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Abstract: We studied energy expenditure in adult Black-legged Kittiwakes (Rissa tridoctyla) with doubly labeled water
to measure energy costs of chick rearing. We removed eggs from randomly selected nests and compared energy expen-
diture late in the chick-rearing period between adults raising chicks and adults whose eggs had been removed. Adults
raising chicks expended energy at a rate 21% higher than adults from manipulated nests, apparently owing to differ-
ences in activity patterns while away from the colony. No sex-specific differences were detected in energy costs of
chick rearing or energy expenditure, although statistical power for these analyses was fairly low. Among the
unmanipulated group, energy expenditure tended to be positively related to natural brood size. An ancillary goal of our
study was to test hypotheses that describe how population-level field metabolic rates (FMRs) vary during chick rearing.
We compared FMRs among kittiwakes raising chicks at a colony in Alaska (61°09′N) with those reported for a colony
in Norway (76°30′N). FMRs of adults raising chicks were nearly identical at the two colonies, suggesting that adults
may have preferred levels of energy expenditure during chick rearing that are relatively invariant with environmental
conditions, and that are not adjusted according to adult survival probabilities.

Résumé: Nous avons étudié la dépense énergétique chez la Mouette tridactyle (Rissa tridactyla) au moyen d’eau dou-
blement marquée utilisée pour mesurer les coûts reliés à l’élevage des poussins. Nous avons enlevé les oeufs dans des
nids sélectionnés au hasard et comparé la dépense énergétique tard au cours de la saison d’élevage des poussins chez
des adultes nourriciers et chez les adultes dont on a enlevé les oeufs. Les adultes qui élèvent leurs petits ont une dé-
pense énergétique 21 % plus élevée que les adultes des nid manipulés, sans doute à cause des différences dans les pat-
terns d’activité loin de la colonie. Nous n’avons pas détecté de différences entre les mâles et les femelles quant à la
dépense énergétique allouée à l’élevage des poussins, mais il faut admettre que la puissance statistique de ces analyses
est assez faible. Chez le groupe non manipulé, la dépense énergétique avait tendance à être reliée directement à la
taille d’une couvée naturelle. L’un des objectifs secondaires de notre étude était d’éprouver les hypothèses qui décrivent
comment les taux de métabolisme à l’échelle des populations réelles (FMRs) varient durant l’élevage des petits. Nous
avons comparé les FMRs chez des mouettes nourricières d’une colonie d’Alaska (61E09′N) avec ceux d’une colonie de
Norvège (76E30′N). Les FMRs des adultes nourriciers étaient presque identiques dans les deux colonies, ce qui semble
indiquer que les adultes ont des degrés préférés de dépense énergétique durant l’élevage des poussins, degrés qui dé-
pendent relativement peu des conditions du milieu et qui ne sont pas ajustés à la probabilité de survie des adultes.

[Traduit par la Rédaction] Golet et al. 991

Introduction

Observed rates of energy utilization in breeding animals
are likely established to optimize the costs and benefits of
different levels of energy expenditure (Priede 1977; Drent
and Daan 1980). By increasing rates of energy expenditure,
individuals may invest more in current reproduction and po-
tentially raise more young, although costs for the parent are
predicted to arise from increased risks of mortality and (or)

reductions in future fecundity (Williams 1966; Charnov and
Krebs 1974; Stearns 1976, 1992). In apparent contrast with
this prediction, avian studies of the energy cost of raising
natural-sized broods suggest that brood size does not influ-
ence parental energy expenditure (Bryant 1988; Masman et
al. 1989; Moreno 1989; Tatner 1990). Likewise, in mammal
studies, litter size does not appear to affect daily energy ex-
penditure (Kenagy et al. 1990). The lack of a positive corre-
lation between offspring number and adult energy expendi-
ture may, however, be explained by differences in individual
ability rather than by an absence of reproductive costs. As
Tatner (1990, p. 433) stated, “[birds that] can acquire more
food through economic foraging raise more young, but not
at the expense of increased daily energy expenditure.” Thus,
it may not be possible to test for energy costs of reproduc-
tion by simply comparing field metabolic rates (FMRs) of
adults raising natural broods (or litters) of various sizes. In-
stead, it may be preferable to experimentally alter levels of
parental effort through brood manipulations, so that FMRs
of adults raising different numbers of young can be com-
pared with confounding factors such as adult age or ability
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removed (e.g., Williams 1987; Deerenberg et al. 1995; Moreno
et al. 1995).

By coupling studies of energy costs of reproduction with
investigations of fitness costs, insights may be gained into
the selective forces that have shaped existing life-history
strategies. Tinbergen and Dietz (1994, p. 571) stated, “the
key question which should be addressed is how experimental
alterations of brood size affect energy expenditure, and how
these changes in energy expenditure relate to...changes in
the fitness of the parent.” Here we address this question for
Black-legged Kittiwakes (Rissa tridactyla). Late in the chick-
rearing period, we measured the energy expenditure of adult
kittiwakes from manipulated nests (adults had their eggs re-
moved) and unmanipulated nests (adults were raising chicks),
while simultaneously testing for survival and fecundity costs
in the same population. We hypothesized that adults raising
chicks incur a fitness cost in the form of reduced survival or
lower future fecundity, and that this cost results from an in-
crease in adult energy expenditure. This paper is based on a
1-year study of energy expenditure that was done concur-
rently with a 4-year manipulative experiment that assessed
reproductive costs in kittiwakes. Although the primary focus
of this paper is adult energetics, we draw upon our investiga-
tions of adult body condition (Golet and Irons 1999) and
survival and fecundity costs (Golet et al. 1998; Golet 1999)
in discussions of mechanisms responsible for reproductive
costs in kittiwakes.

