male
parental effort in the pied flycatcher Ficedula hypoleuca. J Avian Biol 35:300-304

Moss R, Watson A, Rothery P, Glennie WW (1981) Clutch size, egg size, hatch weight
and laying date in relation to early mortality in red grouse Lagopus lagopus
scoticus chicks. Ibis 123:450-462

Nakagawa S (2004) A farewell to Bonferroni: the problems of low statistical power and
publication bias. Behav Ecol 15:1044-1045

Nakagawa S, Cuthill IC (2007) Effect size, confidence interval and statistical
significance: a practical guide for biologists. Biol Rev 82:591-605

Nakagawa S, Foster MT (2004) The case against retrospective statistical power analyses
with an introduction to power analysis. Acta Ethol 7:103 — 108

Norris K, Evans MR (2000) Ecological immunology: life history trade-offs and immune
defense in birds. Behav Ecol 11:19-26

Ots I, Horak P (1996) Great tits Parus major trade health for reproduction. Proc R Soc
Lond B 263:1443-1447

Parsons J (1970) Relationship between egg size and post-hatching chick mortality in
herring gull (Larus argentatus). Nature 228:1221-&

Ricklefs RE (1974) Energetics of reproduction In: Paynter RA (ed) Avian Energetics, vol
15. Nuttall Ornithol. Club, pp 152-297

Royle NJ, Surai PF, Hartley IR (2001) Maternally derived androgens and antioxidants in
bird eggs: complementary but opposing effects? Behav Ecol 12:381-385

Ryder JP (1978) Sexing Ring-Billed Gulls Externally. Bird-Banding 49:218-222

Ryder JP (1993) Ring-billed Gull. In: Poole A, Stettenheim P, F. Gill E (eds) The Birds
of North America. Philadelphia: The National Academy of Sciences, Washington,
D.C. American Ornithologists Union

63



Chapter 2 — Egg colour as a quality indicator

Salek M, Cepakova E (2006) Do northern lapwings Vanellus vanellus and little ringed
plovers Charadrius dubius rely on egg crypsis during incubation? Folia Zool
55:43-51

Salvante KG (2006) Techniques for studying integrated immune function in birds. Auk
123:575-586

Sanchez JM, Corbacho C, del Viejo AM, Parejo D (2004) Colony-site tenacity and egg
color crypsis in the gull-billed tern. Waterbirds 27:21-30

Scalise I, Durantini EN (2004) Photodynamic effect of metallo 5-(4-carboxyphenyl)-
10,15,20-tris(4-methylphenyl) porphyrins in biomimetic AOT reverse micelles
containing urease. J Photochem Photobiol A 162:105-113

Siefferman L, Navara KJ, Hill GE (2006) Egg coloration is correlated with female
condition in eastern bluebirds (Sialia sialis). Behav Ecol Sociobiol 59:651-656

Soler JJ, Navarro C, Contreras T, Aviles J, Cuervo J (2008) Sexually selected egg
coloration in spotless starlings. Am Nat 171:183-194

Soler JJ, Mgller AP (1996) A comparative analysis of the evolution of variation in
appearance of eggs of European passerines in relation to brood parasitism. Behav
Ecol 7:89-94

Swynnerton CFM (1916) On the coloration of the mouths and eggs of birds. Il. On the
coloration of eggs. Ibis 4:529-606

Underwood TJ, Sealy SG (2002) Adaptive significance of egg coloration. In: Deeming
DC (ed) Avian Incubation: behaviour, environment, and evolution. Oxford
University Press, New York, pp 280-298

Verboven N, Monaghan P, Evans DM, Schwabl H, Evans N, Whitelaw C, Nager RG
(2003) Maternal condition, yolk androgens and offspring performance: a
supplemental feeding experiment in the lesser black-backed gull (Larus fuscus).
Proc R Soc Lond B 270:2223-2232

Victoria JK (1972) Clutch characteristics and egg discriminative ability of african village
weaverbird Ploceus cucullatus. Ibis 114:367-376

Wallace AR (1889) Darwinism: An exposition of the theory of natural selection with
some its applications Macmillan, London

Zhao R, Xu GY, Liu ZZ, LiJY, Yang N (2006) A study on eggshell pigmentation:
biliverdin in blue-shelled chickens. Poult Sci 85:546-549

64



Chapter 2 — Egg colour as a quality indicator

Table 2.1 - Univariate comparisons between egg colouration and indicators of offspring

quality (fresh egg mass and hatchling mass), controlling for nest ID, in ring-billed gulls.

We present approximate r values as a measure of effect size for fixed factors in these

models.

RZ

F B df p Fapprox.
Fresh egg mass
whole model 258 0.59 80,145 <0.0001
nest ID 2.60 79,225 <0.0001
blue-green 3.12 1,225
chroma 0.19 0.08 0.10
whole model 252 0.58 80,145 <0.0001
nest ID 2.55 79,225 <0.0001
red chroma 0.94 0.09 1,225 0.33 0.05
Hatchling mass
whole model 230 0.71 20,19 0.04
nest ID 2.35 19,39 0.04
blue-green 0.11
chroma 0.12 1,39 0.74  0.06
whole model 3.24  0.77 20,19 0.007
nest ID 3.40 19,39 0.005
red chroma 5.68 0.99 1,39 0.03 0.32
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Table 2.2 - Relation between male ring-billed gull parental investment and the

colouration of eggs originally laid in their nests (original eggs; OR) and the colouration

of eggs swapped into their nests shortly after laying (cross-fostered eggs; CF). We

present partial r values as a measure of effect size, and the 95% confidence interval

around those effect sizes.

partial Clygs (lower,
Male investment F R’ B df p r upper)
Long calls whole model 2.23 0.36 2,8 0.17
CF blue-green chroma 0.45 -0.20 1,10 052 -0.21 (-0.76,0.52)
OR Dblue-green chroma 4.53 -0.62 1,10 0.07 -0.56 (-0.89,0.16)
whole model 0.007 0.002 2,8 0.99
CF red chroma 0.006 0.03 1,10 0.94 0.02 (-0.64,0.67)
OR red chroma 0.005 0.03 1,10 0.95 0.02 (-0.64,0.67)
Feeding whole model 1.83 0.31 2,8 0.22
CF blue-green chroma 1.15 0.33 1,10 0.31 0.32 (-0.43,0.81)
OR blue-green chroma 3.28 055 1,10 0.11 0.49 (-0.24,0.87)
whole model 0.86 0.17 2,8 0.46
CF red chroma 1.71 043 1,10 0.23 0.38 (-0.37,0.83)
OR red chroma 0.18 -0.14 1,10 0.68 -0.13 (-0.73,0.57)
Threatening whole model 0.70 0.15 2,8 0.53
CF blue-green chroma 1.38 -0.40 1,10 0.27 -0.35 (-0.82,0.40)
OR blue-green chroma 0.18 -0.14 1,10 0.69 -0.13 (-0.73,0.58)
whole model 0.21 0.05 2,8 0.81
CF red chroma 0.03 0.06 1,10 0.87 0.05 (-0.63,0.69)
OR red chroma 0.33 0.20 1,10 0.58 0.18 (-0.54,0.75)
Brooding whole model 0.62 0.13 2,8 0.56
CF blue-green chroma 0.03 -0.06 1,10 0.87 -0.05 (-0.69,0.63)
OR blue-green chroma 1.23 -0.38 1,10 0.30 -0.33 (-0.81,0.42)
whole model 0.61 0.13 2,8 0.58
CF red chroma 1.13 -0.36 1,10 0.32 -0.32 (-0.81,0.43)
OR red chroma 0.30 0.19 1,10 0.60 0.17 (-0.55,0.74)

Data are from multiple regression analyses. Investment variables are rates controlling for
the number of chicks in the nest.
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Figure 2. 1

Reflectance spectra of ring-billed gull eggs revealing extensive variation in egg colour.
Shown are the mean across all eggs sampled at Windermere Basin, Hamilton, Ontario,
Canada in 2007 (N = 267; solid line), and for a visual reference the mean of a blue-green
egg (dashed line), and a brownish egg (dotted line). The shapes of these spectra result
from the combination of blue-green biliverdin and brown porphyrin pigmentation (Ding

and Xu 2002; Falchuk et al. 2002; Scalise and Durantini 2004).
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Blue-green chroma in relation to laying order in ring-billed gulls. Data are least squares

means from an analysis controlling for nest identity.
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Figure 2. 3

The relationship between egg colouration and male feeding rates in ring-billed gulls. Data

show male feeding rates in relation to the original blue-green (a) and red chroma (c) laid

by his mate and the blue-green (b) and red chroma (d) we subsequently cross-fostered

into his nest. Univariate data are shown; see Table 2 for multivariate analyses.
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Chapter 3 — The influence of environmental contaminants

Chapter summary

1. Although considerable progress has been made in reducing concentrations of persistent
organic compounds in the environment, these contaminants are still found in many taxa.
Here, we investigate the relationship between environmental contamination and egg
colouration in herring gulls Larus argtentatus, using eggs from a long-term monitoring
program.

2. The Herring Gull Monitoring Programme has documented changes in contaminant
levels across the Great Lakes for nearly 40 years by monitoring contaminant levels in
herring gulls and their eggs. We measured the colour of these eggs using reflectance
spectrometry, and evaluated the influence of contaminants on egg colour using
generalized linear mixed models. We also employed receptor-noise limited human visual
models to determine whether humans would be able to visually distinguish differences in
colour between eggs on the scale at which their colour is influenced by environmental
contaminants.

3. Several contaminants were related to herring gull egg colouration; however, not all
contaminants influenced colour in the same way. Blue-green chroma was positively
related to concentration of both trans-nonAchlor and dioxin levels, whereas it was
negatively related to PCB 1260 concentration. Brown chroma was positively related with
trans-nonAchlor concentration only. We suggest that these patterns can be best described
through each contaminant’s distinct influence on the haem biosynthesis pathway, which
may in turn influence the deposition of eggshell pigments.

4. Synthesis and applications. Our findings reveal associations between blue-green

chroma and both PCB 1260 and dioxin concentration. This is an important first step in
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using egg colouration as a proxy for assessing contaminant loads in a colonially breeding
waterbird. Although the effect of colony was controlled for, the influence of some of
these contaminants on colour is operating on a level that is visually detectable by field
researchers, whereas others would need to be quantified using spectrometry. In either
instance, assessing egg colouration may provide a rapid, inexpensive, and non-destructive
means of estimating contaminant levels in the environment, which is essential for

monitoring areas or species of concern as well as assessing potential human health risks.

