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Abstract How hard do birds work during parental care,
chick rearing, or provisioning of their nestlings? And if
birds do work hard, can we detect a physiological signature
of individual variation in workload ability (perhaps related
to ‘quality’) or costs associated with high workload? Here,
we provide a broad conceptual perspective on these ques-
tions. Life-history theory predicts (or requires) that (1)
parental care is hard work, (2) individuals that invest more
in parental care benefit in terms of rearing more, larger,
fitter offspring, but that (3) increased investment in parental
care comes at a cost: decreased future fecundity and/or
survival. However, we start by highlighting studies that are
inconsistent with this conventional view, e.g., (1) females
often do not pay a survival cost of increased workload
(though males do), (2) some (high quality?) individuals
appear to maximise numerous life-history traits, and (3)
workload during parental care often does not predict pro-
ductivity. We suggest that an “exercise physiology” per-
spective on parental care might be informative, but
highlight the fact that existing models of exercise often
involve conditions very different from that free-living
animals experience while foraging (e.g., using forced ex-
ercise) and are often divorced from the critical relationship
in free-living animals between exercise and acquisition of
resources. We briefly review studies looking at physio-
logical effects of workload during parental care in free-
living birds, but again highlight our surprising lack of
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knowledge in this area especially where experimental
manipulation of workload is coupled with comprehensive,
physiological analysis. Finally, we make three recom-
mendations for how can we advance the study of phy-
siology of parental care in chick-rearing birds: (1)
experimental manipulation of workload, (2) obtaining
better measures of workload, for large numbers of known-
individuals, and (3) better assessment of physiology of
individual quality, and identification of specific metrics of
workload-induced ‘wear and tear’.

Keywords Parental care - Exercise physiology -
Workload - Sturnus vulgaris - Cost of reproduction -
Physiological costs

Introduction

How hard do birds work during parental care, chick rearing
or provisioning of their nestlings? This is a deceptively
simple, yet fundamental question to answer if we are to
identify the physiological basis of individual variation in
workload, and potential ‘costs of reproduction’ arising
from high levels of work, associated with chick-rearing
(Harshman and Zera 2007; Stearns 1992). It is widely as-
sumed that chick-rearing is hard work, but this is often
based primarily on the view that this is a logical necessity.
If rearing chicks is ‘easy’ why do not all individuals rear
large numbers of chicks at no cost: the Darwinian demon?
Therefore, life-history theory predicts (or requires) that (1)
parental care is hard work (we use the terms “hard work”
or “high levels of workload”, throughout this review to
capture the idea that parental care involves an elevated
level of exercise or increased energy expenditure, sufficient
to generate negative physiological effects, that might
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ultimately lead to decreased survival or future fecundity),
(2) individuals that invest more in parental care benefit in
terms of rearing more offspring, or larger, fitter offspring,
but that (3) increased investment in parental care might
come at a cost: decreased future fecundity and/or survival.
In fact, life-history theory predicts that individuals should
rarely work sufficiently hard to kill themselves (e.g., Daan
et al. 1996) if they have significant residual reproductive
value, i.e., they should trade-off current reproduction for
self-maintenance and future reproduction. Nevertheless,
the concept of a cost of reproduction associated with par-
ental effort remains a central tenet of life-history theory.

Much of the current literature reiterates the assumption
that parental care in birds is hard work. For example,
(parental) feeding rate is thought to require “highly ener-
getically demanding allocation” (Horvathova et al. 2012),
and females “are perhaps working close to their maximum
provisioning capacity” (Low et al. 2012). Piesrma and van
Gils (2011) concluded that a metabolic scope of
4-5 x BMR in birds taking care of nestlings reflects ani-
mals “highly motivated to work” and suggested that this
might represent “a reasonable first guess at a maximum
physiological level of seriously challenged animals that
still maintain energy balance” (p. 59), i.e., income breeders
that feed while working. Furthermore, Piersma and van
Gils (2011) stated that “Any kind of hard work ... does
come with wear and tear”, which clearly links to the
concept of a cost of reproduction. However, an alternative
view can be found, albeit less often, in the literature.
Speakman (1997) suggested that small mammals and birds
“routinely live their lives at well below their physiological
capacity”, and Tinbergen and Dietz (1994) argued that
natural rates of energy expenditure should reflect an opti-
mization process rather than a physiological maximum,
dependent on the evolutionary costs and benefits associated
with a certain level of workload (see also Piersma and van
Gils 2011, p. 57). Thus, the rate at which animals do per-
form work during natural activities (e.g., chick rearing)
might be a better predictor of fitness than the maximum
rate at which they can perform (Husak 2006), an idea
called “ecological performance” (Irschick 2003). This di-
chotomy of opinion has important implications for identi-
fying the physiological basis of individual variation in
workload during parental care and the potential costs as-
sociated with this, as discussed below.

Problems with the conventional view that chick
rearing is hard work sufficient to generate costs
A critical reading of the literature highlights some sig-

nificant problems with the conventional view that parental
care in birds is “hard work™, and that individuals that work
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hard might obtain benefits, but might also pay costs. Santos
and Nakagawa (2012) conducted a meta-analysis of ex-
perimental data from brood size manipulations to test the
generality of the idea that there is a trade-off between
parental effort and survival in birds. Although males that
experienced increased parental effort were less likely to
survive than control males, females that experienced in-
creased effort were just as likely to survive as control fe-
males [one caveat here is that brood-size manipulation
might not be an effective way to increase parental work-
load and only 58 % (11/19) of studies in this dataset in-
cluded data on the effectiveness of the experimental
manipulations on parental effort]. Thus, one sex—impor-
tantly females—does not appear to show decreased sur-
vival in response to increased workload (see Schroeder
et al. 2013; Williams 2012 for a broader discussion).

