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Trade-offs and the costs of reproduction

Because any organism has to fulfil a myriad of different functions to stay alive and to
reproduce, using numerous physiological processes that all draw from the available
resources, compromises have to be made. Evolution results in a solution by optimising
these trade-offs so that the fitness of the individual is maximised (Maynard Smith
1978a; Figure 1.1). Reproduction can be considered the key component of life against
which other functions, that serve merely to survive, are traded-off. The trade-offs with
reproduction, eventuating in the ‘costs of reproduction’ (Williams 1966), were the
starting point of this thesis. A series of experiments was performed, on different bird
species, both in the laboratory and in the field, to gain knowledge on the nature of
these trade-offs, what the involvement of energy is, and how the energy budget is
managed under conditions with varying energetic demands.

Fitness costs can be mediated by ecological factors (increased risk, reduced encoun-
ter probability of potential mates, etc.) or by physiological factors (body reserves,
maintenance, protection against diseases, etc.). The costs of reproduction will vary
with the reproductive effort, i.e. the rate at which resources (e.g. energy or time) are
channelled into a reproductive event. However, reproductive effort is not easy to meas-
ure, partly because it is not clear what to measure in the first place. Usually, it is
approximated by measuring energy expenditure during parental activities, such as
incubation and food provisioning (e.g. Ricklefs & Williams 1984; Bryant 1988;
Masman et al. 1989; Moreno 1989b; Mock 1991; Tinbergen & Dietz 1994). However,
the fitness costs of individuals spending energy at equal rates might differ greatly, e.g.
because their foraging efficiency and health status vary (Tinbergen & Verhulst 2000).
What really counts is to what extent mechanisms for maintenance and protection of
the soma suffer from channelling resources into reproduction and how this affects cur-
rent and future reproductive success. Affected maintenance and protection mecha-
nisms can be either behavioural or physiological. Examples from behaviour are vigilance
to avoid predators, and preening to avoid wear and infections. Physiological mecha-
nisms include cell replacement, DNA repair, immune responses and antioxidative pro-
tection (to protect against damaging oxygen radicals; Figure 1.1).

Although a trade-off may be the result of an energetic limitation, alternative limi-
ting resources are of course possible. Time, nutrients and water are the most impor-
tant other resources. Hence, energy management needs not be the driving force in life
history evolution but can also be a product of other factors that are inescapably linked
to energy (Ricklefs & Wikelski 2002). Nevertheless, studying the energetics of repro-
ductive effort can give more insight into the mechanisms of the physiological con-
straints that underlie the trade-offs in life history evolution (Stearns 1992). In birds
the study of energetics is particularly appropriate because in many cases they spend
energy at very high rates during parental effort (both incubation and food provisioning),
probably often close to a metabolic ceiling (Drent & Daan 1980; Williams 1996a;
Tinbergen & Williams 2001). In the overview given by Hammond & Diamond (1997),
metabolic scopes (i.e. maximum measured sustained metabolic rate/resting metabolic

Chapter 110

PW diss  29-10-2003  09:07  Pagina 10



rate (RMR)) in birds vary between 1.3 and 6.6 (mean 3.3 ± 0.25 (SE), n = 27). To
scale these figures to something we humans find easier to appreciate, professional
Tour de France cyclists, that cycled 3826 km, crossing 34 mountains, for a period of 22
days, spent 4.3 times BMR; the highest sustained metabolic scopes measured in
humans (Westerterp et al. 1986). These cyclist can be considered to have worked on a
maximum sustainable level, because they were taking in energy at maximum rates
while not depending on body stores.

