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Abstract

In oviparous species such as birds, the investment in egg size is thought to represent a
strong mechanism through which maternal effects can influence components of offspring
fitness. Within several avian species egg size varies significantly and is often positively
correlated with hatchling phenotype, growth and survival. However, there is little direct
evidence for strong positive effects of egg size on offspring quality. This review aims to
evaluate the current understanding of the effects of egg size on offspring fithess and assess
the factors which confound many of the studies investigating egg size effects. lItis
concluded that despite extensive research, the exact relationship between avian egg size
and offspring fithess remains undefined. Identifying egg size as the causal driver of changes
in offspring quality continues to be a problem in all studies. Thus, in order to establish the
effect of egg size per se, further studies are required which successfully control for
potentially confounding variables which may obscure current results.

[159]


http://www.plymouth.ac.uk/staff/sacollins

The Plymouth Student Scientist, 2014, 7, (1), 159-171

Introduction

Environmental, genetic and parental effects interact to determine offspring fitness
through their effects on fecundity and survival (Krist & Remes 2004). Parental
effects, often termed in the literature as ‘maternal effects’ can be defined as the
influence of the parental phenotype on that of the offspring (Groothuis et al. 2005)
and in recent years have become a key focus of interest for ecologists and
evolutionary biologists (Uller 2008). One of the prominent questions of interest is
how variation in the environment provided by parents affects the fithess of progeny
(Green 2008). Evidence shows both prenatal factors such as mediation of
investment in propagule size and quality (Rubolini et al. 2011), and postnatal factors
such as quality of incubation, feeding of dependant young and level of predator
defence (Krist 2011) can have profound effects on offspring phenotype and may
even have long-term consequences for fitness stretching into adulthood (McGraw et
al. 2005; Ruuskanen et al. 2012).

In oviparous species such as birds the investment in egg size and quality represent
strong mechanisms through which maternal effects can influence offspring fitness
(Rubolini et al. 2011). Females must ensure eggs are provisioned with the
necessary components to create a suitable microhabitat in which the embryo can
develop successfully, in isolation from additional resources (Finkler et al. 1998). For
this reason eggs are exceptional models to study maternal effects as all the material
resources are incorporated into one ‘package’ so can be relatively easily measured
and manipulated (Groothuis et al. 2005). Consequently the effects of egg size on
offspring fitness are among the most commonly researched maternal effects, and
are studied in birds more so than possibly any other taxa (Krist & Reme$ 2004).

Variation in egg size

Within several avian species egg size varies significantly (Forbes 2010), with the
largest egg in a population generally being at least 50, and in some cases 100%
larger than the smallest (Christians 2002). Yet the high heritability and repeatability
of egg size in a number of species suggests that it is a female characteristic and is
relatively inflexible within individuals (Christians 2002). However this has only been
estimated in a relatively small number of species (Silva et al. 2007) and some birds
have been observed to show marked variation in size within their broods (Arendt
2004; Rafferty et al. 2005; Riehl 2010). In species with multi-egg clutches, size
generally varies with laying order, in patterns that are specific to the physiological
and reproductive traits of the particular species (Williams 2005).

While it has been suggested that physiological and nutritional factors may explain
intra-clutch variation in egg size (Hargitai et al. 2005; Kontainen et al. 2008) other
explanations suggest that females differentially allocate resources within a clutch,
adopting a bet hedging strategy (Crean & Marshall 2009). Life history theory
suggests this is most likely to be adaptive when offspring within a brood predictably
differ in their likelihood of survival or future success. In species where eggs hatch
asynchronously it has been observed that females may vary egg size with laying
order, to mitigate or reinforce sibling competition in what is known as brood reduction
and brood survival (Slagsvold et al. 1984). The critical assumption of this theory is
that egg size and the variation of investment of resources within a clutch has ultimate
consequences for offspring fitness (Krist 2011).
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Egg size effects on phenotypic traits

Morphology

Hatching from a large egg can influence offspring phenotype which may in turn have
profound effects on offspring fitness. The effect of egg size on morphological traits
has been studied extensively and a number of studies on a variety of species have
found larger eggs are correlated with a structurally larger chick at hatching
(Blomqyvist et al. 1997; Dzialowski & Sotherland 2004; Rafferty et al. 2005), and there
is also evidence suggesting egg size can have long-lasting effects on adult
morphology. In a cross-fostering study on the collared flycatcher (Ficedula
albicollis), Krist (2009) found that egg size positively affected offspring tarsus length,
wing length and mass in both the short and long term, although the effects varied
between year and habitat in un-manipulated broods. This suggests the fitness
benefits of hatching from a large egg may vary in different environmental contexts.
However in contrast, a study on tree swallows (Tachycineta bicolour) found tarsus
length was not correlated with egg mass but with chick mass at hatching
(Whittingham et al. 2007), although the observational nature of the study means the
results are less reliable, as they may have been confounded by other factors.