Secondly, individual variation in lifetime fitness is
highly skewed in many species, with a relatively small
number of “high quality” individuals contributing the
majority of offspring to the next generation (Clutton-Brock
1988; Newton 1989). In this paper, we define quality in an
evolutionary sense: higher quality individuals have higher
fitness, but we also consider “quality” as the product of
multiple (yet largely unknown) phenotypic traits (Wilson
and Nussey 2010). We acknowledge that “individual
quality” remains an elusive concept in ecology (Wilson
and Nussey 2010), but in this review we focus on this
concept being even more elusive from a mechanistic or
physiological perspective (Williams 2012). What physio-
logical component(s) of phenotype define or contribute to
“quality” in the context of individual variation in the
ability to sustain high levels of workload during parental
care or the ability to resist costs associated with hard work.
Importantly, some recent studies suggest that some high
quality individuals appear to be able to maximise repro-
ductive traits while apparently paying no future fecundity
or survival costs (Lescro€l et al. 2009; Schroeder et al.
2012; Toigo et al. 2013). A corollary of this is that we
should perhaps be looking for a physiological signature of
costs among lower quality individuals and at lower levels
of absolute workload.

There is marked individual variation in apparent work-
load during chick provisioning in birds, but a third problem
with the conventional view discussed above is that in many
species there is no evidence that individuals that work
harder (e.g., with higher provisioning rates) rear more, or
better, offspring. In passerines there is typically 5-10 fold
variation in hourly or daily provisioning rates, e.g.,
300-1500 visits/nest/24 h (by both parents) in blue tits,
Cyanistes caeruleus (Nur 1984), and 545 deliveries per
hour in house sparrows, Passer domesticus (Schwagmeyer
and Mock 2008a). In our study species, the European
starling, Sturnus vulgaris, provisioning rates of females
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feeding 6- to 8-day-old nestlings varied from almost ten-
fold from 1.0 to 9.33 visits/30 min (Fig. 1a). This indi-
vidual variation is repeatable among consecutive days
(2-3 days of 30-min observations), and between first and
second broods (M.A. Fowler and T.D Williams, unpub-
lished data). Brood size explained little of this individual
variation in provisioning rate: females made between 0.2
and 2.5 visits per chick per 30 min (Fig. 1b). It seems in-
tuitive that females provisioning chicks at the rate of 1 visit
per 30 min are working “less hard” than females making 9
visits per 30 min. Furthermore, if females that are working
harder benefit in terms of producing more, larger offspring,
then females provisioning chicks at the rate of 1 visit per
30 min could be considered “low quality” females and
those making 9 visits per 30 min are “high quality” fe-
males (see Fig. 1a). However, although there is marked
variation in breeding productivity in European starlings
(Fig. 2a), this is independent of variation in provisioning
rate both for brood size at fledging (Fig. 2a) and chick mass
at fledging. Many other studies have reported that chick
mass and/or brood size at fledging are independent of inter-
individual variation in adult provisioning rate (Dawson and
Bortolotti 2003; Garcia-Navas et al. 2012; Mariette et al.
2011; Ringsby et al. 2009; Schwagmeyer and Mock
2008b).

What is interesting about this lack of relationship be-
tween parental effort and benefit is that individual variation
in provisioning rate is repeatable at least within years,
although typically male effort has higher repeatability
while female provisioning effort is less repeatable or not
repeatable (Dor and Lotem 2010; MacColl and Hatchwell
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2003; Nakagawa et al. 2007; Schwagmeyer and Mock
2003). In European starlings, female provisioning rate is
repeatable in the short term, across consecutive days, and
between first and second broods (where individual accounts
for about 40 % of the total variation), but not among years.
Thus, we see repeatability of female workload only within
a similar ecological context in our study system, i.e., within
a single breeding season, not among years.

An exercise perspective on workload
during parental care

Exercise and locomotion are essential components of life-
histories of free-living animals in their natural environ-
ment, for example during reproduction, or migration
(Nathan et al. 2008; Sinclair et al. 2014). In a natural
context, “exercise” is usually assumed to involve move-
ment that is supported by sustained (not maximal) loco-
motor performance (Piersma 2011). Even so, sustained
performance can represent a high level of activity in some
species, e.g., migrating salmon use up to 90 % of their
maximal aerobic scope during locomotion (Eliason et al.
2011) and this can lead to death even before spawning
(Burnett et al. 2014). Although most free-living animals
engage in “exercise”-like activities, the majority of re-
search on physiology of exercise has been conducted in the
laboratory on a select number of taxa (e.g., humans, mice,
lizards, fish). Furthermore, experiments in exercise phy-
siology can involve “forced exercise” and are often con-
ducted in conditions very different from that which free-
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Fig. 1 Individual variation in provisioning rate a per nest, and b per chick, in female European starlings, Sturnus vulgaris, measured during days

6-8 post-hatching
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Fig. 2 Lack of relationship between provisioning rate in female
European starlings and productivity measured as a brood size at
fledging, and b mean chick mass at day 17 post-hatching. Bar in

living animals experience and are often divorced from the
critical relationship in free-living animals between exercise
and acquisition of resources (Fonseca et al. 2014), i.e.,
foraging or provisioning in an ecological context. Clearly,
therefore, more studies of exercise physiology of free-liv-
ing birds are warranted, but to what extent can existing
model systems inform the objective of identifying the
physiological basis of individual variation in workload
capacity? For example, can these studies highlight the most
promising physiological metrics we should measure in field
studies?

In part, we think the answer to this depends on what
form, intensity, and duration of exercise is involved in
specific model systems relative to that associated with
provisioning in birds. In humans, exercise can lead to clear
“training effects” with top athletes having very different
physiologies compared with less well-trained or sedentary
individuals (Joyner and Coyle 2008; Murray and Costa
2012; Neufer 1989), but this typically involves prolonged,
high intensity and/or frequent exercise, seemingly very
different from chick-rearing birds. However, interestingly,
in humans, there is also the well-known syndrome of
“‘over-reaching’” and ‘‘over-training’’ associated with
long-term performance decrements due to intense exercise
(Borer 2003; Duclos 2008; Hug et al. 2003), which as any
amateur athlete knows can lead to ‘‘exhaustion and tem-
porary suppression of vitality’” (to use Daan et al.’s 1996
words). Selection studies of voluntary wheel running in
house mice, Mus domesticus, have provided a powerful
system for identifying the physiological basis of elevated
activity levels (Garland et al. 2011b; Malisch et al. 2007,
Swallow et al. 1998). After 43 generations of selection,
four replicate high runner lines averaged 2.85-fold more
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(a) demonstrates the 5-fold individual variation in provisioning rate
for a brood size of 5 chicks