Energy management

In case energy is a limiting resource during reproduction or at other times, it will be
beneficial to spend it as economically as possible. Then, maintenance and protection
mechanisms should not be downregulated more than necessary. Part of this thesis dis-
cusses how energy is managed under increasingly strenuous conditions. This was also
elicited by the evidence that showed that birds may reduce BMR and night-time energy
expenditure under demanding conditions (Deerenberg et al. 1998; Bautista et al. 1998;
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Figure 1.1 Chart showing physiological and ecological processes, competing for the same resources,
that are treated in this thesis. Resources in short supply result in trade-offs between different processes
and activities that are important for survival and reproduction. Ultimately, selection will lead to optimal
outcomes of these trade-offs so that fitness is minimised. Oxidative stress is caused by reactive oxygen
species that are formed as by-products of energy metabolism and by detoxification processes of the
immune system. Maintenance & repair encompasses the repair or renewal of damaged cells, temperatu-
re regulation, the production of hormones and neurotransmitters, etc. Storage is the build up of energy
for nutrient stores (fat, calcium, etc.) for later usage. Note that this chart is far from complete. Other
processes include the availability of social partners and nest sites, water economy, etc.
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Nudds & Bryant 2001). Deerenberg et al. (1998) and Bautista et al. (1998) manipulated
the costs of foraging by forcing, respectively, zebra finches Taeniopygia guttata and star-
lings Sturnus vulgaris to fly between two perches for a particular number of times before
rewarding them with food. The birds were kept under these conditions for periods last-
ing several weeks. The zebra finches were on either a low or high costs schedule,
having to fly 20 or 40 times, respectively, over 56 cm to gain 10 s access to food. The
birds with low and high foraging costs had a BMR of, on average, 0.215 and 0.164 W,
respectively. The starlings were alternately flying between perches 4.65 m apart and
walking between perches 0.35 m apart. Birds on a low costs schedule made 2 flights
per food reward and those on the high costs schedule 7.8. BMR of these birds were
0.814 and 0.493 W for low and high costs, respectively. Nudds & Bryant (2001) also
made zebra finches fly more, but not for food, and measured a reduction in BMR in
harder working birds too: BMR reduced from 0.63 to 0.54 W.

Presumably, saving energy through a BMR reduction leaves more energy for other
processes and day-time activities. If energetic compensation through reduced BMR and
night-time energy expenditure occurs regularly in free-living animals, the daily energy
expenditure (DEE) is not simply proportional to the level of activity, as usually as-
sumed in time-energy budgets (e.g. Ashkenazie & Safriel 1979; Williams & Nagy
1984; Bryant et al. 1985; Masman et al. 1988). In the studies of Deerenberg et al.
(1998) and Bautista et al. (1998), DEE even decreased with increasing feeding activity!
In Chapter 2 and 4 we expand on the data of Deerenberg et al. (1998) and Bautista et
al. (1998), applying other experimental conditions while manipulating foraging costs.
Especially the application of variable reward rates instead of fixed, as in the experi-
ments of Deerenberg et al. (1998) and Bautista et al. (1998), might have a large effect
on food intake rates and energy budgets (Ferster & Skinner 1957; Fotheringham
1998). Fotheringham (1998) kept starlings in cages were they had to fly a number of
times between perches to obtain food. He either applied fixed or variable food reward
rates, meaning that the number of flights needed to obtain food was completely predic-
table (without variation) or with only the mean number of flights set while applying
random variation around this mean. When the number of flights per reward was in-
creased, the starlings with fixed reward rates became lighter, while those with variable
reward rates did not. In our starling experiments we therefore applied variable reward
rates. We think this also is closer to the natural situation, where variation and unpre-
dictability in foraging success are likely to prevail. In Chapter 2 we give an overview of
results from comparable experiments to find out whether a general pattern emerges.

The starlings in our cages made many short flights to obtain their food. Flying over
short distances, however, entails very high flight costs; in small birds over three times
the predicted metabolic rate from aerodynamic models (Nudds & Bryant 2000).
Therefore, the flying time of the starlings in our cages will have a major effect on their
energy budget necessitating an accurate estimate of the energy expenditure during
these short flights. We used labelled sodiumcarbonate to measure the 13C isotope eli-
mination rate in starlings flying in the cages (Chapter 3). This method was earlier
applied in large animals, but was recently adapted to suit small animals as well
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(Speakman & Thomson 1997; Hambly et al. 2002). The advantage over applying doubly
labelled water is the fast elimination rate of the isotope, enabling measurements over
very short time spans. This makes it possible to let the animal only perform one activity
(flying, e.g.) during the measurement.

Because these experiments were performed on non-reproducing, captive birds,
extrapolating to free-living birds that work for their offspring is precarious. We wanted
to know whether birds with high energy expenditure rates caused by they are feeding
nestlings might also reduce BMR and therefore measured BMR in free-living great tits
Parus major during brood provisioning (Chapter 5). During two seasons we manipula-
ted parental effort by altering brood sizes and measured BMR using a transportable
oxygen meter. During one season we also measured DEE using doubly labelled water
and measured the provisioning rates with video observations to quantify the effect of
brood size on parental effort.