Key-words — biliverdin, bioindicator, egg colour, environmental contaminant, herring

gull, PCB, porphyrin

Introduction

Assessing habitat quality is imperative for monitoring and managing sensitive areas and
wildlife. Bird eggs may provide an efficient means of assessing the environmental quality
of avian breeding habitats, particularly with respect to industrial processes and
agricultural pesticides. Many persistant organic compounds associated with these
activities are known to bioaccumulate in animal tissues as they are transferred from low
trophic levels to higher ones. The influence of the bio-accumulation of these
contaminants on avian reproduction became readily apparent during the late 1960s
(Ratcliff 1967; Hickey and Anderson 1968), particularly through eggshell thinning
induced by exposure to dichlorodiphenyldichloroethylene (DDE), a metabolite of the
persistent insecticide dichlorodiphenyltrichloroethane (DDT) (Gilbertson 1974). Within

the Great Lakes, the levels of persistent organic particulates have decreased dramatically
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over the last half-century (Hebert et al. 1999); however, significant quantities of organic
compounds are still prevalent in colonially nesting waterbirds (Antoniadou et al. 2007,
Champoux et al. 2010; Lavoie et al. 2010). Recent models also suggest that cycles of
contamination may be linked to oscillating currents and global patterns of climate change
(Bustnes et al. 2010). Such studies reveal the importance of continued monitoring to track
long-term patterns and evaluate potential risks to plants, animals, and humans from

environmental contamination.

Our objective was to determine whether eggshell colouration could serve as a
non-destructive bioindicator of environmental stress, using herring gulls Larus argentatus
as an indicator species. Herring gulls have been the focus of a long-term monitoring
program across several colonies along the shores of the Great Lakes in Canada and the
United States. The objective of the Great Lakes Herring Gull Monitoring Programme has
been to examine the concentrations and effects of environmental contaminants in herring
gulls and their eggs (Hebert et al. 1999); the program has documented the levels of
various organochlorines and metal contaminants in this species for 39 years. Key
contributions of the program thus far include documenting reproductive dysfunction in
herring gulls in relation to contaminant levels (Gilbertson 1974, 2001), discovering the
presence of mirex and photomirex in herring gulls (1,2,3,4,5,5,6,7,8,9,10,10-
dodecachloropentacyclo[5.3.0.0%°.0*°.0**]decane and 1,2,3,4,5,5,6,7,9,10,10-
undecachloropentacyclo[5.3.0.0%°.0>°.0*®]decane, respectively; Hallett et al. 1976),
documenting the decline and stability of polychlorinated biphenyls (PCB) in the Great
Lakes (Stow 1995), tracking temporal and spatial patterns in egg contaminants (Pekarik

and Weseloh 1998; Weseloh et al. 2006), and spurring early work in the use of a
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biochemical as an indicator of contaminant exposure (Ellenton et al. 1985). The eggs
used in this long-term monitoring project have been stored in a national archive and are
available for continued research projects. We measured the colouration of these eggshells
using reflectance spectrometry to examine the relationship between egg colouration and

levels of environmental contaminants.

Organisms that provide insights about changes in the health or quality of an
ecosystem are known as bioindicators, and, more specifically, environmental indicators
(McGeoch 1998). The herring gull is one such species. Early research on Great Lakes
herring gulls documented decreases in hatchability in relation to DDT levels (Keith
1966). Fortunately, the levels of most legacy contaminants in Great lakes herring gull
eggs have declined significantly since DDT was banned commercially in 1974 (Pekarik
and Weseloh 1998; Jermyn-Gee et al. 2005). This dramatic temporal variation in
contaminant load, as well as the herring gull’s susceptibility to organochlorines (Neimi et
al. 1986; Breton et al. 2008), makes this system ideal for examining the possible
influence of contaminants on egg colouration. Moreover, herring gulls are colonial
nesters, facilitating the collection of large quantities of data (Fox et al. 2007). In addition,
herring gulls in the Great Lakes form a closed, non-migratory population (Weseloh 1984;
Gilbertson 2001) so that contaminant levels found in their eggs are acquired from within
the Great Lakes. Their ova also develop rapidly over the breeding season, increasing to
approximately 1,472% of their pre-breeding size at time of peak laying (Harris 1964),
and as with most birds the greatest change in ovum mass occurs within a week of laying

(Romanoff and Romanoff 1949). Thus, the majority of the ovum mass accumulates at the
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breeding site, suggesting that most of the contaminants found in herring gull eggs are

derived from the breeding grounds.

A number of factors support the possible utility of avian pigments, and
particularly avian egg pigments, as bioindicators of environmental stress. Proximity to
urbanization (Horak et al. 2000) and exposure to PCBs (McCarthy and Secord 2000;
Bortolotti et al. 2003a; Bortolotti et al. 2003b) are known to influence avian plumage and
soft part colouration. Egg colouration in birds may be similarly influenced by
environmental quality as it has been linked with female body condition (Morales et al.
2006; Soler et al. 2008) and health (Moreno et al. 2005; Martinez-de la Puente et al.

2007), yet this possibility has received surprisingly limited attention.

Despite dramatic variation in avian egg colouration within and among species
(Collias 1993; Kilner 2006), only two related pigments are primarily responsible for this
variation: biliverdin (blue-green in colour) and porphyrin (brown in colour) (Kennedy
and Vevers 1976), both of which are derived from haem biosynthesis (Sorby 1875;
Moore 1998; Ponka 1999; McGraw 2006). Although not all bird eggs contain both
pigments, herring gull eggshells contain both biliverdin and porphyrin (Kennedy and
Vevers 1976), which should allow for substantial variation in colour. The concentration
of one of these pigments, porphyrin, has been recommended as a bioindicator in fecal
samples (Akins et al. 1993; Casini et al. 2003). However, since both porphyrin and
biliverdin occur along the same biochemical pathway, arguments for the use of porphyrin

may also be relevant for biliverdin (Mateo et al. 2004; Jagannath et al. 2008).

The relationship between environmental contaminants and eggshell pigmentation

was recently examined in the Eurasian sparrowhawk Accipiter nisus (Jagannath et al.
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2008). In a sample of eggs collected across the United Kingdom in a single year,
Jagannath et al. (2008) found that blue hue was positively correlated with DDE
concentration, while blue-green chroma, a measure of biliverdin content (Moreno et al.
2006), actually decreased with DDE concentration. A separate experimental study
showed that contamination by lead caused a 53-fold increase in protoporphyrin and a 66-
fold increase in biliverdin in fecal samples of Mallards Anas platyrhynchos (Mateo et al.
2004). These findings are consistent with the observation that organochlorines,
halogenated hydrocarbons, and heavy metals influence the haem biosynthesis pathway

(Kennedy et al. 1998; Casini et al. 2003; Mateo et al. 2003b; Mateo et al. 2004).

In this study, we investigated the relationship between egg colouration and
environmental contaminants measured through the Great Lakes Herring Gull Monitoring
Programme. We also used a receptor-noise-limited visual model to evaluate the
practicality of human assessment of contaminant-induced egg colour variation in the
field. By taking this approach we will be able to assess how large differences in egg
chroma need to be to be detected in the field, and use this information to determine if
effects on egg colour production are large enough to be detectable to a human observer.
Based on previous research (Jagannath et al. 2008), we predicted that DDE concentration
in eggs would be negatively related to blue-green chroma. Because little is known about
the relationship between egg colouration and environmental stress, we used exploratory
analyses to investigate possible relationships between egg colouration and other
contaminants, with a particular emphasis on those that may be porphyinogenic

compounds (compounds that increase porphyrin production).
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Materials and methods

Long-term dataset

The National Wildlife Research Centre Specimen Bank in Ottawa, Ontario, Canada,
houses the eggshells for eggs sampled through the Great Lakes Herring Gull Monitoring
Programme (1971 — 2010). To our knowledge, this is the longest running annual
contaminants program on an indicator species, and has been conducted in a region that
has experienced a dramatic change in environmental quality with respect to numerous
forms of environmental contaminants (Heinz et al. 1985; Hebert et al. 1999; Jermyn-Gee
et al. 2005). The data collection protocol for this project has been relatively consistent
across all sampling years (Fox et al. 2007). Briefly, 15 colonies (Fig. 1) were visited
during early incubation once per year and 13 eggs, one per completed clutch, were

collected from each location and stored at 4 °C (Fox et al. 2007).

The protocol for organochlorine extraction has been described in detail (Pekarik
and Weseloh 1998). Briefly, within 2 weeks of collection, egg contents were placed in
hexane-rinsed jars, mixed with anhydrous sodium sulphate, and stored at -20 °C. Gas
chromatography was used to assess the level of contaminants in these aliquots. First, the
lipid content was eluted from the column and assessed with a gravimetric analysis. Lipid
soluble organochlorines were then separated and fractionated on Florisil. Another portion
of the homogenized aliquot was analyzed to determine organochlorine concentration
from the lipids. The first fraction contained DDE, mireXx, photo-mirex, and a range of
PCB Arochlors, whereas the second contained DDT, dichlorodiphenyldichloroethane,
alpha-hexachlorocyclohexane, oxy-chlordane, and beta-hexachlorocyclohexane. More

details on the extraction methods, minor alterations to protocol, and extraction of other
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contaminants can be found in published technical accounts (Bishop et al. 1992; Pekarik

and Weseloh 1998; Pekarik et al. 1998; Jermyn-Gee et al. 2005).

Prior to 1986, contaminant levels were assessed for each egg individually. To
reduce analytical costs, egg samples collected after 1986 were pooled together by colony
and each pool was used to estimate average colony-level contaminant loads (Pekarik and
Weseloh 1998). Previous research has shown that these methods result in comparable
data (Turle et al. 1986). For our analyses, we used individual egg contaminant levels

wherever possible and the pooled values for eggs that lacked individual data.

