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interacted with prey vertical migration to impact underwa-
ter foraging abilities of breath-hold divers.

Introduction

Visual predators that feed near the surface, such as birds, 
are limited by particular abiotic constraints, such as tides, 
light and wave action (Boyd et al. 2002; Wilson et al. 2011). 
Understanding how those limitations interact with the prey 
field is valuable for interpreting what seabird behaviour 
tells us about the changing marine environment (Davoren 
et al. 2003; Montevecchi 2007; Garthe et al. 2007). For 
example, seabird diet is one of the few existing data sets 
relevant to ongoing food web changes in Hudson Bay, a 
region that is logistically challenging to census and holds 
no large-scale commercial fishery. However, these changes 
occur against a backdrop of changes in ice and weather pat-
terns (Gaston et al. 2003, 2005; Gaston and Elliott 2014). 
Better knowledge of how foraging is affected by weather 
and other abiotic factors can improve our understanding of 
how diet trends reflect ecosystem changes. Nonetheless, 
studies of seabird–prey interactions usually focus on biotic 
factors, such as prey availability, seabird biomechanics and 
competition (e.g. Piatt et al. 2007; Cook et al. 2007; Elliott 
et al. 2008a).

Inclement weather can impact the foraging behaviour 
of birds by altering prey accessibility or activity costs 
(Grubb 1977; Gilchrist et al. 1998; Robinson et al. 2002). 
For instance, high wind speeds reduce foraging costs in 
petrels but increase foraging costs in auks, reflecting their 
different flight styles (Furness and Bryant 1996). Low 
water temperatures increase diving and resting costs in 
endotherms (Croll and McLaren 1993; Enstipp et al. 2007). 
Not surprisingly, then, storms can reduce adult body mass 

Abstract Studies of seabird–prey interactions often focus 
on biotic factors, such as prey abundance, seabird biome-
chanics and competition. In contrast, we examined the 
influence of abiotic factors, particularly weather, light and 
tide, on the diving behaviour of thick-billed murre (Uria 
lomvia) foraging in the Canadian Low Arctic. We found lit-
tle evidence that tide and weather influenced dive behav-
iour. As visual predators, light availability limits foraging 
opportunities; however, prey often surface at night so there 
may be a trade-off between increased food availability and 
reduced foraging ability during low-light conditions. Our 
data lent support to both ideas, as dive depth increased with 
light availability and the proportion of vertically migrat-
ing schooling prey was highest during sunup and sundown. 
There was no difference in dive depth between sexes out-
side the period of sundown; males, which forage at night, 
dove shallower than females in the late afternoon, which 
we suggest is because they specialize on shallow prey often 
caught at night. Apparently, adaptation for higher oxy-
gen stores or lower oxygen consumption in deeper-diving 
females overrode any adaptation for improved vision in 
night-specialist males. We concluded that light availability 
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and chick-provisioning rates of piscivorous birds, ulti-
mately lowering reproductive success (Gende et al. 1997; 
Elliott et al. 2005; Mallory et al. 2009), especially in auks 
(Birkhead 1976; Hatch 1984; Finney et al. 1999). Storms 
may impact even diving birds that pursue prey well below 
the water surface because wave action disrupts cues for 
locating prey or impacts the costs of resting at the surface 
(Finney et al. 1999; Shoji et al. 2010).

In contrast to the erratic nature of weather patterns, light 
availability changes more predictably during diel and lunar 
cycles, although water clarity and cloud cover can also play 
a less predictable role (Cannell and Cullen 1998; Regular 
et al. 2010, 2011; Rubolini et al. 2015). For visual preda-
tors, such as most marine birds and mammals, light inten-
sity limits foraging opportunities, and dive depth usually 
decreases at night (Kooyman 1975; Wilson et al. 1993; 
Paredes et al. 2008). In common murres (Uria aalge), 
for example, dive depth increases on moonlit nights and 
decreases on starlit nights (Regular et al. 2011). However, 
zooplankton approach the surface at night to take advan-
tage of reduced predation by sight-hunting predators and 
forage on phytoplankton that are abundant near the surface, 
where solar energy is high (diel vertical migration; Wilson 
et al. 1993; Regular et al. 2010, 2011). Hence, there may be 
a trade-off between high food availability and low visibil-
ity for avian predators at night (Croll and McLaren 1992; 
Luque et al. 2007; Riou and Hamer 2008). To maximize 
foraging efficiency, many marine predators are crepuscular, 
foraging at dusk and dawn on swarms of zooplankton or 
their associated predators, such as fish, that are visible and 
yet no longer below the depth range of marine birds (Hedd 
et al. 2009; Garthe et al. 2007).

The effect of light availability can influence and be 
compounded by daily schedules. For instance, murres 
show strong sex-stereotyped daily schedules, with one 
sex foraging for 12 h including solar midnight and the 
other for 12 h including solar noon; the exact schedule 
varies among colonies (Jones et al. 2002; Paredes et al. 
2008; Elliott et al. 2010b). Indeed, when Croll et al. 
(1992) first studied murres, they concluded that most 
murres foraged primarily at night, presumably because 
they equipped mostly males (sex was not determined), 
which is the sex that forages at night at their study site. 
Thus, some individuals may consistently spend the night 
at sea, while others do not, and the birds that spend 
nights at sea make shallow dives (Thaxter et al. 2009; 
Elliott et al. 2010b; Harding et al. 2013). The sex that 
specializes on night diving may have better vision (e.g. 
Fernández-Juricic et al. 2013), leading to deeper diving 
at all times of day. Alternatively, if night-foraging birds 
are specializing on vertically migrating prey, they may 
continue to follow prey as they descend to darker depths 
because even if the dives become less profitable, that 

may still be more profitable than spending the time and 
energy to locate a new patch. If birds are specializing on 
different prey at night, then we would predict a bimodal 
distribution in flight times for the “night specialists”, but 
not day specialists, as night specialists spend the nights 
foraging at a different location, foraging on vertically 
migrating prey, than during the daytime.

