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Abstract

Among long-lived birds which breed in seasonal, time-limited
environments, reproductive success usually increases with age, and
within seasons, declines with date. However, it can be difficult
to determine whether the seasonal patterns are a direct effect of
timing of breeding, or are consequences of the late breeding of
younger, less capable birds. In addition, some of the patterns may
be adaptive responses to breeding in a seasonal environment.

Thick-billed Murres Uria lomvia are colonial seabirds of Arctic
regions. They lay a one-egg clutch, and the chick leaves the nest,
accompanied by the male parent, at a young age and in a partly-
developed state to complete its growth at sea. 1In this thesis, I
exémine the factors that influence egg size, ‘chick development, and
the nest departure decision of young Thick-billed Murres. The
8tudy was conducted at a colony of 30,000 breeding pairs at Coats
Island, N.W.T., Canada, in 1994 and 1995,

As females increased in age to 8 y (typically the fourth year
of breeding), dates of egg-laying decreased while the size of eggs
laid increased. Experienced birds initiated egg formation earlier
in the season, and deposited more yolk per day, than younger birds.
Egg size was negatively correlated with laying date, especially in
19%4. 1 tested two hypotheses advanced to account for the seasonal
declines in egg size: (i) the decline is an adaptive response to
breeding in a seasonal environment; and (ii) egg size is determined
by the abilities of the female, rather than being adjusted to the

date of laying. Among experienced pairs, egg size and laying date
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were unrelated; eggs laid by young birds at the same time as those
of experienced pairs were smaller. These two observations support
explanations of the seasonal decline in egg size based on
constraint, rather than adaptation.

The consequences of variation in egg size for chick development
remain poorly understood in wild birds. 1In an experiment aimed at
separating effects of parent quality from those of egg size, there
was a positive relationship between egg size and the rate at which
nestling Thick-billed Murres grew their wing feathers. Growth rate
in mass was independent of egg size. Chicks with long wings left
the nest ﬁo go to sea at a younger age than those with shorter
wings in one of two years. I conclude that Thick-billed Murre
chicks from large eggs have a developmental advantage over those
from small eggs, and that this may have life-history consequences.
A hypothesis to account for the positive relationship between egg
size and the growth rate of the wing feathers is proposed.

In many species of birds, including Thick-billed Murres, young
birds lay late and reproductive success declines with date. 1In an
experiment to distinguish between quality and timing effects on the
growth of nestling Thick-billed Murres, the chicks of high quality,
experimentally-delayed breeders grew as quickly, and departed at
similar mass, as those of unmanipulated early-breeding birds. 1In
the general population, growth rate declined with date of hatching.
I conclude that the poor quality of late-breeding birds, more than
a seasonally-deteriorating environment, causes the declines in

growfh of nestling Thick-billed Murres at this colony.
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Two ubiquitous patterns in the breeding of the Alcidae are that

the age and mass of chicks at nest departure relate negatively to
hatching date. It is often reported that faster-growing chicks
depart at a younger age than slow-growing chicks. Ydenberg (1989)
proposed that these patterns are adaptive responses to breeding in
a time-limited environment. I tested two main predictions of the
Ydenberg model of alcid nest departure for the Thick-billed Murre,
which employs a nest departure strategy intermediate within the
Alcidae. In inter-colony, intra-colony, and experimental tests,
there was some empirical support for the predictions, but more
often the results did not support the model. Moreover, in some
instances in which the observations did match the predictions, the
match might have been spurious. I suggest that there are
developmental and behavioural considerations in the nest departure
decision of the intermediate alcids not adequately explained by the
Ydenberg model. An alternative hypothesis is proposed, which
suggests that the strategy centres around getting the chick from
the cliff to the sea as quickly as possible, but with the mortality
risk involved in making the transition minimized. I discuss the

developmental and behavioural implications of this hypothesis.

Resumé
Chez les oiseaux ayant un taux de survie élevé et qui se
reproduisent dans un environnement saisonnier soumis & des
contraintes temporelles, la réussite de la reproduction augmente

avec l’8ge, et au cours d‘une méme saison, diminue avec le temps
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gui passe. Cependant, il est difficile de déterminer si les
variations saisonniéres sont un conséquence directe du moment de
l'accouplement ou de 1’accouplement tardif des oiseaux les moins
aptes. De plus, il se peut que certaines des variations
représentent une adaptation de la faculté reproductrice dans un
environnement saisonnier.

Les Marmettes de Brunnich Uria lomvia sont des oiseaux de mer
des régions arctiques, vivant en colonies et nichant 3 méme des
falaises. 1Ils ne pondent qu’un seul oceuf. Le poussin quitte le
nid a un jeune &dge, accompagné du parent mile, pour poursuivre sa
croissance en mer. Ce travail est consacré i 1’étude des facteurs
qui conditionnent la taille des oceufs, le developpement du poussin,
et la décision de quitter le nid chez les jeunes. L’étude a été
menée auprés d’'une colonie de 30,000 couples & Coats Island dans
les territoires du Nord-ouest, Canada en 1994 et 1995,

En vieillissant, jusqu'i atteindre 1’&ge de huit ans correspond
en général a la quatriéme année d' accouplement, 1la fréqueﬁce de
ponte diminue alors que la taille des oeufs augmente. Chez les
Oiseaux experimentés, la formation de 1’oeuf commence plus tdt dans
la saison, et une plus grande quantité de jaune est deposée chaque
jour, par rapport aux jeunes oiseaux. Il Yy avait une corrélation
négative entre la taille des oeufs et la date de ponte, surtout en
1994. Deux hypothéses ont _été proposee afin d’‘expliquer 1la
réduction saisonniére de la taille des oeuf: (i) la réduction est
une répdnse adaptée a la reproduction soumise 3 des contraints

temporefles; et (ii)} la taille de l'oceuf est determinée par les
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aptitudes de la femme et non pas par la date de ponte. On a trouvé
aucune corrélation entre la taille des oeufs et la date de ponte
chez les oiseaux matures, et des ceufs pondus par de jeunes ciseaux
étaient plus petits que ceux pondus en méme temps par des oiseaux
matures. Mes résultats appuient la premiere hypothése; 1la
réduction de la taille des oeufs est fonction des contraintes
plutdt qu’une adaptation.

Les conséquences liées & 1la taille de 1l'ceuf sur le
dévelopement du poussiﬁ chez les oiseaux savages, ne sont pas
encore bien comprises. Une expérience a é&té menéé pour
différencier les effets dlis & 1’aptitude parentale par rapport i la
taille de 1'ceuf. En effet, on obtient une corrélation positive
entre la taille de l’oeuf et la vitesse de croissance des plumes
des ailes chez les oisillons Marmette de Brunnich. La vitesse de
croissance n'était pas li€e 3 la taille de l’oeuf. Les poussins
aux ailes longues ont quitté le nid plus tdt que leurs comparses
aux ailes plus courtes. J'’en conclus gque sur le plan du
developpement, Jles poussins provenant d’un oeuf de taille
supérieure ont un$avan£;§e sur ceux provenant d’'un oeuf plus petit,
ceci ayant des conséquences vitales. Une hypothése est formulée
pour expliquer la relation entre la taille de 1l'oeuf et la vitesse
de croissanceJQES plumes des ailles.

Chez plusieurs espéces d'oiééaux, y compris le Marmette de
Brunnich, les jeunes pondent tardivement, le taux de réussite

declinant avec la saison. Du coup, il est difficile de faire la

part entre la qualite parentale et la période de i’accouplement sur
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ces déclins. Une expérience a été& menée dans le but de distinguer
entre les effets dls aux aptitudes parentales et i la date de
fécondation sur la croissance des oisillons. ILes poussins, nés de
parents aptes, dont l’accouplement a été retardé i dessein, se sont
developpés aussi rapidement et ont quitté le nid au méme poids que
ceux nés d’'oiseaux s'étant accouplés naturgllement, plus tdt dans
la saison. Dans la population générale, le taux de croissance a
décliné en fonction de la date de 1'éclosion. J'en conclus que
c’est la faible aptitude des oiseaux s’accouplant tardivement, et
non pas une déterioration environnementale, qui est reponsable du
déclin dans la croissance des oisillons Marmette de Brunnich dans
cette colonie.

Ches les Alcidae, on constate une corrélation negative entre
1'dge et le poids des poussins au moment oil ils quittent le nid, et
la date d’éclosion des oeufs. Cn constate que les poussins’ a
croissance rapide sont plus jeunes quand ils quittent le nid que
les poussins & croissance plus lente. Ydenberg (1989) explique
ceci comme gﬁg adaptation de la faculté reproductrice dans un
environnemeﬁt soumis & des contrainté@ﬁqtemporelles. Deux
prédictions.%fﬁportantes du modéle de Ydenberg ont é&té testées
auprés du Marmette de Brunnich. Que ce soit parmi les différentes
colonies, au seiﬁ d'une méme colonie, ou parmi une population
expérimentale certaines des données confirmaient les prédictions,

mais dans 1’ensemble nos résultats ne validaient pas le modéle. De

plus, dans les cas oli les données allaient dans le sens des

prédictions, les correspondances pouvaient &tre expliquées

3
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autrement. Une hypothése alternative est proposée: la stratégie
consiste d& conduire le poussin de la falaise i la mer le plus tét
possible, tout en minimisant le taux de mortalité durant 1la
transition. Les implications d’une telle hypothése sur 1le

développement et la comportement de 1’oiseau sont soulevées.



Chapter 1: General Introduction

Life-history theory postulates that a trade-off exists between
reproduction and mortality. To maximize its fitness, the
individual strives to produce as many viable offspring as possible
over its lifetime, but each attempt at reproduction lessens the
chance that it will survive to reproduce in the future.
Consequently, the berefits of current reproduction must be balanced
against the costs incurred in terms of reduced future reproduction
(Williams 1966).

It is typical in 1?ng-1ived species of birds that the younger
members of the population breed less successfully than the older
members (Saether 1990). A number of hypothesas have been advanced
to explain this observatlon. If young birds have higher residual
reproductive value than older birds, they should invest less in
reproduction (Williaﬁs 1366). Alternatively, younger birds might
simply 1lack the experience necessary to succeed (Nur 1984).
Finally, both factors could be involved simultaneously: if they
find that they are déficient, younger birds should invest little,
either because they are unlikely to succeed, or because they might _
have to invest too muéﬁ to succeed, and so might incur too high a
cost in terms of reduced survival (Curio 1983).

Among species breedlng in seasonal, time-limited environments,
the timing of breedlng also could influence success if conditions
for raising young detgrlorate late in the season (Perrins 1970).
Typically, late-breedi;g individuals are less successful than those

breeding early (e.g., Perdeck and Cave 1992). However, the late-

3
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breeding members of the population tend to be the younger members
(Saether 1990). cOnseguently, young birds, which may lack skill or
motivation, also oftén breed when environmental conditions are
worse. As a result, i; is difficult to distinguish the extent to
which the seasonal declines in reproductive success result from
seasonal differences in the age or quality of breeding birds, or
from direct effects of timing of breeding (e.g., Verhulst et al.
1995) .

The Alcidae show chaggg}eristics typical of most marine birds,
including high annual adult survival (up to 95% in larger species,
e.g. Hudson 1985), deferred breeding (e.g. 7 y median age at first
breeding in Common Murres Uria aalge, Harris et al. 1994), and a
low reproductive rate_(most species lay a one-egg clutch) (Lack
1968). In addition, ;ost species breed in seasonal environments.
Consequently, they display the features of long-lived birds of
seasonalfenvironments§ measures of reproductive success increase
with adult age and, within seasons, decline with date (e.g., de
Forest and Gaston 1996).

Two consistent seaéonal trends in the breeding of the Alcidae
are: (i) sgg size declipes with date of laying (Lloyd 1979; Harris
1980; Birkhead and Nettleship 1982); and (ii) chick age and mass at
nest departure deéline with hatching date (Harris 1980, 1982;
Gaston et al. 1983).‘{These declines are most often attributed to
direct seasonal effech, for example a reduction in the quality or
quantity of available prey late in the season (e.q., Hedgren and

Linnman 1979), or to the late laying of young, inexperienced birds
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(e.g., Lloyd 1979), so that the trends could result from
constraints acting on late-breeding members of the population.
Alternatively, mechanisms may have evolved by which birds can
minimize the impact of breeding in a seasonal environment, so that
the trends in egg size and chick condition at nest departure are
actually adaptive responses to this seasonality (Birkhead and
Nettleship 1982; Ydenberg 1989).

In this thesis, factors affecting egg size, chick growth and
development, and the decision about when to leave the nest for the
sea, are examined in ihe Thick-billed Murre Uria lomvia. Thick-
billed Murres are Arcfic-breeding alcids in which the single chick
leaves the nest at a young age in a partly-developed state. Two
themes are central to this thesis: (i) the extent to which parental
gquality or environﬁental conditions, determine the seasonal
patterns of success; and (ii) the extent to which features of tﬁ;
breeding of Thlck-bllled Murres might represent adaptations to a
seasonal breeding enéironment, or might result from constraints
acting on the less capable members of the population. The study
was conducted at a golény of 30,000 breeding pairs of Thick-billed
Murres at Coats Isla?d, N.W.T., Canada, during 1994 and 1995.

In Chapter 2, thelrole of female age in determining laying date
and egg size is examinéd; in particular, two hypotheses advanced to
explain the decline 1n egg size with laying date (a widespread, but
rarely investigated phenomenon in birds) were tested: one based on

the possible adaptive value of the seasonal decline, the other

based on constraints limiting egg size among younger, later-laying
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birds. In Chapter 3, the consequences of variation in egg size to
chick growth and deﬁelopment are examined, controlling for the
confounding effects of parental guality. In many species, young
birds lay smaller eggs than older birds, and egg size declines with
date of laying, but despite much previous research, the effects of
egg size variation on offspring fitness remain poorly understood -
(Williams 1994). 1In Chapter 4, I examine the causes of the decline
in chick growth rates with date of hatching, another widespread
phenomenon, to assess the extent to which parental quality and/or
environmental conditions determine the seasonal patterns of growth.
Finally, in Chapter 5, ;nd by way of summary, I examine the factors
that influence the age and mass at which Thick-billed Murre chicks
leave the nest. Two.predictions of a model of the nest departure
decision of alcid chicks developed by Ydenberg (1989) are tested.
The central proposition of the model is that the seasocnal declines
in chick mass and age at nest departure (characteristic patterns in
alcids) are adaptive:responses to breeding in a seasonal, time-
limited environment. |

chapters 2 throuéh 4 are presented as separate manuscripts to
be submitted for publication. As a result, theie is some overlap

in various sections of these Chapters.
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Chapter 2: The Role of Female Age in Determining Laying Date
and Egg Size in the Thick-billed Murre
Abstract.- In many bird species, egg and/or clutch size tends to
correlate negatively with laying date. This has been viewed as an
adaptive response to breeding in a seasonal environment. At Coats
Island, N.W.T., Canada, in 1994 and 1995, I examined the causes of
within-year variation in laying date and egg size in the Thick-
billed Murre Uria lomvia, an Arctic-breeding seabird which lays a
one-egg clutch. Ih particular, two hypotheses advanced to explain
the seasonal declines in egg size were tested. The "adaptive"
hypothesis proposes that late-laying individuals lay small eggs to
minimize the delay ig iaying; the "constraint" hypothesis proposes
that late-laying indifiduals lay small eggs because they cannot
produce larger ones.: Laying dates became earlier with increasing
female age to 8 y,‘ mainly because older birds initiated egg
formation earlier tgan younger birds. Egg sizes increased with
female age to 8 vy, possﬁbly because older birds deposited more yolk |
per day than younger b;;ds. "Individual" effects explained much of
the variation in laying date and egg size in both older and younger
females. ::__,Among experienced breeders (» 3 y previoué breeding
experience), there was no relationship between egg size and laying
date, indicating that:it is not adaptive for late-laying birds to
reduce egg size. Egés laid by young birds (< 6 y) at the same time
as those of late-laying experienced birds were smaller. These
results support explaﬁétions of the seasonal decline in egg size

based on constraint, rather than adaptation.
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In many long-lived bird species, measures of reproductive
success increase with age early in life, and many hypotheses have
been proposed to explain this observation (reviewved in Saether
1990; Forslund and Part 1995). For example, life history theory
predicts that young birds will invest less in current reproduction
than older birds if their residual reproductive value is higher
(Williams 1966; Pugesek 1981). An alternative view is that young
birds are less successful because they lack the experience of older
birds (Nur 1984). Finally, if they lack necessary skills, younger
birds should invest little in reproduction, either because they are
unlikely to succeed, or because they have tb invest too heavily to
succeed, and so0 incur too high a cost (Curio 1983).