Egg colour assessment

We measured the colouration of 686 herring gull eggs from the National Wildlife
Resource Specimen Bank at the National Wildlife Research Centre that had
corresponding contaminant information from 4 years: 1977, 1985, 1989, and 1997. We
measured egg colouration using a reflectance spectrometer (USB4000, Ocean Optics,
Dunedin, Florida, USA) with a portable, full spectrum light source (PX-2 pulsed xenon,
Ocean Optics, Florida, USA). All reflectance measurements were calculated relative to a
Spectralon reflectance standard (WS-1-SL, Ocean Optics, Florida, USA). We measured
each egg twice, once on the blunt end and once on the pointed end. Care was taken to
avoid pigmented spots and only measure the uniform eggshell ground colour. We then
averaged these measurements to obtain one spectrum per egg (Fig. 2). We visually
inspected each spectrum prior to analyses to ensure that no aberrant readings were
present in our dataset. The avian visual spectrum includes ultraviolet (UV) wavelengths

(300 - 400 nm; Cuthill 2006), and birds are known to use UV colouration for detecting
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and/or recognizing their own eggs (Cherry and Bennett 2001; Avilés et al. 2006).
Because humans cannot perceive UV wavelengths, the consideration of UV wavelengths
may reveal information that is not otherwise detectable by humans (Jacobs 1981; Kelber
et al. 2003). We therefore included this region of the spectrum when calculating our
colorimetric variables. To approximate biliverdin content, we calculated blue-green
chroma as a proportion of reflectance in the blue-green region (450-550 nm) relative to
that of the entire avian visible spectrum (300—700nm). To approximate porphyrin
content, we calculated brown chroma as a proportion of reflectance in the brown region
(600—700 nm) relative to that of the avian visible spectrum (Hanley and Doucet 2009).
We calculated ultraviolet chroma as a proportion of reflectance in ultraviolet region

(300-400 nm) relative to that of the avian visible spectrum.

Possible egg fading

Eggshell colouration may fade when eggs have been stored for a long period of time
(Walters 2006), although some studies have found no evidence of egg fading (Soler et al.
2005; Jagannath et al. 2008). If eggs do fade with time, older eggs should have lower
chroma values than recently collected eggs because chroma, a measure of biliverdin
content (Moreno et al. 2006), should be highest in fresh eggs, before eggshell pigments
have been subject to oxidation and degradation. Such fading has been documented in
feathers in museum collections (McNett and Marchetti 2005; but see Armenta, Dunn &
Whittingham 2008; Doucet & Hill 2009 ). We tested for possible eggshell fading by
correlating collection date with our three colorimetric variables. Blue-green chroma (r = -

0.07, n =686, P = 0.06) was not related to collection date. Brown chroma (r =- 0.20, n =
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686, P < 0.0001) was negatively correlated with collection date, which is in the opposite
direction to that predicted by fading. To assess the possibility that substantial egg fading
might have occurred more rapidly, we compared the chroma values of 13 eggs collected
from Port Colbourne, Ontario, which we measured on the day they were collected in
2007, to the chroma values of eggs in our long-term dataset. There were no significant
differences between these fresh or stored eggs (blue-green chroma: t7o; = - 0.54, P = 0.58;
brown chroma: t7o; = - 0.94, P = 0.35). This lack of substantial fading may not be
surprising; herring gull eggs are exposed infrequently after laying due to long attentive
periods by the parents (Drent 1970; Pierotti and Good 1994), and the shells in our long-
term dataset were stored in sealed containers away from light shortly after being

collected.

Testing discriminability using visual modeling

We sought to determine whether variation in egg colouration associated with contaminant
level would be visually discernable in the field. The perception of visual signals depends
on the visual abilities of the viewer, the colouration of the object being viewed, the colour
of the viewing background, and the characteristics of the light illuminating the object
(Endler 1990; Kelber et al. 2003). To assess the detectability of differences in egg colour,
we employed a receptor-noise-limited opponent model that incorporated human spectral
sensitivity, a daylight irradiance spectrum, and our measurements of egg reflectance
(Schnapf et al. 1987; Endler 1993; Vorobyev and Osorio 1998). This receptor-noise-

limited opponent model accounts for chromatic differences in colour only (not
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differences in brightness), and has been shown to provide good estimates of detectability

for human subjects in bright light conditions (Vorobyev and Osorio 1998).

Colour vision can be represented by an n —dimensional colour space, where n
refers to the number of cone types in the viewer (Vorobyev 2003) and the axes are
maximum quantum catches for each cone type. Humans are trichromatic, with three
cone-type photopigments that are maximally sensitive at 420 nm, 530 nm, and 560 nm
(Jacobs 1981; Kelber et al. 2003). Quantum catch is calculated as by integration across
the defined visible spectrum

_[ROSDI@I@)

i egn 1
[R

where R; represents the spectral sensitivity of cone type i, S represents the spectral
reflectance of the object, and | represents the normalised irradiance spectrum. A viewer’s
ability to discriminate between two colours can be thought of as the distance between the
two colours within this colour space. However, the visual sensation of stimuli is subject
to noise occurring at the receptors as well as the subsequent stages of neural processing
(Wyszceki and Stiles 1982; VVorobyev 2003). Therefore, we calculated receptor noise
with a flexible function accounting for the inherent noise to signal ratio for all cone types
relative to the proportion of receptor types in the eye (Vorobyev et al. 1998; VVorobyev

2003; Cheney and Marshall 2009) as

(Qi,a+Qi,b) 2 2
(1/(log(T f)) W)

e, = egn 2
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where T is a scaling factor for luminance level (set to 10,000), w; is the Weber fraction
accounting for differences in response sizes based on magnitude of stimuli (Wyszceki
and Stiles 1982) (set to 0.02 for all cone types), and n; is a constant representing the
relative number of receptor cells accounting for receptor type density. Here, we used
1:16:32 to represent the relative proportion of receptor types for the short, medium, and

long cone types found in humans, respectively (Wyszceki and Stiles 1982).

Thus, when accounting for receptor noise, the distance between colours within

human colour space, or discriminability, can be calculated as

(As)? = e12 (Afs _Afz)z +e22(Af3 _Afl)z +e32 (Afl _Afz)z eqn 3

(e16,)° *(e18;)" + (e 85)°

where Afj is the difference in quantum catch between two stimuli (Vorobyev and Osorio
1998). Discriminability estimates calculated in this way represent units of just noticeable
differences, where a value of one or greater represents a difference in colour between two
objects that would be detectable by humans. We calculated quantum catch and
detectability using the program SPEC (Hadfield 2004) in R (Ihaka and Gentleman 1996)

between all pairwise comparisons of eggs in our dataset.

Statistical analyses

All data exhibited normal kurtosis and skewness values (all < 2). We used generalized
linear mixed models to determine the relationship between egg colouration and
contaminant levels. In each model, we included a colorimetric variable as the dependent
variable, and year of collection, a contaminant level, and colony (random effect) as

predictors. We ran separate models for each colorimetric variable and each contaminant,
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including DDE, PCB-1260, 2,3,7,8,-tetrachlorodienzo-p-dioxin (dioxin),
hexachlorobenzene (HCB), and trans-nonAchlor. We did not evaluate contaminants that

were not consistently detected within eggs (i.e., ordinarily at trace or undetectable levels).

Results

Do contaminant levels explain variation in egg colouration?

Variation in DDE levels did not explain variation in the colouration of herring gull eggs
for blue-green chroma (whole model: r? = 0.07, F17567= 2.73, P = 0.0002; colony: Fis,17=
2.85, P = 0.0003; year: p = -0.19, F1 557 = 11.42, P = 0.001; DDE: B = - 0.15, F1587 = 3.51,
P = 0.06), brown chroma (whole model: r* = 0.13, F17557= 4.98, P < 0.0001; colony: Fis17
=3.32, P < 0.0001; year: p=-0.17, F1s57 = 9.48, P = 0.002; DDE: B = 0.13, Fy 567 = 3.04,
P = 0.08), ultraviolet chroma: (whole model: r? = 0.24, F1755;= 11.04, P < 0.0001;
colony: Fis17= 7.41, P < 0.0001; year: p = 0.36, F15s7 = 49.59, P < 0.0001; DDE: B = -
0.01, F1587=0.02, P =0.89). Concentration of PCB 1260 predicted variation in both
blue-green chroma (whole model: r? = 0.12, Fig.470 = 4.12, P < 0.0001; colony: Fi4 16 =
3.59, P < 0.0001; year: B = -0.47, Fy g5 = 28.41, P < 0.0001; PCB 1260: B = - 0.35, F1 405
=7.59, P = 0.006) and ultraviolet chroma (whole model: r? = 0.39, F1g470= 19.38, P <
0.0001; colony: Fi416= 13.79, P < 0.0001; year: B = 0.82, Fy 495 = 126.25, P < 0.0001;
PCB 1260: B = 0.50, Fy405= 22.47, P < 0.0001). However, PCB 1260 did not
significantly predict brown chroma (whole model: r? = 0.13, Fig.470 = 4.67, P < 0.0001;
colony: Fi416= 3.43, P < 0.0001; year: B = -0.37, F1ss7 = 18.01, P < 0.0001; PCB 1260:

=- 018, F1'495: 212, P= 015)
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Dioxin levels were also related to blue-green and ultraviolet chroma but in the
opposite direction. Higher concentrations of dioxins were related to higher amounts of
blue-green pigmentation (whole model: r? = 0.08, Fg 600 =3.43, P < 0.0001; colony: F1416
=2.81, P = 0.0004; year: p = 0.15, F1 616 = 2.56, P = 0.11; dioxin: p = 0.38, Fy 16 = 9.26,
P =0.002), while ultraviolet chroma was inversely related to dioxin concentration (whole
model: r* = 0.31, F1g600= 17.02, P < 0.0001; colony: Fi416 = 11.01, P < 0.0001; year: p =
-0.01, Fy616 = 0.04, P = 0.85; dioxin: B = - 0.59, Fy g16 = 30.52, P < 0.0001).

Trans-nonAchlor concentration was positively related to blue-green chroma
(whole model: r?=0.09, Fg560 = 3.40, P < 0.0001; colony: Fi416 = 2.88, P = 0.0003;
year: B =-0.09, F1616 = 4.66, P = 0.03; trans-nonAchlor p =0.15, Fy 585 =11.45, P =
0.0008) and brown chroma (whole model: r? = 0.14, F1g560 = 5.77, P < 0.0001; colony:
F1416 = 3.52, P <0.0001; year: 3 =-0.19, F1 616 = 21.06, P < 0.0001; trans-nonAchlor § =
0.14, F1585=10.42, P = 0.001), while negatively related to ultraviolet chroma (whole
model: r* = 0.33, Fig560 = 17.34, P < 0.0001; colony: Fi416 = 9.68, P < 0.0001; year: =
0.29, F1 616 = 61.20, P < 0.0001; trans-nonAchlor: p =-0.31, F1 585 = 65.33, P < 0.0001).

HCB concentration did not significantly predict any colorimetric variable (all P > 0.09).

Are differences in chroma associated with contamination levels visually detectable in the
field?

