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Many life-history traits are expressed interactively in life, but to a varying extent on different occasions.

Changes in trait expression can be accounted for by differences in the quality of the environment

(‘environmental constraint’ hypothesis) or by strategic adjustments, if the relative contribution of the trait

to fitness varies with time (‘strategic allocation’ hypothesis). In birds, egg production is lower in

replacement clutches than in first clutches, but it is unknown whether this reduction results from an

environmental constraint (e.g. food being less available at the time when the replacement clutch is

produced) or from a strategic allocation of resources between the two breeding attempts. To distinguish

between these two hypotheses, we performed an experiment with black-legged kittiwakes (Rissa tridactyla).

Pairs were either food-supplemented or not before the first clutch was laid onwards and we induced them

to produce a replacement clutch by removing eggs once when the first clutch was complete. As predicted

by the ‘strategic allocation’ hypothesis, egg production of food-supplemented and non-food-supplemented

birds decreased between first and replacement clutches. This suggests that kittiwakes strategically reduce

investment in egg production for their replacement clutches compared to first clutches.
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replacement clutch; reproductive strategies
1. INTRODUCTION

Trade-offs between life-history traits are ubiquitous since

individuals have access to a limited amount of resources

(Stearns 1992). To maximize fitness, individuals have to

adjust the investment of resources in different life-history

traits optimally, since allocation of resources in one trait is

often made at the expense of another. An important

consequence is that individuals are selected to invest more

resources in traits that have a greater impact on fitness

(Stearns 1992). A prime example is the impairing effect of

reproductive effort on survival prospects (e.g. Stjernman

et al. 2004). The resolution of this trade-off is modulated

by environmental conditions, with one trait (e.g. survival)

being favoured over the other (i.e. reproduction) when it

has a disproportionate effect on fitness (Stearns 1992).

Temporal variation in the quality of the environment is,

therefore, an important factor to be considered in

evaluating why life-history traits are expressed to various

extents at different life stages. A common example is

individuals reproducing at different rates in successive

breeding attempts (Clutton-Brock 1988). This pattern of

variation in reproductive output can be the outcome of

temporal variation in the quality of the environment, with

parents providing more care to offspring when food is

plentiful. Here, the environment clearly acts as a

constraint (‘environmental constraint’ hypothesis). A

second, non-mutually exclusive hypothesis to explain
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temporal variation in reproductive output is a strategic

allocation of resources into competing breeding attempts.

To illustrate this ‘strategic allocation’ hypothesis, we can

imagine that birds allocate more resources to egg

production for a first as compared to a replacement clutch

(Hipfner et al. 1999) because the reproductive value of

offspring commonly declines with hatching date, the

potential laying of a replacement clutch is conditioned

on the loss of the first one, and physiological constraints

exist due to the cost of having already produced a first

annual clutch. Thus, individuals should invest more

resources in their first clutch and reserve a limited amount

of resources for a replacement clutch should it be needed

(Milonoff 1991; Martin 1995; Hipfner et al. 2001). In

most cases, egg production, expressed as simultaneous

investments in egg and clutch sizes, is lower in replace-

ment than in first clutches (Runde & Barrett 1981; Brown

& Morris 1996; Grand & Flint 1996; Wendeln et al. 2000;

Hipfner et al. 2001; but see De Neve et al. 2004). In order

to tease out whether this is due to environmental

constraints and/or strategic allocation, an experimental

approach is necessary as these hypotheses may work in

concert under natural conditions.

To the best of our knowledge, there are no experimental

studies that have tested whether this reduction in egg

production results from a change in food supply and/or

from a strategy evolved through natural selection. For

this purpose, we conducted an experiment with the

black-legged kittiwake (Rissa tridactyla) with the aim of

determining whether the decrease in egg production for
q 2006 The Royal Society
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Figure 1. Mean egg productionCstandard error of food-
supplemented (nZ12) and non-food-supplemented pairs
(nZ13) in first and replacement clutches.
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a replacement clutch observed in natural conditions

(Runde & Barrett 1981; Barrett 1989) occurs because at

that time food resources become scarce (‘environmental

constraint’ hypothesis) or because, independently of the

food supply, birds strategically invest more effort in the

first than in a replacement clutch (‘strategic allocation’

hypothesis). The kittiwake is a suitable model organism to

address these issues because 60–92% of pairs that

naturally lose their eggs produce a replacement clutch

(Wooller 1980; Barrett 1989; Barrett 1996) and because

food supply is known to boost egg production (Gill et al.

