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Sex-specific behavior by a monomorphic seabird
represents risk partitioning
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The presence of sex-stereotyped behavior in monomorphic animals, where there are no sexual differences in form to account for
sexual differences in function, is often attributed to intraspecific competition or to differential parental investment. The
possibility that the use of different behavioral strategies by each parent may increase reproductive success for both partners
through risk partitioning is seldom considered. We studied thick-billed murres (Uria lomvia), where the male exclusively feeds the
offspring during the late chick rearing. During the period of biparental care, males fed on “risk-averse” prey (consistent across
time and space; unitized risk = 0.29), whereas females fed on “risk-prone” prey (risk = 0.59). Males fed at night at 1 colony,
during the day at 2 colonies, and there was no pattern at another colony. We suggest that these differences reflect the availability
of risk-prone prey. Modeling suggested that mixed-risk pairs had higher success than “risky” or “riskless” pairs. Males accumu-
lated reserves and reduced chick provisioning just prior to fledging. Thus, sex-specific patterns at 1 period (male-only care during
postfledging) may have led to sex-specific patterns at earlier periods through the need for specialization in foraging habits
and risk. We propose that risk partitioning may contribute to the prevalence of sex-specific behaviors in monomorphic animals
and that patterns are likely context specific rather than species specific. Key words: risk aversion, sex-specific behavior, thick-billed

murre, Uria lomvia. [Behav Ecol 21:1024-1032 (2010)]

iparental care is rare in animals (Mock and Fujioka 1990).

Birds are unusual in this regard because although they
show the complete spectrum of parental care—no parental
care, male-only, female-only, and biparentall care—biparental
monogamy occurs in roughly 90% of birds (Lack 1968; Mock
and Fujioka 1990). For sexually size-dimorphic birds, intersex-
ual differences in foraging patterns may reflect niche parti-
tioning to increase combined niche breadth, asymmetrical
competition, or differences in foraging efficiency without
direct competition (Morse 1968; Marquiss and Newton 1982;
Aho et al. 1997; Weimerskirch et al. 1997; Gonzales-Solis et al.
2000). For many dimorphic species, the differences in foraging
behavior between the sexes are continuations of size-related
differences in foraging behavior that occur within each sex
(e.g., Zavalaga et al. 2007). For example, larger marine animals
can dive deeper, catch larger prey, or exclude smaller conspe-
cifics from foraging areas (Halsey et al. 2006; mammals: Beck
etal. 2003; Baird et al. 2005; Page et al. 2005; penguins: Bethge
et al. 1997; Clarke et al. 1998; cormorants: Kato et al. 2000;
Ishikawa and Watanuki 2002; Cook et al. 2007; boobies:
Weimerskirch et al. 2006; albatrosses: Weimerskirch et al.
1997). Nonetheless, if sex-specific differences in foraging were
driven by sex-specific differences in form through competition
or efficiency, then, we would not expect there to be sex-specific
differences in foraging in monomorphic animals. In contrast,
many monomorphic seabirds with biparental care show sex-
stereotyped foraging behavior (Table 1).

There are several explanations for sex-stereotyped foraging
behavior in monomorphic animals (Table 1), but implicit in
most explanations is the idea that having both parents maxi-
mize energy delivered to the chick maximizes chick growth
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and, therefore, reproductive success. Thus, explanations tend
to account for reduced “investment” of 1 parent through
carryover effects during future or past periods, variation in
their response to chick begging or intrasexual competition,
or by considering that the investment of 1 partner is actually
in chick defense (Table 1). That having 2 parents forage in
the same manner may not maximize reproductive success is
seldom considered. For example, risk partitioning can in-
crease fitness because the risk-averse partner may provide
enough food to ensure that the chick reaches fledging (es-
pecially during periods of shortages), whereas the risk-prone
partner may provide the extra bulk for improved postfledg-
ing survival; a pair consisting only of risk-averse birds may be
able to consistently fledge chicks but with low body mass and
low postfledging survival, whereas a pair consisting of only
risk-prone birds may often fledge chicks with high postfledg-
ing survival but may also be unable to fledge chicks in poor
years. Risk partitioning may provide the evolutionary expla-
nation for why 1 sex is sometimes less sensitive to chick beg-
ging than the other sex (Quillfeldt et al. 2004) and is just 1
example of many potential combinations of context-depen-
dent foraging whereby having 2 members of the pair forag-
ing in the same manner may not maximize reproductive
success (including where 1 sex targets a specific nutrient).
Risk is an important component of foraging decisions as
individuals may choose less nutritive but more consistent food
sources over more nutritive but less consistent food sources to
avoid the risk of starvation or because several small “snacks”
are easier to digest than 1 large meal (Karasov and Diamond
1988; Wu and Giraldeau 2005; Eccard and Liesenjohann
2008). Unitized risk (standard deviation divided by mean or
coefficient of variation) is a relative measure of variability, has
been shown to be a better account for patterns of risk sensi-
tivity than absolute variability (Shafir 2000), and is widely used
to quantify risk in ecological systems (e.g., Abreu and Kacelnik
1999; Bateson 2002; Dubois and Giraldeau 2003). Foraging
risk is likely to play a strong role in the marine environment
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Table 1