The mean £ SD difference in brown chroma for pairs of eggs that would be discernable
by humans (those with discriminability estimates over one) was 0.04 £ 0.00004, and the
mean difference in blue-green chroma that would be discernable was 0.02 + 0.00003. We

used the unstandardized regression coefficients (representing units of change in the
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predicted value of the dependent variable per unit change in a predictor variable) from
contaminants found to be significant predictors of egg colour in the mixed models to
predict concentration of contaminants that would correspond to a visually detectable
difference in egg chroma. The unstandardized beta values from our model for PCB 1260
suggest that a detectable change in blue-green chroma would reflect a 0.018 pg g™ wet wt
change in PCB 1260 concentration. Similarly, detectable differences in blue-green
chroma would correspond to a change of 54.6 pg g™ wet wt of dioxin (Table 1).
However, the concentration of trans-nonAchlor corresponding to detectable differences
in chroma fall far beyond any amount found in herring gull eggs (Table 1). Therefore, our
models predict that the range of contaminant concentrations found in herring gull eggs

would produce variation in colour detectable by humans.

Discussion

Based on analysis from a long-term dataset, our findings reveal significant associations
between persistent organic contaminants and egg colouration in herring gulls.
Interestingly, PCB 1260 and dioxin appear to have contrasting influences on blue-green
egg colouration. The only other study to examine the relationship between contaminant
load and egg colouration found a positive association between DDE levels and blue-green
chroma in Eurasian sparrowhawks (Jagannath et al. 2008). Contrary to our expectations
based on that study, we found no relationship between blue-green chroma and
concentration of DDE. However, the range in concentration of DDE in our dataset was
considerably lower (0.18 — 57.70 ug g™* wet wt) than the levels found in sparrowhawk

eggs (10 — 300 pg g™ wet wt), and it is possible that more variation would be necessary to
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detect this pattern. In addition, herring gull eggs are considerably less blue-green than
sparrowhawk eggs, suggesting a lower level of biliverdin pigmentation. A marginal effect
of DDE may therefore be masked by larger quantities of porphyrin levels within herring
gull eggs. Another possibility is that we did not detect these patterns because DDE does
not induce the production of porphyrins, but is correlated to the presence of PCBs which
are known to be porphyinogenic (Kennedy et al. 1998). This suggests that the connection
between colouration and DDE may be the result of other contaminants that are associated
with DDE concentration.

In our study, egg colouration in herring gulls was related to PCB 1260, dioxin,
and trans-nonAchlor concentrations. These contaminants have been found to accumulate
in the livers of adult herring gulls (Fox et al. 2007), and are known to interact with haem-
biosynthesis either directly or indirectly (Kennedy et al. 1998; Casini et al. 2003).
However, although PCBs are known to be related to higher concentrations of highly
carboxylated porphyrins in adult herring gull livers (Kennedy et al. 1998), a causal
relationship among the other contaminants is less certain. Dioxin levels have been found
to induce porphyrin production in some studies, while several other studies have found
marginal or no effect (Casini et al. 2003). Concentrations of trans-nonAchlor are also
known to relate to increases in porphyrin concentration; however, these patterns are not
believed to be a direct consequence of the contaminant on pigment, but rather a result of
the contaminant being related to other more influential contaminants (Kennedy et al.
1998).

To understand the possible influence of environmental contaminants on egg

colour, it is necessary to understand how porphyrin and biliverdin are produced. These
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pigments are derived from haem-biosynthesis, which occurs endogenously through
enzymatic interactions leading to the formation of various porphyrins (Moore 1998;
McGraw 2006). Further enzymatic reactions along this pathway can convert these non-
metallic porphyrins to haem through the addition of an Fe* ion (Ponka 1999; McGraw
2006), which can be oxidized to biliverdin (McDonagh 2001).

Although PCBs are known to have a direct effect on porphyrin concentration,
they may also have an indirect effect on biliverdin. PCB contamination has been found to
induce uroporphyrin production, thereby reducing protoporphyrin and haem production
(Sano et al. 1985). Since haem is necessary for creating biliverdin, this process results in
an elimination of biliverdin. Herring gull eggs have relatively high levels of porphyrin,
and increases in this pigment may not cause changes that are as noticeable as the
elimination of biliverdin, which is present in smaller quantities. This may explain why we
did not find a relationship between PCB concentration and the brown pigment, porphyrin,
despite the significant relationship between PCB 1260 and blue-green chroma.

It is possible to influence other stages in the haem biosynthesis pathway in
addition to influencing porphyrin production. For instance, upstream degredation of haem
through induced haem oxygenase activity has been proposed as a mechanism to explain
increases in biliverdin associated with dioxin toxicity (Niittynen et al. 2002). We found
that blue-green chroma increased with concentrations of both dioxin and trans-
nonAchlor, while brown chroma also increased with concentration of trans-nonAchlor,
Unlike the pattern related to PCB 1260, these mechanisms implicate changes in both
pigments. Such differences in the effect of contaminants on egg colouration are feasible.

For example, some species exposed to lead poisoning develop biliverdinuria, the excess
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production of biliverdin (Mateo et al. 2003a; Mateo et al. 2004), whereas others develop
hemoglobinuria, the excess production of hemoglobin (Styles and Phalen 1998; Pollock
2006). In addition, various contaminants are known to influence haem biosynthesis in
different ways (Casini et al. 2003), and there are numerous forms of porphyria (Moore
1998), which may explain the different effects of different contaminants on egg
colouration.

The effect of environmental contaminants on egg colouration, although
detectable, is relatively low and there are many other environmental (Gosler et al. 2005;
Avilés et al. 2007) and genetic factors (e.g., Punnett 1933; Hardiman et al. 1975)
influencing avian eggshell pigmentation. Moreover, our models evaluated the effect of
contaminants independently, even though the contaminants we studied, as well as other
contaminants we did not quantify, may correlate with one another. A more in-depth,
controlled experiment on the effect of contaminants on endogenous pigment deposition in
bird eggs is necessary to draw any definitive conclusions. In addition, future research
should examine the specific influence of these contaminants on the avian shell gland, the
site of egg pigment synthesis (Zhao et al. 2006), because contaminants are known to have
tissue-specific effects (Maines 1976; Leonzio et al. 1996).

Although the colouration of eggs is related to contaminant load, we are not
suggesting that these results qualify its immediate use as a bioindicator. While large
variation in herring gull egg colouration was useful for an initial test of the potential
utility of using egg colour as a bioindicator, large inter-clutch variation in egg colour may
make assessing relative colony-site contaminant loads challenging. Therefore, since egg

colour likely varies between colonies for reasons other than the influence of
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contaminants, it will be critical to determine the normal amount of variation in colour and
examine the influence of contaminant load on this variation within target colonies with
preliminary research. Then in future years, use these baseline data to estimate the
contaminant load based on variation in egg colour. In addition, while we demonstrate that
egg colouration is related to a suite of contaminant levels, and outline the mechanistic
link behind such relationships, future investigations into the value of this relationship as a
monitoring tool would benefit from utilizing species with less variable pigment regimes
(all porphyrin or all biliverdin), particularly those species that are subject to behavioural
monitoring.

Our findings provide a critical first step towards a new avenue of conservation
action and also increase our understanding of pigment deposition. Egg colouration would
be most useful as a bioindicator if it could be assessed visually in the field. Our visual
models suggest that visually detectable differences in herring gull blue-green egg chroma
may be a useful measure of PCB 1260 concentration, and to some extent dioxin
concentration. To assess levels of other contaminants, spectrophotometric methods would
be necessary. Although we encourage future research evaluating the utility of human-
perceived egg colour as a proxy for PCB contamination, the use of spectrometers is
preferable because these devices are quantitative and more sensitive than the human
visual system. Moreover, there are numerous handheld, battery operated
spectrophotometers that would be convenient for use in the field. Although many of these
hand-held devices do not capture the full ultraviolet range, our models suggest that

variation within the human visual range may contain useful information.
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The evaluation of contaminant levels in biota is important for the conservation of
our natural resources and for monitoring long-term health risks to humans. Long-term
monitoring programs provide a means to examine the progress of environmental
remediation and for forecasting potential health risks. We have shown that the colour of
herring gull eggs may be a useful bioindicator of PCB, dioxin, and trans-nonAchlor
concentration. Because these are the only two pigments classes controlling egg
colouration in birds (Gorchein et al. 2009), it is possible that these patterns are somewhat
conserved across all birds. Therefore, egg colour may provide a simple, inexpensive, and
non-destructive indicator of contaminant concentration. Moreover, there are numerous
long-term monitoring programs on colonial and semi-colonial birds worldwide that may
facilitate the global application of using avian egg colouration as a bioindicator of

environment contamination.
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Table 3.1

Comparison between detectable changes in egg colouration and associated changes in contaminant levels in herring gull eggs for

contaminants found to significantly predict variation in egg colour (see Results). Unstandardized beta scores refer to the units change

in colour associated with a one-unit change in contaminant in our models. Mean differences in chroma detectable between eggs, as

well as the maximum and minimum levels of contaminants found in our dataset, are included to provide context for the values

associated with a detectable difference in colour.

Concentration (g g™ wet wt)

detectable
Chroma Contaminant b+ SE chroma detectable min max
Blue-green PCB 1260 -0.005 £ 0.002 0.02 0.02 1.95 151.00
trans-nonAchlor 0.002 + 0.0005 0.02 220.26e2 0.01 0.16
Dioxin 0.005 + 0.002 0.02 54.60 3.16 91.00
Brown trans-nonAchlor 0.002 + 0.0007 0.04 485.17e6 0.01 0.16
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Figure 3.1

A map of the Great Lakes showing the locations of herring gull colonies sampled in this
study: 1) Granite Island, 2) Agawa Rocks, 3) Pumpkin Point, 4) Gull Island, 5) Big Sister
Island, 6) Double Island, 7) Chantry Island, 8) Channel-shelter Island, 9) Fighting Island,
10) Middle Island, 11) Port Colborne, 12) Niagara River, 13) Hamilton Harbour, 14)

Toronto Harbour, 15) Snake Island.
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Figure 3. 2

The average spectral reflectance of herring gull eggs exhibiting mean blue-green chroma
(x95% CI), solid line, the average spectral reflectance of eggs within the upper 10% of
blue-green chroma, dashed line, and the average spectral reflectance of eggs within the
lower 10% of the range of blue-green chroma in our study. Vertical bars represent

standard error.
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Summary

The colour on the surface of birds’ eggs varies dramatically between species, but the
selective pressures driving this variation remain poorly understood. In this study, we used
a large comparative dataset of 636 bird species to test several hypotheses proposed to
explain the evolution of egg colouration. We tested the hypothesis that predation pressure
might select for cryptic eggs by examining the relationship between predation rate and
egg colouration. We found that predation rates were significantly positively related to
eggshell brightness, suggesting that predation pressure may influence egg colouration in
birds. Conspicuous eggs have been hypothesized to function as aposematic signals if
conspicuous colours advertise unpalatability. In our dataset, only ultraviolet chroma was
negatively related to egg predation rate, providing little support for the aposematism
hypothesis. The blackmail hypothesis suggests that females lay colourful eggs to coerce
males into providing additional care during incubation to keep colourful eggs covered.
Therefore, colours that are conspicuous against the nest background should be found in
situations with high risk of visual detection from predators or brood parasites. In support
of this hypothesis, proportional blue-green chroma was positively related to parasitism
risk, and parents provided higher nest attendance to eggs with higher proportional blue-
green chroma or higher ultraviolet chroma. The sexual signalling hypothesis, which
suggests that blue-green colour indicates female quality, was not supported by our
findings. Likewise, our findings did not support the hypothesis that preferences for
particular colours led to the diversification of egg colour in birds. We found some support
for the hypothesis that brood parasitism may select for high inter-clutch variation in egg

colour to facilitate egg recognition. In our dataset, parasitism risk was negatively related
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to inter-clutch repeatability of blue-green chroma. Inter-clutch variability in egg
colouration did not differ between solitary and colonial species, suggesting that a
different mechanism for egg recognition may operate in colonial nesters. Our study
highlights the diversity of selection pressures acting on the evolution of egg colour in

birds.