2002). These conditions imply that we can induce birds to

replace a clutch, and furthermore that food supply is an

important environmental factor affecting egg production.

We created two experimental groups in which individ-

uals were food-supplemented or not during the pro-

duction of both their first clutch and a replacement clutch.

The latter was induced by removing the first clutch,

thereby ensuring that we obtained an unbiased sample of

birds, which failed at the first breeding attempt. In this

experimental set-up, if egg production decreases between

the first and replacement clutches in the two food

treatments, we can conclude that kittiwakes strategically

reduce investment in egg production. If egg production

decreases only in non-food-supplemented pairs, it would

imply that food was a limiting factor to keep investment in

the replacement clutch at the same level as in the first

attempt. If egg production decreases in the two food

treatments, but more so in the non-food-supplemented

pairs, then we can conclude that both hypotheses account

for the seasonal decrease in egg production.
2. MATERIAL AND METHODS
The experiment was conducted in a kittiwake colony

numbering about 12 000 pairs on Middleton Island (59826 0

N, 146820 0 W) in the northern Gulf of Alaska (Gill et al.

2002). Birds breed on cliffs and on several artificial

structures, including an abandoned US Air Force radar

tower that has been modified to provide highly accessible nest

sites for experiments such as ours (Gill et al. 2002; Gill &

Hatch 2002; Lanctot et al. 2003). Artificial nest sites created

on the upper walls of this tower can be viewed from the inside

of the building through sliding panes of one-way mirror glass.

In the spring of 2002, we allocated nests at random to two

experimental groups, food-supplemented (nZ12) and not

supplemented (nZ13) nests. As in a previous study using a

comparable design (Lanctot et al. 2003), adult males and

females from the treatment group were provided three times

daily (08 : 00, 14 : 00 and 18 : 00 h) with capelin Mallotus

villosus until satiation was reached. Capelins (average

individual massZ25 g), a high-quality natural prey of

kittiwakes, were given through a hole in the wall in a way

that kittiwakes could not see the researcher. Supplemental

feeding began on 16 May and ended when the replacement

clutch was complete. Food-supplemented birds were fed an

average of 8.3G1.0 days before they laid the first clutch (each

bird consuming 18.8G4.9 supplemental fish in total) and an

average of 27.4G0.8 days before they started to lay a

replacement clutch (each consuming 69.33G8.33 sup-

plemental fish in total). Kittiwakes consumed a lower number

of fishes per day before laying the first clutch (time period

between first day of supplementation until the first egg was

laid) than the replacement clutch (time period between the
Proc. R. Soc. B (2006)
moment when we removed the first clutch and when the first

egg of the replacement clutch was laid; 1.60G0.38 versus

2.68G0.27; paired t-test, t11Z2.77, pZ0.02).

Both food-supplemented and non-food-supplemented

pairs were monitored daily to determine laying date and

nest contents. In both groups, we induced clutch replacement

by removing eggs after the first clutch was complete, that is on

an average 6.7G0.5 days (range: 5–14) after the first egg of

the first clutch was laid. This number of days was similar

in the two experimental groups (Student t-test, t23Z0.93,

pZ0.36). Ninety eggs (first and replacement eggs pooled)

from 25 nests were weighted with an electronic balance

(0.1 g). For each clutch, we defined egg production as the

sum of the mass of all eggs.

All analyses were conducted with SAS software (SAS

Institute 1996). For all two-tailed statistical tests, the

significance level was set at p!0.05. Means are quotedG

their standard error.
3. RESULTS
All 12 food-supplemented pairs and 11 of 13 non-food-

supplemented pairs produced a replacement clutch

13.3G0.6 days after their first clutch was experimentally

removed. This time interval was not affected by the

feeding treatment (Student t-test, t21Z0.48, pZ0.63).

Mean laying dates of first (24 MayG1 day) and

replacement clutches (14 JuneG1 day) did not differ

between food treatments (t23Z0.11, pZ0.92 versus

t21Z0.52, pZ0.61).