In species that bréed in seasonal environments, the timing of
breeding may also infiuence reproductive success (Perrins 1970).
Individuals that breed early are usually more successful than those
breeding late (reviewed in Perdeck and Cave 1992). However, late-
laying birds are ofteﬁ the younger, less experienced members of a
population, which makeé it difficult to distinguish effects of age
from those of timing of breeding.

As a group, seaPirds are characterized by high annual adult
survival and low annuai productivity (e.g., Ainley and Boekelheide
1990). Where they bre:ed in seasonal environments, age and timing
of breeding are iikely to have marked effects on their
reproduction. Two méaSures of reproductive performance that have

been examined frequently in seabirds are egg and clutch size. In
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species laying multi—egg clutches, egg and/or clutch size typically
increases with female age and/or decreases with laying date (Shag
Phalocrocorax aristotelis, Coulson et al. 1969; Brandt's Cormorant
Phalocrocorax penicillétus, Boekelheide and Ainley 1989; Great Skua
Catharacta skua, Hamer and Furness 1991; Herring Gull Larus
argentatus, Davis 1975, Parsons 1975; Western Gull Larus
occidentalis, Sydeman et al. 1991; Red-billed Gull Larus
novaehollandiae, Mills 1979; Black-legged Kittiwake Rissa
tridactyla, Coulson and White 1958; Common Tern Sterna hirundo,
- Nisbet 1978; Arctic Tern Sterna paradisaea, Coulson and Horobin
1976; Black Guillemot ¢epphus grylle, Cairns 1987). Similarly, in
species laying one—egé'clutches, egg size typically increases with
female age (Wandering Albatross Diomedia exulans, Weimerskirch
1992, Croxall et alL 1992; Manx Shearwater Puffinus puffinus,
Breooke 1978; Northern Gannet Sula bassanus, Nelson 1966; Razorbill
Alca torda, Lloyd 1979) and decreases with laying date (Ant&rctic
Fulmar Fulmarus glacialocides, Weimerskirch 1990; Northern Gannet,
Nelson 1966; Razorbill, Lloyd 1979; Thick-billed Murre Uria lomvia
Birkhead and Nettleship 1982, Gaston et al. 1985; Atlantic Puffin
Fratercula arctica, Harris 1980).

Drent and Daan (1980) proposed that the seasonal decline in
clutch size observed in many temperate bird species is adaptive:
these birds face a traée-off between clutch size (offspring number)
and laying date (offspéing quality). In this view, individuals in
poor condition (such as young, inexperienced birds) delay egg-

laying to allow themselves more time to accumulate the reserves
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necessary for egg production, increasing their potential clutch
size. However, the delay reduces the probability that their
offspring will survive to recruitment. These individuals maximize
fitness by postponing and laying smaller clutches. The adaptive,
time-saving hypothesis of seasonal decline in clutch size has been
supported, in particular because declines in clutch size with
laying date occur even among experienced birds (e.g. Hamman and
Cooke 1989; Hochachka 1990), and in the absence of age effects on
clutch size or laying date (Dalhaug et al. 1996).

Species laying only one egg can alter their investment in egg
production only through varying the quality of the egg. Birkhead
and Nettleship (1982, 1984) proposed that the seasonal decline in
egg size observed iﬁ the Thick-billed Murre, an Arctic~breeding
seabird that lays a single egg, is adaptive: late-laying birds face
a trade-off between egy size and laying date. Large eggs and early
laying both increase offspring quality, but larger eggs take more
time to produce. For birds unable to produce a large egg early in
tlle season (often young, inexperienced birds), the trade-off will
increasingly favour earlier laying, and therefore smaller eggs, as
the season advances.. In support of their model, Birkhead and
Nettleship (1982) found that in Thick-billed Murres that lose their
first egg and replace it, the difference in size between the first
and replacement eggs is very similar to that predicted by the
regression of egg size on laying date for the population.

Egg formation may ﬁe influenced by other factors as well. The
availability of food dﬁring the pre-laying period probably affects
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all aspects of egg production {Perrins 1970). As a result, laying

dates and egg sizes may vary between years due to variations in
environmental conditions. Conversely, the qualities of individual
females that influencé their ability to produce eggs should result
in a degree of repeatability between years in these measures (e.g.,
Croxall et al. 1992; deeman and Eddy 1995).

In this paper, I investigate the causes of variation in laying
date and egg size among Thick-billed Murres breeding at Coats
Island, N.W.T., Canada, in two years. My specific objectives are
to examine: (i) the effect of female age on laying date, egg size
and the tine required_fo form the yolk; (ii) the repeatability in
the laying date and égg size of an individual female, i.e. the
"individual" effect; and (iii) the causes of the seasonal decline
in egg size. I set out to test the Birkhead and Nettleship (1982)
model, comparing it to an alternative hypothesis that proposes the .
decline results from éonstraints acting on young, presumably less
capable, birds (e.g.,kpack 1968). The "adaptive™ and "constraint®
models are depicted gréphically in Figure 1. It is recognized in
both models that younger birds lay later, and lay smaller eggs.
However, in the "adaptive" model, egg size declines with laying
date within age classés; in the "constraint™ model, the decline
occurs between age classes. The simplest test to distinguish
between the two is to examine the relationship between egg size and
laying date among expérienced birds. If the decline is adaptive,
eggs laid by experienced birds should exhibit the decline; if it

results from constraints acting on inexperienced birds, there
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should be no seasonal decline in egg size among experienced birds.

STUDY AREA AND METHODS

The Thick-billed Murre colony at Coats Island (62° 57'N, 82
00'W) consists of two sub-colonies of similar size, separated by 1
km of coastline, which together include ca. 30,000 breeding pairs
(Gaston et al. 1953). Since 1984, about 2000 nestling Thick-billed
Murres have ‘been banded annually on the west sub-colony, so that a
pbpulation of breeding birds of known age has been established
(Gaston et al. 1994). ;In addition, about 100 breeding adults have
" been banded annually.v I consider birds banded as breeding adults
at least 3 y previously, and therefore breeding for at least the
fourth time, to rep;:gsent experienced breeders (Gaston et al.
1994). A small group‘éf birds (<500 paifs asg including many birds
banded as adults) occupying the north end of the colony has laid
later every year thah‘those on other parts of the colony. This
allowed me to examing the effects of laying date on egg size while

1
t

controlling for age (and vice versa) under natural conditions.

In 1994 and 1995,§I observed breeding pairs daily from blinds
on a series of six study plots to determine dates of egg-laying to
within 24 h, ﬁsing_the Type I methods of Birkhead and Nettleship
(1980). I measured‘the length and maximum breadth of eggs to
. within 0.1 mm using vérnier calipers on accessible areas of four of
these plots. As a measure of egg size, I used an index of eqg

volume (length * breadth?) whlch is linearly related to fresh egg
mass in Thick-billed‘. ‘Murres (r=0.952; Birkhead and Nettleship
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1984). To minimize disturbance, the Plots were visited only once

unless they were sufficiently accessible that entering them to take

measurements did not cause egg losses.

Effects of age on laying date, egg size, and yolk formation time

To examine the variation in laying dates and egg sizes due to
female age, I pooled the samples from the two years (inter-year
differences in layingldates and egg sizes among older birds were
not significant). The sample sizes within each age class were
similar in the two years. In addition to this cross-sectional
sample, I also compared the laying dates and egg sizes of the same
females in successive years to see whether the pattern observed in
individual females matcLed that of the population sample. Because
Thick-billed Murres rarely breed at < 4 y old, and males typically
first breed 1 y older than females (Gaston et al. 1994), I assumed
that all breeding 3 y olds were female. Other birds were sexed by
their position duripg copulation, but a few were sexed by observing
which pair member (fhe male, Gaston and Nettleship 1981} departed
with the chick. "

To examine the effects of age on the length of time spent on
yolk formation, I collected the first ten eggs laid by pairs in
which at least one member was an experienced breeder in an area
away from our study blots, and the first nine eggs accessible to me
laid by first-time gteeding'females wherever I could find then.
Yolk formation times were estimated using the potassium dichromate

staining technique (Grau 1976). The folks vere weighed after being

i)
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stained, so the valuéélshould not be considered fresh masses.
Individual effects on:laying date and egg size

To examine the eff;ct of individual females on laying date and
- egyg size, I compared laying dates and egg sizes of the same females
in the two years, analysing older and younger females separately.
I also removed the first eggs from samples of birds on 25 and 26
June in both years, inducing them to relay, and then compared the
volume indices of the‘replacement eggs with those of the first
eggs. As the background colour and pattern of markings on murres'
eggs is repeated on eggs laid by the sanme female (Socuthern 1%51),
I used Polaroid photographs of the first egygs to verify that the

egg later found at the same site was laid by the same female.

Intra-year variation ih egy size and laying date

To examine variahion in egg size with laying date, I measured
and weighed (to within 1l g with a 300 g spring balance) a random
‘sample of eggs laid by birds of unknown aﬁe and breeding ‘history in
an area away from our study plots in mid-July of both years (just
bafore hatching began) Laying dates for these eggs were estimated
from their densities, as described in Collins and Gaston (1987).
To assess the role of hge'and laying date in determining egy size,
I compared laying datgs and egg volumes within and between three
groups: (i) those in”which the female member of the pair was an

experienced breeder, b? one member of the pair, ;f unknown sex, was

experienced and the other was not a known-age bird < 8 y of age
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(EXB) ; (ii) a naturally late-laying group of experienced breeders,
as defined in (i), occupying Plot JB at the extreme north end of
the colony (JB EXB); and (iii) those in which the female was < 7 y
of age, or one member of the pair, of unknown sex, was banded and
< 7 years of age (¥YNG). While this method is not as rigofous as
using only females of known age, I felt it was justified because:
(i) Thick-billed Murres tend to mate assortatively with respect to
age (Gaston et al. 1994); and (ii) in any case, the only potential
bias would be to underestimate the differences between young and
experienced pairs by including what were actually YNG pairs in one
of the EXB categoriesl(i.e., a pair consisting of an experienced
male mated to an unban@éd, young female, would be classed as an EXB
pair, while a pair ¢6nsisting of a young male and an unbanded,
experienced female wgqld be classed as a ¥YNG pair). oOf thg gﬁc
pairs used in this sampie, at least 67% included a female < 7 y;?bf

the EXB pairs, at least 45% included an EXB female.

| . RESULTS
Inter-year variation ih laying date and egg size
Among older femaigs which laid in both years, neither laying
dates nor egg sizes differed sighificantly between years (Table 1).
Among younger females which laid in both years, laying dates were
similar but egg sizes larger in 1995 than in 1994 (Table 1).

Effects of age on laying date and egg size

With data from the two years combined, laying dates tended to
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decrease with female agé to 8 y (Figure 2), and egg volumes tended
to increase with female age to 8 y (Figure 3). Laying dates and
egg sizes levelled off;at > 8 Y. The increase in egg size in this
cross-sectional sample (7 cm’y') was very similar to that in the
sample of young females whose eggs were measured in both years (8
cn’y™!) (Table 1). 'I'he: eggs laid by 3 y and 4 y old females were
similar in size (Figure 3), probably becavse all 3 y and most 4 y
females were laying for the first time (Gaston et al. 1994).
However, 3 Yy females laid ca. 1 week later on average than 4 y
females (Figure 2). B

Egg length and bféadth followed a similar pattern of increase
with age, so that the.éhape index (length/breadth) of eggs changed
very little, and in p@ systematic fashion, with age (Figure 4).

H
aoap ~

Effects of age on yolk formation time

Experienced breeagrs took 12-15 d to form their yolks, while
first-time breeders fgok 13-16 d; the difference between the two
groups, <1 d on average, was not significant (Table 2). However,
the eggs laid by the ;i;st-time breeding females were significantly
smaller, and had sﬁgl}er yolks, than those of experienced pairs.
Consequently, although‘there was little effect of age on the lengtﬂg
of time spent on yolk formatxon, there was a 51gn1ficant effect on :
the rate of yolk depositlon. older blrds deposited more yolk per
day than younger higdsf(Table 2). Egg size was independent of yolk
formation time for ?ﬁe whole sample, and within the age-classes
'haparately (Table 2%{; The rings in the yolk of one of the nine

e

Pt
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eggs of the young females were indistinct, so the sample size in

this group was eight; it included seven 4 Y and one 3 y female.

Individual female effects on laying date and egg size

Among older females, both laying dates (Figure 5) and eqgg sizes
(Figure 6) were strongly correlated between 1994 and 1995, with
these individual effects explaining 55% and 62% of the variation,
respectively. There were similar between-year correlations among
young females (laying date: r=0.57, p=0.01, N=18; egg volume index:
r=0.87, p<0.001, N=11).

In both years, repiﬁcement eggs laid after the removal of first
eggs were significantiy smaller than the first eggs (by 5-6%), but
there were strong correlations between the sizes of the two aggs
(Table 3). The size of the first egg explained 58% (1994) and 79%
(1995) of the variation in the size of the replacement egg. Both

first and replacementjeggs were similar in size in the two years
(Table 3). ;
Seasonal variation iﬁ‘egg size: the roles of age and laying date
In the random gaﬁéles, egg sizes declined with date of laying
(Table 4). The decline;was steep (-0.95 cm’d™), and significant, in
1994; in 1995, the decline was less steep (~0.38 cm’d™), and only
marginally significanf, The slopes of the declines differed in the
two years (Table 4). :& probably underestimated the true declines,.

because young birds lay small eggs late in the season and are more

1ike1y to lose eggys than experienced birds (de Forest and Gaston



18
1996). It is almost certain that some of these small, late eggs
would have been lost by the time I took measurements.

There were no seaéonal trends in egg size for early- (EXB) or
late-laying (JB EXB) experienced breeders in either year (Table 4).
In contrast, egg sizes declined with laying date among young (YNG)
breeders, although the decline was significant only in 1994. The
slopes of the declines‘in the ¥YNG birds differed between years, and
in neither year differed significantly from those in the random
samples (Table 4). Using data for females < 8 yr and combining the
two years, there was a significant negative correlation between egqg
volume and laying date_(r=-0.37, P=0.007, N=51). However, with age
and laying date as indébendent variables in a multiple regression,
only age had a signiﬁipant effect on egg volume (multiple r=0.62,
age P<0.001, date P=ﬁ.55).

In both years, lafe-laying (JB EXB) experiencgd breeders laid
significantly later tﬁan early-laying (EXB) experienced breeders,
but at the same timey;s young (YNG) breeders (Table 5). However,
the eggs laid by JB $XB breeders were similar in size to those of
EXB breeders, and siénificantly larger than those of YNG breeders

in both years (Table 5).

. DISCUSSION
Effacts of female agé on laying date and egg size
The laying dates of Thick-billed Murres decreased with female
age, as observed in qt?er species (e.g., Razorbill, Lloyd 1979), to

8 ¥. Females laying their first eggs took only marginally longer
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(<1 4 on average) than experienced breeders to form their yolks,
but laid ca. 10 d later. Hence, young birds must have initiated
yolk formation late, and this was the main reason for their late
laying. This is similar to the result of Hatchwell and Pellat
(1990), who showed that Common Murres Uria aalge took longer to
form their yolks in a year of poor food availability (16.1 vs 14.1
d on average), but that the later-Iaying in that year (by 5 d) was
caused more by a delay in the date at which birds initiated egg
formation. Similarly, the date of initiation varies in response to
environmental conditions during the pre-laying period in Cassin's

Auklets Ptychoramphus aleuticus (Astheimer 1986).

I can only speculate on why young Thick-billed Murres initiatéa -

yolk formation later than experienced birds. The observations on
other species suggesﬁ Fhe possibility that feeding conditions may
have had more effect on young birds than on experienced birds,
possibly due to differénces in foraging:skills. Rowe et al. (1994)
suggested that youn§ birds may arrive at breeding grounds later
than experienced birds; which is true of both Thick-billed Murres
(Noble 1990) and Common Murres (Halley et al. 1995), and that young
birds might also arrive in poorer condition. Finally, young Thick-
billed Murres may nee? to spend more time in social/behaviour, or
pair formation and siﬁé retention, than experienced ﬁirds breeding
at the same colony, wg;ch leaves them less time to forage. Hence
‘young birds may have behavioural and/or physical deficiencies
compared to birds wi;p more experience (Curio 1983). As 8 y old

females are typically breeding for the fourth time (Gaston et al.

