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Abstract Variation in the timing and abundance of
marine food resources is known to aVect the breeding
behaviour of many seabirds, constraining our understanding of the extent to which these behaviours vary in diVerent
parts of a species’ range. We studied incubation shifts of
northern fulmars (Fulmarus glacialis) breeding at two colonies in Arctic Canada (High Arctic oceanographic zone)
and one colony in the UK (Boreal oceanographic zone)
between 2001 and 2005. Fulmars in Arctic Canada had
longer incubation shifts than previously reported at more
southern colonies, presumably because marine productivity
is lower early in the breeding season in the Arctic. Shift
durations were particularly long at one colony in years with
abnormally late, extensive sea-ice cover, although at the
other Arctic colony, where sea-ice cover is predictably late
Communicated by S. A. Poulet.
M. L. Mallory (&)
Canadian Wildlife Service, Box 1714,
Iqaluit, NU X0A 0H0, Canada
e-mail: mark.mallory@ec.gc.ca
M. L. Mallory · M. R. Forbes
Department of Biology, Carleton University,
Ottawa, ON K1S 5B6, Canada
A. J. Gaston · H. G. Gilchrist
National Wildlife Research Centre, Carleton University,
Raven Road, Ottawa, ON K1A 0H3, Canada
B. Cheney · S. Lewis · P. M. Thompson
School of Biological Sciences, University of Aberdeen,
Lighthouse Field Station,
Cromarty, Ross-shire IV11 8YJ, UK
S. Lewis
School of Biological Sciences, University of Edinburgh,
West Mains Road, Edinburgh EH9 3JT, UK

every year, the duration of shifts was shorter than expected.
At the Boreal colony, incubation shifts were much longer
than expected, similar to Arctic colonies, and likely attributable to poor marine food supplies in the North Sea in
recent years. Collectively, our data suggest that fulmars can
adjust their incubation rhythm to compensate for poor
marine feeding conditions, although this may incur a cost to
body condition or reproductive success.

Introduction
Oceans experience a variety of natural cycles and anthropogenic stressors, which cause changes in marine food webs
(Aebischer et al. 1990; Pauly and Maclean 2003; ACIA
2005; Frederiksen et al. 2006). One way to track these
eVects is to monitor seabirds, which are often regarded as
eVective indicators of the condition of marine ecosystems
(Cairns 1987; Furness and Camphuysen 1997; Frederiksen
et al. 2007). Because these birds rely on resources from the
ocean, changes in marine productivity or speciWc food supplies may be detected by monitoring seabird reproduction.
For example, in response to local reductions in marine food
supplies, breeding seabirds may exhibit lower colony attendance, fewer breeding attempts, delayed egg-laying, reduced
clutch or egg size, reduced reproductive success, or altered
behaviour during breeding (e.g. Schreiber 2002; Frederiksen
et al. 2006). Even when marine conditions are “normal”,
aspects of seabird breeding behaviour may diVer between
colonies where the type, distribution, and availability of
principal prey items diVer (e.g. Lewis et al. 2004, 2006;
Wilson et al. 2005). Therefore, in situations where annual
marine food supplies diVer predictably, we might expect to
see concordant diVerences or local adaptation in the typical
behaviour of seabird conspeciWcs at their colonies.
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One aspect of breeding behaviour that should be sensitive
to food availability is the incubation rhythm of nesting pairs.
For pelagic seabirds, and notably the petrels, incubation
behaviour has been well-studied (Warham 1990). Incubation
is energetically demanding for petrels, with one mate losing
2–20% of its body mass during an incubation shift (e.g. Warham 1990, Chaurand and Weimerskirch 1994; Chastel et al.
1995), while the other mate may travel long distances to Wnd
suYcient food to replenish energy stores before returning to
the nest (Chaurand and Weimerskirch 1994; Weimerskirch
1995, 1998). Thus, incubation shift length is aVected both by
the time required to search for food and the physical condition of each mate. Reduced availability of food or increased
eVort to Wnd food may result in longer incubation shifts in
petrels (e.g. Johnstone and Davies 1990).
Some aspects of incubation have been studied in northern fulmars (Fulmarus glacialis), the only petrel found in
the Boreal, Low Arctic and High Arctic oceanographic
zones (Salomonsen 1965; Hatch and Nettleship 1998). Fulmars exhibit both individual and seasonal variation in incubation rhythms (Hatch 1990a, b). Some of this variation is
likely attributable to age and breeding experience (Ollason
and Dunnet 1978; Hatch 1990b), but annual conditions in
the marine environment also appear to inXuence incubation
scheduling (Hatch 1990b; Gaston et al. 2005).
We studied incubation rhythms of northern fulmars nesting at two colonies in the Canadian High Arctic, as well as
one colony in temperate waters around the UK. The Arctic
sites were near the northern limit of the species’ breeding
range, where ambient temperatures and sea-ice cover present a markedly diVerent environment from that experienced
by the majority of fulmars breeding elsewhere in the North
Atlantic or North PaciWc oceans (Fisher 1952). At the Arctic colonies, extensive sea-ice can cover local foraging
areas until ice breaks up, requiring that fulmars travel farther and incur higher energetic costs to Wnd open water in
which to feed. Consequently, we predicted that fulmars in
the High Arctic would typically take longer incubation
shifts than fulmars breeding in the Boreal oceanographic
zone, where potential foraging areas were available close
by breeding colonies. Moreover, our two Arctic colonies
diVered in the predictability with which sea ice covered
local foraging areas. At Cape Vera, fulmars had to cross
200 km of sea ice throughout incubation and into chickrearing each year, before they reached open water to feed
(Mallory and Forbes 2007). In contrast, at Prince Leopold
Island, sea ice cover of surrounding marine waters varied
considerably among years (Gaston et al. 2005), and typically, there was open water adjacent to the colony through
much of incubation. Hence we predicted that, in normal ice
years, Cape Vera fulmars would have longer incubation
shifts than those breeding on Prince Leopold Island, but
that in years when ice conditions adjacent to Prince Leo-
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pold Island resembled those found every year at Cape Vera,
shift lengths at the two colonies would be similar.

