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Abstract: We used a supplemental-feeding experiment, the doubly labeled water technique, and a model-selection ap-
proach based upon the Akaike Information Criterion to examine effects of food availability on energy expenditure rates
of Black-legged Kittiwakes (Rissa tridactyla) raising young. Energy expenditure rates of supplementally fed females
(n = 14) and males (n = 16) were 34 and 20% lower than those of control females (n = 14) and males (n = 18), re-
spectively. Energy expenditure rates of females were more responsive to fluctuations in food availability than those of
males. Fed males likely expended more energy while off the nest than fed females, possibly because of nest defense.
Energy expenditure rates of fed kittiwakes were similar to values reported for kittiwakes that were either not raising
young or not foraging. Parent kittiwakes, therefore, adjusted parental effort in response to variation in breeding condi-
tions due to changes in food availability. Adjustments in reproductive effort in response to variable foraging conditions
may have significant effects on the survival and productivity of individuals, and thus provide substantial fitness benefits
for long-lived seabirds such as Black-legged Kittiwakes.

Résumé : Nous avons utilisé une expérience d’addition de nourriture, la technique de l’eau doublement marquée et un
modèle de sélection basé sur le critère d’information d’Akaike pour étudier les effets de la disponibilité de la nourriture
sur les taux de dépense énergétique chez des mouettes tridactyles (Rissa tridactyla) pendant l’élevage des jeunes. Les
taux de dépense énergétique des femelles (n = 14) et des mâles (n = 16) qui ont reçu des suppléments de nourriture
sont respectivement de 34 % et de 20 % moins élevés que ceux de femelles (n = 14) et de mâles (n = 18) témoins.
Les taux de dépense énergétique des femelles sont plus sensibles aux fluctuations de la disponibilité de la nourriture
que ceux des mâles. Les mâles nourris dépensent probablement plus d’énergie hors du nid que les femelles nourries,
peut-être parce qu’ils assurent la défense du nid. Les taux de dépense énergétique des mouettes nourries sont sembla-
bles aux valeurs rapportées dans la littérature dans le cas de mouettes qui n’élèvent pas de jeunes ou qui ne font pas
de quête de nourriture. Les mouettes ajustent donc leur effort parental en fonction des variations des conditions de la
reproduction, elles-mêmes dépendantes de la disponibilité de la nourriture. L’ajustement de l’effort reproducteur aux
conditions variables de quête de nourriture peut avoir un effet significatif sur la survie et la productivité individuelles,
ce qui a pour conséquence d’améliorer le fitness de façon importante chez les oiseaux marins, tels que la mouette tridactyle.

[Traduit par la Rédaction] 222
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The energetic costs associated with reproduction in gen-
eral and provisioning of young in particular are the highest
an adult bird will experience throughout its lifetime, except

perhaps during migration (Bryant 1997). The high energetic
costs that parents incur while provisioning young are due
largely to increases in foraging time, which often involve
very costly flight behaviors such as plunge-diving in sea-
birds (Adams et al. 1991) or short, dynamic flights in pas-
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serines (Bautista et al. 1998; Nudds and Bryant 2000). The
benefit of this increase in parental energy expenditure is that
it tends to lead to an increase in provisioning rate, which in
turn positively affects chick growth rate and productivity
(Bryant 1991; Visser 2001). This is why parental energy ex-
penditure is considered to be a good measure of parental ef-
fort (Trivers 1972; Deerenberg et al. 1995; Potti et al. 1999).
Parents can also incur, however, a survival cost from in-
creased energy expenditure during brood rearing. For exam-
ple, Deerenberg et al. (1995) and Golet et al. (2000) both
demonstrated that increased parental energy expenditure rates
associated with brood rearing led to decreased survival in
avian parents. A similar trend has been observed in other
taxa as well (Schmid-Hempel and Wolf 1988). Therefore, a
trade-off between reproductive investment and adult survival
may exist. Parents, especially those that are relatively long-
lived, should reduce parental effort (i.e., energy expenditure)
under conditions in which the probability of rearing young is
so low as to maximize parental survival and lifetime repro-
ductive success (Williams 1966; Stearns 1992). This sug-
gests that factors which regulate parental effort may also
define reproductive strategies.

