
1

(page number not for citation purpose)

RESEARCH ARTICLE

Little auks under the midnight sun: diel activity rhythm of a 
small diving seabird during the Arctic summer
Katarzyna Wojczulanis-Jakubas 1, Piotr Wą z
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Stwosza 59, PL-80-308 Gdańsk, Poland. 
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Introduction

Many animal species exhibit a diel pattern of activity, 
which is steered by external (daily light–dark cycle and 
prey abundance) and endogenous timing cues (e.g., phys-
iological condition, as reviewed in Steiger et al. [2013]). 
Of those, the daily light–dark cycle is considered the most 
powerful cue to which most animals are synchronized. 
However, in polar regions, the strength of this cue is lim-
ited during continuous summer daylight (Steiger et al. 
2013). Behavioural and physiological responses of polar 
vertebrates to such conditions are diverse (van Oort et al. 
2000; Williams et al. 2015). They may react to condi-
tions associated with the midnight sun by: (1) becoming 
arrhythmic, (2) entraining to weaker light cues (e.g., light 
intensity, polarization or sun azimuth diel changes) or (3) 
relying on endogenous rhythms, that is, “free-running” 
with respect to the 24-hr cycle (Steiger et al. 2013; Ashley 
et al. 2014). Recent studies on free-living, Arctic breed-
ing birds have revealed diversity and flexibility in daily 

activity rhythms, with species-, sex- and/or breeding 
stage-specific strategies (Steiger et al. 2013; Ashley et al. 
2014; Bulla et al. 2016). A comparative analysis would 
allow for the investigation of the relationships between 
daily activity patterns, breeding stages and life-history 
traits. However, before final conclusions about the mech-
anisms and phylogenetic origin of the observed patterns 
can be generated, more data on species breeding in polar 
regions should be collected.

In this study, we examined patterns of daily activity 
in the little auk (Alle alle), also known as the dovekie 
(Fig. 1), a small zooplanktivorous and colonially breeding 
seabird. The species breeds exclusively in the High Arctic, 
utilizing rock crevices in mountain slopes. It is considered 
the most abundant alcid in the Palearctic (Stempniewicz 
2001) and as such represents a perfect model species to 
study circadian rhythms in polar vertebrates.

Although the pattern of little auk colony attendance 
has been examined at the local population scale (Stemp-
niewicz 1986), the daily activity rhythm of individuals 
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has not yet been systematically examined. Stempniewicz 
(1986) has reported that birds exhibit various patterns of 
colony attendance throughout the 24-hr cycle during the 
chick-rearing period. Nevertheless, the rhythm recorded 
at colony scale does not necessarily reflect the rhythm of 
an individual. Further, variability in foraging trip duration 
(ranging from 1.3 hr to 22.7 hr; [Welcker, Harding et al. 
2009; Jakubas et al. 2014]) and necessity to adjust chick 
provisioning to the breeding partner (Wojczulanis-Jaku-
bas et al. 2018) can potentially compromise 24-hr period-
icity of particular individuals (Favreau et al. 2009).

Here we examined birds’ activity patterns and period-
icity at population and individual levels. As recent studies 
have shown that daily patterns can be sex-specific (e.g., 
Steiger et al. 2013; Bulla et al. 2016; Huffeldt & Merkel 
2016), we considered males and females separately. We 
focused on the chick-rearing period for the studied popu-
lation (July/August), as Stempniewicz did (1986). In con-
trast to the incubation period, during chick rearing it is 
not a requirement that one of the parent birds stay on the 
nest. Chick rearing is therefore the period during which 
individual choice regarding presence in the colony plays 
a much stronger role than during incubation (Pietz 1986; 
Bulla et al. 2014; Bulla et al. 2016).

