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Sexual differences in the foraging behaviour of parents have been observed in a number of sexually size-
dimorphic birds, particularly seabirds, and the usual inference has been that these sex-specific differences
are mediated primarily by differences in body size. To test this explanation, we compared the foraging
behaviour of parents in a monomorphic seabird species, the northern gannet Morus bassanus. Using speci-
ally designed instruments and radio telemetry we found that individuals of both sexes were consistent in
the directions and durations of their foraging trips. However, there were significant differences in the
foraging behaviour of males and females. Female gannets were not only more selective than males in the
areas where they foraged, but they also made longer, deeper dives and spent more time on the sea surface
than males. As the sexes are morphologically similar in this species, then these differences are unlikely to
have been mediated by body size. Our work highlights the need to investigate sexual differences in the
foraging behaviour of seabirds and other species more closely, in order to test alternative theories that do

not rely on differences in body size.
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1. INTRODUCTION

In many animal species, care by both parents is required
for successful rearing of offspring (Lack 1968; Clutton-
Brock 1991). In these situations a common question is
whether or not there are differences between parents in
their foraging behaviour. This question is particularly rel-
evant among birds, where biparental monogamy occurs in
over 90% of species (Lack 1968).

Previous research, which has compared the foraging
behaviour of the sexes during the breeding season, has
concentrated almost exclusively on sexually size-dimor-
phic species, including species of passerines (e.g. Morse
1968; Aho er al. 1997) and raptors (e.g. Newton 1979;
Marquiss & Newton 1982). These studies have reported
some sexual differences in foraging behaviour, particularly
the microhabitats and locations in which the two sexes
tend to forage. More recently, the development of small,
lightweight activity recorders and satellite tags has enabled
researchers to investigate sex-specific foraging behaviour
in seabirds. These studies have similarly reported sexual
differences in foraging location, but also the times of day
that birds forage, and the depths to which they dive (table
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1). As the majority of these investigations were based on
sexually size-dimorphic species, it is perhaps under-
standable that authors have argued that differences in for-
aging behaviour might be mediated by size-based
mechanisms, such as asymmetrical competition or differ-
ences in foraging efficiency (e.g. Weimerskirch ez al. 1997;
Gonzalez-Solis ez al. 2000).

If size was important in mediating feeding activities,
then one would not expect to see sexual differences in for-
aging behaviour within monomorphic species. Indeed,
even within a monomorphic seabird species that exhibited
distinct parental roles, one might expect them to forage
for food in a similar way. Yet, somewhat surprisingly,
potential sexual differences in the foraging behaviour of
monomorphic seabirds at sea have only rarely been inves-
tigated (table 1). While Gray & Hamer (2001) found that
females of the sexually monomorphic manx shearwater
Puffinus puffinus fed their chick less frequently than males,
their study was unable to obtain any direct information
on foraging. Similarly, common terns Sterna hirundo are
monomorphic and exhibit distinct parental roles
(Wiggins & Morris 1987) but, to our knowledge, no study
has examined whether the two sexes actually forage for
prey in different ways.

We present data to compare the foraging behaviour of
the two sexes in a species with no size dimorphism. We
have tested whether even phenotypically similar sexes can
exhibit differences in foraging behaviour, and we explore
the need to look beyond body size as an explanation for
differences in the foraging behaviour of male and female
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Table 1. Studies that have investigated sexual differences in the foraging behaviour of seabird species at sea.
(Significant sex difference in foraging location (L), dive depth (D), time of day foraging (T); no sex difference in foraging location

(no L).)

species size dimorphism behaviour study

wandering albatross male > female L Weimerskirch & Jouventin (1987)
south Georgian shag male > female D Croxall er al. (1991)
shag male > female no L Wanless ez al. (1991)
south Georgian shag male > female D Kato et al. (1992)
wandering albatross male > female L Prince ez al. (1992)
wandering albatross male > female L Salamolard & Weimerskirch (1993)
wandering albatross male > female L Weimerskirch ez al. (1993)
south Georgian shag male > female T Wanless er al. (1995)
southern Buller’s albatross male > female L Sagar & Wiemerskirch (1996)
Japanese cormorant male > female D Watanuki ez al. (1996)
Japanese cormorant male > female D Kato et al. (1999)
subantarctic cormorant male > female D Kato et al. (1999)
thick-bellied murres male = female T+D Woo et al. (1999)
northern giant petrel male > female L Gonzalez-Solis et al. (2000)
king cormorant male > female T+D Kato et al. (2000)
grey-headed mollyhawk male > female L Nel ez al. (2000)
southern Buller’s albatross male > female L Stahl & Sagar (2000a)
southern Buller’s albatross male > female L Stahl & Sagar (2000b)
Antarctic shag male > female D Casaux er al. (2001)