Morphological traits are often correlated with physiological and behavioural
characteristics which can influence survival (de Neve et al. 2004), for example
offspring that are structurally larger have a greater surface area which infers
thermoregulatory advantages (Anderson & Alisauskas 2002). Additionally larger
breast and leg muscles may afford offspring with a higher level of functional maturity
(Anderson & Alisauskas 2002), and wing size and length has been reported to aid
juvenile survival by increasing foraging efficiency and facilitating successful fledging
(Morrison et al. 2009).

Behaviour

Subsequent to morphology, offspring behaviour can influence important aspects of
fitness, although in contrast to other phenotypic traits the relationship between egg
size and behaviour is seldom studied in avian species (Krist 2011). As offspring
hatching from larger eggs often have increased functional abilities and are
provisioned with a greater level of nutritional and energetic resources they may have
behavioural advantages over young hatched from smaller eggs (Anderson &
Alisauskas 2002).

In the early nestling period large egg offspring may have competitive advantages
over their siblings, for example yellow-legged gulls (Larus michahellis) hatching from
larger eggs have been shown to display higher levels of begging rates (Bonisoli-
Alquati et al. 2007), which may influence growth rate and final body size by
influencing parental provisioning (Ottosson et al. 1997). Yet in a study on the same
species (Rubolini et al. 2006) reported the reverse relationship, suggesting that
chicks hatching from small eggs divert their resources to behaviours that may
mitigate initial disadvantages such as smaller body size. However in the Australian
brush turkey (Alectura lathami), a precocial species with no parental care, chicks
hatching from larger eggs incubated underground were able dig their way to the
surface faster so were able to find food and refuge whilst still utilizing their yolk
reserves (Goth & Evans 2004).
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Behavioural advantages mediated by egg size may also influence other aspects of
fitness, for example a study on king eider ducks (Somateria spectabilis), found
ducklings hatched from larger eggs displayed an increased swimming speed,
endurance and feeding rate in comparison to those hatched from smaller eggs,
which can result in increased growth rates and predator avoidance, optimising
survival (Anderson & Alisauskas 2001). However the small sample size of the study
may confound the reputability of results.

Egg size may also influence long-term sexual behaviour, for example in a
supplementary feeding study Zannette et al. (2009) reported that male song
sparrows (Melospiza melodia) hatching from small eggs had a smaller song
repertoire than those hatched from larger eggs. In zebra finches (Taeniopygia
guttata), variation in female discrimination behaviour and male aggression and song
rate were linked to maternal effects transmitted through the egg in a quantitative
genetics study by Fortsmeier et al. (2004). However although a positive correlation
was observed the study did not test whether this result was due to direct effects of
differences in egg size. Itis clear these findings have important implications for
fithess, however the lack of consistent and quantifiable studies means there is need
for more research in order to achieve a better understanding on the effects of egg
size on important behavioural traits.

Immunity

Many studies investigating fitness have primarily focused on aspects of the
phenotype such as morphological traits as they are easier to study, however the
ability of offspring to mount an efficient immune response has recently been shown
to affect fithess independent of other traits. In a recent meta-analysis Mgller & Saino
(2004) revealed that when challenged with antigens, immune response accounted
for 18% of variation in survival.

Maternal antibodies and immunoglobulins (Ig) transferred to the offspring via the egg
may aid nestling survival by providing young with an enhanced level of resistance
against pathogens and parasites during the initial vulnerable period after hatching
(Kilpimaa et al. 2007), and may have longer lasting fitness benefits such as
increased growth rate (Pitala et al. 2010) and priming effects on the innate immune
system development (Grindstaff et al. 2006). In a recent study on ural owls (Strix
uralensis), Karrell et al. (2008) reported that food supplemented females laid larger
eggs with a higher level of Igs, however these findings were correlative and did not
provide causal evidence for a direct relationship between egg size and maternal Ig
transfer. To date it is thought that maternal antibody and Ig transferral is primarily
influenced by the circulating antibody populations in the mother, rather than the size
of the egg (Hasselquist & Nilsson 2009) although more studies are needed to
investigate this further.