revolutions per day than non-selected control lines, and this
involved selection on increased speed in females, and in-
creased speed but also time spent running in males (Gar-
land et al. 2011a). Interestingly, in terms of ‘costs’ of this
clearly elevated activity level, although increased wheel-
running activity from a young age resulted in decreased
body mass at maturity (Swallow et al. 1999), selection for
elevated activity levels had few correlated (negative) ef-
fects on reproduction, e.g., males from selected lines had
larger testis mass (Klomberg et al. 2002), and although
females from selection lines had smaller body mass at first
parturition litter, neither litter size or nor litter mass at birth
or at weaning differed between selected and control lines
(Girard et al. 2002). Focusing on avian systems, studies of
long-distance migrating birds in wind tunnels or during
natural flights suggest that this activity can involve pro-
longed exercise (days) at a high factorial scope
(8-9 x BMR), with no food intake (Piersma et al. 2011
and references therein). In contrast, although parental care
during chick-rearing is considered to represent sustained
work load (Drent 2006; Drent and Daan 1980), birds ‘only’
operate at 3—4 x BMR, short flights are interspersed with
bouts of foraging, and birds have constant access to food
through self-feeding. Thus, activity during chick provi-
sioning is probably best described as voluntary, sustained
(sub-maximal) exercise (although this work load is still
considered sufficient to generate ‘costs of reproduction’;
e.g., Daan et al. 1996). Moreover, exercise specifically
associated with central-place provisioning is relatively
short-term (cf. human training effects), lasting only
2-3 weeks and birds transition rapidly at hatching from a
relatively sedentary lifestyle during incubation, to an active
lifestyle  during  chick-rearing.  Therefore,  while
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consideration of other model systems for exercise phy-
siology might be informative, we suggest that development
of tractable, laboratory-based models of foraging and par-
ental care that better match the context of exercise in free-
living birds would be valuable (e.g., see Koetsier and
Verhulst 2011; Simons et al. 2014).

What do we know about physiological effects
of workload during parental care in free-living
birds?

Energy is widely considered to be the currency of life-
histories, but energy expenditure per se is only one com-
ponent of the complex physiology of free-living animals.
Elliott et al. (2014) conducted a meta-analysis of studies
that added loads, clipped wings or attached recorders to
chick-rearing birds feeding chicks at the nest and then
measured daily energy expenditure (DEE). Overall DEE
did not differ significantly between handicapped and non-
handicapped birds (p = 0.25). Elliott et al. (2014) sug-
gested that handicapped birds either reduced investment in
themselves or they reduced investment in their offspring to
remain below an energy ceiling (although among species
whether a handicapped individual reduced investment in its
own energy stores or its offspring’s growth was indepen-
dent of that species life-history). This raises the question
(discussed at the start of this paper) of why, if birds ensure
their activity costs are below an energy “ceiling” or
maximum, some individuals appear to pay costs of high
levels of energy expenditure (e.g., Daan et al. 1996).
However, this meta-analysis of a considerable number of
studies also suggests that further studies focusing only on
energy expenditure and parental care might not be that
useful (see Williams 2012), so what do we know about
other physiological correlates of workload in chick-rearing
birds?

Although there have been a large number of experiments
where the goal was to make provisioning birds work harder
(e.g., using brood size manipulation, wing-clipping, adding
weights; see below) surprisingly, few studies have coupled
this with physiological measurements. These studies were
recently reviewed in Williams (2012), so here we highlight
specific examples to illustrate key concepts important for
the current review. First, most studies to date tend to have
focused mainly on one component of physiology, e.g.,
immune function (Hegemann et al. 2013; Tieleman et al.
2008), oxidative stress (no studies where reproductive ef-
fort was manipulated; reviewed in Metcalfe and Monaghan
2013), or nutritional profiling of intermediate (plasma)
metabolites (Horak et al. 1999; Kern et al. 2005). Corre-
lational studies suggest that single physiological measures
can be systematically related to workload or aerobic

capacity. For example, birds rearing larger broods, or with
higher provisioning rate, have been reported to have higher
levels of oxidative stress, as indicated by increased reactive
oxygen metabolites (Guindre-Parker et al. 2013) or higher
glutathione peroxidase activity (GSH-Px) activity (Norte
et al. 2010), and Burness et al. (1998) found a positive
correlation between VO, max. (the maximum rate of
oxygen consumption) and hematocrit in provisioning tree
swallows, Tachycineta bicolor. In contrast, Tieleman et al.
(2008) clipped primary feathers in tropical house wrens
such that work effort for flapping flight would be increased
by at least 7.5 %. However, there was no effect of treat-
ment on FMR, BMR or several measures of innate immune
function, perhaps because handicapped parents decreased
their nestling feeding frequency by 23-31 %.

While it is a good sign that studies increasingly assay
multiple physiological metrics, albeit still typically within
a single physiological system, it is notable that this often
generates inconsistent, or at least complex, results among
different metrics assayed within each physiological system,
and often report many non-significant results. As an ex-
ample, Hegemann et al. (2013) handicapped adult skylarks,
Alauda arvensis, by attaching weights equalling ¢.10 % of
body mass during breeding, but found no effect of treat-
ment on several measures of immune function (lysis, ag-
glutination, haptoglobin, proportions of white blood cells
or heterophils:lymphocyte, H:L, ratio) in parents rearing
first broods. However, there were treatment effects or
treatment x brood interactions in parents rearing second
broods, but with complex patterns, e.g., agglutination titres
decreased between first and second broods in control birds
and increased in experimental birds in 1 year, while this
pattern was reversed in a second year. Furthermore, in
females, haptoglobin concentrations decreased more
strongly in control birds than in experimental birds, while
concentrations in control males increased and in ex-
perimental males decreased, and there was no treatment
effect on body mass, leukocyte proportions, or H/L ratio.
This highlights two important points: (1) physiological
costs of increased workload to the parents might not be
manifest in the first, manipulated breeding attempt, but are
often only seen in subsequent breeding attempts, and (2)
there is not necessarily co-variation among physiological
traits, even when these traits are components of the same
physiological system (e.g., immune function), suggesting
that birds are able to adjust individual components of their
physiology independently (Buehler et al. 2012; Tieleman
et al. 2010) either seasonally or in different ecological
contexts (e.g., Versteegh et al. 2014). Thus, measuring
multiple physiological traits is essential in future studies
(see below)—at least allowing for detection of possible co-
variation or trade-offs among different traits—though this
will complicate the analytical task, but it is equally
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important that we know the ecological context for inter-
preting the more comprehensive physiological data. In
short, however, the study of physiology of parental care in
chick-rearing birds (and of foraging more generally) rep-
resents a more or less wide open field and one of consid-
erable significance in uniting mechanism and evolutionary
theory; so how should we proceed?