shy albatross male > female no L Hedd ez al. (2001)

parents. Our study species was the northern gannet, Morus
bassanus, a sexually monomorphic species (mean culmen
length (mm): male, 100.1 (n = 66); female, 99.2 (n = 66);
mean tarsus length (mm): male, 58.8 (n = 7); female, 58.1
(n=5); see Nelson 2002), where both parents help to rear
the chick. Gannets have an expensive mode of flight (Birt-
Friesen er al. 1989) and they capture prey by plunge and
pursuit diving (Garthe ez al. 2000). During chick rearing,
parents generally alternate foraging trips with periods at
the nest with the chick, such that when one parent arrives
following a foraging trip and feeds the chick, its partner
leaves almost immediately (Nelson 2002; this study). We
investigated the foraging behaviours of males and females
by simultaneously using (i) radio transmitters that pro-
vided foraging trip durations and departure directions,
which are a good indicator of bearings to foraging
locations (Hamer et al. 2000, 2001); and (ii) activity log-
gers that enabled us to distinguish four main activities dur-
ing chick rearing (flying, diving, resting on the sea surface
and attending the chick at the colony) and also record
dive depth.

2. MATERIAL AND METHODS

The study was carried out between 19 June and 19 August
2001 at a breeding colony of ca. 40 000 pairs of northern gan-
nets (Murray & Wanless 1997) at Bass Rock, southeast Scotland
(56°6 'N, 2°36 'W). During the study, sunrise and sunset
occurred at ca. 02.30 and 21.30 GMT (03.30 and 22.30
BST), respectively.

(a) Radio transmitters

Twenty-eight adults (from 14 pairs) with two-to-three-week-
old chicks were caught at the nest using a roach pole. A VHF
radio transmitter (Biotrack Ltd) weighing 20 g (less than 1% of
adult mass) was attached to each bird with self-amalgamating
tape and cable ties. To minimize drag during flight and prevent
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tags being displaced during plunge diving, tags were attached to
the underside of the four central tail feathers, close to the base
of the tail with the aerial pointing upwards through the feathers.
Because the sexes are of similar size and cannot be reliably ident-
ified from plumage or soft-tissue coloration (Nelson 2002;
Redman ez al. 2002), a blood sample (less than 0.1 ml) was
taken, under licence, from the tarsal vein of each bird, for sub-
sequent sexing using two CHD I genes (see Griffiths ez al. (1996)
for details). The attachment of tags and collection of blood
samples took ca. 10 min and after release every bird returned to
the nest almost immediately (usually within 5 min). Birds were
then tracked from a mainland station (ca. 1.5 km south of Bass
Rock) during four tracking sessions. Each session ran continu-
ously from dawn to dusk for several days (gannets are not active
during the hours of darkness; see Garthe ez al. 2000; Hamer ez
al. 2000), throughout a period of eight weeks (total tracking per-
iod of 40.5 days). The age of chicks during the study period
ranged between 3 and 11 weeks. The receiving system consisted
of two parallel eight-element Yagi aerials joined by a 2 m cross-
piece, attached to a vertical 5 m mast, which allowed the aerials
to rotate freely through 360°. The aerials were connected to an
ATS R4000 scanning receiver, operating in the 173 MHz band.
The different frequencies of the tagged birds were checked every
15 min. On the arrival of a bird in the colony, its arrival time
and the departure time of its partner were both recorded, and
the departing bird was tracked continuously to obtain the final
bearing at the point of signal disappearance (on average,
between 15 and 30 min after departure from the colony). At the
end of the study period tags were removed. Previous research
using satellite telemetry has shown that departure direction,
coupled with trip duration, is a good indicator of where the birds
forage, because they have a linear outward flight (Hamer ez al.
2000, 2001).

(b) Activity loggers
Thirty different adults with chicks (age range of two to six
weeks) were caught from the same area of the colony and each
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Figure 1. Data recorded from (a) a flight activity logger/motion sensor and (b) a depth meter attached to a chick-rearing
northern gannet on Bass Rock in 2001. The trace is a sample taken during a foraging trip and lasts for 412 min. It shows a
series of foraging flights during which the bird dived several times to a maximum depth of 10 m. Between the two flights the
bird sat on the sea surface. The second flight includes two shallow dives ending with the bird back at the nest site.