An ancillary goal of this study was to test two competing
hypotheses concerning adult FMRs during chick rearing.
The first suggests that species have a preferred level of en-
ergy expenditure that is relatively invariant during chick
rearing, even across widely varying environmental condi-
tions; we refer to this as the “preferred-level-FMR” hypoth-
esis. This hypothesis was proposed by Obst et al. (1995),
who found no differences in FMRs among three colonies of
Least Auklets (Aethia pusilla) that differed widely in their
proximity to their foraging grounds. A competing hypothesis
suggests that different populations should, in certain situa-
tions, have different mean FMRs. For example, if individuals
from different populations differ in their prospects for future
reproduction, evolutionary adjustments in their breeding
strategies may occur by shifting trade-offs between adult and
juvenile mortality (Daan et al. 1990). We refer to this as the
“mortality-adjusted-FMR” hypothesis. Such adjustments,
Daan et al. (1990) reasoned, should be identifiable in studies
of adult energy expenditure, as individuals investing more
heavily in current reproduction should have higher FMRs
during the breeding season than individuals investing less
heavily in reproduction. Recent work by Moreno et al.
(1997) confirmed that energy expenditure provides a good
measure of parental investment.

We tested these competing hypotheses by comparing
FMRs of kittiwakes raising chicks at two colonies, one in
Alaska and the other in Norway. Despite being exposed to
different environmental conditions, the preferred-level-FMR
hypothesis predicts that the FMRs of the kittiwakes at the
two colonies should be similar. The mortality-adjusted-FMR
hypothesis, on the other hand, predicts different mean FMRs
for the two populations. Because kittiwakes in the north At-
lantic Ocean have had significantly higher nonreproductive
mortality than kittiwakes from the northeastern Pacific Ocean

(17 vs. 8%; Golet et al. 1998), their residual reproductive
value may be lower. Thus, it is predicted that kittiwakes
from the Norway colony should invest more heavily incurrent
reproduction than kittiwakes from the Alaska colony.

Materials and methods

Kittiwakes are long-lived monogamous colonial seabirds that lay
one- to three-egg clutches. The semiprecocial chicks are fed en-
tirely by their parents and are raised in cliff nests until fledging,
which typically takes place 5–6 weeks after hatching (Baird 1994).
We studied kittiwakes at Shoup Bay, Prince William Sound, Alaska
(61°09′N, 146°35′W; Fig. 1). In 1992, approximately 4700 kitti-
wake pairs nested at the Shoup Bay colony, which is situated on a
rock islet that was exposed during the recession of the Shoup
Glacier in the mid 1960s.

In May and June of 1992, we observed kittiwakes at Shoup Bay
with binoculars and spotting scopes and mapped out the nest sites
of individually color-marked birds. Of 843 adults that were cap-
tured and banded with unique color combinations the previous
year, we identified 616 breeders at nests that produced eggs. In late
incubation, we removed entire clutches from 44% of these birds.
Nests were selected for the manipulation at random, except that
equal percentages of birds with clutch sizes of one and two eggs
were assigned to each treatment. By keeping original clutch size
equal between treatments, we reduced the likelihood that there
were differences in body condition or ability between our compari-
son groups (Perrins and Moss 1975; Högstedt 1980). We checked
all nests once every 4–5 days for the remainder of the breeding
season, and observed no instances of re-laying among adults that
had their eggs removed. Sexes were determined based on behav-
ioral observations made during courtship. Sex-determining behav-
iors included begging, courtship feeding, standing, and copulating.

Calculating energy expenditure
We assessed the energy expenditure of adult kittiwakes at ma-

nipulated and unmanipulated nests at the Shoup Bay colony in late
July 1992, by measuring CO2 production with the doubly labeled
water (DLW) method (Lifson and McClintock 1966; Nagy 1980).
In general, this technique estimates FMRs of free-living animals
with an accuracy of ±8% or better (Nagy 1987). During the later
half (12–29 July) of the chick-rearing period in 1992, a total of 48
adult kittiwakes were captured at their nests with monofilament
snare traps or a noose pole and injected in the pectoral muscle with
a solution of 1.2 mL of water enriched with18O (95 at.%) and
0.87 mCi (1 Ci = 37 GBq) of tritium. While the isotopes equilibrated
in the body water, we weighed and measured the birds, to permit
calculations of body size and body condition (see the Appendix,
Table A1). In addition, we individually color-marked each adult on
the head and (or) breast with marker pens. These markings allowed
us to monitor each bird’s presence and absence at its nest. After an
equilibration period of 1–1.5 h, sufficient for the injection solution
to come to isotopic equilibrium with the body water, we took an
initial blood sample from each bird. Blood samples were collected
with 70-µL heparinized microhematocrit tubes following a prick of
the brachial vein of the wing. After the blood was collected, capil-
lary tubes were flame-sealed and refrigerated until distillation. We
successfully recaptured and took a second blood sample from 32 of
the 48 adults that were dosed. Half of the recaptured adults were
from manipulated nests and half were from unmanipulated nests
with chicks (six nests had one chick, nine had two chicks, and one
had three chicks). Metabolic measurements were conducted on
adults from manipulated and unmanipulated nests during the same
period of the breeding season. We were able to capture and mea-
sure the energy expenditure of kittiwakes whose eggs had been re-
moved, because these birds continued to attend the colony during
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chick rearing (perhaps to guard their nest sites), even though their
reproductive attempts had failed 2–4 weeks previously.