A third abiotic factor, tide, operates primarily at the scale 
of hours although the amplitude of cycles is tied to lunar 
cycles, and can influence predator behaviour (Bornemann 
et al. 1998; Frere et al. 2002). In the intertidal zone, feed-
ing rates often increase as the tide recedes because birds 
can then access prey left exposed (Watson et al. 1991; 
Elliott et al. 2003, 2005; Schwemmer and Garthe 2010). 
Below the intertidal zone, tide can still have a strong 
effect on prey availability. Tidal currents can also affect 
seabirds by altering prey abundance (Grigg et al. 1985; 
Holm and Burger 2002; Tarlow et al. 2003) or profitabil-
ity (Wilson et al. 2001; Heath and Gilchrist 2010; Cottin 
et al. 2012). For instance, planktivorous auks increase dive 
depth, dive frequency and the proportion of euphausiids in 
the diet during spring tides when advective tidal currents 
bring swarms of easily captured planktonic euphausiids to 
the surface (Burger and Powell 1990; Elliott et al. 2010a; 
Shoji et al. 2010). Likewise, Cairns and Schneider (1990) 
speculated that thick-billed murres (Uria lomvia) congre-
gated at hot spots created by tidal “pumps” between islands 
in northern Hudson Bay to take advantage of amphipods 
caught in the current or attracted to the nutrients brought to 
the surface.

As climate change is expected to increase the sever-
ity of summer storms and to bring animals from areas of 
long nights to areas with no nights (Finney et al. 1999), 
our paper provides a background for investigating the non-
trophic impact of climate change on marine animals. We 
studied the effects of three abiotic factors: weather, light 
availability and tide, on the foraging behaviour of Low Arc-
tic thick-billed murres. Diel variation in diving depths and 
frequency have been documented for murres at low (Nev-
ins 2004; Paredes et al. 2008; Thaxter et al. 2009) but not 
high (Falk et al. 2000; Mehlum et al. 2001; Tremblay et al. 
2003) latitudes, and it is intriguing to study the phenom-
enon in a situation intermediate between no nights (High 
Arctic) and long nights (temperate regions). Furthermore, 
whereas most studies occurred at locations where murres 
fed predominately on only one or two prey items, prey 
diversity is much higher in the Low Arctic allowing murres 
confronted with reducing diving capability due to chang-
ing light availability to switch prey. Past studies of the 
effect of weather on auk foraging tended to only include 
one, or a few, seasons (Birkhead 1976; Konarzewski and 
Taylor 1989; Finney et al. 1999; Harter 2007), so that a 
few poor weather days in a row coincident with poor food 
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availability could have created spurious relationships. To 
avoid issues of autocorrelation, we included data cover-
ing many years and providing strong mechanistic linkages 
between different temporal scales. We predicted that wind, 
via wave action, light availability and tide would impact the 
dive behaviour of murres, with high wind speed decreas-
ing dive frequency, light availability reducing dive depth 
and duration, and tide height increasing dive depth. We 
have previously demonstrated that light availability and 
wind impact flying and provisioning rates of murres, but 
that adults buffer the effect of wind over the scale of days 
so that offspring growth rates are not affected (Elliott et al. 
2008b, 2014). Given that males are “night specialists” at 
our study site (Elliott et al. 2010b), we predicted that males 
would dive deeper at any time of day than females, and 
would show a bimodal distribution in flight times.

Materials and methods

We studied murres at the west colony on Coats Island, 
Nunavut (62°57′N, 82°00′W), during the chick-rearing 
period (July 15–August 15) 1998–2011. As part of a 
long-term monitoring study (Gaston et al. 2003, 2009), 
we completed at least three continuous 24-h feeding 
watches during each season (44 total watches). During 
the watches, we estimated visually the species and length 
of all fish delivered to offspring at ~30 breeding sites and 
used species-specific relationships between total energy 
and fish length to determine energy delivery rates (Gaston 
et al. 2003; Elliott and Gaston 2008; Elliott et al. 2009). 
We only included birds with chicks 3–15 days old because 
feeding rates are constant for murres with chicks within 
that age range (Elliott et al. 2009). All birds were sexed 
using a combination of genetic markers, behavioural 
observations (position during copulation) and partner his-
tory (Elliott et al. 2010b). Night (sundown to sunup) dura-
tion at our study site stretched from 4 h and 17 min on 15 
July to 7 h and 34 min on 15 August and never reached 
astronomical twilight during that period. On 15 July, there 
was also no nautical twilight, while by 15 August, there 
were 5 h and 25 min of civil twilight and 2 h and 9 min of 
nautical twilight.

We attached Lotek LTD1100 (5 g; 2004–2007, N = 140), 
LAT1400 (5 g; 2008, N = 20) and LAT1500 (3 g; 2009, 
N = 50) time-depth recorders to the legs of breeding murres 
and extracted dive behaviour (frequency, depth and dura-
tion) from the pressure log and flights from the temperature 
log (Elliott et al. 2008b, 2009). The leg-mounted time-depth 
recorders do not measurably impact murre behaviour (Elli-
ott et al. 2008). All raw dive files are archived alongside 
Elliott et al. (2015).

The vast majority of chick-rearing birds at the Coats 
Island west colony forage within 100 km to the west of 
the colony (Elliott et al. 2008). Therefore, the core forag-
ing area is bounded by the colony and the community of 
Coral Harbour (145 km distant). We downloaded average 
daily weather recorded at Coral Harbour airport (tempera-
ture, pressure, rainfall, wind speed and direction obtained 
from www.weatheroffice.gc.ca). We recorded weather 
daily (18 h 00 min) at a fixed point near the Coats Island 
cabin, immediately adjacent to the murre colony, using a 
hand-held anemometer (wind speed and direction), a rain 
gauge (rainfall), barometer (pressure) and electronic ther-
mometer (maximum and minimum temperatures). We used 
daily average weather values for the Coral Harbour data. 
Variables recorded at Coral Harbour and Coats Island were 
correlated, and we used a principal component analysis 
to remove correlations between similar variables (Finney 
et al. 1999). Hourly tide height was obtained from www.
tides.gc.ca.

