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Canada

Diving seabirds that overwinter at high latitudes experience persistent cold exposure,

short days and associated declines in ocean productivity that can challenge their ability

to balance daily energy budgets. We used dive-immersion geo-locators to test the

hypothesis that pursuit-diving Commonmurres (Uria aalge) will respond to the challenges

of winter in the North Atlantic through increased daily energy expenditures (DEE) that will

be met by increased foraging effort and adjustments in dive tactics. Largely flightless

in winter (<5% of daylight hours flying), murres spent most of their time on the water

(>85% resting and swimming). Accordingly, when sea surface temperatures (SST) were

consistently near freezing in late winter (1.9 ± 0.8◦C), mean DEE (2463.2 ± 10.9 kJ

day−1) exceeded the theoretical limit to sustainable energy expenditure in vertebrates

(i.e., 7 X Basal Metabolic Rate or 2450 kJ day−1 for murres). Consistently deep (70%

>50m) and long dives in late winter, 38% of which exceeded their calculated aerobic

dive limit indicate that targeted prey was distributed in deep (dark) waters. Consequently,

foraging was largely diurnal; likely because capture efficiency of deep-water prey is poor

under low light. Murres responded to these late winter time and energy constraints with a

nearly two-fold increase in daily time spent diving (95.2± 5.6 and 178.3± 6.3min day−1

during early and late winter, respectively), an increase in dive bout frequency and duration,

and correspondingly less time resting between bouts. Uniquely adapted for deep-diving,

pursuit-diving can push their dive limits to maximize daily energy intake when energy

demands are high and prey are distributed in deep water. Our study highlights late winter

as an extremely challenging phase in the annual cycle of North Atlantic murres and

provides critical insights into the behavioral mechanisms underlying their winter survival.

Keywords: winter survival, North Atlantic, daily energy expenditure, diving seabird, flexible foraging behavior,

common murre, bird-borne loggers

INTRODUCTION

Diving seabirds that over-winter at high latitudes contend with high-energy requirements for
thermoregulation and challenging foraging conditions during seasonal lows in ocean productivity
and short days.Winter survival is a critical life history trait of long-lived seabirds (Votier et al., 2005;
Daunt et al., 2007; Frederiksen et al., 2008; Sorensen et al., 2009) but the challenges of studying
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seabirds at sea limit our understanding of the behavioral
strategies that mediate survival. Advances in bio-logging
technology are providing unprecedented insights into
the behavior of diving seabirds at sea but studies that focus on
the critical winter period are scarce and are primarily restricted
to the larger divers (e.g., Spheniscidae, Phalacrocoracidae) that
are more amenable to carrying data loggers over the annual cycle
(Green et al., 2005, 2009; Grémillet et al., 2005a; Daunt et al.,
2006).

Thermoregulation, although partially mediated by
morphological adaptations that reduce heat loss (water-
proof feathers, lipid stores; Wharton, 2002) elevates the
daily energy expenditures (DEE) of diving birds that spend
most of their time on the water where heat loss is 25 times
greater than in air (Croll and McClaren, 1993; Enstipp et al.,
2006). Moreover, because thermal conductance increases
with decreasing body size, thermal costs in cold water are
higher for smaller divers (<1 kg; Croll and McClaren, 1993;
Richman and Lovvorn, 2011). Accordingly, elevated energy
requirements for thermoregulation must be met with an
increase in food energy intake during winter but this can be
challenged by degraded foraging conditions. By example, many
zooplankton (e.g., Calanus spp.) and forage fish species spend
the winter in deep, cold waters (Winters, 1983; Longhurst,
1995; Planque et al., 1997; Maillet and Colbourne, 2007;
Olsen et al., 2010), and are less accessible to diving predators.
Unpredictable and extreme weather events (i.e., gale-force
storms and ice intrusions) can also temporarily impede access
to prey (Finney et al., 1999; McFarlane-Tranquilla et al., 2010)
and ultimately result in starvation (Gaston, 2004; Grémillet
et al., 2005a; Daunt et al., 2007). Diving seabirds, that are
primarily visual predators (c.f. Regular et al., 2011; Berge
et al., 2015) also face additional constraints on foraging time
during the shorter days of winter and correspondingly longer
periods of nocturnal fasting (Grémillet et al., 2005a,b; Daunt
et al., 2007). This conflict between resource demand and
availability in winter raises the critical, but poorly resolved
question of how diving seabirds meet the energy demands of
survival.

We use dive-immersion geo-locators to study the behavioral
strategies of pursuit-diving Common Murres (Uria aalge,
hereafter murres) during winter in the Northwest Atlantic.
Murres are the largest of the pursuit-diving alcids (c.a. 1 kg)
and play a key role in the energy flow through circumpolar
marine food webs in temperate and sub-Arctic waters (Gaston
and Jones, 1998; Montevecchi, 2000; de L Brooke, 2004). Owing
to small wings that reduce underwater drag, they are the deepest
diving bird that can fly (250m; Chimienti et al., 2017) with lower
than expected metabolic costs during diving but higher than
expected flight costs (Elliott et al., 2013). Emerging insights into
the physiological processes during diving, involving reductions
in blood flow to metabolically expensive organs (Niizuma et al.,
2007) and reductions in core temperature and heart rate (Wilson
et al., 1992; Elliott et al., 2013) suggest the metabolic costs of
diving for murres may be lower than previously predicted, and
possibly even decrease with depth which may allow them to
extend their aerobic dive limit (Gerlinsky et al., 2013).