Materials and methods
Physical data
Research was conducted at two breeding colonies in Arctic
Canada (Cape Vera and Prince Leopold Island) in the High
Arctic oceanographic zone, and one colony in the UK (Eynhallow, Orkney) in the Boreal oceanographic zone (Fig 1).
At Prince Leopold Island (74°N, 90°W), Weld crews
observed fulmar breeding ecology between 16 June–21
August 2001, 1 June–25 August 2002, and 31 May–21
August 2003 (see also Gaston et al. 2005), while at Cape
Vera (76°15⬘N, 89°15⬘W), northern Devon Island, observations were made during 26 May–22 August 2003, 14 May–
9 August 2004, and 20 April–10 August 2005 (incubation
data were collected only in 2005). On Eynhallow (59°08⬘N,
3°08⬘W) research on breeding ecology has been conducted
since 1950 (Dunnet 1991; Thompson and Ollason 2001),
but speciWc research on incubation was carried out from
3 June to 8 July 2003, 30 May to 14 July 2004, and 18 May
to 8 July 2005.
At Cape Vera, nearby Jones Sound remains ice-covered
from October through July of the following year, although
there is open water immediately beside the colony in the
Hell Gate–Cardigan Strait Polynya (Smith and Rigby
1981). However, breeding fulmars at Cape Vera do not feed
in the local polynya, and instead Xy to foraging areas
>200 km to the east (Mallory et al. 2008). Prince Leopold
Island is at the junction of Parry Channel (Lancaster Sound
and Barrow Strait) and Prince Regent Inlet. Ice typically
covers this region from October through at least April of
the following year, but the annual extent of ice cover varies
substantially (Gaston and Nettleship 1981; Gaston et al.
2005). Both colonies are situated on extensive, sedimentary
cliVs rising to 300 m or more above sea level, with the
majority of fulmars nesting along the upper third of the cliV
faces (Gaston et al. 2006). Waters around Eynhallow are
ice-free throughout the year, and potential open water foraging areas are found <1 km from nest sites that are found
among the grassy turfs, old buildings and low-lying cliVs
around the island (Dunnet et al. 1963). Approximate colony
sizes during the study period were 11,000 apparently occupied sites (AOS) at Cape Vera and 22,000 AOS at Prince
Leopold Island (Gaston et al. 2006). In both cases the nearest fulmar colonies were >100 km away. Eynhallow formed
a much smaller colony (·125 breeding pairs), but was one
of many local colonies within the Orkney archipelago,
where >90,000 AOS occurred within 50 km of the study
site in 2000 (Mitchell et al. 2004).
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Fig. 1 The three northern
fulmar colonies examined in this
study were located in Arctic
Canada (Cape Vera, Prince
Leopold Island) and the UK
(Eynhallow). Thick lines
separate the High Arctic, Low
Arctic and Boreal oceanographic
zones (after Salomonsen 1965).
In Arctic Canada, the North
Water Polynya is indicated
by “1” and Lancaster Sound
is shown by “2”