Statistical analyses

For each diving and feeding watch variables (hourly bins), 
we constructed a general linear model using tide height in 
metres, time of day (circularly transformed), calendar date, 
device type and PC1–PC4 of the daily weather variables 
as independent variables (PC1–PC4 were constant across 
all hourly bins within a given day). To examine behaviour 
in detail, we computed a general linear mixed model with 
individual (for diving) or site (for feeding watches) as a 
random effect, dive depth, dive duration and dive frequency 
as dependent variables, and either light availability as the 
independent variable. We calculated light availability using 
the R script validated by Regular et al. (2011) based on 
calculated absolute solar irradiance and sun angle, calcu-
lated moon angle, phase and absolute irradiance, and cloud 
cover. Light intensity at the water’s surface was calculated 
after correcting for extinction, time of absolute irradi-
ance from day and date. We also accounted for the earth’s 
atmosphere and cloud cover by assuming that global solar 
irradiance was 60, 50 and 20 % same set of absolute solar 
irradiance during clear, partially cloudy and cloudy periods 
(Regular et al. 2011). Light intensity estimates were calcu-
lated by applying appropriate extinction values, according 
to analyses with cloud cover, date and moon phase (days 
from or until new moon) as covariates instead of inferred 
light availability to local cloud cover, to absolute solar and 
lunar irradiance (Regular et al. 2011). Active radiation was 
approximated by multiplying total global irradiance by 
50 % (Regular et al. 2011) to examine what component of 
variation in light availability was most important. We com-
pleted all statistical analyses in R 2.14.2.

http://www.weatheroffice.gc.ca
http://www.tides.gc.ca
http://www.tides.gc.ca
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Results

Daily maximum (R = 0.59, P < 0.0001) and minimum 
(R = 0.57, P < 0.0001) temperatures, rainfall (R = 0.41, 
P < 0.0001), pressure (R = 0.42, P < 0.0001), wind speed 
(R = 0.30, P < 0.0001) and magnitude of wind in a par-
ticular direction (R = 0.46, P < 0001) were all correlated 
between Coral Harbour and Coats Island camp, showing 
that weather was correlated across the spatial scale of our 
study. The first four axes of a principal components anal-
ysis explained 62 % of the variation in weather variables 
(Table 1), with temperature positively loaded on the first 
axis (“temperature axis”) and wind and rainfall positively 
and pressure negatively loaded on the second axis (“storm 
axis”, Fig. 1; Table 1). Easterly winds (the component of 
wind in the easterly direction: wind speed multiplied by the 
sine of wind direction) positively loaded on the third axis 
and northerly winds (the component of wind in the north-
erly direction: wind speed multiplied by the cosine of wind 
direction) positively loaded on the fourth axis (Table 1; 
Fig. 1).

Energy delivered in the form of amphipods depended on 
time of day (sine term, t251 = −2.48, P < 0.0001, Fig. 1), date 
(t251 = 4.22, P < 0.0001) and weather PC1 (t251 = −4.33, 

P < 0.0001) and PC2 (t251 = −4.31, P < 0.0001). Energy 
delivered in the form of capelin depended on date 
(t251 = 5.91, P < 0.0001) and weather PC1 (t251 = −5.35, 
P < 0.0001) and PC4 (t251 = 4.77, P < 0.0001). Energy 
delivered in the form of two schooling fish, cod and sand 
lance, depended on date (cod: t251 = −2.93, P < 0.0001; 
sand lance: t251 = 2.88, P < 0.0001), weather PC2 (cod: 
t251 = 4.55, P < 0.0001; sand lance: t251 = 3.43, P < 0.0001) 
and PC4 (cod: t251 = 3.87, P < 0.0001; sand lance: 
t251 = 4.01, P < 0.0001) and, for sand lance alone, time 
of day (sine term: t251 = 3.11, P < 0.0001, Fig. 2). Energy 
delivered in the form of three benthic fish, snakeblenny 
(Eumesogrammus praecisus), fish doctor (Gymnelus vir-
idis) and daubed shanny (Leptoclinus maculatus), depended 
on time of day (cosine term, snakeblenny: t251 = 4.75, 
P < 0.0001; fish doctor: t251 = 3.24, P < 0.0001; daubed 
shanny: t251 = 3.00, P < 0.0001, Fig. 1) and, for daubed 
shanny alone, date (t251 = −7.34, P < 0.0001). No other 
relationships were significant (Table 2).

Dive depth depended heavily on time of day, with indi-
viduals making more, shallower dives when light was 
low (Fig. 3). Specifically, when included in a general 
linear mixed model with individual as a random effect, 
dive frequency (t207 = −43.1, P < 0.0001), dive depth 
(t207 = −231, P < 0.0001) and dive duration (t207 = −165, 
P < 0.0001) all depended on light availability. At a given 
time of day, there is no apparent difference in dive depth 
between males and females, except in the late afternoon 
(Fig. 3), when females dive deeper than males. Males, but 
not females, showed a bimodal distribution in return flight 
times (Fig. 4). When we restricted analyses to the darkest 
time of day (±1.5 h from solar midnight), dive frequency 
(t101 = −7.56, P < 0.0001) and depth (t101 = −9.34, 
P < 0.0001) decreased with date. However, cloud cover 
and moonlight had no effect on any of those parameters (all 
P > 0.05).

Discussion

Light availability constrained dive behaviour in Low Arc-
tic thick-billed murres, whereas tide and weather did not 
have a strong effect. A strong impact of light availability 
on foraging behaviour has been found previously in fish 
(e.g. McMahon and Holanov 1995; Fraser and Metcalfe 
1997), marine mammals (e.g. Kooyman 1975; Horning 
and Trillmich 1999) and both terrestrial (Jetz et al. 2003) 
and marine birds (Wilson et al. 1993; White et al. 2007; 
Zimmer et al. 2008). In our study, murres made fewer, but 
longer and deeper, dives when light intensity was higher.