How can we advance the study of physiology
of parental care in chick-rearing birds?

We suggest that three things should be considered in future
studies that will help expedite our understanding of the
physiological basis of individual variation in workload
during parental care in birds, and associated costs of re-
production. We illustrate these using preliminary data from
our on-going studies of parental care in European starlings,
Sturnus vulgaris.

1. Experimental manipulation of workload in free-living
birds: Piersma (2011) suggested that free-living
animals might be resistant to experimental manipula-
tions to increase their instantaneous work levels if, for
example, “a precipitous increase in the likelihood of
organ or performance failure, and mortality” is asso-
ciated with increases in energy expenditure (sic). We
agree with this point in relation to the simplest, and
most widely used manipulation for increasing parental
effort: brood size manipulation. This is often an
ineffective way to manipulate parental workload
because parents have the ‘option’ of maintaining
investment in self-maintenance and passing the cost
onto their offspring. In general, although average
feeding rate per nest increases in experimentally-
enlarged broods feeding rate per chick decreases (Nur
1984; Wright et al. 1998), and although parents can
rear more offspring to fledging in enlarged broods,
these offspring are in poorer condition (Dijkstra et al.
1990). In contrast, direct manipulation of parents,
using feather clipping/removal or addition of weights,
means that birds cannot escape the biomechanical
effects of these manipulations, i.e., increased wing
loading. So here, if parents ‘choose’ to maintain
provisioning effort, this must come at some increased
biomechanical, physiological or energetic cost. The
“ideal” manipulation would actually be one where
there are clearly predictable biomechanical or flight
costs (e.g., due to reduced wing area) but no effects on
mean provisioning rate, i.e., parents maintain their
workload despite the extra cost. In fact, responses to
wing-clipping are highly variable. In some studies,
handicapped birds often reduce their provisioning rate

@ Springer

and have lower productivity (Jacobs et al. 2013;
Slagsvold and Lifjeld 1988; Tremblay et al. 2003), but,
perhaps as a consequence, do not have different return
rates than non-manipulated birds (Bijleveld and
Mullers 2009; Wright and Cuthill 1989). However, in
other studies, even though wing-clipped birds reduced
provisioning rates, they had lower return rates either
with no difference in productivity (Winkler and Allen
1995) or even with a decrease in current productivity
[Love and Williams (2008); see Fig. 3]. This suggests
that wing-clipping can, in some situations, push birds
into a zone where physiological costs of reproduction
are incurred representing a valuable form of ex-
perimental manipulation.

Better measures of workload, for large numbers of
known-individuals: over 15 years ago, Wright et al.
(1998) highlighted the fact that individual birds can
adjust their workload during provisioning by not only
varying nest visit rate but also by varying load size,
prey type, size, and nutritional content, foraging
distance, travel time to and from the nest, and even
costs of specific activities during foraging in food
patches (see also Stodola et al. 2010). Nevertheless, the
simplest and most commonly used measure of parental
effort continues to be the number of visits/unit time to
the nest or per chick (correcting for brood size) as
discussed above. It is generally difficult to collect large
amounts of data for many individuals on these other
components of provisioning effort, but this is becom-
ing easier with developments in nest cameras (Garcia-
Navas and Sanz 2010; Stodola et al. 2010), RFID tags
(Mariette et al. 2011), automated radio-tracking sys-
tems that can cover relatively large areas of habitat
(Mitchell et al. 2012; Ryder et al. 2012), or ac-
celerometers (Elliott et al. 2013; Spivey and Bishop
2013). Thus, the goal should be to take a multivariate
approach to obtain an integrated measurement of
individual variation in parental workload coupled with
physiological analysis of these same individuals.
However, there might be an additional advantage of
focusing on energetic or physiological costs of differ-
ent components of provisioning behavior (e.g., forag-
ing vs. flight costs): this might identify the specific
source of activity-related costs, as has been demon-
strated in other systems. For example, perhaps coun-
terintuitively, songbirds expend double the amount of
energy during stopovers that they spend on flight over
their entire migration (Wikelski et al. 2003). Similarly,
in large predatory mammals, travel while seeking prey
can be more energetically costly than the subsequent
chasing of prey (Scantlebury et al. 2014; Williams
et al. 2014). Preliminary data for Europeans starlings
suggests there will be marked individual variation in
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in female European starlings (estimated based on radio-telemetry data
of birds between days 1-19 post-hatching)

many components of provisioning, e.g., individual
birds commonly bring back load sizes with either 1, 2,
3, or 4 tipulids, Tipula paludosa larvae, individual
tipulid larvae vary from 0.08 to 0.45 g, and modal
flight distance of foraging trips by individual females
varies 5-fold from <200 to 1000 m (Fig. 4).

Better assessment of physiology of individual quality,
and identification of specific metrics of workload-
induced ‘wear and tear’: Animals are complex organ-
isms and a whole suite of physiological systems must
function in an integrated and coordinated manner to

determine fitness. Almost by necessity, most studies
reduce this complexity by studying just one physio-
logical system, but it is still common for studies to
measure only one or two specific traits even in a single
physiological system. Many authors have cautioned
against making generalizations about physiological
costs based on results from single measurements
(Adamo 2004; Metcalfe and Monaghan 2013; Mon-
aghan et al. 2009; Norris and Evans 2000) and in
assuming that fitness costs will be associated with
putative “negative” changes in single measured
physiological traits (Williams 2012). For example, a
decline in a single measured component of immune
function cannot be interpreted as “immunosuppres-
sion” unless it is demonstrated that there is no
compensatory up-regulation of unmeasured traits of
the same (e.g., cell-mediated) or different (e.g.,
humoral) components of the immune system (Keil
et al. 2001; Salvante 2006). Similarly, oxidative stress
measured as an imbalance between reactive oxygen
species and antioxidants cannot be assumed to have
negative effects unless measures of oxidative damage
and repair mechanisms are also obtained (Monaghan
et al. 2009). Furthermore, if birds are able to adjust
individual components of their physiology indepen-
dently (Buehler et al. 2012; Tieleman et al. 2010;
Versteegh et al. 2014), we will only capture this level
of complexity (e.g., trade-offs) if we measure multiple
traits in multiple physiological systems (see Travers
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Fig. 5 Examples of individual, breeding stage, and year variation in
three physiological traits as putative indicators of aerobic capacity
(hematocrit), energy or metabolic state (non-esterified fatty acids) and
physiological costs/stress of muscle damage (creatine kinase); data