-
AN
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1994), this indicates that several breeding attempts are required
before Thick-billed Mﬁrres reach reproductive maturity.

Egg sizes increased with female age to an asymptote at 8 y of
age, A similar patterﬁ has been reported in several species that
lay 1l-egg clutches, although the age at which the asymptote is
reached varies considerably (e.g. 23 y in the Wandering Albatross,
Weimerskirch 1992). Murphy (1994) suggested that egg size in birds
is limjted by the availability of protein. When given a
supplemental source of high quality pfotein, Lesser Black-backed
Gulls Larus fuscus produced larger c-eggs because the yolk protein
content of these eggs was increased (Bolton et al. 1992). 1In this
study, experienced Thick_billed Murres deposited more yolk per day
than first~time breeding birds, so that the increase in egg size
with age might have reéulted from greater efficiency of older birds
at acquiriné protein during the pre-laying period. Again, this’
suggests that young birds require several breeding attempts before
reaching-behavioural apd/or physical maturity. The similarity in
the rates of increase in egg volume with age in the cross-sectional
sample and in the sample of eggs laid by the same young females in
the two years, suggesté that the increase in egg size results from
individual age-rei;ted processes, as opposed to being a consequence
of higher mortality among females laying small eggs (Curio 1983).

The observation tﬁat 3 and 4 y old females (most of which are
first-time breeders) laid eggs of similar size, although 3 y birds
laid 7 4 later on ave#age, suggests that there may be a threshold

size below which eggs are not laid.
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Egg shape remained constant with age in the Thick-billed Murre.

This contrasts with some other species in which the length/breadth
ratio of eggs decreases with age (e.g., Manx Shearwater, Brooke
1978; Lesser Snow Goose Chen caerulescens caerulescens, Robertson
et al. 1994). This tendency, as well as the observation that the
first eggs laid by Herring Gulls tend to be thinner than later eggs
in the same clutch (Parsons 1976), has been ascribed to an initial
inelasticity of the oviduct. Robertscn et al. (1994) suggested
that inelasticity of the oviduct in young birds results in albumen
being deposited pre#erentially along the length rather than the
breadth axis of the.egg. The unusual shape of murres' eggs is
probably adapted to thPlr nesting habit (Uspenski 1956, Kartaschew
1960). Therefore, ;1ttle variation in the shape of their eggs
might be expected. it inelasticity of the oviduct constricts eqg
breadth in young murréé, then the shape requirement may dictate the
length, and thereforé%in part determine the overall size of the
egg.
Individual female etfééts on laying date and egg size

Among older femalés, strong correlations between laying dates
in 1994 and 1995 indigate that once they reach full reproductive
maturity, older femayés tend to lay at the same time relative to
other experienced femé}es. A similar tendency has been observed in
Common Murres (Wanless?and Harris 1988; Hatchwell 1991; Sydeman and
Eddy 1995). The sigﬁﬁficant correlation between laying dates in

successive years among young females indicates that an individual
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effect also acts in 1;55 mature females.

Likewise, there is a strong individual effect on egg size
among both older and young females. Once the female reaches full
reproductive maturity; the size of the egg remains fixed relative
to those of other older females, varying in response to conditions
during the period of egg formation. The correlation between egg
size in the two years seen in this study (62%) is somewhat higher
than that found for cémmon Murres by Hatchwell and Pellatt (1990)
in two years (42%). Iﬁdividual effects on egy size were also seen
lwithin years, as the éizes of the first and replacement eggs were
strongly correlated. jThese correlations (58% and 79%) were similar

to those reported by Birkhead and Nettleship (1984) for three

species of auks (66-75%).

Seasonal declines in egg size: effects of laying date or age?

In the random samples, egg sizes declined with laying date in
1994 and, to a lesser extent, in 1995. Of the two hypotheses I
considered to explain Phe declines (the "adaptive" and "constraint"
hypotheses), my resugts support only the constraint hypothesis.
Egg sizes did not decline with laying date among experienced pairs
in either year, indicéting that no trade-off existed between egy
size and laying date for them. This observation is not consistent
with the model of Birkhead and Nettleship (1982). In samples of
eggs produced at thglgame time, those of young birds were smaller
than those of experi?hced birds. This indicates that differences

in egg size between &pung and experienced females were caused by
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differences in their ggg-producing capacities, or in the optimal
size of eqg consisten£ with maximizing their fitness, rather than
being adjusted to the ﬁime at which they bred. Even the decline in
egg size with laying date among females < 8 y old was an effect of
age, rather than laying date.

The decline in egg size with laying date was much steeper in
1994 than in 1995 in the random sample, and also among young birds.
This between-year difference could have been the result of a number
of factors: (i) feeding conditions late in the laying period might
have been better in 1925 than in 1994; (ii) egg losses among young
birds may have been higher in 1995 than 1994; or (iii) fewer young
birds may have laid iﬁ 1995 than 1994. I have incidental support
for hypothesis (iii) ohly. On the study plots, eggs were laid at
more newly-occupied siﬁes in 1994 than in 1995, and these aggs weras
similar in size to tﬁose laid by females breeding for the first
time (unpublished data). This suggests that more young birds laid
in 1994 than in 1955. The egg sizes and laying dates of
experienced breeders ﬁﬁich laid in both years, as well as evidence
from chick growth ratég (unpublished data), indicated that 1994 may
have been a better y%ir than 1995, and a tendency for more ybung
birds to recruit intbétter years has been seen in other species
(Brandt's COrmorant, 3oeke1heide and Ainley 1989; Western Gull,
Spear et al. 1995),

The slopes of;the %elationShip between egg size and laying date
in the random samplesﬁand the samples of birds < 6 y were similar

in both years. Becahse the population-wide declines result from
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increasing proportions of younger birds laying later in the season,
they should reflect what occurs among the young birds in the
population. Hence I predict that populations experiencing high
recruitment are more likely to show a seasonal decline in egg size
than those where little recruitment is taking place. Whether young
birds laying late in the season lay small eggs because they trade-
~off between current and future reproduction, as predicted by life-

history theory, is yet to be determined.

Conclusions

In species laying multi-egg clutches, declines in clutch size
with laying date maf be adaptive (Drent and Daan 1980); birds which
lay late reduce their clutch size to save time, thus accommodating
to reduced food availability for their young late in the breeding
season. By doing 80, they maximize the production of surviving
offspring; I suggest ﬁhat the seasonal decline in egg size in the
Thick-billed Murre is not adaptive in the time-saving manner
proposed by Birkhead“and Nettleship (1982). The absence of the
decline among experienced Thick-billed Murres indicates that these
birds produce the optiqum—sized egg relative to their capabilities,
irrespective of date. For late-laying murres, there may be little
advantage in reducing egg size because chicks from larger eggs grow
their wing feathers more quickly, which may enable them to depart
to sea younger (Hipfner and Gaston in prep.). In any case, timing
of breeding seems to have little effect on the reproductive success

of experienced nurres }Hatchwell 1591; de Forest and Gaston 1996).

@
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Hatchwell and Pellatt's (1990) results also support our conclusion

that a reduction in egg size may not be adaptive: in a late year,
Common Murres produced-iarge eggs, although two extra days of yolk
formation were required. Nonetheless, it remains to be taested
directly whether the reduction in the size of replacement eggs is
an adaptation to advance laying, as Birkhead and Nettleship (1982)
proposed. Assuming a lag of 3.4 d between ovulation and laying
(Birkhead and del Nevo 1987), EXB pairs required 16.5 4 (13.1 4 for
Yolk formation + 3.4 d lag) on average to form first eggs in 1995.
However, EXB pairs which lost their first eggs replaced them in
14.2 £ 0.7 d (N=9). Hence the smaller replacement egys were laid
in ca. 2 4 less time,Atne same difference as seen in Common Murres
(Birkhead and del Nevo 1987), and consistent with the Birkhead and
Nettleship model. |

I suggest that, at the proximate level, the seasonal decline in
egg size for Thick-billed Murres at Coats Island results from
differences in the egé-producing capacities of individual biras,
chiefly mediated by age or experience. Because young birds lay
their eggs later than older birds, the proportion of young birds
laying, and consequently the proportion of small eggs laid in a
given period, increases with date. Although young birds may take
slightly longer to form their yolk, most of the difference in date
of laying is accounted for by the date at which egy formation is
initiated. As murres age and gain experience, their ability to
form an egg may improve, which may result in earlier laying and

larger eggs. A stable laying date and egg size is reacﬁed by 8 y
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of age on average, equivalent to the fourth year of breeding.
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Table 1: Mean +

33

SD laying dates (LAY, from June 1 = 1) and volume

indices (EVI, cm’) of eggs laid by the same older (> 9 years or EXB

by 1995) and younger (< 8 years by 1995) females in 1994 and 1995.

Year Paired t-test

Age Var N 1994 1995 t P
Older LAY 30 22.9 + 3.7 23.8 + 4.6 1.75 0.09
EVI 32 212.4 + 13.2 209.4 + 15.8 1.74 0.09
Younger LAY 18 24.0 +£ 5.9 24.5 + 7.4 0.33 0.74
EVI 11 192.7 % 23.0 200.3 + 19.6 2.19 0.05
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Table 2: Mean + S.D. laying dates (LAY, from June 1 = 1), egg
volume indices (EVI, cm’), yolk masses (g), and yolk formation
?é?e:nd rates (g/d) of eggs laid by experienced (EXB) and first

time (YNG) breeders in 1995,

Yoik Formation

Age N LAY EVI Yolk mass Time Rate

EXB 10 19.5 1.7 210.4 #15.2 35.7 2.0 13,1 +0.9 2.7 0.2

¥YNG 8 29.1 6.8 183.3 + 9.5 31.8 +2.6 13.9 £1.1 2.3 0.3

U=80 t=4.36 t=3.33 t=1.65 t=3.32

p: <0.001 <0.001 0.005 0.12 0.005

Correlations between FVI and yolk formation times:
Whole sample: r=-0.13, p=0.60, 17 df.

EXB: r=0.22, p=0.54, 9 df; YNG: r=0.09,p=0.82, 7 df.

Sy v
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Table 3: Mean * S.D. volume indices (EVI, cm’) of first and

replacement eggs in 1994 and 1995.

EVI Paired t-test
Year N First Replacement t P
1994 31 212.2 + 17.1 198.8 + 16.1 6.50 <0.001
1995 20 215.0 + 15.3 204.0 + 13.6 7.14 <0.001
t=0.60 t=1.19
p=0.55 p=0.24

Correlations between first and replacement EVIs:

1994: r=0.76, p<0.001; 1995: r=0.89, p<0.001.

“‘\‘k;
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Table 4: Regressions between egg volume index and laying date in
1994 and 1995 for eggs laid by a random sample of birds, early-

(EXB) and late~ (JB EXB) laying experienced breeders, and young
breeders (YNG, < 6 years of age).

By

Sample
Year Parameter ‘ Random EXB JB EXB YNG
1994 Slope (cm’ d') -0.95 - - -1.19
r -0.35 -0.13 +0.16 ~0.45
' <0.001 0.53 0.47 0.01
121 26 23 30
1995 Slope (cm’ d™') - -0.38 - - -0.59
r -0.15 +0.02 -0.13 -0.37
4 0.06 0.93 0.58 0.12
154 29 20 19

Comparing slopes, at the p = 0.05 significance level:

Random 1994 > Random 1995; YNG 1994 > YNG 1995;

Random 1994 = YNG 1994; Random 1995 YNG 1995.
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Table 5: Mean % S.D. laying dates (LAY, from June 1 = 1) and volume

indices (EVI, cm’) of eggs laid by early-laying experienced
breeders

(EXB),, late-laying experienced breeders (JB EXB), and young

breeders (YNG, < 6 years) in 1994 and 1995.

Breeding group

Year Var E¥B (N) JB EXB (N) YNG (N)

1994 LAY 22.2 + 5.5 (26) 26.7

I+

4.4 (23) 26.8 + 6.0 (30)
EVI 208.7 + 17.2 (26) 210.9 + 10.6 (23) 192.1 + 16.1 (30)

1995 LAY 21.7 + 3.9 (29) 27.9

H

3.3 (20) 28.8 + 8.7 (19)

EVI 205.3 + 17.2 (29) 209.0 + 12.7 (20) 186.4 1 13.7 (19)

ANOVA for LAY:
1994: F=6.23, p=0.003; 1995: Kruskal-Wallis F=23.50, p<0.001;
In both years: EXB < JB EXB = YNG (Tukey's tests (1994), or

non-parametric multiple comparisons (1995), at p=0.05).

ANOVA for EVI:
1994: F=12.76, P<0.001; 1995: F=12.89, p<0.001;

In both years: EXB = JB EXB > YNG (Tukey's tests, at p=0.05).
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Chapter 3: Consequences of Variation in Egg 8ize
and Parental nglity to the Growth and Development
ot.négtling Thick-billed Murres

Abstract.- Little unequivocal evidence exists to support the
widely~-held view that young birds that hatch from large eggs have
a developmental advantage over those that hatch from small eggs.
I examined the contributions of egg size and parental quality to
chick growth in the Thick-billed Murre Uria lomvia, an Arctic-
| breeding seabird in which the single chick leaves the nest in a
partly-developed state, in two years of contrasting growth. The
relationship between egg guality and parent quality was randomized
by switching eggs among breeding pairs; the growth of chicks raised
by their own parents was also monitored. I predicted that the
growth of the fostered chicks would correlate positively with (i)
the size of egg from which they hatched (the egg size effect); and
{ii) the size of eqgg produced by their adoptive parents (the parent
quality effect). 1In 5oth years, the rate at which chicks gained
mass was independent of the size of the egy from which they
hatched, but the raté of growth in wing length was positively
correlated with egg :size. In large~egg chicks, the primary
coverts, the longest féathers on the wings, burst from the sheaths
2~3 d earlier than iﬂ.small-egg chicks, and <this developmental
advantage was maintained until nest departure. Among chicks raisedt
by their own parents,‘this effect of egg size on wing growth was
more pronounced in the year of poor growth. In neither Year was

s 4
P!

growth in mass correlated with the size of egg originally laid by
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the adoptive parents, but in the Year of better growth, there was

a weak but significantlpositive relationship between wing length at
nest departure and thg foster parent's egg size. In both years,
the rate at which chiéks grew their wings was strongly correlated
to the rate at which they gained mass. cChicks that grew their
wings gquickly departed the nest younger, in one of two years.
These results indicate that Thick-billed Murre chicks that hatch
from larger eggs havé a developmental advantage over chicks from
smaller eggs, especially when growth is poor. Chicks also benefit
if they are raised by parent;/which produce a large egyg, especially
when growth is goocd. The developmental advantage associated with
hatching from a 1ar§élegg, and/or being raised by parents of high

}
quality, has potential life-history consequences.
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INTRODUCTION

The relationship between egg quality and offspring quality has
been examined freguently in birds (reviewed in Williams 1994). 1In
many studies, positive relationships between egqg size and chick
survival (e.g. Moss et al. 1981; Galbraith 1988; Grant 1991), and
between egg size and chick growth (e.g. Birkhead and Nettleship
1982; Furness 1983) have been demonstrated. However, the potential
shortcomings of non-experimental studies are well known (Mueller
1990; wWilliams 1994). Two common criticisms are: (i) the results
may reflect the over-riding effect of parental quality on both egg
size and nestling surviyal and growth; and (ii) females may invest
differentially in the eégs within a c¢lutch, such as between the a-
and b- versus c-eggs in gulls, which can make it difficult to
distinguish between- f*om within-clutch effects.

Until recently, rglatively few studies had examined the effects
of egg size on chick)survival or growth while controlling for the
confounding effect of parental quality. In experimental studies,
nestling survival yaS'been shown to relate positively to egg size
in the Lesser Black-backed Guli Larus fuscus, if the c-egg is
included (Bolton 199i), but not in the Fulmar Fulmarus glacialis
(Ollason and Dunnet 1985) or Short-tailed Shearwater Puffinus
tenuirostris (Meathrel et al. 1993), which both lay single eggs.
In species which shoﬁ;bositive relationships between egg size and
chick size, any beneféﬁs to hatching from a large egg tended to be
short~lived; parentai quality largely determined the size of the
chick late in the nestling period (Amundsen and Stokland 1990; Reid
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and Boersma 1990; MacGrath 1992). In his review article, wWilliams

(1994) concluded that there was little unequivocal evidence to
support the widely-held view that large eggs increase offspring
fitness in birds.