Food availability is one factor that may regulate parental
effort (Norberg 1977; Bryant and Westerterp 1983; Lalonde
1991; Davis et al. 1999). Empirical evidence suggests, how-
ever, that the direction and strength of the relationship be-
tween food availability and parental energy expenditure may
differ within and between species (Bryant and Tatner 1988,
1991). Foraging mode, spatiotemporal variability in the food
supply, or the cost of reproduction to the adult and hence the
level of parental investment favored by natural selection have
all been suggested as primary factors affecting this relationship
(Tinbergen and Dietz 1994; Wiehn and Korpimaki 1997).
Opportunities to investigate the relationship between paren-
tal energy expenditure and food availability in both sexes in
a controlled setting have been rare, however, so it remains
unclear which factors have the most influence on the direc-
tion and strength of the relationship.

Our goal was to assess the relationship between food
availability and energy expenditure of parent seabirds raising
nidicolous young. We conducted this experiment on free-
ranging Black-legged Kittiwakes (Rissa tridactyla) at a col-
ony in the northern Gulf of Alaska. Our objectives were
(i) to determine if the energy expenditure rates of parent
kittiwakes provided with supplemental food (hereinafter fed
birds) differed from those of control parents, and (ii) to de-
termine the strength of the relationship between parental
energy expenditure rates and a suite of extrinsic (i.e., food
availability, brood size, nestling age) and intrinsic (i.e., body
size, body condition, and gender of adults) covariates and
factors. We predicted that energy expenditure rates would be
lower in fed parents because the food supplement was suffi-
cient to provide for all the energy needs of the nestlings and
parents. The need for parents to forage at sea should therefore
be reduced and hence parental energy expenditure should
also be reduced. Furthermore, parental energy expenditure rates
have been shown to be positively related to chick-rearing
activities in this species, while adult survival has been shown
to be negatively associated with chick-rearing activities
(Jacobsen et al. 1995; Golet et al. 1998, 2000). Therefore,

fed parents offered an opportunity to decrease energy expen-
diture rates without adversely affecting the current year’s
productivity should do so in order to increase their probabil-
ity of survival.

Materials and methods

Black-legged Kittiwakes are small gulls (Laridae) that nest
colonially on sea cliffs throughout much of the circumpolar
north. Kittiwakes are monogamous, exhibit biparental care
during incubation and brood rearing, and in Alaska, tend to
lay one- or two-egg clutches. Major prey in this part of the
species’ range, captured predominantly via plunge-diving,
include pelagic schooling fishes such as Pacific sand lance
(Ammodytes hexapterus), Pacific herring (Clupea pallasi),
capelin (Mallotus villosus), lanternfishes (Myctophidae), and,
to a lesser extent, planktonic Crustacea such as euphausiids
(e.g., Thysanoessa spp.). The sexes are the same color but
males are slightly larger than females (Jodice et al. 2000).

We conducted the experiment on Middleton Island, Alaska,
which is located in the northern Gulf of Alaska approxi-
mately 80 km south of Prince William Sound. The kitti-
wakes used in this study nested on an abandoned radar
tower, which was enhanced by placing 212 nest-sized ledges
along its outer walls (for details see Gill and Hatch 2002).
Each ledge was equipped with a 30 cm high by 26 cm wide
opening that was fitted with a sliding glass window (one-
way visibility) accessible to us from inside the tower. We
provided 235 g of thawed capelin 3 times daily (early morn-
ing, midday, and late afternoon) to 38% of active nest ledges
during chick rearing via a tube immediately adjacent to the
nest ledge (fed treatment; Gill and Hatch 2002; Gill et al.
2002). This represents about 1.75 times adult body mass and
was sufficient to meet all the energy needs of the nestlings
and parents. Both adults and chicks consumed the supple-
mental food. Remaining nest ledges were not provided with
supplemental food (control treatment).

We measured energy expenditure rates of fed and control
parents between 27 and 31 July 1998 with doubly labeled
water (DLW; Lifson and McClintock 1966). Kittiwake chicks
generally fledge at 37–45 days post hatch on Middleton Is-
land (Gill et al. 2002) and, at the time of our experiment, the
mean age of nestlings was 26.7 ± 4.3 (± 1 SD) days post
hatch (range = 18–36 days). We restricted the experiment
to adults with chicks in this general age range to minimize
potential differences in adult provisioning effort, and hence
energy expenditure rate, owing to the low food-intake capac-
ity of younger nestlings (Gabrielsen et al. 1992).

We captured all fed kittiwakes and most control birds at
the tower on their nests via the sliding windows (n = 75).
Five additional control birds were captured on nests at an
abandoned building 300 m from the tower. Average adult en-
ergy expenditure, adult body mass, adult body size, brood
size, and age of the oldest chick in the nest for these five
control birds were nearly identical with those of control
birds captured on the tower.