Keywords: blackmail hypothesis, egg colour, egg recognition, evolution, parasitism,

predation, sexual signalling hypothesis

102



Chapter 4 — Parents, predators, and parasites

Introduction

Avian egg colouration varies dramatically between species (Kilner 2006; Cassey
et al. 2010b), and this variation has fuelled interest in egg colour from an evolutionary
(Mgller and Petrie 1991; Soler and Mgller 1996; Soler et al. 2005; Cassey et al. 2010b),
behavioural (Tinbergen 1962; Moreno et al. 2006; Siefferman 2006; Hanley et al. 2008),
and ecological standpoint (Gétmark 1992, 1993; Blanco and Bertellotti 2002; Magige et
al. 2008). Unpigmented eggs are white in colouration, whereas the remaining diversity of
egg colour variation results from the deposition of brown proto-porphyrin pigments, blue-
green biliverdin pigments, or some combination of these two pigments (Kennedy and
Vevers 1976). Predation pressure has long been hypothesized to be an important selective
factor in egg colour evolution (Wallace 1889), and many species’ eggs are pigmented in
such a way that they appear to match the colouration or patterning of their nest material
(Solis and de Lope 1995; Salek and Cepakova 2006; Mayer et al. 2009). A number of
studies have also shown that egg colouration influences predation (Verbeek 1990; Yahner
and Mahan 1996; Blanco and Bertellotti 2002; Castilla et al. 2007). However, despite this
important influence of predation pressure, many species appear to lay seemingly
conspicuous eggs (Lack 1958). Eggshell conspicuousness may be favoured in some
situations, such as in dark nest cavities (Chapter 5). Nevertheless, many other instances of

egg conspicuousness continue to intrigue biologists.

The widespread existence of conspicuous eggs has spurred a number of attempts
to explain egg colour evolution, with many hypotheses focussing specifically on
explaining the presence conspicuous eggs from both non-signalling (McAldowie 1886;

Gosler et al. 2005; Lahti 2008; Ishikawa et al. 2010) and signalling perspectives
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(Swynnerton 1916; Swynnerton 1918; Cott 1948; Moreno and Osorno 2003; Hanley et al.
2010). Variation in egg colour and patterning has also been found to facilitate egg
recognition in colonial nesters (Gaston et al. 1993), and to be involved in an arms race
between brood parasites and host species (Dien et al. 1995; Langmore et al. 2009;
Stoddard and Stevens 2010). Considering these numerous and varied selection pressures
on egg colour and patterning, it is unlikely that egg colour has evolved for a single reason
(Reynolds et al. 2009). Evolutionarily distinct lineages should experience some
independent selection pressures (Kilner 2006; Cassey et al. 2010b), and any single
species will often face multiple counteracting pressures, which in some cases may result
in trade-offs between opposing selection factors (Magige et al. 2008; Mayer et al. 2009).

Here, we use a large comparative dataset to investigate multiple hypotheses for
the evolution of egg colouration in birds. We focus specifically on seven hypotheses
relating to the visual information that is provided by variation in egg colour rather than
other possible functions of avian egg pigments, which we explain in greater detail below.
(1) The crypsis hypothesis suggests that egg colouration serves to minimize egg detection
by predators (Wallace 1889). (2) The aposematism hypothesis suggests that conspicuous
egg colours signal distastefulness to predators (Swynnerton 1916; Cott 1948). (3) The
blackmail hypothesis suggests that conspicuous egg colours have evolved to coerce males
into providing greater parental care (Hanley et al. 2010). (4) The sensory bias hypothesis
suggests that egg colour has evolved based on species-specific inherent preferences for
egg colours (Abercrombie 1931; Lack 1958; Weeks 1973; Schwartz and Lentino 1984).
(5) The sexual signalling hypothesis suggests that blue-green chroma signals female

quality to mates (Moreno and Osorno 2003). (6) The parasitic recognition hypothesis
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suggests that egg colour has evolved to enhance recognition of brood parasitic eggs
(Swynnerton 1918; Victoria 1972). Finally, (7) the colonial recognition hypothesis
suggests that egg colouration has evolved to enhance recognition of eggs within dense
breeding colonies (Noble and Lehrman 1940; Baerends and Vanrhijn 1975; Gaston et al.
1993). Because these hypotheses relate to the visual information provided by eggs, our
analyses focus on species that use open nests rather than closed nests such as domed
nests, cavities, and burrows, because light levels in closed nests are thought to be too low

to allow for detection of variation in colouration (Cassey 2009; Holveck et al. 2010).

One classic explanation for the diversity of colour in avian eggs suggests that
colour serves to camouflage the eggs (Wallace 1889; Lack 1958; Oniki 1985). Brown egg
colouration has been shown to reduce predation pressure in numerous species with
varying nesting strategies (Gotmark 1992; Solis and de Lope 1995; Yahner and Mahan
1996; Castilla et al. 2007; Westmoreland 2008). Although blue-green or white eggs seem
more conspicuous than brown or spotted eggs, it has been suggested that they may be
cryptic in nests exposed to particularly blue-green light or in which eggs may be viewed
from below through sparse nest materials (Wallace 1889; Lack 1958; Oniki 1985).
However, numerous predation studies suggest that it is unlikely that blue-green and white
eggs are cryptic to natural nest predators (Westmoreland and Best 1986; Blanco and
Bertellotti 2002; Magige et al. 2008), perhaps because these colours produce high visual
contrast against the brownish colour of many avian nests. We therefore predicted that
browner eggs should experience lower predation rates whereas eggs that are brighter,
more blue-green, or more reflective in the UV should experience higher predation rates.

These predictions focus on the assumption that visually orienting nest predators that use
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colour to find eggs will more easily detect colours that do not match nesting materials
(Hunt et al. 2003; Jourdie et al. 2004). Birds, mammals, and reptiles all are important nest
predators, but their colour vision differs dramatically (de Cock Buning 1983; Jacobs
1992; Jacobs 1993; Hart 2001; Kelber et al. 2003; Weatherhead and Blouin-Demers
2004). We therefore do not attempt to use specific visual models for each predator type
but instead focus on colorimetric variables that describe spectral shape over a broad range

(300 — 700 nm).

Another early hypothesis concerning conspicuous eggs suggested that these eggs
may be unpalatable, with colour serving as an aposematic signal to nest predators
(Swynnerton 1916; Cott 1948). Although this idea received support from subsequent tests
(Cott 1952; Cott 1953), issues regarding the statistical approach called these findings into
question (Lack 1958). There are numerous examples of aposematic colouration in both
vertebrate and invertebrate body colouration (Mallet and Joron 1999), and feather toxicity
has been discovered in at least two bird species (Dumbacher et al. 1992; Dumbacher et al.
2000), suggesting that avian egg toxicity or unpalatability could similarly evolve. This
hypothesis has not yet been examined with a comparative approach. If eggshell
colouration serves as an aposematic signal to deter predators, we expect blue-green
chroma, ultraviolet (UV) chroma, and eggshell brightness to be negatively associated

with predation levels.

We recently proposed a new hypothesis, termed the blackmail hypothesis,
suggesting that conspicuous egg colouration may reinforce paternal investment to
mitigate predation and parasitism risks (Hanley et al. 2010). According to this hypothesis,

females can exploit males by producing conspicuous eggs, such that the male’s optimal
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strategy is to assist in keeping these eggs concealed by assisting with incubation or by
provisioning to the incubating female. If conspicuous egg colours serve to coerce males
into providing paternal care, species with brighter eggs, more blue-green eggs, or eggs
with higher UV chroma should initiate incubation earlier, should exhibit higher nest
attendance during the incubation stage, and should be more likely to exhibit male-only or
bi-parental incubation. An underlying assumption of this hypothesis is that conspicuous
eggs should experience greater risk of predation or brood parasitism, and we therefore
expect these colorimetric variables to be positively associated with the risk of predation

or parasitism.

Several authors have suggested an inherent link between egg colour and the
attentiveness of the parents (Abercrombie 1931; Lack 1958; Weeks 1973; Schwartz and
Lentino 1984), particularly in the context of seemingly conspicuous eggs. We term this
hypothesis the sensory bias hypothesis. Although this idea was never fully developed as a
hypothesis, we propose that a connection between parental attentiveness and egg
colouration could be mediated via a hormonal response when parents are presented with a
preferred colourful stimulus. Such a pattern could evolve through a sensory bias
mechanism (Endler and Basolo 1998; Ryan 1998). This hypothesis has never been tested,
but it has been deemed unlikely on multiple occasions (Lack 1958; Weeks 1973;
Schwartz and Lentino 1984; Brennan 2009). Nevertheless, intra-specific behavioural
experiments suggest that parental nesting behaviours can be motivated by coloured
stimuli in a species-specific manner (Baerends and Kruijt 1973; Baerends and Vanrhijn
1975). Strong preferences for specific egg colours should reduce inter-clutch variability

within a species through stabilizing selection for “preferred” colours. If egg colouration

107



Chapter 4 — Parents, predators, and parasites

serves to exploit the sensory system of the parents, there should be a positive relationship
between the inter-clutch repeatability of egg colour and incubation attendance as well as
the timing of incubation initiation. Because there should be no restrictions on which
colour is preferred within a particular species, we will test these predictions across

several colorimetric variables.