Sex-specific differences in chick-provisioning behavior during the breeding season among monomorphic birds (<5% difference in main linear
size parameter reported in each paper)

Other
Species Provisioning rate Cause differences References
Thin-billed prion M=F NE Quillfeldt et al. (2004)
Manx shearwater M>F CB T Gray and Hamer (2001); Quillfeldt et al. (2004)
Wedge-tailed shearwater M>F IC D, T Peck and Congdon (2006)
Wilson’s storm petrel M=F CB, IC Gladbach et al. (2009)
Northern gannet COE, IC D, S Lewis et al. (2002)
Black-necked stilt M > F* ND Sordahl (1990)
Eurasian lapwing M > F* ND Hehgy and Sasvari (1998)
Common tern M > F° 1C Wiggins and Morris (1987); Wagner and Safina (1989)
Roseate tern M>F Wagner and Safina (1989)
Forster’s tern M=F NE Bluso-Demers et al. (2008)
Common murre M <F M > F° COF T Thaxter et al. (2009)
Common murre M<F M > F° PI Cameron-Macmillan et al. (2007)
Thick-billed murre M<F M > F°¢ RP D, T, L This study
Thick-billed murre M<F M >F° ND D, T, L Paredes et al. (2006), 2008; Paredes and Insley (2009)
Razorbill M=F M > F° ND D, T,L Paredes et al. (2006), 2008; Paredes and Insley (2009)
Dovekie M>F COE, COF T Welcker et al. (2009)
Crested auklet M<F ND Fraser et al. (2002)

Cause attributed by the authors = COF (carryover effects during fledging mean that 1 sex spends more time on self-maintenance or targeting
specific nutrients); COE (carryover effect from egg laying means that the female spends more time on self-maintenance or targeting specific
nutrients); IC (intrasexual competition leads to 1 sex outcompeting the other); ND (nest defense: 1 sex is better at defending the chick/nest and
so spends more time at the nest and provisions less to balance costs); CB (1 sex regulates food provisioning in response to chick begging to

a higher degree than another sex); RP (risk partitioning between the sexes); EQ (sexes are equally capable); PI (differences in parental
investment); NE (no effect, so needs no explanation). Other differences = trip duration (T); dive depth (D); selectivity in foraging areas or size of

core foraging range (S); diel patterns in foraging (L). M, male; F, female.

Male does not provision but guards the chicks so that they provision themselves.

More deliveries in 1 study and longer fish in the other.
Male-only care once the chick leaves the breeding site.

where the trade off between prey quality and variability
(Litzow et al. 2004) means that specializing in quality is likely
to result in increased variability in foraging success (Burke
and Montevecchi 2009). For example, large schooling fish
have high energy content but require more above-water
searching than small invertebrates (Elliott, Bull et al. 2009),
and longer search times imply less frequent encounters and
higher unitized risk in energy delivery rates.

Auks of the tribe Alcini (Uria, Alca, and Alle) are monomor-
phic, and incubation and chick rearing are split roughly
equally up to the time of chick departure, yet the male takes
the chick to sea and rears it to adulthood (1-2 months),
whereas the female remains at the breeding site for a period
and then departs alone (in Alle, the chicks depart at near-adult
size, but the male still does most of the chick rearing after
about 2 weeks; Harding et al. 2004; Paredes et al. 2006, 2008).
Sex-specific pre- and postfledging parental care in the Alcini
has been attributed to increased male aggressiveness because
parental protection of offspring is thought to play a key role in
successful fledging; males are slightly larger with larger bill
gapes than females and more aggressive toward conspecifics
(Paredes et al. 2006, 2008; Paredes and Insley 2009). Males
may also play a stronger role in nest defense than females in
auk species where both parents rear offspring to full body size
(Fraser et al. 2002). Alternatively, female-biased prefledging
parental care in the Alcini has been considered a consequence
of male-biased postfledging parental care (Thaxter et al.
2009). Given the unusual patterns observed within the Alcini,
we used thick-billed murres (Uria lomvia) as a model species to
examine parental roles in monomorphic animals. Although
other authors have referred to murres as being slightly dimor-
phic due to the 4% difference in bill size (5.9 cm for females