Materials and methods

Field methods

We carried out the study in a little auk colony in Magda-
lenefjorden, north-west Spitsbergen (79°35 N, 11°05 E), 
Svalbard. The study site is one of the largest breeding 

aggregations of this species on Spitsbergen (Isaksen 1995; 
Keslinka et al. 2019). We collected data during five 48-hr 
continuous observations: two in 2009 (during the second 
and third week of the chick-rearing period, determined by 
hatching dates in the group of followed nests) and three in 
2010 (second, third and fourth week of the chick-rearing 
period; see details in Table 1). To establish a daily distri-
bution of the birds’ colony attendance at the local popula-
tion scale, we counted all the birds present in the colony 
patch (area of ca. 1200 m2) every 10–30 min during each 
observation. We counted birds at the moments when 
they had not been disturbed by predators for at least 5 
min, which minimized an error of the estimated number. 
Birds present in the colony are frequently scared away by 
predators, which appear up to 16 times per hour (Wojc-
zulanis-Jakubas et al. 2005). After getting scared and 
flying away, the birds may land on a neighbouring col-
ony patch, but within a few minutes they move to their 
own patch (personal observations). Owing to the little 
auk nesting preferences—crevices in rock boulders of a 
given size (Keslinka et al. 2019)—and topography of the 
colony area, boundaries of each colony patch are easily 
distinguished: patches are separated by ground areas of 
different structure (size and density of rocks) compared 
to those in colony patches. The studied patch was chosen 
because it offered a suitable observation spot located ca. 
20 m away, a distance that minimized disturbance but was 
close enough to allow observers to identify individually 
marked birds. On the basis of visual comparisons of all the 
colony patches in the field, we considered the study patch 
as representative for the local population (Supplementary 
Fig. S1). The exact number of nests on the studied patch 
was not known as it is difficult to estimate the population 
of a crevice-nesting species, but we estimated the density 
of nests at 1.6 pairs per 1 m2, following methods described 
by Keslinka et al. (2019). Owing to the long lifespan and 
high site fidelity of little auks (Stempniewicz 2001), the 
number of nests on the patch was expected to be stable 
over the two consecutive years of the study.

To examine the individual daily activity patterns and 
periodicity, we followed individually marked birds during 
the five periods of observations. For marking, we captured 
the birds at the end of the incubation period or during 
the early chick-rearing period (ca. two weeks before the 
first observation in a given season). We captured adults 
by hand at the nest while they were incubating eggs. We 
marked the birds with a combination of individually spe-
cific colour leg-rings (three plastic and one metal; two 
rings on each leg) and dyes applied to the breast feath-
ers. This double marking system allowed us to quickly and 
reliably identify an individual when it appeared on the 
colony patch. Colour marks on breast feathers were visible 
from a distance even without binoculars; when there was 

Fig. 1  Adult little auk with full gular pouch, carrying food for its chick. 

(Photo credit: Piotr Jończyk.)
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any doubt, looking at the unique combination of colour 
rings read through binoculars helped to identify the indi-
vidual. We were able to follow all marked individuals 
because all the focal nests were located relatively close to 
each other (within the study colony patch), and there was 
never a time when all the marked individuals were on the 
patch simultaneously. Pairs of observers (changing every 
4–8 hr) watched the colony patch continuously and noted 
the presence of marked birds every 10 min. Information 
about gular pouch fullness (indicating food being deliv-
ered to the chick) was also recorded. Noting individual 
presence (1) and absence (0) every 10 min, we obtained 
a total of 288 data points for each individual during each 
observation session. We considered a bird’s absences from 
the colony (sequence of zeros in the time series) that 
were followed by reappearance with a full gular pouch 
as foraging trips. We captured and observed in total 53 
individuals, with 25 being observed in both seasons. The 
number of birds observed during the season varied slightly 
between the observations (Table 1) on account of preda-
tion, late marking or early completion of breeding.

We monitored focal nests to establish the hatching 
date, inspecting them daily for a week before hatch-
ing. The majority of chicks (75%, N = 20; each season) 
hatched within 6 days. Owing to this synchrony of breed-
ing and quite consistent timing of breeding over two sea-
sons (Moe et al. 2009), we knew when to expect the first 
hatchlings and could assume a similar age for all chicks in 
the studied colony patch (Table 1).

