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Abstract Interpreting the impact of environmental
change on food webs requires a clear understanding of
predator—prey interactions. Such knowledge is often
lacking in the marine environment where the foraging
behaviour and prey requirements of some of the major
top-predators remains mysterious. For example, very little
is known about the underwater foraging behaviour of the
little auk, the most numerous seabird in the North
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Atlantic. In 2004, we used time—depth-recorders at two
breeding colonies in East Greenland to examine the diving
behaviour of this small, planktivorous seabird during the
chick-rearing period. Due to technical difficulties data
were only collected for four individuals, but recordings
showed that birds dive up to 240 times a day to maximum
depths of 27 m (average 10 m), with maximum dive
durations of 90 s (average 52 s). In addition, we collected
the chick meals from 35 individuals, which were domi-
nated by Calanus copepods (95%), and also determined
the field metabolic rates (FMR) of 14 individuals using
the doubly labelled water technique, which averaged
609.9 kJ day~'. We integrated information on diving
duration with chick diet and FMR to estimate the prey
requirements and underwater capture rates of little auks
using a Monte Carlo simulation. Chick-rearing little auks
needed to catch about 59,800 copepods day ™', which is
equivalent to about six copepods caught per second spent
underwater. These astonishing results strongly suggest
that little auks are, at least partly, filter-feeding, and
underline the importance of highly productive, cool mar-
ine areas that harbour dense patches of large, energy-rich
copepods.

Keywords Doubly labelled water - Dovekie -
Foraging behaviour - Greenland - Time—depth-recorders -
Zooplankton

Introduction
In the marine environment, food chains are often controlled
via bottom-up effects, with hydrographic conditions

influencing primary and secondary productivity, and ulti-
mately top-predators (Richardson and Schoeman 2004;
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Frederiksen et al. 2006). The upper trophic status of marine
top-predators such as seabirds consequently makes them
sensitive to changes occurring at lower trophic levels
(Ainley et al. 1995; Furness and Campuysen 1997), and
numerous studies have demonstrated the impact of changes
in the marine ecosystem on seabirds (e.g., Cherel and
Weimerskirch 1995). Whereas some species of seabird are
able to buffer food shortage by adjusting foraging behav-
iour and time allocation (e.g., Litzow and Piatt 2002), other
species, such as those with specialised feeding habits or
expensive food searching techniques, have less flexibility
and are more prone to breeding failures (e.g., Monaghan
et al. 1989). There is also some evidence that planktivorous
seabirds (secondary consumers) are more correlated with
environmental conditions than fish-eating birds (tertiary
consumers) because there are fewer links between preda-
tors feeding at lower trophic levels and the ocean physics
driving the change (e.g., Kitaysky and Golubova 2000; Lee
et al. 2007).

The little auk (Alle alle) is a small planktivorous seabird
that breeds in the high Arctic marine zone of the Atlantic.
The species composition of zooplankton communities is
closely linked to oceanographic conditions, with species of
different size and energetic value adapted to different water
characteristics (Scott et al. 2000; Beaugrand et al. 2002a).
The restructuring of zooplankton communities associated
with predicted changes in the North Atlantic current system
and water temperature (Hurrell 2000; Beaugrand et al.
2002b) should therefore directly affect food availability to
little auks.

The flexibility of foraging behaviour may be an
important mechanism for little auks to adjust to changes
in food availability. However, although chick-feeding
rates, and the size and energy value of chick meals varies
with local foraging conditions (e.g., Karnovsky et al.
2003; Jakubas et al. 2007), detailed knowledge of their
diving behaviour and at-sea activity is lacking. Miniature
data loggers have been successfully used to record the
diving behaviour of the larger wing-propelled pursuit
diving seabirds such as the penguins (Aptenodytes fors-
teri) and guillemots (Uria aalge) over the last decades
(e.g., Kooyman and Kooyman 1995; Tremblay et al.
2003), but only recently have these devices become light
enough to use on the smaller, planktivorous species. In
this paper, we present data from a pilot study that used
small data loggers (time—depth-recorders; TDRs) to
examine the diving behaviour of little auks breeding in
East Greenland. Our two aims were to: (1) use TDRs to
describe the diving behaviour and time budgets of little
auks, and (2) integrate information on diving duration
with chick diet and field metabolic rates (FMR) to esti-
mate the prey requirements and underwater capture rates
of little auks.