compared with 6.1 cm for males; Paredes et al. 2006, see
also Stewart 1993) and apparent differences in body mass
(Cameron-MacMillan et al. 2007; but see Gaston and Hipfner
2000), we consider them monomorphic because these differ-
ences are small and there is no difference in the first principle
component of body size (Stewart 1993). We collected detailed
information on chick provisioning over 15 field seasons at
a colony in the Canadian Low Arctic, and, because most other
studies occur at a single colony (Paredes et al. 2006, 2008;
Cameron-MacMillan et al. 2007; Thaxter et al. 2009), we also
collected data at 2 other colonies. We investigated how males
and females differed in behavior and whether these differen-
ces likely related to nest defense, foraging efficiency, post-
fledging parental care, and/or risk partitioning.

MATERIALS AND METHODS

Observations were made on 30-60 pairs of murres at Coats
Island (lat 62.95°N and long 82.00°W, 1995-2009), Digges
Island (lat 62.55°N and long 77.58°W, 2008), and Prince
Leopold Island (lat 90.00°N and long 74.00°W, 2008-2009),
Canada during 1995-2009 (Gaston et al. 2005). We also com-
pare our observations with those collected at the nearby
Gannet Islands (lat 53.56°N and long 56.32°W, 2000-2003) to
see if patterns emerge among colonies of different sizes and at
different latitudes. Each year, at least 3 continuous all-day
observation sessions of chick feeding were made from an
observation blind at close range (<5 m) by teams of observers
and were used to estimate energy delivery rates (details in
Hipfner et al. 2006; Elliott, Woo et al. 2008). Individuals were
identifiable by leg band color combination. We deployed
cylindrical LOTEK 1100LTD time—depth—temperature recorders

220z 1snBny 9|, uo Jesn sonsnp Jo Juswpedsq ‘S'N AQ L96961/¥Z01/S/1Z/RI0IME/008G /W00 dNO"DIWSPEE//:SARY WOl pepeojumod



1026

(TDRs; Lotek Marine Technology, St John’s, Canada; mass =
4.5 g, diameter = 1 cm, length = 3.3 cm, sampling interval =
3s, total error = =2 m) on murre legs (Coats—2004: n = 23,
2005: n = 33, 2006: n = 80, 2007: n = 37, 2008: n = 30, 2009:
n = 33; Digges—2008: n = 35; Prince Leopold—2008: n= 14,
2009: n = 11). We corrected for drift using a custom-built
Excel macro, and dives <3 m were ignored. Whereas back-
mounted TDRs are known to impact murre provisioning
rates (Hamel et al. 2004, Paredes et al. 2004; Elliott et al.
2007; Elliott, Woo et al. 2008), our smaller leg-mounted de-
vices had no measurable effect (Elliott, Davoren et al. 2008).
We used the temperature log from the TDR to determine
whether the bird was on the water, in the air, or at the colony
(Elliott, Davoren et al. 2008). Foraging behavior occurs
along 3 major axes (Elliott, Davoren et al. 2008), represent-
ing prey depth (dive depth), benthic or pelagic foraging
(dive shape), and distance (flight time). All other foraging
variables are closely correlated with 1 of the 3 parameters
so that we could account for most of the variability in forag-
ing behavior by measuring dive depth, dive shape, and flight
time.