was equipped with an activity logger using the same handling,
attaching and sexing techniques as for birds with radio transmit-
ters. These instruments were modified versions of the loggers
designed at the Istituto di Elaborazione dell’Informazione
(Dall’Antonia et al. 1993; Benvenuti ez al. 1998, 2001). Two
types of loggers were used. Type 1 was equipped with a depth
meter (operative range of 0-70 m, resolution of 0.3 m) and a
flight sensor (a small modified microphone). The time between
successive recordings was set at 4 s for the depth meter and 8 s
for the flight sensor, which allowed continuous recording for ca.
3.8 days. In type 2 activity loggers the depth meter was replaced
with two short electric wires emerging from the housing. The
water switch was activated if the wires were submerged in the
sea. The time between successive recordings was set at 4 s for
the water switch and 6 s for the flight sensor, which allowed
continuous recording for ca. 3.5 days. Type 1 and 2 loggers
weighed 28 and 19 g, respectively. Each logger was deployed for
two to four days on each bird, in order to record at least one
foraging trip (mean trip duration at Bass Rock is ca. 24 h; see
Hamer ez al. 2000; Lewis er al. 2001). After this time the bird
was recaptured and the device removed. Recorded data were
downloaded from the loggers to a portable computer and ana-
lysed using specially designed software (A. Ribolini, unpublished
data). Of the 29 retrieved loggers, data were successfully down-
loaded in 20 cases (type 1 logger: nine males (of which one failed
to give depth data) and six females; type 2 logger: four males
and one female). For type 1 loggers, four activities could be dis-
tinguished from the distinct signals that the sensors produced:
(i) nest attendance: weak, variable signal from flight sensor; (ii)
flight: strong, noisy signal from flight sensor; (iii) resting on sea
surface: moderate signal from the flight sensor; (iv) diving:
strong, noisy signal from flight sensor and activation of the depth
sensor (figure 1). Dives of less than 1 m were not taken into
account because such shallow dives often occur during bathing
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or other movements not related to feeding. Furthermore, the
sampling interval (4 s) may have prevented recording of some
of the 1-2 m dives. Garthe ez al. (2000) provide further details of
the methodology and accuracy of these instruments for northern
gannets. For type 2 loggers, nest attendance and flight were dis-
tinguished in the same way as with type 1 loggers. Resting on
the sea surface was characterized by a moderate signal from the
flight sensor and activation of the water switch, and diving by a
strong, noisy signal from the flight sensor and activation of the
water switch. The distinction between resting on the sea and
diving recorded by type 2 loggers was not always definitive,
unlike with the type 1 logger, when dive duration could be
recorded accurately. Therefore type 2 results were not used for
dive data. However, results from the type 1 loggers showed that
diving only represented ca. 0.2% of total time, so when compar-
ing the time allocation to the different activities of male and
female gannets, the time spent on the sea and time spent diving
were combined, enabling us to use the data from both types
of loggers.

(c) Statistical analysis

We compared bearings of foraging trips, trip duration and
dive depths between males and females by fitting linear mixed
models using residual maximum-likelihood analyses (REML;
Patterson & Thompson 1971). We compared the number of
dives per trip and per hour, between males and females by fitting
a generalized linear mixed model (GLMM) with a Poisson error
distribution and logarithmic link function (Schall 1991). In each
case, we included sex as a fixed factor and bird identity as a
random factor, to avoid problems of pseudo-replication. For
bearings of foraging trips, we also fitted a model without bird
as a random factor to compare the deviance values between
models, using the y*-distribution. This allowed us to assess the
significance of individual variation in bearings from one bird to
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Table 2. Mean (% s.e.) trip duration, number of dives per trip
and per hour, dive depth (m) and dive duration (s) for male
and female northern gannets during early chick rearing on Bass
Rock in 2001.

males females

trip duration (h)
dives per trip

20.88 (£ 1.20)
25.92 (£ 6.06)

22.34 (£ 1.10)
47.75 (£ 13.45)

dives per hour 1.35 (£ 0.30) 1.50 (£ 0.42)
dive depth (m) 3.24 (£0.11) 4.71 (£ 0.16)
dive duration (s) 7.36 (£ 0.28) 10.01 (£ 0.35)
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Figure 2. Frequency distribution of foraging trip departure
directions (n=294) of 14 pairs of northern gannets during
chick rearing on Bass Rock in 2001. (Shaded bars, males;
open bars, females.)

another. There was a highly significant positive correlation
between dive depth and dive duration (Spearman correlation:
r=0.95, n=720, p < 0.001), so only dive depth was compared
statistically between sexes. Previous studies have found evidence
of diel patterns in dive depths of seabirds (Wilson ez al. 1993;
Wanless ez al. 1999; Benvenuti er al. 2001; Dall’Antonia et al.
2001). To test for this effect in northern gannets we included
time of day (split into four 6 h periods: 01.00-06.59, 07.00—
12.59, 13.00-18.59, 19.00-00.59 GMT) as a fixed factor in the
analysis of dive depth. We also included the interaction between
sex and time of day in this analysis. In all REML and GLMM
models, the significance of each variable or interaction was
determined by comparing Wald statistics with percentiles of y*-
or F-distributions (Elston ez al. 2001).