The Alcidae are unique among bird families in that there are
three different developmental strategies of the young (Sealy 1973).
In the semi-precocial species, the chicks remain at the nest for
extended periods, and are independent of their parents when they
depart to the sea at 40~100% of adult size. At the other extreme,
young of the precocial Synthliboramphus murrelets leave the nast at
2-4 d of age without h;ving been fed, accompanied by both parents.
Between these two ext;émes are three intermediate species (Uria and
Alca spp.), whose young remain at the nest for 15-30 d, and depart
to the sea accompanied by the male parent at 12-25% of adult size.
The semi-precocial strategy is believed to be ancestral within this
family (e.g. Gaston 1592), and the evolutionary forces that might
have favoured increases in the level of chick precocity have been
discussed frequently kCOdy 1973; Sealy 1973; Birkhead 1977; Gaston
1985, 1992; Ydenberg 1989).

Thick~billed Murres Uria lomvia are colonial, cliff-nesting
alcids which, like the other intermediate species, lay a one-egg
clutch. The size of the egg tends to increase with female age to
about 8 y (Hipfner et al. in prep.), typically the fourth year of
breeding (Gaston et_gl. 1994). Even among experienced females,
however, there is subétantial variation in the size of egg laid,

4t
i

and females tend to préﬂuce egys of similar size in different years
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(Hipfner et al. in prep.). Nestling growth rates vary considerably
within and especially‘ﬁetween colonies and years, as do chick ages
and masses at nest dep&rture (Gaston et al. 1983; Gaston 1985). In
general, fast-growingléhicks tend to depart to the sea at a young
age (Ydenberg 1989). . Early departure may lower mortality on late-
hatched murre chicks at the nest, because they have fewer
neighbours and so may be subject to a greater risk of predation
(Hatchwell 1991). 1In the Common Murre Uria aalge, early departure
has been associated as well with increased post-departure survival
(Harris et al. 1992). Hence, the importance of early nest
departure can be seeﬁ both in the evolutionary history of this
group (departure at a &oung age and in a partly-developed'state has
been favoured), andxin the behaviour of individual chicks (those
departing early might:experience increased pre- and post-departure
survival). _

I examined the cbnﬁributions of egg size and parent quality to
the growth and development of nestling Thick-billed Murres. While
Thick=-billed MUrres‘can recognize their own eggs, they readily
adopt foreign eggs (Géston et al. 1993). Consequently, eggs were
switched among breedihé pairs, randomizing the relatidhship between
egg quality and parenf quality. At the same time, the relationship
between egg size an& chick growth was examined under natural
conditions. The following predictions were tested: (i) rates of
chick growth and/or deﬁelopment relate positively to egg size; and
(ii) rates of chick grcwth and/or development relate positively to
the quality of the foster parents, measured as the size of egg they
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originally laid. The effects on chick development of variation in

rates of food provis;oning, an alternate indicator of parental
quality measured as thé growth in body mass of the chick, were also
investigated. The fesults are viewed within the context of the
intermediate developmental strategy employed by the Thick-billed
Murre, which requires an increased level of precocity compared to

the ancestral semi-precocial strateqgy.

' STUDY AREA AND METHODS
This study was conducted during 1994 and 1995 at Coats Island,
N.W.T., Canada (szﬁp";n, 82°00' W). The Thick-billed Murre colony
there consists of two #uh-colonies of similar size, separated by 1
km of coastline, whiéﬁ'together include ca. 30,000 breeding pairs
(Gaston et al. 1993). iAmong murre colonies of the eastern Canadian

LI

Arctic, Coats Island is noteworthy for the fast growth rates of
chicks (Gaston et al;fi§83). ‘

On 12 and 17 Julyfin 1994 and 1955 (just prior to the start of
hatching), 50 sites at which an egg was present were mapped and
numbered on a plot near the top of the colony. Different plots
were used in the twé years. Every egg was marked with its site
number in permanent ;ﬁk, and its length and maximum breadth was
measured to within + le mm using vernier calipers. The eqgs were
then redistributed rﬁndomly among sites on the plot. For each
breeding pair, both thg size of egy they fostered (the “egg size"
effect), and the size. of egg they produced (the "parent gquality"

effect), were known. Prior to hatching, the eggs were checked to



50
ensure that they were still at the sites where they were placed
during the switch.

These sites were checked at 2 4 intervals, but occasionally at
3 4 intervals when weather conditions warranted a delay. On one
occasion in the middle of the chick-rearing period in 1995, bad
weather forced a delay to 4 d. The first time a chick was present
at a site, I estimated its hatching date and marked it with a
binary code of nail clipping. When large enough, each chick was
banded. On all visité, chicks were weighed to within + 1 g with a
spring balance, and their right wing was measured to within + 1 mm
with the wing held flat and straight along a ruler. Aall visits
were made between 090? and 1200 h.

The growth of thé‘chicks of a control sample of unmanipulated
breeders was also monifored on one (1995) or two (1994) plots near
the top of the colony, using the protocol described above.

As a measure of égg size, I used an index of egg volume (EVI,
length * breadth?) that relates linearly to fresh egg mass in
Thick-billed Murres (r = 0.952, Birkhead and Nettleship 1984). The
hatching date of a chick was recorded as day 1. Where measurements
at a specific age are given, the measurements of any chicks not
taken at exactly thjs &ge were estimated using linear interpolation
{Hussell 1972). Becguse chicks were measured at 2-3 d intervals,
larger samples werewgvailable for 2 4 than for 1 d old chicks,
because measurements at 2 d were estimated from those at 1 d by
interpolation. Hence,z d measurements were used as estimates of

initial size. A few chicks were not measured until they were 3 a
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old, so that sample sizes for parameters which include a 2 4
measurement (growth between 2-14 d), are in some cases smallar than
those which do not (e.q. 14 4 mass)}. Only chicks which survived to
2 15 d are included iﬁ‘any analysis, because 15 d is the youngest
age at which chicks are known to depart the nest of their own
volition (Gaston and Nettleship 1981). Consequently, 14 & is the
oldest age at which a sample is unbiased by the departure of some
chicks (Gaston 1985).  The mass of a chick at last weighing was

used as an estimate of its departure mass, and the age of a chick

at this weighing + 1 d was used as an estimate of it departure age.

RESULTS

There was no correlation between foster chick mass at 2 d and
the size of egg originglly laid by a breeding pair in either year
(both r = -0.07, p > 0;5), but the correlations between 2 d foster
chick mass and foster egg size were significant in both years (r =
+0.57 and 0.58, both p < 0.01). This indicates that the switches
effectively randomiied‘the relationship between parent quality (egg
size laid) and egg quality (egg size fostered).

Among pairs that succeeded in raising their foster chick to
departure age, the volume indices of eggs laid and fostered were
similar in the two yezrs (Table 1). Chicks gained more body mass
between 2-14 d of aée_in 1994 than 1995, and so were significantly
heavier at 14 4 in 1;§4. However, chick ages and masses at nest
departure were similar in the two years. Despite the faster early

growth in mass in 1994, there were no differences between years in
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any measures of growth in wing length (Table 1).

Egg size effects on chick growth

In neither year wefe there significant correlations between the
growth in body mass of the foster chick between 2-14 d and the size
of the foster egg, indicating that the rate at which chicks gained
mass did not depend on the size of the egg from which they hatched
(Table 2). In 1994, the year of faster initial growth, there were
no relationships between egy size and chick mass at 14 Q or at nest
departure. In 1595, the year of slower initial growth, there was
a significant positive correlation between 14 d chick mass and egyg
size. As there was hg correlation between growth in mass and egg
size, this suggests that initial differences in chick mass that
resulted from differehces in egyg size tended to be maintained in
that year. When the §ariation in initial (2 4) mass was controlled
using partial correlation, the relationship between 14 4 mass and
egg size became non-significant (r = 0.30, p > 0.05). In 1995, as
in 1994, cﬁick massgg at nest.departure were independent of egg
size (Table 2). |

In both years, there were significant, positive correlations

- between growth in the length of the wings of foster chicks between

2-14 d of age and fostér.egg size, indicating that the chicks from
larger eggs grew theiF‘wings more quickly than chicks from smaller
eggs (Table 2). Cogsequently, there were significant positive
cor;elations between i4 d wing length and‘qu size in both years

(Figure 1), and betwesn wing length at nest departure and egyg size,
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controlled for variation in age at departure (Table 2).

To examine the relationship between egg size and wing growth in
more detail, wing 1ength was plotted against chick age between 2-14
d for chicks that hatéhed from the largest one-third of the sample
of eggs and from the smallest one-third of eggs. As the growth of
the wings both of large-eqg and small-egg chicks were virtually
identical in the two years, and neither the smallest nor largest
thirds of éﬁgs differed significantly in size between years (t-
tests, p-values > 0.05), data from the two Years were combined.
The largest one-third_of eggs averaged 17% larger in volume index
than the smallest oh:e-third of eggs, but growth in body mass
between 2-14 d of large- and small-egyg chicks was sinilar (Table
3). The plot of wihg length against chick age showed that wing
lengths were similar‘in the two groups up to 6 4 of age, at which
time the lengths of tﬁe wings of chicks from large eggs began to
increase rapidly (Figﬁfe 2). Six days is the youngest age at which
the primary coverts (the longest feathers of the wing in nestling
murres) burst from théir sheaths (Gaston and Nettleship 1981), and
this event was delayed;by several days in chicks which hatched from
small eggs. Consequehtly, differences in wing lengths between the
two groups increased rapidly between 6-10 d of age, and levelled
off by about 12 d of age (Figure 2). At 14 d, chicks from small
eggs had wings similag in length to those of 12 d old large-egg

1

chicks.
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Parent gquality effects on chick growth

In neither year were there significant correlations between the
growth in mass or wing length of foster chicks between 2-14 d and
the size of egg laid by the adoptive parents, indicating that the
size of egg a pair produced did not predict their ability to grow,
a chick (Table 4). Consequently, chickfmass and wipg length at 14
d was independent of the size of egg produqé& by the adoptive
parents. With variation in age at nest departuie aéntrbiled using
partial correlation, there was likewise no correlatidn between mass
at nest departure and aygg size laid in either year, or betwéen wing
length at departure ah& egy size 1aid in 1995. 1In 1994, there was
a weak but 31gn1f1cant correlation between wing length at departure
and the size of egg 1aid by the adoptive parents (Table 4).

An important measure of parent quality is the rate at which the
chick is provisione@,iwhich is reflected in its growth rate. To
examine the relative ;qntributions of egg size and provisioning to
growth in wing length;”foster egg size and growth in body mass 2-14
d were entered as 1nd$pendent variables into a multiple regression,
{fwith 14 d wing length Fhe dependent variable. In both years, the
multiple regressions ;were significant; together, egg size and
growth rate explainedl42% (1994) and 47% (1995) of the variation in
14 d wing length. Béth egg size and growth in mass contributed
significantly to thesé multiple regressions in both years (all 1-
tailed p-values < q.di).

To examine the réiationship between nutrition and wing growth

in more detail, wing igngth was plotted against chick age for the



one-third of chicks g?at gained the most mass between 2-14 d and
the one-third of chické that gained the least mass, with data from
the two years combinéd. There was no difference in the gize of
eggs from which the féétest- and slowest-growing thirds of chicks
hatched, but the faét-growing chicks gained 51% more mass on
average between 2-14 dlof age than the slow-growing chicka (Table
5). Differences in ﬁing length with age between the two groups
increased slowly but steadily to about 12 d, then began to increase
rapidly (Figure 3). Between 12-14 d of age, fast-growing chicks
grew their wings at 4.1 mmd™ on average, compared to 3.2 wmd® in

the slow-growing chicks.

Egg size and nutritionél effects on growth of control chicks

To examine the reiationships between egg size, nutrition, and
chick growth under na£ural conditions, these analyses were repeated
for unmanipulated breéders. As in the egg switch experiment, egg
sizes were similar in:1994 and 1995 for control breeders, and chick
growth was better in i§94 (Table 6); at 14 d of age, chicks in 1994
were ca. 20 g heavier ﬁhan in 1995. There were very similar weak,
but significant, positive correlations of 14 d chick mass on egqg
size in the two years (Table 6). In multiple regression analyses,
egg size and growth in mass between 2-14 d explained 33% (1994) and
35% (1995) of the variation in 14 d wing lengths. However, only
growth in mass contrigﬁted significantly to the multiple regression
in 1994 (1-tailed P <:0.01); the effect of egyg size was positive,

but non-significant (1-tailed p > 0.1). Conversely, in 1995, eqgg
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size and growth in mass 2-14 d both contributed significantly to
determining 14 4 w;né length (both 1-tailed p-values < 0.01).

To examine this difference between the two years in detail, the
differences in wing length with age between chicks which hatched
from the largest and smallest one-third of eggs were plotted, as
were the differences in wing length with age between the one-third
of chicks which gained the most and the least mass between 2-14 d,
in the two years separately. Mean egg sizes and growth in mass 2-
14 4 for these groups are given in Table 6. 1In 1994, there was
little difference in mean wing length with age between chicks from
the largest and smallést thirds of eggs, while the difference in
wing length hetweenlfast- and slow-growing chicks increased with
age, most steeply betﬁeen 6-12 d of age (Figure 4). In 1995, the
differences in wing iéngth with age between large- and small-eqqg
chicks, and between fést- and slow-growing chicks, were apparent:
chicks that hatched fr;m the largest third of eggs, and that gained
the most mass betweéna2-14 d, both had better wing growth than the
small-egg and slow-gréwing chicks (Figure 4). Differences due to
egg size increased syéadily between 5-11 d, similar to the effect
seen in the experiméﬁtal samples, while the differences due to

nutrition increased repidly and steadily after S d.

Consegquences of varié;ion in chick growth
To examine hqw_thé growth or development of the chick affects
the age at which it 19§ve§ the nest, age at departure was regressed

Ty

against 14 4 body mass and 14 4 wing length. Because there is

e
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often a negative relgﬁionship between hatching date and departure
age in Thick=-billed Mérres (Gaston and Nettleship 1981; Gaston et
al. 1983; Birkhead and’ Nettleship 1987), variation due to hatching
date was controlled uéing partial correlation. Chick ages at nest
departure were negatively correlated with 14 d wing length in 1994
in both the experimental and control samples (Table 7). There was
also a weak, but significant, negative correlation of departure age

on 14 d body mass in 1994 in the control sample.

DISCUSSION

Th; results of pxevious experimental studies suggest that, if
present, egg size effécts tend to:occur earlier, and parent quality
effects later, in the nestling period (Amundsen and Stokland 1580,
Reid and Boersma 1990; Magrath 1992; Amundsen 1995; reviewed in
Williams 1994). Therefore, while egy size might affect the initial
size of the chick, ;nd possibly its early survival (Parsons 1970;
Bolton 1981), parental quality largely determines the condition of

the offspring at nest departure.

In this study, ear%y featﬁer development was enhanced in Thick-~
billed Murre chicks tp;t hatched from large eggs compared to those
that hatched from small eggs. In largé-egg chicks, the primary
coverts burst from tﬁé sheaths 2-3 d earlier, and this advantage
was maintained until nast depafture. Egg size also influenced the

initial mass of the chick, and the egg size-chick mass correlation
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was maintained until gotential departure age in the year of slower
growth. Initial diffe;ences in mass disappeared before 14 d of age
in the year of betterjérowth. In neither year did the size of the
egg affect the rate ai which the chick gained mass.

Risk of predation at the nest may be an important factor which
has favoured a reduced nestling period in the intermediate alcids,
which often nest on exposed sites (Cody 1973; Birkhead 1977; Gaston
1985; Hatchwell 1991);: Despite this danger, chicks must remain at
the nest until they develop sufficiently to allow them to depart
(Birkhead 1977). In this study, Thick-billed Murre chicks with
longer wings departed!to sea younger than those with shorter wings
in one of two years, éhd this appears to be a general relationship
in this species (e.gg, Gaston and Nettleship 1981). As early
departure mighf impf;ve a chick's chance of survival (Hatchwell
1991; Harris et al. 1952), and because egg size and wing growth are
positively related, ;hére is a potential life-history advantage to
producing a large egél

Nest departure inﬁblves a gliding descent from high on a cliff
to the sea. 1In young‘Thick-billed Murres, the primary coverts act
" as the brincipal planiﬁg surface for this glide because the growth
of the primaries is de;ayed until after nest departure (Gaston and
Nettleship 1981). Hortglity at nest departure is high because many
chicks fail to unite Qith their parent at sea, often because they
descend too steeply off the cliff and strike ledges below, or land
on the beach rather thén the sea (Williams 1975; Daan and Tinbergen

1979; Gilchrist and Gaston in press). Consequently, there may be
e ]

b
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strong selection for chicks to reach a threshold wing-length or

optimal wing-loading while at the nest (Birkhead 1977; Hatch 1983).
This may be a critical factor in the departure decision, which is_
taken primarily by the chick (Gaston and Nettleship 1981), and
could explain why chicks with longer wings tend to depart younger.
More general plumage development could also be important, because
chicks must thermoregulate once on the sea (Gaston and Nettleship
1981). However, at Akpatok Island, N.W.T. in 1993, where chicks
departed at exceptionally low weight, many were still covered in
down and showed retarded growth of body feathers, although they had
wings of normal length (G. Chapdelaine, personal communication;
JMH, personal observation).