We used weather data collected at the Resolute Bay
airport weather station (approximately 125 km west of
both Arctic Weld sites; http://www.weatheroffice.ec.gc.ca;
accessed 24 January 2008) as indicative of general weather
conditions near the Arctic colonies during incubation. Summary data for Eynhallow were acquired from the North
Isles Weather Archive http://www.northisles-weather.co.uk
(accessed 24 January 2008). Ice conditions near the Arctic
colonies were obtained from the Environment CanadaCanadian Ice Service climate archives http://ice-glaces.ec.
gc.ca (accessed 24 January 2008).
Biological data
Northern fulmars are long-lived, monogamous petrels that
lay a single egg, and do not replace the egg if it is lost
(Hatch and Nettleship 1998). At the Arctic colonies, fulmars are polymorphic for plumage colour, with birds ranging in colour on the head and body from pure white to dull
slate grey, as well as diVering in bill markings (Hatch and
Nettleship 1998). Consequently, individual members of a
pair could be distinguished if pair members were of contrasting morphs. The presence of these distinguishable pairs
was identiWed at the start of each season by observing both
pair members together at the site. Once identiWed, the colour morph of the sitting bird was recorded each day during
breeding checks, allowing us to detect incubation changeovers to within §1 day. If an exchange took place during a
period when >1 day elapsed between observations (due to
inclement weather), the exchange was estimated to have

taken place half way between the two observations. Data
were not used if >3 days had elapsed between observations.
At the Boreal colony on Eynhallow, all birds were lightphase morphs, but approximately 60–70% of study pairs
could be distinguished visually from colour rings that had
been applied previously (Dunnet 1991). Most data were
collected in the 2004 season, when daily breeding checks
allowed us to detect incubation changeovers to within
§1 day. The incubation patterns of a subset of these birds
were also recorded using data loggers (Francis ScientiWc
Instruments, Cambridge, UK) following the procedures
outlined in Weimerskirch et al. (2001). BrieXy, both pair
members had been captured on the nest in a previous breeding season and had a small transponder (PIT tag) attached
to a metal leg band. A loop antenna connected to a data logger was placed around the nest, and whenever the bird
returned to or left the nest in subsequent seasons, the data
logger recorded its arrival or departure. This provided precise measurements of times spent on and oV the nest by
each member of a smaller sample of pairs. Where gaps
occurred in the visual sighting records, exchanges were
assumed to have taken place half way between the detections of the two pair members.
For some years and colonies, monitoring of nest attendance was begun shortly after birds had initiated incubation. We wanted to maximize use of our data but minimize
bias associated with using incomplete incubation schedules
(e.g. due to having only partial, Wrst incubation shifts by the
male). Thus, we used the approach of Gaston et al. (2005)
and analysed a sub-sample of shifts, speciWcally those that
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were in progress at 10-day intervals preceding the date of
hatching (date of hatching for sites where eggs did not
hatch was estimated as the median for the year concerned).
Analysis of incubation shift duration was based on a maximum of four shifts for each nest from each study region:
those in progress 30, 20, 10 and 0 days before hatching.
Data on body condition were also collected at Arctic
sites to explore the eVects of inter-annual variation in incubation schedules. In each year at Prince Leopold Island, and
in 2003 and 2004 at Cape Vera, fulmars were captured
using noose poles. At this time, fulmars were weighed
(§10 g) and measured (§0.1 g), and gender was ascertained either through morphometrics or dissection (for further details of methods, see Gaston et al. 2005; Mallory and
Forbes 2005). We used body mass of fulmars measured
during incubation (June or July) to compare mass among
years and colonies. Body mass data from the incubation
period were not available from Eynhallow.
To analyse incubation parameters of fulmars, we used F
ratio tests, ANOVAs (with Tukey–Kramer Multiple Comparisons tests), and Kruskal–Wallis tests (with post hoc
Dunn’s Multiple Comparisons tests), depending on whether
data could be square-root transformed to approximate normal distributions (Kolmogorov–Smirnov tests; GraphPad
Software 1998). Sample coeYcients of variation (CoV) and
their standard errors were calculated and compared with
Levene’s test, according to Sokal and Braumann (1980).
All means are presented §1 SE.