Blood sampling

We collected brachial blood samples from parental murres
and their chicks in 2003, 2006, and 2007 (N = 114 birds).
Adult blood samples were collected in unheparinized (2003
and 2006) or heparinized (2007) cryovials and immediately
centrifuged. Heparinization had no effect on stable isotope
values (Woo et al. 2008). Centrifuged samples were
kept frozen until freeze-dried and sent to the University of
Winnipeg Stable Isotope Laboratory for analysis of
carbon and nitrogen isotopes. Because carbon and nitrogen
values were correlated (Woo et al. 2008), we only analyzed
nitrogen values. We also collected a drop of blood from the
tarsal vein on filter paper. DNA was extracted from the filter
paper by excising a 3 mm spot and suspending it in 100 pl
5% Chelex solution (Sigma-Aldrich, St Louis, MO). The
samples were vortexed thoroughly and incubated at 95 °C
for 10 min. Sex was determined by polymerase chain reac-
tion using the P2/P8 primer set as previously described
(Griffiths et al. 1998). We also determined the sex of 28 birds
independently by noting copulation position, and all 28
birds were assigned the same sex using molecular sexing
technique.

Statistics and modeling

Using data collected above from Coats Island (see Results for
input values), we created a model in Visual Basic to deter-
mine whether risk partitioning could increase pair fitness.
Because unitized risk (see Table 2) for male thick-billed
murres was 0.29 (“risk averse”) and for females was 0.59
(“risk prone”), we considered a range in unitized risk vary-
ing between 0.29 and 0.59. We allowed each partner to have
unitized risk = 0.29-0.59 in 0.03 increments for a total of 11
categories for each partner (11 X 11 categories = 121 total
combinations). For each combination of unitized risks, we
created a random normal distribution of feeding rates for
2'% partners such that the average feeding rate for both
Partner 1 and Partner 2 was 144 kJ/day (the average energy
delivery rate for our population). As we considered the dis-
tribution of mean energy delivery rates, the distribution is
necessarily normal according to the central limit theorem.
The variation in unitized risk altered the width of the dis-
tribution for each partner without changing the mean. We
then calculated reproductive success to recruitment, M, for
each chick using the formula:

Behavioral Ecology

Table 2

Average energy delivered per day and unitized risk in energy
delivered per day across years (equivalent values in feeds/day in
parentheses) and stable isotope (3N'®) values for thick-billed murres
at Coats Island 2003-2007

Females Males
Energy delivered 164 = 6 124 = 2
(K] /day) (5.1 *+ 0.4) (4.9 + 0.4)
Unitized risk 0.59 *+ 0.06 0.29 = 0.07

(0.36 * 0.06) (0.21 = 0.06)
Chick rearing (3N'°) 15.52 + 0.05 15.32 =+ 0.06
Incubation (8N'%) 15.29 + 0.07 15.27 + 0.09
Chick 15.60 + 0.12

Isotopic values not significantly different from one another are shown
in bold or italics.

M = a(DE; + DEj),

where o converts average daily energy delivery rate into repro-
ductive success to recruitment (based on the correlations
between energy delivery rates and chick mass at fledging
and between chick mass at fledging and recruitment rate;
Steiner U, Smith P, and Gaston A, unpublished data), E, is
the energy delivered by partner n, and D is the digestibility
that we assumed to range linearly from 0.70 for large
meals (>325 kJ/day) to 0.85 for small meals (<150 kJ/day).
We also removed one-fifth of meals >325 kJ/day because
large meals are left uneaten by birds <3 days old (i.e., we
assigned values of 80% [260 kJ/day] to prey deliveries greater
than 325 kJ/day). Note that oo = 0 when energy delivery rates
are below that needed for chicks to grow.

All other statistical analyses were completed in R 2.4.1. To
account for specialization, birds were not used in multiple
years for analyses of foraging behavior and the specialization
program IndSpec.Exe (Bolnick et al. 2002) was used for di-
etary analyses at Coats Island. Only items that were identified
were used for analyses (missed prey items were ignored). The
only exception were for calculations of unitized risk and en-
ergy delivery rates at Coats Island, in which case, we calculated
the average value across years for each individual.

Prey items were divided into 2 categories: risk prone—
deepwater benthic fish, primarily Triglops sculpins, and all
schooling fish; risk averse—invertebrates and shallow-water
benthics based on search behavior for each group (see Elliott,
Bull et al. 2009; Elliot, Woo et al. 2009; Gaston et al. 2003 for
more information on prey taxa). We assumed that prey re-
quiring greater search times had lower encounter rates and
were therefore “riskier.” As searching occurs both underwater
and above water (Elliott, Bull et al. 2009), we considered prey
requiring substantial searching above water (schooling prey)
or below water (deepwater benthic) to be risk prone. Wi val-
ues output from IndSpec.Exe were used to determine indi-
vidual specialists for each of these groups (Bolnick et al.
2002), and the proportion of specialists for each group
within each sex was compared.