3. RESULTS

(a) Directions of foraging trips

The final flight directions that birds took when
departing the colony differed significantly between sexes
(table 2; REML, flight direction: Wald statistic y* = 4.98,
d.f.=1, p=0.026, n=293). Females flew mainly south-
east, whereas males went in all directions equally fre-
quently (figure 2). Comparison of the deviances between
models, with and without bird identity as a random factor,
showed that individual effects were highly significant, indi-
cating that individual birds tended to head in similar
directions on their foraging trips (¥*=62.93, d.f.=1,
p»=0.001, n=293).

Proc. R. Soc. Lond. B (2002)
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Figure 3. Mean dive depths (£ s.e.) of male (shaded bars;
n=38) and female (open bars; » = 6) northern gannets at
different periods of the day (period 1, 01.00-06.59; 2,
07.00-12.59; 3, 13.00-18.59; 4, 19.00-00.59), during chick
rearing on Bass Rock in 2001.

(b) Duration of foraging trips

There was no significant difference in trip duration
between the sexes (table 2; REML, square root of trip
duration: Wald statistic x*=0.82, d.f.=1, p=0.366,
n=7348). Comparison of the deviances between models,
with and without bird identity as a random factor, showed
that individual effects were significant, indicating that
individual birds tended to make foraging trips of similar
duration (}*=4.09, d.f. =1, p=0.043, n=348).

(¢) Activity and time allocation

During a total of 1429 h of recording, we obtained data
on the time allocation of 13 males and 7 females over 29
complete foraging trips. There was no difference in the
mean time spent flying per trip by males and females,
where means per individual were used when more than
one trip was recorded (male: 10.9h, n=13, s.d. £4.7;
female: 13.2h, n=7, s.d. £4.8; 1,3=1.034, p=0.315).
However, females spent significantly longer than males on
the sea surface (male: 10.8 h, n=13, s.d. * 3.2; female:
17.6 h, n=17, s.d. +7.3; 1,5 = 2.891, p=0.010). Birds did
not fly at night (see Garthe ez al. 1999, 2000; Hamer ez
al. 2000, 2001) and after removing hours of darkness from
the data, females still spent a greater proportion of day-
light hours than males on the sea surface (male: 0.18 h;
female: 0.28 h; r-test with arcsine-transformed data;
s =2.562, p=0.020).

(d) Diving behaviour

A total of 720 dives was recorded from 14 birds (eight
males and six females; one depth meter failed). There
were no significant differences between males and females
in the mean number of dives made per trip or per hour
on a trip (table 2; GLMM, dives per trip: Wald statistic
x>=2.68, d.f. =1, p=0.120, n= 22 trips; dives per hour:
Wald statistic ¥*=0.08, d.f. =1, p=0.777, n=22). How-
ever, females consistently made deeper and thus longer
dives than males (table 2; REML (log-transformed depth),
sex: Wald statistic F, ;,=7.19, p < 0.025, n=720). The
deepest and longest dives recorded were 11 m and 28 s
for males, compared with 18 m and 37 s for females. From
the same test, there was also a significant effect of time of
day on dive depth (figure 3; Wald statistic F; ;o =21.21,
p < 0.001, n="720) and a significant interaction between
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sex and time of day (Wald statistic F;,0=19.57, p
< 0.001, n="720), indicating no difference between sexes
in dive depth during the first and last periods of the day
(figure 3). Finally, there was a significant positive corre-
lation between dive depth and the subsequent inter-dive
duration (time spent between successive dives) in females,
but not in males (Spearman correlation: females: r
=0.197, p < 0.001, n=374; males: r=0.028, p < 0.616,
n=7323).

4. DISCUSSION

To our knowledge, attaching devices caused no adverse
effects for study birds or their chicks. All study nests con-
tained a healthy chick at the end of the study period, and
the mean trip durations from radio tags and loggers (tags:
22 h+14.9s.d.; loggers: 25 h+9.5s.d.) were consistent
with two recent studies that recorded trip durations at
Bass Rock from direct observations at the nest (27 h in
1998, Hamer et al. 2000; 19 h in 2000, Lewis ez al. 2001).