Results
Weather
During the typical incubation period (approximately 6 June
to 25 July at Arctic colonies), the mean daily temperature
over 5 years (2001–2005) was 2.3 § 0.2°C (n = 255 days,
range ¡7.3°C to 12°C). In the same years, the position of
open water near the colonies diVered greatly. In the Wrst
week of July (half way through incubation), fulmars at Cape
Vera had to Xy 188 § 6 km (CV 7%) over sea ice to reach
open water in the North Water Polynya, whereas at Prince
Leopold Island, fulmars had to Xy 15 § 70 km (CV 139%).
The annual variation in ice position was signiWcantly higher
at Prince Leopold Island (F ratio test, F8 = 60.3, P = 0.0008).
At Eynhallow in 2004 and 2005, mean daily temperatures
were approximately 9°C warmer than at the Arctic sites
(10.0¡11.9°C, similar to the 30-year average).
Incubation
Pooling data within colonies for all years, typical incubation shift duration diVered among sites (KW = 33.9,
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P < 0.0001), with the mean duration of incubation shifts
from the one season at Cape Vera (5.7 § 0.2 days, median
6 days, n = 152 shifts) being signiWcantly shorter than for
three seasons at Prince Leopold Island (7.5 § 0.2 days,
median 8 days, n = 272; Dunn’s Multiple Comparisons
Test, P < 0.001) or three seasons at Eynhallow
(6.8 § 0.4 days, median 7 days, n = 69; P < 0.05). However, there was clearly annual variation within sites
(Fig. 2). Using colony-years for which we had measurements of ¸50 incubation shifts, mean shift duration diVered
among the Cape Vera (2005), Prince Leopold Island (2001–
2003) and Eynhallow (2004) colonies among years
(KW = 143.6, P < 0.0001; Table 1). In 2002, mean incubation shifts undertaken by fulmars at Prince Leopold Island
were longer than in any other year (Table 1; Dunn’s Multiple Comparisons test, Ps < 0.001). Mean incubation shift
length at Eynhallow in 2004 was similar to that at Cape
Vera or at Prince Leopold Island in 2001 (Ps > 0.05), but
was longer than was found at Prince Leopold Island in 2003
(P < 0.01). In 2003, 20% of the fulmar incubation shifts at
Prince Leopold Island lasted ·2 days, compared to 4 and
1% of the shifts recorded in 2001 and 2002, respectively.
At Cape Vera in 2005 9% of shifts were ·2 days, and at
Eynhallow in 2004, 14% of shifts were ·2 days.
Using only data for Prince Leopold Island and Eynhallow
(i.e. those years approximating normal distributions), fulmars
exhibited higher variability in incubation shift duration at
Eynhallow (CoV 43 § 5%) and Prince Leopold Island
(2003) (48 § 4%) than at Prince Leopold Island in 2001
(31 § 3%) or 2002 (30 § 3%), although these diVerences
were not statistically signiWcant (Levene’s test; F3,319 = 1.97,
P = 0.11). The longest incubation shift recorded at both Cape
Vera and Eynhallow was 14 days, whereas one shift lasted
18 days at Prince Leopold Island in 2002.
Body mass at Arctic colonies
Body mass of incubating male fulmars diVered among
colony-years at Cape Vera and Prince Leopold Island
(ANOVA, F4,92 = 8.7, P < 0.0001; Fig. 3). Mean mass
of males at Prince Leopold Island in 2003 (859 § 25 g)
was signiWcantly heavier than males at that colony in
2001 (714 § 19 g; Tukey–Kramer, P < 0.001) or 2002
(754 § 11 g; P < 0.05). Males at Cape Vera in 2004
(812 § 17 g) were also heavier than Prince Leopold Island
males in 2001 (P < 0.01). Among female fulmars, incubation body mass also diVered among colony-years
(F4,62 = 7.7, P < 0.001). Like males, body mass of females
at Prince Leopold Island in 2003 (726 § 12 g) was higher
than females in 2001 (620 § 20 g; P < 0.01) or in 2002
(634 § 13 g; P < 0.001). Also, female fulmars at Cape
Vera in 2003 were heavier (731 § 24 g) than Prince
Leopold Island females in 2001 or 2002 (Ps < 0.01).
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Discussion
The northern fulmar exhibits a Xexible incubation rhythm
in response to a broad range of climatic and marine environmental conditions. For example, fulmars had a similar
range of the length of incubation shifts undertaken, irrespective of whether they bred in the High Arctic (Falk and
Møller 1995a; this study), Alaska (Hatch 1990a) or the UK
(this study). As predicted, High Arctic fulmars took relatively longer incubation shifts than elsewhere (Table 1), but
fulmars breeding at Eynhallow had longer incubation shifts
than previously observed in Boreal fulmars breeding at
sites in the PaciWc (Hatch 1990a).
Incubation in the Arctic