et al. 2010). The selection of a suite of traits
encompassing multiple physiological systems will
inevitably involve some compromises due, for exam-
ple, to small plasma volumes (in birds <100 g body
mass), or because some assays are not (yet) compatible
with sample collection from free-living birds in the
field (Monaghan et al. 2009). However, in European
starlings (90 g body mass), we can obtain data on 14
physiological traits using only 100 pl plasma and 15 pl
whole blood. This includes measures of oxidative
stress and muscle damage (total antioxidant capacity,
oxidative damage, creatine kinase), metabolic regula-
tors (corticosterone), immune function (haptoglobin,
lysis, agglutination), aerobic capacity (hematocrit,
hemoglobin, reticulocytes), and intermediary metabo-
lism or nutritional profiling (free fatty acids, triglyc-
erides, glucose, uric acid).

We obtain repeated measurements from individual,
banded females sampled during the peak of provisioning
effort in first and second broods (days 8—10 post-hatch-
ing) to capture the idea that physiological costs of in-
creased workload to the parents might not be manifest in
the first (manipulated) breeding attempt, but are often
only seen in subsequent breeding attempts (e.g., Hege-
mann et al. 2013). In addition, we can anchor analysis of
changes in physiological state to a “baseline” level by
sampling the same individuals during incubation (again
the choice of a true “baseline” state will require com-
promise: in our study of workload during chick-rearing
we assume, at least, that overall activity is lower during
incubation). Thus, we can not only ask if multivariate
physiological state at incubation predicts exercise capacity
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are for individual female European starlings sampled during incuba-
tion and at days 1012 of chick-rearing for Ist broods in 2013 and
2014 (see text for more details)

but also whether individual variation in the physiological
“training” response, i.e., the change in physiological state
from incubation to peak chick-rearing, or the change be-
tween first and second broods, predicts individual varia-
tion in workload or productivity. Preliminary analysis of
this more comprehensive (and complicated!) physiological
dataset suggests that there are systematic, but variable,
patterns of change in physiological state with change in
workload between incubation and chick-rearing (Fig. 5).
For example, hematocrit (a measure of aerobic capacity?)
was on average lower in individual females in 1 of
2 years during chick-rearing birds compared to during
incubation, non-esterified fatty acids (a measure of energy
or metabolism) was higher during chick-rearing in both
years, whereas creatine kinase (a measure of muscle
damage?) was lower during chick-rearing in both years.
However, what is most notable in Fig. 5 is the large in-
dividual variation in the change in trait values, as well as
the mixed evidence for repeatability among traits or
among years (solid and dashed lines for hematocrit and
creatine kinase but not non-esterified fatty acids). Clearly,
the analysis of complex, multivariate physiological data
will require the application of more complex multivariate
statistical approaches (Frost et al. 2014; Williams 2008)
common in ecology, development of novel indices of
‘quality’, e.g., physiological dysregulation (Travers et al.
2010), and approaches borrowed from evolutionary bi-
ology, e.g., physiological reaction norm analysis (Wil-
liams 2008). Despite the challenges, this clearly
represents an almost untouched area where physiological
studies could significantly contribute to a mechanistic
understanding of individual variation in parental care that
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has been the focus of so much research from an eco-
logical and evolutionary biology perspective.

Acknowledgments This work was funded by NSERC Discovery
Grant and Accelerator funding to T.D.W. We thank Allison Cornell,
Megan Rogers, James Hou, and Jessica Leung for help with fieldwork
and laboratory analysis; this MS benefited greatly from discussions
T.D.W. had with Jeff Yap and Mitchell Serota during a Directed
Readings course on the “Physiology of exercise”.

References

Adamo SA (2004) How should behavioral ecologists interpret
measurements of immunity? Anim Behav 68:1443-1449

Bijleveld Al, Mullers RHE (2009) Reproductive effort in biparental
care: an experimental study in long-lived Cape gannets. Behav
Ecol 20:736-744. doi:10.1093/beheco/arp054

Borer KT (2003) Exercise endocrinology. Human Kinetics,
Champagne

Buehler DM, Vezina F, Goymann W, Schwabl I, Versteegh M,
Tieleman BI, Piersma T (2012) Independence among physio-
logical traits suggests flexibility in the face of ecological
demands on phenotypes. J Evol Biol 25:1600-1613. doi:10.
1111/j.1420-9101.2012.02543.x

Burness GP, Ydenberg RC, Hochachka PW (1998) Interindividual
variability in body composition and resting oxygen consumption
rate in breeding tree swallows, Tachycineta bicolor. Physiol Zool
71:247-256

Burnett NJ, Hinch SG, Braun DC, Casselman MT, Middleton CT,
Wilson SM, Cooke SJ (2014) Burst swimming in areas of high
flow: delayed consequences of anaerobiosis in wild adult
sockeye salmon. Physiol Biochem Zool 87:587-598. doi:10.
1086/677219

Clutton-Brock TH (1988) Reproductive success: studies of individual
variation in contrasting breeding systems. University of Chicago
Press, Chicago

Daan S, Deerenberg C, Dijkstra C (1996) Increased daily work
precipitates natural death in the kestrel. J] Anim Ecol 65:539-544

Dawson RD, Bortolotti GR (2003) Parental effort of American
kestrels: the role of variation in brood size. Can J Zool
81:852-860

Dijkstra C, Bult A, Bijlsma S, Daan S, Meijer T, Zijlstra M (1990)
Brood size manipulations in the kestrel (falco tinnunculus)—
effects on offspring and parent survival. J Anim Ecol
59:269-285

Dor R, Lotem A (2010) Parental effort and response to nestling
begging in the house sparrow: repeatability, heritability and
parent-offspring coevolution. J Evol Biol 23:1605-1612

Drent R (2006) The timing of birds’ breeding seasons: the Perrin’s
hypothesis revisited especially for migrants. Ardea 94:305-322