Satellite telemetry of northern gannets at Bass Rock in
1998 (Hamer et al. 2000) showed that 71% of birds for-
aged southeast of the colony, although these authors did
not consider sex in their analyses. We found a similar pro-
portion (66%), but we also showed that it was females
that were largely responsible for this bias in directions of
trips (figure 2). Individuals tended to be consistent in their
departure directions, as also found from satellite telemetry
of northern gannets (Hamer er al. 2001) and radio track-
ing of black-legged kittiwakes (Irons 1998), suggesting
that bearings of foraging trips may have been influenced
by birds’ prior experience. Individuals were also consistent
in the duration of their trips (and thus foraging range; see
Hamer ez al. 2000), providing further evidence that indi-
vidual birds tended to return to familiar foraging locations.
Our results indicate that although there were no signifi-
cant differences between the sexes in trip duration, or the
time spent flying on a trip, females spent more time on
average on the sea surface in-between foraging bouts.
Females also dived significantly deeper than males during
the middle of the day, but at dawn and dusk they dived
at the same shallower depths as males. These temporal
patterns in dive depth may be related to changes in light
penetration into the water column through the diel cycle,
influencing where birds can forage and/or the vertical
migration of their prey (Wilson ez al. 1993; Wanless ez al.
1999). In particular, low light penetration at dawn and
dusk may have forced females to forage at the same shal-
low depths as males did during these periods. Woo ez al.
(1999) similarly reported a difference in dive depths
between male and female thick-billed murres Uria lomovia,
also a monomorphic species. Females made deeper dives
than males, yet in this species females are diurnal foragers
whereas males are nocturnal. In our study, we found dif-
ferences in dive depth between the sexes operating under
the same light conditions, in the middle of the day.

The fact that we have observed sexual differences in the
foraging behaviour of a monomorphic seabird raises the
possibility that differences reported in sexually dimorphic
species (table 1) are not mediated exclusively by differ-
ences in body size. Sexual differences in foraging behav-
iour could have arisen for a number of other reasons,
which are not necessarily independent. Moreover, differ-
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ent components of foraging behaviour may be related. For
instance, sexual differences in foraging location may have
an impact on dive depth, if prey associated with different
foraging locations have different vertical distributions.
Similarly, in this study, females that dived deeper also had
greater inter-dive periods (probably because diving is
energetically and physiologically demanding; Schmid ez al.
1995), and this may have accounted, to some extent, for
the longer total time that females spent on the sea surface.
In the following paragraphs, we briefly discuss several
potential proximate explanations for the sex-specific forag-
ing patterns we have observed.

One possible explanation for the difference in foraging
behaviour of males and females is that regardless of them
being the same size, males are more effective than females
at exploiting fish close to the sea surface, for instance by
outcompeting females within the same feeding group.
Such interference competition would force females to dive
deeper or forage elsewhere. Despite behavioural differ-
ences between the sexes at the colony (Nelson 2002),
there are no obvious morphological asymmetries that
might give one sex a competitive advantage over the other
while feeding at sea. Furthermore, our radio tracking data
show that females do not forage exclusively in areas that
are not used by males, which might be expected if compe-
tition were driving these differences. Another possibility is
that the two sexes differ in their abilities to capture prey
at particular depths. If females are better able to exploit
deeper-swimming fishes which are found in particular
areas of sea, then not only would the sexes tend to show
different diving behaviour, but they might also tend to
feed in different areas. Clearly, to test this idea one would
need to examine the diving abilities of the two sexes in
more detail.

Our results suggest that females are more restricted than
males in the areas where they forage, and one possibility
is that this is driven by sexual differences in energy or
nutrient requirements. These differential requirements
could arise, for instance, from differences between sexes
in the timing or extent of feather moult (Hemborg er al
1998; Hemborg 1999a, 19995). Moulting is an energeti-
cally expensive process (Hull ez al. 2001), which begins at
the onset of hatching in northern gannets, and continues
until late autumn (Nelson 2002). It is not known whether
there are sex-specific differences in moult in gannets, but
such differences do occur in other seabirds (Weimerskirch
1991) and could potentially create temporary sex differ-
ences in dietary needs and/or foraging abilities. Alterna-
tively, the need for nutrients related to reproduction has
been shown to influence females’ dietary requirements
(Carey 1996). For example, calcium deficiency greatly
limits eggshell quality and even reproductive success in
great tits Parus major (Graveland & Drent 1997), and prior
to egg laying both female common terns and magellanic
penguins Spheniscus magellanicus ingested more mollusc
shells than males (Nisbet 1997; Boersma & Stokes 1999),
presumably from the area around their nests, to improve
their calcium nutrition. If female gannets do not have
access to such a food source at their colonies then, despite
the fact that they lay only one small egg (Nelson 2002),
females may still need to restore their calcium levels post-
laying by some means, for example, by selecting prey spec-
ies with a high calcium content. Thus, if nutritionally



1692 S. Lewis and others

Foraging in male and female gannets

important prey species were found at specific areas and/or
depths, then selection for these species by one sex in parti-
cular, might lead to the observed sex differences in forag-
ing behaviour. Unfortunately, there are currently no data
available on the diets of northern gannets that would allow
us to compare intakes of key nutrients between the sexes.