Data analysis

To examine the daily pattern of colony attendance of the 
little auk at the population level, we first plotted the num-
ber of birds present in the colony plot per hour, separately 
for particular observations (Supplementary Fig. S2). To 
understand the mechanism driving the observed pattern, 
we analysed the number of birds at the colony patch 
(response variable) in relation to sun elevation (explan-
atory variable), using a GAM, with Gaussian family for 
the error distribution. We obtained the sun elevation data 

for the study site from https://www.sunearthtools.com/
dp/tools/pos_sun.php?lang=en (access date: 21 February 
2019). Analysing the sun elevation data, we considered 
each observation separately. However, given the similar-
ity in the patterns of sun elevation and colony attendance 
across the observation sessions (Supplementary Fig. S2), 
we pooled data of all the observations and averaged both 
the sun elevation and the number of birds in the colony 
patch per hour to illustrate the GAM results (Fig. 2).

Considering presence/absence data of marked indi-
viduals, we usually treated individuals and observations 
separately as many birds were repeatedly observed across 
the study period (implying a possible issue of pseudorep-
lication). Firstly, for each individual/observation, we 
plotted an actogram showing presence/absence in the 
colony (e.g., Fig. 3, Supplementary Fig. S3a–d). Secondly, 
for each individual/observation, we plotted autocorrela-
tion correlograms (e.g., Fig. 4, Supplementary Fig. S4) to 
examine their periodicity in the colony attendance. For 
that purpose, we established the birds presence/absence 
(1/0) status for each observation hour (1 if bird was seen 
at least once in a given hour, 0 when it was not observed 
during an hour) and used a lag time of 1 hr for the auto-
correlation analysis. Although the resulting correlograms 
revealed some periodicity, the patterns were not clear 
for all individuals (Supplementary Fig. S4). To identify 
important periods of individuals’ presence/absence in the 
colony, we applied discrete Fourier transform analysis 
for the established time series. This analysis converts a 
finite sequence of signal samples (0/1 sequence for pres-
ence/absence in the colony) to a harmonic sequence, and 
the coefficients can be interpreted as amplitudes of the 
corresponding harmonic components. The whole spec-
trum of the harmonic components are frequencies that 
are odd-integer multiples of the fundamental frequency, 
with amplitudes decreasing with an increase of harmonic 
frequencies (Terras 1999). We ran the analysis and pre-
sented the results for the pooled data (all individuals and 
observations combined) as we aimed to establish a gen-
eral pattern of little auk periodicity in colony attendance. 
We considered the sexes separately (birds sexed molecu-
larly [Wojczulanis-Jakubas et al. 2006]) in this analysis 
because of possible sex-specific patterns. To address possi-
ble pseudoreplication in the pooled data, we also ran the 
analysis for each observation (and sex) separately. From 
each set of results, we selected five frequencies with the 
highest amplitudes and calculated density of frequency 
distribution.

To analyse inter-annual similarity of colony atten-
dance for particular individuals, we used cross-correla-
tion analysis. For obvious reasons, we performed this 
analysis only for individuals that were observed in both 
study seasons (N = 25; the first observation in the season 

Table 1 Characteristics of the observations performed in the little auk 

colony.

Season
Onset of the observation 

(date and hour)

Average chicks 

age (d)

Number of 

pairs

2009 27 July, 07:30 10 18

2009 04 August, 13:00 18 16

2010 23 July, 07:40 11 19

2010 01 August, 07:30 20 20

2010 06 August, 20:00 24 8
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considered only, as those started roughly at the same time 
of day and same day of the chick-rearing period; Table 1). 
We used magnitude of the cross-correlation coefficient 
and its location (Lagmax) as an indicator of the phase 
relationships of the assessed time series, following Huf-
feldt & Merkel (2016).