We measured length of head plus bill (hereinafter head-
bill, ±0.1 mm), flattened-wing length (±0.1 mm), tarsus length
(±0.1 mm), and body mass (±0.1 g using an Ohaus triple-
beam balance) for each bird. We recorded the number of
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chicks in the brood and aged them on the basis of either
known hatch dates (n = 37 nests on the tower) or regression
models of wing length on age based on known-age chicks
(n = 5 nests off the tower; Gill et al. 2002). All birds cap-
tured at the tower had been banded previously and sex was
determined from genetic analyses of blood; birds captured
away from the tower were sexed using morphometrics (Jodice
et al. 2000).

Birds were given an intraperitoneal injection of 0.4 mL of
a mixture of DLW (59.0% 18O, 34.4% 2H) immediately after
capture. This dosage allowed for collection of blood samples
up to 30 h post equilibration, with 18O levels sufficiently ele-
vated above background to allow for accurate measurement
of CO2 production. Immediately following injection, birds
were wrapped in cloth bags and placed in a dark box for 1 h
to permit equilibration. We then collected an initial 100-µL
blood sample from the brachial vein, flame-sealed the sam-
ple in a series of non-heparinized microhematocrit tubes, and
kept the samples refrigerated at ca. 5°C until they were
analyzed. We released injected birds outside the tower imme-
diately following collection of the blood sample. We moni-
tored nests of injected birds to assess behavior and nest
attendance post release. We recaptured injected kittiwakes
on their nests 23–30 h following release, then weighed them
and collected a final blood sample using methods described
above. We established background isotope levels by captur-
ing and collecting blood samples from six kittiwakes at the
tower that had not been injected.

G.H.V. measured isotope concentrations in water distilled
from all collected blood samples using the CO2 equilibration
technique. Isotope analyses were run in triplicate to assure
accuracy of CO2 production estimates. We used eq. 7.17
from Speakman (1997) when calculating rates of CO2 pro-
duction to account for fractionation effects, assuming that
25% of the water efflux is lost through evaporative pathways
(Visser 2001). Fractional 2H and 18O turnover rates were cal-
culated using the population-specific background concentra-
tions for these isotopes, and the individual-specific isotope
concentrations of the initial and final blood samples.

We expressed CO2 production rates on a mass-specific ba-
sis (mL CO2·g

–1·h–1; hereinafter referred to as mass-specific
field metabolic rates (msFMR)) because this removes body
mass as a source of variation in individual energy expenditure
rates. We also present field metabolic rates (FMRs) as daily
energy expenditure (kJ/d per bird), which was calculated on
the basis of equations in Speakman (1997) and using an ener-
getic equivalent of 27.33 kJ/L CO2 respired, which is appro-
priate for a protein- and lipid-rich diet (Gessaman and Nagy
1988).

We examined the relationship between msFMR and mea-
surement interval (i.e., the time elapsed between initial and
final blood sample collection, which ranged from 22.9 to
30.4 h) to determine if measurement of energy expenditure
might be biased by any diurnal pattern in kittiwake activity
(Speakman 1997). We found no relationship between the de-
viation of the measurement interval from 24 h (dev24) and
the msFMR of fed birds (msFMRfed = 2.16–0.03 × dev24;
t29 = 0.51 for the slope term, P = 0.6), therefore we used un-
adjusted msFMR values in subsequent analyses for fed birds.
There was, however, a significant positive relationship between

the msFMR of control birds and dev24 (msFMRcontrol =
2.95 + 0.30 × dev24; t30 = 4.39 for the slope term, P <
0.001). We corrected control msFMR values by adding the
intercept term from the regression model for control birds
(i.e., 2.952, or msFMR when dev24 = 0) to the difference
between the observed and predicted msFMR for each indi-
vidual (i.e., the residual) from the above regression model
(Speakman 1997). These corrected values were used in all
subsequent analyses for control birds.

Water-flux rates of injected kittiwakes were calculated on
the basis of equations in Nagy and Costa (1980), modified
for fractionation effects by Visser et al. (2000b, eq. 6, as-
suming that 25% of water flux is lost through evaporative
pathways). The total amount of body water was determined
on the basis of the principle of 18O dilution, using the
population-specific background value, the quantity of the
dose, the 18O-enrichment of the dose, and the 18O enrichment
after equilibration (Visser et al. 2000a, eq. 2, following the
“plateau method”). The total amount of body water, in grams,
was then converted to percent total body water (percentage
of initial body mass) for each individual.