By using specially designed instruments to monitor the
foraging behaviour of northern gannets at sea, we have
shown that even monomorphic seabirds can exhibit sig-
nificant sexual differences in their foraging characteristics.
In particular, females tended to forage in a more restricted
location than males, made deeper dives and spent longer
resting on the sea surface. As this is one of the first studies
to look at the foraging behaviour of monomorphic sea-
birds, we do not know how general our results are. How-
ever, we have demonstrated significant sexual differences
in foraging behaviour in the absence of sexual-size dimor-
phism, and this in itself raises some important questions,
which may have implications for our understanding of the
foraging ecology of seabirds and other species.

The authors thank Francis Daunt and Richard Phillips for their
assistance with fieldwork and Kate Orr and Aileen Adam for
performing the DNA analysis. Many thanks to Alberto Ribolini
for development of the instruments and the software used for
primary data analysis. The authors thank Sir Hew Hamilton-
Dalrymple for access to Bass Rock, the Marr Family for trans-
port and the McNicol family for our mainland radio-tracking
site. The authors thank Bryan Nelson, Mick Marquiss, Richard
Fuller and Mark Bolton for useful discussions, Francis Daunt
and two anonymous referees for their comments on the manu-
script and David Elston for statistical advice, and John Croxall
and Mike Harris for support and assistance in developing the
project. This work was funded by a Natural Environment
Research Council Case Studentship GT04/99/55 to S.L. and
by grants from the Italian Research Council (C.N.R.) and the
University of Pisa to S.B.

REFERENCES

Aho, T., Kuitunen, M., Suhonen, J., Hakkari, T. & Jantti, A.
1997 Effects of male removal on female foraging behaviour
in the Eurasian treecreeper. Behav. Ecol. Sociobiol. 41, 49—
53.

Benvenuti, S., Bonadonna, F., Dall’Antonia, L. & Gudmunds-
son, G.A. 1998 Foraging flights of breeding thick-billed
murres (Uria lomvia) as revealed by bird-borne recorders.
Auk 115, 57-66.

Benvenuti, S., Dall’Antonia, L. & Lyngs, P. 2001 Foraging
behaviour and time allocation of chick-rearing razorbills Alca
torda at Grasholmen, central Baltic Sea. Ibis 143, 402-412.

Birt-Friesen, V.L., Montevecchi, W. A., Cairns, D. K. &
Macko, S. A. 1989 Activity-specific metabolic rates of free-
living northern gannets and other seabirds. Ecology 70,
357-367.

Boersma, P.D. & Stokes, D.L. 1999 Calcium in penguins
eggs: does diet matter? Pacific Seabirds 26, 32.

Carey, C. 1996 Female reproductive energetics. In Avian ener-
getics and nutritional ecology (ed. C. Carey), pp. 324-374.
New York: Chapman & Hall.

Casaux, R., Favero, M., Silva, P. & Baroni, A. 2001 Sex differ-
ences in diving depths and diet of Antarctic shags at the
South Shetland Islands. §. Field Ornithol. 72, 22-29.

Clutton-Brock, T. H. 1991 Parental care in birds and mam-
mals. In The evolution of parental care (ed. J. Krebs & T. Clut-
ton-Brock), pp. 131-152. Princeton University Press.

Croxall, J. P., Naito, Y., Kato, A. & Rothery, P. 1991 Diving

Proc. R. Soc. Lond. B (2002)

patterns and performance in the Antarctic blue-eyed shag
Phalacrocorax atriceps. J. Zool. 225, 177-199.

Dall’Antonia, P., Dall’Antonia, L.. & Ribolini, A. 1993 Flight
path reconstruction of birds by a route recorder. In Biorele-
metry XII, Proc. XII Int. Symp. on Biotelemetry (ed. P. Man-
cini, S. Fioretti, C. Cristalli & B. Bedini), pp. 544-549. Pisa,
Italy: Litografia Felici.

Dall’Antonia, L., Gudmundsson, G. A. & Benvenuti, A. 2001
Time allocation and foraging pattern of chick rearing razor-
bills in northwest Iceland. Condor 103, 469-480.

Elston, D. A., Horgan, G. W. & Hunter, E. A. 2001 Introduc-
tion to REML for scientists. Edinburgh: BioSS.

Garthe, S., Gremillet, D. & Furness, R. W. 1999 At-sea-
activity and foraging efficiency in chick-rearing northern
gannets Sula bassana: a case study in Shetland. Mar. Ecol.
Prog. Ser. 185, 93-99.