Another recent hypothesis, known as the sexual signalling hypothesis, proposes
that egg colour may indicate the quality of the laying female to her partner (Moreno and
Osorno 2003). According to this hypothesis, since the blue-green pigment biliverdin has
antioxidant properties (Kaur et al. 2003), high-quality females should be able to deposit
more egg pigments during the oxidatively stressful laying period (Monaghan et al. 1998).
Males could then use this information to evaluate relative mate quality and contribute
paternal investment accordingly. This hypothesis has been the subject of numerous
investigations and has received mixed support (reviewed in: Reynolds et al. 2009; Cherry
and Gosler 2010). If blue-green egg colour indicates female quality, blue-green egg
colouration should be enhanced in species with some degree of paternal care, where
males provide assistance during the incubation period, the nestling period, or throughout
the entire breeding season. In addition, in species where parents feed offspring, relative
male provisioning should be greatest for species with higher blue-green chroma.

Heterospecific brood parasitism may influence the evolution of egg colouration
by selecting for parents that make correct egg rejection decisions either through
discordance (identification of a dissimilar egg) or through true egg recognition
(Underwood and Sealy 2002; Kilner 2006). One strategy to counteract heterospecific

brood parasitism is to produce a clutch of eggs that looks distinct from clutches laid by
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other conspecifics (Swynnerton 1918; Victoria 1972). When individuals lay distinctive
eggs, the variation between clutches is high, resulting in a lower likelihood that a brood
parasite can produce an accurate match. Indeed, numerous studies have supported the
prediction that inter-clutch variability is related to parasitic egg rejection behaviour (dien
et al. 1995; Soler and Mgller 1996; Moskat et al. 2002; Stokke et al. 2002; Avilés and
Magller 2003; Avilés et al. 2006; Kilner 2006) and host suitability (Stokke et al. 2002). In
addition, inter-clutch variability decreases when there is no longer a risk of inter-specific
parasitism (Lahti 2005). The majority of investigations relating to this hypothesis have
considered variation in eggshell patterning and appearance rather than ground colour (see
reviews, Underwood and Sealy 2002; Kilner 2006; Cherry and Gosler 2010).
Interestingly, recent studies suggest that in hosts exposed to inter-specific brood
parasitism, eggshell ground colouration may be more important in regulating egg
rejection behaviour than egg spot density (Moskat et al. 2008; Avilés et al. 2010; but for
species exposed to high conspecific brood parasitism, see Lopez-de-Hierro and Moreno-
Rueda 2010). If inter-clutch variability evolves in response to risk of brood parasitism,
inter-clutch repeatability of blue-green, brown, and ultraviolet chroma should decrease
with risk of parasitism (i.e., within a species experiencing a high risk of parasitism there

should be greater differences in colour between clutches).

A similar recognition function of egg colouration may be expected within open-
nesting species that breed in dense nesting colonies. In colonial nesters, egg colour may
facilitate a rapid return to the correct clutch and retrieval of displaced eggs (Noble and
Lehrman 1940; Baerends and Vanrhijn 1975; Gaston et al. 1993). In certain species, the

clutch can even be a more important orientation signal for colonial birds than either the
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nest or nest site (Kirkman 1937; Noble and Lehrman 1940; Baerends et al. 1970). If
inter-clutch variation in egg colour facilitates recognition within a colony, inter-clutch
repeatability in blue-green, brown, and ultraviolet chroma should be lower in colonially
nesting birds, particularly in species that nest in the open, where eggs may serve as a

useful signal for visual recognition and egg retrieval.

Methods

Egg reflectance

We measured egg colouration of 5,604 eggs from 636 species (3.06 = 0.07 clutches per
species, 8.81 £ 0.27 eggs per species) representing 26 of 27 avian orders (excluding
Pterocliformes). We obtained these reflectance measurements from preserved specimens
at four natural history collections: the American Museum of Natural History, the Field
Museum, the University of Michigan Museum of Zoology, and the National Museum at
Tring. There were minor differences in how we obtained the spectra between the
museums. We measured the eggs from National Museum at Tring (31% of eggs sampled)
at a coincident normal measurement angle using an Ocean Optics USB2000 Miniature
Fiber Optic Spectrophotometer with illumination by a DT mini lamp (Cassey et al.
2010b). We measured reflectance spectra from the other collections at 45 degree
coincident obliqgue measurement geometry using an Ocean Optics USB 4000 and a PX-2
pulsed xenon light source (Ocean Optics, Dunedin, FL). We compared both sets of
spectra to a Spectralon white standard (WS-1) and summarized reflectance spectra into
5nm bin classes using a script written in SAS v9.2 for the eggs sampled at National

Museum at Tring and using CLR for all other eggs (Montgomerie 2008).
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Three species that were measured at three separate collections revealed that eggs
sampled with different measurement geometries only differed significantly in brightness
in one species (Guira guira F, 35 = 40.3, P <0.0001), and this species has a variable white
lattice pattern across the entire shell surface and exceptional variation in blue-green
chroma, such that all collections were significantly different from one another, even if
they were measured using the same measurement geometry (F23s =106.85, P < 0.0001).
Therefore, we pooled the data from all museums because variation across collections was
not as important as variation between species.

For each egg, we recorded six spectra across the entire shell surface such that two
measurements were collected from each of three distinct regions of the egg: blunt end,
equator, and pointed end. Since this study focused specifically on the evolution of ground
colouration, rather than spotting, we avoided measuring spots wherever possible. Our
measurements should have adequately captured general ground colouration because any
spotting we could not avoid measuring should have been fine enough to create a uniform
impression across the entire shell surface and effectively become part of the perceived
ground colour. Although this perception would depend on viewing distance and visual
acuity, it is likely that most birds would perceive fine spotting as a relatively uniform
surface because most birds have poorer acuity than the average human viewer
(Columbiformes, Blough 1971; Hodos 1993; Passeriformes, Fife et al. 1975). There are
exceptions, however, such as raptors that possess greater acuity than humans (Jones et al.
2007). The high acuity in this group should not overly influence our interpretation
because in most raptor eggs, the spots are spaced widely enough that we could avoid

spots when measuring ground colouration.
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We visually inspected each spectrum (N = 33,624) to screen for any aberrant
recordings and excluded these prior to analysis. We then averaged the remaining readings
to obtain a single reflectance spectrum per egg (N = 5,604). We used these spectra to
calculate four standard colorimetric variables: ultraviolet chroma (the sum of reflectance
between 300 — 400 nm as a proportion of the sum of reflectance between 300 - 700nm),
blue-green chroma (the sum of reflectance between 450 — 550 nm as a proportion of the
sum of reflectance between 300 -700nm), brown chroma (the sum of reflectance between
600 — 700 nm as a proportion of the sum of reflectance between 300 -700nm), and
brightness (average reflectance across entire visible spectrum 300 — 700 nm). To test
hypotheses relating to egg recognition and sensory bias, we calculated inter-clutch
repeatability for these colorimetric variables (Lessells and Boag 1987).

While chroma values may be adequate for intraspecific examinations of colour,
they do not perform as well in interspecific studies for comparisons of spectra that differ
in shape, particularly when comparing spectra characterized by peaks and plateaus. For
example, the blue-green chroma value calculated for a white egg can be similar to that of
a blue-green egg (Figure 1). This can occur when the total amount of reflectance above
the blue-green spectrum between 550 -700 nm is equivalent to the total amount of
reflectance below the blue-green spectrum between 300 — 450 nm. To obtain a measure
of chroma that we could compare across species, we calculated the proportion of blue-
green to brown chroma, a measure we call proportional blue-green chroma. This metric
should allow us to assess the relative contribution of pigments. A high proportional blue-

green chroma should correspond to eggs containing more biliverdin relative to porphyrin,
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whereas a low proportional blue-green chroma should correspond to egg containing more

porphyrin relative to biliverdin.

Influence of egg fading

Our data were obtained from eggs collected over more than 100 years (1825 — 2006);
however, most eggs in our dataset were collected within the interquartile range of 1896 —
1924. It is possible that these eggs have faded since they were collected; therefore, we
correlated average clutch colorimetric values by date of collection to assess the effect of
fading on this dataset. We accompany these measures of effect with their 95% confidence
intervals, which represent an estimate of precision for the effect statistic (Nakagawa and
Cuthill 2007). Brightness and ultraviolet chroma were significantly correlated with
collection date (brightness: r = 0.07, Clggs= 0.02 to 0.12, N = 1618, P = 0.005; ultraviolet
chroma: r = 0.08, Clpgs=0.04 to 0.13, N = 1618, P = 0.001), however our other
colorimetric variables were not significantly correlated with collection date (blue-green
chroma: r = -0.04, Clgg5=-0.09 to 0.008, N = 1618, P = 0.10; brown chroma: r = -0.03,
Clpgs=-0.08t0 0.02, N = 1618, P = 0.24; proportional blue-green chroma: r = 0.02,
Clpgs= -0.03t0 0.07, N = 1618, P = 0.34). Despite the fact that some of our colorimetric
variables were correlated with collection year, the size of the correlation coefficients and
their confidence limits indicate that the effect of collection date in our dataset is small
(Cohen 1988). Furthermore, recent research on a subset of these eggs found no effect of
collection date (Cassey et al. 2010a), which seems to be a general trend in studies

utilizing egg collections (Soler et al. 2005; Jagannath et al. 2008). Although this does not
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mean that the eggs we measured did not undergo any fading, it shows that this effect was

only marginal in our dataset collected over a range of over 100 years.

Natural history data

We compiled information on the life histories of the species in our dataset from 564 peer
reviewed articles and species accounts (details provided in Appendix I). We
preferentially selected average values from studies with large sample sizes, and avoided
reports that were poorly documented (e.g., values mentioned in a single study with no
information about how those data were collected). Specifically, we recorded information
on nest type (ground, open cup, cliff, dome, cavity, burrow, or mound), degree of
sociality (social or solitary), incubation period (in days), the egg in the laying sequence
when incubation begins (egg #), clutch size (number of eggs), incubation attendance
(percentage of time spent on the nest), form of parental care (male only, female only, bi-
parental), incubation roles (male only, female only, bi-parental), parasitism risk (percent
of population parasitized), predation risk (percentage of eggs depredated, avoiding any
records that were associated with the introduction of invasive species), male and female
provisioning rate (feeding trips per hour), and developmental category (super-precocial,
precocial, semi-precocial, semi-altricial, altricial; sensu Stark 1993). We divided the egg
number in the laying sequence where incubation begins by the clutch size as an estimate
of incubation initiation relative to clutch completion (where low values represent species
that begin incubating early in the laying sequence). In addition, we also calculated
relative male provisioning rate as male provisioning rate divided by female provisioning

rate.
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Phylogenetic reconstruction & comparative analyses

We used Mesquite (version 2.6) to reconstruct a phylogeny based on the species
represented in our dataset. For this purpose, we combined data from numerous published
sources, including recent hypotheses for relationships among all birds (Ericson et al.
2006; Hackett et al. 2008) and among passerines (Jgnsson and Fjeldsa 2006). We utilized
current molecular phylogenies, and in a few cases we used data from sources that
combined molecular and morphological phylogenies (Appendix I1). As our data
originated from multiple sources, branch lengths could not be preserved from the source
trees, and we therefore used ultrametricized branch lengths which sets the distance from
the root to all tips as equal (Lapointe and Legendre 1991).