An alternative path of reasoning can be followed, however. A sustained increase in
muscle exercise has been shown to be associated with enlargement of exercise organs,
such as heart and muscles, in preparation for migration (Jehl 1997; Battley & Piersma
1997; Biebach 1998; Karasov & Pinshow 1998; Lindström et al. 2000), and because the
size of metabolically active organs in part determines BMR (Daan et al. 1990; Piersma
2002), an increase in BMR in birds with increased foraging costs or parental costs
could be envisaged as well. The increase in pectoral muscle size in migrating birds is
not the result of training but endogenously regulated (Dietz et al. 1999), and hypothe-
tically this could be the case in birds preparing for high parental demands. Similar rela-
tionships have been shown in lactating mammals. During lactation, the sustained meta-
bolic rates of mammals with more than one pup, lay between 4.6 and 6.7, while BMR
is shown to increase due to body composition changes (Speakman & McQueenie 1996;
Koteja 1996; Hammond & Diamond 1997; Johnson et al. 2001a). Note that grey seals
Halichoerus grypus, that are fasting during lactation, and hence not increasing the size of
any digestive organ, reduce their maintenance metabolic rate during lactation (Mellish
et al. 2000). Mellish et al. (2000) conclude that grey seals are using compensatory
mechanisms to meet the high costs of lactation, that are apparently not associated with
changes in lean body mass and behaviour.

Because data on the relationship between reproductive effort and BMR was lacking
we studied this in captive zebra finches (Chapter 6). In the birds in the experiment to
study BMR changes in response to a brood size manipulation (Chapter 2), we also
looked for associations between pre-breeding BMR and (unmanipulated) reproductive
output. As described above, a positive association between BMR and reproductive
effort could be expected.
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Protection mechanisms

An important category of functions that are involved in reproductive trade-offs are
those that serve to protect against the many perils that animals meet (Figure 1.1;
Sheldon & Verhulst 1996; von Schantz et al. 1999). Threats from the environment
include fights with conspecifics or predators, accidents (e.g. collisions), diseases, para-
sites and toxins. They can lead to injuries, physiological damage, death or interfere
with chemical, e.g. hormonal, processes. Also the organisms’ own energy metabolism
has negative side-effects due to the production of reactive oxygen species (ROS), such
as oxygen free radicals (Jenkins 1988; Cadenas 1995; Finkel & Holbrook 2000). These
noxious molecules cause so called oxidative stress by damaging DNA, proteins and
lipids, leading to senescence (Chen et al. 1995; Felton 1995; von Schantz et al. 1999).

A range of protection mechanisms have evolved to cope with these perils. The
immune system protects against intruding alien cells and molecules with a suite of spe-
cialised cells (Møller & Saino 1999; Whittow 2000). The immune system has two ways
of doing this. The humoral immune response targets alien macromolecules with speci-
fic antibodies that are derived from B-lymphocytes (B-cells, originating in the bursa of
Fabricius). This system has a ‘memory’, enabling an accelerated antibody response
when the specific infection returns. The molecule eliciting an antibody response is cal-
led an antigen. The humoral immune response is most effective in destroying extracellu-
lar bacteria and viruses. The other category is called the cell-mediated immune respon-
se. It destroys virus-infected cells, parasites and cancer cells by non-specific T-lympho-
cytes (T-cells, originating in the thymus). T-cells are also important in the humoral
immune system, because they stimulate the proliferation of B-cells.

The immune and detoxification (i.e. deactivation of chemicals) systems often use
reactive metabolites and free radicals to deactivate the alien compounds, by which it
also is a source of oxidative stress (von Schantz et al. 1999). ROS, that originate from
the organism itself, can be detoxified by antioxidants. Exogenous antioxidants, such as
carotenoids and vitamin C, are taken up from the diet (Sies & Stahl 1995; Stahl & Sies
1997), while antioxidant enzymes are produced inside the cells. Three types of antioxi-
dant enzymes exist, namely superoxide dismutase (SOD), glutathione peroxidase
(GPx) and catalase (Ahmad 1995). Damage to DNA can be repaired to overcome
harmful effects (Maldonado et al. 1996; Slupphaug et al. 1996), but little is known
about the regulation of these processes.