Our results mirror closely those described for murres 
equipped with light sensors; murres forage at very low 

Table 1  Loadings of weather variables on the first four axes of a 
principal components analysis (PCA) that included all weather vari-
ables

Weather associated with dominant axes are shown in bold

Variables measured at the Coats Island colony are non-italicized, 
and variables measured at Coral Harbour are italicized. To remove 
seasonal trends, all variables represent residuals for each day on the 
average value for that date across all years. Strongest associations 
(|>0.25|) between variables and principal components 1–4 are shown

Axis 1 Axis 2 Axis 3 Axis 4

(%) Variation explained 28 14 10 10

Maximum temperature (°C) 0.362 0.186 0.038 −0.197

Minimum temperature (°C) 0.294 0.349 0.096 −0.097

Rainfall (mm) −0.231 0.289 −0.028 0.053

Barometric pressure (mmHg) 0.216 −0.402 0.054 0.195

Wind speed (ms−1) −0.070 0.258 −0.200 −0.029

Northerly winds (ms−1) −0.070 0.118 −0.307 0.362

Easterly winds (ms−1) −0.099 0.034 0.543 0.419

Maximum temperature (°C) 0.419 0.085 −0.147 0.153

Minimum temperature (°C) 0.298 0.387 0.019 0.220

Average temperature (°C) 0.424 0.213 −0.101 0.198

Rainfall (mm) −0.216 0.343 0.230 −0.157

Barometric pressure (mmHg) 0.285 −0.299 0.305 0.202

Wind speed (ms−1) −0.256 0.257 −0.252 0.319

Northerly winds (ms−1) −0.105 0.041 −0.372 0.452

Easterly winds (ms−1) −0.118 0.224 0.477 0.348
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light intensities, and dive depth at night is determined by 
light availability (Paredes et al. 2008; Regular et al. 2011). 
Indeed, time of day factored into most of our models for 
dive and flight behaviour (murres seldom fly at night; Elli-
ott et al. 2008b), but dive depths at night tended to be shal-
lower than those described for murres elsewhere, despite 
the higher latitude and shorter nights (presumably mean-
ing more light available) at our study site; common murres 
regularly dove to ~30 m at night (Regular et al. 2010, 
2011). The most likely difference is prey type, as common 
murres fed primarily on capelin schools, whereas thick-
billed murres likely fed on amphipods; stable isotopes and 
stomach contents of males, which dive primarily at night, 
imply that they feed to a greater degree on amphipods 
than females, which dive primarily during the day (Elliott 
et al. 2010b). Whereas moonlight played a strong role in 
modulating light availability, and therefore dive behav-
iour, in Newfoundland, moonlight and cloud cover played 
no measurable role at our study site where true darkness 
was extremely brief. There is no night in the Far North, 
and so light availability changes little if at all during the 
breeding season and presumably does not affect foraging. 

At lower latitudes, twilight is relatively brief and the effect 
of moonlight is strong (Regular et al. 2011). At our study 
site, where virtually all of “night” consists of civil twi-
light, the dominant effect is one of date with its concomi-
tant effect on night length and the duration and deepness 
of civil twilight leading to individuals diving less often and 
shallower (Fig. 5). 

Diet composition was also influenced by light avail-
ability, with energy delivery rates for sand lance increas-
ing and amphipods decreasing with a sine term for time 
of day, meaning that sand lance were delivered primar-
ily in the morning (~06:00) and amphipods in the even-
ing (~18:00). Amphipods and sand lance are the two prey 
groups that would be most likely to complete daily vertical 
migration in search of plankton at the surface. We suggest 
that the diurnal trends reflect diel vertical migration, with 
planktivorous prey following diel cycles such that predators 
can only access them during crepuscular feeding; many 
marine animals show peak foraging rates at dawn and dusk 
when prey are still within the reach of birds but when there 
is still sufficient light to forage (Piersma et al. 1988; Wil-
son et al. 1993; Zimmer et al. 2008). Meanwhile, energy 

Fig. 1  Axes 1 and 2 of a princi-
pal component analysis (PCA) 
which included all weather 
variables and their effect on the 
foraging behaviour of thick-
billed murres (Uria lomvia). 
Variables measured at the Coats 
Island colony are non-italicized, 
and variables measured at Coral 
Harbour are italicized. In bold, 
the main environmental pat-
terns interpreted from the PCA 
results. To remove seasonal 
trends, all variables represent 
residuals for each day on the 
average value for that date 
across all years
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delivery rates for benthic prey items decreased at night (the 
cosine term for time of day), showing that they were deliv-
ered primarily during the middle of the day. Presumably, 
deep, benthic prey items would be inaccessible for visible 
predators at night. In addition, schooling fish were deliv-
ered less frequently during stormy weather, when murres 
switched to more predictable prey (Elliott et al. 2014), and 
during late breeding (calendar date) as high-quality items 
(cod/benthics) were depleted over the course of the season 
(Elliott et al. 2009).

Diel variation in foraging behaviour had a strong 
impact on average dive parameters for each sex, as males 
forage primarily at night and females during the day (Elli-
ott et al. 2010b). Indeed, when Croll et al. (1992) first 

studied murres at our study site, they concluded that most 
murres foraged primarily at night, presumably because 
they equipped mostly males. For the most part, there 
was no intrinsic difference in dive depth for males ver-
sus females, except that males tended to forage shallower 
than females during the late afternoon—contradicting the 
notion that they are specialized visually for darker water. 
Rather, we suggest that this is a consequence of females 
specializing on deep water prey and males specializing on 
vertically migrating amphipods (Elliott et al. 2010b). The 
females may have continued to forage on deep water prey 
as light deteriorated because they were already present at 
a location where deep water prey occurred, while males, 
which would have been beginning their foraging trip at 
that time, may have moved to locations where amphipods, 
sand lance and other vertically migrating prey were begin-
ning to appear. The bimodal distribution of return flights 
in males likely reflected alternations between long, over-
night trips for self-feeding (murres rarely deliver food at 
night; Elliott et al. 2008b) and shorter trips during day-
light for chick-provisioning. A similar pattern has been 
observed in many seabirds (Weimerskirch et al. 1994; 
Gray and Hamer 2001; Ropert-Coudert et al. 2004), even 
without the forced self-feeding overnight period associ-
ated with 12-h shifts in the sub-Arctic (Welcker et al. 
2009).