There was also a nggative correlation between mass at 14 d and
departure age among céntrol chicks in one of two years (although
the correlation witﬁ 14 4 wing length was stronger in the same
sample), and“iﬂ all exﬁerimental and control samples the direction
of this felationship wés negative. This accords with a theoretical
model of nest departufé in alcids developed by Ydenberg (1989) and
Ydenberg et al. (1995), which predicts that, other factors being
equal, large chicks wi;l depart younger than small chicks. Because
there was a positiveﬁfelationship between egg size and chick mass
well into the nestling period in one year, this might be another
advantage to hatching;from a large egg. A large body also might
allow a chick to withstand short periods of starvation better, so

that large-egg chicks might have a survival advantage. However, I

did not test this hypothe51s.
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Thick-billed Murre chicks from eggs of different size hatch at
similar size, but differ in the size of their yolk sacs (Birkhead
and Nettleship 1984). JCQnsequently, post-hatching differences in
the development of chicks from different-sized eggs are likely to
be caused by differences in the size of this Yolk reserve. There
is indirect evidence that the size of the yolk is maximized in the
intermediate species. Duncan and Gaston (1988) showed that Thick-
billed Murre hatchlings have a yolk sac twice as large, relative to
chick size, as in semi-precocial and precocial species. This may
be a consequence of an incubation preriod that is shorter than
expected for the size'bf the egg, compared to other alcids (Gaston
and Jones in prep).  However, it is unknown whether this short
incubation period isﬁan adaptation to hatch a chick with a large
yolk, rather than bein§ a consequence, for example, of differences
in nesting habit betwe;n open~ and hole-nesting species (Rahn and
Ar 1974). The results of Hatchwell and Pellatt (1990) also suggest
the importance of a large yolk: in a year when feeding conditions
during the pre-laying period were poor, Common Murres produced eggs
with full-sized yolks although two extra days of yolk formation
were reéuired. The mean difference in egg mass between years was
edual to the difference in albumen mass.

If differences in feather growth between large- and small-egg
chicks are caused by @@fferences in the size of the yolk sac, this
poses the question ?f<how Yolk reserves influence feather growth?
Little is Xxnown about how variation in egg composition affects

chick development in wild birds (Williams 1994). However, the
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availability of the-sglfur-containing amino acids may limit the
rates both of egg production (Murphy 1994; Houston et al. 1995),
and the production of feathers during moult (Murphy and King 1992).
Lesser Black-backed Gulls provided with additional, high gquality
protein produced larger c-eggs because the yolk protein content of
these eggs was increased (Bolton et al. 1992). It may be that
female Thick-billed Murres that can obtain more protein (and hence
the limiting amino acids) in their diet produce larger yolks, and
therefore larger eggs, suggesting an advantage to birds with better
foraging skills. 1In agreement with this hypothesis, experienced
Thick-billed Murres deposit yolk more quickly than young birds, and
produce larger egygs w;th larger yolks (Hipfner et al. in prep.).
As the protein in the yolk is used by the chick to produce feathers
(Romanoff and Romancff 1949), a large yolk sac at hatqh;ng might
provide a larger reserﬁe of the sulfur-containing aminﬁ acids that
otherwise may limit feéther growth. The protein in birds' eggs is
unusually rich in théég sulfur-containing amino acids (Houston et
al. 1995).

In addition to the chicks, the eggs of the intermediate alcids
are, in many respects,;intermediate between those of semi-precocial
and precocial alcids; Generally, in comparison to more altricial
bird families, specié# in more precocial families produce larger
eggs with relatively more yolk and less albumen and water (Carey et
al. 1980). In precociﬁl birds, an increase in egg size results in
proportional increaseé in yolk and albumen content, while in more

altricial birds, larger eggs have proportionately more albumen and
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less yolk (Hill 1995); The intermediate ané semi-precocial (e.q.
Atlantic Puffin Frateréula arctica) alcids produce small eggs with
small yolks compared;to those of the precocial Ancient Murrelet
Synthliboramphus antﬁéuus (Sealy 1975; Birkhead and Nettleship
1984; Birkhead and Gaston 1988). However, in intermediate and
precocial species, increases in egg size result in proportional
increases in yolk an& albumen content, while in.semi-precocial
species, larger eggs have proportionately more albumen and less
yolk (Birkhead and Nettleship 1984; Birkhead and Gaston 1988). As
well, Thick-billed Murre and Ancient Murrelet hatchlings have
similar water content: which is lower than that of semi-precocial
hatchlings (Duncan ahd‘Gaston 1988) . Hence, adjustments have been
made in egg compositicn within the Alcidae similar to those made
between more altriciairand more precocial families of birds. This
indicates the importanée of egg composition to post-hatching chick
development, and sugggsts that evolutionary divergences between the
three developmental ;trategies in the alcids depended on changes

made concurrently in their eggs.

Parent quality effects on chick development

In this study, tﬁé size of egg produced by Thick-billed Murre
pairs was a weak predictor of their ability to grow a chick. This
result has been seen in some (Smith et al. 1995), but not all (Reid
and Boersma 1990), preyious studies. However, in the year of better
growth, there was a weak but significant relationship between the

size of egg laid by an adoptive pair and their foster chick's wing



length at nest departure, and all other correlations had positive
directions. Hence, chicks may have benefitted from being raised by
parents that produced large eggs in the year of better growth, but
there was no indication of this in the year of poor growth.

As there is a strong effect of female quality {age/experience)
on egyg size in Thick-billed Murres (Hipfner et al. in prep.), some
discussion of the weakness of the parental effect, measured by egg
size, is warranted. Some possible explanations include: (i) the
effect of adult age on chick growth may be weaker than the effect
on egg size.. However,:defggrest and Gaston (1996), despite having
a rather small samplé*size:hqid find an effect of parental age on
chick growth in Tniék-billéd Murres; (ii) among older females,
there is a consideraﬁ;e range in the size of eggs laid (Hipfner et
al. in prep.), so tﬁ;t some experienced birds nevertheless lay
small eggs; (iii) ol¢e¥ birds may have been over-represented in the
sample, because theyht?nd to occupy good breeding sites (de Forest
1993), so are more liﬁ;if than younger birds still to have an egg
late in the incubation period (deForest and Gaston 1996), when the
eggs were switched; aﬁa (iv) if producing a large egg is taxing to
the female, then shg might later invest less in foraging for the
chick. This effect cép;d be more marked when food availability is
low, since provision%hg the chick is more demanding under these
conditions (Monaghan;%t al, 1994).

Whether or not egg size accurately measures parent quality in
terms of chick growfh; there was a strong effect of provisioning

rate on wing growth.'?Among experimental chicks, first egg size,
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and then nutrition, were important determinants of wing growth.
This suggests that early feather production was determined by the
size of the yolk resé;ves, and later by the diet. Among control
chicks, a similar efféct occurred in the year of slow growth. 1In
the y;ar of fast grow?h, differences in the rates of provisioning
began to affect wing growth soon after hatching, and in that year,
there was little effect of egg size. This suggests that when the
diet is adequate, the rate of income of the necessary nutrients is
sufficient to override disadvantages incurred from a small reserve
at hatching. This, and the correlation between egg size and chick
mass up to potential dgparture age in 1995, supports the view that
large eggs are particularly advantageous when conditions for
raising young are unfa@ourahle (Williams 1994, Smith et al. 1995).

In summary, I suggest that variation in egg size has important
consequences to chickééevelopment in Thick-billed Hurres.u Chicks
from larger eqggs devglop their wing feathers more quickly, which
potentially prepares éhem to depart younger, and perhaps increases
their chance of survival. Ricklefs (1979) has suggested that post-
hatching chick develPQment involves compromises, and that chicks
should allocate the 1iﬁited resources in the manner which maximizes
their fitness. 1In the.Giant Canada Goose Branta canadensis maxima,
nutrients in the yol& sac are allocated preferentially to rapid
development of the digestive tract post-hatching, which is critical
because the chick's diect is deficient in essential amino acids, and
the digestibility is‘low {Peach and Thomas 1986). The growth of

the wing feathers is delayed. This difference between geese and



murres, and the observations on differences in egg characteristics
within the Alcidae, indicate that it may be most productive to
examine the relationship between egg characteristics and pocs =~

hatching chick development in light of the ecology of the species

under consideration.

ACKNOWLEDGEMENTS
I am most grateful to Josiah Nakoolak for assistance in the field
in both years, and to Grant Gilchrist for help in 1995. Thanks to
Lynn Peplinski and staff of the Science Institute of the Northwest
Territories, and the‘ﬁolar Continental Shelf Project of Enerqy,
Mines, and Resourceslpanada, for logistical support. Funding to
conduct this researchiﬁame from the Canadian Wi}dlife Service, the
Natural Sciences and Engineering Research Council of Canada, and

the Northern Studies Training Program,



66
LITERATURE CITED

Amundsen, T. 1995. Egg size and early nestling growth in the Snow
Petrel. Condor 97:245-351.

Amundsen, T. and Stokland, J.N. 1990. Egg size and parental quality
influence nestling growth in the Shag. Auk 107:410-413.

Birkhead, T.R. 1977. Adaptive significance of the nestling period
of Guillemots Uria aalge. Ibis 119:544-549.

Birkhead, T.R. and Nettleship, D.N. 1982. Adaptive significance of
egg size and laying date in Thick-billed Murres Uria lomvia.
Ecology 63:300-306.

Birkhead, T.R. and Nettleship, D.N. 1984. Egg size, composition,
and offspring quaiity in some Alcidae (Aves: Charadriiformes).
Journal of ZOOIOgy; London: 202:177-194.

Birkhead, T.R. and ﬁé%tleship, D.N. 1987. Ecological relationships
between Common Murres Uria aalge and Thick-billed Murres Uria
lomvia at the Gannét Isles, Labrador. I. Morphometrics and
timing of?breeding. Canadian Journal of Zoology 65:1621-1629.

Birkhead, T.R. and Gaston, A.J. 1988. The composition of Ancient
Murrelet eggs. Concor 90:9v5-966.

Bolton, M. 1991, Defé;minants of chick survival in the Lesser

5”:Black-backed Gull;frelative contributions of egg-size and

‘ parental quality. Journal of Animal Ecology 60:949-960.

Bolton, M., Houston,-?. and Monaghan, P. 1992. Nutritional
constraints on egy Formation in the Lesser Black-backed Gull: an
experimental study. Journal of Animal Ecology 61:521-532.

Carey, C. Rahn, H. and Parisi, P. 1980. calories, water, lipid and



L ¥

yolk in avian eggs% Condor 82: 335-343.

Cody, M.L. 1973. Coexistence, coevolution, and convergent evolution
in seabird communities. Ecology 54:31-43.

Daan, S. and Tinbergen, J. 1979. Young Guillemots Uria lomvia
leaving their Arctic breeding cliffs: a daily rhythm in numbers
and risk. Ardea 67:96-100.

de Forest, L.N. 1593. The effects of ége, timing of breeding, and
breeding site characteristics on the reproductive success of the
Thick-billed Murre Uria lomvia. Master's thesis. University of
Ottawa, Ottawa, Canada.

de Forest, L.N. an& Gaston, A.J. in press. The effect of aga on
timing of breeding and reproductive success in the Thick-billed
Murre. Ecology. -

Duncan, D.C. and Gastén, A.J. 1988. The relationship between
precocity and bodyiéomposition in some necnate alcids. Condor
90:718-721. |

Furness, R.W. 1983. Vﬁriations in the size and growth of Great Skua
Catharacta skua chicks in relation to adult age, hatching date,
egg volume, brood size, and hatching sequence. Journal of
Zoology, London 155:101-116.

Galbraith, H. 1988. Effects of egg size and composition on the
size, quality, and ;urvival of Lapwing Vanellus vanellus chicks.
Journal of Zoology, London 214:383-398.

Gaston, A.J. 1985. Development of the young. pp 319-354. In: The

Atlantic Alcidae. iédited by: D.N Nettleship and T.R. Birkhead.

Academic Press, Toronto.



68

Gaston, A.J. 1992. The Ancient Murrelet. T and A.D. Poyser, London.

Gaston, A.J. and Nettleship, D.N. 1981. The Thick-billed Murres of
Prince Leopold Island. Canadian Wildlife Service Monograph
Series No. 6. Ottawa, Canada.

Gaston, A.J., Chapdelaine, G. and Noble, D.G. 1983. The growth of
Thick-billed Murre chicks at colonies in Hudson Strait: inter-
and intra-colony variation. Canadian Journal of Zoology 61:2465-
2475,

Gaston, A.J., de Forest, L.N. and Noble, D.G. 1993. Egg recognition
and egg stealing in Thick-billed Murres Uria lomvia. Animal
Behaviour 45:301-306.

Gaston, A.J., de Foiest L.N., Gilchrist, G., and Nettleship, D.N.
1993. Monitoring fﬁick-billed Murre populations at colonies in
northern Hudson Bﬁg, 1972-1992. Canadian Wildlife Service
Occasional Papers No. 80.

Gaston, A.J., de Foreét, L.N., Donaldson, G. and Noble, D.G. 1994.
Population parameters of Thick-billed Murres at Coats Island,
Northwest Territories, Canada. Condor 96:935-948.

Gaston, A.J. and Jones, I.L. in prep. The Alcidae.

Gilchrist, H.G. and éaston, A.J. in pféss. Condor.

Grant, M.C. 1951. Rel&tionships between egg size, chick size at
hatching, and chick survival in the Whimbrel Numenius bhaeopus.

N Ibis 133:127-133. '

Harris, M.P., Halley, D J. and Wanless, S. 1992. The post-fledging

survival of young Guiliemots Uria aalge in relation to hatching

date and - growth IblS i34:335- =339.



&9

Hatch, S.A. 1983. The fledging of Common and Thick-billed murres on.
Middleton Island, Aéaska. Journal of Field Ornithology 54: 266-
274. o

Hatchwell, B.J. 1991iiAn experimental study of the effects of
timing of breeding on the reproductive success of Common
Guillemots Uria aalge. Journal of Animal Ecology 60:721-736.

Hatchwell, B.J. and Pellatt, J. 1990. Intra-specific variation in
egg composition and. yolk formation in the Common Guillemot Uria
aalge. Journal ofonology, London 220:279-286.

Hill, W.L. 1995. Intraépecific variation in egg compesition. Wilson
Bulletin 107:382-387.

Houston, D.C., Donnan,;D., Jones, P., Hamilton, I. and Osborne, D.
1995. Changes in the muscle condition of female Zebra Finches
Poephila guttata dﬁ%ing egg laying and the role of protein
storage in bird skeietal muscle. Ibis 137:322-328.

Hussell, D.J.T. 1972. Factors affecting clutch size in Arctic
passerines. Ecologibal Monographs 42:317-364. ;

Hipfner, i}n., Gaston, A.J. and de Forest, L.N. in prep. The roib
of female age in defermining egg size and laying Qate in Thicﬁ;
billed Murres Uria 1omvia. | )

MacGrath, R.D. 1992. fhe’effect of egg mass on the growth and
survival of blackbirds: a field experiment. Journal of Zoology,
London 227:639-655h

Meathrel, C.E., Brad;e&, J.S., Wooler, R.D. and Skira, R.J. 1993.
The effect of pareﬁtal condition on egg size and reproductive

success in Short-téiled Shearwaters Puffinus tenuirostris.



70
Oecologia 93: 162-154.

Monaghan, P., Walton, P., Wanless, S., Uttley, J.D. and Burns, M.D.
1994. Effects of érey abundance on the foraging behaviour,
diving efficiency,‘and time allocation of breeding Guillemots
Uria aalge. Ibis 136:214-222.