Fig. 2 The distribution of incubation shift durations diVered among
years and colonies at Cape Vera (CV05), Prince Leopold Island
(PLI01, PLI02, PLI03) and Eynhallow (EYN04)

Most incubation shifts by fulmars breeding in the High
Arctic (Cape Vera or Prince Leopold Island) lasted
¸5.3 days, which was similar to the average of 6.1 day
shifts found by Falk and Møller (1995a) at a High Arctic
colony in east Greenland. However, during periods of
extensive sea-ice at Prince Leopold Island (2001, 2002),
typical shifts increased to >8 days, 51–185% longer than
reported for any other northern fulmar colonies (shift duration determined using diVering techniques; Table 1). We
expected fulmars in the High Arctic to take longer incubation shifts for three reasons: (1) during June and much of
July, many marine areas remain ice-covered in this region,
so fulmars have to travel farther to Wnd foraging habitat; (2)
birds foraging in this region during incubation may experience lower marine productivity compared to birds at more
southern colonies (Behrenfeld et al. 2001); and (3) Arctic
fulmars cannot rely on Wsheries discards, which were
believed to have been important food source in Boreal
waters (Fisher 1952, but see also Phillips et al. 1999;
Thompson 2006). Importantly, marine productivity has a
strong inXuence on seabird reproductive success (Frederiksen et al. 2007). Thus, as suggested by Falk and Møller
(1995a), it probably requires more foraging time and eVort
for High Arctic fulmars to Wnd suYcient food to replenish
energy reserves and undertake the next incubation shift
(even though they operate in 24-h daylight), compared to
Boreal fulmars. However, the 2.3- to 4.3-day diVerence in
mean shift duration between fulmars at Cape Vera and
Prince Leopold Island in some years was surprising, and
counter to our predictions.
Fulmars at Cape Vera during a “typical” ice year faced a
similar distance of sea-ice to cross as fulmars at Prince
Leopold Island in extensive ice years, which is why we
expected fulmars at Cape Vera to have relatively long
shifts. However, the duration of their shifts averaged
approximately one half day longer (but not statistically
diVerent) than shifts at Prince Leopold Island during a year
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Table 1 Characteristics of incubation shifts reported for northern fulmars in relation to colony location and oceanographic zone
Location (year)

Oceanographic
zone

Colony
size (AOS)

Incubation shift (days)
Mean (SE)

N (shifts)

Reference
Minimum

Maximum

Cape Vera, Canada (2005)

HA

11,000

5.7 (0.2)

152

1

14

This study

Prince Leopold Island,
Canada (2001)

HA

22,000

8.0 (0.3)

81

2

12

This study

Prince Leopold Island,
Canada (2002)

HA

22,000

9.9 (0.3)

80

2

18

This study

Prince Leopold Island,
Canada (2003)

HA

22,000

5.3 (0.2)

111

1

12

This study

Mallemukfjeld,
Greenland (1993)

HA

1,400

6.1 (0.4)

81

1

13

Falk and Møller (1995a)

Eynhallow, UK (2003)

B

90,000

8.8 (1.6)

7

2.5

13.8

This study

Eynhallow, UK (2004)

B

90,000

7.0 (0.4)

51

1.6

13.5

This study

Eynhallow, UK (2005)

B

90,000

5.0 (0.8)

12

0.9

11.2

This study

Fair Isle, UK (1952)

B

28,000

2.8 (0.3)

56

0.3

8.7

Sands of Forvie, UK (1966)