Tracking studies of adult murres from Newfoundland and
Labrador colonies have established their core wintering area
on the Newfoundland-Labrador Shelf (NL Shelf), centered on
the eastern Grand Bank (Templeman, 2010; Hedd et al., 2011;
McFarlane-Tranquilla et al., 2013). The defining climatic feature
of this region is the south-flowing Labrador Current that
transports sub-polar waters from the Canadian Arctic across
the southern extent of the NL Shelf (Colbourne et al., 2015). A
previous study demonstrated that related North Atlantic Thick-
billed Murres and Dovekies (Alle alle) that overwinter on the
NL Shelf experience a late winter energy bottleneck, driven
by harsh climatic conditions (Fort et al., 2009). The NL Shelf
supports significant concentrations of fish and invertebrates year-
round (Fuller and Myers, 2004), including capelin (Mallotus
villosus) and sandlance (Ammodytes spp.) that are the preferred
prey of murres during the summer breeding season (Davoren
and Montevecchi, 2003; Burke and Montevecchi, 2008). Capelin
concentrate in large inactive schools in cold, deep water (>200m;
Winters, 1970; Lily, 1982) during winter and attain maximum
somatic lipid content (Montevecchi and Piatt, 1984), but may be
outside the maximum diving range of murres. Sandlance occupy
relatively shallow plateau areas of the southeastern Grand Bank
(<80m maximum) where they partially burrow in the substrate
during spawning (Nov–Jan; Winslade, 1974; Winters, 1983) and
are well within the foraging range of murres. Information on the
winter diets of murres in the Northwest Atlantic is sparse and
comes primarily from birds taken during the inshore “turr” hunt
(Gaston et al., 1983; Elliot et al., 1990; Rowe et al., 2000; Moody
and Hobson, 2007). Diet samples from the hunt are biased
to conspecific Thick-billed Murres (Uria lomvia) that generally
feed at a relatively lower trophic position (McFarlane-Tranquilla,
2014), and to juvenile murres (both species) that comprise the
highest proportion of murres taken in the hunt but represent
16% of the at sea population in winter (Elliot et al., 1990). While
these studies indicate a mixed diet of fish (capelin, sandlance
and Arctic cod Boreogadus saida) and zooplankton (Parathemisto
spp., Thysanoessa spp.) they may not be entirely representative of
the winter diets of adult Common murres in offshore waters.

We test the hypothesis that murres will respond to harsh
environmental conditions in winter through increased DEE
(and nutritional requirements), which will be met through
adjustments in daily foraging effort and dive tactics (i.e., how,
when, and where). Our overall objective is to gain insights into
the behavioral strategies that mediate survival of murres during
long, harsh North Atlantic winters.

MATERIALS AND METHODS

Ethics Approval Statement
This study was carried out in strict accordance with ethical
guidelines outlined by the Canadian Council on Animal Care,
and approved by Memorial University of Newfoundland’s
Institutional Animal Care Committee (Permit Numbers: 10-
01-WM, 11-01-WM, 12-01-WM, 13-01-WM). Fieldwork was
carried out under a Canadian Wildlife Service Migratory Bird
Banding permit WAM-10322K. Access to the Funk Island and
Witless Bay Islands Provincial Seabird Ecological Reserves was
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permitted through the Newfoundland and Labrador Parks and
Natural Areas Division.

Study Sites and Species
Fieldwork focused on breeding murres at two Northwest Atlantic
colonies in Newfoundland, Canada: Gull Island in the Witless
Bay Ecological Reserve (47◦16

′

N, 52◦46W) with c.a. 1,632
breeding pairs (Robertson et al., 2003) and the Funk Island

Ecological Reserve (49◦45
′

N, 53◦11
′

W) with c.a. 472,259 pairs
(Wilhelm et al., 2015). Lotek dive-immersion, geo-locators
(Model LAT 2500; 5.9 g with attachment, c.a. 0.7% body mass;
8 × 35mm, cylindrical in shape) were attached to plastic leg
bands (Pro-Touch Engraving) with cable ties, and placed on
the left leg of 51 actively breeding murres during late chick-
rearing: 15 at Funk Island (2009) and 36 at Gull Island (2010-
2013). Twenty-nine devices were retrieved in subsequent years
(3 of 15 at Funk Island and 26 of 36 at Gull Island) including
four with data failures (final sample of 25 individuals). Low
logger return rates at Funk Island (3 of 15 retrieved) was
due to the presence of an Arctic Fox that caused significant
disturbance and breeding failures at this typically mammalian
predator free offshore colony (detailed in Burke et al., 2011).
Of these, the 17 loggers that recorded dive records for more
than 30 continuous days were included in our analysis of winter
foraging behavior (SupplementaryMaterial S1).Winter is defined
as the period from 15 November to 15 February (c.a. 93 days), a
delineation that ensures all individuals had completed pre-basic
molt (conservatively estimated to end in mid-November; Burke,
CMB, unnpubl data) and that our late winter sample included
> 8 individuals. Specific details regarding capture and handling
are provided in Burke et al. (2015).

Device Effects
The mass of the Lotek 250A geo-locator model used in this
study (5 g with attachment) is between 0.6 and 0.7% of the
average body mass of logger-equipped murres, and is well below
the recommended 1–3% (Phillips et al., 2003; c.f. Vandenabeele
et al., 2012). Similarities in body mass between logger-equipped
(982.6 ± 6.7 g) and control birds (977.1. ± 11.9 g) suggest
negligible device effects, and therefore we assume that behavioral
information gathered from our logger-equipped birds reflects
normal behavior of adult murres.