Many weather variables correlated with one another, and 
weather could largely be divided into two components: a 
temperature component (warm vs. cold days) and a storm 
component (low pressure, high wind speed/rainfall vs. high 
pressure, low wind speed/rainfall). We previously showed 
that the storm component, and especially wind speed 
and direction, strongly impacted flight behaviour (Elliott 
et al. 2014), and we now show that it had little impact on 
underwater behaviour. In contrast, wind impacted diving 
behaviour and chick growth rates in shallow-diving auks 
(Konarzewski and Taylor 1989; Shoji et al. 2010), but not 
deep-diving auks (Finney et al. 1999), and feeding rates 
were impacted in other auks (Birkhead 1976; Finney et al. 
1999; Harter 2007). There was no effect of weather on 
attendance patterns of murres in Newfoundland (Piatt and 
McLagan 1987).
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Fig. 2  Energy delivery rate (kJ h−1) relative to time of day (h) for 
thick-billed murres at Coats Island 1998–2011. Shown are the three 
prey groups that showed a significant relationship, and averages were 
calculated excluding periods of darkness when delivery rates were 
low (21:00–04:00; Elliott et al. 2008b). The cosine term was signifi-
cant for benthic prey, indicating that energy delivery rate was high-
est at 12:00, while the sine term was significant for sand lance and 
amphipods, indicating that energy delivery rate was highest near 6:00 
and 18:00

Table 2  F values (P values in parentheses) from general linear mixed models (GLMMs), with individual as a random factor, between four 
measures of diving behaviour and seven abiotic environmental variables

Values in bold are statistically significant at the sequential Bonferroni-corrected value of P < 0.003

PC1 PC2 PC3 PC4 Tide Time Year

Dive duration 0.15 (0.70) 1.38 (0.24) 0.07 (0.80) 2.15 (0.14) 1.48 (0.22) 612 (<0.0001) 15.8 (<0.0001)

Dive depth 2.56 (0.11) 0.94 (0.33) 0.39 (0.53) 1.66 (0.20) 0.11 (0.74) 677 (<0.0001) 7.15 (<0.0001)

Dive frequency 5.04 (0.02) 1.30 (0.26) 0.22 (0.64) 4.82 (0.03) 0.08 (0.78) 289 (<0.0001) 8.2 (<0.0001)

Index of patch quality 7.09 (0.008) 0.06 (0.81) 1.22 (0.27) 0.00 (0.99) 2.68 (0.10) 21.2 (<0.0001) 14.4 (<0.0001)
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Tide did not factor into any of our models and did not 
appear to play a strong role in murre foraging behaviour. 
In contrast, Piatt and McLagan (1987) found a relationship 
between tide and murre attendance patterns. Strong tidal 
currents are created between islands (Cairns and Schneider 
1990; Holm and Burger 2002; Heath et al. 2006) or along 
inlets (Wilson et al. 2001), especially where tidal amplitude 
is large. However, foraging at Coats Island is mostly offshore 

(Elliott et al. 2008a), and tidal amplitudes in nearby waters 
are low. Consequently it is probably not surprising that tide 
played less of a role in murre foraging behaviour at Coats 
Island than at the Nuvuk Islands, 300 km to the west (Cairns 
and Schneider 1990), or strongly tidal regions of the Bering 
Sea (Haney and Schauer 1994). Likewise, unlike benthic-
feeding cormorants (Gandini et al. 2005; Zeenath and Zacha-
rias 2010), tide had little impact on benthic foraging in our 
study. It appears that tide plays a strong role in the nearshore 
foraging behaviour of benthic specialists (Zeenath and Zach-
arias 2010), in the offshore foraging behaviour of planktivo-
rous feeders (Burger and Powell 1990; Elliott et al. 2010a; 
Shoji et al. 2010), and where topography creates strong tidal 
currents (Wilson et al. 1993; Heath et al. 2010). However, 
the offshore, pelagic foraging behaviour of piscivorous birds 
is generally not affected (but see Tarlow et al. 2003 for a pos-
sible exception).

Acknowledgments We especially thank P. Regular for provid-
ing a copy of his R script. K. Ashbrook, M. Barrueto, K. Elner, A. 
Hargreaves, S. Jacobs, G. Lancton, M. LeVaillant, E. Grosbellet, A. 
Moody, R. Rankin, A. Ronston, J. Provencher, P. Smith, K. Woo and 
P. Woodward helped in the field. Two reviewers provided helpful 
comments on an earlier version of the manuscript. J. Nakoolak kept 
us safe from bears. R. Armstrong at the Nunavut Research Institute, 
M. Mallory at the Canadian Wildlife Service Northern Research Divi-
sion and C. Eberl at National Wildlife Research Centre in Ottawa 
provided logistical support. KHE received financial support through 
a NSERC Vanier Canada Graduate Scholarship, ACUNS Garfield 
Weston Northern Studies scholarship and AINA Jennifer Robinson 
Scholarship. All procedures were approved under the guidelines of 
the Canadian Council for Animal Care.

0

10

20

30

40

50

60

70

0:00 6:00 12:00 18:00

De
pt

h 
(m

) 

Time of day 
24:00 

Fig. 3  Average dive depth (±SE) relative to time of day (GMT-
5.5) for 56 male and 48 female thick-billed murres at Coats Island 
between 2004 and 2009. Average dive depth was calculated for each 
1-h bin for each individual and then averaged across individuals

0%

5%

10%

15%

20%

25%

30%

0-5 10-15 20-25 30-35 40-45 50-55 60+

Pe
rc

en
ta

ge
 o

f a
ll 

fli
gh

ts
 

Return flight me (min) 

Female

Male

Fig. 4  Frequency distribution (%) of return flight times for male 
(filled bars) and female (empty bars) thick-billed murres at Coats 
Island between 2004 and 2009 showed a biomodal distribution for 
males and a unimodal distribution for females

R² = 0.72 

0

5

10

15

20

25

30

35

21 26 31 36 41 46

Av
er

ag
e 

di
ve

 d
ep

th
 (m

) 

Days since July 1 

Fig. 5  Relationship between the average dive depth (±1.5 h from 
solar midnight) of thick-billed murres at Coats Island and days since 
July 1. Coefficient of determination (R2) shown