Statistical analyses
We used a suite of analysis of covariance (ANCOVA)

models along with a model-selection approach based on the
Akaike Information Criterion (AIC; Burnham and Anderson
1998) to quantify the effects of food availability and numer-
ous covariates on parental energy expenditure. The advan-
tages of the model-selection approach over analyses based
on a single model or a stepwise process are that the former
allows information from more than one model to be used, re-
sults in more precise parameter and variance estimates for
each variable, ranks models in order of the probability of
each model being the best, given the available data, and,
because it evaluates multiple models, allows for the simulta-
neous assessment of multiple hypotheses (Burnham and An-
derson 1998).

We conducted nine ANCOVAs each for females and for
males (Table 1). Each model included a subset of independ-
ent variables selected from the following list: feeding treat-
ment (fed or control; categorical), brood size, adult body
mass at capture (adjusted for treatment), body size (sum of
standardized head-bill, flattened-wing, and tarsus lengths,
each of which weighted the first principal component from a
factor analysis evenly; Jodice et al. 2000), and chick age
(age, in days post hatch, of the older of two chicks in a two-
chick brood or the singleton in a one-chick brood). We did
not combine continuous variables that were strongly corre-
lated or factors and covariates that were strongly related
within the same ANCOVA model (Neter et al. 1990). For
this reason we conducted the primary analyses separately for
each sex (i.e., we found that sex was strongly related to
many of the other explanatory variables) and we did not in-
clude percent total body water (index of body fat reserves)
as an explanatory variable because it was so strongly associ-
ated with feeding treatment.

Each ANCOVA model (Table 1) was constructed to repre-
sent a specific hypothesis regarding the effects of independ-
ent variables on parental energy expenditure. For example,
model 1 for both females and males assesses the probability
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of energy expenditure being affected by many independent
intrinsic and extrinsic factors (e.g., body size, treatment,
brood size) as well as their interactions. Other models were
less complex, with some representing brood effects (e.g.,
model 8), individual-based effects (e.g., model 5), treatment
effect (model 9, which tested our primary hypothesis of en-
ergy expenditure varying by treatment alone), or some com-
bination of these.

We ran each ANCOVA from Table 1, then followed four
steps. First, we calculated the AIC statistic (corrected for
sample size, AICc) for each model (Burnham and Anderson
1998, pp. 48–51). Second, we ranked the models according
to their corrected AIC values. The model with the lowest
AICc value was considered the most parsimonious and plausible
for the available data and the models tested. We calculated
the difference in AICc values between the highest ranked, or
most parsimonious, model and each other model under con-
sideration (i.e., ∆AICc) and also calculated the AICc weight
that provides a measure of the probability that the model in
question is the best model tested, given the data (eq. 4.2 in
Burnham and Anderson 1998). Third, we composed a 95%
confidence set of models, which is the set of models that
would include the actual best model in 95% of all samples.
This set includes all models where the cumulative sum of
the AICc weights of each model, when considered in order
from lowest to highest AICc value, sum to approximately
0.95.

Finally, to quantify the effects of each independent variable
on msFMR, we calculated unconditional estimates of coeffi-
cients and standard error (SE) terms for each independent
variable using eqs. 4.5 and 4.11, respectively (Burnham and
Anderson 1998). Model-averaged parameter and SE estimates
were then interpreted identically with any coefficient estimate
from any regression analysis, i.e., the value of the coefficient
and its SE estimate the slope of (for continuous terms) or
difference in (for categorical terms) msFMR in relation to
the independent variable being considered. Furthermore, the
ratio of the coefficient estimate to the SE estimate assesses
the uncertainty associated with the coefficient estimate. Vari-
ables or interaction terms not included in any of the models
comprising the 95% set were regarded as unimportant and
thus parameter estimates were not calculated for them (Burn-
ham and Anderson 1998). Those variables appearing in only
one model from the 95% confidence set were not suited to

parameter estimation via model averaging; for these we
simply used the single coefficient and SE estimates from the
appropriate model.

Means are reported as ±1 SD and regression coefficients
as ±1 SE unless stated otherwise.

Results

We injected 80 parent Black-legged Kittiwakes with DLW
and recaptured 63 (78.7%). This sample included both mem-
bers of 13 pairs of fed birds and 9 pairs of control birds. We
detected no evidence of compensation in parental effort be-
tween mated individuals after accounting for the overlap in
the mated-pairs measurement intervals (partial correlation, r =
+0.4, P > 0.05, n = 22). Consequently, we regarded msFMR
measurements from members of a mated pair as independent.