@ Springer

Materials and methods
Study site and species

Little auks have very minimal sexual size dimorphism
(Wojczulanis 2006), and annually rear a single chick
(Stempniewicz 2001). Both parents share incubation,
brooding and chick-provisioning duties, although there is
evidence that males deliver more meals than females
towards the end of the chick-rearing period (Harding et al.
2004). The single chick is brooded almost continuously by
both parents until it attains homeothermy at about 3—4 days
of age (Stempniewicz 2001). After this, the chick is usually
left alone in the crevice unless it is being fed. Chicks fledge
at an average age of 25-27 days (Norderhaug 1980;
Stempniewicz 2001; Harding et al. 2004). Little auks have
a specialised foraging niche, feeding almost exclusively on
planktonic crustaceans, with calanoid copepods (Calanus
species) accounting for 84-96% of the energetic content of
chick meals across their range (e.g., Pedersen and Falk
2001). These 5-10 mm prey items are caught during wing-
propelled dives, and parents carry the fresh, undamaged
zooplankton back to their chick at the colony in a specially
adapted throat (gular) pouch (Stempniewicz 2001).

Data were collected in 2004 at two little auk colonies on
the east coast of Greenland; from 7 to 17 July at Kap
Brewster (70°10'N, 22°09'W) and from 18 July to 1 August
at Kap Hoegh (70°43'N, 22°38'W; Fig. 1) as part of a pilot
season to identify a good colony for future study. The little
auk colony at Kap Brewster is situated approximately
300-350 m above sea level, whereas the Kap Hoegh
colony is located approximately 150 m above sea level.

Fourteen nests were found during the end of the incu-
bation period (8-9 July) at Kap Brewster, and checked
every 3 days until hatch to provide an index of hatching
chronology. The sample of accessible nests was limited by
rock size and crevice depth. Out of the 14 nests: ten hat-
ched, two failed to hatch, and two were still in incubation
stage when we left the colony on July 17. Median chick
hatch date was 11 July (n = 10 nests, min = 10 July,
max = 15 July). We arrived at Kap Hoegh after chicks
hatched and consequently have no measure of chick age,
however, the visual comparison of chicks at both colonies
suggest a similar hatching chronology.

Diving behaviour and time budgets

Data loggers were attached to a total of 13 birds; seven at
Kap Brewster during the end of the incubation period/early
chick-rearing period (7-13 July), and six at Kap Hoegh
during the mid chick-rearing period (20-28 July). Only one
adult per nest was used, in order to minimise disturbance.
The data loggers (LTD_1110, Lotek Wireless Inc.; 32 mm
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length, 11 mm diameter, 5 g mass in air) recorded time,
water pressure (acc. 0.5 m, down to 50 m) and temperature
(acc. 0.3°C, range —5-35°C) at a sampling interval of 5 s.
This interval corresponds to 10% of the subsequently
recorded average dive duration (see Results), and is there-
fore considered appropriate (Wilson et al. 1995). A logger
memory of 64 KB allowed 45.5 h of data to be stored.
Logger mass corresponded to approximately 3.3% of the
birds body mass (149 £+ 1.7 g, n = 105 birds; this study).
Birds were caught in the nest crevice and data loggers were
attached to the central back feathers with 10 mm wide strips
of Tesa® tape (Wilson et al. 1997). Birds were dyed (picric
acid) for quick identification in the field, and released back
into the nest after handling. Total handling time was less
than 15 min. Regular checks at the nest hole were con-
ducted after 24-h of attachment and until the bird could be
caught and the logger retrieved. Dive parameters were
calculated using MultiTrace (Jensen Software Systems,
Laboe, Germany). The first hour of data after initial release
was excluded from the analysis to reduce possible behav-
ioural effects from handling the bird, and the minimum
depth for a dive to be included in the analysis was 1 m. A

conversion factor of 0.7030695 m PSI™' was applied to
convert the logger pressure unit (PSI) to meters below sea
surface. A logger was placed at the colony to record diurnal
temperature variation on land and aid in the interpretation of
activity.

Only 5 of the 13 loggers were successfully retrieved; 4
at Kap Brewster and 1 at Kap Hoegh. Of the remaining
eight birds, the logger had fallen off five before recapture
and three were not seen again in the colony. The download
of one logger at Kap Brewster was unsuccessful for
unknown reasons, and we were therefore limited to data
from four loggers. The height of the Kap Brewster colony
allowed us to distinguish between at-sea and colony pres-
sure, enabling the calculation of activity budgets (time
spent foraging, in flight, and at the colony) for these three
birds. The lower height of the Kap Hoegh colony made
these data more difficult to interpret, and the Kap Hoegh
bird is therefore not included in estimates of time budgets.
Except for the standard deviations used in the Monte
Carlo simulations (Manly 1997), all values reported are
means = 1 SE and statistical significance was assumed at
P < 0.05.
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Chick diet

Chick meals were collected at Kap Hoegh (19-31 July).
Captures were distributed across all hours to avoid poten-
tial diurnal differences in provisioning. Parents were
caught on rocks in the colony using noose carpets
(Pedersen and Falk 2001). Observers sat close to the trap,
and ran to hold the bird as soon as it was caught to avoid
the individual opening its bill and loosing prey items from
the gular pouch. The chick meal was gently scooped out
of the gular pouch, and birds were released without harm
within 5 min of capture. Diet samples were classified as
either complete (no food items lost) or incomplete (deter-
mined from the continual observation of caught birds),
and were preserved in 4% borax-buffered formaldehyde
solution and stored in hard plastic vials to prevent damage
to the individual prey samples.