To examine the daily distribution of foraging 
behaviour, we focused on the arrival of birds at the col-
ony with full gular pouches (Fig. 1). Birds arriving at the 
colony with full gular pouches were likely to have fin-
ished foraging just before their appearance in the colony, 
and the chick was fed shortly after the parent’s arrival 
at the colony (Jakubas et al. 2014). Given this, by ana-
lysing the pattern of chick provisioning, we could elu-
cidate information about the foraging pattern of adults. 
To analyse this daily distribution of foraging behaviour, 
we plotted and analysed data separately for the 48-hr 
observations split into 24-hr intervals (to address possible 
issues of pseudoreplication), using circular statistics. We 
also considered males and females separately to examine 
possible sex differences in the pattern. We assessed daily 
distribution of foraging (i.e., chick provisioning) using 
Rayleigh tests. To compare activity rhythm between the 
sexes, we used Watson’s two-sample tests for homogene-
ity (Pewsey et al. 2014).

We performed all the analyses in the R environment 
(version 3.5.2; 2018), using the circular package (Agosti-
nelli & Lund 2017) to convert hours to circular data and 
for the Rayleigh test and Watson’s two-sample test. For 
GAM, we used the mgcv package (Wood 2011); and for 
autocorrelation, cross-correlation and Fourier analyses, 
we used the functions implemented in basic R.

Ethical note

The study was not invasive; the only procedure of that 
nature was handling birds to mark them prior to obser-
vations. All the birds were handled with utmost care and 
released after ca. 5 min of handling without any harm; 
after release, they were all observed in the colony behav-
ing normally. Fieldwork was performed with permission 
from the Norwegian Animal Research Committee and 
the Governor of Svalbard.

Results

Although the number of observed birds in the studied 
colony patch varied slightly across the study period (as 
showed by the difference in position of smooth curves, 
representing various stages of chick rearing, on the y-axis 

Fig. 2   (a) Daily sun elevation and (b) colony attendance pattern of the little auk. Values are expressed as means (dots) and standard errors (bars), cal-

culated based on five watches performed during the chick-rearing period in the two study seasons. The curves denote smoothed, line patterns for the 

observed data, with the 95% confidence interval in (b) shown in grey. The curves were created using the loess method.
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of Supplementary Fig. S2), the overall pattern of colony 
attendance at the colony patch (population level) was 
similar across the study period (Fig. S2) and reversely 
reflected sun elevation (29.5% of explained deviance, 
GAM, F = 24.03, edf = 6.928, p < 0.001; Fig. 2). However, 
at an individual scale (presence/absence data of individ-
ually marked birds), this pattern was not obvious, owing 
to individuality in colony attendance rhythm, which was 
not repetitive for all individuals across breeding stages or 
seasons (e.g., Fig. 3, Supplementary Fig. S3). Autocor-
relograms revealed a clear periodicity for some but not 
all individuals (e.g., Fig. 4, Supplementary Fig. S4). Con-
sistently, the range of cross-correlation coefficient was 
quite wide, from −0.46 to 0.55, with Lagmax ranging 
from −28 to 14, but it was insignificant for all except one 
individual (Supplementary Fig. S5). This indicates that 
birds do attempt to hold a cyclic rhythm but apparently 

have trouble being consistent. Fourier transform analysis 
performed on pooled data (all seasons and observations 
combined) revealed that most of the considered time 
series were characterized only by several large ampli-
tudes of frequencies. Regardless of the sex, the most 
common frequency was 23.2 hr; few other frequencies 
of shorter duration also occurred in a noticeable num-
ber (Fig. 5). Further, when the Fourier analysis was per-
formed for each season (pooled observations), each stage 
(pooled seasons) and each sex separately, 23.2 hr was the 
most common periodicity. The only exceptions were: (a) 
females during the mid-chick-rearing period (the sec-
ond observation), with the most common periodicity of 
30.8 hr; and (b) both sexes during the late chick-rearing 
period (the third observation), with the most common 
frequency of 23.6 hr for males, and two frequencies of 
19.9 hr and 2.43 hr for females (for all, density > 30).