All injected birds returned to their nest to attend chicks
after the first and second captures, and all of the chicks from
nests with injected parents survived for the duration of the
experiment. One injected male from a food-supplemented
nest lost 43.3 g body mass (8.5% of initial body mass) in the
27.6-h DLW measurement interval, had a measured msFMR
(0.821 mL CO2·g

–1·h–1) that was lower than the resting meta-
bolic rate for this species (1.197 mL CO2·g

–1·h–1; Gabrielsen
et al. 1988), and had a water-flux rate of only 34.2 mL/d.
These results suggest that either this individual was inactive
during the entire measurement interval and consumed nei-
ther food nor water, or there were problems with the quality
of the blood sample or its analysis. For these reasons this in-
dividual was considered an outlier and was not included in
subsequent analyses.

Initial body mass at the time of injection varied signifi-
cantly according to feeding treatment (F[1,60] = 128.2, P <
0.001) and sex (F[1,60] = 49.0, P < 0.001). Fed birds were
75–80 g heavier, on average, than control birds and males
were heavier than females (Table 2). Body size differed ac-
cording to sex (F[1,59] = 89.77, P < 0.0001) but not treatment
(F[1,59] = 0.50, P = 0.5) or treatment by sex (F[1,59] = 0.43,
P = 0.5). Males were typically larger than females in head-
bill, tarsus, and flattened-wing lengths (Jodice et al. 2000).
Percent total body water for individuals differed according to
treatment (F[1,59] = 102.3, P < 0.0001) but not sex (F[1,59] =
1.89, P = 0.2) or sex by treatment (F[1,59] = 0.88, P = 0.3;
Table 2). Mean percent total body water for fed birds (57.7 ±
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Model No. Parameters

1 Feeding treatment, body size, body massa, chick age, brood size, feeding treatment × body size, feeding treatment × body
mass, feeding treatment × brood size, feeding treatment × chick age

2 Feeding treatment, body size, body mass, chick age, brood size
3 Feeding treatment, body size, body mass, feeding treatment × body size, feeding treatment × body mass
4 Feeding treatment, body size, body mass
5 Body size, body mass
6 Feeding treatment, brood size, chick age, feeding treatment × brood size, feeding treatment × chick age
7 Feeding treatment, brood size, chick age
8 Brood size, chick age
9 Feeding treatment

aStandardized for treatment.

Table 1. Parameters used in sex-specific ANCOVA models for analysis of mass-specific field metabolic rates (mL CO2·g
–1·h–1) of chick-

rearing Black-legged Kittiwakes (Rissa tridactyla) in a supplemental-feeding experiment on Middleton Island, Alaska, 27–31 July 1998.
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2.5%) was lower than that for controls (63.4 ± 1.9%), sug-
gesting that fed birds had higher body fat content than con-
trols. Percent total body water was not strongly correlated

with body mass for either fed or control birds (rfed = –0.29,
rcontrol = –0.18).

Field metabolic rates
Feeding treatment had a strong effect on rates of kittiwake

energy expenditure (Fig. 1, Table 2). Mass-specific FMRs in
fed kittiwakes, which differed slightly between males (2.31 ±
0.40 mL CO2·g

–1·h–1) and females (2.04 ± 0.38 mL CO2·g
–1·h–1;

t28 = 1.8, P = 0.07), were substantially lower and less vari-
able than msFMRs of control kittiwakes, which did not dif-
fer according to sex (2.95 ± 0.73 mL CO2·g

–1·h–1; t30 = 0.9,
P = 0.37). Each step of the model-selection approach con-
firmed the strong effect of feeding treatment on msFMR
within each sex. For example, the model that included only
the term for feeding treatment (i.e., model 9 for females and
males) best explained the variability in msFMR and was the
most parsimonious model tested for each sex (i.e., lowest
AICc values and highest AICc weights; Table 3). Further-
more, female and male “feeding treatment only” models
were ca. 2.6 and 1.8 times more likely to be the best model,
respectively, than the next best model in the candidate set
(Table 3; ratio of AICc weights for model 9 to those for
model 4 for each sex). Each model that occurred in the 95%
confidence set of models for females (models 9 and 4) and
males (models 9, 4, 7, and 2) also included the term for
feeding treatment, further indicating the importance of this
variable in explaining the variability in msFMR. The effect
of feeding treatment on msFMR was about twice as strong
in females as in males (Fig. 2). The msFMR of fed females

n
Body mass
(g)

FMR
(mL CO2·g–1·h–1) DEE (kJ/d)

Percent total
body water

Water-influx rate
(mL H2O·kg–1·h–1)

Water-efflux rate
(mL H2O·kg–1·h–1)

Fed females 14 426.8 (7.22) 2.04 (18.8) 571.6 (20.2) 58.4 (4.8) 10.26 (31.4) 10.74 (26.4)
Control females 14 351.1 (8.15) 3.08 (25.8) 695.8 (23.5) 63.6 (2.7) 27.62 (51.0) 27.63 (48.1)
Fed males 16 475.4 (6.07) 2.31 (17.6) 721.3 (18.4) 57.1 (3.8) 11.50 (25.7) 12.04 (21.1)
Control males 18 397.6 (5.51) 2.85 (24.2) 745.1 (23.9) 63.3 (3.2) 22.16 (35.8) 22.37 (33.7)

Note: Numbers in parentheses show the coefficient of variation (%). DEE, daily energy expenditure.

