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Abstract Most seabirds die outside the breeding season,
but understanding the key factors involved is hampered by
limited knowledge of nonbreeding distributions. We used
miniature geolocating loggers to examine the movements
between breeding seasons of Atlantic puYns Fratercula
arctica from a major North Sea colony where numbers
have declined in recent years, apparently due to increased
overwinter mortality. The most intensively used region was
the northwestern North Sea but most puYns also made
excursions into the east Atlantic in the early winter. Ring-
ing recoveries previously indicated that adults from British
east coast colonies remained within the North Sea and
hence were spatially segregated from those breeding on the
west throughout the year. Updated analyses of ringing
recoveries support results from geolocators suggesting that
usage of Atlantic waters is a recent phenomenon. We pro-
pose that the increased adult mortality is related to changes
in distribution during the nonbreeding period and reXects
worsening conditions in the North Sea.

Introduction

Our understanding of how seabirds use the marine environ-
ment during the breeding season has increased dramatically

in recent years (Catry et al. 2004; Hamer et al. 2007; Phil-
lips et al. 2008). In contrast, there is considerably less infor-
mation about where birds go for the remainder of the year
(but see ShaVer et al. 2006; Gonzales-Solis et al. 2007;
Phillips et al. 2008; Guilford et al. 2009). This lack of
knowledge is particularly critical because most mortality of
seabirds occurs in the winter when food abundance is
depressed, weather conditions are generally poor and some-
times extreme, and shortened day length can restrict forag-
ing opportunities (Daunt et al. 2006). In addition, from a
management perspective, there is an increasing need to
identify where birds spend the nonbreeding season as a
prerequisite for the designation of important areas for
marine species outside the breeding season (Skov et al.
1995; Petersen et al. 2008; Phillips et al. 2008).

Until recently, most of what was known about seabirds
during the winter originated from at-sea surveys and the
locations of ringed birds found dead (Stone et al. 1995;
Wernham et al. 2002). Both these methods have major
drawbacks: interpretation of results from the former is ham-
pered because the birds that are seen are of unknown prove-
nance, sex, age and breeding status and cannot be followed
for more than a few moments, while records from the latter
are biased towards birds dying close to land or as a result of
incidental mortality in Wsheries or through oiling, and in
areas where they are likely to be reported. These problems
can potentially be overcome through the use of bird-borne
loggers that record where individuals go during the period
between successive breeding seasons. Satellite tags have
been used to track seabirds such as penguins and albatrosses
during the nonbreeding period (Nicholls et al. 2002; Putz et al.
2007; Petersen et al. 2008) but such devices have, until
recently, been too heavy to be used on the smaller species
that dominate the marine avifauna in northern temperate
and arctic regions without potential deleterious eVects
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(Hatch et al. 2000; Phillips et al. 2003). However, the recent
development of miniature logging devices using geoloca-
tion technology (geolocators) that weigh < 2 g and can be
attached to leg rings has provided the opportunity to collect
location data for known individuals from smaller species
over long time periods. To date, geolocators have mainly
been used to track albatrosses and medium to large petrels
(ShaVer et al. 2006; Gonzales-Solis et al. 2007; Guilford
et al. 2009). We used the technique to determine usage of
areas during the nonbreeding season by Atlantic puYns
Fratercula arctica, a small (<400 g) auk, that is thought to
disperse widely but which is rarely observed during at-sea
surveys and for which sequential locational data on individ-
uals breeding at British colonies are currently lacking.