Drent R, Daan S (1980) The prudent parent: energetic adjustments in
avian breeding. Ardea 68:225-252

Duclos M (2008) A critical assessment of hormonal methods used in
monitoring training status in athetes. Int Sports Med J 9:56-66

Eliason EJ et al (2011) Differences in thermal tolerance among
sockeye salmon populations. Science 332:109-112. doi:10.1126/
science.1199158

Elliott KH, Le Vaillant M, Kato A, Speakman JR, Ropert-Coudert Y
(2013) Accelerometry predicts daily energy expenditure in a bird
with high activity levels. Biol Lett. doi:10.1098/rsbl.2012.0919

Elliott KH et al (2014) Age-related variation in energy expenditure in
a long-lived bird within the envelope of an energy ceiling.
J Anim Ecol 83:136-146. doi:10.1111/1365-2656.12126

Fonseca IAT et al (2014) Exercising for food: bringing the laboratory
closer to nature. J Exp Biol 217:3274-3282. doi:10.1242/jeb.
108191

Frost PC, Song K, Wagner ND (2014) A beginner’s guide to
nutritional profiling in physiology and ecology. Integr comp
Biolo 54:873-879. doi:10.1093/icb/icu054

Garcia-Navas V, Sanz JJ (2010) flexibility in the foraging behavior of
blue tits in response to short-term manipulations of brood size.
Ethology 116:744-754

Garcia-Navas V, Ferrer ES, Sanz JJ (2012) Prey selectivity and
parental feeding rates of Blue Tits (Cyanistes caeruleus) in
relation to nestling age. Bird Study 59:236-242

Garland T et al (2011a) How to run far: multiple solutions and sex-
specific responses to selective breeding for high voluntary
activity levels. Proc R Soc Lond B 278:574-581. doi:10.1098/
rspb.2010.1584

Garland T et al (2011b) The biological control of voluntary exercise,
spontaneous physical activity and daily energy expenditure in
relation to obesity: human and rodent perspectives. J Exp Biol
214:206-229

Girard I, Swallow JG, Carter PA, Koteja P, Rhodes JS, Garland T Jr
(2002) Maternal-care behavior and life-history traits in house
mice (Mus domesticus) artificially selected for high voluntary
wheel-running activity. Behav Proc 57:37-50. doi:10.1016/
S0376-6357(01)00206-6

Guindre-Parker S, Baldo S, Gilchrist HG, Macdonald CA, Harris CM,
Love OP (2013) The oxidative costs of territory quality and
offspring provisioning. J Evol Biol 26:2558-2565. doi:10.1111/
jeb.12256

Harshman LG, Zera AJ (2007) The cost of reproduction: the devil in
the details. Trends Ecol Evol 22:80-88

Hegemann A, Matson K, Flinks H, Tieleman B (2013) Offspring pay
sooner, parents pay later: experimental manipulation of body
mass reveals trade-offs between immune function, reproduction
and survival. Front Zool 10:77

Horak P, Jenni-Eiermann S, Ots I (1999) Do great tits (Parus major)
starve to reproduce? Oecologia 119:293-299

Horvathova T, Nakagawa S, Uller T (2012) Strategic female
reproductive investment in response to male attractiveness in
birds. Proc R Soc Lond B 279:163-170. doi:10.1098/rspb.2011.
0663

Hug M, Mullis PE, Vogt M, Ventura N, Hoppeler H (2003) Training
modalities: over-reaching and over-training in athletes, including
a study of the role of hormones. Best Prac Res Clin Endocrinol
Metab 17:191-209. doi:10.1016/S1521-690X(02)00104-5

Husak JF (2006) Does survival depend on how fast you can run or
how fast you do run? Funct Ecol 20:1080-1086

Irschick DJ (2003) Studying performance in nature: implications for
fitness variation within populations. Integr Comp Biol
43:396-407

Jacobs SR, Elliott KH, Gaston AJ (2013) parents are a drag: long-
lived birds share the cost of increased foraging effort with their
offspring, but males pass on more of the costs than females.
PLoS ONE 8:e54594. doi:10.1371/journal.pone.0054594

Joyner MJ, Coyle EF (2008) Endurance exercise performance: the
physiology of champions. J Physiol 586:35-44. doi:10.1113/
jphysiol.2007.143834

Keil D, Lubke RW, Pruett SB (2001) Quantifying the relationship
between multiple immunological parameters and host resistance:
probing the limits of reductionism. J Immunol 167:4543-4552

Kern M, Bacon W, Long D, Cowie RJ (2005) Blood metabolites and
corticosterone levels in breeding adult pied flycatchers. Condor
107:665-677

Klomberg KF, Garland T Jr, Swallow JG, Carter PA (2002)
Dominance, plasma testosterone levels, and testis size in house

@ Springer


http://dx.doi.org/10.1093/beheco/arp054
http://dx.doi.org/10.1111/j.1420-9101.2012.02543.x
http://dx.doi.org/10.1111/j.1420-9101.2012.02543.x
http://dx.doi.org/10.1086/677219
http://dx.doi.org/10.1086/677219
http://dx.doi.org/10.1126/science.1199158
http://dx.doi.org/10.1126/science.1199158
http://dx.doi.org/10.1098/rsbl.2012.0919
http://dx.doi.org/10.1111/1365-2656.12126
http://dx.doi.org/10.1242/jeb.108191
http://dx.doi.org/10.1242/jeb.108191
http://dx.doi.org/10.1093/icb/icu054
http://dx.doi.org/10.1098/rspb.2010.1584
http://dx.doi.org/10.1098/rspb.2010.1584
http://dx.doi.org/10.1016/S0376-6357(01)00206-6
http://dx.doi.org/10.1016/S0376-6357(01)00206-6
http://dx.doi.org/10.1111/jeb.12256
http://dx.doi.org/10.1111/jeb.12256
http://dx.doi.org/10.1098/rspb.2011.0663
http://dx.doi.org/10.1098/rspb.2011.0663
http://dx.doi.org/10.1016/S1521-690X(02)00104-5
http://dx.doi.org/10.1371/journal.pone.0054594
http://dx.doi.org/10.1113/jphysiol.2007.143834
http://dx.doi.org/10.1113/jphysiol.2007.143834

S450

J Ornithol (2015) 156 (Suppl 1):S441-S451

mice artificially selected for high activity levels. Physiol Behav
77:27-38. doi:10.1016/S0031-9384(02)00767-9