Fig. 3   An example of colony attendance pattern of an individual (ring number 41425), expressed as the bird’s presence (black) and absence (grey) in the 

colony patch, recorded during all the 48-hr observations performed during two (in 2009) and three stages (in 2010) of the chick-rearing period.
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Chicks were provisioned throughout the whole 
24-hr cycle, with no noticeable peaks in activity 
(Rayleigh tests, Supplementary Table S1, Supplemen-
tary Fig. S6). The only exception was a single 24-hr 
interval in one season (labelled 2010_1_1: first part of 
the early chick-rearing period 2010), when the distri-
bution of daily chick provisioning was not uniform, 
although that was significant only for females (Supple-
mentary Table S1). Although the mean hour of chick 
provisioning varied across observation sessions (Sup-
plementary Table S1), there were no apparent patterns 
that could be biologically explained (Supplementary 
Fig. S4). Further, no apparent differences between 
the sexes in the daily distribution of chick provision-
ing were detected (Watson’s two-sample tests: all U2 
< 0.176, with critical value at p = 0.05, equals 0.187; 
Supplementary Fig. S6).

Discussion

We demonstrated that little auk colony attendance 
followed a regular rhythm, with birds being the most 
abundant during hours of relatively low sun elevation. 

Fig. 5   Density distribution of the most common periods revealed by Fou-

rier analysis, performed on pooled data (all observations and seasons com-

bined), with (a) males (n = 83) and (b) females (n = 82) considered separately.

Fig. 4   Example correlograms of two individuals with contrasting patterns—(a) non-consistent and (b) consistent—recorded during the 48-hr observa-

tions, performed during two stages of the chick-rearing period and two breeding seasons.

http://dx.doi.org/10.33265/polar.v39.3309


Citation: Polar Research 2020, 39, 3309, http://dx.doi.org/10.33265/polar.v39.3309 7
(page number not for citation purpose)

Katarzyna Wojczulanis-Jakubas et al.� Diel activity rhythm of a small diving seabird

The clear, inverse relationship between birds’ colony 
attendance and sun elevation suggests that even under 
midnight sun conditions, environmental cues play an 
important role in shaping the daily rhythm of birds’ 
activity. However, at the individual level, the birds were 
not able to fully adjust their activity to the environmen-
tal cycle. Although 23.2 hr was the most common peri-
odicity, it did not entirely match the 24-hr cycle.

With the 23.2-hr cycle exhibited over a month, the 
peak of an individual colony attendance drifted across the 
entire day. Further, there was little evidence of any strong 
pattern in colony attendance at the individual level as indi-
viduals typically displayed inconsistent daily rhythms. This 
inconsistency in patterns between the entire colony and 
individuals may be explained by inter-individual variation 
in foraging efficiency and energy allocation (e.g., between 
chick provisioning and self-maintenance). The overall 
rhythm of the birds’ presence in the colony is predictable 
at the population level (with the highest social activity in 
the hours of low sun elevation), but at the individual level 
the pattern is apparently disturbed. Although individu-
als are most likely to be present in the colony during the 
hours of low sun elevation, sometimes they are away from 
the colony during the “night” hours and instead visit the 
colony at various times during the “day.”

Little auk colony attendance during the hours of low 
sun elevation is consistent with observations from another 
large colony in south-west Spitsbergen (Hornsund), 
throughout the same phenological period (Stempniewicz 
1986). A possible proximate cause of the observed pat-
tern could be that the low sun position leads to increased 
“shadowing” over the colony owing to the local topog-
raphy. Then, the ultimate cause of the observed pattern 
could be predation pressure, which has been reported to 
influence animals’ diel rhythm (Gliwicz 1986; Hansson 
et al. 2007). Shadows in the colony might favour little 
auks to detect the glaucous gull (Larus hyperboreus), a 
main avian predator of the little auk on Svalbard (Stemp-
niewicz 1995). As field observations show, the light-grey 
and white plumage of the glaucous gull is fairly conspic-
uous in low light conditions. Gulls seem to take this into 
account while hunting: they were observed to camou-
flage themselves by perching, with their heads lowered, 
on remnant snow patches in the little auk colony, trying 
to ambush flying adults (Jakubas & Wojczulanis-Jakubas 
2010). Thus, little auks socializing during relatively low 
light conditions in the colony may benefit from better 
predator detection.