Samples were analysed in the laboratory under a ste-
reomicroscope. Prey items were identified to species level
whenever possible, and remaining taxa were identified
down to the lowest possible taxonomical level. Calanus
species were identified according to Kwasniewski et al.
(2003). Abundant taxa—mainly Copepods and larval forms
of Decapoda—were enumerated from subsamples which
consisted of 10-30% of the entire sample (more than 200
individuals). Large and/or rare individuals such as
Amphipoda, Euphausiacea and adult Decapoda were
counted in the whole diet sample. The exact value of dry
mass per prey item was used whenever possible, and the
appropriate formula was used for organisms which differed
in size (Table 2). Energetic values of prey items were
calculated using published energetic values (kJ g~ ' of dry
mass of prey species and developmental stages (Table 2).
We calculated the average calorific value per little auk prey
item based on the overall relative proportions of the dif-
ferent prey species in the diet.

Adult energy expenditure
Field procedure

We used the two-point doubly labelled water (DLW)
technique (Lifson and McClintock 1966) to measure the
daily energy expenditure of five little auk adults breeding at
Kap Brewster (10-11 July) and 19 adults breeding at Kap
Hoegh (21-28 July). Out of the five birds measured at Kap
Brewster, three were incubating and the remaining two
were brooding chicks less than 5 days old. All 19 of the
Kap Hoegh birds had chicks older than 5 days. Daily
energy expenditure at Kap Brewster was measured on four
birds that were simultaneously carrying time—depth-
recorders, and on one bird without a logger. Loggers were
attached just prior to the bird’s release. We were only able
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to re-catch 14 of the 24 injected birds (58%) because of
stormy weather during the periods of recapture. Of these 14
birds, three were from the Kap Brewster colony (one
incubating, and two brooding small chicks), and 11 were
parents at Kap Hoegh.

All parents were caught in their nest crevice, weighed to
the nearest 0.1 g, and immediately given an intra-perito-
neal injection of 0.15 mL of a mixture of DLW. The dose
was composed of 0.55 g kg™ estimated total body water
(TBW) 96% H®0 (Rotem Industries Ltd., Israel) and
0.17 g kg~ ' estimated TBW 99.9% *H,O (Cambridge
Isotope Laboratories, Andover, MA, USA) that was diluted
by 3% NaCl to physiological osmolarity. The doses were
calculated to ensure an in vivo enrichment of about 240 and
940%o for 18-oxygen and deuterium, respectively, [%o(delta
per mil) = (Rsample/Rstandard—1) x 1,000 with R being
the ratio heavy to light isotope]. Birds were then placed in a
dark box for 1 h to allow the DLW to equilibrate in the
body. An initial blood sample of approximately 100 pl was
collected after equilibrium and flame sealed in microhe-
matocrit tubes. Birds were then replaced back in their nest
crevice. Injected birds were recaptured on their nests within
48 h post injection, weighed to the nearest 0.1 g, and a final
blood sample of approximately 150 pl taken. We also
collected blood samples from 12 additional birds to quan-
tify background isotope levels.

Laboratory procedure

'®0 and *H enrichments of body water samples were,
respectively, measured by the H,O/CO, equilibration and
Zn reduction techniques after cryodistillation of blood, as
routinely performed at the University of Strasbourg (Blanc
et al. 2000). Analyses were performed in duplicate for both
deuterium and oxygen-18 on an optima isotope ratio mass
spectrometer (Fisons UK) and repeated if SD exceeded 2.0
and 0.5%o, respectively. CO, production (rCO,) was cal-
culated after the single pool equation of Speakman (1997):
rCO, = (No0/2.078).(ko-kd)-0.062.kd.No, where No repre-
sents the 18-oxygen dilution calculated from Coward
(1990) by the plateau method using the 1-h post-dose
sample, and corrected for isotope exchange by the factor
1.007 (Racette et al. 1994). The average dilution space
ratio Nd/No) was 1.037 £ 0.017 (mean &+ SD). ko and kd
(day™") represent the isotope constant elimination rates
calculated by linear regression of the natural logarithm of
isotope enrichment as a function of elapsed time from day
1 samples. This equation was shown to give the best
agreement with indirect calorimetry in rats (Blanc et al.
2000). RCO, was converted to total energy expenditure
(TEE) using the Wier equation (1947) assuming a food
quotient of 0.768 estimated from the animal’s diet. TEE is
the combined measure of at-sea and at-colony metabolism.
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Results
Diving behaviour