The Atlantic puYn (hereafter puYn) is a pursuit-diver
and one of the commonest seabirds in the northern North
Atlantic, with a breeding range extending from Brittany and
the Bay of Fundy northwards to the Arctic ice on both sides
of the Atlantic (Lowther et al. 2002). PuYns only visit land
to breed and usually return to the colonies in the North Sea
in March or early April, lay in April and May, and most
birds leave by the end of July. During the winter, puYns are
rarely seen from land, being entirely pelagic with a range
extending south to waters oV Virginia, the Azores and the
Canary Islands and into the western Mediterranean
(Lowther et al. 2002). Analyses of ringing recoveries have
suggested that diVerent populations have diVerent winter-
ing areas (Petersen 1998; Harris 2002; Bakken et al. 2003),
and Harris (1984) concluded that puYns from colonies on
the east coast of Britain spent the winter largely within the
North Sea. Although breeding populations in this area
increased substantially during the latter half of the twenti-
eth century, counts from the two largest colonies (the Isle
of May and the Farne Islands) indicate that this trend has
recently been reversed, with numbers declining by c.30%
between 2003 and 2008 (Harris et al. 2009; Steel 2009).
Survival rates of colour-ringed adults on the Isle of May
(estimated using the programme MARK) over the 2006/
2007 and 2007/2008 winters were markedly depressed (69
and 67%, respectively) and were well below the 95% conW-
dence limits of the previous long-term mean at this colony
(92%, CI 90–94%, n = 22 years; Harris unpublished data),
strongly suggesting that reduced adult survival contributed
to the population decline. Given that ringing recoveries and
at-colony studies suggest most mortality occurs outside the
breeding season (Wernham et al. 2002), it seems likely that
conditions experienced by puYns outside the breeding sea-
son have changed in some way. To explore this possibility,
we deployed geolocators on puYns at the Isle of May over
the 2007/2008 winter. Here, we report on the locations used
by these birds, compare the results with those from ringing
recoveries and discuss our Wndings in the context of the
recent population decline.

Materials and methods

Logger data

Geolocators (British Antarctic Survey, Mark 14) were
attached to 50 adult puYns removed from breeding bur-
rows during the chick-rearing stage at the colony on the Isle
of May (56°11�N, 2°34�W), southeast Scotland between
28 June and 4 July 2007. Each device measured 20 mm£
9 mm£ 5.5 mm and had a mass of 1.5 g (< 0.5% of the
mean mass of a chick-rearing puYn, 390 g). The logger
was attached to a coloured plastic leg ring, and a numbered
metal and another coloured ring were placed on the other
leg to allow individual recognition in the Weld. The attach-
ment procedure took 3–5 min after which the bird was
returned to its burrow. To minimise disturbance, burrows
were not checked subsequently, and breeding success of the
instrumented birds was therefore unknown.

Fourteen (28%) geolocators were retrieved (11 birds
caught in burrows, 3 in mist-nets set in front of breeding
burrows) between 4 April and 9 July 2008. Recaptured
birds were sexed molecularly using DNA extracted from
breast feathers (GriYths et al. 1996). At least 11 additional
birds with geolocators were seen, giving an overall mini-
mum resighting rate of 50.0%. This value did not diVer sig-
niWcantly from that of a control sample of colour-ringed
adults checked more intensively as part of a long-term pop-
ulation study in another part of the colony (58.8%, n = 148,
�2 = 1.17, df = 1, P = 0.28).

Data were successfully downloaded from devices from
four females and nine males. Three loggers failed part way
through deployment (Bird 6514 on 20 November, Bird
6532 on 21 November and Bird 6531 on 31 December).
Light data were processed following Phillips et al. (2004)
in Multitrace-geolocation (Jensen Software Systems).
BrieXy, timing of dawn and dusk was estimated from light
curves using a threshold of one, with the most appropriate
angle of sun elevation (¡6.0°) determined from initial anal-
ysis of a sub-sample of Wles, and used in the processing of
all Wles. Latitude was derived from day length and longi-
tude from the timing of local midday in relation to GMT
and Julian day. This procedure produces two locations per
day. Although use of low light thresholds partly overcomes
problems of interference in the light curves at dawn or
dusk, 504 locations (11.6% of those from outside the equi-
nox periods) were later excluded for this reason and/or
because they represented unrealistic movements. This
resulted in a total of 3,842 validated locations (146–367 per
individual). Locations were unavailable from 15 September
to 26 October and from 12 February to 31 March because
of the diYculties of estimating latitude around equinoxes
(Wilson et al. 1992). However, longitudes were available
during this period and could be used to determine whether a
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bird was in the Atlantic or North Sea and timing of move-
ment. All validated locations were smoothed twice, follow-
ing Phillips et al. (2004). Kernel density maps in a Lambert
equal-area azimuthal (North Pole) projection were gener-
ated in ArcGIS (Hawth Tools), with a cell size of 50 km
and a search radius of 200 km (Croxall et al. 2005; Phillips
et al. 2005).