Spatial Data Processing
Comparison of raw Lotek positions with those generated
from British Antarctic Society (BAS) geolocators (McFarlane-
Tranquilla, 2014) deployed on Common murres at the same
colonies (Gull Island and Funk Island) revealed a striking
difference in latitude. Based on the approach of Frederiksen et al.
(2016), we ran latitudinal adjustments on our data, the details
of which are explained in Supplementary Material (S2). Further
processing followed the methods outlined by Burke et al. (2015)
involving a two position smoothing, and exclusion of data points
representing improbable daily movements (i.e., >500 km/day;
Hedd et al., 2011; McFarlane-Tranquilla et al., 2013). The total
number of retained, post-processing winter positions represented
67% (n = 1034 days) of the original 1,544 raw positions (n = 17

individuals). Monthly kernal home ranges were evaluated for
unsmoothed positions using a least squared cross validation
method with a 50 km grid size, applying the “kernelUD” function
in the “adehabitatHR” package (Calenge, 2006) in Cran R (ver.
3.1.3), and 50% kernal density contours were used to represent
the core winter foraging areas (Linnebjerg et al., 2013).

Environmental Features
Sea surface temperatures (SST) were extracted to the daily
locations of individual birds using theMarine Geospatial Ecology
Tools (MGET; version 0.8a64) in ESRI ArcGIS (ver 10). SST is
an Aqua MODIS product with a daily, 9-km resolution. Habitat
variables for missing days (i.e., dates with inaccurate locations)
were extracted to a median weekly location for each individual.
Estimates of day length were derived for all individuals on a daily
basis using the “twilight” function in the R package “GeoLight”
(Lisovski and Hahn, 2013) that uses latitude and longitude (from
geologgers) to calculate time of nautical sunrise and sunset
on a given date. Bathymetry data were also extracted from
ETOPO2 grids (http://www.ngdc.noaa.gov/mgg/global/etopo2.
html) at a 0.2◦ degree resolution using the xtracto function in the
“xtractomatic” R package.

Activity-Specific Daily Energetic
Expenditures
DEE was calculated by combining time-activity budgets with
model-derived estimates of activity-specific energy expenditures
from Elliott et al. (2013), using a modified activity-specific energy
expenditure equation from Elliott and Gaston (2014):

DEE = 508Tf + 1.01
∑

[

1− e(
Duration
1.23 )

]

+

(113− 2.75T)Ts + (72.2− 2.75T)Tw (1)

where, Tf is hours spent flying per day, Duration is dive time
in minutes, Ts and Tw represent hours per day spent active and
inactive on the water respectively, and T = SST (Aqua MODIS).
The activity-specific metabolic rates for Tw and Ts are reversed
from the original equation (cf (Elliott and Gaston, 2014), pers.
comm. K. Elliott, 2016) and our equation excludes the colony-
specific metabolic value for time spent at the colony (33Tc).

Daily time-activity budgets were calculated for individual
murres using logger derived estimates of daily time spent diving
>3m (i.e., total time submerged >3m or greater) and flying
(total dry time from wet-dry activity), with the remaining time
assumed to represent daily time spent on the water. During
winter when birds are exclusively at sea, estimates of the daily
time spent flying and resting on the water can be accessed
via immersion data (wet-dry) where dry events indicate flight.
However, for murres and other alcids delineation of flight
behavior using this approach is confounded by occasional leg-
tucking behavior when birds resting on the water withdraw their
leg and foot into their plumage (Harris et al., 2009; Linnebjerg
et al., 2014). This behavior can lead to spurious identification of
flights, resulting in over-estimation of the total daily time spent
flying. We programmed our loggers to eliminate dry records
associated with leg-tucking behavior (detailed in Burke et al.,
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2015), which was successful for 8 individuals only (possibly due
to inaccurate temperature reading for some loggers). We restrict
our activity-budget analysis to these eight birds for which we are
certain that dry periods during the day represent flight time and
not some combination of flight and leg-tucking time.

Our modified DEE equation, based on Elliott and Gaston
(2014) differentiates time spent on the water into active (i.e.,
swimming, preening) and inactive (i.e., rest) periods, where time
spent with leg(s) tucked is assumed to be equivalent to rest time
on the water (Elliott and Gaston, 2014). Because our sample
(n = 8 individuals) does not include information on time spent
resting (tucking), we relied on estimates from Elliott and Gaston
(2014) for Thick-billed murres based on mean time spent with
leg(s) tucked according to time of day by month (Sept-Dec; from
their Figure 2). We calculated the average time spent with leg(s)
tucked during the day and night for November and December
that we applied across all our winter data (15 Nov−15 Feb).
This resulted in approximate estimates of 30.5 ± 1.8 and 5.8 ±

1.9% of time spent with leg(s) tucked during the night and day,
respectively.

Foraging Behavior of Wintering Murres
Explanation of sampling rates, dive and bout processing
procedures are provided in detail in Burke et al. (2015). Post-
dive intervals >1800 s (30min) representing 6.7% of all dives
by number (n = 83,703) were excluded from analysis of inter-
bout rest time since pauses >30min were conservatively deemed
to be related to inter-foraging activity (i.e., flying or resting
on surface). Individual dives were assigned to a specific light
phase (i.e., daylight, twilight, and night) as defined by sun-angle
position (day: sun angle>0◦; twilight: sun angle≤0◦ and>−12◦;
night: sun angle≤−12◦). This was calculated using astronomical
models (Regular et al., 2011) using an R script validated by P.
Regular. Dives that exceeded 162 s were considered anaerobic
dives, based on the calculated aerobic dive limit of breeding
Thick-billed Murres (Elliott et al., 2013).

