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From the Editor

This monograph deals with reproduction in the Nazca Booby (Sula granti), using a population of
breeding birds on the Galdpagos Islands. Thanks to National Geographic and the BBC in the past, and
numerous cable channels more recently, everyone knows about the Galdpagos and its tortoises, finches,
and marine iguanas. The islands’ fame started with Charles Darwin’s stay there, of great importance
to the development of his theory of evolution by natural selection. In particular, Darwin learned much
from inter-island variation in tortoises and mockingbirds; the fairly complex groups of finches found
on each island were not particularly helpful to his theories, even though they soon were known as
“Darwin’s finches.”

Numerous studies have been done on Galdpagos birds in the modern era. The eminent British
ecologist David Lack started this off with his detailed look at the ecology and evolution of Darwin’s
finches about 60 years ago. Peter and Rosemary Grant and a group of exceptional graduate students
have provided wonderful long-term studies of finch populations on Isla Daphne for more than 30
years. How many researchers have popular books written about their work, as Jonathan Weiner’s
The Beak of the Finch covered that of the Grants and their students? Of course, some of those students
studied other things, including mockingbirds and other finch populations. Tjitte de Vries initiated
studies on the endemic Galdpagos Hawk (Buteo galapagoensis), a bird with an unusual cooperatively
polyandrous mating system. I was fortunate enough to continue these studies, which are currently
being handled by Patricia Parker and James Bednarz. Expanding from her work on hawks, Patty also
studies a variety of avian diseases on the islands, a subject that is very interesting evolutionarily and
of great potential conservation importance. Other groups, including the authors of this monograph,
have started long-term studies on the ecology and behavior of some of the breeding seabirds.

Darwin, the Grants, de Vries, and most of the other ornithologists who have focused on Galdpagos
landbirds were attracted to these islands because their extreme isolation made them unusual natural
experiments on the adaptation and radiation of species. Birds colonized infrequently enough that most
of the species on the Galdpagos originated within that island system. Even among such groups as the
mockingbirds and hawks, where only one species can exist on each island, one can see how different
forms have evolved from an original colonist in these unusual circumstances.

Of course, for seabirds, the Galdpagos Islands are not a particularly unusual breeding site, given
that seabirds typically find remote oceanic islands for nesting. Why are seabird studies easier to do on
the Galdpagos Islands than elsewhere? Check out Figure 1 for the answer. For some reason, animals
on the Galdpagos are incredibly tame. This might be expected for the animals on land that have not
coexisted with humans until quite recently, but it is also true of the many seabird species that nest on
these islands. One can easily walk up to a nesting seabird, capture it (sometimes by hand, or perhaps
with a stick and a noose or something simple like that), gather whatever samples are needed, then let
it go. It will not be pleased by the circumstances (though you will note in Figure 1 how little the booby
seems to resist being measured), but it will not leave the nest or respond as many other normal birds
do to such disturbance. Thus, one can take samples from the same bird over and over again without
having negative effects on the process of reproduction.

Even the endemic hawks are tame. With the proper incentive (such as a dead goat), we could attract
numerous Galdpagos Hawks to a site for banding. Some we would catch with a noose on a broomstick;
others we could sometimes simply grab by hand! We discovered that our plastic hawk bands did not
last long in the Galdpagos environment, but it was generally easy to walk up to a bird and read the
number on a metal band with binoculars. This tameness certainly made our research much easier in
what was an otherwise difficult work environment, though one still had to be careful around an active
nest, because the hawks were as aggressive as any raptor in that situation. As you read about the
various adaptations used by Nazca Boobies to produce high-quality young, keep in mind how the
tameness of these birds aids in the measurements needed for this work. Don’t we wish that every bird
species was so easy to study.

John Faaborg
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REPRODUCTION AND IMMUNE HOMEOSTASIS IN A LONG-LIVED
SEABIRD, THE NAZCA BOOBY (Sula granti)

Victor Apan ius, Mark A Westbrock, and David J Anderson
Department of Biology, Wake Forest University, P.O. Box 7325, Winston Salem, North Carolina 27109, USA

ABSTRACT.—The evolution of longevity requires that the marginal investment in self-
maintenance at the expense of reproductive effort is favored by realizing a longer reproductive
lifespan. This can occur when extrinsic mortality factors (weather, predators, etc.) are less impor-
tant than intrinsic mortality factors, such as the physiological cost of reproduction. Long-lived
pelagic seabirds have low annual reproductive output and prolonged offspring growth periods
that are thought to have evolved to accommodate marine resource variability. The life-history
theory of senescence predicts that these same taxa should minimize per diem reproductive costs
and shift effects of resource variability to the offspring. To address this prediction, we measured
parental effort, offspring growth, and one aspect of self-maintenance (serum immunoglobulin G
concentration [IgG]) in a long-lived pelagic seabird, the Nazca Booby (Sula granti). We collected
data on 38 families in the 2002-2003 breeding season on Isla Espafiola, Galapagos Islands, Ecuador.
Offspring body-mass growth showed variable trajectories, but a variable nestling period allowed
similar (sex-specific) fledging mass to be attained. Growth of two structural traits was most vari-
able when the traits were growing most rapidly, but again attained sex-specific targets at fledging.
Offspring [IgG] showed marked inter-individual variation, but the ontogeny of [IgG] was unre-
lated to morphological growth. Mothers spent more time at sea than fathers, and both parents
spent more time at sea for offspring of the larger (female) sex at the time of peak body mass.
Foraging effort did not show consistent inter-individual variation but was correlated between
pair members. Sex-specific body mass of the parents showed consistent inter-individual variation
as it declined across the nestling period, with a greater decline in parents raising daughters. In
parents, [IgG] was stable across the nestling period and was correlated among family members.
The plasticity of offspring growth and the consistency of self-maintenance of the parents accord
with the predictions of the life-history theory of senescence. To our knowledge, this is the first
study to use a longitudinal analysis to assess intra- and inter-individual variation in parental ef-
fort, offspring growth, and a measure of immune-mediated self-maintenance in a wild vertebrate
population. Received 7 December 2006, accepted 6 July 2007.

RESUMEN.—La evolucién de la longevidad requiere que la inversion marginal en auto man-
tenimiento vs. el esfuerzo reproductivo, sea favorecida por tener una larga vida reproductiva.
Esto puede ocurrir cuando los factores extrinsecos de mortalidad (clima, depredadores, etc.) son
menos importantes que los factores intrinsecos de mortalidad, como los costos fisiologicos de
la reproduccion. Las aves marinas longevas tienen una baja produccion reproductiva anual y
un prologando periodo de crecimiento de la descendencia, se cree que esto ha evolucionado asi
para acomodarse a la variabilidad en los recursos marinos. La teoria de la historia de vida del
envejecimiento predice que los mismos taxa deberian minimizar per diem los costos reproduc-
tivos y cambiar los efectos de la variabilidad de recursos a la descendencia. Para determinar esta
prediccion medimos el esfuerzo parental, el crecimiento de la progenie y un aspecto de auto
mantenimiento (concentracion de inmunoglobulina G en suero [IgG] en un ave marina longeva,
Sula granti. Colectamos datos de 38 familias en la temporada de reproduccioin 2002-2003 en la
Isla Espafiola, Islas Galapagos, Ecuador. El aumento de la masa corporal de la progenie mostro

1E-mail: apaniuv@wfu.edu

Ornithological Monographs, Number 65, pages 1-46. ISBN: 978-0-943610-80-1. © 2008 by The American Ornithologists' Union. All
rights reserved. Please direct all requests for permission to photocopy or reproduce article content through the University of
California Press's Rights and Permissions website, http://www.ucpressjournals.com/reprintinfo.asp. DOI:10.1525/0m.2008.65.1.1.
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trayectorias variables, pero un periodo de anidacién variable permitié alcanzar una masa corpo-
ral similar (especifica al sexo) en los volantones. El crecimiento de dos rasgos estructurales fue
mucho mas variable cuando estos crecieron mas rdpidamente, pero también lograron obtener el
tamario especifico de cada sexo como volantones. La progenie mostré una marcada variacién entre
individuos de la [IgG], pero la ontogenia de [IgG] no se relaciond con el crecimiento morfolégico.
Las madres gastaron més tiempo en el mar que los padres, y ambos padres gastaron mds tiempo
en el mar en el momento del pico de la masa corporal, si su progenie era del sexo més grande
(hijas). El esfuerzo de forrajeo no mostrd una variacién entre individuos consistente pero estaba
correlacionado entre los miembros de la pareja. La masa corporal especifica de cada sexo de la
pareja mostrd una variacién consistente que disminuyé durante la alimentacion de los polluelos,
con un mayor declive en el caso de padres criando una hija. En los padres, la [IgG] fue estable
durante el periodo de polluelos y estaba correlacionada entre los miembros de la familia. La plas-
ticidad del crecimiento de la progenie y la consistencia del auto mantenimiento de los padres esta
de acuerdo con las predicciones de la teorfa de historia de vida del envejecimiento. Hasta donde
tenemos conocimiento, este es el primer estudio que emplea un andlisis longitudinal para evaluar
la variacién intra y entre individuos en el esfuerzo parental, el crecimiento de la progenie y una

medida del auto mantenimiento inmunolégico en una poblacién silvestre de vertebrados.

INTRODUCTION

THE LIFE-HISTORY THEORY of senescence pro-
vides an evolutionary explanation for the ex-
tensive variation in lifespan among organisms,
invoking the balance between extrinsic and
intrinsic sources of mortality to determine the al-
location of limited somatic resources between re-
productive output and parental self-maintenance
(Medawar 1952, Goodman 1974). A central
premise of the theory is that a reduction in extrin-
sic mortality factors (e.g., predation, unfavorable
weather) favors increased physiological invest-
ment in self-maintenance, delaying mortality due
to somatic deterioration and prolonging repro-
ductive lifespan. An individual’s allocation of
resources toward tissue renewal and repair, as
opposed to parental care and offspring produc-
tion, will be profitable only in relatively benign
environments, where the fithess benefits of in-
vestment in self-maintenance will accrue via an
extended reproductive lifespan.

Pelagic seabirds that breed on remote oceanic
islands experience little predation, and their de-
mographic syndrome provides indirect evidence
of the predicted shift toward enhanced self-
maintenance (long pre-reproductive period, will-
ingness to abandon eggs or broods, exceptionally
high annual survival) and reduced short-term re-
productive effort (small clutch sizes, prolonged
reproductive cycles; Ricklefs 1984, Weimerskirch
2002). Thus, these long-lived seabirds—especially
those that raise one offspring per annual or bien-
nial breeding attempt—may occupy one end of
the self-maintenance—reproductive-effort tradeoff
axis that is central to life-history theory and evo-
lutionary analysis of senescence (Goodman 1974,
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Seether et al. 1993, Charlesworth 1994, Moreno
2003). In these long-lived avian taxa, the phys-
iological evidence that their demographic syn-
drome is entrained by enhanced self-maintenance
is only beginning to be assembled (Esparza et al.
2004, Apanius and Nisbet 2006).

Abundant demographic data indicate the ex-
tent to which seabirds incur costs of reproduction
(Reid 1987; Jacobsen et al. 1995; Pyle et al. 1997;
Golet et al. 1998, 2004; Kalmbach et al. 2004).
A common approach is to augment or reduce
the number of young per brood and document
survival and breeding of marked adults in the
future. In Golet et als (2004) study of Black-
legged Kittiwakes (Rissa tridactyla), for example,
adults whose eggs were removed did not breed
and were more likely to survive to the next year
than unmanipulated controls. Behavioral studies
document the manner in which seabirds respond
to naturally or artificially increased reproductive
effort (Seether et al. 1993, Weimerskirch et al.
1995, Lorentsen 1996, Erikstad et al. 1998), for
example by adjusting the mix of trips that
increase parental condition at the expense of
offspring condition (Weimerskirch et al. 1995).
These studies enrich an earlier paradigm based
on environmentally constrained and stochastic
food availability (Ashmole 1963, 1971; Nelson
1978), challenging the assumption that a fixed
schedule of reproductive investment can avoid
significant costs of reproduction (Ricklefs 1987,
1992). Within this revised paradigm that in-
corporates behavioral flexibility in a stochastic
environment (Erikstad et al. 1998), allocation be-
tween reproductive effort and self-maintenance
in pelagic seabirds will differ from that in short-
lived birds in the manner in which reproductive

Access provided by University of New Mexico


https://bioone.org/ebooks
https://bioone.org/terms-of-use

SEABIRD REPRODUCTION AND SELE-MAINTENANCE 3

costs are borne by the parents versus the
offspring.

In general, long-lived, butnotshort-lived, birds
are predicted to consistently allocate nutritional
resources to sustain self-maintenance processes,
such as immune function and antioxidant pro-
tection, and to adjust reproductive effort accord-
ingly (Moreno 2003, Apanius and Nisbet 2006).
Because of high rates of mortality from extrinsic
factors, short-lived taxa cannot effectively convert
current self-maintenance into future reproduc-
tion, and they should instead allocate resources
to high annual fecundity and rapid offspring
growth. In these taxa, resource limitation dur-
ing reproduction causes both parents and their
offspring to down-regulate self-maintenance, as
measured by immune function (Deerenberg et al.
1997, Nordling et al. 1998) or antioxidant lev-
els (Wiersma et al. 2004). The negative relation-
ship between reproductive effort and immune
function has generated a great deal of discus-
sion in the literature (Sheldon and Verhulst 1996,
Owens and Wilson 1999, Norris and Evans 2000,
Zuk and Stoehr 2002), but the discussion has fo-
cused mainly on short-lived passerines, with the
assumption that all birds face tradeoffs between
parental effort and immune function. For pelagic
seabirds, the small brood size and slow offspring
growth may allow parents to reduce (or may im-
pose a safeguard against increasing) the daily
physiological exertion associated with reproduc-
tion (Daan et al. 1996) and spare them the need
to redirect a significant portion of nutrients from
self-maintenance to sustain a high level of repro-
ductive effort.

Visser’s (2002) review of available data on
parental daily energy expenditure (DEE, adjusted
for body mass) provides the beginning of a
comparative test of this idea. Average DEE of
long-lived seabird species (1 =10 species) rais-
ing single-offspring broods was 54% higher than
that of short-lived species (n=38) raising three
to five offspring per brood. This increased en-
ergy expenditure is most likely related to the
cost of foraging in the pelagic environment (Ellis
and Gabrielsen 2002) and not to the energy de-
mands of the offspring: peak offspring energy de-
mand was only 31% of the seabird parent’s energy
budget, whereas it was 140% of the parent’s en-
ergy budget in short-lived species (Visser 2002). It
appears that short-lived species must subsidize
their peak rate of parental energy expenditure
by reallocating nutrients from self-maintenance
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to reproductive effort. Pelagic seabirds may forgo
the need for substantial reallocation by reducing
per diem reproductive costs through single-egg
clutches and a prolonged nestling period. This
leads to the prediction that pelagic seabirds will
not show the dramatic down-regulation of self-
maintenance, vis-3-vis immune function, during
reproductive challenges that is observed in birds
with shorter lifespans.

The life-history theory of senescence also pre-
dicts that long-lived parents will shift the effects
of resource limitation to the offspring, resulting in
offspring whose quality varies substantially with
resource availability (Seether et al. 1993, Mauck
and Grubb 1995) or by sex, as in the case of dimor-
phism in size and food requirements of offspring
(Anderson et al. 1993, Townsend et al. 2007). Ac-
cordingly, the variance in offspring body condi-
tion is expected to exceed that of the parents.
Because somatic growth and immune function
compete for nutrients in nestlings, resource lim-
itation exposes this tradeoff in short-lived birds
(Christe et al. 1998). It is an open question whether
the same constraint operates in the offspring of
pelagic seabirds, with preliminary evidence from
a coastal seabird suggesting that the tradeoff be-
tween growth rate and immune function is not
inevitable (Apanius and Nisbet 2006).