Moss, R., Wgtson, A, Rothery, P. and Glennie, W.W. 1981. Clutch
size, egg size, hatch weight, and laying date in relation to
early egg mortality in Red Grouse Lagopus lagopus scoticus
chicks. Ibis 123:456-462.

Mueller, H.C. 1990. The evolution of reversed sexual dimorphism in
size in monogamous épecies of birds. Biological Reviews 65:553-
585, -

Murphy, M.T. 1994. Aﬁiﬁo acid compositions of avian eggs and
tissues: nutritioééi implications. Journal of Avian Biology
25:27-38. h

Murphy, M.T. and Kin%, J.R. 1992. Energy and nurient use during
moult by White-crowﬁed Sparrows Zonotrichia leucophrys gambelii.
Ornis Scandinavic§f23:304-313.

_pllason, J.C. and Duénet, G.M. 1985. Relative effects of parental

| performance and eg&'quality on breeding success of Fulmars
Fulmarus glacialis. Ibis 128:290-296.

Parsons, J. 1970. Re;§tionship between egg size and post-hatching
chick mortality iﬁlthe Herring Gull Larus argentatus. Nature
228:1221-1222. |

Peach, H.C., and Thomas, V.G, 1986. Nutrient composition of yolk in

relation to early growth of Canada Geese. Physiological Zoology

LN



71
59:344-356.

Rahn, H., and Ar, A. 1974. The avian egg: incubation time and water
loss. Condor 76:147-152.

Reid, W.V., and Boersmg, P.D. 1990. Parental quality and selection
on egg size in théinagellanic Penguin. Evolution 44:1780-1786.

Ricklefs, R.E. 1979. Adaptation, constraint and compromise in avian
post-natal development. Biological Reviews 54:269-290.

Romanoff, A.L. and Romanoff, A.J. 1949. The avian egg. Wiley, New
York. ]

Sealy, S.G. 1973. Adéptive significance of post-hatching
development patterns and growth rates in the Alcidae. Ornis
Scandinavica 4:113;121.

Sealy, S.G. 1975. Egg}size of murrelets. Condor 77:500-501.

Smith, H.G., Olssen, T. and Wettermark, K.J. 1995. Adaptive
significance of egg size in the European Starling: experimental
tests. Ecology 76£1¥7.

Williams, A.J. 1975. Guillemot fledging and predation on Bear
Island. Ornis Scaﬁéinavica 6:117-124,

Williams, T.D. 1994. Intraspecific variation in egg size and eqg
composition in bif&s: effects on offspring fitness. Biological
Reviews 68:35-59. .

Ydenberg, R.C. 1989. é;owth—mortality trade-offs and the evolution
of juvenile life hiétories in the Alcidae. Ecology 70:1496~-1508.

Ydenberg, R.C., 01ark;‘c.w., and Harfeﬁist, A. 1995. Intraspecific
fledging mass variation in the Alcidae, with speciai reference

to the seasonal fledging mass decline. American Naturalist



145:412-433.

72



10°0 > d partel-¢ xx ‘60°0 > d perre3-z ‘sisex-3

6°ZF 6'8F G°'TEF L*¥F Z 12¥ ¥ y¥ 0°0ZF 6°PIF I°9T+

622 ¥y*'6. T'02¢ voEg L"Z8T T°8¢ C*¥0T ¥‘602 L°80¢2 Le G66T

9°2ZF PrLF 2hLeF S ¥F 9°6TF o =N £°6TF ¥°SI¥F £*8T+

0*¢e L*LL 9°te2 L*yS 0*66T T°82 g8°9TT c*'902 £°TO0C €€ 4123
butm £SSPH putm x¥SStH AT poxsjsogd TIAT pred N Jear

ahy butm SSel

aanjaedop je S2TS

P ¥T 3e °2TS

P ¥T1-2 Yymoad

~-Z yamoxb 1oz seozys ordues o4l ’‘ve6T UI

*(butm) wm pue (ssew) b Ul 92Ie sSjusWEINSEIW YIMOID °*0f I P ¥I

*juautIadxa yojztms bbHo Byl ur SIOTYD I03 sIojaueaed

yjmoxbh pue ‘(mo) seoypuy aunfoA bH6s Jo (@S F uesH) saesl usemjzeq suosTaedwoD :T ofgel

€L

Y



74
Table 2: Correlation coefficients (r) with foster egg volume index
for foster chick growth parameters. In 1994, the sample sizes for
growth 2-14 @ are 30; Departure age was partialled out of the

correlations with size' at departure.

Growth, 2-14 d Size at 14 4 Size at departure
Year N Mass Wing Mass Wing Mass Wing
1994 33 =-0.29 +0.52%% -0.08 +0.51%% -0.26 +0.33%*
1995 27 +0.21 +OQ45** +0.41% +0.51%% +0.15 +0.52%%

* 1-tailed p <0.05; ** 1-tailed p < 0.01.
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Table 3: Comparisons of foster egg sizes (cm’) and chick
growth (g) (Mean + SD) for the one-third of chicks from

the largest and smallest eggs, with the two years combined.

Mean egg Mean growth
Group volume index (N) in body mass, 2-14 d (N)
Largest 1/3 225.9 + 7.9 (20) 110.6 + 19.8 (19)

Smallest 1/3 191.9 + 6.3 (20) 110.7 + 19.1 (19)
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Table 4: Correlation coefficients (r) with the volume index of
eggs laid for foster chick growth parameters. In 1994, the sample

sizes for growth 2-i4 d are 30. Departure age was partialled out

of the correlations with size at departure.

Growth, 2-14 4 Size at 14 a Size at departure
Year N Mass -Wing Mass Wing Mass Wing
1994 33 +0.21 +0.07 +0.24 +0.16 +0.22 +0.30%

* 1-tailed p < 0.05.
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Table 5: Comparisons of foster egg sizes (cm’) and chick
growth (g) (Mean + SD) for the one-third of chicks which

gained the most and the least mass between 2-14, with

1994 and 1995 combined (both N = 19).

Mean egg Mean growth in
Group volume index body mass, 2-14 4
Most 1/3 204.4 + 14.0 132.4 + 8.7

Least 1/3 204.7 + 16.2 87.5 £ 11.9




*€0°0 = d paTTe3~T ‘9Z°0+ == I :G661

{v0°0 = d patTe3-T ‘GZ 0+ = I :966T :IAT pue SSPX P P USIMIDQ SUOTILTSII0D .

*I10°0 > d perie3l~Z ‘S3S93-3 »»

T°0TF L 6+ SO0+ 6°LF T°6T+ 8°8T+
L*'06 S TET ST €°98T grLee 6T - 6°68T 9°L0C 9§ GE6T
S'I1F+ 2TIF L LF 9'CT+ 2 12¥ 8" 8T+
Z2°'86 (A A LA T°16T g ote 6T 9°80¢ £°0TC LS ve661
€/T 38897  ##¢/T IS0 N  €/T 3IsoTTeWS £/T 389b3eT N  sySSew p ¥1 IAd N JIeax
P ¥I-Z ymoxd IAT . : 2oTdues aToum

bbo) wo ut axe sjusmsansesy

. (yamoab) b pue ’‘(IAT ‘Xopuy sunyoa

P ¥YI-Z uosomjleq 3seal 9Yjl pue 3sowm ayjz maxb (17) pue ’‘sbba

Iso(Teus pue 3sebael ay3z woajy payojzey (T) eyl sYOTYD JO SPATU3 oY) I0J pue ‘sIopssaq

Toajuod TT® jo saajamexed yimoab 3oTyo J03 (gs F uesay) savek usemijeq suostaeduwo) :9 ITqRL

8L



79

Table 7: Correlation coefficients with age at nest departure for

chick growth parameters. Hatching date was partialled out of all

correlations.

Sample Year N 14 d body mass 14 d wing length

Egg switch 1994 33 ~0.19 <0.44%*
1995 27 =-0.23 -0.07

Control 1994 57 -0.23% ~0.33%%
1995  S6 -0.11 +0.02

* l-tailed p < 0.05;'**1-tailed p < 0.01.
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Figure 1: Scatter plots showing the relationship between 12 d wing
length and egg volume index of chicks in the egg switch experiment

in 1994 (top) and 1995 (bottom).
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Chapter (: Effects of Parental Quality

and Envirouamental variation on the Growth

of Hestling Thick-billed Murres

Abstract.~ Measures of reproductive success decline with date in
many bird species. For example, in the Thick-billed Murre Uria
lomvia, an Arctic-breeding seabird which raises a single chick,
late-hatched chicks tend to grow more slowly, and depart the nest
lighter, than early-hatched chicks. For Thick-billed Murres at
Coats Island, N.W.T., Canada, in 1994 and 1995, I examined whether
the decline in growth f;te with hatching date was caused by timing
of breeding effects (the "seasonal deterioration" hypothesis) or by
the late breeding of iess capable individuals (the "parent quality"
hypothesis). I removed the egg from a sample of early-breeding
birds, inducing them to re-lay. The growth of their chicks then
was compared with unmahipulated early-breeding birds whose chicks
hatched 18-19 d earlier. 1In both years there were declines in
chick growth rate with hatching date among control birds. However,
in both years the experimental chicks grew as well as the chicks of
unmanipulated, early-breeding birds. This result supports the
"parent quality" hypothesis, but not the "seasonal deterioration"
hypothesis. I suggest that the late laying of poor quality birds
is the likely proximat:e cause of many of the seasonal declines in

reproductive performance associated with the breeding of the

Alcidae,
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INTRODUCTION

Perrins (1970) proposed that the timing of egg-laying in birds
results from an interaction between the evelutiocnary advantages of
early breeding, and physiological constraints acting on individual
females prior to and during the period of egg formation. In this
view, two factors influence reproductive success: parental quality
and timing of breeding. Earlier breeding is advantageous because
conditions for raising young deteriorate late in the season.
However, poor quality birds cannot produce eggs early and
consequently raise their young when conditions are worse. 1In many
bird species, the younger, less experienced members of the
population lay later tﬁan older, more experienced members (reviewed
in Ssaether 1990), and reproductive success declines with date
(reviewed in Perdeck and Cave 1992).

Because of the causal relationship between parent quality and
timing of breeding, it can be difficult to distinguish their
relative effects on reproductive success. The best way to do this
is to experimentally manipulate timing of breeding, for example, by
inducing early-laying. high quality birds to breed late in the
season (e.g., Verhulst et al. 1995). If the population-wide
seasonal declines in reproductive success result from a timing
effect, then the success of the experimentally-delayed birds should
follow this decline. ponversely, if the declines result from the
iate breeding of pcor:quality birds, then the experimental birds
should be as successfﬁl as unmanipulated early-laying birds, and

more successful than late-laying birds. In experimental studies,



timing of breedingldetermined reproductive success in some cases
(Brinkhof et al. 1993; Norris 1993; Wiggins et al. 1994), but not
in others, after controlling for parental quality {de Forest and
Gaston 1996). In other studies, both timing and quality affected
reproductive success (Verhulst et al. 1995). In colonial species,
timing relative to others in the population, rather than calendar
date, may be important (Hatchwell 1991). Finally, while conditions
may decline late in the season, high quality birds can perhaps
compensate for this (Brouwer et al. 1995).

For species that breed in seasonal, time-limited environments,
such as the Arctic, timing may be critical because the duration of
conditions favourable for breeding is short. Hence, there should
be strong selection for early laying, and individuals that breed
outside of the best period should experience reduced reproductive
success. Consequently, Arctic-breeding birds provide excellent
subjects for examining the effects of timing of breeding and parent
quality on reproductive success.

Thick-billed Murfes Uria lomvia are colonial, cliff-nesting
seabirds of Arctic waters. They lay a single egg, and feed their
chick at the nest for?15-30 d, at which time the chick departs to
the sea at up to 25% of adult mass (Gaston and Nettleship 1981).
In agreement with Perrins' hypothesis, older, more experienced
Thick~billed Murres lay earlier than young birds (de Forest and
Gaston 1996; Hipfneflgt al. in prep.), and reproductive success
declines with daté (Birkhead and Nettleship 1981; Gaston and

Nettleship 1981; de Forest and Gaston 1996). Late~hatched chicks
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tend to grow more slowly, and depart the nest lighter, than early-
hatched chicks, and this most often has been attributed to reduced
food availability late in the season (Birkhead and Nettleship 1981,
1982; Gaston and Nettleship 1981). Gaston (1985) suggested that
the declines in growth rate with hatching date also could be caused
by: (i) declines in egg size with laying date causing corresponding
declines in growth rates (Birkhead and Nettleship 1982); (ii) lower
temperatures late in the season increasirg the maintenance energy
requirements of chicks (Uspenski 1956); (iii) fewer daylight hours
late in the season reducing the time available for adult birds to
forage; and (iv) 1atefhatched chicks, if less likely to survive,
warrant less investﬁeﬁt from their parents. Hypothesis (i) is
unlikely because recent work has shown that growth in body mass is
independent of egg size in Thick-billed Murres (Hipfner and Gaston
in prep.). Hypotheses (ii)~(iv), like the food availability
hypothesis, are effects of timing of breeding.

I tested whether the declines in growth rate with hatching date
in nestling Thick-bilied Murres result from a timing effect (the
"seasonal deterioration" hypothesis), or from the late-laying of
poor quality birds (the "parent quality" hypothesis), by removing
the egg from early-breeding birds, inducing them to relay. As the
two hypotheses considered are not mutually exclusive, the question
addressed in this paper is whether chicks raised by high quality,
but late-breeding birds show reduced growth compared to those of
early-breeding high qﬁ&lity birds.
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STUDY AREA AND METHODS

This study was conducted at Coats Island, N.W.T., Canada (62°
S7'N, 82° 00" W), in 1994 and 1995. The Thick-billed Murre colony
there consists of two sub-colonies of similar size, separated by 1
km of coastline, which together include ca. 30,000 breeding pairs
(Gaston et al. 1%93). Among murre coleonies of the eastern Canadian
Arctic, Coats Island is noteworthy for the fast growth rates of

chicks (Gaston et al. 1983).

Intra-year variation

In mid-July of both years (just prior to the start of hatching)
all sites at which an‘égg was present were mapped and numbered on
a series of plots in two areas near the top of the colony. Every
egg was marked with its site number in permanent ink, and its
length and maximum breadth was measured to within +0.1 mm using
vernier calipers. Subsequently, all sites were checked at 2-3 d
intervals through the season, depending on the weather; on two
occasions during the mid chick-rearing period in 1994, checks had
to be delayed to 4 d.

The first time a chick was present at a site, I estimated its
hatching date and individually marked it with a binary code of nail
clipping. Each chick was banded when large enough. At every
visit, each chick was weighed to within #1 g with a 300 g spring
balance, and the lengtﬁ of the right wing was measured to within +1
mm with the wing held flat and straight against a ruler. All

visits were made betwecen 0900 and 1200 h.



Egg removal experiment

To examine seasonal effects on chick growth while contrelling
for parent quality, I experimentally delayed a sample of early-
breeding birds in both years. I mapped and numbered 25 sites on
each of two plots, and then measured and removed the eggs. This
was done on 25 and 26 June (ca. median laying date at this colony),
using different plots in the two years. As the background colour
and pattern of markings is repeated on eggs laid by the same murre
(Southern 1951), Polaroid photographs of the first eggs were used
to verify that the egg later found at the same site had been laid
by the same female.

These plots were rechecked ca. 45 d later (periods of 14 4 for
egg replacement (deForest and Gaston 1996), and 33 d for incubation
(A.J. Gaston unpublished data) are typical). At this time, the
replacement eggs were measured, and the growth of these chicks was
monitored, using the protocol described above. As a control group,
I selected from among the unmanipulated breeders those which would
have laid before the gate of egg removal, i.e., those where the

chick hatched on or before 28 July (25 June + 33 @ incubation).

Data analysis

As a measure of egg size, I used an index of egg volume (EVI,
length * breadth?) which is linearly related to fresh egg mass in
Thick-billed Murres (r=0.952, Birkhead and Nettleship 1984). The

date of hatching of a chick was recorded as day 1. Measurements at
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2 and 14 4 were estimated using linear interpclation (Hussell 1972)

for those chicks not measured on the exact day. Measurements at 2
d were used as estiméﬁes of initial size because larger samples
were available than for 1 4 old chicks (2 d measurements could be
estimated by interpolation for chicks measured at 1 d)}. Sample
sizes that involve a 2 d measurement (growth between 2-14 d) are
smaller than those that deo not (e.g. 14 d mass) because some chicks
were first measured at 3 d. Only chicks that survived to 215 d are
included in any analysis, because 15 d is the youngest age at which
chicks are known to depart the nest of their own volition (Gaston
and Nettleship 1981); -Therefore, 14 d is the oldest age at which
a sample is unbiased by some chicks having departed (Gaston 1985).
The following definitions are used: (i) maximum mass is the
heaviest mass recorded for a chick, and (ii) age at maximum mass is
the age of the chick at this measurement; (iii) departure mass is
the mass of a chick at last measurement, and (iv) departure age is

the age at last measurement + 1 4. 2all probability values are two-

tailed.