In addition, offspring with greater innate immune responses have been shown to
have higher levels of post-fledging survival and are more likely to be recruited into
the population (Cichoh & Dubiec 2005; Moreno et al. 2005). However findings from
studies investigating the effects of egg size and immune function are contradictory.
In the collared flycatcher (Ficedula albicollis) there was no correlation between egg
size and T-cell mediated immune response (Krist 2009) but in a study by Love &
Williams (2011) European starlings (Strurnus vulgaris) cared for by wing clipped
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parents to manipulate developmental stress, showed higher cell-mediated immune
response when hatched from large eggs. However in the same study starlings that
were not under developmental stress showed no differences in immune response
regardless of egg size they were hatched from. This suggests that offspring may
interpret poor parental quality as a threat to immediate survival so divert resources to
immunity, but only when they have the flexibility of hatching from a large egg (Love &
Williams 2011).

Eqgg size effects on growth and survival

It has been shown that egg size can influence fitness through its effect on phenotypic
traits however it is also important to consider its direct effect on growth and survival.
Increased growth rates may improve the likelihood of early survival by reducing the
time spent where young is vulnerable to environmental challenges and is optimal
prey size for predators (Anderson & Alisauskas 2002) enabling offspring to make the
transition out of the nest quickly and safely.

Correlations between egg size and chick growth in the early nestling period have
been reported consistently and a number of have studies found positive relationships
between egg mass and increased hatchling mass and initial growth (Amundsen
1995; Hipfner 2000), yet this relationship is observed to weaken as nestlings age
and is not sustained to fledging (Amundsen et al. 1996; Jager et al. 2000; Bize et al.
2002; Krist et al. 2004). These findings indicate that growth of body mass is initially
dependant on factors determined by egg size (Dzialowski & Sotherland 2004),
although in later stages of development aspects of environmental quality and
parental care are more important influences for growth, particularly in species with
longer nestling periods (Bize et al. 2002). However many studies fail to consider the
detrimental effects of rapid growth, and do not consider how egg size influences
growth trajectories, which have been shown to have important influences for adult
fitness (Metcalfe & Monaghan 2001; Mangel & Munch 2005; Hegyi et al. 2011).

The positive correlation between egg size and initial nestling growth suggests that
egg size may be important in determining the mortality levels that occur shortly after
hatching in several species (Williams 1994). However, despite this assumption
direct evidence for a causal relationship between egg size and offspring survival is
less consistent (Van de Pol et al. 2006), and has been found in only a handful of
studies (Bolton 1991; Pelayo & Clark 2003). Yet in an experimental cross-fostering
study on American coots (Fulica Americana) Reed et al. (2009) found that offspring
hatching from larger, early-laid eggs have higher juvenile survival than those from
smaller, later-laid eggs, regardless of their size relative to their siblings. This study
seems to provide strong evidence for egg size effects on offspring survival, however
the results could be confounded by the possibility that the foster parent may have
plastically adjusted their quality of care to the offspring state determined by egg size
(Krist & Remes 2004).

Although it is apparent the effect of egg size on early growth and survival has been
studied extensively, it has been neglected in studies on post-fledging survival, and in
my research | have found no studies investigating the effects of egg size on survival
in adults. A recent study investigating how factors of early ontogeny influence post-
fledging survival found that heavier nestlings had a higher level of fledging success
and dispersed farther than those who were lighter as nestlings (Tilgar et al. 2010)
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suggesting that egg size may influence post-fledging success through its effects on
early development (Nicolai & Sedinger 2012). Yet little is known about the direct
effects of egg size on post-fledging fithess due to methodological restrictions such as
post-natal dispersal (Tilgar et al. 2010) suggesting more long term studies are
needed to establish the true relationship between egg size and post-fledging fitness
traits.