In pelagic seabirds, parents should exhibit low
intra-individual variance in reproductive effort
and self-maintenance while, in complementary
fashion, the offspring should show greater phe-
notypic variance, greater compensatory growth
plasticity, or both. Previous tests of these predic-
tions have typically focused on the means, but
not the variances, of these traits, and have used
body mass (or size-adjusted mass) as a measure of
self-maintenance. In the present study, we focused
on within-individual variance in body mass and
used an immunological trait as a measure of self-
maintenance. We employed a powerful repeated-
measures design that allowed us to partition
the trait variance into within- and between-
individual components, recognizing that individ-
uals in long-lived species may show consistent
trajectories across time (Cam et al. 2002) in rela-
tion to a latent variable called “individual quality”
(Wendeln and Becker 1999, Lewis et al. 2006).

ASSESSING SELF-MAINTENANCE IN FIELD STUDIES

The cost of reproduction is typically measured
with demographic parameters, such as annual
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survival and future reproductive success, be-
cause they are fundamentally related to lifetime
reproductive success. The connection between
these demographic parameters and the underly-
ing physiological processes that are subsumed in
the term “self-maintenance” are receiving increas-
ing scrutiny (Ricklefs and Wikelski 2002). Body
mass, body condition index (body mass adjusted
for body size), and fat scores have been used as
proxies for self-maintenance status, but whether
the loss of body mass represents a physiological
cost or an aerodynamic adjustment is debatable
(Jones 1994, Rands et al. 2006). Hematologi-
cal and immunological parameters have come
into focus in the past decade, with many stud-
ies linking parental immune function with re-
productive effort, success, and annual survival
in a bidirectional manner (Table 1). In short-
lived birds, experimentally increased reproduc-
tive effort is usually associated with decreased
immune function. Conversely, immunologically
challenged birds often, but not always, have re-
duced reproductive effort, success, and survival.
It is thought that the physiological costs of im-
mune function are sufficiently large that realloca-
tion of nutrients toward or away from the immune
system can have significant effects on reproduc-
tion and survival (Sheldon and Verhulst 1996; but
see Raberg et al. 1998). The costs and benefits of
down-regulating immunity depend on the spe-
cific mechanism that is being modulated (Demas
2004, Klasing 2004), and compensatory effects by
different components of the immune system can-
not be discounted (Apanius 1998b).

Assays of immune function that challenge
the animal by injecting foreign material, such
as antigens (e.g., veterinary vaccines), mitogens
(e.g., phytohemagglutinin or PHA), or pyrogens
(e.g., lipopolysaccharide or LPS) have been pre-
ferred over observational approaches, because
the injected compounds represent an experimen-
tal treatment, thereby allowing stronger inference
of cause and effect (Sheldon and Verhulst 1996,
Norris and Evans 2000). However, interpreting
the outcome of these invasive treatments is not al-
ways straightforward. The choice of antigen and
its dose will determine the magnitude of antibody
responses (Staszewski and Boulinier 2004). De-
spite the widespread use of PHA-induced skin
swelling, interpretation of swelling size is not
straightforward, because of the complexity of the
cascade of inflimmatory processes underlying
the morphological response (Martin et al. 2006).
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Interpretation of repeated PHA treatments is also
problematic (Kennedy and Nager 2006). Because
the dose—response relationships of invasive treat-
ments are seldom documented, it is difficult to
establish that the administered agent is induc-
ing a physiologically realistic response, especially
for LPS (Viney et al. 2005). With these caveats, it
seems safe to generalize that increased parental ef-
fortis associated with decreased immune function
in short-lived passerine birds. The relationship in
long-lived birds remains an open question, which
motivated the present study.

We assessed self-maintenance with an im-
munological trait that is well characterized, is
amenable to repeated measurements, and shows
parallel responses with more invasive assays
(Table 1). Immunoglobulin G (IgG = IgY) is the
most abundant isotype of antibody in circulation
and is synthesized by bursally derived (B-) lym-
phocytes (Warr et al. 1995). The concentration of
IgG in serum ([IgG]) reflects the systemic produc-
tion of natural (nonspecific) and antigen-specific
antibodies directed against viral, microbial, fun-
gal, and parasite antigens that breach body sur-
face barriers (Hanson 1979, Lemke et al. 2004). In
birds and mammals, [IgG] reflects the persistent
antigenic pressure from the diet and the exter-
nal environment (Lemke et al. 2004), and levels
are notably increased in human populations liv-
ing in unhygienic conditions (McFarlane 1973).
At the same time, [IgG] can be reduced by stress-
induced increases in corticosterone in mammals
(Barnard et al. 1994, de Vries et al. 1997). Exten-
sive metabolic studies in laboratory animals and
humans show that [IgG] is maintained around a
homeostatic set-point by independent control of
synthesis and degradation rates (Waldmann et al.
1970). The homeostatic levels in domestic chicken
(Gallus gallus domesticus) strains show heritable
variation (Rees and Nordskog 1981) and respond
to artificial selection (Sarker et al. 1999). Selec-
tion for an elevated [IgG] set-point was corre-
lated with increased specific antibody responses
(Sarker et al. 2000). Because the population of
B-cells that synthesize IgG undergoes affinity
maturation over the course of natural antigenic
stimulation, the protective ability of the IgG pool
improves with an individual’s age (Lemke et al.
2004). The B-cells that produce IgG are capable
of retaining long-term immunological memory
(Hanson 1979), a property thathas been shown, in
theoretical models, to be relevant to the evolution
of longevity (Boots and Bowers 2004).
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TABLE1. Relationship between reproductive effort and self-maintenance as measured by immune function in birds.
Average life expectancy (=0.5+41/[1 —s], where s is the maximum adult survival rate; Gaillard et al. 1989) is
shown for illustrative purposes and may not pertain to the referenced study. AB response = antibody titer or
index; AB responders = percentage of birds showing detectable antibody responses; y-globulin = percentage
of y-globulins in protein electrophoresis; H:L = heterophil to lymphocyte ratio, [[gG] = immunoglobin G (=
Y) concentration; PHA response = phytohemagglutinin-induced skin-swelling. “Females” and “males” refer to

sex of the parents.

Species (Average life
expectancy years)

Predictor/Treatment

Response

References

Common Eider
Somateria mollissima (10.5)2

Common Tern

Sterna hirundo (11.6)°
Great Tit

Parus major (2.4)P

Blue Tit

Cyanistes caeruleus (.0)P
Barn Swallow

Hirundo rustica (2.8)P

Tree Swallow
Tachycineta bicolor (2.7)°

Collared Flycatcher
Ficedula albicollis (1.9)4

Pied Flycatcher
F. hypoleuca (2.0)°

European Starling
Sturnus vulgaris (3.0)P
Dark-eyed Junco
Junco hyemalis (.0)f

Across incubation
period

+Body mass loss
+Clutch size

AB response (females)
Across nestling period
JFledging rate

Across reproductive
period

JBrood size

Male removal

AB response (females)
1Brood size

Across reproductive
period

JBrood size

1Brood size

1Brood size

1Brood size

1 Workload (females)
JFledging rate
1Brood size

JClutch size

AB response (females)
1Brood size
1Brood size
AB response (females)

Across reproductive
period

AH:L (females)
Jy-globulin (females)
LIgG] (females)

JPHA response (females)
AH:L (females)

—H:L (females)

JAB responders (females)
J Annual survival
1/—1gG] (both)

1[1gG] (both)

AH:L (females)
Jy-globulin (both)

JH:L (both)

—AB response (females)
— Fledging rate

LIgG] (females)
Jy-globulin (females)
—y-globulin (males)
+PHA response (males)
JPHA response (females)

+H:L (both)

12° AB response (females)
JAB response (females)
+PHA response (both)
JAB response (females)

+AB response (females)

JFledging rate

—PHA response (females)
+PHA response (females)
—Fledging rate

J2nd clutch size

1[1gG] (both)

Hollmén et al. 2001
Bourgeon et al. 2006

Hanssen et al. 2003
Hanssen et al. 2005

Hanssen et al. 2004
Apanius and Nisbet 2006

Horak et al. 1998

Ots and Hérak 1996
Snoeijs et al. 2005
Réberg et al. 2000
Merino et al. 2006
Saino et al. 2001
Saino et al. 1997a
Saino et al. 2002
Saino et al. 1997b,
Pap and Markus 2003
Shutler et al. 2004
Ardia et al. 2003
Hasselquist et al. 2001
Lifjeld et al. 2002
Nordling et al. 1998,
Cichén et al. 2001
Cichdén 2000

Ilmonen et al. 2000
Ilmonen et al. 2002
Moreno et al. 2001

Williams et al. 1999

Greives et al. 2006

Sources of life-expectancy data:
2 Yoccoz et al. 2002.

b Gaillard et al. 1989.

¢ Robertson et al. 1992.

4 Merild and Hemborg 2000.

¢ Sanz 2001.

f Nolan et al. 2002.
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STUDY SYSTEM

Our empirical model, the Nazca Booby (Sula
granti), is a tropical seabird with a low an-
nual reproductive rate (Humphries et al. 2006),
a monogamous mating system (Maness and
Anderson 2007), and biparental care (Anderson
and Ricklefs 1992) that breeds on remote is-
lands (Anderson 1993) like other pelagic seabirds,
such as albatrosses (Diomedeidae) and penguins
(Spheniscidae; Weimerskirch 2002). With high an-
nual survival and slow actuarial senescence, the
Nazca Booby provides a suitable model to inves-
tigate the reproductive-self-maintenance tradeoff
in a long-lived species (Anderson and Apanius
2003). Demographic, physiological, and behav-
ioral studies have been conducted on a large pop-
ulation on Isla Espafiola, Galdpagos Archipelago,
Ecuador, since 1984 (Fig. 1).

No more than one chick is raised per year,
though two-hatchling broods are frequently pro-
duced and rapidly reduced to one by obligate sib-
licide (Anderson 1989a, Humphries et al. 2006).
Both males and females exhibit survival costs
of reproduction after raising their single-chick
broods (Townsend and Anderson 2007a). This
taxon was formerly considered a subspecies of
the Masked Booby (S. dactylatra) and was re-
cently elevated to species status (Pitman and
Jehl 1998, American Ornithologists” Union 2000,
Friesen et al. 2002).

Females are larger than males as adults (Nelson
1978, Townsend and Anderson 2007b), and fe-
males make longer foraging trips during brood-
ing and deliver larger loads of food and larger
prey items to the nest (Anderson 1989b, Anderson
and Ricklefs 1992). Females are also under-
represented in the adult population (Townsend
and Anderson 2007a), though hatching and fledg-
ing sex ratios are unbiased (Maness et al. 2007),
which suggests excess mortality of females at
some point after fledging.

This information motivated investigation of
sex-specific patterns of reproductive effort, body
condition, and self-maintenance of the parents
as well as offspring growth rate and self-
maintenance. Reproductive effort was inferred
from foraging time budgets derived from hourly
observations of parental attendance that were
made every day of the 120-day nestling pe-
riod. Parental body condition was inferred from
the dynamics of body mass measured at 20-
day intervals across the nestling period. Parental
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self-maintenance was inferred from changes in
[IgG] that were measured in blood samples taken
at the same 20-day intervals. Blood samples to
determine [IgG] were taken from each offspring
on the same schedule as for its parents. Offspring
body mass, culmen, and tarsus were measured at
10-day intervals. We used these data to test the hy-
pothesis that reproductive costs will be expressed
notas reduced self-maintenance of the parents but
as variation in offspring condition, which presum-
ably varies with resource availability and possi-
bly between smaller sons and larger daughters
(Townsend and Anderson 2007b) in this sexually
dimorphic species.

ASSUMPTIONS AND PREDICTIONS

Parents will Regulate Foraging Effort
at Consistent Levels

We assumed that parental foraging effort
will be reflected by time budgets. Given
that increasing foraging effort tracks increas-
ing offspring food requirements across the
nestling period, we predicted that parents would
maintain consistent, individual-specific foraging
effort and body condition, especially when chal-
lenged by maximal offspring food-demand late
in the nestling period (Anderson 1990). Whether
parental foraging effort matches the differential
requirements of dimorphic sons and daughters is
an open question.

Offspring Growth will Buffer Stochastic
Variation in Food Provisioning

We assumed that offspring growth would be
highly variable between nestlings because of
variation among parents in their foraging pro-
ficiency, with inefficient foragers limiting their
physical exertion to protect their health. Par-
ents should maintain their body reserves, as re-
flected by body mass, and should not subsidize
the growth rate of their offspring. On the basis of
these expectations, we predicted that morphologi-
cal traits would not be correlated between parents
and offspring at the end of the growth period and
that offspring would show greater trait variances.
However, the capacity for compensatory growth,
either by accelerated rates or prolongation of the
nestling period, is an alternative buffering mech-
anism that minimizes reproductive costs of the
parents.
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Fig. 1. At our study site, D.J.A. measures the culmen of an adult Nazca Booby. Some birds show temporary
marks applied during an annual census. (Photograph by Sebastian Cruz.)

Parents and Offspring will Maintain [IgG]
Homeostasis

By shunting costs of reproduction that exceed
a threshold to the offspring, parents should be
able to maintain consistent self-maintenance
during the reproductive cycle. Therefore, we
expected to find stable [IgG] across the nestling
period, especially during the peak of offspring
demand and, hence, parental effort. In addition,
we assumed that immune function represented a
critical developmental investment for long-lived
species and considered whether morphological
growth would be uncoupled from the ontogeny of

[19G].
Materials and Methods
Study Site and Population

We studied the Nazca Booby population at
Punta Cevallos, Isla Espanola, Galapagos Islands
(1023'S, 89037'W), Ecuador, during the breed-
ing season of 2002-2003, in conjunction with
other long-term research on this species. Approx-
imately 3,500 Nazca Booby pairs breed at Punta
Cevallos, most eggs are laid from october to
February, and fledging occurs from March un-
til June (Anderson 1993). For the present study,
we monitored all nests intensively between 25
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September 2002 and 28 May 2003 in a subsection
of the main study colony (Fig. 2). Of 65 clutches
in this focal subsection, 47 produced at least one
chick. Four of these died before an initial blood
sample at age 10 days, and two died later. This
yielded a fledging success in families that pro-
duced a hatchling of 41 of 47 (mean = 0.872; 95%
confidence interval [CI]: 0.748-0.939), which was
not different from that of the rest of the study
colony (807 of 946; mean = 0.853; 95% CI: 0.829-
0.874). We restricted our analyses to 38 families
that successfully fledged their offspring, omitting
3 of the 41 families because our data on the par-
ents were incomplete. Clutches contained either
one or two eggs, but offspring data represent the
single chick that was reared, either a single-egg
clutch or the siblicidal victor. Our offspring data
set included an exceptional case in which brood
reduction was delayed until the younger chick's
day 51, but this family was not an outlier for the
parameters we measured.