B

6,400

3.7 (0.2)

71

1

11

Foula, Unst, UK (1998, 1999)a

B

Semidi Islands,
Alaska (1976–1981)

B

6954

1

16

1.5
220,000

Williamson (1952)
and Shaw et al. (2002)
Mougin (1967) and
Mitchell et al. (2004)
Ojowski et al. (2001)

4.6 (0.02)

Hatch (1990a)

“HA” refers to High Arctic and “B” refers to Boreal for oceanographic zones
a
<50% of the incubation period of breeding fulmars was recorded in this study

Fig. 3 In Arctic Canada, body masses (g) of incubating male (black
circle) and female (gray square) fulmars diVered among colony-years
at Cape Vera (CV 03, CV04) and Prince Leopold Island (PLI01,
PLI02, PLI03)

when open water was close to that colony (2003), and
incubation body masses in these colony-years were similar. This suggests that routinely traversing 200 km of seaice to reach potential feeding sites may not impose an
abnormally increased energetic cost for fulmars, unlike
sympatric Arctic seabirds (Gaston et al. 2005). Fulmars
can Xy hundreds of kilometers to feed (Falk and Møller
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1995b; Mallory et al. 2008) and 200 km represents only a
4-h Xight under calm conditions (Hatch and Nettleship
1998). Such a Xight would be even faster and consume less
energy with some wind (Furness and Bryant 1996), and
wind is almost always present at these colonies (Gaston
and Nettleship 1981).
Instead, we interpret these diVerences in incubation
shift duration as local adaptation by fulmars at Cape Vera
to predictable conditions, compared to environmental
stochasticity at Prince Leopold Island. Annually at Cape
Vera, birds can rely on a similar travel distance to open
water near the North Water Polynya, a productive, ice-free
region which recurs every year due to the physical oceanography of that marine area (Smith and Rigby 1981).
Because age and experience play a dominant role in reproductive success (Ollason and Dunnet 1978), experienced,
breeding fulmars at Cape Vera could sustain a schedule of
relatively long incubation trips and maintain suitable body
condition provided they can access distant but predictable
foraging areas (Brown and Nettleship 1981; Weimerskirch
et al. 1997).
In contrast, sea ice conditions are quite variable at Prince
Leopold Island (Gaston et al. 2005), with 70% of the years
between 1996 and 2005 having open water immediately
beside the colony in mid-incubation. However, in the
3 years when the sea-ice was late and extended east through
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Lancaster Sound, approximately 13,000 km2 of ice-free
ocean were unavailable for foraging compared to years
when the ice edge was at the island. In 3 years when the seaice was 150 km west of the island, an additional 10,000 km2
of foraging habitat was available. Perhaps more importantly, Lancaster Sound is undoubtedly more productive in
years when ice breaks up earlier, allowing sea surface temperatures to warm and light to penetrate, stimulating primary production (Welch et al. 1992). That incubation shifts
were longer in extensive ice years suggests that at least
some fulmar pairs had the behavioural Xexibility and body
reserves to withstand these conditions, although there
appeared to be a cost to the parents in terms of reduced body
condition (Fig. 3). Nonetheless, Gaston et al. (2005) noted
higher egg neglect during incubation in 2001 and 2002, suggesting some birds had to abandon nests during an incubation shift before their mate returned. This was rarely
observed in 2 years at Cape Vera, but has been observed
commonly amongst Boreal fulmars in recent breeding seasons on Eynhallow (PM Thompson, unpubl. data).
Gaston et al. (2005) also showed that the reduced reproductive success in 2001 and 2002 came principally through
reduced Xedging success. However, late or extensive sea
ice might not always result in poor reproductive success for
fulmars. In 2001, the reduced success was attributable principally to late season snowstorms that killed chicks (Gaston
et al. 2005), which can happen in any year. In 2001, thickbilled murre (Uria lomvia) reproductive parameters were
below normal, but not nearly as poor as in 2002, when they
were the poorest ever recorded at this colony. Given that
High Arctic fulmars can adjust incubation schedules to
accommodate late ice years, rather than simply abandoning
reproduction as would be expected if the chances of breeding successfully were predictably low (Trivers 1972; Chaurand and Weimerskirch 1994), we suspect that marine
production was dramatically low in 2002, perhaps because
of two consecutive, late ice years, resulting in marginal
feeding conditions (e.g. Reid and Croxall 2001).
In addition to individual variation in incubation behaviour (Hatch 1990b), we suggest that fulmars breeding at