While it has been established egg size does have important effects for offspring
growth and survival, the exact effects are still unclear. In a 17 year study on red-
winged blackbirds (Agelaius phoeniceus) Forbes & Wiebe (2010) reported that egg
size variation manifests differential effects on the growth and survival of core and
marginal offspring in a brood, suggesting that egg size may be a proxy for a genetic
potential for a larger body size, and whether this potential is realised is a
consequence of other post hatching factors. Furthermore the effect of reduced egg
size on chick growth and survival may be important only when the egg significantly
deviates from the optimum size (Wagner & Williams 2007). In a manipulative study
Wagner & Williams (2007) experimentally reduced the egg size of zebra finches
(Taeniopygia guttata) using the antiestrogen tamoxifen to show that size reductions
of 18% can result in lower post-hatching survival, slower rates of initial growth and
lower fledging mass, whereas in a previous study on the same species, egg size was
reduced by 8% and few effects were observed (Williams 2000). In criticism of this
technique laboratory manipulation may have directly influenced female condition,
rearing abilities and egg composition which may have confound results. Although
these effects were argued to be negligible in this particular study (Wagner & Williams
2007) they were unlikely to be absent completely.

It has also been suggested that egg mass have a greater influence on survival in
precocial rather than altricial species with periods of extended parental care
(Magrath 1992), although in a recent meta-analysis of egg size effects in birds Krist
(2011) found no evidence for differential effects in species with different modes of
development.

Egg size effects on fecundity

Both survival and fecundity have been identified as the key components determining
fitness (Crone 2001), yet to date there are no studies investigating the direct effects
of egg size on reproductive success (Krist 2011). However the relationship may be
inferred by investigating the factors associated with fecundity which are influenced
by egg size.

Aspects of early development and adult morphology and sexual behaviour which are
influenced by egg size may have subsequent effects on offspring reproductive
success. Changes in body size of passerines have been shown to effect quality of
breeding territory (Verhulst et al. 1997) and clutch size (Gormon & Nager 2004).
Similarly, differences in size of sexual ornaments are correlated with offspring egg
size in the Chinese quail (Coturnix chinensis) (Uller et al. 2005), while in the house
sparrow (Passer domesticus) there is a strong relationship between bill length and
badge size and the number of recruiting daughters in males, and in females lifetime
reproductive success is positively correlated with bill length, body mass and body
condition (Jensen et al. 2004).
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Variation in size and quality of song repertoire has also been correlated with
differences in the number of independent and recruited offspring produced in song
sparrows (Melospiza melodia) (Reid et al. 2005) and the willow warbler
(Phylloscopus trochilus) (Gil & Slater 2000). However while these findings suggest
egg size can influence offspring fecundity, studies investigating the direct effect on
egg size and survival are needed in order to establish the true relationship.

Factors confounding egg size effects

As offspring fitness is shown to be determined by complex, context-specific
covariations between genetic, environmental and maternal effects (Krist & Reme$
2004), a notable problem when investigating the effects of egg size on fitness is
disentangling the factors to establish the effect of egg size per se.

It is particularly difficult to establish whether the relationships between egg size and
offspring quality are driven by causal effects of egg size or other pre-natal maternal
effects, for example genes covary with egg size to determine particular traits,
although the extent to which is so far unquantified in birds (Krist & Reme$ 2004).
Cross-fostering techniques fail to assess these genetic maternal factors, although
within-clutch approaches which investigate the effect of egg size variation on fitness
traits within a brood are more effective, as they control for variation in genetic
differences between females as they focus on the effect of egg size variation in one
individual (Krist & Reme$ 2004).

Variation in investment in egg composition is another pre-laying factor which may
cofound studies, and has overtaken egg size as a focus of most recent research.
Although egg size is generally thought to be a good indicator of nutrient composition
(Badzinksi et al. 2002), several egg components such as hormones, carotenoids and
antibodies have been identified as having important effects on offspring fitness traits
(Blount et al. 2002; Groothuis et al. 2005; Gasparini et al. 2007; Schwabl et al. 2012)
and may not necessarily correlate with egg size. However experimental studies
which directly manipulate egg volume can remove the possible correlation between
egg size and other pre-laying maternal effects (Krist & Remes$ 2004).

Post-natally, parental attributes such as age and experience which may be
correlated with egg size can influence offspring fithess by effecting the quality of the
rearing environment parents are able to provide for young, for example the ability to
provision offspring with food and to defend the territory or nest site (Bize et al. 2002).
The active adjust of parents’ investment in post-hatching care in order to increase
lifetime reproductive success (Chalfoun & Martin 2010), may also have fithess
consequences for offspring. Experimental cross-fostering studies where whole
clutches of eggs are swapped between nests are commonly used to decouple the
correlation between egg size and factors of the offspring environment. However it is
also important to consider the within clutch relationships and the effects of egg size
in context with other maternal effects which may be operating in the nest
simultaneously. For example in species with asynchronous hatching, when siblings
are required to compete for limited resources, the smallest, weakest individuals may
starve, meaning the relative egg size within a clutch is likely to affect survival
(Maddox & Weatherhead 2008).
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Additionally, egg size effects on offspring fithess have been shown to vary within
different ecological, developmental and life-history contexts, for example the effect of
egg size on survival has shown to alter between offspring of different sexes
(Rutkowska & Cichon 2005), and in different qualities of environment (Silva et al.
2007). Therefore it is important to consider these differences in order to fully
understand the potential role of egg size as a maternal effect.