The interval between first and second blood samples averaged
2.2 ± 0.1 days, and for no bird was the test period an exact multi-
ple of 24 h. Despite this, we did not factor a correction into our
calculations of CO2 production for deviations in the test periods
from 48 h (sensu Speakman 1997). This correction may not be
necessary in studies of animals breeding at high latitudes in sum-
mer, when diel activity patterns are not pronounced, owing to lim-
ited darkness. Our study supports this notion, as we found that the
relationship between the percentage of the test period that was true
night (1:00 a.m. to 4:00 a.m.) and calculated CO2 efflux was not
significant (n = 32, r 2 = 0.02,P = 0.41). Additionally, the percent-
age of the test period that was true night was not significantly dif-
ferent for adults in the two treatment groups (unmanipulated: 14%,
n = 16; manipulated: 14%,n = 16; t = 0.09,P = 0.93).

We vacuum-distilled our blood samples with the slide-warmer
technique described by Nagy (1983) and then measured tritium ac-
tivity in triplicate with a Beckman LS3500 scintillation counter;
18O analyses were performed by isotope ratio mass spectrometry
(Metabolic Solutions Inc., Acton, Md.). We determined background
isotope levels by sampling four uninjected kittiwakes during the
same period at the same colony. Body-water volumes were esti-
mated at initial capture from dilution of injected18O, and rates of
CO2 production were calculated from eq. 2 in Nagy (1980). We
compare our results with those of Gabrielsen et al. (1987), who

calculated energy expenditure in the same manner. Nagy’s (1980)
eq. 2 accounts for changes in body mass and body-water volume,
but not for isotopic-fractionation effects (sensu Speakman 1997).
Because we did not account for isotopic-fractionation effects, our
estimates of energy expenditure (and those of Gabrielsen et al.
1987) may be biased slightly high. Because both studies were con-
ducted in cool moist coastal environments, however, kittiwakes
probably lost little water through evaporative pathways and, thus,
bias introduced by this effect is probably small. Furthermore vali-
dation studies indicated good accuracy in the absence of isotopic-
fractionation corrections, when CO2 production was measured with
tritium and 18O (Buttemer et al. 1986; Gales 1989). Mean concen-
trations of18O were 2112 ± 39 parts per thousand difference com-
pared with Vienna standard mean ocean water (hereinafter ppt)
after the equilibration period, and 324 ± 44 ppt after the test pe-
riod. Background concentrations of18O were –13 ± 5 ppt.

To convert our estimates of CO2 production to units of energy
(kJ), we assumed that 1 mL CO2 = 25.74 J. We derived this con-
version factor on the basis of the taxonomic and chemical compo-
sition of the diet and the energy equivalents and respiratory
quotients defined for the metabolic processing of fat and protein
(Schmidt-Nielsen 1990). We assumed that adult kittiwakes con-
sumed the same prey that they fed their chicks. In 1992, the chick
diet at the Shoup Bay colony (n = 68 samples) was composed of
91% Pacific herring (Clupea pallasii), 6% Pacific sand lance (Ammo-
dytes hexapterus), and 3% walleye pollock (Theragra chalcogramma).
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Fig. 1. Map of northeastern Prince William Sound, Alaska. The region depicted is the primary foraging area of kittiwakes from the
Shoup Bay colony (Irons 1998). Environmental data presented in this paper were collected at the National Oceanic and Atmospheric
Administration weather station at Valdez, Alaska (position is indicated by the solid star). The inset map shows a close-up view of the
Shoup Bay kittiwake colony.
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Compositional analyses of these same prey items collected from
the Shoup Bay colony suggested that, overall, the kittiwake diet at
Shoup Bay in 1992 was 5.5% fat and 17.1% protein (Anthony
et al. 2000).

Calculating food consumption
We calculated the food consumption of adult kittiwakes on the

basis of measures of energy expenditure, average adult mass
(396 g), the per gram energy value of the diet, and a nitrogen-
corrected assimilation efficiency (AEn) of 74.9%. We calculated
this assimilation efficiency based on 1992 diet data from the Shoup
Bay colony (see above), and the equation AEn = 67.8 + 1.3x,
wherex is the percentage of fat in the diet (Brekke and Gabrielsen
1994). We derived the estimates of chick energy requirements from
estimates presented by Gabrielsen et al. (1992, Fig. 7, p. 37) given
that the mean age of the chicks in our experiment was 18.2 ±
1.5 days (range 9–26 days), and assuming that each adult was
providing one-half of the total food requirements of the chicks(s).
In addition to presenting adult and chick requirements in terms of
grams of food required per day, we report the number of fish re-
quired per day to illustrate how the total number of prey captures
required by the adult varied depending upon the number of chicks
being fed. This was calculated assuming that adults fed entirely on
15.8-g herring, aged 1 year or more (mass determined by Anthony
et al. (2000) from live fish collected at foraging areas of Shoup
Bay kittiwakes). Finally, we used our estimates of the metabolic re-
quirements of the adults and the chick(s) to calculate the percent-
age of the total energy obtained by the adult that was transferred to
the chick(s).