1746 Mar Biol (2015) 162:1739–1748

1 3

References

Birkhead TR (1976) Effects of sea conditions on rates at which Guil-
lemots feed their chicks. Brit Birds 69:490–492

Bornemann H, Mohr E, Plötz Krause G (1998) The tide as zeitgeber 
for Weddell seals. Polar Biol 20:396–403

Boyd IL, Staniland IJ, Martin AR (2002) Distribution of foraging by 
female Antarctic fur seals. Mar Ecol Prog Ser 242:285–294

Burger AE, Powell DW (1990) Diving depths and diet of Cassin’s auk-
let at Reef Island, British Columbia. Can J Zool 68:1572–1577

Cairns DK, Schneider DC (1990) Hot spots in cold water: feed-
ing habitat selection by thick-billed murres. Stud Avian Biol 
14:52–60

Cannell BL, Cullen JM (1998) The foraging behaviour of little penguins 
Eudyptula minor at different light levels. Ibis 140(3):467–471

Cook TR, Cherel Y, Bost CA, Tremblay Y (2007) Chick-rearing 
Crozet shags (Phalacrocorax melanogenis) display sex-specific 
foraging behaviour. Antarctic Science 19(01):55–63

Cottin M, Raymond B, Kato A, Amélineau F, Le Maho Y, Raclot T, 
Galton-Fenzi B, Meijers A, Ropert-Coudert Y (2012) Forag-
ing strategies of male Adélie penguins during their first incu-
bation trip in relation to environmental conditions. Mar Biol 
159:1843–1852

Croll DA, Gaston AJ, Burger AE, Konnoff D (1992) Foraging behav-
ior and physiological adaptation for diving in thick-billed 
murres. Ecol 344–356

Croll DA, McLaren E (1993) Diving metabolism and thermoregu-
lation in common and thick-billed murres. J Comp Physiol B 
163(2):160–166

Davoren GK, Montevecchi WA, Anderson JT (2003) Search strate-
gies of a pursuit-diving marine bird and the persistence of prey 
patches. Ecol Monogr 73:463–481

Elliott KH, Gaston AJ (2008) Mass–length relationships and energy 
content of fishes and invertebrates delivered to nestling thick-
billed murres Uria lomvia in the Canadian Arctic, 1981–2007. 
Marine Ornithol 36:25–34

Elliott KH, Struik CL, Elliott JE (2003) Bald eagles, Haliaeetus leu-
cocephalus, feeding on plainfin midshipman, Porichthys notatus, 
at Crescent Beach. Can Field-Nat 117:601–604

Elliott KH, Gill CE, Elliott JE (2005) The influence of tide and 
weather on provisioning rates of chick-rearing Bald Eagles in 
Vancouver Island, British Columbia. J Raptor Res 39:1–10

Elliott KH, Woo K, Gaston AJ, Benvenuti S, Dall’Antonia L, Davoren 
GK (2008a) Seabird foraging behaviour indicates prey type. Mar 
Ecol Prog Ser 354:289–303

Elliott KH, Davoren GK, Gaston AJ (2008b) Sources of bias in 
observations of murre provisioning behavior. J Field Ornithol 
79(3):298–307

Elliott KH, Woo KJ, Gaston AJ, Benvenuti S, Dall’Antonia L, 
Davoren GK (2009) Central-place foraging in an arctic seabird 
provides evidence for Storer-Ashmole’s halo. Auk 126:613–625

Elliott KH, Shoji A, Campbell KL, Gaston AJ (2010a) Oxygen stores 
and foraging behavior of two sympatric, planktivorous alcids. 
Aquat Biol 8:221–235

Elliott KH, Gaston AJ, Crump D (2010b) Sex-specific behavior by a 
monomorphic seabird represents risk partitioning. Behav Ecol 
21:1024–1032

Elliott KH, Chivers LS, Bessey L, Gaston AJ, Hatch SA, Kato A, 
Osborne O, Ropert-Coudert Y, Hare JF (2014) Windscapes shape 
seabird instantaneous energy costs but adult behavior buffers 
impact on offspring. Mov Ecol 2:17

Elliott KH, Hare JF, Le Vaillant M, Gaston AJ, Ropert-Coudert Y, 
Anderson WG (2015) Ageing gracefully: physiology but not 
behaviour declines with age in a diving seabird. Funct Ecol 
29:219–228

Enstipp MR, Grémillet D, Jones DR (2007) The effects of depth, tem-
perature and food ingestion on the foraging energetic of a diving 
endotherm, the double-crested cormorant (Phalacrocorax auri-
tus). J Ornithol 148:593–600

Falk K, Benvenuti S, Dall’Antonia L, Kampp K, Ribolini A (2000) 
Time allocation and foraging behaviour of chick-rearing Brun-
nich’s guillemots Uria lomvia in high-arctic Greenland. Ibis 
142:82–92

Fernández-Juricic E, Ojeda A, Deisher M, Burry B, Baumhardt P, 
Stark A, Ensminger AL (2013) Do male and female cowbirds see 
their world differently? Implications for sex differences in the 
sensory system of an avian brood parasite. PLoS One 8:e58985

Finney SK, Wanless S, Harris MP (1999) The effect of weather on the 
feeding behaviour of a diving bird, the common guillemot Uria 
aalge. J Avian Biol 30:23–30

Fraser NHC, Metcalfe NB (1997) The cost of becoming nocturnal: 
feeding efficiency in relation to light intensity in juvenile Atlan-
tic salmon. Funct Ecol 11:385–391

Frere E, Quintana F, Gandini P (2002) Diving behavior of the Red-
legged Cormorant in southeastern Patagonia, Argentina. Condor 
104:440–444

Furness RW, Bryant DM (1996) Effect of wind on field metabolic 
rates of breeding northern fulmars. Ecology 77:1181–1188

Gandini P, Frere E, Quintana F (2005) Feeding performance and for-
aging area of the Red-legged Cormorant. Waterbirds 28:41–45

Garthe S, Montevecchi WA, Davoren GK (2007) Flight destinations 
and foraging behaviour of northern gannets (Sula bassana) prey-
ing on a small forage fish in a low-Arctic ecosystem. Deep Sea 
Res II 54:311–320

