
Short- and long-term costs of reproduction in
a migratory songbird



(reviewed by Martin 1987, see also Merilä & Wig-
gins 1997, Hemborg & Lundberg 1998, Hemborg
1999, Sanz 1999, Murphy 2000) and, as a result,
reproductive effort and timing may carry over to
influence body condition (e.g. the quantity of lean
tissue and fat) and the timing of moult during
the pre-migratory period. To date, understanding
how breeding events influence condition and
moult during the pre-migratory period has been
challenging because individuals often disperse from
their breeding site prior to migration and can be
difficult to catch because they are no longer
responsive to conspecific playbacks of songs
(Cherry 1985, Wingfield & Monk 1992, Vega
Rivera et al. 1998).

We addressed multiple hypotheses relating to





ing; n = 633, Table S1) and second breeding
seasons (individuals that were 2 years of age at
breeding; n = 177).

Hypotheses and predictions: breeding
period

We tested the hypothesis that body condition dur-
ing breeding affects the number of offspring pro-
duced and the timing of breeding completion
because it is indicative of endogenous energy
reserves (Tinbergen & Dietz 1994, Martin et al.
2006). We predicted that birds in better condition
would fledge more offspring and have later dates of
breeding completion relative to individuals in
poorer condition through having larger clutches,
producing a second brood, or being more likely to
re-nest after having multiple failed nesting
attempts. We also hypothesized that the number of
offspring produced would be higher and timing of
reproduction would be later for older individuals
owing to improvement of reproductive perfor-
mance between the first and second breeding sea-
sons (Wheelwright & Schultz 1994). Age was
classified as a two-level factor: 1 = adults that were
1 year of age and 2 = adults that were 2 years of
age or older (n = 8). Two-way interactions between
year and body condition were also assessed with
respect to total number of offspring fledged and
timing of breeding completion because temperature
was lower and rainfall amounts were higher during
the breeding period in 2009 relative to the other
two years (average temperature: 2008 = 16.5 �C,
2009 = 14.7 �C, 2010 = 16.7 �C; average rainfall:
2008 = 81.7 mm, 2009 = 163.4 mm, 2010 = 131.5 mm;
http://www.climate.weatheroffice.gc.ca). Interac-
tions were fitted one at a time and only significant
interactions were included in the final path model
(Supporting Information Table S2).

Hypotheses and predictions:
pre-migratory period

Hypotheses and predictions regarding costs of
reproduction are outlined in the introduction. We
also hypothesized that moult progression would
affect an individual’s total body water given
increased protein demands for feather synthesis
(Murphy & King 1991, 1992, Pérez-Tris et al.
2001, Bauchinger & Biebach 2006), as well as their
fat stores because new feathers may improve
insulation and reduce energy loss (Baggot 1975,

Klaassen 1995, Pérez-Tris et al. 2001, Rubolini
et al. 2002, Bonier et al. 2007). We predicted a
negative relationship between moult progression
and total body water and a positive relationship
between feather growth and fat storage.

Additional covariates in our models of total
body water and fat included age, sex, tarsus length,
time of day captured, date captured and year. The
last two covariates were also included in our model
of moult progression. Detailed hypotheses and pre-
dictions related to each variable are given in the
Supporting Information (Data S1). We assessed
two-way interactions between sex with total off-
spring fledged and timing of breeding completion
because costs of reproduction may be stronger in
females than males, given higher provisioning rates
of females during the nestling stage (Freeman-
Gallant 1998). Similarly, we assessed the two-way
interaction between sex and timing of breeding
completion with respect to moult progression
because males of other species often begin moult-
ing while still provisioning young, whereas females
do not (Hemborg 1999, Hemborg et al. 2001,
Rubolini et al. 2002, Flinks et al. 2008). Last, we
assessed two-way interactions between (1) year
and total offspring fledged and (2) year and timing
of breeding completion with respect to their asso-
ciation with total body water and fat mass, and the
two-way interaction between year and timing of
breeding completion with respect to its association
with moult progression. Interactions were assessed
one at a time and only significant interactions were
included in the path model (Table S2).

Hypotheses and predictions: apparent
annual survival

We tested the hypothesis that the total number of
offspring fledged affects survival through its effect
on pre-migratory body condition. We also tested
the hypothesis that timing of breeding completion
affects survival through its effect on the timing of
moult and the ability to build sufficient lean mass
and fat stores prior to migration, concurrent with a
decrease in favourable conditions for migration as
the autumn season progresses (Alerstam et al.
2003, Newton 2006, 2007). Individual quality was
controlled using body condition. Year was included
as a random effect to control within-year auto-
correlation with respect to probability of survival.
Two-way interactions between sex and both total
number of offspring fledged and timing of breeding
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2010: b = )0.45, t40 = )1.3, P = 0.192; number of
offspring fledged 2009: b = )0.05, t41 = )0.11,
P = 0.915, 2010: b = 0.30, t41 = 0.3, P = 0.737).

Pre-migratory period

The average number of captures per individual
during the pre-migratory period was 1.4 (sd = 0.7,
n = 21) for males and 1.6 (sd = 0.8, n = 25) for
females. Mean date of capture was 7 September
(sd = 14.3 days, n = 70) and the average number
of days since breeding completion at capture was
49 days for both sexes (males: sd = 24, n = 30;
females: sd = 20, n = 40). Average mass at capture
was 20.4 g (sd = 1.4 g) for males and 18.5 g
(sd = 1.4 g) for females.