In the focal subsection of the colony, eggs
hatched between 8 November 2002 and 11
February 2003, with one exception on 9 March
2003. The focal families hatched eggs between 8
November 2002 and 23 January 2003, thus span-
ning a representative range of hatching dates.
In the study colony, laying dates—and, conse-
quently, hatching dates—were trimodally dis-
tributed, and they were not related to offspring
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FiG. 2. (A) The Galapagos Islands. (B) Enlargement of the Punta Cevallos area, with heavy lines showing the
three subcolonies of Nazca Boobies monitored in our long-term work. (C) Section (referred to as the “mini-area” in
other publications) of Subcolony 1 (Huyvaert and Anderson 2004) used for the present study, with the bush line
marked with a dotted line, elevational topographical changes with heavy solid lines (including a roughly circular
elevated rock pile), and smaller rocks with lighter lines. Axes are scaled in 5-m increments. Most Nazca Booby nest

sites are among the rocks.

sex (Westbrock 2005). In the focal subsection,
hatching dates were uniformly distributed and
the variance of hatching dates was greater for
sons than for daughters (Levene’s F =5.51, df=1
and 36, P =0.025). Furthermore, 5 of 18 sons
hatched before the first of 20 daughters, so off-
spring sex was related to hatching date (Fisher’s
exact P =0.017). Acknowledging this interaction,
we analyzed hatching date only in cases where it
might have confounded analyses of sex-specific
traits (see below).
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Offspring Growth Rate

Preambulatory nestlings were identified by
their nest location and later by a uniquely num-
bered steel leg band. Nestlings were measured ev-
ery 10 days from day 0 (hatch day) until day 120:
“age-class” refers to these 10-day time-points. We
measured body mass with a Pesola spring bal-
ance (days 0-30: &1 g; days >30: £20 g), culmen
length with vernier calipers (0.1 mm), and flat-
tened wing chord with a wing rule (+£1.0 mm).
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Offspring body mass was log-transformed to sta-
bilize the variance in statistical analyses. Fledging
date was assigned by daily visual inspection to
determine whether guano had been cleaned from
the feet by immersion at sea. After their first flight
around day 110, all offspring remained based in
the colony until atleast day 120, at which time 95%
(19 of 20) of the daughters and 89% (16 of 18) of
the sons had fledged. In previous studies, we have
used 99% completion of pennaceous plumage as
an end-stage for measuring developmental rate
(Clifford and Anderson 2001, Anderson and Apa-
nius 2003); this variable was correlated with fledg-
ing age (r; =0.771, P <0.0001, n =38). Fledging
age was not related to hatching date (r, =0.183,
P =0.27, n=238). Because of right-skewness of the
fledging-date distribution, we classified families
with a binary variable (“nestling period”: short-
long) based on whether they fledged before, on,
or after the median fledging age (day 107 for this
sample). Offspring sex and nestling-period group
samples were reasonably balanced, and the two
factors were not confounded (daughters—short:
1 =10; sons—short: n = 10; daughters-long: n =12;
and sons-long: n=6; x2=1.08,df=1, P =0.30).

Molecular Sex-Determination

Adults were sexed during prior encoun-
ters when their sex-specific vocalizations were
recorded. Nestlings were sexed in the laboratory
from a blood sample by amplification of an intron
region of the CHD gene (Fridolfsson and Ellegren
1999). DNA was extracted from the samples with
a proteinase K digestion followed by phenol-
chloroform extraction according to standard pro-
tocols (Sambrook et al. 1989). Polymerase chain
reactions (PCR; modified from Fridolfsson and
Ellegren 1999) using an Amplitron II (Barnstead-
Thermolyne, Dubuque, lowa) thermal cycler were
performed in 15-puL volumes containing 0.15
U RedTaq Genomic DNA Polymerase (Sigma-
Aldrich, St. Louis, Missouri), 10mM dNTPs
(Promega, Madison, Wisconsin), 1.0X PCR Buffer
(Sigma), 2.5 mM MgCly, 3.3% DMSO, 0.05-1.0 ug
template DNA, and 0.15 g each of primers 2550F
and 2718R (Fridolfsson and Ellegren 1999). After
an initial denaturing step at 94°C for 2 min, we
ran 40 cycles of denaturation at 94°C for 45 s,
annealing at 46.5°C for 1 min, and extension at
72°C for 1.5 min, followed by a final extension at
72°C for 5 min. The PCR products were separated
on 2% agarose gels (BMA SeaKem LE, Lonza,
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Rockland, Maine, and Synergel Agarose Clari-
fier, Diversified Biotech, Boston, Massachusetts),
run in 1X TBE buffer at 180V for 100-110 min.
The PCR products were stained with ethidium
bromide and visualized under ultraviolet light
using GENESNAP (Hitachi, Alameda, Califor-
nia). Maness et al. (2007) verified the accuracy of
the procedure by blind sex-determination of 100
known-sex adults, all of which were correctly clas-
sified. Because extrapair fertilizations have not
been detected (Anderson and Boag 2006, D. An-
derson et al. unpubl. data) and are estimated to
be extremely rare if they occur at all (<0.14%; An-
derson and Boag 2006), we refer to social parents
as “mothers” and “fathers,” and to their offspring
as “daughters” and “sons,” with a high degree of
confidence.

Offspring Mortality Rates

Daily nest checks in the study colony were con-
ducted in the 1992-1993 to 2004-2005 breeding
seasons. Nestling mortality rates were calculated
for 10-day intervals after hatching based on the
age of the nestling when it died. We used these
data to determine the temporal pattern of nestling
mortality across a span of years that showed
highly variable breeding success.

Parental Foraging Effort

Each adult in the focal subsection had a
uniquely numbered steel leg band and a field-
readable plastic leg band (Pro Touch Engraving,
Saskatoon, Saskatchewan). Parental foraging ef-
fort was estimated by monitoring the presence or
absence of the parents in the study colony—given
that they typically attend their nest when in the
colony—between hatching and fledging. On each
day of the breeding season, each nest was visited
hourly between 0600 and 1800 hours, and addi-
tionally at 0530 hours (sunrise), 1830 hours (sun-
set), and 2000 hours to record the presence of each
parent (this species is indifferent to the close pres-
ence of humans; Fig. 1). Foraging effort was scored
asthenumber of daylighthours spentatsea across
a 20-day interval that was centered on blood sam-
pling time-points (see below). Time spent away
from the nest was used as a measure of parental
foraging effort because (1) parents were not ob-
served elsewhere in the colony (D. Andersonetal.
unpubl. data), (2) preliminary data from dive
monitors indicated minimal rest periods on the
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sea surface during daylight (D. Anderson et al.
unpubl. data), and (3) absence from the nest site
was positively correlated with foraging effort on
the basis of radiotracking (Anderson and Ricklefs
1987).

Parents” Morphological Measurements

Body mass, culmen length, and wing length
were measured in the same manner as for off-
spring. Parents were weighed every 20 days
(£2days) from nestling days 10 to 110 at the cir-
cadian phase (0200-0530 hours) when mass of
ingested food was lowest. On one occasion, cul-
men and wing length were also measured. The
sex of parents was determined by their vocaliza-
tions (Nelson 1978, Anderson 1993). For mothers
and fathers, body mass was not correlated with
culmen or wing length (all P >0.19) and, there-
fore, size-adjusted body mass was not used as a
measure of body condition (Green 2001).

Blood Sampling

Blood was collected by brachial venipuncture
(100-300 pL) from nestlings and parents every
20 days between nestling days 10 and 110. Blood
sampling was standardized to the same circadian
phase (0200-0530 hours). Blood was placed in
1.5-mL polypropylene microcentrifuge tubes and
allowed to clot at ambient temperature for 24 h,
then centrifuged at 10,000 rpm for 10 min. Ten mi-
croliters of serum were quantitatively transferred
into 100 uL of sodium-dodecyl-sulphate (SDS)
buffer typically used in polyacrylamide gel elec-
trophoresis of proteins (see below). Serum pro-
teins were denatured by immersion in a 100°C
water bath for 4 min within 6 h of collection. Pre-
served samples were stored at ambient tempera-
ture in the field for a maximum of eight months,
then stored at —20°C until laboratory analysis. An
additional blood sample (50 uL) was collected
from each nestling on its hatch day and stored in
lysis buffer (Longmire et al. 1992) for molecular
sex-determination.

Serum IgG Assay

Serum IgG of Nazca Boobies was identified
from the molecular weight of the native protein
and of the subunits after reductive dissociation in
two-dimensional electrophoresis following Apa-
nius et al. (1983). Serum [IgG] was measured by
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electrophoretic separation from other serum pro-
teins in 7.5% polyacrylamide gels followed by
quantitative staining and densitometry (Apanius
and Nisbet 2003; Fig. 3). Purified chicken IgG
(14881; Sigma) was used to construct a standard
curve(2,4,6,8,10mg mL™!)in each gel. This con-
centration range produced a linear standard curve
with 72 > 0.95 for each gel. The repeatability (in-
traclass correlation coefficient) of [IgG] measure-
ments from 11 randomly chosen serum samples
analyzed in duplicate, but in different gels, was
0.907 (F =20.47, df =10 and 11, P < 0.0001).

To characterize the dynamics of [IgG] in newly
hatched chicks, [IgG] was measured at 0, 5, 10,
and 15 days of age in the first-hatched offspring
of 18 nests that were not part of the main study.

Statistical Analyses

Exploratory data analysis used individual pro-
file plots and plots of the means, variances, co-
efficients of variation (CV), and correlations as a
function of time between measurements to guide
model selection (Verbeke and Molenberghs 2000).
For the correlation functions, observations were
centered by subtracting the mean and standard-
ized by dividing by the standard deviation, and
then the Pearson correlation coefficient was cal-
culated for all pairwise combinations as a func-
tion of time between measurements (i.e, “lag
length”; Verbeke and Molenberghs 2000). Corre-
lations plotted as a function of lag length show
the autocorrelation structure of the repeated mea-
surements. Because sample sizes decreased with
lag length, we displayed correlation functions
with symbol sizes that were proportional to sam-
ple sizes (Verbeke and Molenberghs 2000).

Repeated-measures analyses were performed
using linear mixed models (Littell et al. 1996;
PROC MIXED in SAS, version 9.1.3, SAS Institute,
Cary, North Carolina) following the formalism
presented in Appendix 1. Linear mixed models
allow inference about the mean structure of fixed
effects and consider the within- and between-
individual covariance parameters to be nuisance
terms and treat them as random effects (Littell
et al. 2000). Here, we focus on these covariance
matrices to estimate the within- and between-
individual sources of wvariation (Fitzmaurice
et al. 2004), which allows us to test predictions
regarding how tightly self-maintenance is reg-
ulated in parents and offspring. We used the
structure of the covariance matrix to infer the
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Fig.3. Electropherogram of serum proteins of adult Nazca Boobies (see text for details). Chicken IgG standards
are shown at 10, 8, 6,4, and 2 g L-1. IgG = immunoglobulin G, Tf = transferrin, and Alb = albumin.

mode of regulation of each trait, following the
precedent in human clinical chemistry (Harris
et al. 1980, Queralto 2004). Appendix 1 provides
a description of model notation, covariance
structures, and their interpretation.

We first present results for the mean trends
based on the fixed-effects analysis, using the best-
fit covariance structure. The significance tests for
post-hoc comparisons of means at differing time-
points used simulation-adjusted critical values
(Westfall et al. 1999). Then, we examine the es-
timated covariance parameters to see how the
residual (nonfixed effects) variation is partitioned
into between- (var®) and within-individuals
(varw) variance components and, in some cases,
an additional between-families (varf) component
(see below). We then consider the magnitude of
the estimated autocorrelation coefficient (p) to in-
fer the degree of homeostatic regulation, with a
higher autocorrelation implying tighter regula-
tion (Harris et al. 1980, Queralto 2004).

Finally, we examine the correlations of traits be-
tween family members in each age-class. In cases
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where correlations between family members are
evident, we use an additional random effect, in-
dexed to family, to account for this covariation,
and we refer to this covariance parameter as varf .
In those cases, the random effect representing
between-individual variation (var?), indexed to
band number, is nested within the family effect.

Nestling mortality rates for 10-day intervals
were calculated with PROC LIFETEST in SAS, and
differences in survival curves were tested using
the Kaplan-Meier estimator and the log-rank test
(Allison 1995).

Results
Offspring Growth
Body Mass
Mean (log-transformed) body mass increased
asymptotically from days 0 to 50 and peaked

at day 70 (Fig. 4A), when daughters were 81.8¢g
(4.4%) heavier than sons, but this difference was
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(Continued on the next page.)
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not significant (adj. P =0.29). From the peak,
body masses decreased by 8.0% for daughters
and 12.4% for sons at fledging. Although the age
at fledging was similar for daughters (mean =
109days, 95% CI: 100-124) and sons (mean =
109, 95% CI: 95-149; F =0.01, df=1 and 36,
P =0.92), the mean fledging body mass of daugh-
ters was 209 g (11.1%) greater than that of
sons (F =16.85, df=1 and 36, P =0.0002). Off-
spring that fledged at a younger age had signif-
icantly greater body mass across all age-classes
(F =29.25,df =1 and 35, P <0.0001); nonsignifi-
cant two-way and three-way interactions of sex
with nestling period (Appendix 2: Table 1) in-
dicated that this relationship did not vary by
sex. Overall, body mass across the growth pe-
riod was 5.9% greater for offspring with shorter
nestling periods (least-squares mean= 1,023 g,
95% CI: 997-1,049) than for those with longer
ones (least-squares mean = 963 g, 95% CIL: 935-
994). Near the end of growth, around the time
of fledging (days 90-120), this effect of nestling-
period disappeared for both sexes (all P >0.17).
Consequently, we conclude that the length of the
nestling period was shorter for offspring that were
heavier throughout the growth period and that
all offspring converged on sex-specific fledging
body-mass targets, with sons showing a greater
mass recession than daughters.

In exploratory data analysis, the variance of
(log-transformed) body mass spiked on day 10
because of three sons that had depressed body
mass (Fig. 4B); despite this transient increase, co-
variance parameters did not differ significantly
as a function of offspring sex or nestling period
(Appendix 2: Table 1). The CV of offspring body
mass showed a corresponding spike atage 10 days
but was below 2% for most of the nestling pe-
riod (Fig. 4C). Thus, variation in mass was nearly
constant when logarithmically scaled to body size
across the growth period.

Correlation of consecutive (lag = 10 days)
body-mass  measurements was 1 =0.430
(Fig. 4D) and decreased with increasing lag length
to effectively zero for lags >50 days (Fig. 4D).
Visual inspection of the correlation matrices re-
vealed considerable heterogeneity in the correla-
tion between consecutive measurements, ranging
from —0.272 to 0.768 for daughters and —0.421 to
0.762 for sons. For both sexes, strong positive cor-
relations were observed in early age-classes and
weak negative or nonsignificant correlations in
older age-classes. This heterogeneous correlation
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structure was most consistent with the VC
covariance structure (see Appendix 1 for details
of model notation), with negligible between-
individual variance and autocorrelation. It was
clearly the best-fit model for body-mass growth
for both sons and daughters across all age-classes
(Appendix 2: Table 1). This implied that body
mass was not regulated around individual-
specific set-points. Instead, we observed a
nestling period of variable length that allowed
offspring to reach their sex-specific growth target.

Culmen Length

Growth of the culmen was initially rapid and
became sexually size-dimorphic near the growth
asymptote (Fig. 4E), as indicated by a significant
age-class * offspring-sex interaction (F =9.46,
df = 12 and 404, P <0.0001). Culmen length of
daughters first exceeded that of sons at day 50
(adj. P =0.023) and remained longer thereafter
(all P <0.0002). Mean culmen length of daugh-
ters was 3.6 mm (3.4%) longer than that of sons at
fledging. Nestling period was not related to mean
culmen length (Appendix 2: Table 2).

In exploratory data analysis, variance in cul-
men length was low on day 0, increased rapidly by
day 30, and then decreased to stable values upon
reaching asymptotic size (Fig. 4F). The CV for cul-
men length peaked between 5% and 9% on days
10-30, then declined to 3-4% when asymptotic
culmen length was attained (Fig. 4G). The vari-
ance and CV appeared to be greater for sons than
for daughters between days 30 to 80. In summary,
variation in culmen length was greatest early in
the growth period and before the emergence of
sexual size-dimorphism (SSD).

Correlation of consecutive (lag = 10 days) cul-
men measurements was higher (r =0.854) than
for mass (Fig. 4H). Inspection of the correla-
tion matrices showed that, except for the day-0
to day-10 correlation (daughters: » = 0.549; sons:
r =—0.059), the correlation of consecutive mea-
surements ranged from 0.833 to 0.974 across
age-classes. The correlation between culmen mea-
surements at hatching and fledging (lag = 120
days) was significant for daughters (r =0.455,
P =0.044, n=20) but not for sons (r =0.393,
P =0.11, n=18). For lags >10 days, the correla-
tions between culmen measurements followed a
first-order autoregressive decline (Fig. 4H).