The four loggers successfully downloaded provided 158 h
of data, including a total of 1,190 dives (see details in
Table 1). Depth utilisation by different birds varied con-
siderably (Fig. 2), but the average maximum depth of dives
was 10.2 m (0.2 n = 1,190 dives, range = 1.0-26.8 m),
and the duration of an average dive was 52.1 s (£0.4,
n = 1,190 dives, range = 9.8-90.0 s). Dive duration was
positively and linearly correlated with dive depth
(r2 =094, P <0.0001; dive duration = 2.0 x dive
depth + 32.3) (Fig. 3).

The vast majority (91%) of dives were characterised as
“V-shaped”, with the remaining 9% having a “U-shaped”
(bell-shaped) profile with a distinct bottom phase to the
dive. The average duration of dives without an identified
bottom phase was 51.3 s (£0.5, n = 1,084), whereas dives
with a bottom phase were significantly shorter (mean =
46.1s £ 1.2, n =107, t = 3.727, P = 0.002, df = 1,188).
Birds attained similar vertical velocities of up to 1 m s~
during both the ascent and the descent phases of the dives.

Time budgets

The incubating bird had a very different foraging pattern to
the two chick-rearing birds, with only two foraging trips
conducted during the 33 h of recording time; one with a
duration of approximately 1.5 h (24 dives) while the sec-
ond lasted more than 26 h and included 300 dives. The two
chick-rearing parents made an average of 3.2 and 4.4
foraging trips per 24 h. Trip durations of the two chick-
rearing parents ranged from 18 to 304 min (average
189 £ 33 min, n = 10 trips), with an average of 58.9 dives
(£1.0, n = 10 trips, min = 13, max = 110) conducted per
trip. Overall, the three birds spent an average of 54.4% of
their time in the colony and 45.6% at-sea. Of the total
amount of time spent at-sea (64 h), 23% was spent diving

underwater. Although longer stretches of flight time could
be identified, flights of shorter duration were more difficult
to interpret, and overall estimation of flight time was
therefore impossible. The length of time it took to return
to the colony after the final foraging bout was easier to
determine, and these flights (n = 15) ranged from 7 to
70 min (average = 20.7 £ 4.0 min).

Birds expressed no obvious diurnal pattern in diving
behaviour, and no significant difference (Pearson product
moment correlation) in the number of dives or dive depths
could be detected across the 24-h cycle.

Chick diet

A total of 35 chick meals were collected, including 26
complete and nine incomplete meals. Average number of
prey items per complete meal was 1,553 £ 187.3 items
(min = 432, max = 4289). Calanus copepods constituted
over 95% of prey items delivered (see Table 2; Calanus
hyperboreus = 46.6%, Calanus glacialis = 44.8%, and
C. finmarchicus = 4.4% of the total). C. hyperboreus and
C. glacialis constituted over 82% of the total energy
brought to the chick.

Adult energy expenditure

Average TEE for all birds = 609.9 kJ day ' (£26.0,
n = 14 birds), whereas TEE for all parents with chicks was
602.4 kJ day71 (£26.8, n = 13 birds). The TEE for non-
brooding parents provisioning chicks older than 5 days was
612 kJ day™' (£30.9, n = 11 birds).

Three of the recaptured DLW birds had loggers,
including the one logger that we were unable to download.
Sample sizes were too small to examine statistical differ-
ences in energy expenditure between birds with and
without devices, but the energy expenditure of birds with
loggers were lower on average (601.2 £ 53.7 kJ day™ ',
n =3 birds) than birds without loggers (612.3 £
309 kJ dayfl, n = 11 birds). This difference could,

Table 1 Summary data for the five birds which had time—depth-recorders deployed in East Greenland 2004

Bird ID* Breeding Recording Dives (n) Dives/24-h Feeding trips (n) Trips/24-h Max. depth (m) TEE (kJ/dayfl)
status® time (h)

KB 86-10°  Chick (3)  _ _ _ _ _ _ 5334

KB 70-12 Chick (1) 37 241 156.3 5 32 17.9 562.9

KB 10-12 Egg 32 324 243.0 2 1.5 26.8 707.3

KB 79-15 Chick (3) 44 337 183.8 8 4.4 19.4 _

KH 79-20 Chick (5) 44 268 156.0 _ _ 21.8 _

Energy expenditure was measured for three of these birds (total energy expenditure, TEE, presented in table)

* KB Kap Brewster, KH Kap Hoegh. Last two digits: date of attachment in July

° Approximate chick age (days) at the date of data logger attachment
¢ TDR failed downloading—no diving data available
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however, also be affected by differences in nest status and
chick-age between birds with and without loggers. We
were only able to weigh four of the five birds equipped
with loggers at recapture. All four birds lost body mass
(average = —2.7 = 09 gper 24h™'; min=—-07g,
max = —4.6 g) during the period they carried the logger
(average = 46.8 h). In contrast, the DLW birds without
loggers exhibited a wide range of mass change over a
similar period of time (average = 34.7 h). Overall, birds
without loggers gained an average of 3.2 g per 24 h
(n=11,SE =19 g; min = —7.2 g, max = 13.0 g).