Garthe, S., Benvenuti, S. & Montevecchi, W. A. 2000 Pursuit
plunging by northern gannets (Sula bassana) feeding on cap-
elin (Mallotus wvillosus). Proc. R. Soc. Lond. B 267, 1717—
1722. (DOI 10.1098/rspb.2000.1200.)

Gonzalez-Solis, J., Croxall, J. P. & Wood, A. G. 2000 Sexual
dimorphism and sexual strategies in foraging strategies of
northern giant petrels, Macronectes halli, during incubation.
Otkos 90, 390-398.

Graveland, J. & Drent, R. H. 1997 Calcium availability limits
breeding success of passerines on poor soils. ¥. Anim. Ecol.
66, 279-288.

Gray, C. M. & Hamer, K. C. 2001 Food-provisioning behav-
iour of male and female manx shearwaters, Puffinus puffinus.
Anim. Behav. 62, 117-121.

Griffiths, R., Daan, S. & Dijkstra, C. 1996 Sex identification
in birds using two CHD genes. Proc. R. Soc. Lond. B 263,
1251-1256.

Hamer, K. C., Phillips, R. A., Wanless, S., Harris, M. P. &
Wood, A.G. 2000 Foraging ranges, diets and feeding
locations of gannets in the North Sea: evidence from satellite
telemetry. Mar. Ecol. Prog. Ser. 200, 257-264.

Hamer, K. C., Phillips, R. A., Hill, J. K., Wanless, S. & Wood,
A. G. 2001 Contrasting foraging strategies of gannets Morus
bassanus at two North Atlantic colonies. Mar. Ecol. Prog. Ser.
224, 283-290.

Hedd, A., Gales, R. & Brothers, N. 2001 Diving behaviour
of the shy albatross Thalassarche cauta at Albatross Island,
Tasmania, Australia. Mar. Ecol. Prog. Ser. 224, 267-282.

Hemborg, C. 19994 Annual variation in the timing of breeding
and moulting in male and female pied flycatchers Ficedula
hypoleuca. Ibis 141, 226-232.

Hemborg, C. 19996 Sexual differences in moult-breeding
overlap and female reproductive costs in pied flycatchers,
Ficedula hypoleuca. §. Anim. Ecol. 68, 429-436.

Hemborg, C., Lundberg, A. & Siikamaki, P. 1998 Trade-off
between reproduction and moult—a comparison of three
Fennoscandian pied flycatcher populations. Oecologia 117,
374-380.

Hull, C. L., Wilson, J. & le Mar, K. 2001 Moult in adult royal
penguins, Eudyptes schlegeli. Emu 101, 173-176.

Irons, D. B. 1998 Foraging area fidelity of individual seabirds
in relation to tidal cycles and flock feeding. Ecology 79,
647-655.

Kato, A., Croxall, J. P., Watanuki, Y. & Naito, Y. 1992 Diving
patterns and performance in male and female blue-eyed cor-
morants Phalacrocorax atriceps at South Georgia. Mar. Orni-
thol. 19, 117-129.

Kato, A., Watanuki, Y., Shaughnessy, P., Le Maho, Y. &
Naito, Y. 1999 Intersexual differences in the diving behav-
iour of foraging subantarctic cormorant (Phalacrocorax
albiventer) and Japanese cormorant (P. filamentosus). C. R.
Acad. Sci. 111 322, 557-562.

Kato, A., Watanuki, Y., Nishiumi, I., Kuroki, M., Shaugh-



Foraging in male and female gannets

S. Lewis and others 1693

nessy, P. & Naito, Y. 2000 Variation in foraging and parental
behaviour of king cormorants. Auk 117, 718-730.

Lack, D. 1968 Ecological adaprations for breeding in birds. Lon-
don: Methuen.

Lewis, S., Sherratt, T. N., Hamer, K. C. & Wanless, S. 2001
Evidence of intra-specific competition for food in a pelagic
seabird. Nature 412, 816-819.

Marquiss, M. & Newton, 1. 1982 Habitat preference in male
and female sparrowhawks Accipiter nisus. Ibis 124, 324-328.

Morse, D. H. 1968 A quantitative study of foraging of male
and female spruce-woods warblers. Ecology 49, 779-784.

Murray, S. & Wanless, S. 1997 The status of the gannet in
Scotland in 1994-95. Scot. Birds 19, 10-27.

Nel, D. C., Nel, J. L., Ryan, P. G., Klages, T.W., Wilson,
R.P. & Robertson, G. 2000 Foraging ecology of grey-
headed mollymawks at Marion Island, southern Indian
Ocean, in relation to longline fishing activity. Biol. Conserv.
96, 219-231.