Accordingly, the ARH1 + RE covariance struc-
ture, which accounted for the high autocorrelation
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as well as age-dependent heterogeneity, unam-
biguously provided the best-fit covariance struc-
ture for culmen growth (Appendix 2: Table 2).
Using this model, the estimated autocorrelation
coefficient across age-classes was relatively high
and did not differ between daughters (p =0.902,
95% CI: 0.853-0.951) and sons (o =0.925, 95%
CI: 0.883-0.971). From the exploratory analysis,
the variance in culmen length was greatest on
days 20 and 30 for daughters, and the peak at
day 30 for sons was higher than that of daugh-
ters (Fig. 4F). This is reflected in the best-fit
covariance structure (ARH1 + RE), which esti-
mated separate covariance parameters for each
sex and age-class (Appendix 2: Table 2). The sex-
and age-class-specific covariance parameters re-
flected the age-dependent pattern of variance
shown in Fig. 4F, with sons having higher co-
variances than daughters (Appendix 2: Table 2).
In summary, the high autocorrelation coefficients
implied tight regulation of culmen growth. The
pattern of age-dependent variances (and CVs)
indicated that variation increased during rapid
growth and subsequently decreased as all off-
spring reached sex-specific asymptotic size.

Wing Length

Wing growth also showed sexual dimorphism
(Fig. 4I), based on a significant age-class *
offspring-sex interaction (F =14.04, df=12 and
404, P <0.0001). Daughters developed signifi-
cantly longer wing length than that of sons by
day 90 (adj. P=0.0024) and remained longer
afterward (all P <0.0001). Mean wing length of
daughters was 21.0 mm (4.4%) longer than that of
sons at fledging. Nestling period was related to
wing length as a main effect (F =8.42,df =1 and
35, P =0.0064) and as an interaction with age-
class (F =1.96, df = 12 and 404, P =0.026). On
average, wing length was 7.1 mm (2.7%) longer
for offspring in the shorter-nestling-period group
(least-squares mean = 258 mm, 95% CI: 254-261)
than for those in the longer-nestling-period group
(least-squares mean = 251, 95% CI: 247-255). Be-
tween days 60 and 100, wing length was ~10 mm
longer in offspring with shorter nestling periods
than in those with longer ones. At fledging age,
wing length was 11.6 mm (2.4%) shorter in daugh-
ters with a shorter nestling period (F =6.01,
df = 1 and 18, P =0.025), with no difference
in sons (F =0.03, df = 1 and 16, P =0.87). In
conclusion, offspring with faster growth in wing
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length after day 60 fledged at an earlier age but
with slightly shorter wing length, at least in
daughters.

In exploratory data analysis, variance in wing
length was low at hatching, peaked around day
60, and then decreased at fledging (Fig. 4]). The
CV for wing length peaked at 8% and 13% be-
tween days 10 and 40 and gradually declined
to 2% at fledging (Fig. 4K). As with culmen
growth, variation in wing growth was greatest
when growth was most rapid and decreased with
the emergence of sexual dimorphism.

Correlation between consecutive (lag = 10
days) wing measurements was high (r =0.870;
Fig. 4L). Inspection of correlation matrices
showed that, except for days 0-10 (daughters
r=0.409; sons r=0.321), the correlation of
consecutive measurements ranged from 0.833 to
0.987 across age-classes. The correlation between
wing measurements at hatching and fledging
(lag = 120 days) was significant for daughters
(r =0.664, P=0.0014, n=20) but not for sons
(r=0.305, P =0.21, n=18). For lags >10 days,
the correlations of wing measurements decreased
as a first-order autoregressive process for both
sexes (Fig. 4L).

Aswith culmen growth, the ARH1 + RE covari-
ance structure unambiguously provided the best-
fit model for wing growth. The autocorrelation
for wing growth across age-classes was relatively
high (0=0.910, 95% CI. 0.886-0.944) and did
not differ between sexes (Appendix 2: Table 3).
The peak variance around day 60 observed in
the exploratory analysis (Fig. 4]) was reflected
in the estimated age-specific covariance param-
eters, which did not differ by sex or nestling-
period groups (Appendix 2: Table 3). In summary,
the high autocorrelation coefficients implied tight
regulation of wing growth. The pattern of age-
dependent variances (and CVs) indicated that
variation increased during rapid growth and sub-
sequently decreased as offspring reached sex-
specific asymptotic sizes.

Serum [IgG] of Offspring

Serum [IgG] was measured in a group of
offspring that were not part of the main study on
days 0, 5, 10, and 15. In this group, [IgG] (mean +
SE) monotonically declined from days 0 (5.62 +
0.85) to 10 (3.06 £+ 0.44; F =21.63, df =1 and 31,
P <0.0001) and was not significantly different
between days 10 and 15 (2.85 + 0.29; F =2.26,
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df = 1 and 15, P =0.15). In the main study,
offspring [IgG] was lowest at days 10 and 30,
then increased significantly between days 30 and
50 (F =91.57, df = 5 and 142, P <0.0001), and
remained relatively constant thereafter (Fig. 4M).
[IgG] was not related to offspring sex directly
or as an interaction with age-class (Appendix 2:
Table 4). [IgG] was not related to nestling period
as a main effect but was related as a significant
interaction with offspring age-class (F =3.12,
df = 5 and 142, P =0.011). However, signifi-
cant differences could not be identified at any
particular offspring age-class by nestling-period
combination (all P >0.10), which indicates that
the interaction was attributable to minor differ-
ences across multiple age-classes. [IgG] was not
related to the growth of morphological traits dur-
ing the early phase when [IgG] was stable (days
10 and 30), during the phase of increasing [IgG]
(days 30 and 50), or during the final phase, when
[IgG] was stable again (days 50-110; Appendix 2:
Table 5).

In exploratory data analysis, variance in off-
spring [IgG] showed a gradual increase and then
decrease across the growth period (Fig. 4N). The
CV for [IgG] was the highest for the offspring
traits studied and gradually decreased from 50%
to 30% (Fig. 40).

The correlation between consecutive (lag =
20 days) measurements was r =0.775 (Fig. 4P).
For lags >20 days, the correlation function ap-
peared to be intermediate between CS and AR1
+ RE (Fig. 4P). The AR1 4 RE covariance
structure was the most parsimonious covariance
structure for offspring [IgG], with an estimated
autocorrelation coefficient (p =0.461, 95% CI:
0.153-0.768) that was less than that observed
for culmen and wing length. The age-dependent
variances observed in the exploratory analy-
ses were not deemed significant because the
ARH1 + RE and CSH structures, with additional
age-dependent covariance parameters, were not
significant improvements over the AR1 + RE
covariance structure (Appendix 2: Table 4). Fur-
thermore, the estimated covariance parameters
did not differ between offspring sexes or nestling-
period groups (Appendix 2: Table 4). In summary,
62% of the variance in [IgG] was attributable to
differences between individuals, and the mod-
est autocorrelation implied relatively weak reg-
ulation around individual set-points for this
self-maintenance trait.
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PARENTAL FORAGING EFFORT

Foraging effort of mothers and fathers wasneg-
atively correlated at days 10 (r = —0.523) and 30
(r =—0.549) and was positively correlated at day
50 and afterwards (r =0.355 to 0.652, all n=238).
This correlation pattern was similar for parents of
daughters (days 10 and 30: ¥ = —0.684 to —0.736;
days 50-110:r =0.424 t0 0.623; all n = 20) and sons
(day 10 and 30: r =—0.287 to —0.461; days 50—
110: ¥ =0.176 to 0.680; all n=18). Although the
significance tests of these correlations are unre-
liable because of pseudoreplication, the correla-
tions suggested a need to model this source of
covariance. Further analyses were conducted sep-
arately in age-class groups (days 10-30 or 50-110)
and with an additional random effect indexed to
nest identification number to account for the cor-
relation within pairs.

Considering days 10 and 30, fathers rear-
ing sons spent more time at sea on day 10
than fathers rearing daughters and compared
to mothers (Fig. 5A, E), as indicated by a sig-
nificant interaction of age-class * parent-sex *
offspring-sex (F =4.88, df =1 and 71, P =0.030).
The between-individual variance (99.45, 95% CI:
58.56-205.05) was less than the within-individual
variance (144.50, 95% CI: 106.87-206.32). Thus,
41% of the variance in foraging time in early age-
classes was attributable to between-individual
differences.

Considering days 50-110, mothers spent an av-
erage of 22.8 £ 3.3 more hours at sea (per 20-day
interval) than fathers (F =56.00, df = 1 and 68,
P <0.0001) and consistently spent more time at
sea than fathers across all offspring age-classes
(nonsignificant parent-sex * age-class interaction;
Appendix 2: Table 6). Parents spent 8.4% and
5.5% more time at sea for daughters than for
sons at days 70 and 90, respectively (age-class *
offspring-sex interaction, F = 3.03, df =3 and 204,
P =0.031). Parental foraging effort was not re-
lated to nestling period as a main effect or as an
interaction with age, parent sex, or offspring sex
(Appendix 2: Table 6).

In exploratory data analysis, the variance in for-
aging effort appeared to increase with the mean
across offspring age-classes (Fig. 5A, B, E, F). Log-
transformation did not homogenize the variances
or improve the model fit based on the analy-
sis of residuals. The CV for foraging effort var-
ied between 5% and 20%, with no clear pattern
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for parents of sons versus parents of daughters
(Fig. 5C, G).

For days 50-110, the correlation of foraging ef-
fort between consecutive (lag =20 days) measure-
ments was p =0.392 (Fig. 5D, H). For lags >20
days, the correlations decreased, which is con-
sistent with an autoregressive process. Accord-
ingly, the AR1 + RE covariance structure was the
best-fit model; the time-dependent heterogene-
ity incorporated in the ARH1 + RE covariance
structure was not justified (Appendix 2: Table 6).
Thus, the increased variance around day 70 ob-
served in the exploratory analysis was not re-
flected in the estimated covariance parameters
(Appendix 2: Table 6), which also did not dif-
fer by parent or offspring sex or nestling-period
(Appendix 2: Table 6). Combined and separate
analyses of mothers and fathers were unable to
estimate positive covariance parameters for indi-
vidual random intercepts, which indicates that the
between-individual covariance was zero (i.e., no
consistent differences between individuals). The
weak autocorrelation between consecutive mea-
surements implied a modest level of homeostatic
regulation within individuals. Overall, 17.5% of
the variance was attributable to differences be-
tween pairs and not to individual differences
(Appendix 2: Table 6).

PARENTAL BODY MAsSS

Body mass of mothers was 256 + 20 g (13%)
greater than that of fathers (F =165.12, df =1 and
68, P <0.0001; Fig. 51, M). Body masses of mothers
and fathers were not correlated at any age-class
(all P >0.12), so parental measurements were
treated as statistically independent. Body masses
of mothers and fathers decreased monotonically
with increasing offspring age (F =29.43, df =5
and 259, P <0.0001; Fig. 5, M). Body mass of
parents rearing daughters decreased at a greater
rate than that of those rearing sons (age-class *
offspring-sex interaction, F =298, df = 5 and
259, P =0.012), and the decrease was similar for
mothers and fathers (nonsignificant parent-sex *
offspring-sex * age-class interaction; Appendix 2:
Table 7). Parents of daughters lost 189 + 20 g be-
tween days 10 and 90, compared with 130 £ 32 g
for parents raising sons. This corresponds to 9.8%
and 6.7% of body mass for mothers and 11.3%
and 7.8% for fathers, respectively. The parents of
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offspring that fledged in the shorter nestling pe-
riod at an earlier age were, on average, 49.3 g
(2.7%) heavier than parents with longer nestling
periods (F =8.33, df = 1 and 68, P =0.0052).
The significant age-class * offspring-sex * nestling-
period interaction indicated that nestling period
also influenced the relationship of parental mass
loss as a function of age-class and offspring sex
(F=3.00, df = 4 and 259, P =0.019), though a
clear pattern was difficult to discern.

Across offspring age-classes, variance in
parental body mass appeared to decrease in moth-
ers and to be greater in fathers raising sons
(Fig. 5], N). The CV for parental body mass varied
between 3% and 9% and reflected the pattern of
variances (Fig. 5K, O).

The correlation between consecutive measure-
ments (lag = 20 days) appeared to be higher for
mothers (p =0.587) than for fathers (p =0.327;
Fig. 5L, P) and remained at that value or de-
clined slightly for lags >20 days. Accordingly,
the CS covariance structure was the most par-
simonious model. Although ARH1 + RE and
AR1 + RE were also plausible choices (Ap-
pendix 2: Table 7), the estimated autocorrelation
coefficient included zero (p=0.139, 95% CI:
—0.024 to 0.302). Regardless of the structure, co-
variance parameter estimates did not differ as
a function of parent or offspring sex or nestling
period (Appendix 2: Table 7). Across age-classes,
42.6% of the residual variance in body mass could
be apportioned to inter-individual differences,
and repeated measurements had negligible auto-
correlation (Appendix 2: Table 7). Analyses of bal-
anced subsets of the data were consistent with the
complete data set, indicating that the imbalance
created by partial data sets from late-breeding
parents did not influence the estimation of covari-
ance matrices or the mean trends (not shown).

In summary, body mass declined across the off-
spring age-classes in both parents, with a greater
decrease in parents raising daughters. Parents of
offspring with shorter nestling periods were heav-
ier than parents with longer ones. Although inter-
individual variation was consistent, body-mass
measurements had low autocorrelation.

PARENTAL [IgG]

Parental [IgG] averaged 7.77 + 0.16 g L™
and was significantly greater than offspring
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FIG. 5. Parent traits of Nazca Boobies as a function of offspring age-class. Mother’s foraging effort: (A) mean, (B)
variance, and (C) coefficient of variation (CV). Father’s foraging effort: (E) mean, (F) variance, and (G) coefficient
of variation. Separate lines are shown for groups that differ significantly in means or variances according to linear-
mixed-model analyses (Appendix 2, Tables 6 and 7). Also shown is the exploratory analysis of correlation structure
based on the correlation between measurements from the same individuals as a function of interval between
measurements for foraging effort of (D) mothers and (H) fathers. For the analysis of correlation structure, symbol
size is proportional to sample size. Units: foraging effort (number of daylight hours absent per 20-day interval).
(Continued on the next page.)
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FIG. 5. (Continued.) Parent traits of Nazca Boobies as a function of offspring age-class. Mother’s body mass: (I)
mean, (J) variance, and (K) coefficient of variation. Father’s body mass: (M) mean, (N) variance, and (O) coefficient
of variation. Exploratory analysis of correlation structure for body mass of (L) mothers and (P) fathers. Units: body
mass (kg).
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[IgG] at all age-classes (F =8.39, df =2 and 119,
P =0.0004). Across all age-classes, [IgG] was
positively correlated between mothers and fa-
thers (r =0.550-0.360), mothers and offspring
(r =0.601-0.403), and fathers and offspring
(r =0.591-0.525), except at day 110, when only
the father—offspring correlation was significant
(r =0.492). This correlation motivated an addi-
tional random effect indexed to nest to account for
the correlation among family members. As with
foraging effort, we partitioned the residual vari-
ance into between-family, between-individual,
and within-individual components (Fig. 6).

Parental [IgG] was not significantly related to
offspring age-class, sex of the parent or offspring,
nestling period, or their interactions (Fig. 6A, E;
Appendix 2: Table 8). The parent-sex * offspring-
sex interaction approached significance (F =3.07,
df = 1 and 34, P =0.089) and indicated lower
[IgG]in mothers of sons than in mothers of daugh-
ters (F=4.54, df = 1 and 34, P =0.040), with
no corresponding difference in fathers (F =0.10,
df = 1 and 34, P =0.75). Separate analyses also
indicated that [IgG] declined with age-class in
mothers (F =2.19, df =5 and 128, P =0.059) but
not fathers (F =0.62, df = 5 and 133, P =0.69),
though with marginal significance and without
support in the combined analysis (nonsignifi-
cant offspring-age-class * parent-sex interaction,
Appendix 2: Table 8). The offspring-age-class *
offspring-sex * nestling-period interaction was
marginally significant (F =2.16, df = 5 and 141,
P =0.062) and hinted at higher [IgG] in parents
of older daughters with longer nestling periods.

In exploratory analysis, the variance in parental
[IgG] showed no systematic pattern across age-
classes (Fig. 6B, F) and the CV was consistently
between 30% and 40% (Fig. 6C, G).