Assessment of the potential impact of the study on the
experimental birds

We addressed the question of whether capturing and injecting
birds with DLW caused aberrant behavior in two ways: (1) we
compared the attendance patterns of the DLW birds with a group
of birds not captured and treated with DLW and (2) we examined
changes in the mass of the DLW birds. Nest-attendance patterns
of 42 DLW birds (21 from manipulated nests and 21 from un-
manipulated nests) were monitored for the duration of their test
periods. We checked the nest sites and nearby perches of all
experimental birds at least once every 20 min during all daylight
hours (from approximately 4:00 a.m. to midnight) and recorded
their presence or absence. The attendance patterns of the group of
birds not treated with DLW (10 from manipulated nests and 20
from unmanipulated nests) were assessed in the same manner. We
compared the following attendance parameters between adults
captured and injected with DLW and those not captured: average
length of departures from the colony (which includes time spent
foraging), average length of colony visits, and percentage of day-
light hours spent away from the colony. Changes in mass were
determined by weighing experimental birds with a pesola spring
balance, following injection with DLW and again upon recapture.

Environmental conditions
Environmental data were collected by the National Oceanic

and Atmospheric Administration at Valdez, Alaska (61°08′N,
146°21′W; Fig. 1), approximately 15 km from the Shoup Bay kitti-
wake colony. Mean high, low, and average daily temperatures from
12 July to 29 July 1992, when the metabolic measurements were
made, were 15.8 ± 0.4, 9.4 ± 0.1, and 12.7 ± 0.2°C, respectively.
These temperatures are likely representative of conditions experi-
enced by kittiwakes while on foraging trips, although ambient tem-
peratures at the colony were probably lower, because the colony is
located about 2 km from a tidewater glacier. Fog or heavy fog was
reported during 14 of the 18 days and the mean dew point was
10.3 ± 0.1°C. Rainfall averaged 3.0 ± 0.8 mm per day. Mean wind

speed at Valdez was 2.1 ± 0.1 m⋅s–1, although this probably does
not adequately describe the conditions faced by foraging kitti-
wakes, since wind speeds vary greatly with location in the fiords
where the Shoup Bay kittiwakes forage. Wind speed is typically
very low at the colony, which is located in a protected bay at the
head of a fiord (Fig. 1).

Statistics
FMRs for adults from manipulated and unmanipulated nests

were independent and approximately normally distributed (Lillifors
probabilities of 1.0 and 0.72, respectively), so we used parametric
statistics to analyze energy expenditure. We tested for differences
in energy expenditure among groups (i.e., manipulated versus un-
manipulated and males versus females) with two-way analyses of
variance (ANOVA) or with mass as a covariate (ANCOVA). When
life-history theory made a clear prediction regarding the outcome
of our results, we used the ordered heterogeneity test (Rice and
Gaines 1994a, 1994b) and identified these tests as one-tailed. We
reported means ± standard error and assigned statistical signifi-
cance in cases whereP < 0.05. Analyses were performed with
SYSTAT 7.0 (Wilkinson 1996).

Results

Energy costs of chick rearing
Adults raising chicks had significantly higher rates of en-

ergy expenditure than adults whose eggs had been removed
(unmanipulated (with chicks): 3.21 ± 0.30 mL CO2·g

–1·h–1,
n = 16; manipulated (without chicks): 2.66 ± 0.11 mL
CO2·g

–1·h–1, n = 16; F[1,29] = 3.02,P = 0.04, one-tailed test;
Fig. 2), although there was no evidence of a difference in
energy costs of chick rearing between the sexes (sex ×
treatment interaction:F[1,19] = 0.48, P = 0.50). Also, no
sex-specific difference in energy expenditure was apparent
(males: 2.88 ± 0.20 mL CO2·g

–1·h–1, n = 15; females: 3.24 ±
0.29 mL CO2·g

–1·h–1, n = 8; F[1,19] = 1.04, P = 0.32), al-
though the minimal detectable difference, given the observed
variance and sample size, was quite large (δ = 0.67 mL
CO2·g

–1·h–1, assumingα = 0.05 and 1 –β = 0.8). Within the
unmanipulated group, energy expenditure tended to be posi-
tively related to brood size; however, the relationship was
not quite significant (adults with one chick: 2.80 ± 0.20 mL
CO2·g

–1·h–1, n = 6; adults with two chicks: 3.33 ± 0.49 mL
CO2·g

–1·h–1, n = 9; adult with three chicks: 4.56 mL
CO2·g

–1·h–1, n = 1; F[2,13] = 1.04,P = 0.06, one-tailed ordered
heterogeneity test) and was driven to a large degree by inclu-
sion of the small three-chick group. Overall, adults raising
chicks had 21% higher energy expenditure than adults from
manipulated nests, the difference being least in the nests
with one chick (5%) and greatest in the nest with three chicks
(71%; see Fig. 2). Energy expenditure and chick age were not
related for adults with one chick (n = 6, r 2 = 0.008,P = 0.9)
or for adults with two chicks (n = 9, r 2 = 0.004,P = 0.9).