We used the ‘nlme,” and ‘ape’ packages in R, v 2.7.1 (Ihaka and Gentleman 1996)
to run phylogenetic least squares (PGLS) analyses, which can be applied to phylogenies
with polytomies (Pagel 1997). For our PGLS analyses we used the maximum likelihood
value of Pagel’s A (Pagel 1997, 1999), which transforms a phylogeny to make the data
best fit a Brownian motion model of evolution (Freckleton et al. 2002). We used Box-
Cox transformations on non-normal continuous variables to improve normality (for
specific transformation details see Appendix I1). In addition, we used multiple
assessments to evaluate model fit (Freckleton 2009), including the distribution of
normalised residuals as well as quantile-quantile plots. When comparing variation in
traits across groups, we applied a Tukey’s HSD post-hoc test. These were calculated
based on fitted value for the group levels and mean square error from the PGLS analysis,

rather than from a separate non-phylogenetic ANOVA model. To assist in interpretation
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of the relationships, we present partial correlation coefficients from the PGLS analyses

bounded by their lower and upper confidence limits (Nakagawa and Cuthill 2007).

Results

Crypsis and aposematism hypotheses

Contrary to our expectations, there was no significant relationship between predation rate
and egg proportional blue-green chroma (r =- 0.17, Clpgs= - 0.38t0 0.08, N =65, P =
0.19) or brightness (r = - 0.09, Clpgs=-0.32 to 0.15, N = 65, P = 0.46). However,
predation rates were negatively related to ultraviolet chroma (r = -0.26, Clp s = -0.46 to -
0.02, N = 65, P =0.04), suggesting that eggs with high UV chroma experienced lower
predation. This finding is contrary to our expectation that UV chroma would decrease
crypsis, but is consistent with our predictions for the aposematism hypothesis. We also
examined these patterns within species nesting in open cups above the ground. In this
group, eggshell brightness was positively related to predation rate (r = 0.89, Clpgs= 0.80
t0 0.93, N = 33, P < 0.0001), suggesting that brighter eggs are at higher risk of nest
predation. There was no significant relationship between predation rate and proportional
blue-green chroma (r = 0.10, Clpgs = -0.25t0 0.41, N =33, P =0.59) or UV chroma, (r =

0.22, Clpgs=-0.141t0 0.50, N = 33, P = 0.23).

Blackmail hypothesis
The timing of incubation initiation was unrelated to egg brightness (r = 0.03, Clpgs = -
0.10t0 0.16, N = 223, P = 0.66), proportional blue-green chroma (r = 0.04, Clp9s = -0.09

t0 0.17, N =223, P = 0.59), or ultraviolet chroma (r =-0.01, Clpgs= -0.14t00.12, N =
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223, P = 0.85). In analyses focussing on nest attendance, we controlled for the length of
the incubation period because higher nest attendance is known to be associated with
shorter incubation periods (Martin et al. 2007). In support of our predictions, nest
attendance was positively related to proportional blue-green chroma (r = 0.33, Clggs =
0.12t0 0.51, N =76, P =0.003) and UV chroma (r = 0.39, Clpg5=0.18 to 0.55, N = 0.76,
P < 0.0001), but was not related to brightness (r = 0.12, Clygs=-0.11t0 0.33, N =76, P =
0.30). Contrary to our predictions, however, proportional blue-green chroma was lower in
species with male-only incubation than in species with either biparental or female-only
incubation (F;339 = 3.19, P = 0.04; Figure 2), while neither brightness (F2 339 = 2.10, P =
0.13) nor UV chroma (F2 339 = 0.66, P = 0.52) were related to incubation roles. An
assumption of the blackmail hypothesis is that more colourful eggs should be at higher
risk of predation or brood parasitism. Accordingly, risk of brood parasitism was
positively related to proportional blue-green chroma (r = 0.33, Clpgs= 0.11t0 0.51, N
=76, P = 0.005), but was unrelated to brightness (r =0.12, Clpgs = - 0.11 t0 0.34, N = 76,
P =0.34) or UV chrom (r =-0.02, Clpgs = -0.25t0 0.20, N =76, P = 0.83). In addition,
predation rate was positively related to brightness but negatively related to UV chroma

(see results for Crypsis and aposematism hypotheses above).

Sensory bias hypothesis

The timing of incubation initiation was unrelated to inter-clutch variation in egg
brightness (r = -0.05, Clggs=-0.19t0 0.09, N =191, P = 0.51), proportional blue-green
chroma (r =0.02, Clpgs=-0.12 t0 0.16, N =191, P = 0.82), or UV chroma (r = 0.01,

Clogs= -0.131t00.15, N = 191 P = 0.85). Contrary to our predictions, inter-clutch
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repeatability of ultraviolet chroma was negatively related to incubation attendance when
controlling for incubation period (r = -0.26, Clggs=-0.46 to -0.02, N = 67, P = 0.03) and
was unrelated to eggshell brightness (r = 0.23, Clp9s =-0.02 t0 0.43, N = 67, P = 0.07) or

proportional blue-green chroma (r = 0.06, Clpgs =-0.29 t0 0.18, N = 67, P = 0.63).

Sexual signalling hypothesis

Contrary to our predictions, among species with open nests, blue-green chroma
was lower in species with male-only care than in species with bi-parental or female-only
care (F2278=3.91, P = 0.02; Figure 3). There were no differences between these groups in
terms of proportional blue-green chroma (F;27s = 1.99, P = 0.14). In species with open
nests, excluding female-only care and precocial species, there was no relationship
between blue-green chroma (r = 0.17, Clpgs = -0.16 to 0.45, N =37, P = 0.30) or
proportional blue-green chroma and relative male provisioning (r = -0.02, Clpgs = - 0.33

to 0.30, N =37, P = 0.91).

Parasitism recognition hypothesis

We found that parasitism risk was significantly negatively related to inter-clutch
repeatability of blue-green chroma (r = -0.24, Clp g5 =-0.44 to 0.003, N = 68, P = 0.05),
but not brown (r = -0.07, Clpgs = -0.30 t0 0.17, N = 68, P = 0.56), or ultraviolet chroma
(r=0.07,Clpgs=-0.17 t0 0.30, N =68, P = 0.55). We also assessed this relationship
again with the addition of dome-nesting species, as visual egg recognition signals have
previously been established in some dome nesting species that suffer from high rates of

brood parasitism (Davies 2000). As with the previous analyses, parastisim risk was
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negatively related to inter-clutch repeatability of blue-green chroma (r = -0.24, Clggs = -
0.431t0-0.01, N =76, P =0.04), but not brown (r = - 0.13, Clpgs =-0.34 t0 0.10, N = 76,

P =0.26) or ultraviolet chroma (r = -0.03, Clggs = - 0.25t0 0.19, N =76, P = 0.77).

Coloniality recognition hypothesis
Contrary to our predictions, inter-clutch repeatability of blue-green (Fy 26:= 2.10, P =
0.15), brown (F1261= 0.05, P = 0.82), and ultraviolet chroma (Fy 26:= 0.29, P = 0.59) did

not differ between colonial and solitary species.

Discussion

In this study, we used a large comparative dataset to investigate multiple
hypotheses for the evolution of egg colour. Our findings supported the predictions of
some hypotheses but not others. In support of the crypsis hypothesis, we found that egg
brightness was positively correlated with predation rate, suggesting that brighter eggs
might be more conspicuous to predators. We also found that eggs with high UV chroma
experienced lower predation rates, which contradicts the crypsis hypothesis but supports
the aposematism hypothesis. The risk of parasitism was higher in species with eggs
exhibiting high proportional blue-green chroma, supporting a key assumption of the
blackmail hypothesis that risk should be associated with conspicuous egg colours. Our
findings also supported the prediction that nest attendance should increase with
proportional blue-green and ultraviolet chroma. Our findings contradicted predictions of
the sensory bias and sexual signalling hypotheses, and provided no support for the

coloniality recognition hypothesis. However, we did find that variability in blue-green
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chroma between clutches increased with risk of parasitism, supporting the hypothesis that
brood parasitism could drive selection for high inter-clutch variability in egg colour. Our
findings highlight the diversity of selective factors that can influence the evolution of
avian egg colour, including predation risk, parental behaviour, and egg recognition.

Nest predation has an important selective influence on egg colour evolution
(Haskell 1996). Numerous studies illustrate the relative importance of eggshell spotting
in reducing predation rates (Sanchez et al. 2004; Salek and Cepakova 2006;
Westmoreland 2008), and provide evidence that egg predation is related to the predator’s
visual system (Blanco and Bertellotti 2002). The relationship between ground colouration
and predation pressure is not as clear. Some studies have found no influence of eggshell
ground colouration on predation levels (Gétmark 1992; Weidinger 2001; Avilés et al.
2006; Brennan 2010). Others have proposed that immaculate white eggs could resemble
transparent holes in the forest canopy when viewed from beneath loosely constructed
nests, and in that way appear cryptic (Oniki 1985). Our data suggest the opposite pattern,
as predation rates were higher for brighter eggs. This is in agreement with previous
research which has shown that when placed outside of the nest, blue and white eggs are
more likely to be depredated than brown eggs (Gétmark 1992). Moreover, an
observational study investigating egg predation rates (within the nest) in a species
exhibiting blue and white egg colour polymorphism found no difference in predation
rates between white and blue eggs (Kim et al. 1995). Relationships between predation
pressure and egg colour are generally rationalized by focusing on nests and nest activity
(Skutch 1976; Gotmark 1992). This has led some to suggest that egg crypsis may be

relaxed in conspicuous nests (Gotmark 1993). It may be more parsimonious to conclude
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that brown eggs are generally cryptic, while both immaculate white and blue-green eggs
are not, especially when these eggs are laid within a brown nesting substrate. In addition,
nest predation studies have found that open cup nests generally experience higher
predation levels than closed nests (Martin 1995). Therefore, it is not surprising that we
found egg brightness to be positively related to predation levels in open cup nests,
because egg brightness would be a detectable cue to any visually orienting predator
(Kelber et al. 2003). Nevertheless, the predation levels reported in experimental and
observational studies should be viewed cautiously since it is likely possible that predators
are attracted by foreign odours (of the researcher), not egg colour (Kilner 2006).