For consecutive measurements (lag = 20 days)
of [IgG], the correlation was high (r =0.842) and
declined slightly for longer lags (Fig. 6D, H). The
AR1 + RE covariance structure provided the best-
fit against competing CS and ARH1 + RE mod-
els; all models had a random effect for nest, and
the random effect representing individuals was
nested within this factor (Appendix 2: Table 8).
The covariance parameters differed as a function
of parent sex (G2 =7.6,df = 2, P =0.022), but not
of offspring sex or nestling period (Appendix 2:
Table 8). The autocorrelation of [IgG] was neg-
ligible for mothers (p =0.105, 95% CI: —0.142 to
0.351) and intermediate for fathers (p = 0.552,95%
CI: 0.268 to 0.837). Separate analyses by parent
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sex showed that the CS and AR1 + RE struc-
tures fit equally well for mothers (G>=0.8, df =
1, P =0.37), but AR1 + RE fit significantly better
than CS for fathers (G>=16.2,df =1, P < 0.0001).
The analyses of the mean trends presented above
employed an AR1 + RE covariance matrix with
separate parameters for mothers and fathers. For
parental [IgG], 48% of the variance was attributed
to differences between pairs, and 37% of the vari-
ance was apportioned to differences between in-
dividuals within pairs. Thus, the relatively high
CV observed for [IgG] reflected the variation be-
tween, and not within, individual parents.

PARENT-OFFSPRING COMPARISON

At fledging, mean body mass of daughters was
103 g (5.8%) greater than that of their mothers,
the variances were comparable, and body masses
were uncorrelated (Table 2). Body masses of sons
and fathers at fledging did not differ in mean
or variance and they were also uncorrelated.
Thus, daughters were slightly heavier than
their parents, and offspring did not show greater
variation or parent—offspring correlations in body
mass.

Mean culmen length at fledging was 1.7 mm
(1.6%) shorter in daughters than in mothers and
1.7 (1.6 %) shorter in sons than in fathers (Table 2),
possibly indicating that culmen growth was in-
complete. Variance in culmen length did not dif-
fer between daughters and mothers, but was
marginally greater in sons than in fathers (Table 2).
Culmen length was uncorrelated between daugh-
ters and mothers and between sons and fathers
(Table 2).

Mean wing length at fledging was similar for
daughters and mothers and for sons and fathers
(Table 2). Variance in wing length was marginally
greater in daughters than in mothers, but was not
greater in sons than in fathers (Table 2). Wing
length was not correlated between daughters and
mothers, but was positively correlated between
sons and fathers (Table 2).

As shown earlier, [IgG] was significantly lower
in offspring than in the parents and [IgG] was pos-
itively correlated between offspring and parental
midpoint (Table 2). The variances of [IgG] were
similar for offspring and parents (Table 2).

In summary, it appears that the morphological
traits of offspring at fledging were similar to—
and, generally, were not more variable than—
those of their parents. By contrast, [IgG] was
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FIG. 6. Parent Nazca Booby [IgG] as function of offspring age-class. For mothers: (A) mean, (B) variance, and
(C) coefficient of variation (CV). For fathers: (E) mean, (F) variance, and (G) coefficient of variation. Separate lines
are shown for groups that differ in means or variances according to linear-mixed-model analyses (Appendix 2,
Table 8). Also shown is the exploratory analysis of correlation structure based on the correlation between measure-
ments from the same individuals as a function of interval between measurements of [IgG] for (E) mothers and (H)
fathers. For the analysis of correlation structure, symbol size is proportional to sample size. Units: [IgG] (g L™).

significantly lower in the fledglings and was cor-
related with levels in the parents.

OFFSPRING MORTALITY RATE

Nestling mortality rate in the study area (in-
cluding the focal subsection) typically fell over

Downloaded From: https://bioone.org/ebooks on 1/14/2019

the course of the nestling period, except dur-
ing the unusual conditions of the El Nifio—
Southern Oscillation Event (ENSQO) of 1997-1998
(Fig. 7). Age-specific mortality rate during this
study was low compared with other non-ENSO
years (log rank x2*= 259, df = 1, P< 0.0001;
Fig. 7).
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TABLE 2. Comparison of offspring and parent traits of Nazca Boobies: body mass, culmen length, wing length, and
IgG. Homogeneity of means tested with one-way analysis of variance (ANOVA) and variances with Levene’s
test (df =1 and n — 2). Correlation tested with Pearson correlation coefficient.

Means Variances Correlation
Offspring Parent
Trait Mean+SD  Mean &+ SD F P F P n r P
Body mass (day 110; g)
Daughter-Mother 1878 £150.3 1775+103.9 6.28 0.017 232 014 20 0052 0.83
Son-Father 1660 £177.0 1580 £137.0 228 0.14 218 015 18 0.210 0.40
Culmen length (day 120, mm)
Daughter-Mother 105.7 £1.62 1074 +£2.23 7.67 0.0087 3.07 0.088 19 0.025 092
Son-Father 1022 £2.02 1039 & 2.67 503 0.032 258 012 18 0274 0.27
Wing length (day 120, mm)
Daughter-Mother 48351827 479.2 £ 8.66 243 013 03 087 18 0303 0.22
Son-Father 4584 +8.23 459.8+10.32 020 0.66 0.84 037 18 0503 0.033
Serum IgG (mean of days 70 to 110, midpoint value for parents, g L~1)
577 £217 7.65+229 1354 0.0004 014 071 38 0757 <0.0001

1.000 7

Mortality rate

0.001

0 20 40 60 80 100 120
Offspring age (days)

FIG. 7. Interval mortality rate of offspring as a func-
tion of age-class for the study year 2002-2003 (thick solid
line), El Nifio year 1997-1998 (dashed thin line), and
all other years between the 1992-1993 and 2004-2005
breeding seasons (thin solid lines).

DiscussioN

Costs of reproduction are clearly demonstrated
in short-lived bird species with high annual re-
productive output, where the parents appear to
reallocate nutrients from self-maintenance to fuel
the physical activity needed to sustain a high level
of parental effort (Daan et al. 1996). These studies
suggest that the parent’s consistent provisioning
of offspring promotes uncompromised offspring
growth, but the latter appears to be subsidized by
the reduction in the parent’s self-maintenance ac-
tivity, as assessed by immune function (Sheldon
and Verhulst 1996). This life-history strategy
is observed in environments in which high
extrinsic mortality (e.g., predation pressure)
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discounts investment in self-maintenance by
the parents. In environments with low extrin-
sic mortality, the life-history theory of senes-
cence predicts that sustained investment in
self-maintenance would benefit individuals by
extending their reproductive lifespan (Goodman
1974). As a corollary, parents in long-lived taxa,
such as our study organism, should regulate
reproductive effort at a level compatible with
sustained self-maintenance, and not subsidize
their offspring’s fitness with their own personal
health and survival (Moreno 2003). Offspring
growth and body condition are expected to ab-
sorb stochastic resource fluctuations as a result,
because the parent’s self-maintenance has pri-
macy for limited nutritional resources (Seether et
al. 1993, Mauck and Grubb 1995, Navarro and
Gonzalez-Solis 2007).

We tested these predictions in a long-lived
seabird, using a longitudinal sampling design
and linear mixed models to estimate the within-
and between-individual variance components
of parent and offspring traits. This approach
allowed us to test the hypothesis that indi-
vidual parents maintained stable levels of self-
maintenance ([IgG]) and body condition (parent
body mass) as foraging effort (time spent at
sea) and offspring food demand (offspring body
mass) increased dramatically across the nestling
period. We also examined patterns of variation in
offspring growth to infer whether parents relayed
resource variability to the offspring. The multi-
ple repeated measurements (6-13 per individual)
allowed testing the fit of alternative covariance
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structures that model the trajectories of these traits
over time and from which we can infer the mode
of regulation. Next, we summarize the salient re-
sults, considering each in more detail in the fol-
lowing sections.

In individual Nazca Booby parents, [IgG] was
stable across the nestling period, after accounting
for considerable inter-individual variation. Au-
tocorrelation was significant for fathers, but not
for mothers, which implies a certain degree of
homeostatic regulation in the former. By contrast,
parental body mass showed a modest (7-11%),
but consistent, decline across the nestling pe-
riod, also after accounting for considerable inter-
individual variation. Overall, mean body mass
was lower in parents that were rearing offspring
that had longer nestling periods, and mass loss
was greater in parents rearing the larger-sized
offspring (daughters). Repeated measurements
of body mass of individuals were uncorrelated,
which implies either weak regulation or consider-
able measurement error of body mass. As parental
foraging effort doubled across the nestling pe-
riod, consistent differences between individuals
did not emerge, after controlling the sex of the
parent and their offspring. However, the modest
level of autocorrelation of foraging effort within
individuals seemed to indicate that parents were
showing a limited degree of consistency despite
the lack of significant differences in foraging effort
between individuals.

In summary, our measure of immune function
([I1gG]) supported the expectation of sustained
self-maintenance as demands on the parents in-
creased in this long-lived pelagic seabird. Our
proxy for body condition (body mass) provided
equivocal support for sustained self-maintenance,
in that body mass decreased slightly but with a
consistent trajectory within individuals. Our mea-
sure of reproductive effort (time spent at sea)
provided weak evidence for a fixed individual-
specific schedule of foraging effort: parents spent
more time foraging for offspring of the larger sex
(female) but appeared to do so with a modest de-
gree of consistency.

Parents in short-lived species increase their
workload to compensate for mismatched off-
spring demand and food availability. In con-
trast, parents in long-lived species should not
increase parental effort in response to resource
shortfalls but, instead, should produce offspring
whose quality reflects current resource avail-
ability. In these species, the body condition of
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offspring, and not that of the parents, should re-
flect the deficit between food demand and deliv-
ery (Seether et al. 1993, Mauck and Grubb 1995).
As in other long-lived pelagic seabirds, offspring
body-mass growth in Nazca Boobies lacked au-
tocorrelation except over short measurement in-
tervals, and it appeared that offspring buffered
resource variability with plasticity in body-mass
growth to a greater degree than in the growth of
skeletal traits. A biologically significant compo-
nent of buffer capacity turned out to be the length
of the nestling period. Chronically lightweight
offspring had longer nestling periods but still at-
tained an apparent sex-specific body-mass tar-
get at fledging. We were surprised to find that
the variances of offspring traits did not exceed
those of the parents. Nonetheless, the high intra-
individual variance in body-mass growth and a
variable development period support the view
that parents sustained their own self-maintenance
by relaying resource variability to the offspring.

Further evidence for variable offspring growth
was observed in the striking peak of variance in
two structural traits at the time of peak growth
rate of each trait and not during the time of peak
food demand. Although offspring showed signif-
icant structural heterogeneity (CV =5-13%) dur-
ing the rapid growth phase, the variable length of
the nestling period allowed all fledglings to reach
their sex-specific sizes with less structural varia-
tion (CV < 3%) atfledging. This plasticity of struc-
tural growth provides additional evidence that
offspring buffered parental reproductive costs.

These patterns of variation in morphological
growth were not coupled to the ontogeny of [IgG]
in the offspring. This suggests that whatever food
limitation the parents may have imposed on the
morphological growth of the offspring, it did not
influence the ontogeny of this immunological trait
in the offspring, in contrast to the tradeoff be-
tween growth and immune function observed in
short-lived species (Table 3). This component of
immune function may be critical for survival in
the dense, fecally contaminated breeding colony
(Fig. 8), especially with offspring sustaining fre-
quent injurious attacks by adults (Anderson et al.
2004).

REGULATION OF SELF-MAINTENANCE IN
LONG-LIVED SPECIES

In Nazca Boobies, our measure of parental
self-maintenance ([IgG]) did not decrease with
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TABLE 3. Relationship between offspring growth conditions and immune function. y-globulin = percentage of
y-globulins in protein electrophoresis; H:L. = heterophil to lymphocyte ratio, [IgG] = immunoglobin G (=Y)
concentration; PHA response = phytohemagglutinin-induced skin-swelling.

Species Predictor / Treatment Response References
Black-legged Kittiwake ~ 1Food available to —[1gG] Gasparini et al. 2006
Rissa tridactyla parents —PHA response
Common Tern 4 Brood size MIgG] Apanius and Nisbet 2006
Sterna hirundo
Eurasian Kestrel 1Brood size —PHA response Fargallo et al. 2002
Falco tinnunculus
American Kestrel 4Body condition +PHA response Tella et al. 2000
F sparverius 4 First-year survival
Great Tit JBrood size —H:L Ots and Hérak 1996
Parus major JBrood size +PHA response Horak et al. 1999
Male removal JPHA response Snoeijs et al. 2005
Blue Tit 4+Brood size —[1gG] Merino et al. 2006
Cyanistes caeruleus
Barn Swallow 1Brood size JPHA response Saino et al. 1997b, Pap and Markus 2003
Hirundo rustica +Growth rate JPHA response Pap and Markus 2003, Saino et al. 2001
Tree Swallow 4+Brood size —H:L Shutler et al. 2004
Tachycineta bicolor
House Martin 4Body condition +PHA response Christe et al.1998, 2001
Delichon urbica tFirst -year survival ~ —PHA response Christe et al. 2001
ty-globulin
4Body mass +PHA response Merino et al. 1999
Bank Swallow 4+Brood size Jy-globulin 5zép and Meller 1999
Riparia riparia
European Magpie +Methionine in diet +PHA response Soler et al. 2003
Pica pica JGrowth rate
House Sparrow 4Body mass +PHA response Westneat et al. 2004

Passer domesticus

increasing parental foraging effort and decreasing
body mass across the nestling period. It did not
vary significantly with parent sex, offspring age-
class or sex, the duration of the nestling period,
or their interactions. We found weak evidence
(marginal statistical significance) for a decline in
[IgG] across the reproductive cycle in mothers
and for lower mean [IgG] in mothers raising sons.
However, 85% of the residual variance that was
not explained by the fixed effects was attributable
to differences between pairs (48%) and to differ-
ences between individuals within pairs (37%). Of
the remaining variance, autocorrelation of [IgG]
was significant for fathers but not mothers, which
implies more stringent regulation in the former,
given that measurement error should be the same
for both sexes. Although the stability of [IgG] in
parents across the nestling period supports the
life-history theory of senescence, data from moth-
ers provide a hint that their [IgG] was less stable.

The stability of [IgG] that we observed in Nazca
Boobies contrasts with results from other avian
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taxa (Table 1). Significant declines in [IgG] and y -
globulins (a less precise measure of [IgG]) across
various phases of the reproductive cycle have
been observed in female Common Eiders (Soma-
teria mollissima), female Barn Swallows (Hirundo
rustica), female Blue Tits (Cyanistes caeruleus), and
both sexes of Great Tits (Parus major) and Dark-
eyed Juncos (Junco hyemalis). Changes in body
mass and plasma metabolite levels in Great Tits
and Common Eiders supported the interpretation
that decreased y-globulins accompanied declin-
ing physiological condition (Hérak et al. 1998,
Hollmén etal. 2001). The observed declinein [IgG]
across the reproductive cycle is consistent with
experimentally increased parental effort inducing
decreased immune function in the parents, as ev-
idenced by increased heterophil:lymphocyte ra-
tios, decreased antibody responses, and decreased
PHA responses (Table 1). In short-lived passer-
ine birds, the tradeoff between reproductive effort
and self-maintenance, as measured by immune
function, is amply demonstrated.
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Fig.8. Representative section of the study site. The native substrate is black or dark gray; all white surface is an

overlay of guano.

In contrast, this potential tradeoff is poorly re-
solved in long-lived species. Long-lived Common
Eiders showed an unequivocal decline in [IgG]
and other measures of immune function (Table 1)
during incubation that was associated with fast-
ing and depletion of body reserves (Hanssen et al.
2005). This reproductive tactic appears to be a
response to intense predation pressure on this
ground-nesting species (Yoccoz et al. 2002). Long-
lived Common Terns (Sterna hirundo) showed an
equivocal (P = 0.05, n= 13) decline in [IgG] dur-
ing nestling growth (Apanius and Nisbet 2006).
Common Terns do not fit the pelagic-seabird
model, because they experience both extended
sibling competition and nest predation and, as a
result, show relatively rapid growth for a seabird
(Nisbet 2002). Nazca Boobies experience mini-
mal predation on nestlings (Anderson 1993), and
their brood size is effectively a single chick be-
cause of obligate siblicide (Humphries et al. 2006).
The breeding-related decline of [IgG] in some
long-lived seabirds (Common Eider and Common
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Tern) contrasts with the stability of [IgG] inalong-
lived pelagic seabird (NazcaBooby) and supports,
for the first time, the hypothesis that sustained
self-maintenance during reproduction depends
on the magnitude of extrinsic mortality, namely
nest predation. In this view, the absence of nest
predation (Lack 1968) and the lack of extended
sibling competition (Werschkul and Jackson 1979,
Ricklefs 1982) provide a selective regime whereby
an extended and flexible offspring-development
period allows long-lived parents to sustain their
own self-maintenance during reproduction (see
also Martin et al. 2001).