Table 2. Mean body mass, field metabolic rate (FMR), and water-flux rates of chick-rearing Black-legged Kittiwakes in a supplemental-
feeding experiment at Middleton Island, Alaska, 27–31 July 1998.

Control Fed Control Fed
1

2

3

4

5

FEMALES MALES

M
as

s-
sp

ec
if

ic
 f

ie
ld

 m
et

ab
ol

ic
 r

at
e

(m
L

 C
O

· g
· h

)
2

-1
-1

Fig. 1. Mass-specific field metabolic rates of chick-rearing parent
Black-legged Kittiwakes (Rissa tridactyla) in a supplemental-
feeding experiment on Middleton Island, Alaska, 27–31 July
1998. Boxes display a median line (solid), a mean line (broken),
quartiles (box edges), 10th and 90th percentiles (whiskers), and
5th and 95th percentiles (�).

Model parametersb Kc ∆AICc

AICc

weight

Cumulative
sum of AICc

weights

Models for females
Treatment (9) 3 0.00 0.682 0.682
Treatment, body size, body mass (4) 5 2.15 0.263 0.945

Models for males
Treatment (9) 3 0.00 0.554 0.554
Treatment, body size, body mass (4) 5 1.20 0.304 0.858
Treatment, brood size, chick age (7) 5 4.85 0.049 0.907
All main variables (2) 7 5.13 0.043 0.950

Note: Models are ranked in order from most to least plausible within each sex, given the available
data, but only those models from Table 1 that were included in the 95% confidence set of models are
presented.

a Terms specific to the model-selection process are defined in Methods.
b The model number is given in parentheses (see Table 1).
c Number of estimable parameters + 1 for intercept + 1 for variance estimator.

Table 3. Model-selection statisticsa from ANCOVA modeling of mass-specific field meta-
bolic rate (mL CO2·g–1·h–1) of parent Black-legged Kittiwakes in a supplemental-feeding
experiment on Middleton Island, Alaska, 27–31 July 1998.
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was 1.05 ± 0.24 mL CO2·g
–1·h–1 lower than that of control

females, while the msFMR of fed males was 0.55 ± 0.20 mL
CO2·g

–1·h–1 lower than that of control males. The feeding-
treatment model explained 42.7 and 18.8% of the variability
in female and male msFMRs, respectively.

Body size and body mass appeared in the 95% confidence
set of models for both sexes (Table 3). There was a very
slight positive trend towards an increase in msFMR in males
of greater body size (Fig. 2). Brood size and chick age
appeared in the 95% confidence set of models for males
(Table 3), although neither had an effect on male msFMR
(Fig. 2).

Daily energy expenditure (i.e., whole-animal FMR) of kitti-
wakes in this experiment ranged from 403 to 929 kJ/d for
fed birds and from 397 to 1149 kJ/d for control birds. Mean
daily energy expenditure did not differ significantly between
the sexes for control birds (723.5 ± 170.9 kJ/d; t30 = 0.8,
P = 0.4) but differed significantly between males (721.3 ±
132.8 kJ/d) and females (571.5 ± 115.7 kJ/d) in the fed group
(t28 = 3.3, P = 0.003; Table 2). Energy expenditure rates of
our control birds were similar to values reported elsewhere
for this species (Gabrielsen et al. 1987; Thompson et al.
1998; Golet et al. 2000; Roby et al. 2000). Energy expenditure
rates of fed birds averaged 1.8 × kittiwake BMR, while rates
for control birds averaged 2.5 × BMR.