The percentage of daylight hours spent away from the col-
ony was not significantly different between adults raising
chicks and adults from manipulated nests (unmanipulated:
71.3,n = 22 ; manipulated: 74.8,n = 25; t = 0.08,P = 0.93).
As well, the percentage of daylight hours spent away from
the colony was not significantly related to adult energy ex-
penditure for adults from either unmanipulated (r 2 = 0.13,
n = 16, P = 0.2) or manipulated (r 2 = 0.00,n = 15, P = 0.9)
nests. These results suggest that variability in activity patterns
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away from the colony had a greater influence on a bird’s
overall energy expenditure than the proportion of its time
spent at the colony.

Although adult body condition was significantly lower
among adults raising chicks than among adults from manip-
ulated nests (unmanipulated: –10.6 ± 1.3,n = 16; manipu-
lated: –5.7 ± 1.2,n = 16; t = 2.7, P = 0.01), energy expendi-
ture and body condition were not significantly related in
either the unmanipulated (r 2 = 0.03,n = 16, P = 0.5) or the
manipulated (r 2 = 0.01, n = 16, P = 0.8) group. Thus, al-
though manipulated adults had both a lower mean energy ex-
penditure and lower mean body condition than adults raising
chicks, no significant relationship between energy expendi-
ture and body condition was detected when analyses were
conducted on an individual level.

Expressed in units of energy, adult kittiwake energy ex-
penditure was 651 kJ⋅d–1 per bird from manipulated nests
compared with 786 kJ⋅d–1 per bird from unmanipulated nests.
The stepwise increase in energy expenditure associated with
natural brood size was as follows: 685 kJ⋅d–1 per bird for
adults with one chick, 815 kJ⋅d–1 per bird for adults with two
chicks, and 1116 kJ⋅d–1 for the adult with three chicks.

Food consumption
The total amount of food required by adult kittiwakes var-

ied depending upon the number of chicks being provisioned
(Fig. 3). Adults from manipulated nests required an average
of 168 g·d–1, while those from unmanipulated nests required
more than twice this amount (338 g·d–1). Our calculations
suggested that, on average, each chick required 77 g·d–1

from each parent. Depending upon the number of chicks be-
ing provisioned, adult kittiwakes were required to capture

between 11 and 33 fish per day (Fig. 3). Given the metabolic
requirements of the adults and the chick(s), we estimated the
percentage of the total energy obtained by the adult that was
transferred to the chick(s). This ranged from 31% for adults
with one chick to 45% for the adult with three chicks (Fig. 3).

Comparisons between kittiwakes in Alaska and Norway
Overall, the FMRs of adult kittiwakes raising chicks at

Shoup Bay, Alaska (this study), and Hopen Island, Norway
(Gabrielsen et al. 1987), were strikingly similar (see the
w/chick(s) category in Fig. 2). Although mean energy expen-
diture for adults raising one and two chicks was somewhat
lower at the Alaska colony than at the Norway colony, brood
size, which tends to be positively correlated with energy
expenditure (Gabrielsen et al. 1987; this study), was larger
in the Alaska study population (1.7 vs. 1.2 chicks per nest).
The net effect, therefore, was that a lower per chick energy
expenditure combined with a larger average brood size at the
Alaska colony to produce an overall FMR that was nearly
identical with that measured in Norway.

Potential effects of the experiment on the birds
Our comparisons of adult nest attendance patterns and

changes in body mass between adults in the energetics ex-
periment and a control group suggest that the handling and
injection procedure did not generate aberrant behavior or
mass loss in the experimental adults. We found no signifi-
cant differences between the attendance patterns of adults
that were injected with DLW and the control group that was
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Fig. 3. Daily food requirements (expressed in terms of grams of
food and number of fish) of kittiwakes from manipulated (manip
(without chicks)) and unmanipulated (w/chicks (with chicks))
nests at Shoup Bay, Alaska, 1992. The 1-chick, 2-chick, and 3-
chick categories are subsets of the w/chicks(s) category. The
number of fish required per day was calculated based on the as-
sumption that kittiwakes fed exclusively on herring aged 1 year
or more (15.8 g; Anthony et al. 2000). Adult requirements were
converted from measures of CO2 production determined with the
DLW method. The requirements of chicks (average age =
18.2 days post hatch) were estimated from energetics data pre-
sented in Gabrielsen et al. (1992). We assumed that each mate
provided one-half of the chicks total requirements. Note that
adults raising three chicks required more than their own mass in
food each day. The numbers above the bars represent the propor-
tion of total food obtained that is delivered to the chick(s). Sam-
ple sizes are indicated at the base of the bars.