Another possible factor influencing animals’ daily pat-
terns could be food availability (e.g., Wilson et al. 1989; 
Hau & Gwinner 1996; Kumar et al. 2001), as shown 
in some polar species (van Oort et al. 2007). Little auk 
colony attendance might inversely mirror zooplankton 

availability in the species’ foraging grounds. However, 
this argument does not seem to apply for the little auk. 
Firstly, chick feeding used as a proxy for foraging activ-
ity was rather equally distributed throughout the 24-hr 
cycle. Secondly, diel vertical migration of zooplanktonin 
the Arctic zone, although evident during day–night 
cycles, is much less obvious during continuous light 
conditions (Wallace et al. 2010). Whilst diel migration 
has been demonstrated in multiple zooplankton species 
(Błachowiak-Samołyk et al. 2006; Berge et al. 2014), 
the key prey species utilized by little auk during the 
chick-rearing period in the study colony (Calanus glacialis; 
Kwasniewski et al. 2010) remains relatively sedentary in 
the water column at a depthas much as ca. 40 m (Błacho-
wiak-Samołyk et al. 2006; Berge et al. 2014), a range reg-
ularly exploited by little auks (17–35 m; Falk et al. 2000).

As some studies have demonstrated that daily activ-
ity patterns can be sex-specific (Steiger et al. 2013; Bulla 
et al. 2016), we examined periodicity and daily distribu-
tion of chick feeding separately for males and females. 
Importantly, recent research on another sub-polar and 
polar alcid, the Brünnich’s guillemot (Uria lomvia), has 
shown inverted colony attendance patterns for the sexes 
(Huffeldt & Merkel 2016). Nevertheless, we did not find 
any pronounced inter-sex differences for the little auk. 
Overall, both sexes fed the chick equally throughout the 
day. The sex differences found in the Brünnich’s guille-
mot have been explained in terms of sex-specific variation 
in foraging strategies (Huffeldt & Merkel 2016). In the 
case of little auks, males and females also differ in their 
foraging strategies, with females spending more time at 
sea (Welcker, Steen et al. 2009) and delivering more food 
for the chick in single loads (Wojczulanis-Jakubas et al. 
2006). However, these sex-specific differences in little 
auk foraging do not appear to significantly affect the diel 
pattern of chick-provisioning behaviour exhibited by the 
sexes.

Patterns of diel distribution of foraging trips may vary 
at different stages of the breeding season, such as during 
the incubation period. All the studies showing sex dif-
ferences in diel activities of birds have been performed 
during the incubation or brooding periods (e.g., Steiger 
et al. 2013; Bulla et al. 2014; Bulla et al. 2016; Huffeldt 
& Merkel 2016). At the incubation stage, birds are con-
strained by incubatory behaviour. However, during chick 
rearing, the birds are less tied to the nest and are there-
fore more free regarding their presence/absence in the 
colony.

We interpreted the most common periodicity (23.2 hr) 
of colony attendance in the context of a circadian rhythm. 
However, shorter frequencies were also detected (Fig. 5). 
We believe that such frequencies reflect foraging trips, 
possibly directed to the same foraging areas. Given the 
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relatively stable location of local foraging hotspots—cold 
Arctic waters, frontal zones and marginal sea ice zone—
(Jakubas et al. 2013; Jakubas et al. 2014), it is likely that 
birds often visit the same foraging areas and spend similar 
lengths of time foraging, especially during bouts of repet-
itive short trips.

In conclusion, our study indicates that under the con-
ditions of Arctic midnight sun, little auks attend their 
breeding colony following a regular rhythm, with the 
highest number of birds in the colony recorded during 
hours of relatively low sun elevation. However, at the 
individual level, birds displayed periodicity of 23.2 hr 
and rather inconsistent daily rhythms. Our study pro-
vides evidence for entrainment to subtle light cues under 
the midnight sun conditions as well as flexibility in little 
auks’ daily activity rhythms, driven by individual time 
and energy budgets.
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