Data Analysis
Seasonal changes in foraging behavior and the DEE of murres
were examined using linear mixed effects models (LME), fit by
restricted maximum likelihood. Mixed modeling was used to
account for potential pseudoreplication, with individual set as
a random effect, and the inclusion of an autocorrelation term
where deemed necessary (evaluated with auto-correlation plots
of residuals; Zuur et al., 2009). When assumptions of parametric
tests were violated, non-parametric tests were used. F-tests were
used to assess the significance of effects and model fits were
assessed using parameter estimates (±95% upper and lower
confidence intervals). All statistics were run in Cran R software,
and unless stated otherwise, values are presented as means ±

standard error.

Winter Mass of Hunted Murres (Uria spp.)
To investigate murre condition in winter, we calculated mean
body mass from a sample of winter birds collected by the
Canadian Wildlife Service during the Newfoundland hunt of
murres (“turr hunt”). Though the sample (n = 145; over 9 years

between 1985 and 2015) is weighted to juvenilemurres (74%) that
dominate the age structure of hunted birds, Gaston et al. (1983)
demonstrated very similar winter body mass dynamics for adult
and juvenile (for Thick-billed murres). Therefore, age classes
were grouped and mean body mass was assessed according to
early (Nov-Dec) and late winter (Jan-Feb). Differences in body
mass between early and late winter were assessed using a one-way
ANOVA.

RESULTS

Core Winter Habitat
Murres over-wintered in offshore waters on the Newfoundland
Shelf (Figure 1). During November and December, murres were
highly concentrated over the northeastern Grand Bank (kernal
home ranges: 134,390 and 193,036 km2, respectively). Kernal
home ranges increased in January (316,597 km2) and February
(459,128 km2) as murres expanded their range to inshore waters
(Figure 1). Murres foraged in waters ranging between 50 and
300 m throughout winter (96.1± 1.5m) with no significant effect
of month on bathymetric depth (P < 0.3).

Activity Specific Daily Energy Expenditure
(DEE)
Murres spent on average < 2% (1.6 ± 0.1%) of their time flying
in winter (4.1 ± 0.1% of daylight hours) and 9.6 ± 0.2% of their
time diving, with the remaining time spent on the water (17.3
± 0.03% resting and 71.5 ± 0.2% active). Mean DEE increased
significantly over winter [F(1,643) = 319.2, P < 0.0001] and
exceeded 7 X BMR (>2450 kJ day−1) throughout most of January
and February (2463.2± 10.9 kJ day−1; Figure 2). The maximum
time spent resting scenario (12% day, 37% night) resulting in
lower DEE values (Figure 2), with an average difference of 138 kJ
day−1 (93–168 kJ day−1) between the maximum and minimum
scenarios.

Daily Time Spent Diving
All murres dove every day in winter with total daily dive time
ranging from 10 to 468min. Mean daily time spent diving (i.e.,
time spent submerged >3m) increased significantly over winter
[F(1,1273) = 260.2, P < 0.0001], with no significant effect of year
(P = 0.6), colony (P > 0.09), or sex (P > 0.84). Murres increased
daily dive time at an average rate of c.a. 4min day−1 before
reaching a plateau around winter solstice (Figure 3). This trend
highlights two potentially distinct phases of winter during which
murres may experience different foraging conditions and (or)
nutritional demands. Consequently, we consider differences in
behavior between these two unique phases of winter in all further
analyses; defined hereafter as early winter (EW: 15 Nov−21 Dec)
and late winter (LW: 22 Dec−15 Feb) according to the timing
of winter solstice (c.a. 21 Dec) after which day length begins to
gradually increase.

Individual Dive Characteristics
Eighty three thousand seven hundred and three dives (>3m)
were recorded over winter. As predicted, murres dove deep
in winter with 65.2% of all dives ≥50m. The mean percent
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FIGURE 1 | Core foraging areas (50% KHR) of Common Murres (n = 17) according to month. Colored stars indicate Funk Island (black) and Gull Island (yellow).

Bathymetric contours (by 100m) obtained from GEBCO Digital Atlas (GEBCO 1-min grid, ver. 2, www.gebco.net) and mapped in Cran R (ver. 3.1.3).

FIGURE 2 | Mean (± SE) daily energy expenditure (DEE) of murres (n = 8)

over winter (15-Nov−15 Feb) averaged over 5-day intervals. The dotted blue

line shows associated daily sea surface temperature (from generalized additive

mixed model output). Black symbols indicate estimated DEE using minimum

and maximum time spent resting (on the water) scenarios.

frequency of dives peaked at intermediate depths (50–80m)
during both winter phases (Figure 4), with intermediate dives
accounting for 54.7 ± 2.7 and 56.5 ± 4.7% of all dives in EW
and LW, respectively. The percent frequency of shallow dives
(<50m) decreased over winter (40.5 ± 3.2 and 29.8 ± 5.2%
in EW and LW, respectively) while the frequency of deep dives
(>80m) increased (4.9 ± 1.6 and 13.7 ± 4.1% in EW and
LW, respectively). Overall there was a significant increase in
mean dive depth (daily average) over winter [F(1,1273) = 167.1,

FIGURE 3 | Mean (SE) daily dive effort (minutes) by Common murres (n = 17)

in winter (15 Nov−15 Feb). Continuous line (dashed gray) shows day length

(minutes) at 47.6◦ N from nautical sunrise to nautical sunset. Linear mixed

model output for differences in mean daily dive effort during EW (95.2 ±

5.6min; 95% CI: 84.2–106.3min) and LW (178.3 ± 6.3min; 95% CI:

165.9–191.0min).