Koetsier E, Verhulst S (2011) A simple technique to manipulate
foraging costs in seed-eating birds. J Exp Biol 214:1225-1229.
doi:10.1242/jeb.050336

Lescroél A, Dugger KM, Ballard G, Ainley DG (2009) Effects of
individual quality, reproductive success and environmental
variability on survival of a long-lived seabird. J Anim Ecol
78:798-806

Love OP, Williams TD (2008) The adaptive value of stress-induced
phenotypes: effects of maternally derived corticosterone on sex-
biased investment, cost of reproduction, and maternal fitness.
Am Nat 172:E135-E149. doi:10.1086/590959

Low M, Makan T, Castro I (2012) Food availability and offspring
demand influence sex-specific patterns and repeatability of
parental provisioning. Behav Ecol 23:25-34

MacColl ADC, Hatchwell BJ (2003) Heritability of parental effort in
a passerine bird. Evolution 57:2191-2195

Malisch JL, Saltzman W, Gomes FR, Rezende EL, Jeske DR, Garland
T Jr (2007) Baseline and stress-induced plasma corticosterone
concentrations of mice selectively bred for high voluntary wheel
running. Physiol Biochem Zool 80:146-156. doi:10.1086/
508828

Mariette MM, Pariser EC, Gilby AJ, Magrath MJL, Pryke SR, Griffith
SC (2011) Using an electronic monitoring system to link
offspring provisioning and foraging behavior of a wild passerine.
Auk 128:26-35. doi:10.1525/auk.2011.10117

Metcalfe NB, Monaghan P (2013) Does reproduction cause oxidative
stress? An open question. Trends Ecol Evol 28:347-350. doi:10.
1016/j.tree.2013.01.015

Mitchell GW, Newman AEM, Wikelski M, Ryan Norris D (2012)
Timing of breeding carries over to influence migratory departure
in a songbird: an automated radiotracking study. J Anim Ecol
81:1024-1033. doi:10.1111/j.1365-2656.2012.01978.x

Monaghan P, Metcalfe NB, Torres R (2009) Oxidative stress as a
mediator of life history trade-offs: mechanisms, measurements
and interpretation. Ecol Lett 12:75-92

Murray A, Costa R (2012) Born to run. Studying the limits of human
performance. BMC Med 10:76

Nakagawa S, Gillespie DOS, Hatchwell BJ, Burke T (2007)
Predictable males and unpredictable females: sex difference in
repeatability of parental care in a wild bird. J Evol Biol
20:1674-1681

Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D,
Smouse PE (2008) A movement ecology paradigm for unifying
organismal movement research. Proc Natl Acad Sci USA
105:19052-19059. doi:10.1073/pnas.0800375105

Neufer PD (1989) The effect of detraining and reduced training on the
physiological adaptations to aerobic exercise training. Sports
Med 8:302-320

Newton I (1989) Lifetime reproduction in birds. Academic, London

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

Norte AC, Ramos JA, Sampaio JP, Sousa JP, Sheldon BC (2010)
Physiological condition and breeding performance of the great
tit. Condor 112:79-86

Nur N (1984) Feeding frequencies of nestling blue tits (Parus
caeruleus): costs, benefits and a model of optimal feeding
frequency. Oecologia 65:125-137

Piersma T (2011) Why marathon migrants get away with high
metabolic ceilings: towards an ecology of physiological restraint.
J Exp Biol 214:295-302. doi:10.1242/jeb.046748

Piersma T, van Gils JA (2011) The flexible phenotype. A body-
centred integration of ecology, physiology, and behaviour.
Oxford University Press, Oxford

@ Springer

Ringsby T, Berge T, Saether B-E, Jensen H (2009) Reproductive
success and individual variation in feeding frequency of House
Sparrows (Passer domesticus). J Ornithol 150:469-481. doi:10.
1007/s10336-008-0365-z

Ryder TB, Horton BM, van den Tillaart M, Morales JDD, Moore IT
(2012) Proximity data-loggers increase the quantity and quality
of social network data. Biol Lett 8:917-920. doi:10.1098/rsbl.
2012.0536

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

Santos ESA, Nakagawa S (2012) The costs of parental care: a meta-
analysis of the trade-off between parental effort and survival in
birds. J Evol Biol 25:1911-1917. doi:10.1111/j.1420-9101.2012.
02569.x

Scantlebury DM et al (2014) Flexible energetics of cheetah hunting
strategies provide resistance against kleptoparasitism. Science
346:79-81. doi:10.1126/science.1256424

Schroeder J, Burke T, Mannarelli ME, Dawson DA, Nakagawa S
(2012) Maternal effects and heritability of annual produc-
tivity. J Evol Biol 25:149-156. doi:10.1111/j.1420-9101.
2011.02412.x

Schroeder J, Cleasby I, Dugdale HL, Nakagawa S, Burke T (2013)
Social and genetic benefits of parental investment suggest sex
differences in selection pressures. J Avian Biol 44:133-140.
doi:10.1111/j.1600-048X.2012.00010.x

Schwagmeyer PL, Mock DW (2003) How consistently are good
parents good parents? Repeatability of parental care in the house
sparrow, Passer domesticus. Ethology 109:303-313

Schwagmeyer PL, Mock DW (2008a) Parental provisioning and
offspring fitness: size matters. Anim Behav 75:291-298

Schwagmeyer PL, Mock DW (2008b) Parental provisioning and
offspring fitness: size matters. Anim Behav 75:291-298. doi:10.
1016/j.anbehav.2007.05.023

Simons MJP, Briga M, Leenknegt B, Verhulst S (2014) Context-
dependent effects of carotenoid supplementation on reproduction
in zebra finches. Behav Ecol 25:945-950. doi:10.1093/beheco/
aru062

Sinclair ELE, de Souza CRN, Ward AJW, Seebacher F (2014)
Exercise changes behaviour. Funct Ecol 28:652-659. doi:10.
1111/1365-2435.12198

Slagsvold T, Lifjeld JT (1988) Ultimate adjustment of clutch size to
parental feeding capacity in a passerine bird. Ecology
69:1918-1922

Speakman J (1997) Factors influencing the daily energy expenditure
of small mammals. Proc Nutr Soc 56:1119-1136. doi:10.1079/
PNS19970115