Fig. 2. Energy expenditure (mL CO2·g
–1·h–1) of kittiwakes from

manipulated (manip (without chicks)) and unmanipulated
(w/chick(s) (with chicks)) nests at Shoup Bay, Alaska, 1992, and
Hopen Island, Norway, 1984. The 1-chick, 2-chick, and 3-chick
categories are subsets of the w/chick(s) category. Energy expen-
diture was predicted from measured levels of CO2 production
determined with the DLW method. We calculated the values for
the kittiwakes from Norway based on the on- and off-nest FMRs
and the nest-attendance patterns reported by Gabrielsen et al.
(1987). The numbers above the bars represent the percentage by
which energy expenditure is elevated relative to the value
measured for adults at manipulated nests (i.e., is a measure of
how much harder adults worked to raise chicks). Sample sizes
are indicated at the base of the bars.
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observed starting the day after the metabolic measurements
were completed. Although daytime departures from the col-
ony tended to be slightly longer among the group used in the
FMR measurements (two-way ANOVA:n = 48, P = 0.079),
there were no significant differences in the lengths of day-
time colony visits (two-way ANOVA:n = 59, P = 0.69) or
the percentage of daylight hours spent away from the colony
(two-way ANOVA: n = 90, P = 0.90) between the groups.
Among experimental adults, neither birds raising chicks (mass
premeasurement: 378 ± 8 g, n = 16; mass postmeasurement:
386 ± 9 g,n = 16; t = 0.66,P = 0.51) nor birds from manip-
ulated nests (mass premeasurement: 406 ± 7 g,n = 16; mass
postmeasurement: 406 ± 7 g,n = 16; t = 0.03,P = 0.98) lost
mass while having their metabolic rates measured, further
suggesting that the experimental procedure did not adversely
impact the birds.

Discussion

Energy costs of chick rearing
Differences in energy expenditure between kittiwakes rais-

ing chicks and those whose eggs had been removed likely
resulted from differences in activity budgets while on forag-
ing trips, as no significant differences in colony attendance
were detected between the two groups. Our calculations of
adult and chick food requirements suggest that adults raising
chicks were required to capture twice as many fish per day
as adults from manipulated nests, and this constraint likely
led to increases in the amount of time and energy devoted to
searching for, capturing, and transporting prey. Kittiwakes
typically plunge dive to capture prey and this may be an es-
pecially energy expensive activity (Birt-Friesen et al. 1989).

Energy costs of chick rearing did not appear to differ be-
tween the sexes, although our power to detect a difference
was low, owing to a small sample size of known-sex individ-
uals. Confidence in this result is strengthened, however, by
the findings of our concurrent studies (which had much greater
statistical power) conducted on the same population, which
revealed no differences in body condition, survival, or fecun-
dity costs between the sexes (Golet et al. 1998; Golet 1999;
Golet and Irons 1999).

Studies of kittiwakes at the Shoup Bay colony and in Nor-
way (Gabrielsen et al. 1987) suggest that there may be a
positive relationship between energy expenditure and natural
brood size. This is contrary to what was observed in other
studies (Bryant 1988; Masman et al. 1989; Moreno 1989;
Tatner 1990) and does not support the idea that birds adjust
their brood (and clutch) size according to their foraging effi-
ciency. Our view is that kittiwakes probably do make such
adjustments; however, they may not have the same opportu-
nity as other birds to fine-tune reproductive effort according
to foraging ability. This is because kittiwake chicks are rela-
tively expensive to raise (Gabrielsen et al. 1992) and the nat-
ural range of brood size is smaller in this species (and in
seabirds in general) than in the terrestrial species in which
brood-size effects on energy expenditure have been investi-
gated previously.

The suggestion that there exist maximal levels of sus-
tained working rates in breeding animals beyond which re-
productive costs are expected to occur (Priede 1977; Drent
and Daan 1980) has spurred considerable interest in avian

energy expenditure (e.g., Nagy 1987; Birt-Friesen et al.
1989; Daan et al. 1990; Peterson et al. 1990; Bryant and
Tatner 1991). Recent discussions have focused on the nature
of the trade-off between adult energy expenditure and survival,
as authors have speculated whether thresholds of energy ex-
penditure are taxon-wide, species-specific, or individualistic
and condition-dependent (Daan et al. 1990; Bryant 1991).
However, the premise of all these theoretical inquiries, that
there exists a positive relationship between energy expendi-
ture and rates of mortality, has yet to be firmly established.
As Moreno (1993, p. 46) stated, “The link between energy
exertion and parental survival is still tenuous and requires
confirmation.” Our studies provide evidence for this connec-
tion, as we found both energy costs (this study) and survival
costs (Golet et al. 1998; Golet 1999) associated with repro-
duction in kittiwakes.

Three other experimental studies that used DLW have also
demonstrated energy costs of reproduction (Williams 1987;
Deerenberg et al. 1995; Moreno et al. 1995). These studies
provide evidence of a positive relationship between manipu-
lated brood size and energy expenditure but, because they
included group(s) of birds that had had their broods artifi-
cially enlarged and were thus tricked into working harder
than they otherwise might have, they may not present the
most accurate measures of costs. Although adult birds in-
crease their energy expenditure when chicks are added to
their nest, they probably do not do so in an incremental
manner. When faced with additional chicks to feed, in-
creases in energy expenditure are likely accompanied by
adjustments in energy allocation on a per offspring basis.
Because we simply compared adults raising their normal-
sized broods with adults that had had all of their eggs re-
moved, our study may better characterize naturally occurring
costs.