P <0.0001] and dives were significantly deeper in LW (59.8 ±

1.2m; 95% CI: 56.0–63.8m) relative to EW (49.9 ± 1.9m; 95%
CI: 46.0–53.7m). Figure 5 presents information on individual
dive characteristics as a function of dive depth during EW and
LW (categorized by shallow, intermediate, and deep dives). Mean
dive duration increased with depth and was significantly higher
for intermediate dives in LW (155.8 ± 6.0 s; Figure 5A) relative
to EW (143.8 ± 4.1 s; Figure 5A). Percentage of dives exceeding
the calculated aerobic dive limit for murres (162 s) accounted for
16.7 ± 3.0% of dives in EW vs. 37.4 ± 5.4% in LW, with high
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FIGURE 4 | Percentage dive depth frequency according to 10-m depth bins. Values are mean percent frequency of dives averaged across individuals in early winter

(EW; white bars) and late winter (LW; black bars).

FIGURE 5 | Individual dive characteristics according to shallow (3–49m), intermediate (50–80m), and deep (>80m) depth intervals during early winter (EW) and late

winter (LW). Parameters include: (A) dive duration (n = 73946; dives ≥10 and ≤150m), (B) bottom duration (n = 72108 dives; dives ≥10 and ≤150m, excludes V

dives), (C) descent velocity (n = 66370 dives; dives ≥30 and ≤150m), (D) bottom velocity (n = 70586 dives; dives ≥10 and ≤150m, excludes V dives) and

(E) ascent velocity (n = 66352 dives; dives ≥30 and ≤150m), and (F) inter-bout pause duration (n = 39925 bouts, pauses ≤1800 s). Values are linear mixed model

and generalized linear mixed model (where appropriate) model fits ± 95% confidence intervals where non-overlapping confidence intervals indicate significant

differences. Note: due to high variability in the parameter estimates for shallow dives, dive data were truncated by depth to overcome problems with heterogeneity

(≥10m, except ≥30m for ascent and descent velocities).
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variability between individuals (Supplementary Table 1). Mean
bottom duration of dives peaked at intermediate depths during
EW and LW (Figure 5B). Bottom duration was significantly
higher in LW for intermediate (45.5 ± 1.6 and 56.1 ± 1.3 s for
EW and LW, respectively) and deep dives (40.3 ± 1.5 and 49 ±

1.9 s for EW and LW, respectively; Figure 5B). Mean descent rate
decreased significantly with depth (Figure 5C) with significantly
higher values during LW for intermediate (122.8± 1.6 and 128.7
± 0.8 cm/s for EW and LW) and deep dives (132.3 ± 1.0 and
139.6 ± 1.2 cm/s for EW and LW, respectively). Mean bottom
velocity followed a reverse trend to bottom duration. During
EW, bottom velocity of intermediate dives was significantly lower
(10.5 ± 0.4 cm/s, Figure 5D) than shallow (17.8 ± 0.6 cm/s)
and deep dives (14.9 ± 0.9 cm/s). During LW, mean bottom
velocity of shallow dives was significantly higher (15.8 ± 0.5
cm/s; Figure 5D) relative to intermediate (11.0 ± 0.6 cm/s) and
deep dives (11.8 ± 1.0 cm/s) that were not different. There
was no significant phase effect on mean bottom velocity for
shallow or intermediate dives, but mean bottom velocity of deep
dives was significantly higher in EW (14.9 ± 0.9 cm/s) than
LW (11.8 ± 1.0 cm/s; Figure 5D). Mean ascent rate increased
significantly with depth (in both phases), with overlapping ascent
rates between EW and LW at all depths (Figure 5E).

Diel Dive Behavior
The majority of dives occurred during daylight hours throughout
winter (Figure 6; 76.0 ± 1.9 and 85.7 ± 1.6% of all dives in EW
and LW, respectively), however the proportional frequency of
daylight dives increased over time as twilight and night dives
decreased (Figure 6A). Twilight dives accounted for 14.5± 0.9%
in EW and 10.9 ± 0.7% in LW and night dives accounted for 9.6
± 1.7% in EW and 3.3± 1.3% in LW. During EW, daylight dives
were significantly deeper (54.7 ± 2.1m; 95% CI: 50.7–58.8m)
than twilight (46.1± 2.1m; 95% CI: 42.1–50.2m) and night dives
(28.5 ± 2.1m; 95% CI: 24.4–32.6m; Figure 6B). Mean depth
of daylight (63.4 ± 4.4m; 95% CI: 54.9–72.0m) and twilight
dives (57.1 ± 4.4m; 95% CI: 48.5–65.6m) was not significantly
different in LW (Figure 6C), and both were significantly deeper
than night dives (34.6± 4.5m; 95% CI: 25.8–43.4m).