Water turnover
Mass-specific water-influx and -efflux rates (mL H2O·kg–1·h–1)

of control birds were about twice those of fed birds for fe-
males (t26 > 4.6, P < 0.001) and males (t32 > 5.0, P < 0.001;
Table 2). Within individuals, water-efflux rates were nearly
identical with water-influx rates for both fed and control
birds. There was no significant difference (P > 0.17) in
mass-specific water-flux rates between males and females

within each treatment group. There was a positive relationship
between daily water-influx rate and msFMR for both control
males (water-influx rate = –1.06(±5.97) + 8.10(±2.00) ×
msFMR; t16 = 4.0, P = 0.001, R2 = 0.47) and control females
(water-influx rate = –5.05(±12.98) + 10.59(±4.08) × msFMR;
t12 = 2.59, P = 0.02, R2 = 0.31). There also was a significant
positive relationship between daily water-influx rates and
msFMR for fed males (water-influx rate = 1.17(±3.56) +
4.49(±1.52) × msFMR; t14 = 2.95, P < 0.01, R2 = 0.34) and
fed females (water-influx rate = 0.24(±4.08) + 4.90(±1.96) ×
msFMR; t12 = 2.49, P = 0.03, R2 = 0.29).

Discussion

Effects of supplemental feeding on FMR
As predicted, msFMRs of kittiwakes raising young were

markedly lower when supplemental food was provided at the
nest site. Lower energy expenditure in fed kittiwakes likely
reflected higher nest-attendance rates relative to control
birds (Gill et al. 2002), which likely resulted in a reduction
of energetically costly foraging activities by adults (Roby et
al. 2000). Supplementally fed kittiwakes also had higher
body mass and body fat reserves relative to control birds, de-
spite similarities in structural size. Nestlings of fed birds had
higher growth rates compared to nestlings of control birds,
and productivity of fed nests was greater than control nests,
both in 1998 and in other years (Gill and Hatch 2002; Gill et
al. 2002). Therefore, fed kittiwakes increased their reproduc-
tive output while simultaneously decreasing parental effort
and increasing body condition (i.e., greater body mass and
fat reserves). While these results fail to test the competing
hypotheses regarding post-hatching loss of body mass in
parent seabirds (adaptive vs. reflecting energetic stress; see
Gaston and Jones 1989; Croll et al. 1991; Phillips and Furness
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1997), they do indicate that parental body mass and fat re-
serves during chick rearing are sensitive to extrinsic factors
such as food availability. Thus, it will be difficult to discrim-
inate between adaptive and stress-related explanations for
post-hatching mass loss in parent seabirds without carefully
controlled experimental manipulations (Hillstrom 1995;
Merila and Wiggins 1997; Cichon 2001).

Parental energy expenditure need not decrease with sup-
plemental feeding. Parents supplemented with food at the
nest site can continue to forage at or near their normal rate.
This would result in a relatively fixed level of energy expen-
diture but an increased level of provisioning to nestlings. A
fixed level (i.e., no decrease) in parental energy expenditure
in response to supplemental feeding has been observed when
the amount of supplemental food was insufficient to sustain
both parents and nestlings (Moreno et al. 1999), when nest-
lings derived a fitness benefit from increased provisioning
(e.g., when compensating for parasite burdens; Moreno et al.
1999), and when natural food availability was high enough
to offset the cost of foraging (Wiehn and Korpimaki 1997;
Granadeiro et al. 2000). In contrast, we provided sufficient
food for both nestlings and adults, nestling survival rates
were high in nests with both fed and control birds, and natu-
ral food availability was slightly below average during our
study (S.A. Hatch and V.A. Gill, unpublished data).

Gender differences in energy expenditure rates
The difference in msFMR between fed birds and controls

was almost twice as much in females as in males. Supple-
mentally fed males also displayed higher FMRs (whole-
animal and mass-specific) than supplementally fed females,
despite the lack of a gender difference within the control
group. These results suggest that the time-activity budgets of
fed male kittiwakes differed from those of fed females. We
found little support in the literature for sex-specific differ-
ences in FMR with respect to food availability. Few studies
have directly measured adult energy expenditure as a func-
tion of food availability (Bryant and Tatner 1988, 1991; Ellis
and Gabrielsen 2001), and those that have often considered
just one sex (e.g., Tinbergen and Dietz 1994; Moreno et al.
1999).

Sex-specific differences in FMR in relation to other ex-
trinsic factors such as brood mass, brood age, and brood
size have been reported, however (Hails and Bryant 1979;
Deerenberg et al. 1995; Moreno et al. 1995). These gender-
specific responses have been attributed to differences in the
type or duration of parental care exhibited by each sex
(Hails and Bryant 1979; Wiehn and Korpimaki 1997). For
example, in Eurasian kestrels (Falco tinnunculus), which
demonstrated gender-specific differences in provisioning
rates in response to supplemental food (males displayed a
fixed level of effort, females decreased effort; Wiehn and
Korpimaki 1997), males hunted more frequently than fe-
males and provided food to both the young and their mate.
The lower msFMR of fed females than of fed males in our
study might be due to reduced activity levels in females
compared with males. Nest-attendance data from 1998, how-
ever, revealed no difference in attendance rates between fed
males and fed females (S.A. Hatch and V.A. Gill, unpub-
lished data), suggesting that any gender difference in activity
levels occurred when adults were off the nest. Furthermore,

similar water-flux rates and similar relationships between
water-flux rate and FMR for females and males indicated
that there were likely no gender differences in food-intake
rates in either the control or fed groups which would suggest
differences in foraging strategy between the sexes. The
higher msFMR of fed males than of fed females may instead
reflect a greater tendency for off-duty males to engage in
nonforaging activities such as nest defense or prospecting
behaviors.