Conclusion

Despite extensive studies in a variety of different species the exact relationship
between avian egg size and offspring fitness remains undefined. Based on the
evidence above it is clear that egg size can have pronounced effects on offspring
phenotype, growth and survival in the early stages of development. However much
of the research is biased, and few studies have investigated the effects on offspring
behaviour and the internal developmental processes such as immunity; those that do
often present inconsistent or contradicting results. Pre-fledging characteristics have
been used to infer the relationship between egg size and post-fledging traits,
however few authors have followed young past fledging, and almost none until
sexual maturity. Consequently the effects on post-fledging survival, fecundity and
global fitness are unknown and remain a challenge for further investigation (Krist
2011).

Although the importance of investigating the effects of egg size within the
appropriate ecological and biological context have been identified as crucial in order
to fully understand how egg size influences offspring fithess (Love & Williams 2011),
identifying egg size as the causal driver of changes in offspring quality remains a
problem in all studies. Although many authors assess this problem and control for
the variables which may obscure results, factors such as the parental adjustment of
postnatal care still confound even the most recent studies and remain largely
untested. Studies controlling for potentially confounding variables such as those
where offspring are hand reared in a controlled environment are still required to
firmly the establish the causality of the true relationship between egg size and
offspring fitness (Krist 2011).

References

Amundsen T. 1995. Egg size and early nestling growth in the Snow Petrel. Condor
97: 345-351.

Amundsen T, Lorentsen SH, Tveraa T. 1996. Effects of egg size and parental quality
on early nestling growth: an experiment with the Antarctic petrel. Journal of
Animal Ecology 65: 545-555.

Anderson VR, Alisauskas RT. 2001. Egg size, body size, locomotion, and feeding
performance in captive King Eider ducklings. Condor 103: 195-199.

Anderson VR, Alisauskas RT. 2002. Composition and growth of King Eider ducklings
in relation to egg size. Auk 119: 62-70.

Arendt WJ. 2004. A quarter century of variation in color and allometric characteristics
of eggs from a rain forest population of the Pearly-eyed Thrasher (Margarops
fuscatus). Caribbean Journal of Science 40: 204-217.

[166]



The Plymouth Student Scientist, 2014, 7, (1), 159-171

Badzinski SS, Ankney CD, Leafloor JO, Abraham KF. 2002. Egg size as a predictor
of nutrient composition of eggs and neonates of Canada Geese (Branta
canadensis interior) and Lesser Snow Geese (Chen caerulescens
caerulescens). Canadian Journal of Zoology-Revue Canadienne De Zoologie
80: 333-341.

Bize P, Roulin A, Richner H. 2002. Covariation between egg size and rearing
condition determines offspring quality: an experiment with the alpine
swift. Oecologia 132: 231-234.

Blomqvist D, Johansson OC, Gotmark F. 1997. Parental quality and egg size affect
chick survival in a precocial bird, the lapwing Vanellus vanellus. Oecologia
110: 18-24.

Blount JD, Surai PF, Nager RG, Houston DC, Mgller AP, Trewby ML, Kennedy MW.
2002. Carotenoids and egg quality in the lesser black-backed gull Larus
fuscus: a supplemental feeding study of maternal effects. Proceedings of the
Royal Society B Biological Sciences 269: 29-36.

Bolton M. 1991. Determinants of chick survival in the lesser black-headed gull:
relative contributions of egg size and parental quality. Journal of Animal
Ecology 61: 521-532.

Bonsioli-Alquati A, Rubolini D, Romano M, Boncoraglio G, Fasola M, Saino N. 2007.
Effects of aloumen removal on yellow-legged gull chick phenotype. Functional
Ecology 21: 310-316.

Chalfoun AD, Martin TE. 2010. Parental investment decisions in response to ambient
nest-predation risk versus actual predation on the prior nest. The Condor 112:
701-710.

Christians JK. 2002. Avian egg size: variation within species and inflexibility within
individuals. Biological Reviews 77: 1-26.