Although sample sizes were small, there was no sugges-
tion of sex diVerences either in the likelihood of using
Atlantic waters or in the timing or duration of the visit
(Mann–Whitney tests, all NS) so data were pooled.

Ringing data

Information on puYns ringed on or within 100 km of the
Isle of May, known to be more than 3 years old [immatures
tend to disperse more widely than adults (Harris 2002)] and
recovered outside the breeding season (here taken to be
between August and April), was obtained from the British
Trust for Ornithology. Coordinates of recovery locations
were plotted to provide an overall description of puYn
distribution outside the breeding season. Preliminary
inspection of the data indicated a marked change in Wnding
locations around 2000. Accordingly, recoveries were
grouped into those from August 1992 to April 2000 and
from August 2000 to April 2008 to give approximately sim-
ilar time periods and numbers of recoveries.

For the purposes of this paper, we deWne the area to the
west of the Northern Isles (Orkney and Shetland Islands) as
the Atlantic and the area to the east as the North Sea.

Results

Wintering areas as indicated by geolocators

Density plots summarising overall area usage by puYns
during three phases of the nonbreeding period, as deWned in
the following, are shown in Fig. 1. The Wrst phase from
1 August to 31 December (excluding the period around the
vernal equinox, from mid-September to late October, see
“Methods”) was characterised by a widely dispersed distri-
bution with birds recorded not only in the northern North
Sea but also in the Atlantic, predominantly between 50°N
and 62°N and 10°E and 15°W. In contrast, during the sec-
ond phase between 1 January and 29 February, birds were
much less widely dispersed, with Wxes concentrated in the
northwestern North Sea. Proximity to the spring equinox
meant that estimated latitudes during March were unavail-
able, but longitudinal data were consistent with birds
remaining in the same region. The third phase in April
corresponded to the period when puYns had returned to
the Isle of May and were spending progressively more time

at the colony; birds were predominantly oV northeast
England, and northern and eastern Scotland, within com-
muting distance of the Isle of May given the puYn’s aver-
age Xight speed of 70–80 km h¡1 (Harris 1984). This
distribution was the same as when birds were still feeding
chicks and visiting the colony in July (data not shown).
Apparent inclusion of the Irish Sea during all three periods
and of the waters oV northern and western Scotland during
April in the overall range is an artefact of the kernel
smoothing procedure. It is highly unlikely that birds were
alternating between western Scotland and England and the
northwest North Sea since puYns rarely cross land [only
three inland records in Scotland between August and April
1968–2001 (Forrester et al. 2007)].

Inspection of locations of individual puYns indicated
that there were two distinct between-season strategies
(Fig. 2). Although 3 birds never left the North Sea, the
other 10 (77%) all spent considerable periods around
the north coast of Scotland or the Northern Isles, into the
Atlantic. The timing and duration of the period spent in the
Atlantic were highly variable (range of departures 1 August
to 19 October, range of durations 27–120 days; Fig. 3).
However, all eight birds whose devices were still function-
ing returned to the North Sea by mid-December.

The inherent error in geolocation (mean c. 185 km;
Phillips et al. 2004) makes interpretation of individual
short-scale movements problematic. However, it is clear
that some birds, especially those entering the Atlantic, did
make sustained long-distance Xights. For instance Bird
6539 moved out of the North Sea on 22 August and was oV
the northwest coast of Scotland 24 h later (Fig. 2), between
31 October and 3 November it travelled rapidly from the
Faeroe Islands to west of Ireland and later returned from
near St Kilda to the northwest North Sea in about 48 h. We
estimate that it travelled over 3,000 km during its excursion
into the Atlantic. Other birds also visited areas around the
Faeroe Islands, oV western Scotland and Ireland and occa-
sionally made similar major Xights. Movements of the 3
birds that never left the North Sea were more limited.