As predicted by the ‘strategic allocation’ hypothesis, egg

production was lower in the replacement clutch compared

to the first clutch in both non-food-supplemented

(paired t-test, t12Z2.29, pZ0.041) as well as in the food-

supplemented treatment (t11Z2.21, pZ0.048; figure 1).

Egg production was higher when mothers were food-

supplemented than non-food-supplemented and the

decrease in egg production between the first and

replacement clutch tended to be greater when kittiwakes

were not fed (14.3G6.5 g) compared to when they were

food-supplemented (31.6G13.8 g), but this difference

was not significant (two-way ANOVA with egg production

as the dependent variable and nest as a repeated effect

nested within feeding treatment; interaction between

clutch number and feeding treatment: F1,23Z1.21,
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pZ0.28; clutch number: F1,23Z8.60, pZ0.007; feeding

treatment: F1,23Z7.05, pZ0.01; figure 1).
4. DISCUSSION
Although food supply significantly altered egg production,

reduction in investment between the two successive

clutches was detected in the two food treatments (figure 1).

This indicates that, in kittiwakes, the decrease in egg

production for replacement clutches, is not solely due to a

constraining effect of food supply, as predicted by the

‘environmental constraint’ hypothesis’, but rather to a

reduction of maternal investment independently of food

supply in a replacement clutch as compared to the first

clutch, supporting the ‘strategic allocation’ hypothesis.

Our test is conservative because, first, individuals had

more time to accumulate resources via food supplemen-

tation for the replacement compared to the first breeding

attempt. Second, the number of fishes consumed per day

was on average higher during the time interval between the

laying of the first and the replacement clutch than before

the first clutch was laid. This difference in consumption

rates supports the strategic ‘allocation hypothesis’ as egg

production was reduced despite an increased rate of fish

consumption which should have compensated for possible

initial differences in nutritional states. The lack of

significant difference between reduction in egg investment

between the two breeding attempts in food-supplemented

and non-food-supplemented birds does not exclude that

the ‘environmental constraint’ hypothesis may also play a

role. This is likely to be the case, especially as in accord

with previous studies (Gill & Hatch 2002), we found that

food supply altered egg production. The absence of a

significant interaction between the feeding treatment and

the clutch number may due to the low power of our

statistical analysis. Overall, the fact that both hypotheses

are verified is interesting in the light of recent studies

stressing that understanding population responses to

environmental changes requires considering resource

variability at different spatial and temporal scales and the

adaptive responses of individuals (e.g. Pettorelli et al.

2005).

The strategic reduction in investment between the first

and replacement clutch is not surprising because repro-

ductive success declines with date, in term of both the

number and quality of offspring as reported for kittiwakes

(Coulson & Thomas 1985) and seabirds in general

(Moreno 1998). Furthermore, because under natural

conditions only a minority of pairs lose their eggs at the

first breeding attempt and have, therefore, the need to

produce a replacement clutch (around 35% on Middleton

island in 1996 and 1997, see Gill & Hatch 2002), natural

selection should favour individuals that invest most of

their resources in the first breeding attempt, keeping only a

limited amount of resources for an improbable replace-

ment clutch. A physiological constraint could also limit

the possibility to invest as much in the replacement clutch

as in the first one due to some intrinsic decrease of

resources that may not be possible to fully compensate via

food supplementation (Bolton et al. 1992). However, this

physiological cost of having produced a first clutch is in

fact considered as participating in the strategic allocation

of resources between the two successive breeding

attempts. For instance, if the fitness benefit of producing
Proc. R. Soc. B (2006)
a replacement clutch were higher than the benefit derived

from a first clutch (e.g. if food resources were higher later

in the breeding season), then natural selection could

favour mothers that allocate more energy in the replace-

ment clutch than in first clutch despite the cost of having

produced a first clutch (see Hubner et al. 2002 for a similar

example). Previous experimental studies have demon-

strated a strategic reduction of egg size when clutch size

increased in gulls (Nager et al. 2000), but to our

knowledge our study provides the first experimental

evidence that the reduction of egg production observed

in many birds between first and replacement clutches

results from a strategic optimization of resources.
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