Cichon M, Dubiec A. 2005. Cell-mediated immunity predicts the probability of local
recruitment in nestling blue tits. Journal of Evolutionary Biology 18: 962-966.

Crean AJ, Marshall DJ. 2009. Coping with environmental uncertainty: dynamic bet
hedging as a maternal effect. Philosophical Transactions of the Royal Society
B-Biological Sciences 364: 1087-1096.

Crone EE. 2001. Is survivorship a better fithess surrogate than fecundity? Evolution
55:2611-2614.

De Neve L, Soler JJ, Perez-Contreras T, Soler M. 2004. Genetic, environmental and
maternal effects on magpie nestling-fitness traits under different nutritional
conditions: a new experimental approach. Evolutionary Ecology Research 6:
415-431.

Dzialowski EM, Sotherland PR. 2004. Maternal effects of egg size on emu Dromaius
novaehollandiae egg composition and hatchling phenotype. The Journal of
Experimental Biology 207: 597-606.

Finkler MS, van Orman JN, Sotherland PR. 1998. Experimental manipulation of egg
guality in chickens: influence of albumen and yolk on the size and body
composition of near-term embryos in a precocial bird. Journal of Comparative
Physiology B-Biochemical, Systematic, and Environmental Physiology 168:
17-24.

Forbes S, Wiebe M. 2010. Egg size and asymmetric sibling rivalry in red-winged
blackbirds. Oecologia 163: 361-372.

Fortsmeier W, Coltman DW, Birkhead TR. 2004. Maternal effects influence the
sexual behavior of sons and daughters in the zebra finch. Evolution 58: 2574-
2583.

[167]



The Plymouth Student Scientist, 2014, 7, (1), 159-171

Gasparini J, Boulinier T, Gill VA, Gil D, Hatch SA, Roulin A. 2007. Food availability
affects the maternal transfer of androgens and antibodies into eggs of a
colonial seabird. Journal of Evolutionary Biology 20: 874-880.

Gil D, Slater PJB. 2000. Multiple song repertoire characteristics in the willow warbler
(Phylloscopus trochilus): Correlations with female choice and offspring
viability. Behavioral Ecology and Sociobiology 47: 319-326.

Gorman HE, Nager RG. 2004. Prenatal developmental conditions have long-term
effects on offspring fecundity. Proceedings of the Royal Society of London
Series B-Biological Sciences 271: 1923-1928.

Goth A, Evans CS. 2004. Egg size predicts motor performance and postnatal weight
gain of Australian Brush-turkey (Alectura lathami) hatchlings. Canadian
Journal of Zoology-Revue Canadienne De Zoologie 82: 972-979.

Green BS. 2008. Maternal effects in fish populations. Advances in Marine Biology
54: 1-105.

Grindstaff JL, Hasselquist D, Nilsson JA, Sandell M, Smith HG, Stjernman M. 2006.
Transgenerational priming of immunity: maternal exposure to a bacterial
antigen enhances offspring humoral immunity. Proceedings of the Royal
Society B-Biological Sciences 273: 2551-2557.

Groothuis TGG, Muller W, von Engelhardt N, Carere C, Eising C. 2005. Maternal
hormones as a tool to adjust offspring phenotype in avian species.
Neuroscience and Biobehavioral Reviews 29: 329-352.

Hargitai R, Torok J, Toth L, Hegyi G, Rosivall B, Szigeti B, Szollosi E. 2005. Effects
of environmental conditions and parental quality on inter- and intraclutch egg-
size variation in the collared flycatcher (Ficedula albicollis). Auk 122: 509-522.

Hasselquist D, Nilsson JA. 2009. Maternal transfer of antibodies in vertebrates:
trans-generational effects on offspring immunity. Philosophical Transactions
of the Royal Society B-Biological Sciences 364: 51-60.

Hegyi G, Rosivall B, Szollosi E, Eens M, Torok J. 2011. Context-dependent effects of
nestling growth trajectories on recruitment probability in the collared
flycatcher. Behavioral Ecology and Sociobiology 65: 1647-1658.

Hipfner JM. 2000. The effect of egg size on post-hatching development in the
Razorbill: an experimental study. Journal of Avian Biology 31: 112-118.

Jager TD, Hulscher JB, Kersten M. 2000. Egg size, egg composition and
reproductive success in the Oystercatcher Haematopus ostralegus. Ibis 142:
603-613.