Organization of Foraging Bouts
Forty five thousand five hundred and forty three foraging bouts
were recorded over winter, the majority of which consisted of
a single dive: 74.3% in EW and 80.5% in LW. There were
significantly more dive bouts per day in LW (41.7 ± 2.0; 95%
CI: 37.7–45.7) relative to EW (28.0 ± 2.0, 95% CI: 24.0–32.0;
Table 1). Mean duration of dive bouts containing multiple dives
(excluding post-pause time of terminal dives) was significantly
higher in LW (831.2 ± 2.4 s; 95% CI: 826.6–835.9 s) relative to
EW (595.7 ± 1.8 s; 95% CI: 592.1–599.2 s; Table 1). Similarly,
mean bout duration of single dive bouts was significantly higher
in LW (154.7± 0.6 s; 95%CI: 153.6–155.9 s) relative to EW (130.1
± 0.5 s; 95% CI: 129.3–130.9 s). The time spent resting on the
water between dive bouts (for single and multiple dive bouts) was
also lower in late winter (309.5 ± 15.2 s) relative to EW (364.0 ±
15.3 s), but the difference was not significant (Table 1).

Winter Mass of Hunted Murres
Murres collected during the Newfoundland “turr” hunt were
significantly heavier [F(1,143) = 4.6, P = 0.03] in late winter (Jan-
Feb: 1043.8 ± 7.1 g), relative to early winter (Nov-Dec: 988.8 ±

23.6 g).

DISCUSSION

Seabirds over-wintering at high latitudes face the double jeopardy
of high DEE and degraded foraging conditions. Winter survival
strategies while poorly known are vital aspects of the annual
cycle of marine birds (Frederiksen et al., 2008). Using fine-scale
behavioral information gathered from pursuit-diving murres
equipped with dive-immersion geo-locators, we demonstrate
overlapping trends in mean DEE (Figure 2) and mean daily
time spent diving (Figure 3) over winter, both showing a steep
increase through EW followed by a LW asymptote. These
results support our prediction that an increase in DEE (and
nutritional requirements) would be met by a corresponding
increase in foraging effort, and balanced energy budgets. Patterns
in the diving profiles of murres also indicate a distributional
shift in prey over winter (from shallow to deep waters), likely
driven by seasonal declines in water temperature. We show
that murres meet their daily energy requirements in the face of
these challenges by pushing the limits of their diving capabilities.
Murres are the largest of the pursuit-diving alcids, and due to
small wings (that reduce underwater drag) and physiological
adaptations that minimize metabolic costs during diving they can
dive deeper, longer, and more efficiently than any bird capable of
flight (Elliott et al., 2013). These traits affordmurres the flexibility
to routinely access prey in deep water and explain, in part explain
how they survive the challenges of winter on the NL Shelf.

Daily Energy Expenditures (DEE) of North
Atlantic Murres in Winter
Mean DEE of murres during LW exceeds the sustainable level
of 7 X BMR for vertebrates (Weiner, 1992; Speakman and Król,
2011). This finding supports previous studies showing higher
than expected energy and nutritional requirements for diving
seabirds in winter (Grémillet et al., 2005a; Daunt et al., 2007;
Fort et al., 2009) and more specifically for North Atlantic alcids
(Fort et al., 2009, 2013; Elliott and Gaston, 2014). Diving birds
have significant energy requirements for thermoregulation in
winter owing to high heat loss during exposure to cold water
(Croll and McClaren, 1993; Enstipp et al., 2006). Murres in our
study were largely flightless throughout winter (<5% time spent
flying) and spent most of their time on the water (>85% of
the day in LW). Accordingly, as SST decreased through winter
murres experienced a corresponding increase in thermodynamic
costs with high DEE estimates throughout LW when SST was
consistently near freezing (1.9 ± 0.8◦C). Murres also spent more
time diving in LW, however diving expenditures contributed
relatively little to overall DEE (12 ± 0.3%), presumably due to
low metabolic activity during deep-diving (Wilson et al., 1992;
Niizuma et al., 2007; Elliott et al., 2013).
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FIGURE 6 | (A) Proportion of total daily dive activity occurring during daylight (blue), twilight (gray), and night (black) over time in winter (with a loess smoothing

function for each light period). Mean percentage number of dives (bars) and mean dive depth (diamonds; inverted y-axis) according to time of day (local time) during

early winter (B) and late winter (C). Gray diamonds (B,C) indicate approximate transitional hours during twilight (i.e., sun angle ≥-12 and ≤0).

While we took great care in our approach and used
the most current information available, we consider specific
limitations and assumptions that may bear, in particular on
the magnitude of our DEE estimates that are significantly
higher than those reported by Fort et al. (2009) for Thick-
billed Murres during North Atlantic winters. The applied DEE
equation (Equation 1, adapted from Elliott and Gaston, 2014)
incorporates thermodynamic costs during rest and activity
periods on the water (based on SST data extracted from Aqua
MODIS using the daily locations of logger-equipped murres).
Activity-specific metabolic rates are derived from studies of
captive murres held in 16◦C water (Croll and McClaren, 1993),
and could therefore overestimate the thermoregulatory costs of
wild birds acclimated to cold water (e.g., 0–12◦C seasonal range
for Northwest Atlantic Common murres; McFarlane-Tranquilla,
2014). We also acknowledge that activity-specific metabolic
rates, derived from breeding birds may not be representative
of the winter period when seasonal variations in body mass
and composition (lean mass vs. lipid loading) could influence
diving and flight costs (Elliott et al., 2008b). Indeed, the effects of
seasonal physiological adjustments on the metabolic machinery
of murres are largely unaccounted for in our study. For example,
it is possible that if seasonal increases in DEE are sufficiently
predictable; adjustments in the size of digestive organs (occurring