Parental Foraging Effort

In long-lived species, foraging effort of parents
is expected to track increasing offspring demand,
but without entailing reallocation of resources
from self-maintenance. If individuals differ in for-
aging proficiency, one would expect to observe
individual-specific foraging effort. Several studies
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provide examples of individual-specific foraging
schedules based on the amount of time spent at
sea (Hamer et al. 2001, Gray et al. 2005, Cook et al.
2006; but see Burger and Piatt 1990). We use a sim-
ilar metric and extend its analysis by examining
the covariance structure to address whether this
behavior appears to be regulated in an individual-
specific manner.

In our study, Nazca Boobies did not show sig-
nificant inter-individual variation in foraging ef-
fort, as measured by the amount of time spent at
sea. This may refute the idea that an individual’s
foraging time is commensurate with its profi-
ciency. One might expect that efficient foragers are
able to spend less time at sea and have offspring
with average or above-average growth rates. We
did not find a significant relationship between for-
aging time and offspring mass or size at any par-
ticular age-class or as an age-class (i.e., growth
rate) interaction. Rather, it appeared that parental
foraging effort depended on the sex of the par-
ent (mothers spent more time at sea than fathers)
and the offspring (more time at sea for daughters)
and the foraging time of each bird’s partner (see
below). Within these categories, parents foraged
with similar effort, though the modest autocor-
relation and autoregressive covariance structure
of individual foraging effort is compatible with
the expectation that individuals have fixed forag-
ing schedules, albeit not markedly different from
other individuals. It is conceivable that differ-
ences in individual quality, which may be mani-
festin foraging efficiency, are not perceivable from
foraging-time-budget data alone in this species.

Individual-specific foraging schedules may not
have been detected in this study because the
spatiotemporal heterogeneity of marine food re-
sources obscured variation in foraging proficiency
of individuals. Additionally, the amount of time
spent at sea may not accurately measure parental
workload, because the principal foraging tactic
of this species (plunge diving) requires repeated
and energetically costly lift-offs from the water,
which were not measured in this study. Finally,
it is possible that foraging efficiency (food ac-
quired per unit effort) is the critical parameter that
shows individual-specific consistency, but we did
not measure the amount of food delivered in this
study.

Although individual-specific foraging sched-
ules were not apparent, we observed modest au-
tocorrelation (p = 0.37) of foraging effort. Within
individuals, time spent at sea was correlated
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across 20-day intervals, but the autoregressive
(exponential decay) covariance structure indi-
cated that the correlation between measurements
over a 60-day interval was nil (» =0.05; Fig. 5D,
H). This implied a modest degree of regulation of
foraging effort within individuals across the short
spans of the nestling period.

As foraging effort increased for both parents
in the middle of the nestling period, it was posi-
tively correlated between members of a pair. The
positive correlation indicated that parents did not
compensate for any reduced effort by their mate,
which is contrary to the prediction of most cur-
rent provisioning models (Houston and Davies
1985, McNamara et al. 1999). A parsimonious ex-
planation for the correlation notes that each pair
of parents shares a common food demand from
the offspring (such as parents of daughters re-
quiring more food than parents of sons) and faces
the same spatial distribution of food resources.
Therefore, they spend corresponding, sex-specific
amounts of time at sea. Offspring SSD may con-
tribute to, but cannot account for all of, the cor-
relation, because time spent at sea was correlated
within pairs raising daughters and within pairs
raising sons. This correlation could also stem from
assortative mating based on foraging ability, with
more capable birds requiring less foraging time
to satisfy a given level of offspring food demand.
However, foraging time did not show consistent
differences between individuals and so was not a
repeatable trait, as required if assortative mating
drove the correlation.

Parental foraging effort was not related to the
length of the nestling period. Regardless of their
sex, offspring that were heavier across age-classes
had a shorter nestling period than lighter off-
spring. Thus, it appeared that some pairs were
able to deliver more food for the same level of for-
aging effort (or with greater regularity) and that
their offspring had heavier body masses, devel-
oped relatively rapidly, and fledged at an earlier
age as a consequence. This suggests that length
of the nestling period may be a suitable proxy for
(joint) parental quality in this species, which is
ultimately based on foraging efficiency.

PARENTAL BODY MAss

Seabird parents commonly lose body mass
during breeding, and experimentally increased
parental effort induced a greater decrease in body
mass in some pelagic seabird species (Jacobson
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et al. 1995, Golet et al. 1998, Weimerskirch et al.
2000), but not in others (Seether et al. 1993, Mauck
and Grubb 1995, Weimerskirch et al. 1999, Duriez
et al. 2000). In Nazca Boobies, fathers and moth-
ers both lost 7-11% of their body mass across
the nestling period, with inter-individual differ-
ences in sex-specific body mass accounting for
~43% of the residual (nonfixed effect) variance,
with minimal autocorrelation. Although the co-
variance structure for parental body mass was
problematic to identify, the best-fit models were
consistent in showing significant long-term dif-
ferences between individuals, with no autocorre-
lation within individuals or correlation between
pair members. The lack of autocorrelation might
be expected for a species that consumes few large
prey items unpredictably through the daily cy-
cle. Our indicator of body mass included gut
contents, which were variable in mass and po-
tentially large, which would lead to large er-
rors in body-mass measurements. We measured
body mass just before dawn, which minimized
but probably did not eliminate measurement er-
ror attributable to gut contents. This error may
also account for the lack of correlation between
(sex-specific) body mass and (sex-specific) struc-
tural size. Although body mass varied in the
manner of a random walk within individuals, the
consistent differences between individuals sug-
gested that parents were regulating body mass
within individual-specific envelopes. Whether
the 7-11% decrease in body mass over the 100-day
nestling period represented a decrease in body re-
serves (i.e., a physiological cost of reproduction)
or is linked to increased flight time and wing-
loading considerations (Jones 1994, Ritz 2007; see
below) is not known. Both ideas predict a correla-
tion between degree of mass loss and time spent
aloft at sea, thus making body-mass dynamics dif-
ficult to interpret in cost-of-reproduction studies
of seabirds.

The length of the nestling period was nega-
tively related to the sex-specific (least squares
mean) body mass of the parents, butnot to the sex-
specific (least squares mean) foraging time. This
suggested that parental body mass was linked to
provisioning ability, with lightweight parents pro-
viding less food for their offspring with a subse-
quent extension of the nestling period. Given that
length of the nestling period was not related to
foraging effort, this suggested that parents were
not expending more foraging effort for offspring
with a long nestling period, further reinforcing
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the connection between foraging ability (rather
than effort), parental body mass, and length of
the nestling period.

Sex-specific body masses were uncorrelated
between parents and offspring, and a corre-
lation is expected if lightweight parents pro-
duced lightweight offspring. Instead, the variable
nestling period may have allowed lightweight
parents to eventually produce offspring with a
body mass comparable to that of offspring of
heavier parents.

SEABIRD GROWTH PLASTICITY

The growth of offspring included marked
peaks in variability in size of structural traits,
but not in mass (ignoring the variance induced
on day 10 by three outlier males; see above),
early in growth (Fig. 3). The CV of mass declined
somewhat during growth, indicating a canaliza-
tion of the growth process within sex as growth
proceeded. Body-mass measurements were mod-
erately correlated (p =0.430) when measured
10 days apart but were uncorrelated after 50- to
60-day intervals. Except over short intervals, off-
spring body mass was not a repeatable trait, given
that the between-individual variance was negligi-
ble compared to the within-individual variance.

The lack of consistent inter-individual dif-
ferences in mass between offspring could be
attributable to erratic delivery of large meals,
because engorgement and assimilation of large
food boluses could mask individual differences
in body mass. Previous studies have used daily
weighing and three- or five-day moving aver-
ages to smooth body-mass fluctuations result-
ing from large meal sizes in seabirds. Leach’s
Storm-Petrels (Oceanodroma leucorhoa) have rela-
tively large meal sizes with unpredictable food-
delivery schedules and p ~ 0.5 for (5-day moving
average) body mass at 10-day intervals; experi-
mental evidence indicated that parents, not off-
spring, control provisioning rates (Ricklefs 1992).
Manx Shearwaters (Puffinus puffinus) have con-
sistent meal sizes and delivery rates and p =~ 0.6
for (3-day moving average) body mass at 10-day
intervals; experimental evidence suggested that
both parents and offspring influence provisioning
rate (Hamer et al. 1999). For both of these species
with single-offspring broods, autocorrelations be-
came nonsignificant at measurement intervals of
15-25 days (60-day parental care period) and 12—
15 days (70-day parental-care period) for Leach’s
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Storm-Petrels and Manx Shearwaters, respec-
tively (Ricklefs 1992, Hamer et al. 1999). In gen-
eral, offspring body masses are autocorrelated for
only short intervals of the nestling period, re-
gardless of provisioning mode or frequency of
measurements. These patterns of autocorrelation
conform to the view that offspring body-mass
growth has a stochastic element that presumably
reflects variability of marine resources, and it also
implies that parents of some species do not ad-
just their foraging effort to maintain consistent
offspring growth.

A significant outcome of the present study was
the observation that the variances in offspring
culmen and wing lengths were greatest in the
younger (days 20-50) and middle (days 40-80)
age-classes, respectively. The variance peaked be-
fore sexual dimorphism was evidentin these traits
(culmen: day 50; wing: 90). Furthermore, varia-
tion as a function of mean trait size (CV) peaked
at even younger age-classes. Peak structural vari-
ation occurred when body mass was growing
rapidly, but before the expected peak in food de-
mand by the offspring (late in the nestling pe-
riod; Anderson 1990), and at the time-point where
mothers, but not fathers, started to increase their
foraging effort. This suggests that the regularity
of food delivery was responsible for this varia-
tion. We found a notable sex difference in morpho-
logical variability also: culmen and wing lengths
were more variable in sons than in daughters.
The greater variation in growth of sons may be
attributable to an association of the probability
of producing a son and parental quality, with
sons being more likely to be raised by parents
with poor provisioning ability (i.e., lower quality;
Kalmbach et al. 2004). This preliminary conclu-
sion deserves further attention in the future.

Did parental time budgets and the highly
variable offspring growth covary? The twofold
increase in foraging effort across the nestling
period was associated with a nearly constant
CV of ~15%. Inspection of Figures 1 and 2 in-
dicated that the variance in foraging effort of
parents was unrelated to the age-dependent
heterogeneity observed in culmen and wing
growth of the offspring. Thus, the pat-
tern of morphological variance in the off-
spring did not appear to be related to
the mean or variance of parental foraging
effort. This points to the possibility that regu-
larity of food delivery, which could not be re-
solved with our time-budget data, may be a causal
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link between parental foraging effort and the pat-
tern of morphological variation of the offspring.
This reinforces our interpretation that offspring
growth, and not parental effort, reflects short-term
resource variation in the marine environment.

Following the period of peak variance, both
structural traits converged to CVs of ~2% at fledg-
ing. Given that no offspring died in our focal
group, the variable nestling period may have di-
minished structural variation by the time of fledg-
ing. For the offspring at fledging, the variances of
wing and culmen length were not greater than
the variances of these traits for the parents. Thus,
structural traits exhibited growth plasticity that
afforded the opportunity for offspring to buffer
unpredictable food delivery but without appar-
ent consequences for their fledging morphology.

Does the peak variance in the offspring’s struc-
tural size portend increased mortality of offspring
with stunted growth? Patterns of age-specific
mortality rates across a span of 12 years did not
correspond with those of variance in offspring
structural size (Figs. 3F, G, ], K, and 7). Regardless
of overall level of offspring mortality in different
years, the highest mortality rates for the survivor
of siblicide occurred between days 0 and 10 and
decreased thereafter. Therefore, it is difficult to
argue that the variance in structural size was tem-
porally associated with increased risk of mortality
in the year of our study. It seems more likely that
the pattern of variance reveals the plasticity of
offspring growth and does not herald offspring
mortality, at least in years with high fledging suc-
cess such as the year of our study:.

The absence of both nest predation and ex-
tended sibling competition in Nazca Boobies may
be key factors that permit a prolonged and elas-
tic developmental period of the offspring to re-
duce reproductive costs to the parents (Fig. 9).
In Common Terns and Arctic Terns (S. paradis-
aeq) with sibling competition and relatively short
nestling periods, inclement weather caused body-
mass growth, but not structural growth, to be
severely retarded, and normal fledging body mass
was achieved by extending the nestling period
(Robinson et al. 2002). These two species showed
no evidence of compensatory acceleration of
body-mass growth as might be expected if par-
ents increased food delivery. Instead, the period
of parental care was prolonged (Robinson et al.
2002). In Horned Puffins (Fratercula corniculata)
and Tufted Puffins (Lunda cirrhata) with no sibling
competition and somewhat longer nestling
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Fig. 9. Nazca Booby parents and their one-chick
brood. The exceptionally slow growth of pelagic seabird
chicks is reflected in the relative body sizes of the family
members. This well-fed chick is ~45 days old, yet has
reached only two-thirds the mass of the parents. Its pri-
mary feathers have barely begun growth. Parental care
is one-third complete at this stage. (Photograph by Tui
de Roy.)

periods, food restriction retarded growth of body
mass and tarsus, but not that of culmen or feath-
ers (Kitaysky 1999). In Fork-tailed Storm-Petrels
(O. furcata) that have no sibling competition and
a prolonged nestling period, the growth rates of
mass and wing length were negatively related to
the duration of the nestling period (Boersma and
Parrish 1998). Thus, flexibility of growth rate in
seabirds may depend on the particular trait and
the length of the nestling period, which in turn
may be driven by predation pressure and sibling
competition. The lack of extended sibling compe-
tition and predators in our study species appeared
to favor a prolonged nestling period.

Although a prolonged developmental period
in seabirds is typically believed to buffer re-
source variability, a variable nestling period can
also permit the parents to pass the costs asso-
ciated with resource variability to the offspring
and thereby spare the parents additional forag-
ing effort when resources are scarce. We recognize
the diversity of seabird foraging tactics and how
it relates to offspring growth dynamics (Visser
2002). In this context, we stress that our predic-
tions and results are based on the pelagic seabird
model, emphasizing (1) minimal predation, (2)
unpredictable prey-resource levels, (3) lack of ex-
tended sibling competition, and (4) slow offspring
growth. We suspect that the theoretical prediction
of sustained self-maintenance during reproduc-
tion, coupled with plastic offspring growth, will
be most prominent in this type of long-lived bird,
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and we await results from comparable studies of
other long-lived birds to test the generality of our
conclusions.