Jensen H, Saether BE, Ringsby TH, Tufto J, Griffith SC, Ellegren H. 2004. Lifetime
reproductive success in relation to morphology in the house sparrow Passer
domesticus. Journal of Animal Ecology 73: 599-611.

Karell P, Kontiainen P, Pietiainen H, Siitari H, Brommer JE. 2008. Maternal effects
on offspring Igs and egg size in relation to natural and experimentally
improved food supply. Functional Ecology 22: 682-690.

Kilpimaa J, Alatalo RV, Siitari H. 2007. Prehatching maternal investment and
offspring immunity in the pied flycatcher (Ficedula hypoleuca). Journal of
Evolutionary Biology 20: 717-724.

Kontiainen P, Brommer JE, Karell P, Pietiainen H. 2008. Heritability, plasticity and
canalization of Ural owl egg size in a cyclic environment. Journal of
Evolutionary Biology 21: 88-96.

Krist M. 2009. Short and long-term effects of egg size and feeding frequency on
offspring quality in the collared flycatcher (Ficedula albicollis). Journal of
Animal Ecology 78: 907-918.

[168]



The Plymouth Student Scientist, 2014, 7, (1), 159-171

Krist M. 2011. Egg size and offspring quality: a meta-analysis in birds. Biological
Reviews 86: 692-716.

Krist M, Remes V. 2004. Maternal effects and offspring performance: in search of the
best method. Oikos 106: 422-426.

Krist M, RemesS V, Uvirova L, Nadvornik P, Bure§ S. 2004. Egg size and offspring
performance in the collared flycatcher (Ficedula albicollis): a within-clutch
approach. Oecologia 140: 52-60.

Love OP, Williams TD. 2011. Manipulating developmental stress reveals sex-specific
effects of egg size on offspring phenotype. Journal of Evolutionary Biology 24:
1497-1504.

Maddox JD, Weatherhead PJ. 2008. Egg Size Variation in Birds with Asynchronous
Hatching: Is Bigger Really Better? . The American Naturalist 171: 358-365.

Magrath RD. 1992. The effect of egg mass on the growth and survival of blackbirds:
a field experiment. Journal of Zoology 227: 639-654.

Mangel M, Munch SB. 2005. A Life-History Perspective on Short- and Long-

Term Consequences of Compensatory Growth. The American Naturalist 166:
115-176.

McGraw KJ, Adkins-Regan E, Parker RS. 2005. Maternally derived carotenoid
pigments affect offspring survival, sex ratio, and sexual attractiveness in a
colorful songbird. Naturwissenschaften 92: 375-380.

Metcalfe NB, Monaghan P. 2001. Compensation for a bad start: grow now, pay
later? Trends in Ecology & Evolution 16: 254-260.

Moreno J, Merino S, Sanz JJ, Arriero E, Morales J, Tomas G. 2005. Nestling cell-
mediated immune response, body mass and hatching date as predictors of
local recruitment in the pied flycatcher Ficedula hypoleuca. Journal of Avian
Biology 36: 251-260.

Morrison KW, Hipfner JM, Gjerdrum C, Green DJ. 2009. Wing Length and Mass at
Fledging Predict Local Juvenile Survival and Age at First Return in Tufted
Puffins. Condor 111: 433-441.

Mgller AP, Saino N. 2004. Immune response and survival. Oikos 104: 299-304.

Nicolai CA, Sedinger JS. 2012. Are there trade-offs between pre- and post-
fledging survival in black brent geese?. Journal of Animal Ecology 81: 788-
797.

Ottosson U, Backman J, Smith HG. 1997. Begging affects parental effort in the pied
flycatcher, Ficedula hypoleuca. Behavioral Ecology and Sociobiology 41: 381-
384.

Pelayo JT, Clark RG. 2003. Consequences of egg size for offspring survival: a cross-
fostering experiment in ruddy ducks (Oxyura jamaicensis). The Auk 120: 384-
393.

Pitala N, Siitari H, Gustafsson L, Brommer JE. 2010. Costs and Benefits of
Experimentally Induced Changes in the Allocation of Growth versus Immune
Function under Differential Exposure to Ectoparasites. Plos One 5: €10814.
Available at :
http://www.plosone.org/article/info%3Adoi%2F10.1371%?2Fjournal.pone.0010
814 [accessed 15 November 2012]

Rafferty NE, Boersma PD, Rebstock GA. 2005. Intraclutch egg-size variation in
Magellanic Penguins. Condor 107: 921-926.