Trade-offs between reproductive effort and protection mechanisms against diseas-
es, parasites and oxidative stress were studied in captive zebra finches. The quality of
immune responses was measured by challenging the birds’ humoral immune system
with antigens (sheep red blood cells, SRBC; Chapter 7). Experimentally increasing
reproductive effort in zebra finches had earlier been shown to reduce a humoral immune
response to SRBC (Deerenberg et al. 1997). In our experiments we wanted to find out
whether this could have been due to an energetic trade-off. Therefore, we measured
metabolic rates prior and after the immunisation. We also considered the possibility
that an immune response is not energetically costly at all, but that it is rather the
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maintenance of the immune system as a whole that is costly. In an experiment we
manipulated brood sizes of zebra finches and measured the antibody responses after
removal of the chicks. In that situation the birds were relieved from parental duties. If
immuno-suppression would still be found in these birds, this would suggest that the
immune system had been downregulated with increasing brood size, prohibiting an
immediate response to the chick removal.

As an aspect of protection against oxidative stress we measured antioxidant enzyme
activity (SOD and GPx) in zebra finch pectoral muscle tissue (Chapter 8). Oxidative
stress has been intensely studies in the context of ageing and degenerative diseases
(Austad 1997; Beckman & Ames 1998), but in relation to reproductive effort in verte-
brates it is new. We manipulated brood sizes and let the birds feed their chicks for
almost 3 weeks. We expected that the antioxidant activity would have been downregu-
lated. The consequences of lower antioxidant activity levels would be more damage to
DNA or other molecules. Like parasites and diseases, oxidative stress has the potential
as a major selective force.

Time reallocation as a cost of reproduction

Investing time and energy in social and other behaviours may also be involved in trade-
offs with parental effort. Potentially this can have strong fitness effects. Activities that
may become affected are, for example, vigilance, increasing the risk of predation
(Magnhagen 1991), or preening, increasing the risk of damage to feathers and infesta-
tion with parasites. These activities are already incorporated in the costs of reproduc-
tion as investments in maintenance and protection. Another category, however, is the
time devoted to pursuit of extra-pair copulations (EPCs). There is considerable inte-
rest in the consequences of mating status and extra-pair fertilisations (EPFs) for the
amount of parental care provided (Orians 1969; Searcy & Yasukawa 1989;
Whittingham et al. 1992; Westneat & Sherman 1993; Slagsvold & Lifjeld 1994;
Westneat & Sargent 1996; Bruun et al. 1997; Smith & Sandell 1998). But the other
way around, consequences of the amount of parental care provided for the opportuni-
ties for EPFs, has received much less attention (Magrath & Komdeur 2003). Birds of
(facultative) polygynous species, that spend more time on incubation, brooding or
food provisioning, will have less time left for extra-pair liaisons and for mate guarding.
The trade-off between pursuing EPCs and caring for the current clutch or brood will be
affected by the size of the clutch and brood, because that is expected to affect how the
clutch or brood is valued (in terms of fitness) by the parents (Delehanty & Oring
1993). Males attending large clutches or broods may have relatively less to gain from
pursuing EPCs or attracting additional mates than males with small clutches or broods
(Wright & Cuthill 1990; Whittingham 1993; Magrath & Elgar 1997).

We measured the time that male starlings spent on pursuing additional mates in
relation to manipulated clutch size (Chapter 9). The starling is a semi-collonial hole-
nesters, making it a very suitable species for this study. Both males and females incu-
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bate the eggs and feed the nestlings. When a male is polygynous his part in parental
care for a single clutch or brood is significantly lower (Pinxten & Eens 1994; Smith et
al. 1995; Sandell & Smith 1996). Paired starling males trying to attract an additional
mate must first occupy another nestbox. They usually sing very close to or in this nest-
box using ‘wing-waving’ displays (Feare 1984; Eens et al. 1990) and carry green plant
material into the nestbox when females are nearby (Gwinner 1997; Brouwer &
Komdeur, submitted manuscript). We measured the time that males spent singing
close to a neighbouring, empty nestbox during incubation of the first clutch, and the
frequency of bringing green plant material into the nestbox (see Pinxten & Eens
1998). We expected that when we had enlarged a clutch the males would spend less
time singing near and bringing green plant material to an adjacent empty nestbox,
resulting in a negative relationship between the chance of getting an additional female
and clutch size.
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