Nelson, J. B. 2002 The Atlantic gannet, 2nd edn. Norfolk: Fenix
Books Ltd.

Newton, 1. 1979 Population ecology of raptors. Berkhamsted:
Poyser.

Nisbet, I. C. T. 1997 Female common terns Sterna hirundo eat-
ing mollusc shells: evidence for calcium deficits during egg
laying. Ibis 139, 400-401.

Patterson, H. D. & Thompson, R. 1971 Recovery of inter-
block information when block sizes are unequal. Biometrika
58, 545-554.

Prince, P. A., Wood, A. G., Barton, T. & Croxall, J. P. 1992
Satellite tracking of wandering albatrosses (Diomedea
exulans) in the South Atlantic. Antarct. Sci. 4, 31-36.

Redman, K. K., Lewis, S., Griffiths, R., Wanless, S. & Hamer,
K. C. 2002 Sexing northern gannets Morus bassanus from
DNA, behaviour and morphology. Waterbirds 25, 230-234.

Sagar, P. M. & Weimerskirch, H. 1996 Satellite tracking of
southern buller’s albatrosses from the Snares, New Zealand.
Condor 98, 649—-652.

Salamolard, M. & Weimerskirch, H. 1993 Relationship
between foraging effort and energy requirement throughout
the breeding season in the wandering albatross. Funct. Ecol.
7, 643-652.

Schall, R. 1991 Estimation in generalised linear models with
random effects. Biometrika 78, 719-727.

Schmid, D., Gremillet, D.]J. M. & Culik, B. M. 1995 Ener-
getics of underwater swimming in the great cormorant. Mar.
Biol. 123, 875-881.

Stahl, J. C. & Sagar, P. M. 2000a Foraging strategies and
migration of southern Buller’s albatrosses Diomedea b. bulleri

Proc. R. Soc. Lond. B (2002)

breeding on the Solander Is, New Zealand. ¥ R. Soc. NZ
30, 319-334.

Stahl, J. C. & Sagar, P. M. 20005 Foraging strategies of south-
ern Buller’s albatrosses Diomedea b. bulleri breeding on the
Snares, New Zealand. ¥. R. Soc. NZ 30, 299-318.

Wanless, S., Harris, M. P. & Morris, J. A. 1991 Foraging range
and feeding locations of shags Phalacrocorax aristotelis during
chick rearing. Ibis 133, 30-36.

Wanless, S., Harris, M. P. & Morris, J. A. 1995 Factors affect-
ing daily activity budgets of South Georgian shags during
chick rearing at Bird Island, South Georgia. Condor 97,
550-558.

Wanless, S., Finney, S. K., Harris, M. P. & McCafferty, D. ].
1999 Effect of the diel light cycle on the diving behaviour
of two bottom feeding marine birds: the blue-eyed shag Phal-
acrocorax atriceps and the European shag P. aristotelis. Mar.
Ecol. Prog. Ser. 188, 219-224.

Watanuki, Y., Kato, A. & Naito, Y. 1996 Diving performance
of male and female Japanese cormorants. Can. . Zool. 74,
1098-1109.

Weimerskirch, H. 1991 Sex-specific differences in molt strat-
egy in relation to breeding in the wandering albatross. Con-
dor 93, 731-737.

Weimerskirch, H. & Jouventin, P. 1987 Population dynamics
of the wandering albatross, Diomedea exulans, of the Crozet
Islands: causes and consequences of the population decline.
Oikos 49, 315-322.

Weimerskirch, H., Salamolard, M., Sarrazin, F. & Jouventin,
P. 1993 Foraging strategy of wandering albatrosses through
the breeding season: a study using satellite telemetry. Auk
110, 325-342.

Weimerskirch, H., Cherel, Y., Cuenot-Chaillet, F. & Ridoux,
V. 1997 Alternative foraging strategies and resource allo-
cation by male and female wandering albatrosses. Ecology 78,
2051-2063.

Wiggins, D. A. & Morris, R. D. 1987 Parental care of the com-
mon tern Sterna hirundo. Ibis 129, 533-540.

Wilson, R. P., Puetz, K., Bost, C. A., Culik, B. M., Bannasch,
R., Reins, T. & Adelung, D. 1993 Diel dive depth in pen-
guins in relation to diel vertical migration of prey: whose
dinner by candlelight? Mar. Ecol. Prog. Ser. 94, 101-104.

Woo, K., Kober, K. & Gaston, A.J. 1999 Difference in timing
of incubation shifts between male and female thick-billed
murres are associated with variation in maximum diving
depth. Pacific Seabirds 26, 55.

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.