Sexual Size‘dimorphism

Fledgling Nazca Boobies showed the female-
larger SSD of adults, with the magnitude of the
sex difference similar in the two groups for mass
(13% and 12%, respectively), culmen length (3.4%
and 3.4%), and wing length (5.5% and 4.2%).
The cube root of body mass and square root of
length measurements are also used to assess di-
morphism, and these parameters showed similar
trends for mass (offspring: 4.2%, parent: 4.0%),
culmen length (offspring: 1.7%, parent: 1.7%),
and wing length (offspring: 2.7%, parent: 2.1%,;
Table 2). Other members of the Sulidae also show
relatively different body masses but similar struc-
tural sizes (Lewis et al. 2005, Weimerskirch et al.
2006). Wing-loading of females thus exceeds that
of males in several booby species (Townsend et al.
2002, Weimerskirch et al. 2006) and maybe related
to sex-specific foraging and provisioning behav-
iors (Guerra and Drummond 1995, Tershy and
Croll 2000, Lewis et al. 2005, Lormee et al. 2005,
Weimerskirch et al. 2006). Our time-budget data
showed that Nazca Booby mothers spent more
time at sea than fathers during much of their
chicks' growth, which is consistent with earlier
results indicating that mothers have a greater pro-
visioning role than fathers: mothers make longer
foraging trips during chick rearing and return
with larger loads (Anderson and Ricklefs 1992).
By contrast, fathers spend more time at the nest
attending chicks, thereby protecting them from
intrusive visits by nonbreeding adults, which can
cause injuries and death to nestlings (Curry and
Anderson 1987, Anderson et al. 2004). This trade-
off confronted by parents, between food delivery
(requiring absence at sea) and protection (requir-
ing presence at the nest), puts a premium on
foraging efficiency. Although the higher wing-
loading of mothers imposes costs during take-off
(Townsend et al. 2002) and probably during flight,
it is associated with a higher efficiency (mass of
food per time at sea) of food delivery to the nest
(Anderson and Ricklefs 1992). The larger aver-
age prey size of mothers (Anderson 1989a) prob-
ably contributes to higher efficiency, and access
to larger prey may be a consequence of larger
body size if larger size permits deeper plunge-
dives (Lewis et al. 2005). Under this reasoning for
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the evolution of SSD in Nazca Boobies, one sex
has a large mass to increase delivery efficiency
while the other has a low-requirement, smaller
mass that facilitates nest attendance.

Evidence for this idea comes from the more
highly dimorphic Blue-footed Booby (S. nebouxii),
which experiences nestling predation by hawks
in the Galdpagos Islands (Anderson and Hodum
1993) and in which fathers are present at the nest
more than mothers (Anderson and Ricklefs 1992,
Guerra and Drummond 1995), but support is not
universal. Red-footed Boobies (S. sula) have a sim-
ilar degree of SSD to Nazca Boobies, yet have
low predation at the nest (Nelson 1978, Anderson
1991) and little division of labor (Lewis et al.
2005, Lormee et al. 2005). Brown Boobies (S. letico-
gaster) have greater SSD than Nazca Boobies, yet
have few nest predators in much of their range
(Nelson 1978). The ultimate causation of SSD in
boobies is, thus, unclear, but accumulating infor-
mation continues to link it to the foraging biology
of adults. We found it curious that wing length
was correlated for fathers and sons but not for
mothers and daughters. Our data offer no new
insight into why the benefits of larger mass for
one sex are not accompanied by larger structural
size, which should increase flight efficiency by
decreasing wing-loading (Pennycuick 1989). The
question of which sex should be the larger is also
left unanswered.

Sexual size-dimorphism in nestlings leads to
the expectation of higher parental effort required
for daughters than for sons, because offspring of
the larger sex typically require more food to reach
their target body size than members of the smaller
sex (reviewed by Anderson etal. 1993). Data from
a different breeding season (2000-2001) for our
study population showed that the SSD was estab-
lished during the period of peak food intake in
that year (Townsend et al. 2007). By contrast, our
analysis indicated that sons and daughters fol-
lowed similar growth trajectories until reaching
peak body mass in 2002-2003 (Fig. 4A) but that
body-mass recession was greater in sons than in
daughters. Breeding conditions were apparently
relatively favorable in 2002-2003, judging from
the 11-year comparison of offspring mortality
rates (Fig. 7). The probability that a hatchling sur-
vived to fledging was greater in 2002-2003 (0.853,
95% CI: 0.830-0.900) than in 2000-2001 (0.555, 95%
CI: 0.484-0.626); perhaps limited resource avail-
ability constrained offspring growth in 2000-2001.
These two data sets show that SSD is established
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during the period of parental care and that both
differential growth and differential mass loss dur-
ing parental care can contribute to its ontogeny.
They also show that the plasticity of offspring
growth is expressed in response to presumed vari-
ation in food-resource levels between years.

Parents spent more time at sea as chicks grew,
and more for daughters than for sons. Given the
value of presence at the nest, to guard against in-
trusions by nonbreeders (Anderson et al. 2004),
parents probably minimize absence; under this
reasoning, the difference in absence by offspring
sex reflects the excess foraging effort of produc-
ing daughters. Parents of daughters also lost more
mass during chick rearing, which could reflect
an excess physiological cost to parents of daugh-
ters. However, this difference may also reflect a
beneficial, progressive reduction in wing-loading
that occurred more rapidly when caring for a
daughter because parents of daughters spend
more time at sea (and, presumably, more time
flying). Any higher effort induced by daughters
did not impinge on our measure of parental self-
maintenance [IgG]. In fact, suggestive evidence
of impaired immune self-maintenance in mothers
was associated with sons, not daughters.

ONTOGENY OF IMMUNITY

Offspring [IgG] decreased after hatching as
maternally derived IgG was used and degraded
before the onset of significant endogenous synthe-
sis (Apanius 1998a). Surprisingly, offspring [IgG]
remained at its lowest levels at days 10 and 30.
The observation that offspring [IgG] did not attain
adult values by the end of the long nestling pe-
riod is also noteworthy. Generally, [IgG] reaches
adult levels in birds when the offspring reach
adult body mass or size (reviewed in Apanius
1998a), as was observed in offspring of long-lived
Common Terns (Apanius and Nisbet 2006).

Offspring [IgG] increased during the phase of
rapid morphological growth between days 30 and
50, when body mass, culmen, and wing were
growing at their most rapid rate and structural
traits showed the greatest variability. During this
period, [IgG] was not related to morphological
growth, providing another notable contrast with
results from short-lived species that have rapidly
growing offspring (Table 3). Levels of y-globulin
in passerine nestlings are negatively related to
morphological growth. In Barn Swallows, first-
hatched chicks grew faster than later chicks but
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had lower y-globulin levels at 12 days of age
(Saino et al. 2001). In Bank Swallows (Riparia ri-
paria), y-globulin levels in chicks were negatively
related to the number of chicks in the nest (Szép
and Maller 1999). These studies suggest that mor-
phological growth and the development of [IgG]
compete for limited nutrients. Results based on
H:L ratios, and on antibody and PHA responses,
indicate generality in the existence of this trade-
off between somatic growth and the ontogeny of
immune function in short-lived birds (Table 3).
On the other hand, the development of [IgG]
in nestlings of long-lived Common Terns was
relatively rapid but was not negatively related
to morphological growth (Apanius and Nisbet
2006). Supplementary feeding of long-lived Black-
legged Kittiwake parents did not increase [IgG]
in their 10-day-old offspring, which suggests that
food limitation did not modulate growth of this
trait (Gasparini et al. 2006). Therefore, the on-
togeny of [IgG] does not invariably show a trade-
off with morphological growth but is more likely
linked to life-history strategy. Unlike morphologi-
cal traits, which appeared to buffer variable food-
provisioning by the parent, the development of
this self-maintenance trait appears to be decou-
pled from the plasticity of offspring growth. These
results support the idea that insulating the devel-
opment of complex traits, such as nervous and
immune systems, from environmental perturba-
tions may be central to the evolution of longevity
(Ricklefs and Wikelski 2002).

The correlation of [IgG] within families was
an unprecedented outcome of the present study,
because it has not been previously observed
(Apanius and Nisbet 2006). Parents showed pos-
itively correlated [IgG], not only with each other,
but also with their offspring. The shared en-
vironment of the nest site provides a possible
explanation of this family-specific [IgG]. This
would be curious, because the sharing of environ-
ment decreased considerably across the nestling
period, with parents increasingly absent (Fig. 5A,
E; Anderson et al. 2004) and fecal contamination
of the nest site by family members and neigh-
bors increasing considerably across the nestling
period (Fig. 8). Parents should diverge from each
other—and, especially, both should diverge from
the nest-bound chick—at later chick ages. Alter-
natively, the within-family correlation could be
produced by assortative mating based on [IgG]
(or a correlated trait) and by high heritability of
[IgG]. Our observation of a high autocorrelation
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for parental [IgG] and its repeatability in individ-
ual adults across years (V. Apanius etal. pers. obs.)
suggest that intrinsic factors govern the home-
ostatic set-point for [IgG]. Further investigation
is needed to determine whether the similarity in
[IgG] within families is a prominent feature of
long-lived colonial seabirds and how this similar-
ity arises.
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APPENDIX 1: DETAILS OF STATISTICAL ANALYSIS
LINEAR MIXED MODELS

The measurements of the jth individual (y;)
are modeled by the combination of fixed effects
(BX;) affecting all individuals, individual-specific
effects (Zb;), and an error term (e;) that allows
serial correlation of measurements from the same
individual. Thus, y; = BX; + Zb; + €;, where g
is the vector of fixed effects parameters, X; is the
design matrix of the fixed effects, Z; is the de-
sign matrix for random effects, b; is the vector
of random effects, and ¢; is the vector of ran-
dom errors of the ith individual. The between-
individual variation is assumed to be normally
distributed and independent, hence b; ~ N(0,G).
The within-individual variation includes nor-
mally distributed autocorrelated errors, hence
€; ~ N(O,R;). Assuming the independence and
normality of b; and ¢;, then the repeated mea-
surements (y;) are independent and normally dis-
tributed with a mean of gX;, and covariance of
R; + Z,GZ;" (Verbeke and Molenberghs 2000).

Linear mixed models were fitted using the
iterative approach (Verbeke and Molenberghs
2000, Fitzmaurice et al. 2004). First, the mean
structure (BX;) was modeled with a saturated
fixed-effects model, including offspring age-class,
offspring sex, parent sex, nestling period, and
all interaction terms. Then, the residual variance
was partitioned into (1) the between-individual
component (G), (2) the within-individual au-
tocorrelation component (R;), and possibly (3)
a time-dependent component that represents
temporal heterogeneity. We tested the fit of
five specific covariance structures that have a
plausible biological interpretation.

COVARIANCE STRUCTURES

The simple or variance components (VC)
covariance structure has only a single
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(error) variance parameter, which indicates
that the between-individual (var;) variance and
autocorrelation are both effectively zero (Littell
et al. 2000). The VC structure implies that a trait
is regulated within the species-specific range
but not around individual-specific set-points
(Queraltsé 2004).

The compound symmetric (CS) covariance
structure estimates the between-individual vari-
ance (varp) in comparison with the sum of
the residual variance (Littell et al. 2000), p =
vary /(var, + var,) is the intraclass correlation co-
efficient, and var, is the error variance. For the CS
covariancestructure, p is the repeatability of a trait
(Lessells and Boag 1987) and implies the presence
of individual-specific (homeostatic) set-points.
However, the correlation between measurements
at two time-points is constant regardless of the
length of the time between measurements and re-
peated measurements within individuals appear
to follow a random walk. This implies weak reg-
ulation of the trait or considerable measurement
error (Harris et al. 1980).

The first-order autoregressive with random ef-
fects (AR1+RE) covariance structure has a ma-
trix of random intercepts (effects) that account for
the between-individual variation (var,) and also
estimates the serial correlation (autocorrelation)
between measurements within individuals (Lit-
tell et al. 2000). The correlation between measure-
ments decreases exponentially with time between
measurements so that the correlation between
measurements of the same individuals is = p,
where ¢ is the number of equally spaced time in-
tervals between measurements. The magnitude of
o implies the degree of homeostatic regulation of
that trait, with higher values implying more strin-
gent control (Harris et al. 1980, Queraltd 2004).

The CSand AR1 + RE covariance structures can
have additional covariance parameters that rep-
resent time-dependent heterogeneity. These CSH
and ARH1 + RE covariance structures require es-
timation of additional covariance parameters that
are age-specific (e.g., covyg, covyg, covsg, etc. for
covariance parameters at days 10, 20, 30, etc.).
Variance and covariance parameters for these five
covariance structures are shown in table 8.1 of
Verbeke and Molenberghs (2000).

To test the goodness-of-fit of alternative
covariance structures, we used Akaike’s Infor-
mation Criteria (AIC) and Schwartz’s Bayesian
Information Criterion (BIC). The BIC is penal-
ized more strongly by inclusion of additional
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parameters than the AIC and, therefore, more
strongly favors the most parsimonious model
(Littell et al. 2000). The restricted log-likelihood
ratio test was used to assess significance of
competing models (Fitzmaurice et al. 2004).
These were calculated from the difference in
—2In(¢) scores of nested models, which follow a
chi-square distribution with degrees of freedom
equal to the difference in the number of model
parameters, assuming asymptotic normality
(Fitzmaurice et al. 2004). Because the test that
a covariance parameter equals zero is at the
boundary of the parameter space, the likelihood
ratio test is conservative (Fitzmaurice et al. 2004).
We present -2In(¢) scores and use conventional
chi-square distributions here. A table of exact
critical values of mixed chi-square distributions
is available (Fitzmaurice et al. 2004, table C1). The
models are presented in the tables in order of in-
creasing complexity. Our use of the BIC favors the
most parsimonious model, and the conventional
chi-square value makes the significance tests
conservative. Scaled residuals based on Cholesky
decomposition were used for diagnostic residual
analysis (Fitzmaurice et al. 2000), especially when
evaluating the use of log transformations.

After fitting the covariance structure, we
tested whether the covariance parameters of a
particular structure differed by offspring sex,
parent sex, or fledging age-class. The -2In(¥),
AIC, and BIC of models with these additional
covariance parameters are shown in the tables
under the best-fit covariance structure, and the
model fit was tested as above.

MISSING DATA

Ten families hatched their egg(s) late enough
to prevent measurement and blood collection af-
ter offspring day 70. This could bias our results
if hatch date interacted with the variables of in-
terest, because we lack some samples from these
nestlings and their parents. Therefore, we ana-
lyzed data from all families between the initial
measurement and day 70 for a hatch-date main
effect and interaction in a balanced design. In an-
other balanced design, we excluded the 10 late
families and repeated the analysis. Concordant re-
sults of these analyses suggested that hatch-date
interactions were uninformative. All other miss-
ing observations are presumed to be missing at
random (Fitzmaurice et al. 2004) and should not
bias our analyses.
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APPENDIX 2: TABLES OF STATISTICAL ANALYSES

TABLE 1. Linear-mixed-model analysis of logio-transformed offspring body mass between days 0 and 120 as
a function of offspring age, sex, and nestling period. Fixed effects were tested using the best-fit covariance
structure (bold). Covariance structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative
covariance structures was based on the smallest absolute value of Akaike’s Information Criterion (AIC) and
Schwartz’s Bayesian Information Criterion (BIC). For the best-fit covariance structure, we tested the fit of models
with separate covariance parameter estimates for offspring sex (O) or nestling period (N).

Fixed effects df F P
Age-class (A) 12 and 404 3,211.10 <0.0001
Offspring sex (O) 1 and 35 75.11 <0.0001
A*O 12 and 404 1.62 0.082
Nestling period (N) 1 and 35 29.25 <0.0001
A*N 12 and 404 0.52 091
O*N 1 and 35 3.19 0.083
A*O*N 12 and 404 0.81 0.64
Covariance Number of
structure parameters —2In(¢) AIC BIC
vC 1 -1,252.8 -1,250.8 -1,249.2
(@) 2 -1,258.6 -1,254.6 -1,251.3
N 2 -1,268.8 -1,264.8 -1,261.5
Cs 2 -1,294.4 -1,2904 -1,287.2
AR1 +RE 3 -1,343.9 -1,337.9 -1,333.0
CSH 14 -1,390.9 -1,362.9 -1,340.0
ARH1 + RE 15 -1433.8 -1,403.8 -1,379.3
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TABLE2. Linear-mixed-model analysis of offspring culmen length between days 0 and 120 as a function of offspring
age, sex, and nestling period. Fixed effects were tested using the best-fit covariance structure (bold). Covari-
ance structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative covariance structures
was based on the smallest absolute value of Akaike’s Information Criterion (AIC) and Schwartz’s Bayesian
Information Criterion (BIC). For the best-fit covariance structure, we tested the fit of models with separate
parameter estimates for offspring sex (O) or nestling period (N). Competing models, those with the absolute
value -2log(¢) scores closer to zero but with more parameters, were tested using the likelihood ratio test as indi-
cated by superscript letters. Notation: vary = between-individual variance; var;, = within-individual variance
on day 10, var,, = within-individual variance on day 20, var; = within-individual variance on day 30, etc.;
and p = autocorrelation coefficient.