RESULTS

Fitness (reproductive success to recruitment) showed a “saddle-
shaped” distribution relative to risk partnerships (Figure 1).
Thus, partnerships involving 1 risk-averse and 1 risk-prone
member increased fitness over entirely risk-prone or entirely
risk-averse partnerships (Figure 1). Feeding rates for males
were similar to females (k]/day: 135 = 1.73, P = 0.09; feeds/
day: t59 = 0.11, P= 0.92; Table 2), but unitized risk across years
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Figure 1

Postfledging survival for pairings involving birds using different levels
of foraging unitized risk. Values are based on data presented for
thick-billed murres with risk = 0 defined as coefficient of variation in
foraging rate = 0.29 and risk = 1 defined as coefficient of variation in
foraging rate = 0.59. Average survival to breeding at Coats Island is
30-40% (Table 5 in Gaston et al. 1994).

was lower for males than for females (kJ/day: 30 = 3.08,
P = 0.004; feeds/day: 55 = 2.27, P = 0.03). Behavior was
strongly sex stereotyped, but sex roles varied from colony to
colony (Figure 2). At Coats Island, females fed the chicks and
lost mass more than males, whereas males spent more time at
the colony and more time submerged than females, although
all differences were only statistically significant after day 15
(Figure 3).

Of 122 breeders at Coats, 107 were classified as specialists: no
females and 5 males specialized on invertebrates, 1 female and
9 males on shallow benthic fish, 12 females and no males on
deep benthics, and 53 females and 24 males on schooling fish.
Thus, females tended to use a risk-prone strategy (taking deep-
water benthic and schooling fish) when feeding chicks more
often than males (which preferred shallow-water benthics
and invertebrates; Fisher’s Exact test: P < 0.000001). There
was no difference in the relationship between surface pauses
and depth, bottom time and dive depth, and dive depth and
duration between males and females for a given time of day
(analysis of covariance; all P > 0.4). Rather, variation in for-
aging behavior occurred through variation in diel foraging
cycles (the sex that fed at night averaged shorter and shal-
lower dives, shorter surface pauses, and shorter bottom times
at Coats and Prince Leopold Islands, P < 0.001) and above-
water searching (flying).

Based on stable isotope analyses, males and females at Coats
Island fed themselves at similar trophic levels during incuba-
tion (&4 = 1.00, P = 0.32), but females switched to feeding
themselves at a similar trophic level to their chicks during
chick rearing (female incubating vs. female chick rearing:
14 = 2.70, P = 0.008; chick vs. female chick rearing: ¢4 =
1.22, P = 0.23), whereas males did not change trophic level
between incubation and chick rearing (#44 = 0.59, P = 0.54;
Table 1). Dive depth and flight time were all much more
strongly bimodal for males during chick rearing than for
females, whereas dive shape and dive depth for males during
chick rearing were more similar to incubation values than for
females (Supplementary Material).

DISCUSSION

Risk can play a role in social foraging decisions as food sharing
can be an important method for overcoming risk (Dubois and
Giraldeau 2003; Wu and Giraldeau 2005). We show that risk
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can play an important role in even the smallest of social
groups, the pair, as risk partitioning can increase the fitness
of both partners. This is especially true in the marine envi-
ronment due to the prey quality—variability trade off (Litzow
et al. 2004). Females selected unpredictable schooling prey,
whereas males selected predictable shallow benthic and inver-
tebrate prey, which have lower energy density (benthics) or
mass (invertebrates) and so low overall energy content (Elliott
and Gaston 2008). Thus, through risk partitioning, pairs
were able to take advantage of a spectrum of possibilities with-
in the quality-variability trade off. Even within benthic prey,
males tended to select shallower prey than females, which re-
quire less underwater search time. Furthermore, males tended
to take more prey requiring risk-averse strategies than fe-
males whether benthics were classified as all risk averse (Fish-
er’s Exact test: P = 0.003), all risk prone (P = 0.005), or
subdivided into shallow and deep categories (P < 0.000001).