In other gull species where males are larger than females
(as is the case in kittiwakes; Jodice et al. 2000), males en-
gage in nest defense and other intraspecific aggressive be-
haviors more frequently than females, even during the chick-
rearing period (Butler and Janes-Butler 1983; Pierotti 1987;
Pierotti and Annett 1994). Furthermore, successfully breed-
ing male kittiwakes commonly attend other nest sites even
when chicks are present (Cadiou et al. 1994), increasing the
potential for aggressive encounters that would require addi-
tional expenditure of energy. If male kittiwakes invest more
time in nest defense and prospecting behaviors, even during
chick rearing, then an increase in food availability and resul-
tant reduction in the time required for foraging (Monoghan
et al. 1994; Suryan et al. 2000) would likely have less of an
effect on male time-activity budgets, and hence energy ex-
penditure, than on those of females.

Ultimately, however, the direction and magnitude of paren-
tal effort in response to supplemental feeding may be related
to adult survival costs and the means by which individuals
balance current reproductive effort with long-term survival.
Daan et al. (1996) described a negative relationship between
parental effort and survival rate in Eurasian kestrels. Similarly,
Black-legged Kittiwakes nesting in Alaska whose broods
were experimentally removed expended energy at a signifi-
cantly slower rate than controls with broods, and subse-
quently experienced higher survival rates than control birds
(Golet et al. 1998, 2000). We predict that the fed kittiwakes
in our study will also experience higher survival rates be-
cause supplemental feeding allowed parents to reduce FMR
by eliminating the need to forage for themselves and their
brood. For example, the metabolic scope of our fed kitti-
wakes (1.8 × BMR, on average) was similar to the metabolic
scope of kittiwakes in Golet et al.’s (2000) experiment whose
broods had been removed (2.0 × BMR) and who experi-
enced increased survival compared with control birds. This
prediction of higher survival rates with lower parental effort
appears to be supported for female kittiwakes nesting on the
tower on Middleton Island. Resightings of marked adult
kittiwakes between 1998 and 1999 indicated that fed females
returned at a slightly higher rate than control females, al-
though fed males were resighted at a lower rate than control
males (S.A. Hatch and V.A. Gill, unpublished data). Differ-
ences in survival rates between the sexes may occur if each
sex experiences a different survival curve with respect to
FMR or parental effort. Further survival analyses and addi-
tional years of data collection may clarify this relationship.

What other factors affected energy expenditure rates?
Model ranking based on AICc values and parameter esti-

mates from model averaging clearly showed that none of the
other variables we examined had a strong effect on the
msFMR of either sex. There was, however, a very slight pos-
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itive effect of body size on male msFMR. This sex-specific
effect suggests that the relationship between msFMR and
body size may be nonlinear when considered across the two
sexes. The sex-specific body-size relationships we observed
may have resulted from the fact that the time-activity bud-
gets of larger males are different from those of smaller
males. Adams et al. (1986) also reported sex-specific differ-
ences in the relationship between body size and FMR in
Wandering Albatrosses (Diomedia exulans), although they
did not discuss possible explanations. The lack of brood-size
and chick-age effects on msFMR is consistent with the re-
sults of most other energetic studies of kittiwakes whose
chicks were in the same age range as those in our study
(Gabrielsen et al. 1988, 1992; Thompson et al. 1998).

In conclusion, adult kittiwakes raising young reduced
their energy expenditure in response to supplemental feeding
despite higher productivity than controls. This indicates that
both reproductive success and parental effort in kittiwakes
can change in response to food availability. Gender differ-
ences in the magnitude of response to supplemental feeding
suggest that the two sexes may differ in their reproductive
roles and behavioral responses to changing environmental
conditions during nesting. Lower water turnover per unit of
energy expended in fed than in control birds also indicated
that fed birds were likely foraging less than control birds.
Adjustments in reproductive effort in response to variable
foraging conditions may have significant effects on the survival
and productivity of individuals, and thus provide substantial
fitness benefits for long-lived seabirds such as Black-legged
Kittiwakes.
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