Spivey RIJ, Bishop CM (2013) Interpretation of body-mounted
accelerometry in flying animals and estimation of biomechanical
power. J R Soc Interface. doi:10.1098/rsif.2013.0404

Stearns SC (1992) The evolution of life-histories. Oxford University
Press, Oxford

Stodola KW, Linder ET, Buehler DA, Franzreb KE, Kim DH, Cooper
RJ (2010) Relative influence of male and female care in
determining nestling mass in a migratory songbird. J Avian Biol
41:515-522

Swallow J, Carter P, Garland T Jr (1998) Artificial selection for
increased wheel-running behavior in house mice. Behav Genet
28:227-237. doi:10.1023/A:1021479331779

Swallow JG, Koteja P, Carter PA, Garland T (1999) Artificial
selection for increased wheel-running activity in house mice
results in decreased body mass at maturity. J Exp Biol
202:2513-2520

Tieleman BI, Dijkstra TH, Klasing KC, Visser GH, Williams JB
(2008) Effects of experimentally increased costs of activity
during reproduction on parental investment and self-maintenance


http://dx.doi.org/10.1016/S0031-9384(02)00767-9
http://dx.doi.org/10.1242/jeb.050336
http://dx.doi.org/10.1086/590959
http://dx.doi.org/10.1086/508828
http://dx.doi.org/10.1086/508828
http://dx.doi.org/10.1525/auk.2011.10117
http://dx.doi.org/10.1016/j.tree.2013.01.015
http://dx.doi.org/10.1016/j.tree.2013.01.015
http://dx.doi.org/10.1111/j.1365-2656.2012.01978.x
http://dx.doi.org/10.1073/pnas.0800375105
http://dx.doi.org/10.1242/jeb.046748
http://dx.doi.org/10.1007/s10336-008-0365-z
http://dx.doi.org/10.1007/s10336-008-0365-z
http://dx.doi.org/10.1098/rsbl.2012.0536
http://dx.doi.org/10.1098/rsbl.2012.0536
http://dx.doi.org/10.1111/j.1420-9101.2012.02569.x
http://dx.doi.org/10.1111/j.1420-9101.2012.02569.x
http://dx.doi.org/10.1126/science.1256424
http://dx.doi.org/10.1111/j.1420-9101.2011.02412.x
http://dx.doi.org/10.1111/j.1420-9101.2011.02412.x
http://dx.doi.org/10.1111/j.1600-048X.2012.00010.x
http://dx.doi.org/10.1016/j.anbehav.2007.05.023
http://dx.doi.org/10.1016/j.anbehav.2007.05.023
http://dx.doi.org/10.1093/beheco/aru062
http://dx.doi.org/10.1093/beheco/aru062
http://dx.doi.org/10.1111/1365-2435.12198
http://dx.doi.org/10.1111/1365-2435.12198
http://dx.doi.org/10.1079/PNS19970115
http://dx.doi.org/10.1079/PNS19970115
http://dx.doi.org/10.1098/rsif.2013.0404
http://dx.doi.org/10.1023/A:1021479331779

J Ornithol (2015) 156 (Suppl 1):5441-S451

S451

in tropical house wrens. Behav Ecol 19:949-959. doi:10.1093/
beheco/arn051

Tieleman BI, Croese E, Helm B, Versteegh MA (2010) Repeatability
and individual correlates of microbicidal capacity of bird blood.
Comp Biochem Physiol A 156:537-540

Tinbergen JM, Dietz MW (1994) Parental energy expenditure 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

Toigo C, Gaillard J-M, Loison A (2013) Alpine ibex males
grow large horns at no survival cost for most of their
lifetime. Oecologia 173:1261-1269. doi:10.1007/s00442-
013-2700-1

Travers M, Clinchy ML, Boonstra R, Zanette L, Williams TD (2010)
Indirect predator effects on clutch size and the cost of egg
production. Ecol Lett 13:980-988

Tremblay I, Thomas DW, Lambrechts MM, Blondel J, Perret P
(2003) Variation in blue tit breeding performance across
gradients in habitat richness. Ecology 84:3033-3043

Versteegh MA, Helm B, Kleynhans EJ, Gwinner E, Tieleman BI (2014)
Genetic and phenotypically flexible components of seasonal
variation in immune function. J Exp Biol 217:1510-1518.
doi:10.1242/jeb.097105

Wikelski M, Tarlow EM, Raim A, Diehl RH, Larkin RP, Visser GH
(2003) Avian metabolism: costs of migration in free-flying
songbirds. Nature 423:704

Williams TD (2008) Individual variation in endocrine systems:
moving beyond the “tyranny of the Golden Mean”. Philos Trans
R Soc Lond B 363:1687-1698

Williams TD (2012) Physiological adaptations for breeding in birds.
Princeton University Press, Princeton

Williams TM et al (2014) Instantaneous energetics of puma Kkills
reveal advantage of felid sneak attacks. Science 346:81-85.
doi:10.1126/science.1254885

Wilson AJ, Nussey DH (2010) What is individual quality? An
evolutionary perspective. Trends Ecol Evol 25:207-214

Winkler DW, Allen PE (1995) Effects of handicapping on female
condition and reproduction in tree swallows (Tachycineta
bicolor). Auk 112:737-747

Wright J, Cuthill I (1989) Manipulation of sex differences in parental
care. Behav Ecol Sociobiol 25:171-181

Wright J, Both C, Cotton PA, Bryant DM (1998) Quality vs. quantity:
energetic and nutritional trade-offs in parental provisioning
strategies. J Anim Ecol 67:620-634

@ Springer


http://dx.doi.org/10.1093/beheco/arn051
http://dx.doi.org/10.1093/beheco/arn051
http://dx.doi.org/10.1007/s00442-013-2700-1
http://dx.doi.org/10.1007/s00442-013-2700-1
http://dx.doi.org/10.1242/jeb.097105
http://dx.doi.org/10.1126/science.1254885

	Individual variation in workload during parental care: can we detect a physiological signature of quality or cost of reproduction?
	Abstract
	Introduction
	Problems with the conventional view that chick rearing is hard work sufficient to generate costs
	An exercise perspective on workload during parental care
	What do we know about physiological effects of workload during parental care in free-living birds?
	How can we advance the study of physiology of parental care in chick-rearing birds?
	Acknowledgments
	References