Prey requirements and underwater capture rates

Calanus copepods constituted over 95% of prey items
delivered to chicks (see Table 2). Using our estimate of
FMR for non-brooding provisioning parents (612 kJ d~' =+
102.5 SD), an assimilation efficiency of 0.8 (Taylor and
Konarzewski 1992), and an average calorific value per prey
item based on the relative proportion of prey species in the
diet (Table 2; 24.3 kJ g_l), we estimated that little auk
parents needed to consume 30 g dry mass of food a day.
Using 0.59 mg as the average dry mass of an individual
prey item (Table 2), we then calculated that 30 g of food is
the equivalent to 50,847 individual prey items. Parents also
have to catch food for their chick in addition to personal
consumption. The average number of prey items per whole
chick meal in this study was 1,553 prey items (£955 SD,
n = 26 whole chick meals). Using an average chick pro-
visioning rate of 4.9 meals a day £ 1.8 SD (Welcker et al.
2009 Kap Hoegh data, n = 15 birds), each parent should
provide an average of 7,610 prey items to the chick. Using
these means and standard deviations (£10% of mean when
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Table 2 Little auk chick meal composition from East Greenland 2004 (n = 35 meals)

Taxon Abundance Relative Energy value Dry mass (mg) per
abundance (%) (kJ gfl dw) individual or formulae
Calanus finmarchicus CIIL 23 0.04 25.70 (1) 0.029 (5)
C. finmarchicus CIV 40 0.08 23.60 (1) 0.075 (5)
C. finmarchicus CV 1,147 2.29 25.00 (1) 0.214 (5)
C. finmarchicus AF 816 1.63 25.00 (1) 0.282 (5)
C. finmarchicus AM 160 0.32 25.00 (1) 0.139 (5)
C. glacialis CIII 984 1.96 23.60 (1) 0.062 (5)
C. glacialis CIV 12,159 24.25 25.20 (2) 0.198 (5)
C. glacialis CV 7,824 15.61 31.11 (2) 0.620 (5)
C. glacialis AF 1,483 2.96 2391 (2) 1.303 (5)
C. glacialis AM 10 0.02 27.54 (2) 0.773 (2)
C. hyperboreus CIII 5,169 10.31 25.00 (1) 0.154 (6)
C. hyperboreus CIV 15,835 31.58 24.95 (3) 0.520 (12)
C. hyperboreus CV 2,087 4.16 17.40 (3) 1.800 (12)
C. hyperboreus AF 280 0.60 21.14 (2) 4.840 (12)
Apherusa glacialis 1,179 2.35 19.68 (4) 0.17 x 1,000 x 0.02417 x (L/10)*7° (7)
Themisto libellula 301 0.60 17.00 (1) 0.17 x 1,000 x 0.01994 x (L/10)>8" (7)
Thysanoessa longicaudata 185 0.37 16.00 (3) 0.016 x (L/0.9)1%477 (8)
Themisto abyssorum 123 0.24 18.40 (1) 0.009 x L**7 (9)
Gammarus wilkitzkii 114 0.23 19.68 (4) 0.001085 x L>%%* (10)
Other items (average) 210 0.42 19.58 0.620 (compiled from all sources)
Total prey items 50,129

Energetic value (kJ g~") and dry mass (mg) of main prey species are shown (CIII-CV copepodid developmental stage, AF adult female, AM adult
male). Body length (L) in the dry mass formulas are given in cm. Data from Berestovskii et al. (1989) were converted from wet mass (wm) to dry
mass (dm) assuming: wm x 0.17 = dm (Bamstedt 1986). Taxa in bold represent typical Arctic fauna

References: (1) Westawski et al. 1999a (2) Kosobokova 1980 (3) Westawski et al. 1999b (4) Westawski and Kwasniewski 1990 (5) Karnovsky
et al. 2003 (6) Bamstedt et al. 1991 (7) Berestovskii et al. 1989 (8) Mumm 1991 (9) Richter 1994 (10) Poltermann 1997 (11) Bamstedt 1986 (12)

Hirche 1997

SD unknown) in a Monte Carlo simulation (10,000 runs;
see Manly 1997), we estimated that provisioning little auks
need to catch a total of 59,771 prey items per day
(£14,031 SD, 5-95% confidence limits 38,904-86,255).