Gaston AJ, Elliott KH (2014) Seabird diet changes in northern Hud-
son Bay, 1981–2013, reflect the availability of schooling prey. 
Mar Ecol Prog Ser 513:211–223

Gaston AJ, Gilchrist HG, Mallory ML, Smith PA (2009) Changes in 
seasonal events, peak food availability, and consequent breeding 
adjustment in a marine bird: a case of progressive mismatching. 
Condor 111(1):111–119

Gaston AJ, Woo K, Hipfner JM (2003) Trends in forage fish popula-
tions in northern Hudson Bay since 1981, as determined from 
the diet of nestling thick-billed murres Uria lomvia. Arctic 
56:227–233

Gaston AJ, Gilchrist HG, Hipfner JM (2005) Climate change, ice con-
ditions and reproduction in an Arctic nesting marine bird: the 
thick-billed murre (Uria lomvia L.). J Anim Ecol 74:832–841

Gende SM, Wilson MF, Jacobsen M (1997) Reproductive success of 
bald eagles (Haliaeetus leucocephalus) and its association with 
habitat or landscape features and weather in southeast Alaska. 
Can J Zool 75:1595–1604

Gilchrist HG, Gaston AJ, Smith JNM (1998) Wind and prey nest sites 
as foraging constraints on an avian predator, the glaucous gull. 
Ecology 79:2403–2414

Gray CM, Hamer KC (2001) Food-provisioning behaviour of male 
and female Manx shearwaters, Puffinus puffinus. Anim Behav 
62(1):117–121

Grigg GC, Farwell W, Kinney J, Harlow P, Taplin LE, Johansen K, 
Johansen K (1985) Diving and amphibious behavior in free-liv-
ing Crocodylus porosus. Aust Zool 21:599–605

Grubb TGJ (1977) Weather-dependent foraging in ospreys. Auk 
94:146–149

Haney JC, Schauer AES (1994) Environmental variability facilitates 
coexistence within an alcid community at sea. Mar Ecol Prog Ser 
103:221–237

Harding A, Paredes R, Suryan R, Roby D, Irons D, Orben R, Ren-
ner H, Young R, Kitaysky A (2013) Does location really matter? 
An inter-colony comparison of seabirds breeding at varying dis-
tances from productive oceanographic features in the Bering Sea. 
Deep Sea Res Part II 94:178–191



1747Mar Biol (2015) 162:1739–1748 

1 3

Harter BB (2007) Black guillemots as indicators of change in the 
near-shore arctic marine ecosystem. University of Manitoba 
M.Sc. thesis

Hatch SA (1984) Nestling diet and feeding rates of rhinoceros auklets 
in Alaska. Marine birds: their feeding ecology and commercial 
fisheries relationships. In: Proceedings of the Pacific Seabird 
group symposium, Seattle, January 1982, pp 106–115

Heath JP, Gilchrist HG (2010) When foraging becomes unprofitable: 
energetic of diving in tidal currents by common eiders wintering 
in the Arctic. Mar Ecol Prog Ser 403:279–290

Heath JP, Gilchrist HG, Ydenberg RC (2006) Regulation of stroke 
pattern and swim speed across a range of current velocities: div-
ing by common eiders wintering in polynyas in the Canadian 
Arctic. J Exp biol 209(20):3974–3983

Heath JP, Gilchrist HG, Ydenberg RC (2010) Interactions between 
rate processes with different timescales explain counterintuitive 
foraging patterns of arctic wintering eiders. Proceedings of the 
Royal Society of London B: Biol Sci rspb20100812

Hedd A, Regular PM, Montevecchi WA, Buren AD, Burke CM, 
Fifield DA (2009) Going deep: common murres dive into frigid 
water for aggregated, persistent and slow-moving capelin. Mar 
Biol 156:741–751

Holm KJ, Burger AE (2002) Foraging behavior and resource parti-
tioning by diving birds during winter in areas of strong tidal cur-
rents. Waterbirds 25(3):312–325

Horning M, Trillmich F (1999) Lunar cycles in diel prey migra-
tions exert a stronger effect on the diving of juveniles than adult 
Galapagos fur seals. Proc R Soc B 266:1127–1132

Jetz W, Steffen J, Linsenmair KE (2003) Effects of light and prey 
availability on nocturnal, lunar and seasonal activity of tropical 
nightjars. Oikos 103:627–639

Jones IL, Rowe S, Carr SM, Fraser G, Taylor P (2002) Different pat-
terns of parental effort during chick-rearing by female and male 
thick-billed murres (Uria lomvia) at a low-arctic colony. Auk 
119:1064–1074

Konarzewski M, Taylor JRE (1989) The influence of weather con-
ditions on growth of little auk Alle alle chicks. Ornis Scand 
20:12–16

Kooyman GL (1975) A comparison between day and night diving in 
the Weddell seal. J Mammal 56:563–574

Luque SP, Arnould JPY, Miller EH, Cherel Y, Guinet C (2007) Forag-
ing behaviour of sympatric Antarctic and subantarctic fur seals: 
does their contrasting duration of lactation make a difference? 
Mar Biol 152:213–224

Mallory ML, Gaston AJ, Forbes MR, Gilchrist HG (2009) Influence 
of weather on reproductive success of northern fulmars in the 
Canadian high Arctic. Polar Biol 32:529–538

McMahon TE, Holanov SH (1995) Foraging success of largemouth 
bass at different light intensities: implications for time and depth 
of feeding. J Fish Biol 46:759–767

Mehlum F, Watanuki Y, Takahashi A (2001) Diving behaviour and 
foraging habitats of Brunnich’s guillemots (Uria lomvia) breed-
ing in the high-arctic. J Zool (Lond) 255:413–423

Montevecchi WA (2007) Binary dietary responses of northern gannets 
Sula bassana indicate changing food web and oceanographic 
conditions. Mar Ecol Prog Ser 352:213–220

Nevins HM (2004) Diet, demography, and diving behaviour of the 
common murre (Uria aalge) in central California. M.Sc. thesis, 
San Francisco State University, CA