over sufficient time) would allow murres to increase their energy
assimilation rates (Wu et al., 2014) and to function at a higher
level of energy expenditure. In addition, assumptions regarding
the estimated time spent resting vs. time spent active on the
water could also influence our DEE results. Our activity data
did not provide reliable estimates of time spent resting since we
programmed our loggers to eliminate tucking behavior (assumed
to represent rest time; Elliott and Gaston, 2014). Therefore, we
relied on estimates of time spent with leg(s) tucked from Elliott
andGaston (2014) for Thick-billedmurres, with average values of
5% (day) and 30% (night) respectively. To assess how variability
around these assumptions influenced our DEE estimates, we
calculated minimum and maximum time spent resting scenarios
(also based on Elliott and Gaston, 2014) using 25% (minimum)
and 75% (maximum) inter-quartile ranges of mean percent
time spent with legs tucked during the day (0.1 and 11.7%
for minimum and maximum, respectively) and night (23.9 and
37.0%, for minimum and maximum, respectively), averaged over
the entire winter period. The maximum resting scenario resulted
in lower DEE since correspondingly less time is spent active on
the water (which involves higher energy costs), and the average
difference between the maximum and minimum time spent
resting scenarios was 138 kJ day−1 (93–168 kJ day−1). The reality
of these scenarios for murres in the Northwest Atlantic is largely
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TABLE 1 | Dive bout characteristics for individual Common murres (n = 17) during

EW and LW.

Dive Bout Parameters EW LW

Number 28.0 ± 2.0 41.7 ± 2.0

Bouts Day1 [24.0–32.0]A [37.7–45.7]B

Bout 595.7 ± 1.8 831.2 ± 2.4

Duration (s)2 [592.1–599.2]A [826.6–835.9]B

Inter-Bout 364.0 ± 15.3 309.5 ± 15.2

Pause Duration (s)3 [334.1–394.0]A [279.7–339.3]A

Values are LME model outputs (mean ± standard error; 95% CI). Different letter

superscripts between early winter (EW) and late winter (LW) indicate significant differences.

Poisson distribution1, excludes single dive bouts2, excludes inter-bout pauses≥ 1800 s3.

unknown, however Robertson et al. (2012) estimated “many
hours” of dry records at night (assumed to represent tucking) for
murres equipped with time-depth recorders. Therefore, it is likely
that the mean (30% or 3.5 h tucking) or maximum (37% or 4.5 h)
time spent resting scenarios are the most realistic. Given these
assumptions, we acknowledge that our DEE results are largely
“theoretical” and should be considered as best current estimates.
Nonetheless we emphasize the striking overlap in seasonal DEE
trends with Fort et al. (2009) and the similarly high values
reported by Elliott and Gaston (2014) for Thick-billed murres
during December; all of which support the notion of late winter
as an extremely challenging phase in the annual cycle of North
Atlantic murres.

Optimal Foraging Strategies in a Marginal
Winter Environment
Prey behavior influences the foraging strategies of diving
predators. In particular, the vertical distribution of prey in
the water column determines dive depth and to a large extent,
the duration of time spent feeding at depth. Water masses on
the NL Shelf undergo pronounced seasonal modifications in their
properties due to heat flux, wind-forced mixing and shifting
ice extent (Colbourne et al., 2015; Richaud et al., 2016). Over
the progression of winter, the vertical extent of warm water in
the upper water column diminishes, and by late December cold
water persists throughout the water column (Petrie et al., 1988;
Richaud et al., 2016). When surface waters are cold, prey that
otherwise migrate from deep waters during the day into warm
surface waters at night (i.e., diel vertical migration) remain at
depth. This could explain the observed decrease in the frequency
of shallow dives in LW (Figure 4) and the corresponding increase
in daylight dives (with fewer crepuscular and nocturnal dives).
Consequently, murres facing high-energy demands in LW spend
more time foraging in deeper waters where capture efficiency of
prey is limited by light availability (Hedd et al., 2009; Regular
et al., 2011), resulting in a shorter foraging day (Figure 6B).

We suggest that murres operating under severe time (short
days) and energy (high DEE, deep diving) constraints in LW
push the limits of their diving capabilities to maximize their total
net daily energy gain (i.e., rate maximizing behavior; Houston,
1987; Ydenberg et al., 1994). Specifically, they spend more

time feeding in productive areas and dive intensively where
and when foraging efficiency is maximized. Murres dove most
frequently to intermediate depths (50–80m) throughout winter
(Figure 4), which suggests that prey was most abundant or of
the highest quality within this foraging zone. Though we have
no corresponding information on winter diets, intermediate
diving would potentially place murres within range of sandlance
(and possibly cod, sculpin Cottidae spp.; Winters, 1970, 1983;
Lily, 1982; Montevecchi and Piatt, 1984) that occur over large
portions of the Grand Bank (<100m; Figure 1). Congeneric
Thick-billed Murres on the NL Shelf were estimated to
consume approximately half their body weight (c.a. 550 g) in
wet food every day (Fort et al., 2009) during LW, which we
assume is a realistic estimate for our murres. Forage fish are
energy-dense and would be highly suitable prey for murres
facing such demanding nutritional requirements. They are also
rich in lipids, which make them profitable from an energy
assimilation perspective since lipid-rich prey have relatively
higher assimilation efficiencies (Brekke and Gabrielsen, 1994).
For murres that are primarily restricted to daylight diving in
winter (see below), the ability to quickly process prey may be
critically important to attaining sufficient energy reserves within
a relatively limited foraging window.