We demonstrate that risk partitioning, an extension of niche
partitioning, can lead to sex-stereotyped behavior in mono-
morphic animals (Figure 1). For animals with distinct forag-
ing territories during breeding, such as raptors, pairs where
each mate uses a distinct foraging strategy may have higher
overall feeding rates. Niche partitioning in these cases can
lead to disruptive selection on body size or foraging strategies,
perhaps enhanced by sexual selection, where mates choose
the appropriate mate (Marquiss and Newton 1982). It seems
unlikely that this would work for species with communal for-
aging territories, such as seabirds, as there would be no ad-
vantage at the individual level for choosing a mate that forages
in a different way. Unitized risk was 102% (kJ/day) and 72%
(feeds/day) higher for females than males in our system, and
the difference was much greater than the differences in aver-
age energy delivery rates (33% for kJ/day and 3% for feeds/
day). In another study that followed seabirds for multiple
years, there was only a 3% difference in mean feeding mass
per day between the sexes but a 26% difference in unitized
risk (calculated from Table 1 in Gladbach et al. 2009). In that
study, males and females fed in a similar way during good
(high-krill) years but responded differently during poor
(low-krill) years; in poor years, males used a risk-averse strategy
(short trips and small meals) and females used a risk-prone
strategy (long trips and large meals). Because risk partitioning
(or sex-specific context-dependent strategies) leads to higher
fitness at the pair level (Figure 1), it avoids the group selection
flaws that occur in the niche partitioning arguments applied
to colonial animals. We suggest that risk partitioning may
explain why many monomorphic birds, especially long-lived
birds, have sex-specific foraging patterns.

Sex-stereotyped behavioral patterns were evident in thick-
billed murres (Figures 2 and 3), as is the case with other
charadriiform birds (Supplementary Material), but there were
large differences in male—female diel cycles at different sites.
Males were at the colony during the night at Prince Leopold
and Gannet Islands (Jones et al. 2002, Paredes et al. 2006,
2008, Figure 2), whereas females were at the colony during
the night at Coats Island (Figure 1) and the Isle of May (Uria
aalge; Thaxter et al. 2009). At the largest colony studied here
(Digges), there was no clear pattern, possibly because prey
encounters are rarer and trips are longer at large colonies,
leading to variable trip lengths and a breakdown in sex-specific
schedules (Gaston and Noble 1986; Hipfner et al. 2006; Elliott,
Bull et al. 2009; Elliott, Woo et al. 2009). The difference be-
tween nearby colonies (and similarities among very distant
colonies) is striking and shows that such patterns are not spe-
cies specific. Similarly, the small number of other charadrii-
form birds studied also show sex-specific diel variation in nest
attendance varying from location to location (e.g., plovers:

Byrkjedal and Thompson 1998, p. 186). As nest attendance
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also shown.

patterns are variable, we suggest that they are likely unrelated to
nest defense, which has been suggested to be the case at
the Gannet Islands because the males spend more time brood-
ing than females at that location (Paredes et al. 2006). How-
ever, the reverse is true of U. aalge at the Isle of May (Thaxter
et al. 2009), where females spend the night with the chicks,
and it seems that the difference in time spent at the colony at
the Gannets is largely attributable to males being present at
night at that location. At Prince Leopold Island, where there is
24-h daylight during the breeding season, both sexes spend
a similar time brooding. Rather than reflecting nest defense,
differences in diel cycles among colonies may represent differ-
ences in foraging opportunities, for example, the diel varia-
tion in the availability of risk-averse and risk-prone prey among
different colonies. We therefore agree with Jeschke et al.
(2007) that behavioral sciences need to move away from con-
sidering “species-specific” behavior to focusing on context-
specific behavior.

Nest defense, and more broadly, sexual selection favoring
increased male aggressiveness, has been proposed to cause
larger male gape size in charadriiform birds (Wanless and
Harris 1986; Creelman and Storey 1991; Jones 1993; Stewart
1993; Fraser et al. 2002; Paredes et al. 2006, 2008). Nonethe-
less, 1) gape size dimorphism occurs in the absence of sexual
selection in some auks (Paredes et al. 2008; Berzins et al.
2009), 2) females have larger culmens even where males still
have sole care for the offspring during late chick rearing, and
interspecific differences in charadriiform bill morphology are
believed to be related to differences in foraging behavior (in-
vertebrate feeders have larger gapes than fish feeders among
auks; Bédard 1969; Mathot et al. 2007), and 3) male and
female diving seabirds are known to specialize on different
foods in a consistent way across entire guilds (Bearhop et al.
2006). Therefore, we suggest that the slight sexual dimor-
phism in Uria is related to feeding differences, with males
tending to feed on invertebrates and females on fish.
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Furthermore, although males are heavier at the time of chick
departure, both sexes have a similar weight at the start of
chick rearing, so it is unlikely that males are inherently
heavier (see Croxall 1995 for a thorough discussion of the
problems associated with using body mass to describe sexual
size dimorphism). There was no difference in foraging effi-
ciency between the sexes (see also Thaxter et al. 2009).
Rather than reflecting nest defense or foraging efficiency,
sex-specific roles demonstrate the impact of conditions after
fledging on the behavior of males and females during chick
rearing as males and females have similar attendance and