Of the three other studies that demonstrated energy costs
of reproduction, only in the study of the European Kestrel
(Falco tinnunculus) was a population of birds that was
shown to have higher FMRs also shown to have lower sub-
sequent survival (Dijkstra et al. 1990; Deerenberg et al.
1995; Daan et al. 1996). In the kestrel study, Deerenberg et
al. (1995) demonstrated a survival effect within the group of
25 animals they tested with DLW. Although our findings
also suggest a fitness cost associated with increased energy
expenditure during reproduction, they do not provide the
same strength of support as the kestrel study. The difference
in survival that we found between adults from manipulated
and unmanipulated nests was not detectable in the sub-
sample of adults in which energy expenditure was studied; it
was demonstrated only in the much larger set of birds that
was monitored for reproductive costs (n = 616; Golet 1999).
Finally, although there was no significant difference in 1993
reproductive performance between adults from 1992 manip-
ulated and unmanipulated nests, fecundity costs were de-
tected in other years (Golet 1999), suggesting that increased
levels of energy expenditure during one reproductive attempt
may at times lead to reductions in future reproductive potential.

Other studies have also linked increased effort to reduced
survival. Wolf and Schmid-Hemple (1989) glued lead weights
to honeybees (Apis mellifera) and found that bees with heavier
weights had shorter foraging careers, although this effect
was noted only among bees that were working beyond the
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normal range of the species. In nonmanipulative studies,
Reyer (1984) and Pärt et al. (1992) used delivery rates as a
proxy for energy expenditure and found reduced survival
among groups of birds with high delivery rates. Also, using
the nonmanipulative approach, Bryant (1991) found that
among a population of House Martins (Delichon urbica)
studied with DLW, birds that died over the winter had higher
FMRs than those that survived. Although nonmanipulative
studies may have confounding factors (e.g., differences in
individual ability), these studies provide additional evidence
that high levels of energy expenditure may lead to increased
risks of mortality.

The highest FMRs in kittiwakes (Gabrielsen 1994) and
other birds (Mugaas and King 1981; Walsberg 1983; Wijandts
1984; Bryant and Tatner 1988; Masman et al. 1988; Gales
and Green 1990) were observed during chick rearing (but
see Weathers and Sullivan 1993). Thus, if trade-offs exist
between energy expenditure and survival, they may be expected
to occur following the energetically demanding nestling phase.
Although our studies support the notion of a trade-off be-
tween energy expenditure and survival, they do not suggest
that the connection between these two parameters is a strong
one. Our view is that high rates of energy expenditure may
lead to survival costs, but only when reductions in body con-
dition take place. When individuals increase their energy ex-
penditure to gather food for their chicks without partitioning
sufficient reserves for self-maintenance, they may become
susceptible to a host of life-threatening ailments, including
starvation, predation, and disease (Pugesek 1987). When re-
sources are plentiful, however, or when individual foraging
efficiency is high, increases in energy expenditure may take
place without declines in body condition. In these instances,
survival costs should not be expected. Thus, the relationship
between energy expenditure and survival may be expected to
vary both among years and among individuals. Support for
this notion comes from the present study, as we found no re-
lationship between adult energy expenditure and adult body
condition in either the manipulated or the unmanipulated
group. Apparently some kittiwakes were able to maintain
high levels of energy expenditure without facing declines in
condition, while others were not. Such a result should per-
haps be expected, as striking differences have been demon-
strated in the quality of individual kittiwakes (Coulson and
Porter 1985).

Chick-rearing FMRs
The mortality-adjusted-FMR hypothesis suggests that spe-

cies adjust their FMRs according to their survival probabili-
ties (Daan et al. 1990). This viewpoint is consistent with
life-history theory that suggests that organisms with low re-
sidual reproductive value should invest heavily in current re-
production (Charlesworth 1980; Kozlowski and Uchmanski
1987; Stearns 1992). An alternative hypothesis suggests that
species have preferred levels of energy expenditure during
reproduction that are unaffected by local environmental con-
ditions (Obst et al. 1995). Although many studies have mea-
sured FMRs in adult birds (reviews in Nagy 1987; Birt-
Friesen et al. 1989; Peterson et al. 1990; Bryant 1991; Bryant
and Tatner 1991; Nagy and Obst 1991), few studies have
compared FMRs of the same species breeding in different
locations or under varying environmental conditions. Tests

of hypotheses explaining how chick-rearing FMRs vary at
the population level are therefore rare. Studies of Leach’s
Storm Petrels (Oceanodroma leucorhoa; Montevecchi et al.
1992) and Least Auklets (Obst et al. 1995) provide exceptions.