Individuals spent an average of 2.7h (9,600 s +
1,482 SD) underwater per day. Using Monte Carlo simu-
lations with our estimates of daily prey requirements and
foraging behaviour, we estimated that little auks were
catching an average 6.4 (£1.8 SD, 5-95% confidence
limits = 3.9-10.1) copepods s~' while diving. Taking an
average diving speed of 0.5 m s~ £ 0.1 SD, little auks
covered an average total of 3,744 m during daily dives.
Using Monte Carlo simulations, little auks had an average
prey capture rate of 13.5 prey items m~' (£12.7 SD,
5-95% confidence limits = 6.7-24.7).

Discussion

To our knowledge, this is the first study to examine the
diving behaviour and at-sea activity of little auks using

time—depth-recorders. Due to technical difficulties data
were only collected for four individuals, but recordings
showed that birds dive up to 240 times a day at maximum
depths of 27 m (average 10 m), with maximum dive
durations of 90 s (average 52 s). In addition, we collected
the food loads of 35 individuals and determined the FMR
of 14 individuals using the DLW technique. In this dis-
cussion we (a) describe the diving behaviour and time
budgets of little auks, (b) integrate information on diving
duration, chick diet and FMR to estimate the prey
requirements and underwater capture rates of little auks,
and (c) discuss the potential effects of the time—depth-
recorders.

Diving behaviour

Maximum dive depths recorded in this study are at the
lower end of values previously measured using maximum
depth gauges (MDGs) that record the deepest dive con-
ducted during the total deployment interval (Falk et al.
2000). The majority of dives recorded by the MDGs in NW
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Greenland were within the 20-32 m range (aver-
age = 27.3 £ 4.1 m, n = 33 dives; Falk et al. 2000). In
contrast, about half of the dives recorded in this study were
between 1 and 10 m deep, and only 8% were deeper than
20 m. The majority of dives recorded in our study were
also much shallower than theoretical estimates of maxi-
mum dive depths for little auks (30-35 m; Bradstreet and
Brown 1985; Burger 1991). These rather shallow diving
depths may be explained by the high abundance of prey in
the upper layers of the water column. Rysgaard et al.
(1999) found maximum photosynthesis in NE Greenland to
appear in a subsurface layer at 15-20 m deep. Tightly
coupled to this phytoplankton bloom were large numbers
of grazing copepods (especially C. glacialis). Previous
direct observations of diving little auks have recorded
average dive durations of 20-30 s with a maximum dura-
tion of 68 s (review in Bradstreet and Brown 1985;
Stempniewicz 2001). Dive durations from our study were
considerably longer (average duration = 52's; lon-
gest = 90 s), and this difference may be explained by the
difficulty of observing undisturbed offshore diving
behaviour.

Most dives made by little auks in this study were
V-shaped. V-shaped dives have also been recorded in the
razorbill (Alca torda; Benvenuti et al. 2001; Dall’ Antonia
et al. 2001), whereas most dives performed by the common
and Briinnich’s guillemot are U-shaped dives (Croll et al.
1992; Tremblay et al. 2003). The prevalence of V-shaped
dives and the fact that little auk underwater speeds were
similar during descent and ascent suggests that they may
also feed on the way back to the ocean surface. However,
higher resolution data is needed to fully qualify the shape
of little auk dives and compares these shapes with those of
other species (Wilson et al. 1995).

Time activity budgets

The two chick-rearing birds were each feeding their chick
an average of 3—4 meals a day. There is often an uneven
contribution of meal provisioning within little auk pairs
(e.g., Norderhaug 1980), so it is hard to equate these values
to the total number of meals received by the chick. How-
ever, chick-feeding rates recorded in this study are within
the range previously recorded, with chicks generally
receiving between five and nine meals a day (Norderhaug
1980; Evans 1981; Stempniewicz 2001; Harding et al.
2004; Jakubas et al. 2007). Foraging trip durations for the
two chick-rearing parents ranged from 18 to 304 min.
These values are slightly shorter than trips recorded at
Hornsund, Spitsbergen, in 2002 (Harding et al. 2004;
range = 31-591 min, n = 51 trips), and may indicate that
birds in East Greenland were either able to forage nearer
the colony, find more fertile feeding grounds, have quicker
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prey capture rates, or were acquiring a lower number of
prey items per foraging trip.