Our findings supported a single prediction of the aposematism hypothesis: that
ultraviolet egg chroma should be negatively related to predation rate. In the absence of
other supporting relationships, however, it is difficult to interpret this as evidence for
aposematism, particularly since many nest predators may not have the ability to detect
UV wavelengths (Guilford and Harvey 1998; Bowmaker and Hunt 2006). It is also
unlikely that this pattern is a result of UV-chromatic eggs providing a better match to the
nest material, because nest material is not highly reflective in the UV region and usually
increases the contrast of UV reflective objects in the nest (Hunt et al. 2003; Jourdie et al.
2004). Instead, a negative relationship between UV chroma and predation risk may be
more reasonably explained by our finding that nest attendance behaviour is higher for
eggs with higher UV chroma. Thus, predation would be lower for these eggs because
they are obstructed from view.

We found two lines of support for the blackmail hypothesis: proportional blue-

green chroma was significantly positively related to parasitism risk, and eggs with higher
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proportional blue-green and ultraviolet chroma had higher nest attendance. The blackmail
hypothesis proposes that the risks associated with predation and parasitism may force
males to invest more to help keep conspicuous eggs covered (Hanley et al. 2010). Our
data appear to support the blackmail hypothesis only within the context of brood
parasitism because parents have high attendance at nests containing eggs with a relatively
higher proportion of blue-green chroma, and these eggs experienced higher parasitism
pressure. The blackmail hypothesis also suggests that this risk should result in parents
covering eggs earlier, rather than waiting until clutch completion. However, our data
suggest that eggshell ground colour is selectively neutral in regards to incubation
initiation. In addition, contrary to our predictions, we found that proportional blue-green
chroma was actually lowest in species exhibiting male-only incubation. An alternative
explanation for the relationship between proportional blue-green chroma and nest
attendance involves potential anti-microbial properties of egg pigments. Recent research
has revealed that proto-porphyrin possesses a photodependent mechanism for protecting
the shell from infection by gram positive bacteria, whereas biliverdin does not possess
this mechanism (Ishikawa et al. 2010). Previous research has also shown that incubation
attendance significantly reduces microbial infection rates (Cook et al. 2005a; Cook et al.
2005b). This may explain why eggs with high proportional blue-green chroma (and hence
low brown chroma) experience higher incubation attendance. However, such an
explanation would also favour an early onset of incubation for these eggs (Cook et al.
2003), which we did not find.

Inter-clutch repeatability in UV chroma was negatively related to nest attendance,

such that nest attendance decreased when inter-clutch repeatability was high. This finding
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is in direct contrast to the predictions of the sensory bias hypothesis. Sensory bias
mechanisms for preferences in colour have been discovered in a wide range of taxa
(Gerhardt 1994; Rodd et al. 2002; Raine and Chittka 2007), including birds (Mgller and
Erritzee 2010). It is possible that we did not detect any patterns in this study because we
considered the question too broadly. If preferences for specific egg colours explain the
evolution of conspicuous eggs, future investigations may benefit from examining this
question in a group with high egg colour diversification rates, where extant species vary
greatly in terms of eggshell colour as well performing field investigations to establish
species-specific egg colour preferences.

A recent comparative investigation of the sexual signalling hypothesis revealed an
association between blue-green egg colouration and the length of the nestling period
(Soler et al. 2005), which the authors interpreted as an indication that paternal effort was
higher for birds with blue-green eggs. However, numerous other factors are known to
influence the length of the nestling period, and degree of male paternal effort, relative to
the female, varies across species with different mating systems (Kendeigh 1952; Bosque
and Bosque 1995). Whereas this previous study focused on the nestling period to assess
paternal effort, we investigated whether different forms of parental care may be related to
differences in egg colour. Under the sexual signalling hypothesis, species with bi-parental
care should have greater blue-green chroma than species with either male- or female-only
care (Moreno and Osorno 2003). Contrary to this idea, we found that species with male-
only care had significantly lower blue-green chroma than other forms of parental care,
with no differences between female- or bi-parental care. In addition, relative male

provisioning was unrelated to either blue-green chroma or proportional chroma. There
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has been mixed experimental support for the sexual signalling hypothesis (Reynolds et al.
2009), and our lack of support in this broad comparative analysis suggests that future
comparative investigations of this hypothesis should focus on specific lineages where
such a mechanism is likely.

Our findings also provide support for an association between heterospecific brood
parasitism and eggshell ground colouration. Recognizing parasitic eggs as a defence
mechanism is an evolutionary viable strategy, although host anti-parasitic behaviours
may be limited by both the visibility of eggs within the nest and the host’s ability to eject
the eggs or otherwise modify the nesting attempt (Davies 2000; Langmore et al. 2005;
Antonov et al. 2009). If parasitic eggs remain in the nest, some early-hatching young
parasites may eject their host’s eggs, which is an advantageous strategy for the parasitic
young, despite the physical costs associated with egg ejection (Grim et al. 2009). The
distinctiveness of a clutch may allow a female to recognize a foreign parasitic egg, as
well as confound parasites to find an appropriate match (Swynnerton 1918; Victoria
1972; Davies and Brooke 1989). Intra-clutch variation appears to be less related to
parasitism pressure than inter-clutch variation (Stokke et al. 2002), which may occur
because distinctiveness is not merely defined by low variation within a clutch. In this
study, we found that inter-clutch repeatability in ground colouration was related to
parasitism risk. Our findings provide support for an influence of inter-clutch variation in
ground colour, aside from any effect of speckling, on the evolutionary arms race between
hosts and brood parasites. Our findings also contribute to a growing body of research
revealing similar associations between inter-clutch variation and parasitism risk (Jien et

al. 1995; Soler and Mgller 1996; Avilés et al. 2004; Avilés et al. 2010; Yang et al. 2010)
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and suggest that the overall colour of a bird’s egg may be useful for recognition of
parasitic eggs. The relative importance of speckling and colour in egg recognition
appears to differ between species that lay speckled versus immaculate eggs (Rothstein
1982; Lopez-de-Hierro and Moreno-Rueda 2010), yet at the inter-specific level, egg
ground colour alone was an important enough factor to be uncovered in our analyses.

A similar argument could apply to colonially-nesting species that may need to
recognize their own eggs in dense breeding colonies. However, we found no support for
the idea that inter-clutch repeatability of egg colour was related to coloniality. Our
findings may illustrate an interesting difference between egg recognition under parasitism
pressure versus egg recognition in colonial breeding. Recent research suggests that in the
context of conspecific brood parasitism (i.e., egg dumping), eggshell ground colouration
is not as important as egg speckling (Jien et al. 1995; Siefferman 2006; Lopez-de-Hierro
and Moreno-Rueda 2010). Within a dense colony, variation between clutches in terms of
egg appearance is hypothesized to enhance recognition of one’s own egg from that of
nearby conspecifics. Furthermore, previous research has revealed that egg spotting
patterns are important in egg recognition of colonially nesting birds (Gaston et al. 1993).
The support for a link between inter-clutch repeatability of egg colour in the context of
brood parasitism, but a lack of an association in the context of coloniality, may indicate
an underlying difference in how egg recognition has evolved in these two situations.
Perhaps variation in eggshell spotting is more important for egg recognition in colonially-
nesting birds, or perhaps recognition of one’s own eggs, rather than differentiation from
those of conspecifics, is more important in this context. If eggshell patterning is a more

important cue than eggshell ground colour, differences in costs between the two
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strategies may be responsible. As pigment deposition is thought to be costly (Morales et
al. 2008), altering the placement of pigments (speckling) in response to parasitic pressure
should be less costly than altering the relative contribution of the pigments themselves
(ground colouration).

Although our omission of eggshell spotting may have limited our ability to detect
patterns associated with the hypotheses we tested, our focus on ground colouration may
provide additional insight into the evolution of avian eggshell colouration. The omission
of eggshell spotting likely adds a significant amount of noise to our dataset because some
of the species we measured had immaculate colouration, whereas some were heavily
spotted. For example, although spotting has been shown to have a powerful effect on
predation rates (Montevecchi 1976; Castilla et al. 2007), our data revealed an association
between predation rates and eggshell ground colouration aside from any influence of
spotting. We encourage future investigations to examine the combined effects of eggshell
ground colouration and eggshell spotting, and tests of hypotheses focusing on egg
conspicuousness would benefit from including quantitative variation in eggshell spotting,
eggshell ground colouration, nest material colour and patterning, and light environments.

In this paper we use a large comparative dataset to test multiple hypotheses
related to the evolution of egg colouration. It is important to emphasize that these
hypotheses are not mutually exclusive, and the predictions we tested are not exclusive to
these hypotheses. For example, greater male nest attendance in species with greater blue-
green egg colouration may indicate support for the blackmail hypothesis or may simply
suggest that males always cover colourful eggs without implicating any sexual conflict.

Furthermore, the interpretation of non-significant results in a broad comparative analysis
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may be complicated when species with differing life-history strategies are included in a
single analysis; in this way, lineage-specific patterns could be masked.For example, we
found no support for the hypothesis that eggshell colour is used in egg recognition in
colonially nesting birds. However, such a mechanism may be adaptive for a small set of
colonial birds, while the majority use other recognition cues. A broad comparative
approach may overlook this variation, and in such cases lineage- or species-specific
studies would be appropriate follow-up tests. By contrast, significant results found in
broad comparative analyses indicate patterns that are strong enough to be detected despite
taxonomically diverse datasets.

Our findings make an important contribution to our understanding of the diversity
of selection pressures that influence egg colouration. We found several consistent
patterns between eggshell ground colouration and life history traits, revealing that egg
colouration may provide visual information in the form of cues or signals to parents,
parasites, and predators. Variation in egg colouration has likely evolved for numerous
and complex reasons, and the fact that we were able to support some of these hypotheses
in such a large and diverse group of birds highlights the importance of these selective
pressures. In such large comparative analyses, multiple, competing influences on egg
colouration, and large differences in life history traits between distantly related species,
may mask some important patterns. We encourage the contribution of future comparative
studies that examine egg colour evolution in groups of closely related species, which may

help to control for some of these confounding influences on egg colour evolution.
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