Wintering areas as indicated by ringing recoveries

A total of 221 ringing recoveries of puYns were reported
from 1992 to 2008, of which 117 were from nonbreeding
periods up to April 2000 and 104 from subsequent periods.
The frequency distribution of recovery months diVered sig-
niWcantly between the two time periods, with 80% of recov-
eries until April 2000 occurring in January to April whereas
subsequently recoveries were more dispersed with signiW-
cantly fewer (58%) during this period (Fig. 4; �2 = 34,
P < 0.001, df = 1).

This temporal change in recovery pattern was associated
with a marked distributional shift, with the proportion of
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recoveries coming from the Atlantic increasing signiW-
cantly from 3.4% prior to 2000 to 18.3% subsequently
(Fig. 5; �2 = 13.0, P < 0.001, df = 1). This change was pre-
dominantly due to an increase in the numbers of birds
reported from the Faeroe Islands (1.7% in the former
period, 14.4% in the latter) and a decline in recoveries from
the Bay of Biscay and the English Channel (4.4% to zero).
As is normal with recoveries of ringed seabirds, the cause
of death was not given (87% of 117 in the Wrst period, 79%
of 104 in the second). However, in the Wrst period 10%
were reported oiled and 2% shot whereas in the latter the
equivalent values were 3 and 14%, respectively.

Discussion

Although we could not directly compare nonbreeding
distributions of birds with and without loggers, we had no
reason to suspect that the areas used by equipped birds
diVered signiWcantly from those of other puYns from the
Isle of May. In addition, past studies of seabirds <1.3 kg
have shown no obvious deleterious eVects of geolocator
attachment (Rayner et al. 2008; Catry et al. 2009).

Our results using geolocators to reconstruct movements
of individual puYns between successive breeding seasons
indicated that the most intensively used region was the

Fig. 1 Kernel density distribution of Atlantic puYns in August–December (n = 13 birds), January–February (n = 10) and April (n = 10). Bathymetric
contours are 100 m and 2,000 m. Place names referred to in the text are shown in the upper left panel
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northwestern North Sea, a result which is in accordance
with previous studies at this colony based on ringing recov-
eries (Harris 1984; Harris 2002) and general observations
from at-sea surveys (Skov et al. 1995; Stone et al. 1995,
S. Garthe, unpublished data, K. Kober, unpublished data,
A. Webb, unpublished data)). However, the Wnding that
more than three-quarters of the birds made a major excur-
sion into the Atlantic was entirely unexpected and chal-
lenges the previous view that puYn populations from the
east and west of Britain are spatially segregated during both
the breeding season and at other times of year (Harris
2002). A study using satellite telemetry to follow post-
breeding adult Atlantic puYns from a colony in northern

Norway also highlighted unexpected areas with the birds
moving north into the Barents Sea where there was little
chance of ringed birds being reported (Anker-Nilssen and
Aarvak 2009).

Comparisons of various aspects of puYn biology at east
and west coast colonies during the 1970s and 1980s found
marked diVerences, for example in the scheduling of colony
attendance and pollutant levels, and in both cases diVer-
ences in overwintering areas were suggested as potential
explanations (Harris 1982, 1985). Thus, Harris (1985) spec-
ulated that the earlier return to east coast colonies was
because ‘adults were freed from the necessity of Xying
several thousand miles during the winter’, and remained in