Fixed effects df F P
Age-class (A) 12 and 404 17,016.91 <0.0001
Offspring sex (O) 1 and 35 15.11 0.0004
A*O 12 and 404 946 <0.0001
Nestling period (N) 1 and 35 1.21 028
A*N 12 and 404 1.43 0.15
O*N 1 and 35 0.68 042
A*O*N 12 and 404 0.53 0.90
Covariance Number of
structure parameters —2In(¢) AIC BIC
vC 1 2,068.8 2,070.8 2,0724
CS 2 1,863.7 1,867.7 1,871.0
AR1 +RE 3 1,5254 1,529.2 1,532.7
CSH 14 1,691.8 1,719.8 1,742.7
ARH1 + RE 15 1,360.6%P 1,355.7 1,411.5
(@) 30 1,332.82 1,359.0 1,434.7
N 30 1,352.1P 1,375.1 1,453.3
aG? =27.8,df = 15, P = 0.022.
PG2 =85, df = 15, P = 0.90.
Daughter Son
Parameter Estimate 95% CI Estimate 95% CI
Var, 0.48 0.27-1.09 0.22 0.07-0.36
Var, 0.10 0.02-17.56 0.01 0.00-0.09
Var;, 431 2.50-9.17 8.05 4.59-17.61
Vary, 9.74 5.86-19.34 12.94 7.43-28.02
Vars, 8.51 5.08-17.13 20.71 11.83-45.27
Vary, 7.24 4.30-14.64 17.08 9.71-37.66
Vars, 3.85 2.26-7.96 10.24 5.79-22.85
Vary, 294 1.73-6.05 9.67 5.44-21.75
Vars, 294 1.75-5.93 7.51 4.26-16.64
Vary, 1.72 1.02-3.47 3.29 1.91-7.01
Vary, 1.62 0.98-3.19 2.36 1.40-4.85
Var oo 1.28 0.78-2.48 2.16 1.30-4.30
Var, 1.43 0.89-2.70 2.08 1.26-4.07
Var o 1.82 1.12-3.46 2.54 1.55-4.92
o 0.902 0.853-0.951 0.925 0.883-0.971
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TABLE 3. Linear-mixed-model analysis of offspring wing length between days 0 and 120 as a function of offspring
age, sex, and nestling period. Fixed effects were tested using the best-fit covariance structure (bold). Covariance
structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative covariance structures was
based on the smallest absolute value of Akaike’s Information Criterion (AIC) and Schwartz’s Bayesian Informa-
tion Criterion (BIC). For the best-fit covariance structure, we tested the fit of models with separate parameter
estimates for offspring sex (O) or nestling period (N). Competing models, those with the absolute value 2log(¢)
scores closer to zero but with more parameters, were tested using the likelihood ratio test as indicated by
superscript letters. Notation: var, = between-individual variance; var;, = within-individual variance on day
10; vary,, = within-individual variance on day 20; var;, = within-individual variance on day 30, etc.; and p =
autocorrelation coefficient.

Fixed effects df F P
Age-class (A) 12 and 404 13,425.21 <0.0001
Offspring sex (O) 1 and 35 8.66 0.0057
A*S 12 and 404 14.04 <0.0001
Nestling period (N) 1 and 35 8.42 0.0064
A*N 12 and 404 1.96 0.026
O*N 1 and 35 2.59 0.12
A*O*N 12 and 404 0.57 0.87
Covariance Number of
structure parameters —2In(¢) AIC BIC
vC 1 3,389.6 3,391.6 3,393.3
CS 2 3,103.0 3,107.0 3,110.3
AR1+RE 3 2,7314 2,7354 2,838.7
CSH 14 2,811.7 2,839.7 2,862.6
ARH1 + RE 15 2,492.0% 2,520.0 2,542.9
(@) 30 2481.7 2,537.7 2,583.5
N 30 2A72.5% 2,528.5 2,5744

2 G2 =195, df =15 P =0.19.

Parameter Estimate 95% CI1
Vary 0.41 0.27-0.69
Var, 0.02 0.01-0.15
Vary, 8.98 6.03-14.78)
Vary, 35.08 24.11-55.72
Var;, 66.57 45.86-105.40
Vary, 190.92 131.86-301.07
Vars, 149.57 103.54-235.06
Varg, 201.30 139.68-315.22
Vary,, 178.88 124.46-278.98
Vary, 137.89 96.22-214.11
Vary, 112.40 78.59-174.00
Varyp 85.84 60.09-132.65
Vari 66.33 46.40-102.62
Vary,, 60.70 42.30-94.42
o) 0.910 0.886-0.944
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TaBLE4. Linear-mixed-model analysis of offspring [[gG] between days 10 and 110 as a function of offspring age, sex,
and nestling period. Fixed effects were tested using the best-fit covariance structure (bold). Covariance structures
are defined and discussed in Appendix 1. Goodness-of-fit of alternative covariance structures was based on the
smallest absolute value of Akaike’s Information Criterion (AIC) and Schwartz’s Bayesian Information Criterion
(BIC). For the best-fit covariance structure, we tested the fit of models with separate parameter estimates for
offspring sex (O) or nestling period (N). Competing models, those with the absolute value —2log(¢) scores closer
to zero but with more parameters, were tested using the likelihood ratio test as indicated by superscript letters.
Notation: vary = between-individual variance, var, = within-individual variance, and p = autocorrelation

coefficient.
Fixed effects df F P
Age-class (A) 5 and 142 91.57 <0.0001
Offspring sex (O) 1 and 34 0.16 0.69
A*S 5and 142 1.39 0.23
Nestling period (IN) 1 and 34 0.03 0.86
A*N 5and 142 3.12 0.011
O*N 1 and 34 0.14 0.71
A*O*N 5and 142 0.16 0.93
Covariance Number of
structure parameters —2In(¢) AIC BIC
vC 1 815.5 8174 814.4
Cs 2 6762 680.2 683.4
AR1 + RE 3 666.3%P:¢ 672.0 676.9
(@) 5 661.5¢ 671.5 679.7
N 5 665.2 6752 683.3
CSH 7 661.7° 675.1 686.5
ARHI1 + RE 8 657.82 673.8 686.9
2aG2 =85 df=5,P=0.13.
b G2 —46,df =4,P =033
©G?=48,df =2,P=0.091.
Parameter Estimate 95% CI
vary 2.79 1.58-6.20
var,, 1.71 1.07-3.17
o 0.461 0.153-0.768
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TABLE 5. Linear-mixed-model analysis of offspring growth as a function of offspring [[gG] for three phases of the nestling period. In the first phase (days 10 and 30),
[IgG] was stable and the mean value of [IgG] was entered into the analysis. In the middle phase (days 30 and 50), [IgG] was increasing and the mean value and
difference (A = final-initial) of [IgG] were analyzed. In the final phase (days 70-110), [IgG] was again stable and the mean value of [IgG] was used. Because of the

short intervals being analyzed, the CS covariance structure was used to control for inter-individual variation.

Log(body mass) Culmen length Wing length
Phase Source df F p df F p df F p
Days 10 and 30 Age-class (A) 1and 36 6.57 <0.0001 1and 36 1,398.75 <0.0001 1and 36 599.09 <0.0001
Mean [IgG] (ml) 1and 36 0.01 091 1and 36 0.04 0.85 1and 36 0.11 0.74
A*ml 1and 36 0.04 0.84 1and 36 0.06 0.81 1and 36 0.72 0.40
Days 30 and 50 Age-class (A) 1and 36 70.89 <0.0001 1and 36 889.47 <0.0001 1and 36 1,354.86 <0.0001
mean [IgG] (ml) 1and 36 0.16 0.70 1and 36 0.20 0.66 1and 36 0.00 0.99
A*ml 1and 36 0.04 0.85 1and 36 0.51 0.48 1and 36 0.03 0.87
Days 30 and 50 Age-class (A) 1and 34 121.84 <0.0001 1and 34 1,450.44 <0.0001 1and 34 2,226.64 <0.0001
A [IgG] (A]) 1and 34 0.31 0.58 1and 34 1.07 0.31 1and 34 1.30 0.26
A* Al 1and 34 0.00 0.96 1and 34 0.72 0.40 1and 34 0.18 0.68
Days 70-110 Age-class (A) 3 and 106 7.96 <0.0001 3and 106 101.02 <0.000 3 and 106 965.02 <0.0001
Mean [IgG] (ml) 1and 36 0.17 0.68 1and 36 0.52 0.48 1and 36 0.92 0.34
A*ml 3 and 106 141 0.24 3and 106 1.15 0.33 3 and 106 0.20 0.89
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TABLE 6. Linear-mixed-model analysis of parental foraging effort between days 50 and 110 as a function of parent
sex and offspring age-class, sex, and nestling period. Fixed effects were tested using the best-fit covariance
structure (bold). Covariance structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative
covariance structures was based on the smallest absolute value of Akaike’s Information Criterion (AIC) and
Schwartz’s Bayesian Information Criterion (BIC). For the best-fit covariance structure, we tested the fit of models
with separate parameter estimates for parent sex (P), offspring sex (O), or nestling period (N). Competing
models, those with the absolute value —2log(¢) scores closer to zero but with more parameters, were tested
using the likelihood ratio test as indicated by superscript letters. Notation: vary = between-family variance,
var,, = within-individual variance, and p = autocorrelation coefficient.

Fixed effects df F P

Age-class (A) 3 and 204 204.99 <0.0001

Parent sex (P) 1 and 68 56.00 <0.0001

A*P 3 and 204 1.46 0.23

Offspring-sex (O) 1 and 68 1.35 0.25

A*O 3 and 204 3.03 0.031

P*O 1 and 68 0.16 0.69

A*P*O 3 and 204 0.18 091

Nestling period (N) 1 and 68 1.89 017

P*N 1 and 68 1.48 0.23

A*N 3 and 204 0.65 0.58

A*P*N 3 and 204 0.49 0.69

O*N 1 and 68 0.02 0.89

P*O*N 1 and 68 0.16 0.69

A*O*N 3 and 204 0.44 0.72

A*P*O*N 3 and 204 0.72 0.54

Covariance Number of

structure parameters —2In(¢) AIC BIC

vC 1 2,545.2 2,549.2 2,552.5

Cs 2 2,539.8 2,545.8 2,550.8

AR1 + RE 3 2,527.8%0 2,533.8 2,538.8
P 5 2,525.6 2,535.6 2,543.8
(@) 5 2,527.4 2,537.4 2,545.5
N 5 2,524.8P 2,534.8 2,543.0

CSH 5 2,534.5 2,546.5 2,556.3

ARH1 + RE 6 2,622.42 2,534.4 2,647.6

2G?=54,df=3,P=0.14.

b G2 =30,df=2,P=022.

Parameter Estimate 95% CI

vary 105.8 44.6-489.3

vary, 500.5 397.8-649.3

o 0.367 0.200-0.534
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TABLE7. Linear-mixed-model analysis of parental body mass between days 10 and 110 as a function of parent sex,
offspring age-class and sex, and nestling period. Fixed effects were tested using the best-fit covariance structure
(bold). Covariance structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative covariance
structures was based on the smallest absolute value of Akaike’s Information Criterion (AIC) and Schwartz’s
Bayesian Information Criterion (BIC). For the best-fit covariance structure, we tested the fit of models with
separate parameter estimates for parent sex (P), offspring sex (O), or nestling period (IN). Competing models,
those with the absolute value —2log(¢) scores closer to zero but with more parameters, were tested using the
likelihood ratio test as indicated by superscript letters. Notation: var, = between-individual variance, and
var,, = within-individual variance.

Fixed effects df F P

Parent sex (P) 1 and 68 165.12 <0.0001

Age-class (A) 5 and 259 29.43 <0.0001

P*A 5 and 259 1.62 0.15

Nestling period (N) 1 and 68 8.33 0.0052

P*N 1 and 68 0.03 0.86

A*N 5 and 259 0.72 0.61

P*A*N 5 and 259 1.68 0.14

Offspring sex (O) 1 and 68 0.33 0.57

P*O 1 and 68 0.11 0.74

A*O 5 and 259 2.98 0.012

P*A*O 4 and 259 1.00 041

N*O 1 and 68 0.77 0.38

P*N*O 1 and 68 3.54 0.064

A*N*O 4 and 259 3.00 0.019

P*A*N*O 4 and 259 0.75 0.56

Covariance Number of

structure parameters —2In(¢) AIC BIC

vC 1 4,079.3 4,081.3 4,083.6

cs 2 3,998.6%P.¢d 4,002.6 4,007.3
P 4 3,995.2 4,003.2 4,012.5
(@) 4 3,995.5 4,003.5 4,012.8
N 4 3,994.84 4,002.8 4,012.2

AR1 +RE 3 3,995.72 4,001.7 4,008.7

CSH 7 3,990.7° 4,004.7 4,021.0

ARH1 + RE 8 3,985.9¢ 4,001.9 4,020.6

2G?=29,df=1,P=0.089.
b G2 =79,df =5 P=0.16.

¢ G?=127,df =6, P =0.050.
4G? =38,df=2,P=0.15

Parameter Estimate 95% CI1
vary 4926 3,333-8,015
var,, 6,627 5,619-7,934
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TABLE 8. Linear-mixed-model analysis of parent [IgG] between days 10 and 110 as a function of parent sex,
offspring age-class and sex, and nestling period. Fixed effects were tested using the best-fit covariance structure
(bold). Covariance structures are defined and discussed in Appendix 1. Goodness-of-fit of alternative covariance
structures was based on the smallest absolute value of Akaike’s Information Criterion (AIC) and Schwartz’s
Bayesian Information Criterion (BIC). For the best-fit covariance structure, we tested the fit of models with
separate parameter estimates for parent sex (P), offspring sex (O), or nestling period (N). Competing models,
those with the absolute value —2log(¢) scores closer to zero but with more parameters, were tested using the
likelihood ratio test as indicated by superscript letters. Notation: vary = between-family variance, var, =
between-individual variance, var,,_p» = within-individual variance for mothers, var,,_r = within-individual
variance for fathers, py; = autocorrelation coefficient for mothers, pr = autocorrelation coefficient for fathers.

Fixed effects df F P
Age-class (A) 5and 141 1.38 0.24
Parent sex (P) 1 and 34 0.05 0.82
A*P 5and 123 1.22 0.30
Offspring sex (O) 1 and 34 1.67 0.20
A*O 5and 141 0.78 0.56
P*O 1 and 34 3.07 0.089
A*P*O 5and 123 0.34 0.88
Nestling period (N) 1 and 34 0.03 0.87
A*N 5and 141 0.81 0.54
P*N 1 and 34 0.00 0.97
O*N 1 and 34 0.76 0.39
A*P*N 5and 123 0.51 0.77
A*O*N 5and 141 2.16 0.062
P*O*N 1 and 34 0.00 0.97
A*P*O*N 5and 123 0.54 0.74
Covariance structure Number of parameters —2In(¢) AIC BIC
vC 2 1,478.9 1,482.9 1,486.1
CS 3 1,296.5% 1,302.5 1,307.4
AR1+ RE 4 1,286.3a’]°’C 1,294.3 1,309.2
P 6 1,278.7¢ 1,305.4 1,295.4
(@) 5 1,282.2 1,2942 1,304.0
N 5 1,284.3 1,296.3 1,306.1
CSH 8 1,294.9 1,310.9 1,324.0
ARHI1 + RE 9 1,284.6P 1,302.6 1,317.3
G2 =102,df =1, P =0.0014.
b G2 =17,df =5 P=0.89.
CG?=76,df =2,P=0022
Parameter Estimate 95% CI
vary 3.87 2.13t09.10
vary 2.99 1.46 to 4.53
var, _pm 1.27 098t01.73
var, _r 1.64 0.97 to 3.36
oM 0.105 —0.142 t0 0.351
Pr 0.552 0.268 to 0.837
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