Reed WL, Clark ME, Vleck CM. 2009. Maternal Effects Increase Within-Family
Variation in Offspring Survival. American Naturalist 174: 685-695.

[169]



The Plymouth Student Scientist, 2014, 7, (1), 159-171

Reid JM, Arcese P, Cassidy A, Hiebert SM, Smith JNM, Stoddard PK, Marr AB,
Keller LF. 2005. Fitness correlates of song repertoire size in free-living song
sparrows (Melospiza melodia). American Naturalist 165: 299-310.

Riehl C. 2010. Egg ejection risk and hatching asynchrony predict egg mass in a
communally breeding cuckoo, the Greater Ani (Crotophaga major). Behavioral
Ecology 21: 676-683.

Rubolini D, Romano M, Bonisoli-Alquati A, Saino N. 2006. Early maternal, genetic
and environmental components of antioxidant protection, morphology and
immunity of yellow-legged gull (Larus michahellis) chicks. Journal of
Evolutionary Biology 19: 1571-1584.

Rubolini D, Romano M, Navara KJ, Karadas F, Ambrosini R, Caprioli M, Saino M.
2011. Maternal effects mediated by egg quality in the Yellow-legged Gull
Larus michahellis in relation to laying order and embryo sex. Frontiers in
Zoology 8: 24.

Ruuskanen S, Doligez B, Gustafsson L, Laaksonen T. 2012. Long-term effects of
yolk androgens on phenotype and parental feeding behavior in a wild
passerine. Behavioral Ecology and Sociobiology 66: 1201-1211.

Rutkowska J, Cichon M. 2005. Egg size, offspring sex and hatching asynchrony in
zebra finches Taeniopygia guttata. Journal of Avian Biology 36: 12-17.

Schwabl H, Holmes D, Strasser R, Scheuerlein A. 2012. Embryonic exposure to
maternal testosterone influences age-specific mortality patterns in a captive
passerine bird. Age 34: 87-94.

Silva MC, Boersma PD, Mackay S, Strange |. 2007. Egg size and parental quality in
thin-billed prions, Pachyptila belcheri: effects on offspring fithess. Animal
Behaviour 74: 1403-1412.

Slagsvold T, Sandvik J, Rofstad G, Lorentsen O, Husby M. 1984. On the Adaptive
Value of Intraclutch Egg-size Variation in Birds. Auk 101: 685-697.

Tilgar V, Mand R, Kilgas P, Magi M. 2010. Long-term consequences of early
ontogeny in free-living Great Tits Parus major. Journal of Ornithology 151: 61-
68.

Uller T. 2008. Developmental plasticity and the evolution of parental effects. Trends
in Ecology and Evolution 23: 432-438.

Uller T, Eklof J, Andersson S. 2005. Female egg investment in relation to male
sexual traits and the potential for transgenerational effects in sexual selection.
Behavioral Ecology and Sociobiology 57: 584-590.

Van de Pol M, Bakker T, Saaltink DJ, Verhulst S. 2006. Rearing conditions
determine offspring survival independent of egg quality: a cross-foster
experiment with Oystercatchers Haematopus ostralegus. Ibis 148: 203-210.

Verhulst S, Perrins CM, Riddington R. 1997. Natal dispersal of Great Tits in a
patchy environment. Ecology 78: 864-872.

Wagner EC, Williams TD. 2007. Experimental (Antiestrogen-Mediated) Reduction in
Egg Size Negatively Affects Offspring Growth and Survival. Physiological and
Biochemical Zoology 80: 293-305.

Whittingham LA, Dunn PO, Lifjeld JT. 2007. Egg mass influences nestling quality in
tree swallows, but there is no differential allocation in relation to laying order
or sex. The Condor 109: 585-594.

Williams TD. 1994. Intraspecific variation in egg size and egg composition: effects on
offspring fitness. Biological Reviews 68: 35-59.

[170]



The Plymouth Student Scientist, 2014, 7, (1), 159-171

Williams TD. 2000. Experimental (Tamoxifen-Induced) Manipulation of Female
Reproduction in Zebra Finches (Taeniopygia guttata). Physiological and
Biochemical Zoology 73: 566-573.

Williams TD. 2005. Mechanisms underlying the costs of egg production. Bioscience
55: 39-48.

Zanette L, Clinchy M, Sung H. C. 2009. Food-supplementing parents reduces their
sons' song repertoire size. Proceedings of the Royal Society B-Biological
Sciences 276: 2855-2860.

[171]