Several lines of evidence suggest that there were
short-term costs of reproduction. As predicted, total
body water decreased as the number of offspring
fledged increased, but only in 2009 (main effect:

b = )0.04, t57 = )0.4, P = 0.691; interaction with
year: t57 = )3.7, P = < 0.001; Figs 1 and 2, Table 1).
Moult progression was also delayed for late breeders
(t65 = )2.8, P = 0.006; Fig. 3a) and total body water
decreased as moult progressed (t57 = )4.3,
P = < 0.001; Fig. 3b), resulting in an indirect effect
of timing of breeding completion on total body
water through the path: timing of breeding comple-
tion fi moult progression fi total body water
(Fig. 1). However, there was no evidence of a direct
effect of timing of breeding completion on total
body water (b = 0.12, t57 = 1.3, P = 0.216), for



Together, our models explained 70, 67 and 32% of
the observed variation in total body water, fat and



delayed moult schedules relative to individuals that
bred earlier. In migratory species, delayed moult
may have important consequences over the longer
term. For example, it may result in individuals
being obliged to moult during migration, which
has been shown negatively to affect feather colora-

tion and sexual attractiveness (Norris et al. 2004).
Alternatively, feathers of late-moulting individuals
may grow more quickly, impairing structural qual-
ity, which in turn can increase thermoregulatory
costs and decrease flight performance (Nilsson &
Svensson 1996, Swaddle et al. 1996, Dawson et al.
2000). Both of the latter effects may be particu-
larly costly during migration.

In addition to affecting plumage quality, delays
in moult may also affect an individual’s ability to
prepare for migration. We found that as moult
progressed, total body water (an index of lean
tissue mass) declined. This relationship probably

Residuals for timing of breeding completion
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reflects increased protein demands associated with
feather synthesis (Murphy & King 1991, 1992,
Bauchinger & Biebach 2006). It also results in an
indirect link between timing of breeding comple-
tion and lean mass, wherein late-breeding individu-
als pay the costs of moulting later in the
pre-migratory period. Lean mass plays an impor-
tant role in migration, providing metabolic inter-
mediates for the Krebs cycle and gluconeogenesis,
water for hydration and the muscular machinery
needed to fly (Klaassen 1995, Jenni & Jenni-
Eiermann 1998, McWilliams et al. 2004). If late-
moulting individuals are unable to compensate for
these costs and depart for migration in poor condi-
tion, survival may be compromised. Alternatively,
if migratory departure is delayed in order to
replenish moult-induced losses of lean mass, indi-
viduals may be more likely to encounter inclement
weather and diminished resources during migra-
tion, again compromising survival (Alerstam et al.
2003, Newton 2006, 2007). Thus, delays in moult
may affect survival through several different mech-
anisms.

We found that as total number of offspring
fledged increased, total body water decreased, but
only in 2009, a relatively wet and cool breeding
season. Poor weather during the breeding period
may have affected lean tissue mass through several
different mechanisms. First, parents may have had

to increase provisioning rates and energy expendi-
ture to meet increased energy demands of nest-
lings. Secondly, thermoregulatory demands of
parents themselves may have increased. Last, prey
availability may have been lower. Regardless of the
exact mechanism, our results suggest that costs of
reproduction may only be apparent when weather
conditions during the breeding period are particu-
larly unfavourable.

Despite the costs of reproduction discussed
above, empirical evidence of survival costs is
mixed. For example, Hemborg (1999) found that
late-breeding and moulting female Pied Flycatch-
ers Ficedula hypoleuca had reduced annual sur-
vival relative to early-breeding and moulting
individuals. However, Flinks et al. (2008) found
no effect of prolonged breeding and delayed
moult on annual survival in European Stonechats
Saxicola rubicola



lower body condition had less fat during the pre-
migratory period and were less likely to survive
until the following breeding season than were indi-
viduals fledging in higher body condition. In the
current study, adults with lower body condition
during breeding had less lean tissue and fat during
the pre-migratory period compared with individu-
als in better condition, but we also found that con-
dition did not affect annual survival, suggesting
that migration is not costly for experienced adults
or that adults are able to compensate for individual
differences in condition during migration. With
respect to the former possibility, total migration
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Siikamäki, P. 1998. Limitation of reproductive success by food

availability and breeding time in Pied Flycatchers. Ecology

79: 1789–1796.

Speakman, J.R., Visser, G.H., Ward, S. & Krol, E. 2001. The

isotope dilution method for the evaluation of body composi-

tion. In Speakman, J.R. (ed.) Body Composition Analysis of

Animals: 56–98. Cambridge: Cambridge University Press.

Stearns, S.C. 1989. Trade-offs in life history evolution. Funct.

Ecol. 3: 259–268.

Swaddle, J.P., Witter, M.S., Cuthill, I.C., Budden, A. &

McCowen, P. 1996. Plumage condition affects flight perfor-

mance in Common Starlings: implications for developmental

homeostasis, abrasion, and moult. J. Avian Biol. 27: 103–

111.

Tinbergen, J.M. & Dietz, M.W. 1994. Parental energy expen-

diture during brood rearing in the Great Tit (Parus major) in

relation to body mass, temperature, food availability and

clutch size. Funct. Ecol. 8: 563–572.

Van Noordwijk, A.J. & de Jong, G. 1986. Acquisition and

allocation of resources: their influence on variation in life

history tactics. Am. Nat. 128: 137–142.

Vega Rivera, J.H., McShea, W.J., Rappole, J.H. & Haas,

C.A. 1998. Pattern and chronology of prebasic molt for the

Wood Thrush and its relation to reproduction and migration

departure. Wilson Bull. 110: 384–392.



Data S1. Additional covariates for pre-migratory
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