Paredes R, Jones IL, Boness DJ, Tremblay Y, Renner M (2008) 
Sex-specific differences in diving behaviour of two sympatric 
Alcini species: thick-billed murres and razorbills. Can J Zool 
86:610–622

Piatt JF, McLagan RL (1987) Common murre (Uria aalge) attend-
ance patterns at Cape St. Mary’s, Newfoundland. Can J Zool 
65:1530–1534

Piatt JF, Harding AMA, Shultz M, Speckman SG, Van Pelt TI, Drew 
GS, Kettle AB (2007) Seabirds as indicators of marine food sup-
plies: cairns revisited. Mar Ecol Prog Ser 352:221–234

Piersma T, Lindeboom R, Van Eerden MR (1988) Foraging rhythm 
of great created grebes Podiceps cristatus adjusted to diel vari-
ations in the vertical distribution of their prey Osmerus eper-
lanus in a shallow eutrophic lake in the Netherlands. Oecologia 
76:481–486

Regular PM, Davoren GK, Hedd A, Montevecchi WA (2010) Crepus-
cular foraging by a pursuit-diving seabird: tactics of common 
murres in response to the diel vertical migration of capelin. Mar 
Ecol Prog Ser 415:295–304

Regular PM, Hedd A, Montevecchi WA (2011) Fishing the dark: a 
pursuit-diving seabird modifies foraging behavior in response to 
nocturnal light levels. PLoS One 6:e26763

Riou S, Hamer KC (2008) Predation risk and reproductive effort: 
impacts of moonlight on food provisioning and chick growth in 
Manx shearwaters. Anim Behav 76:1743–1748

Robinson JA, Hamer KC, Chivers LS (2002) Developmental plas-
ticity in Arctic Terns Sterna paradisaea and Common Terns S. 
hirundo in response to a period of extremely bad weather. Ibis 
144:344–346

Rubolini D, Maggini I, Ambrosini R, Imperio S, Paiva VH, Gaibani 
G, Saino N, Cecere JG (2015) The effect of moonlight on scopo-
li’s shearwater calonectris diomedea colony attendance patterns 
and nocturnal foraging: a test of the foraging efficiency hypoth-
esis. Ethol 121(3):284–299

Ropert-Coudert Y, Wilson RP, Daunt F, Kato A (2004) Patterns of 
energy acquisition by a central place forager: benefits of alternat-
ing short and long foraging trips. Behav Ecol 15:824–830

Schwemmer P, Garthe S (2010) Spatial and temporal patterns of habi-
tat use by Eurasian oystercatchers (Haematopus ostralegus) in 
the eastern Wadden Sea revealed using GPS data loggers. Mar 
Biol 158:541–550

Shoji A, Elliott KH, Aris-Brosou S, Crump D, Gaston AJ (2010) Incu-
bation patterns in a central-place forager affect lifetime repro-
ductive success: scaling of patterns from a foraging bout to a 
lifetime. PLoS One 6:e17760

Tarlow EM, Hau M, Anderson DJ, Wikelski M (2003) Diel changes in 
plasma melatonin and corticosterone concentrations in tropical 
Nazca boobies (Sual granti) in relation to moon phase and age. 
Gen Comp Endocrinol 133:297–304

Thaxter CB, Daunt F, Hamer KC, Watanuki Y et al (2009) Sex-spe-
cific food provisioning in a monomorphic seabird, the common 
guillemot Uria aalge: nest defence, foraging efficiency or paren-
tal effort? J Avian Biol 40:75–84

Tremblay Y, Cherel Y, Oremus M, Tveraa T, Chastel O (2003) Uncon-
ventional ventral attachment of time-depth recorders as a new 
method for investigating time budget and diving behaviour of 
seabirds. J Exp Biol 206:1929–1940

Watson JW, Garrett MG, Anthony RG (1991) Foraging ecology 
of bald eagles in the Columbia River estuary. J Wildl Manag 
55:492–499

Weimerskirch H, Chastel O, Ackermann L, Chaurand T, Cuenot-
Chaillet F, Hindermeyer X, Judas J (1994) Alternate long and 
short foraging trips in pelagic seabird parents. Anim Behav 
47(2):472–476

Welcker J, Harding A, Karnovsky NJ, Steen H, Strøm H, Gabrielsen 
GW (2009) Flexibility in the bimodal foraging strategy of a high 
Arctic alcid, the little auk Alle alle. J Avian Biol 40(4):388–399

White CR, Day N, Butler PJ, Martin GR (2007) Vision and foraging 
in cormorants: more like herons than hawks? PLoS One 2:e639

Wilson RP, Puetz K, Bost CA, Culik BM, Bannasch R, Reins T, Ade-
lung D (1993) Diel dive depth in penguins in relation to diel ver-
tical migration of prey: whose dinner by candlelight? Mar Ecol 
Prog Ser 94:101–104



1748 Mar Biol (2015) 162:1739–1748

1 3

Wilson RP, Locca R, Scolaro JA, Laurenti S, Upton J, Gallelli H, 
Frere E, Gandini P (2001) Magellanic penguins Spheniscus 
magellanicus commuting through San Julian Bay; do currents 
induce tidal tactics? J Avian Biol 32:83–89

Wilson RP, McMahon CR, Quintana F, Frere E, Scolaro A, Hays GC, 
Bradshaw CJA (2011) N-dimensional animal energetic niches 
clarify behavioural options in a variable marine environment. J 
Exp Biol 214:646–656

Zeenath C, Zacharias VJ (2010) Foraging behavior and diving pat-
tern of little cormorant Phalacrocorax niger (Vieillot) (Pelecani-
formes: Phalacrocoracidae) at Kallampara backwaters, Kerala, 
India. J Threat Taxa 2:1382–1386

Zimmer I, Wilson RP, Beaulieu M, Ancel A, Ploetz J (2008) Seeing 
the light: depth and time restrictions in the foraging capacity of 
emperor penguins at Pointe Geologie, Antarctica. Aquat Biol 
3:217–226


	Diel vertical migration of prey and light availability constrain foraging in an Arctic seabird
	Abstract 
	Introduction
	Materials and methods
	Statistical analyses

	Results
	Discussion
	Acknowledgments 
	References