Although murres performed fewer shallow and more deep
dives in late winter (Figure 4), there was no change in the
frequency of intermediate dives (55 ± 2.7 and 57 ± 4.7% in
EW and LW, respectively). They did however spend significantly
more time on the bottom phase of intermediate dives in LW
(Figure 5B), 43% of which exceeded their aerobic dive limit
(ADL). Frequent anaerobic diving results in acidotic blood and
eventual fatigue (Butler, 2001) and is considered unsustainable,
yet murres and many diving species regularly exceed ADL
during deep diving (e.g., 40% for King Penguin Aptenodytes
patagonicus; Butler, 2001). Theoretical explanations as to why
(rather than how) divers frequently exceed their ADL involve
energy tradeoffs whereby individuals extend the duration of dives
when the quality or density of prey is sufficiently high to ensure
higher capture success and energy intake (Ydenberg and Clark,
1989; Kooyman and Ponganis, 1998). Accordingly, we suggest
that the high frequency of ADL dives at intermediate depths
in LW reflects such a trade-off whereby murres facing high
nutritional requirements extend feeding times at high quality
prey patches (i.e., 50–80m or intermediate depths) where energy
intake per unit of time is maximized. Murres also exceeded their
ADL during 85% of deep dives (n = 6497) in LW, however
time spent on the bottom of deep dives was significantly lower
relative to intermediate dives (Figure 5B) and suggests travel
time (vs. feeding time) explains the high frequency of ADL dives
in deep water. To our knowledge, the high frequency of ADL
dives by murres in LW (36% over all dives) exceeds previous
records (21% during chick-rearing; Elliott et al., 2008a), most of
which come from the breeding season. Consequently, an increase
in the frequency of ADL dives could represent an important
behavioral adjustment for winter survival (possibly facilitated by
physiological adjustments; Gerlinsky et al., 2013).

We also show that visually-oriented murres respond to an
increasingly deep-water prey field in LW by increasing diving
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intensively during daylight hours (Figure 6). During LW, murres
exhibited significant increases in mean dive (and dive bout)
frequency and duration (relative to EW) and a corresponding
decrease in inter-bout rest time (Table 1). While the difference
in inter-bout rest times between EW and LW was not significant
(Table 1), it is striking that murres that are diving more (and
frequently exceeding ADL) are spending less time resting at the
surface between dive bouts. Presumably, murres are expending
maximum effort when foraging efficiency is highest (i.e., during
daylight hours) which allows them to satisfy their significant
food energy requirements when visually hunting for prey in deep
water.

Intensive diurnal foraging (possibly consuming lipid rich
prey) could also allow murres to gather surplus energy reserves
to sustain them during nocturnal fasting (McNamara and
Houston, 2008). This behavior could explain our finding of
significantly heavier birds in LW (>1000 g) that is supported
by frequent reports of relatively heavy seabirds in winter
(e.g., murres and kittiwakes; Erikstad, 1990; Falk and Durnik,
1993; Harris et al., 2000) including an observation of murres
collected during the Newfoundland “turr” hunt carrying heavy
subcutaneous fat (Gaston et al., 1983). Accumulation of
lipid reserves would also improve insulation and significantly
reduce heat loss to the water (Richman and Lovvorn, 2011)
resulting in potentially lower thermodynamic costs (and DEE).
Whether murres carry enough reserves to sustain them through
more prolonged periods of fasting is uncertain, however the
occurrence of large numbers of dead and starving alcids
coming ashore following extreme weather events (winter
wrecks) suggests that the amount of reserves that these
relatively small birds can carry is insufficient over extended
periods, particularly in late winter when energy demands are
high.

CONCLUSIONS

Our results contribute to our understanding of the tolerances of
murres in response to a prolonged and demanding LW period
in a Low Arctic ecosystem, and demonstrate that murres are
capable of coping with predictable, seasonal environmental
extremes over an extended period. During the LW period when
energy demands are high and foraging conditions are relatively
poor, murres push the physiological limits of their diving
capabilities to balance their energy budgets. Evidence from
studies on foot-propelled cormorants indicate that although
birds can sustain high rates of feeding activity when energy
demands are high in winter, they deplete reserves over time
and come close to, or succumb to starvation by early spring
(Grémillet et al., 2005a; Daunt et al., 2007). The physiological
consequences associated with intensive foraging during a
prolonged period of peak energy demand are unclear but if
murres are working at maximum capacity, predicted extremes in
environmental conditions associated with future climate change
(Reid and Valdés, 2011) could have potentially catastrophic

consequences for winter survival, particularly if prey conditions
are negatively affected. Future research investigating the
physiological mechanisms that drive such extreme behavioral
responses are needed to better understand and predict
the tolerances of murres to environmental extremes and
variability.

High DEE during late winter for related alcids (Fort et al.,
2009, 2013; Elliott and Gaston, 2014) suggests the existence of
a potential energy bottleneck for these pursuit divers, driven
by climatic factors during long, harsh North Atlantic winter.
Our results indicate that murres can, and indeed need to
forage intensively on a consistent schedule to avoid an energy
bottleneck in LW. Whether, other alcids rely to such an
extent on intensive feeding to sustain them during periods
of extreme energy demand is unclear, and requires further
study.
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