RESULTS

Intra-year variation in chick growth
Thick-billed Murre egg sizes and hatching dates were similar
in 1994 and 1995 (Table 1). Chicks grew significantly faster over
the linear growth phase (2-14 d) in 1994 than 1995, so that masses
at all developmental stages were higher in 1994 (Table 1). Chicks

reached maximum masses and departed the colony about 2 4@ younger on
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average in 1994 than 1995 (Table 1).

Total chick growth between 2-14 d was negatively related to
hatching date in both years, with similar slopes (-1.4 gd™),
although this trend was not quite significant in 1994 (Figure 1).
In both years, there were significant negative correlations between
14 4@ mass and hatching date (Table 2). Maximum and departure
masses also declined significantly with date in 1994, but not in
1995. Conversely, age at nest departure was negatively related to
date of hatching in 1995 (a chick hatched 5 d later than another
departed about 1 4 younger on average), but this trend was not

significant in 1994 (Table 2).

Egg removal experiment

The egg sizes agd hatching dates of the control birds (mean
hatching dates of 23-24 July suggest mean laying dates of 20-21
June) matched those of experienced breeders in both years (Hipfner
et al. in prep)(Table‘3). The first eggs laid by experimentally-
delayed birds were similar in size to those of the control birds in
both years, which suggeéts that the two groups were composed of
birds of similar quaiity (Table 3).

Of the 50 eggs removed in 1994, 31 were replaced and still
present the day the plots were rechecked. These 31 eggs produced
26 departure-aged chidks. In 1995, 22 replacement eggs were still
present when the plots were rechecked; predation by an Arctic fox

Alopex lagopus caused many losses on one of the two plots. Twenty-

one of these chicks reached 15 d of age, but three of these {(the



only remaining chicks on the fox-predated plot) were excluded from
the estimates of maximum and departure masses and ages becausea
there was evidence that their disappearance at 14-15 d of age was
due to the fox. There was no evidence of predation on chicks by
foxes con either plot in 1994, nor on the second plot in 199S5.

In the control group, egy sizes and hatching dates were similar
in the two years (t-tests, p-values > 0.20), but growth was better
in 1994 than 1995 (Table 3). Chick masses at all developmental
stages were higher, and ages at maximum mass and departure lower,
in 1994 compared to 1995 (t-tests, all p-values < 0.01). In the
delayed group, all Qrowth parameters were similar in the two years
(t-tests, all p-values > 0.30) (Table 3).

Chicks of the experimentally-delayed birds hatched 18-19 4
later than those of control birds in both years (Table 3). 1In
1994, growth of the experimental chicks between 2-~14 d was similar
to that of control chicks (Table 3). Although they hatched from
smaller eggs, and so wculd have been lighter at hatching (Birkhead
and Nettleship 1984), the masses of the experimental chicks were
similar to those of the control chicks at all stages. 1In 1994, I
left Coats Island before the departure of 15 of the experimental
chicks; these chicks were 16-22 d of age (mean 18.9 % 1.8 d) and
weighed 177-241 g (mean 217.1 + 15.0 g) on the day I left. Because
the estimate of maximum mass for the experimentally-delayed group
in 1994 includes all és chicks, it must be regarded as a minimum.
Nonetheless, this minimum estimate does not differ statistically

from that of the control group. Age at maximum mass, and departure
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age and mass of the experimental chicks are for the 11 chicks which
had departed when observations ceased in 1994. As the remaining
chicks were, on averags, older at last check than the ages at nest
departure of those whiéh left, the difference in departure ages may
not be real.

In 1995, chick growth between 2-14 d was slightly better in the
experimental than the control group (Table 3). At 14 d, the chicks
raised by delayed birds were significantly heavier than the control
chicks. The experimental chicks reached their peak masses younger,
and departed younger,Lthan control chicks. Maximum and departure

masses were similar befween the two groups, probably due (at least

in part) to the fact that the experimentals departed younger.

[
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DISCUSSION
Why did growth rates decline over the season?

Of the two hypotheses I tested which have been proposed to
account for seasonal déclines in chick growth rates (the "seasonal
deterioration" and “paient quality" hypotheses) only the latter is
supported by these results. Late~hatched Thick-billed Murre chicks
tended to grow more slowly than early-hatched chicks, as in other
studies (Birkhead and ﬁettleship 1981, Gaston and Nettleship 1981,
Gaston et al. 1983).| However, chicks of experimentally-delayed
breeders grew at least as well as those of unmanipulated, early-
breeding birds in both years. This indicates that conditions did
not decline to belcw & threshold at which the growth of chicks of

late-breeding, but high quality parents was affected. Two
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explanations are possible: (i) conditions may have been similar
early and late, at least relative to the abilities of high quality
birds; (ii) in response to their lateness, delayed birds may have
put more effort into provisioning their chicks. In 1995, the
chicks of delayed birds reached similar peak masses at younger age,
and departed younger, than chicks of control birds. This suggests
that their parents might have worked harder to provision them.
There was an indication of this in 1994 as well.

Late-breeding murres could benefit in a number of ways if they
can prepare their young to depart early. Early nest departure
might increase the survival of late-hatched chicks by reducing the
amount of time spent at the colony with few neighbours, and
consequently under a heightened risk of predation (Hatchwell 1991).
Early departure alsd has been associated with increased post-
departure survival in Common Murre chicks Uria aalge in some years
(Harris et al. 1992), Furthermore, because adult murres moult
immediately after breeding (Birkhead and Taylor 1977), there might
be direct benefits to‘the parents of late-hatched chicks if their
young go to sea quickly (Wanless and Harris 1588). Regardless of
which of the mechanisms was operating, the results indicate that
the late-breeding of pnor quality birds, rather than timing per se,
is the primary cause of the seasonal decline in growth rates and
departure masses of Thick-billed Murres at this colony.

Hedgren and Linnman (1979) found that experimentally-delayed
Common Murres were unable to grow chicks as quickly as a control

group. They attributed this to reduced quality of prey late in the
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season. However, they removed eggs well after most birds had 1laid,
so their results may nét be directly comparaple to those presented
here. Nonetheless, their results indicate that there may be direct
effects of timing of breeding on the growth of murre chicks at some
colonies and in some years.

The timing of breeding effect could have causes other than a
reduction in the quality or quantity of food available late in the
season (Gaston 1985). Late-hatched chicks may have to expend more
of the energy available to them for maintenance as temperatures
drop late in the season (Uspenski 1956). In 1994, the experimental
birds were raising chiqks when the daily mean maximum temperatures
were significantly 1o§er (by 3.9° C¢), and the minimums marginally
lower (by 1.1° C), than for the control birds; the corresponding
differences were +0.;:and -0.6° C in 1995. Also, a reduction in
the number of hours of daylight late in the season may affect chick
provisioning. The résults of day-long feeding watches at Coats
Island show that the first feedings of the day tend to occur later,
and the last feedings‘earlier, later in the season (A.J. Gaston
unpublished data). N;ither colder temperatures nor fewer hours of
daylight caused reduced growth in the experimental compared to the
control chicks. At éoipnies in the High Arctic, these effects may
be more pronounced tﬁgn at a Low Arctic colony like Coats Island.
The hypothesis that parents of late-hatched chicks invest less in
their offspring becauss late-hatched young are intrinsically less
valuable is also not supported (Gaston 1985).

Three observations suggest that the within-season patterns of



food availability diffared between years: (i) while 14 d mass was
negatively correlated ﬁith date of hatching in both years, maximum
and departure masses were not in 1995. In that Year, departure age
was negatively correlated with date, so that late-hatched chicks
did not achieve masses similar to early-hatched chicks by remaining
longer in the nest; (ii) while the control chicks grew faster in
1994 than 1995 (suggesting that early in the Year conditions were
better in 1994), the delayed birds grew equally well in the two
years (suggesting that late in the year, conditions were similar);
and (iii) the 14 d masses of experimental chicks were higher than
those of control chické in 1995, while they were similar in 1994.
The simplest explanation for these observations is that, contrary
to the expected pattefn, feeding conditions improved late in 1995,
and this, to some exteﬁt, cushioned late-breeding pairs. While the
importance of between-year variations in food availability to the
breeding success of northern seabirds is well documented (e.g.
Murphy et al. 1991),'within-year variations have received somewhat
less attention. ThLe f;sﬁlts presented here, and elsewhere (e.q.,
Barrett et al. 1987), indicate that variations wiﬁhin years in
feeding conditions mayzalso have measurable effects on the growth
of nestling alcids.

In studies of Thiék-billed Murres breeding at Coats Island, it
has been found that pﬁ;ental quality, more than timing of breeding,
determines egg size (Eipfner et al. in prep.), reproductive success
(deForest and Gaston 1996), and chick growth rates (de Forest and

Gaston 1996; this study) and departure masses (this study). High
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guality birds breed early, but when forced to breed late, they are
as successful as eariy—laying birds. The breeding biology of the
Alcidae is characterizéd by seasonal trends which reflect declining
offspring quality fégg sizes (e.g. Lloyd 1979; Harris 1980;
Birkhead and Nettleéhiﬁ 1982), chick growth rates (e.g. Nettleship
1972; Sealy 1981; Gaston et al. 1983), and chick masses at nest
departure (e.g. Ydenberg 1989), often decline over the season) .
Results from Coats Isiand indicate that the seasonal declines in
offspring quality are'due mainly to declines in parent quality, and
that the putative envifonmental deteriorations may be of secondary
importance. However,Lexceptions to these trends occur (e.g. masses
at nest departure did not decline in 1995), and could be due to

within-year variations in food availability.
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Table 2: Correlations with hatching date for growth parameters.

Slopes are in gd™ or dd'. For growth 2-14 d, N = 43 (1994) and

44 (1995).
Mass at
Growth Age at
Year N Statistic 2-14 4 14 4 Maximum Departure Departure
1994 57 r -0.29 -0.27 -0.30 -0.28 -0.21
P 0.07 0.05 0.02 0.04 0.11
Slope -1.35 -1.24 -1.58 -1.48 -0.10
1995 56 r -0.37 -0.29 -0.16 -0.11 -0.41
P 0.01 0.03 0.23 0.41 0.002
Slope -1.39 -1.18 -0.74 -0.54 =-0.19
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Table 3: Comparisons (Mean + SD) between growth of Control and
Experimental chicks. Hatching dates are from June 1 = 1. P-values

are results of t-tests or Mann-Whitney U-tests; #** p < 0.01.

1994 1995
Parameter Cont (N) Exp (N) p Cont (N) Exp (N) P
EVI 1 (cm?) 212.3 (45) 214.4 (26) 209.1 (49) 213.2 (21)
+18.2 +16.9 +18.3 +20.3
EVI 2 (cm’) \ 200.4 (26) *# 205.6 (21)
$15.8 +16.7
Hatch date 54.1 (45) 72.5 (45) 53.4 (49) 72.5 (21)
+2.7 +1.7 +2.2 +1.7
Growth 2-14 d 124.5 (37) 121.0 (20) 113.1 (39) 121.7 (17)
(9) +20.1 +21.1 +18.7 +17.6
Mass 14 d (g) 212.5 (45) 205.0 (26) 191.7 (49) 205.6 (21) ##
+19.9 +18.3 +20.8 +16.5
Maximum mass  235.6 (45) 226.7 (26)° 220.6 (49) 226.8 (18)
(g) +22.8 +18.6 +22.9 +25.8
Departure mass 229.3 (45) 228.4 (11) 215.4 (49) 219.9 (18)
(9) +22.5 +19.9 +23.9 +25.7
Age (d) at 18.0 (45) 16.7 (11) 19.7 (49) 16.7 (18) W=
maximum +2.5 - 1.6 +3.3 +1.7
Age (d) at 21.0 (45) 18.8 (11) **> 23.0 (49) 19.6 (18) *#
departure +2.1 *1.5 2.2 +1.5

® Comparison with EVI 1 of control group.

® Probably an underestimate. See text.
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Chapter S: Tests of Ydenberg's Model of Alcid Nest Departure

As Applied to an Intermediate Alcid, the Thick-billed Murre

The Alcidae are unique among bird families in that there are
three distinct developmental strategies of the young, from fully
precocial (chicks depart the nest at 2-4 d of age), to intermediate
(chicks depart at 15-30 4 at 12-25% adult size), to semi-precocial
(chicks depart with adult proportions after up to 60 d in the nest)
(Sealy 1973). The semi-precocial strategy is believed to be the
ancestral strategy (Gaston 1992), and the evolutionary forces that
might have favoured increased levels of chick precocity have been
discussed frequently kéody 1973; Sealy 1973; Birkhead 1977; Gaston
and Nettleship 1981; Murray et al. 1983; Gaston 1985; Ydenberg
1989). Ecological rather than phylogenetic factors are believed to
be mainly responsible for the variation (Ydenberg et al. 1995). 1In
the views of different authors, the following might have selected
for shortened nestling periods: (i) open nest sites, because chicks
are less safe than in'Surrows, and because one parent must remain
at all times with the chick (e.g. Cody 1973; Birkhead 1977); (ii)
a patchily distributed or distant food source, because this
increases search and ﬁravel times during the chick provisioning
stage (Cody 1973; Sealy 1973); (iii) large adult body size, because
it limits the relative size of egg that can be produced (Birkhead
1977} and limits the sjze of meals that can be carried back to the
chick at the nest, (e.g. Gaston and Nettleship 1981; Gaston 1985);

(iv) low chick mortality at sea (Murray et al. 1983); and (v) a
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high risk of predation to adult birds during visits to the nesting
colony (Gaston 1992).

Ydenberg (1989) and Ydenberg et al (1995) developed a model
(hereafter the Ydenbery model) that attempts to explain inter- and
intra-specific variation in departure age and mass of alcid chicks,
based on the differential growth and mortality costs and benefits
of the pre- and post-fledging habitats, i.e. the nest and the sea.
Two assumptions are critical to the model: (i) the nest is safe
relative to the sea; and (ii) the growth rate at sea exceeds the
growth rate in the nest. Consequently, the chick must decide when
to leave a low mortality, slow-growth habitat (the nest), for a
high mortality, fast-growth habitat (the sea). The chick takes
account of (i) its mass, and (ii) the amount of time left in the
season. Survival to ﬁreeding age is a function of its mass at the
onset of winter; 1argér chicks survive better. The model makes
several testable pre&ictions, and has been used to predict the
departure behaviour of intermediate (Common Murre Uria aalge,
Ydenberg 1989) and sémi~precocial {Rhinoceros Auklet Cerorhinca
monocerata, Ydenberg et al. 1995) alcids. However, it was less
successful in predicting nest departure in the semi-precocial
Cassin's Auklet Ptycﬁoramphus aleuticus (Moreby 1995). In this
chapter, the two main predictions of the model are tested in Thick-
billed Murres Uria lomvia, using data from colonies in the eastern
Canadian Arctic (Bi:khead and Nettleship 1981, 1982; Gaston and
Nettleship 1981; Gaston et al. 1983; Gaston 1991; A.J. Gaston

unpublished data), as well as information presented in previous
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chapters of this thesis.

Prediction 1: Fast-growing chicks depart the nest both heavier and
younger than slow-growing chicks. Consequently, mass at departure
is correlates negatively with age at departure.

The explanation for the negative relationship between departure
mass and departure age is as follows: compared to a slow-growing
chick, a fast-growing chick approaches a heavier asymptotic mass at
a younger age, so its growth rate begins to level off at a younger
age. Consequently, it abandons the nest, where its growth rate is
too low, for better growth at sea, both heavier and younger than a
slow-growing chick. The critical assumption is that at some point,

growth in the nest falis below that attainable at sea (Ydenberg et
al. 1995).

(i) Inter-colony tests

The growth rates of nastling Thick-billed Murres vary markedly
between colonies in the eastern Canadian Arctic {e.g. Gaston et al.
1983). As the model predicts, mass and age at nest departure are
negatively correlated when the colony means are plotted together
(Figure 3, Ydenberg et al. 1995).