foraging patterns during the first 2 weeks of chick rearing
but males feed less, spend more time with the chick, dive
more, and lose less mass during the final week before fledg-
ing. At most colonies, murre feeding rates are constant dur-
ing days 3-15 (summarized in Elliott, Woo et al. 2009), with
females but not males provisioning at a higher rate after
day 15 (Cameron-MacMillan et al. 2007; but see Paredes
et al. 2008, Thaxter et al. 2009). Possibly, males need to main-
tain body condition for the postfledging period (Thaxter
et al. 2009) and spend time with the chick to 1) increase
the duration of the potential chick departure window, which
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is dependent on good weather (Gilchrist and Gaston 1997)
and 2) practice the cues needed for successful departure
(Gilchrist and Gaston 1997). These requirements lead to
more time spent brooding and self-feeding and less time
chick provisioning by males, especially just before fledging
(Paredes et al. 2006, 2008; Thaxter et al. 2009).

Once at sea, males need to stay in contact with the flightless
offspring, and this may be facilitated by foraging for inverte-
brates or shallow-water benthic prey, which do not require
long dives (deepwater benthic) or flying to locate ephemeral
schools of fish (Elliott, Bull et al. 2009). Individual murres
specialize on specific foraging strategies (and diet) across
years, and it is likely that individual-specific morphological
(i.e., oxygen storage capabilities) or cognitive (i.e., prey capture
techniques) features and specific known foraging locations
are important in maintaining foraging efficiency (Mehlum
et al. 2001; Watanuki et al. 2001; Takahashi et al. 2008; Woo
et al. 2008). Thus, it is likely that males specialize on the same
prey items during chick rearing as during postdeparture. As
schooling and deepwater prey items can be most easily captured
during the day by visual predators, males are more likely to feed
at night at Coats (the only site with a variety of prey fed to
chicks) when invertebrates are also most available due to diel
vertical migration (Garthe et al. 2007; Hedd et al. 2009). Fur-
thermore, based on bimodal dive depth and flight time distri-
butions, a greater similarity between dive depth and shape in
incubation and chick rearing and stable isotopes, males feed
themselves primarily on invertebrates during chick rearing,
whereas females feed themselves on fish (which they also
feed their chicks). Again, this may reflect a need for the male
to forage on invertebrates postfledging. It is also a by-product
of night feeding, which forces a distinct period of self-feeding;
day feeding means that all foraging can be directed toward
chicks (where females feed themselves on fish below a certain
size or before a certain threshold and deliver them to chicks
above a certain size or after a certain threshold). Thus, special-
ization on specific prey items maintains diel schedules across
the breeding season.

Our explanation for sex-specific differences in behavior in
the Alcini begs the question of why only males feed their chicks
after they leave the colony. One explanation may be that male-
biased parental care occurs in many other charadriiform birds,
especially during late breeding, perhaps because many breed
at high latitudes (with short breeding seasons) and have large
eggs, and this leads to a phylogenetic bias toward male-biased
parental care (Supplementary Material; Paredes et al. 2006;
Paredes and Insley 2009). Thus, if the ancestral Charadriiform
had male-biased parental care as a mechanism for allowing
the female to replenish stores lost due to egg creation during
the brief high-latitude summer, then the hormonal or neural
pathways (e.g., prolactin secretion, aggressiveness) favoring
male-biased parental care may preexist, and when the need
for uniparental care arises again, paternal care may be favored
(Paredes and Insley 2009). Once the trait “male-biased paren-
tal care” is phylogenetically fixed (i.e., the Alcini), the con-
straints imposed on the male by the need to keep in contact
with the chick (flightlessness and shallow diving) coupled with
1) the reduction in body condition through the chick-rearing
period due to reduced foraging opportunities postfledging
and 2) the need for morphological or cognitive specialization
together may lead to a host of behavioral differences that
promote sex-specific foraging behavior, as outlined above.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www.beheco
.oxfordjournals.org/.
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