Montevecchi et al. (1992) compared the results of their
study of storm petrels breeding at Green Island, Newfound-
land (46°53′N), with a study of the same species breeding in
the Bay of Fundy (44°35′N) (Ricklefs et al. 1986), and de-
tected an intercolony difference in FMR. This difference,
however, was not attributed to different adult reproductive
investment strategies in the two study populations. Instead, it
was suggested that it was the result of differences in ambient
temperature and wind speed, raising the question of whether
FMRs vary in populations that inhabit different oceano-
graphic regimes. In another intercolony comparison, Obst et
al. (1995) compared Least Auklets breeding on three differ-
ent islands in the Bering Sea. Although the auklet popula-
tions varied by more than an order of magnitude in their
foraging distances, and the colonies were separated by up to
7° of latitude, no differences were found in FMRs among
populations. Obst et al. (1995) suggested that the auklets
modified their activity budgets while at sea to maintain a
preferred level of energy expenditure.

Our comparison of kittiwakes at a colony in Alaska and a
colony in Norway provides additional support for the preferred-
level-FMR hypothesis. Despite having significantly higher
mortality rates than kittiwakes in the North Pacific Ocean
(17.3 vs. 7.5%; Golet et al. 1998), kittiwakes at the North
Atlantic colony did not appear to invest more heavily in re-
production (Fig. 2). In fact, FMRs measured in this study
were virtually identical with those measured at Hopen Island,
Norway (Gabrielsen et al. 1987). Although mean energy
expenditure for adults raising one and two chicks was some-
what lower at the Alaska colony than at the Norway colony,
brood size, which tends to be positively correlated with energy
expenditure (Gabrielsen et al. 1987; this study), was larger
at the Alaska colony. More favorable foraging conditions
in Alaska may have allowed kittiwakes to raise more chicks
while keeping their energy expenditure at the same overall
level as that observed in Norway. That no difference was
found in chick-rearing FMRs between these two colonies is
additionally noteworthy, given the different environmental
conditions faced by the two populations. Kittiwakes at
Hopen Island, Norway (76°30′N), which is located 15° far-
ther north than Shoup Bay, Alaska (61°09′N), experienced
colder and, likely, windier conditions during the metabolic
studies (mean daily air temperature was 4.4°C and mean
wind speed was 9 m⋅s–1; Gabrielsen et al. 1987) than kitti-
wakes at Shoup Bay.
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Appendix

Groupa
FMR (mL
CO2·g

–1·h–1)
Mass
(g)

Mass
change (g) Sexb

Body
sizec

Body
conditiond

% time off
the neste

Total body
waterf (mL)

M 2.38 424 +5 M 1.47 –6 100 187
M 3.10 436 +1 M 1.85 –5 97 230
M 2.07 417 +8 M 0.76 –5 46 208
M 3.37 372 –8 F –1.50 –4 62 197
M 3.52 347 +2 F –1.94 –9 53 179
M 2.30 460 –5 M 1.25 3 95 235
M 2.84 418 +23 M 0.82 –5 96 240
M 2.89 378 +10 M 0.88 –14 74 199
M 1.98 389 +37 M 1.03 –12 89 194
M 2.58 411 –25 0.28 –4 46 219
M 2.55 446 –40 M 0.66 2 59 246
M 2.08 418 –18 0.48 –3 49 215
M 2.79 397 –12 F –0.30 –4 90 238
M 2.49 370 +37 M 0.54 –15 67 193
M 2.70 402 –9 F 0.07 –5 43 214
M 2.90 412 +3 F 0.67 –5 210
1 2.49 392 –6 0.08 –7 204
1 2.81 336 +20 –0.07 –20 51 180
1 3.48 355 +31 M 0.95 –20 85 200
1 2.32 327 0 F –1.28 –17 64 200
1 2.42 408 –7 0.42 –5 27 219
1 3.29 368 –6 F –1.02 –8 85 192

Table A1. Comparison of field metabolic rates (FMR) and other parameters for kittiwakes from manipulated nests (adults
had their eggs removed) and unmanipulated nests (adults were raising chicks) at Shoup Bay, Alaska, 1992.
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Groupa
FMR (mL
CO2·g

–1·h–1)
Mass
(g)

Mass
change (g) Sexb

Body
sizec

Body
conditiond

% time off
the neste

Total body
waterf (mL)

2 3.67 414 +8 M 0.08 –7 87 208
2 1.20 327 –12 0.39 –15 72 166
2 5.00 346 +14 F –1.06 –13 48 199
2 3.31 409 +44 M 1.01 –8 57 195
2 1.79 405 –10 M 0.51 –6 60 237
2 5.85 387 +10 –0.05 –8 85 197
2 3.78 433 +4 M 0.91 –2 87 287
2 2.61 387 +15 0.39 –10 33 197
2 2.72 361 0 0.01 –14 62 199
3 4.56 387 +29 M 0.32 –10 76 211

aNumbers show the unmanipulated brood size of the experimental birds; “M” (manipulated) indicates that eggs were removed.
bDetermined through behavioral observations (see Methods); F, female; M, male.
cA principal component factor score; larger values represent larger birds (see Golet and Irons 1999).
dA body-condition index that expresses the mass of the bird relative to a mass predicted on the basis of the bird’s size; the more negative

the value, the worse the condition (see Golet and Irons 1999).
eThe percentage of time that the bird was away from its nest during the energetics experiment.
f Estimated from dilution of injected18O (Nagy 1980).

Table A1 (concluded).
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