However, a compari#on of growth curves between fast- and slow-
growth colonies suggests that the mechanism proposed by the model
is unlikely to explain.the negative correlation. At Digges Island,
where chicks grew slowly and departed older, asymptotic masses weres
lighter, as predicted, but growth began to level off earlier than
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at Prince Leopold Island, where chicks grew quickly and departed
younger (Figure 21, Gaston et al. 1985). Total growth between 14
d of age and nest départure was greater at fast growth colonies
(23.3 #11.7 g at Prince Leopold Island (Tables 56 and 57, in Gaston
and Nettleship 1981) and 23.8 #7.1 g at Coats Island (Gaston 1991,
and additional data)) than at slow-growth colonies (9.4 #3.7 s.d.
g at Digges Island (Table 2, Gaston et al. 1983)). Masses at 14 d
averaged 138.0 +10.2 g at Digges, 186.7 +12.9 g at Prince Leopold,
and 206.4 9.8 g at Coats. Therefore, between potential and actual
departure age, chicks at fast-growth ceclonies were both larger and
faster-growing than aﬁlslow-growth colonies, suggesting that growth
in the nest falls below that attainable at sea earlier at a slow-
growth colony, yet ;hgse chicks remain longer in the nest. This
indicates that the ﬁegétive correlation may have been predicted for
the wrong reason. B h
(ii) Intra~colony tests

Data was collecped at four colonies for nine colony-years
(Table 1). The predicted negative correlation of mass on age at
departure did not occﬁr in any sample. In fact, the relationship
was significantly positive in two (Table 1). These correlations
were repeated with ﬁa@cping date partialled out because there is
often a negative correiation between age at departure and hatching.
date in Thick-billed Murres (e.g. Gaston et al. 1983). However,
again there were no si@nificant negative correlations, while one of

the two significant positive correlations remained significant.
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(iii) Inter-year tests.

Data was collected in seven years at Coats Island, to test the
prediction that in years when chicks grow quickly, they depart
young. The correlatioun between mean departure mass and departure
age was negative, but not significantly so (r = -0.30, p = 0.52),

nor was it significant with hatching date controlled in a partial

correlation (r = -0.30).

Prediction 2: Late-hatched chicks fledge lighter and younger than
early-hatched chicks, i.e., both mass and age at nest departure are
negatively correlated with hatching date.

The explanation for the negative relationships between mass and
age at nest departure:and hatching date is as follows: the optimal
mass at which to fleéée declines with date (the fledging boundary
has a negative slope)‘because of the need for late-hatched chicks
to enter the fast groﬁth habitat more quickly than early-hatched
chicks. Consequently, late-hatched chicks leave the safety of the
nest at lighter mass, and therefore younger age, than those that
hatch early. 1I” is assumed that there is no seasonal decline in

growth rate.
(1) Intra-year tests .

Data was collected at six colonies for thirteen colony-years
(Table 1). Significanﬁ negative correlations between mass at nest

departure and hatching date existed in four of the ten sanples for



111
which this data was available; significant negative correlations of
age at departure with hatching date existed in seven of thirteen
samples (Table 1). In three samples, negative correlations of mass
and age at departure with hatching dete occurred together. Hence,
there is some support for this prediction of the model. However,
departure masses did not decline:with hatching date in any of the
five samples in which 14 4 masses (i.e. growth rates) did not,
while in all 4 samples in which departure masses declined, 14 d
masses did also (Table 1). This suggests that seasonal declines in
mass at nest departure doc not occur in the absence of seasonal
declines in growth ratés, which is contrary to the model. Declines
in age at departure ﬁith hatching date occurred more frequently,
and in the absence of seasonal declines in departure mass. This
suggests that the seasonal decline in chick age at nest departure
is not a consequence‘éf én adaptive seasonal decline in departure

mass, as the model proposes.

(11) Experimental tests

In 1994 and 1995; Fhe first eggs were removed from samples of
early-breeding birds,‘ihducing them to relay, and the growth of the
chicks of these experimentally-delayed birds was compared to that
of unmanipulated early;breeding birds (see Chapter 4 for details).
In both years, chicks of experimentally-delayed breeders departed
the nest younger, butmat similar mass to chicks of unmanipulated
early-breeding birds. VThis result does not support the model; the

delayed chicks did not depart at reduced mass, as predicted by the
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model, but did depart young.

(iii) Inter-year tests
Data was collected in seven years at Coats Island. There was

no correlation between mean departure mass and mean hatching date

(r = -0.08, p = 0.87). Likewise, there was no correlation betwaen
mean departure age and mean hatching date (r = -0.02, p = 0.96).
Conclusions

The results of these tests of the Ydenberg model suggest that
it is inadequate in eiplaining important features of development
and nest departure in Thick-billed Murres. The major discrepancies
between the predictions and the observations were: (i) the negative
correlation of mass onaage at nest departure when colony means were
plotted together occﬁrred despite the fact that an assumption of
the model necessary to gbtain this result was opposite to what was
observed. At slow-gréﬁth colonies, growth levelled off at younger
ages than at fast-growth colonies, yet these slow-growing chicks
remained in the nest for a longer time. The simplest explanation
is that there are time;dependent developmental processes occurring
independently of growth in mass, that cause chicks to remain in the
nest, and that these occur more slowly in slow-growing chicks.
This will be addressed further below; (ii) within samples from one
time and place, the‘predicted negative correlations between mass
and age at nest departure did not occur. 1In fact, the correlations

were significantly positive in two samples. This may result from
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the early breeding of high quality birds (see Chapters 2 and 4),
coupled with an adaptive seasonal decline in departure age (see
below), so that early}hatched chicks grow faster and stay longer
than late-hatched chicks; and (iii) while negative correlations
between both mass and age at nest departure and hatching date
occurred in samples from one colony and year, seasonal declines in
departure mass occurred only when growth rates also declined with
date (perhaps favouring an explanation based on constraint rather
than adaptation), while seasonal declines in age at nest departure
occurred more frequently, and occurred independently of declines in
departure mass. Furthermore, chicks raised by high quality but
late-breeding parents departed the nest younger, but not lighter,
which suggests that the optimal fledglng mass did not decline with
date, while the opt1ma1 fledging age dig.

One possible alternative explanation for the seasonal decline
in mass at departure(is that late chicks are offspring of poor
quality parents, which are unable to provision their chicks as well
as high quality birdslwhich breed early (see Chapter 4). However,
the results of Chapter 4 suggest that the seasonal decline in age
at nest departure is adaptive. This will be discussed further in
the next section.

The following cenclusions are drawn from these tests of the
Ydenberg model: (i) on large scales, there is a general
relationship between fast growth and early nest departure in Thick-
billed Murres, but perhaps not for the reason suggested by the

model; (ii) at small scales, there is no apparent tendency for
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chicks which gain mass quickly to depart heavier and younger; (iii)
the seasonal decline in mass at nest departure with hatching date
is more likely to be a result of constraint than the adaptive
significance given it in the model; and (iv) the seasonal decline
in age at departure may have adaptive significance, but perhaps not
for the reason proposed in the model. 1In sum, the model may have
shortcomings with respect to important developmental and
behavioural considerations of the nest departure decision of Thick-
billed Murre chicks. Alternative explanations for some of these

observations are discussed below.

Chick development and.ths nest departure decision

In Chapter 3, 1 showed that Thick-billed Murre chicks which
hatched from large egg: grew their wing feathers more quickly than
chicks from small eggé; Chicks with longer wings at 14 d departed
to the sea younger thgn chicks with shorter wings. I argued that
there is selection on chicks to reach a threshold wing length, or
cptimal wing-loading, thle at the nest, because mortality at nest
departure is high for chicks that fail to reach the sea with their
parent on the glide ffﬁm the nest site. Consequently, chicks with
long wings can depart young, and early nest departure may result in
increased pre- and post-departure survival (Harris et al. 1992;
Hatchwell 1991). |

The hypothesis thét age at departure is negatively correlated
with wing length at 14 d was tested by collecting data from five

colonies for a total of twelve colony-years. Significant négativa
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correlations of age at'nest departure on 14 d wing length occurred
in 6 samples (Table 25; Conversely, negative correlations of age
at departure an 14 d bbdy mass occcurred in two samples, and in both
of these, the correlﬁfions with 14 d wing length were significant
(Table 2). This suppo;ts the hypothesis that development in terms
of wing length is a more important determinant of age at departure
than development in terms of body mass for Thick-billed Murre
chicks. ;

This hypothesis might address some weaknesses of the Ydenberg
model. Wing length at 14 d is positively correlated with growth
rate in body mass (Chépter 3 and Table 2), which might explain why
chicks at fast-growth colonies tend to depart younger. In fact,
mean age at nest depa;ﬁure is negatively correlated with mean 14 d
wing length as a perééntage of adult wing length when data from
five colonies for a tofal of 16 colony-years is plotted (r=-0.57,
p=0.02, 15 df). Therefore, this hypothesis explains significant
proportions of the variation in age at nest departure both at large
(inter-colony) and dt small (intra-colony) scales, which the
Ydenberg model could.hot do. Furthermore, in Thick-billed Murres
and other alcids, theh%ing feathers continue to grow after growth
in mass has stoppedt(é.g., Figure 22 in Gaston et al. 1985), so
that chicks may remaih at the nest longer at slow- than fast-growth
colonies because it_tgkes slow-growing chicks more time to reach
the threshold wing ‘iength, another observation not adequately
explained by the model.

The hypothesis that alcid chicks leave the nest upon reaching
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a threshold wing length has been proposed previously for Atlantic
Puffins Fratercula arctica by Barrett and Rikardsen (1992). 1In
this species, the intgr—colony variation in departure mass is as
marked as in Thick-billed Murres (ca. 45%-80% of adult mass), and
the variation in age at departure is even more marked (ca. 36-60 d)
(Table 3). However, in all studies the mean wing length at nest
departure ranged between ca. 80-85% of adult length, and the wings
were still growing when chicks left the nest. These observations
are consistent with the hypothesis that chicks remain in the nest

until they attain a threshold wing length (Barrett and Rikardsen
1992). -
Chick behaviour and i@e nest departure decision

In the Ydenberg mo&el, the nest is considered safe compared to
the sea. Others (e;g., Cody 1973; Sealy 1973: Birkhead 1977;
Gaston 1985; Hatchwe11:1991) have argued that, in the open-nesting
murres, the nest is qéngerous, and that this has been one of the
important evolutionar} forces favouring departure at a young age
and in a partly—develﬁp;d state. The costs and benefits associated
with remaining in or départing from the nest may vary on small time
scales. In Common Murres Uria aalge, Hatchwell (1991) showed that
synchrony with neighbours was a key factor influencing the survivalrl
of chicks at the nestf the proportion of chicks remaining at the
nest which died, likely taken by predators, increased dramatically
late in the season. Fcr chicks that hatch late, this would favour

departing at a young age, because it would minimize the amount of
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time spent at the nest with few neighbours. As well, synchronous
fledging has been shown to reduce the proportion of chicks lost to
predators during neét departure because predators are "swamped"
(Greenwood 1964; Williams 1975; Daan and Tinbergen 1979). This
should favour departure at an older age for an early-hatched chick,
and at a younger age for a late-hatched chick. Consequently, the
seasonal decline in age at nest departure, which has been observed
frequently in murres (Gaston and Nettleship 1981; Birkhead and
Nettleship 1981; Gaston et al. 1983; Birkhead and Nettleship 1987;
Wanless and Harris 1988; Hatchwell 1991) probably is adaptive, as
others have argued. for the Ydenberg model, the point to be made
is that late~hatched éhicks may depart the nest younger because it
becomes increasingly dﬁngerous to stay late in the season, as much
as for the reason that the time available for growth is becoming
limiting. This may bé‘an:important behavioural consideration for
open-nesting species, And could explain why the seasonal decline in
age at nest departure is much more prevalent among open~ than
burrow-nesting alcids (Table 2, Ydenberg et al. 1995). Becaﬁse
late-hatched chicks aré likely to be growing slowly (see Chapter 4)
the need to depart young so as to depart synchronously may put them
at a substantial disadvantage. It would also tend to work against
the hypothesis that better-developed chicks depart younger. Where
the deciines in 14 A ﬁass and departure age with hatching date were
not significant, theinégative correlation between age at departure
and 14 d wing length was significant in three of four samples.

In conclusion, ngpberg (1989) and Ydenberg et al. (1995) have
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developed a model that generates testable predictions about nest
departure in alcidé, hut the model has weaknesses when applied to
the departure decision of Thick-billed Murres, which employ the
intermediate strategy.: The model may have weaknesses with respect
to both developmental and behavioural considerations. In terms of
chick development, winé developnent may be a more important measure
than body mass in the departure decision, and the decline in mass
at nest departure with'hatching date is unlikely to be adaptive, as
proposed by the model. 1In terms of behaviour, the seasonal decline
in age at nest departﬁ;e may be adaptive, but may not result from
the time constraint éﬁvisaged in the model: the decline may be
adaptive because indfvidual chicks adjust the age at which they
depart the colony so aé to minimize the danger involved in making
the transition from nest to sea. While some of the weaknesses of
the model in relation fo nest departure in the intermediate alcids
may equally apply fér semi-precocial species, these results do not

prejudice the validity of the Ydenberg model when applied to semi~

precocial species.
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Table 1: Factors affecting the age and mass of Thick-billed Murre

chicks at departure in 13 colony-years at 6 colcnies in the eastern

Canadian Arctic. In all cases except 14 d mass, the model predicts

negative correlations. Correlations are indicated as significantly

positive or negative, or not significant (0), at the p=0.05 level.

Mass vs age

Colony Year at departure

Correlations with hatching date

14 d mass Dep mass Dep age

PLI 1975
1976

1977

Coburg/ 1981

Cape Hay

Digges 1980 0
1981 0
1982 1Q

ifantzsch 1982 .0

Akpatok 1982 0

Coats 1992 +ve
1993 0
1094 0
1995 +ve

0 0
0 0
4] 0 -ve
-ve -ve -ve
0 0 =-ve
0 0 0
-ve -ve -ve
-ve -ve -ve
0 ] -ve
-ve )] 0
0 0 4]
-ve -ve 0
4ve 0 -ve

i

Published sources: Table 60, Gaston and Nettleship (1981); Table 1,
Gaston et al. (1983); Figure 1, Birkhead and Nettleship (1982).
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Table 2: Correlations of 14 d body mass and 14 d wing length on age
at nest departure in Thick-billed Murre chicks in 12 colony-years

at 5 colonies in the eastern Canadian Arctic. The correlations are

indicated as significantly positive or negative, or not significant
(0), at the p=0.05 level.

Correlations with age at nest departure

Colony Year 14 d body mass 14 d wing length
PLI 1975 0 0
1976 -ve -ve
1977 v 1] -ve
Digges 1980 0 -ve
1981 0 -ve
1982 \ 0 0
Hantzsch 1982 0 0
Akpatok 1982 0 0
Coats 1992 0 0
1993 -ve -ve
1994 0 -ve
1995 “ 0 0

Published sources: Tabhle 60, Gaston and Nettleship 1981.
Correlation of 14 d wing on 14 d mass: r=+0.97, p<0.001, 10 df.
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Table 3: Mean masses (g), wing lengths (mm) , and ages (d) at nest
departure of Atlantic Puffin chicks at different colonies and in

different years. Percentages are of adult size.

Mean departure

Colony Year Mass (%) Wing length (%) Age
Rost 1983 301.5 (68) 146.6 (>80) 44.4
1984 208.2 (47) ? 50.9
1985  267.5 (60) 146.0 (>80) ca. 56
Hornoy 1980 '  342.0 (70) 144.8 (82) 44
Bleiksoy 1982 280.7 (63) 145.2 (84) 56
Rost 1983 330.1 (74) 146.6 (85) 44
Skomer 1973 290.1 (77) 128.5 (82) 36-40
1974 287.5 (76) 133.5 (85) 36-40
1975 296.6 (79) 134.3 (85) 36-40
Great Island 1968 .  261.4 (53) 143.6 (83) 59.7
. 247.5 (50) 143.6 (83) 55.5
1969 261.8 (53) 140.5 (81) 52.3
1969 248.2 (50) 140.5 (81) 52.2
Funk Island 1969 - 351.8 (72) 141.5 (82) ?

Sources: Nettleship 1972; Aashcroft 1979; Anker Nilsson 1987;
Barrett et al. 1987; Barrett and Rikardsen 1992; .