Fig. 2 Distributions of individ-
ual Atlantic puYns in August–
December (red circles), Janu-
ary–February (blue circles) and 
April (green circles). Note that 
some devices failed part way 
through the period
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Fig. 2 continued
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the northwestern North Sea, relatively close to their breed-
ing colonies between breeding seasons. Similarly, higher
levels of polychlorinated biphenols (PCBs) but lower levels
of cadmium in east coast birds compared to those from the
west were thought to reXect diVerences in concentrations of
anthropogenic and naturally occurring chemicals and heavy
metals in the North Sea and east Atlantic (Bull et al. 1977;
Harris 1984). In the light of the new evidence from the geo-
locators indicating less pronounced spatial segregation over
the winter, a re-evaluation of east—west diVerences in phe-
nology and pollutant levels is needed. Comparisons of adult
survival rates would also be instructive. The only colony
in west Britain where the survival of puYns is monitored
is Skomer, southwest Wales. Previously, relationships
between survival and oceanographic conditions were simi-
lar on the Isle of May and Skomer (Harris et al. 2005) but

the very low survival rates on the Isle of May in recent
years have not been apparent on Skomer (C.M. Perrins,
unpublished data), despite the likely overlap in distributions
of the two populations during the nonbreeding season.
Clearly, integrated comparisons across study sites are
needed to investigate this further.

Previous analyses of ringing recoveries indicated that the
small minority of Isle of May birds that left the North Sea
moved south into the English Channel and Bay of Biscay
(Harris 1984). In contrast, our updated analysis highlights
that since 2000, birds have increasingly been recovered in
northern and western areas while usage of southern areas
has declined. Additional support for this change comes
from at-sea surveys with very few puYns being recorded in
winter around the Faeroe Islands between 1979 and 2000
(Skov et al. 2002). However, hunters and local naturalists
both report that many more birds now winter in the area,
including many small-sized individuals typical of those that
breed in Britain and the Faeroe Islands (J.-K. Jensen,
unpublished data). All the recent recoveries in the Faeroe
Islands are of birds that have been shot during the hunting
season from 1 October to 20 January, which is a serious
potential bias. However, although there was an increase in
winter hunting of auks following the restriction of summer
shooting in 1980, there has been no obvious further change
in the overall hunting pressure in recent decades (B. Olsen,
unpublished data, J.-K. Jensen, unpublished data). Taken
together with our tracking data, these Wndings provide
strong evidence for a recent major northwards shift in the
distribution of puYns from eastern Britain outside the
breeding season.

Ringing recovery data also suggest that the change in
distribution has been accompanied by a change in the tem-
poral pattern of overwinter mortality. Thus, prior to 2000
most recoveries occurred in the second half of the winter
but recently there has been a second peak in autumn/early
winter (Fig. 4). Beached Bird Survey data from the North-
ern Isles also suggest increased early winter mortality with
the numbers recorded on beaches in autumn being particu-
larly high in 2006 and 2007 compared with the previous
25–30 years (Heubeck et al. in press).

This accumulating evidence for a recent change in loca-
tions and mortality patterns of Isle of May puYns is of par-
ticular interest given the dramatic decrease in the breeding
population recorded at this colony in 2008 and the apparent
increase in adult mortality rates (Harris et al. 2009). Our
results suggest that conditions in the North Sea may have
become less favourable for puYns in recent years, particu-
larly in the autumn and early winter, forcing many birds to
move into the Atlantic, in some cases into areas where they
are at risk of being shot. Individuals are thus likely to travel
greater distances and use a wider variety of areas than pre-
viously. The inherent error in geolocation Wxes means that

Fig. 3 Time periods spent in the Atlantic by 10 Atlantic puYns. Thin
lines indicate periods over the equinox where the longitudinal data
were inconclusive. Vertical bars indicate when devices failed. The
other three birds remained within the North Sea throughout the whole
nonbreeding period
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investigating Wne scale habitat usage is problematic. How-
ever, some broad diVerences are apparent, with areas used
by puYns in the North Sea characterised by relatively shal-
low water typically <100 m deep while locations in the
Atlantic are associated with deeper waters out to the
2,000 m isobath along the shelf break (Fig. 1). While it
seems clear that changes in distribution and mortality pat-
terns have occurred, the factor(s) causing these changes are
currently unknown. Hydrobiological conditions in the
North Sea during the spring and summer are known to have
changed dramatically since the late 1990s, which has been
implicated in recent breeding failures of seabirds (Frederik-
sen et al. 2004; Wanless et al. 2005). In particular, the
incursion of warmer water and associated changes in the
Calanus copepod community are thought to have had a
negative impact on recruitment rates of lesser sandeel
Ammodytes marinus, a major prey of puYns and many
breeding seabirds (Arnott and Ruxton 2002; van Deurs
et al. 2009). Sea temperatures in the North Sea in autumn
and winter have also increased markedly, but little is
known about how this aVects important prey for marine
birds, since in many cases (including for the puYn) almost