Although field measurements of little auk flight velocity
are not available, it is reasonable to assume a velocity
similar to other alcids (60-70 km h~!; Bradstreet and
Brown 1985). If birds are taking an average of 20.7 min to
fly from the location of their last dive back to the colony,
and we assume a straight line of flight, these data suggest
that the feeding grounds of little auks breeding in the
Scoresbysund area of East Greenland are located on
average about 21-24 km from the colony. The range
(7-70 min) of flight time from feeding grounds to the
colony corresponds to a foraging distance of approximately
876 km from the colony. Little auks have previously been
observed to feed up to 100—150 km away from the colony
(summarised in Stempniewicz 2001), and as close as
25 km (Bradstreet and Brown 1985; Evans 1981).

Previous studies on the activity budgets of guillemots
and razorbills at-sea have recorded a range of 12.2-33.8%
time spent diving (summarised in Tremblay et al. 2003).
Little auks in our study were spending 23% of their time at-
sea diving. Parental time allocation can provide a useful
indication of foraging effort and local food availability
(e.g., Harding et al. 2007). A detailed inter-colony com-
parison of little auk parental time budgets and food
availability would help identify the flexibility of their time
budgets, and determine which parameter would provide the
best indication of local foraging conditions.

There has been much speculation about the diurnal and
seasonal pattern of little auk colony attendance (e.g., Evans
1981; Stempniewicz 2001). Although little auks at lower
latitudes may capitalise on the vertical migration of zoo-
plankton by foraging more at night (van Franeker et al.
1998), the regular daily vertical movements of zooplankton
may be less pronounced or absent in the high Arctic (Digby
1961; Blachowiak-Samolyk et al. 2006) and could explain
the lack of any distinct diurnal pattern of little auk foraging
in East Greenland.

Diet

The distribution and composition of zooplankton commu-
nities are linked to oceanographic conditions, with different
copepod species adapted to different water characteristics
(Scott et al. 2000; Beaugrand et al. 2002b). Arctic zoo-
plankton communities are generally dominated by large,
cold water species that store more lipids and are more
energy rich that their smaller counterparts in warmer
Atlantic waters (Westawski et al. 1994; Westawski et al.
1999b). Little auks foraging in water that originates from
the Arctic have access to such larger, energy-rich copepod
species (C. hyperboreus and C. glacialis), whereas birds
breeding in areas influenced by warmer Atlantic water may
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be forced to forage on smaller, less energy-rich C. finm-
archicus (e.g., Karnovsky et al. 2003; Jakubas et al. 2007).
Little Auks in this study are foraging in cold water from the
Arctic Ocean that flows southward along the coast of East
Greenland (the East Greenland Current). This is the first
study to examine the diet of little auks breeding in East
Greenland, and the data show that they are foraging on a
higher percentage of C. hyperboreus and C. glacialis than
little auks foraging off the West coast of Spitsbergen in
water influenced to varying degrees by the inflow of warm
Atlantic water (e.g., Karnovsky et al. 2003; Jakubas et al.
2007).

Energy expenditure

Little auks are expected to have particularly high FMR
because of their small size and high wing-loading (ratio of
body mass to wing area; Gabrielsen et al. 1991). Results of
an energetic study on little auks in Spitsbergen support this
assumption (Gabrielsen et al. 1991, average = 696.1 +
28.8 kJ day ', mean body mass = 164.3 £ 9.5 g; n = 13
birds), showing that the FMR of little auks, corrected for
body size, is higher than other small cold water wing-
propelled pursuit diving seabirds such as the least auklet
(Aethia pusilla) and the black guillemot (Cepphus gryle;
summarised in Gabrielsen et al. 1991). Results from our
study show that little auks breeding in East Greenland
also have very high FMR (619.9 & 22.1 kJ day™', or
472 W kg™ h.

Despite the very limited sample size of two birds with
combined TDR and DLW data, it is interesting to note that
the incubating bird had higher TEE than the chick-rearing
bird (707 vs. 562 kJ day ™', respectively). Although the
chick-rearing bird made over twice as many trips to the
colony than the incubating bird, the incubating bird made
nearly 40% more dives than the chick-rearing bird.
Knowledge of the energetic costs of diving and flight (e.g.,
Jodice et al. 2003) is important to understand whether it is
more profitable for little auk parents to fly longer distances
to high food densities versus forage in lower food densities
closer to the colony.