nothing is known about the diet outside the breeding sea-
son. In contrast to the situation in the North Sea, tempera-
tures in the Atlantic, particularly oV northwest Scotland,
have shown much less change (Holliday et al. 2008).
Whether this diVerence has any relevance to changes in
puYn area usage is uncertain. However, as more data from
geolocators become available, combining them with infor-
mation on hydrobiological conditions could help to start
elucidate the mechanisms underpinning observed changes
in population processes.

The overwinter period is particularly crucial for
puYns because like other members of the Alcidae, birds
undergo their main moult outside the breeding season. At
this time, the primary wing feathers are moulted more-or-
less synchronously rendering the bird Xightless and thus
highly susceptible to adverse conditions. We know very
little about moult in wild Atlantic puYns but captive
tufted puYns Lunda cirrhata are Xightless for 4–5 weeks
(Bridge 2004), and it seems likely that the period will be
similar in Atlantic puYns. Flightless birds have been
recorded in all months between October and April and
assuming that birds found dead on beaches provides a

Fig. 5 Ringing recoveries of adult Atlantic puYns in August–December (red circles) and January–April (blue circles) in two periods, August 1992–
April 2000 (n = 117) and August 2000–April 2008 (n = 104). Place names referred to in the text are shown in the left panel
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robust index, moult in the 1970s appeared to peak in late
winter (Harris and Yule 1977). However, recently
increased numbers of birds have been found Xightless in
autumn. For example, 89% of a sample of 36 adults
(including two ringed on the Isle of May), found dead
during a wreck of in the Northern Isles between 22 Octo-
ber and 5 November 2007, were in wing moult (Heubeck
et al. in press; Harris unpublished data). This raises the
intriguing possibility that puYns are moving out of the
North Sea to Wnd suitable areas to moult. However, test-
ing this hypothesis is problematic with the current gener-
ation of geolocators because their spatial resolution is not
good enough to pinpoint periods when birds do not move.
The loggers also recorded saltwater immersion, which we
assumed would allow us to discriminate when a bird was
on the water compared to in Xight, and hence to identify
long periods when the bird did not Xy. To our surprise, no
such periods were obvious in any of the records. How-
ever, discussions with colleagues familiar with puYns in
captivity revealed that birds on the water often have
either one or both legs and feet retracted into the feathers
where presumably they dry out and so reduce heat loss.
Hence, in comparison with recent studies of other sea-
birds (Phalan et al. 2007; Catry et al. 2009; Guilford
et al. 2009), which presumably do not show this behav-
iour, the usefulness of immersion data for inferring activ-
ity patterns is limited in the puYn and in particular the
method will not identify the Xightless period.

Uncertainty about distributions of puYn populations
when not breeding has previously hampered interpretation
of studies comparing demographic parameters, particularly
adult survival. A recent analysis by Grosbois et al. (2009)
found evidence for synchronous changes in survival at col-
onies distributed across a wide latitudinal range from south-
ern Britain to northern Norway, which was partly related to
local sea surface temperature, but in which another
unknown environmental factor had to be involved. Com-
bining cross-colony survival analyses with traditional ring-
ing methods and large scale deployment of geolocators
could potentially provide a rapid and powerful way not
only to identify important population level area and habitat
preferences but also to evaluate the degree of migratory
connectivity amongst these populations.
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