Food requirements and prey capture rates

By integrating measures of dive behaviour and energy
expenditure we estimate that little auks catch about
6 copepods s~' underwater. It is very unlikely little auks
catch any prey from the surface of the water whilst
swimming. Our capture rates may be overestimated
because very short dives are not detected with the 5 s
sampling interval, and higher resolution dive data are
needed for greater accuracy. However, these values may
also be underestimated because they assume that birds feed

at a constant rate whilst underwater, and it is more likely
that dive times include underwater travel to a high density
prey patch. These values are surprisingly high for a bird
which is typically assumed to be catching prey items one
by one (Stempniewicz 2001), and it seems likely that little
auks are filter-feeding for at least some of the time spent
foraging. Although little auks have large palatal papillae
that may aid this feeding mechanism (Lovvorn et al. 2001)
and have been observed to expel water out from the back of
their bill, underwater observations are needed to confirm
their feeding strategy. Our estimates of daily prey capture
rates may be artificially inflated by the assumption that
adults are self-feeding on the same prey as they feed their
chick. Study of the energy metabolism of little auk chicks
found that the energy delivered to the chick by one parent
was 15% of the total energy gathered by the parent
(Konarzewski et al. 1993). Our estimates of prey capture
suggest that chicks receive approximately 13% of the total
number of prey items that a parent needs to catch (for its
own and the chick’s needs). This slight discrepancy may be
explained by adults feeding on fewer, larger prey items
than they provide to their chick, and that our estimates of
total prey capture rates are a little high. This theory is
supported by evidence of larval fish in the diet of some
adult little auk (Bradstreet 1982). However, even if our
estimates of total prey capture rates are slightly high, these
data demonstrate the benefit of high prey densities for
profitable little auk foraging.

As discussed, zooplankton community composition is
closely linked to oceanographic conditions, and the avail-
ability of the different Calanus species will directly affect
the number of prey items that little auks need to consume
to balance their energy budget. Little auks foraging in cold
Arctic waters on larger, energy richer species will need to
catch fewer prey items than little auks foraging in warmer
Atlantic water on smaller prey items.

Effect of device

Although the use of data loggers has become an integral
part of modern seabird research, there is evidence that
devices may affect the feeding behaviour and reproductive
performance of birds (e.g., Wilson et al. 2002; Ackerman
et al. 2004). Data obtained from loggers may therefore not
represent the natural behaviour of the species, and these
concerns are especially relevant for the alcids which have
high wing-loading (Croll et al. 1992). Although the long,
relatively shallow dives recorded in this study could reflect
the distribution of zooplankton, they could also be the
result of the additional weight and drag of the TDR. Fur-
ther study is required to examine this possibility; the
simultaneous deployment of both MDGs and TDRs and
TDRs and radio-transmitters could help determine whether
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TDRs are affecting the dive depth and dive duration of
little auks.

The limited sample sizes in this study made it impossible
to draw firm conclusions about the effect of loggers on
energy expenditure and mass change, and our results are
further complicated by individual differences in nest status
and chick age. Our results nonetheless suggest that birds
with loggers had similar or slightly lower FMR but lost
more mass on average than birds without loggers. Although
a larger sample size is required to interpret these data, the
additional cost of the logger likely resulted in a reduction of
foraging efficiency and loss of body mass. Three of the 13
birds equipped with loggers were not seen in the few days
following deployment. Again, however, it is hard to inter-
pret whether these absences were due to the logger or bad
weather. Stormy weather at both colonies post logger
deployment affected the colony attendance of birds in
general, and relatively few birds were observed at the sur-
face of the colony during these days. Despite these
uncertainties, our estimates of chick-feeding rates and for-
age trip durations are not incomparable to previous studies
(summarised in Stempniewicz 2001), and suggest that birds
with loggers were functioning at least fairly normally. More
detailed study on the physiological costs of external loggers
(e.g., Tremblay et al. 2003), combined with the simulta-
neous observation of birds with and without loggers is
needed to determine any adverse effect of these devices.

Conclusions

Despite limited sample sizes, this study has provided initial
baseline knowledge of the underwater foraging behaviour
of little auks. These data should be qualified with data
derived from lighter devices, and we expect conclusions to
change as more data are collected. We expect that the use
of data loggers will play an increasingly large role in the
study of little auk foraging behaviour, and a thorough
investigation of the effect of devices on behaviour is
therefore crucial.

With increasing evidence of climate change in Arctic
marine ecosystems (Beaugrand et al. 2002b; Clark and
Harris 2003), it is essential to understand the capacity of
individual species to adjust to changes in their environ-
ment. The breeding range of little auks is largely
concentrated in the high Arctic marine zone of the Atlantic
(Stempniewicz 2001). This region is crucial for large-scale
oceanographic circulation (Clark et al. 2002), and climate
models are forecasting drastic changes (Bryden et al. 2005;
Arctic Climate Impact Assessment 2004). Although recent
study has shown that little auk parents were able to com-
pensate for suboptimal foraging conditions by increasing
their chick-feeding rates (Jakubas et al. 2007), little is
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known about their flexibility in dive behaviour and time
and energy budget. The simultaneous study of energetic
expenditure alongside detailed measures of foraging
behaviour and time activity budgets of little auks in
different oceanographic regions is therefore vital to
understand their plasticity of foraging effort and ability to
adjust to changing food availabilities.
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