Prince Leopold Island are predisposed to exploiting nearby
feeding areas in typical, open water years, whereas most
fulmars at Cape Vera are forced to make long foraging trips
for most of the breeding season. At Cape Vera, surveys and
satellite tracking indicate that few breeding fulmars forage
in the nearby polynya, presumably because it does not provide suitable quantity or quality of food resources, and
instead they Xy >200 km to the North Water Polynya (Mallory et al. 2008). Thus, annual environmental conditions at
Cape Vera constrain the behavioural options available to
fulmars for incubation scheduling, whereas at Prince Leopold Island, more opportunities exist for expression of individual variation in incubation schedules in ice-free years,
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but these fulmars are severely constrained during extensive
ice years.
Incubation at the Boreal colony
There are no comparable studies of fulmar incubation patterns at other Boreal colonies within the Atlantic. Instead,
previous studies of nest attendance have focused on the
chick rearing period, when foraging trips tend to be shorter,
and are likely to be shaped by the chick’s energetic requirements (e.g. Weimerskirch et al. 2001). Other work has been
limited to just a portion of the incubation period (e.g. Dunnet et al. 1963; Ojowski et al. 2001) or to observations of a
few pairs in a single season (Williamson 1952; Mougin
1967). The most extensive data on attendance throughout
incubation by Boreal fulmars comes from Hatch’s (1990a)
study at a PaciWc colony in Alaska. There, shifts averaged
4.6 days, and only in one of 5 years was the annual mean
shift duration >5.0 days (Hatch 1990a). In our study, fulmars exhibited annual average incubation shifts of 5.0–
8.8 days at Eynhallow, albeit on smaller datasets. Although
we used slightly diVerent techniques for calculating average shifts, our sub-sample approach meant that our averages excluded the long, Wrst shift by the male (Hatch
1990a), and therefore our averages may be biased somewhat low. Nonetheless, average shifts on Eynhallow were
markedly longer than reported by Hatch (1990a) or any
other Boreal colonies, and more similar to incubation at
Arctic colonies (above).
Although the small sample sizes from Eynhallow in
2003 and 2005 provided limited power for detecting interannual variation in average incubation shifts, available data
indicate that these longer shifts were typical through most
of our study period. Our observations coincide with a
period when seabird reproduction at many sites around the
UK was poor (ProYtt 2004; Mavor et al. 2006), an eVect
attributed to reduced food supplies probably induced by a
combination of changing climate and Wshery eVects on the
marine ecosystem (Frederiksen et al. 2004, 2006). In fact,
2004 saw the lowest reproductive success recorded on Eynhallow during >50 years of study. Occasional, long incubation shifts seem to be a regular feature of some fulmars
breeding in the Boreal zone (Mougin 1967; Hatch 1990a;
this paper). However, we suggest that the relatively long,
average shifts observed recently at Eynhallow may represent a behavioural adjustment by the fulmars to altered or
reduced food supplies, not unlike the adjustments made by
fulmars breeding at Prince Leopold Island in 2001 and
2002. On Prince Leopold, this strategy was associated with
reduced body condition. Further work is now required to
assess whether Boreal fulmars also incur a similar cost
from these long incubation shifts through changes in body
condition or future reproductive or survival prospects.
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Colony size
Lewis et al. (2001) found that mean foraging trip duration
by northern gannets (Morus bassanus) was longer at larger
colonies, probably due to density-dependent eVects of
competition for depleted food resources at these colonies.
While fulmar colony size can vary greatly (Table 1), fulmars generally Xy vast distances on incubation recesses,
with trip duration measured in days, and thus are probably
less susceptible to the eVects of density-dependence that
can inXuence foraging trip duration in other seabirds (Birt
et al. 1987; Lewis et al. 2001; Gaston et al. 2007). In fact,
using the 2003 data for Prince Leopold Island (i.e. a normal year), there was no signiWcant relationship between
mean incubation shift duration and fulmar colony size
(square root transformed) where incubation rhythms have
been measured (Table 1; r7 = 0.03, P = 0.94). This suggests that regional or annual variation in marine food supplies probably have an overriding inXuence on incubation
shift duration in fulmars, as suggested by Hatch (1990a),
and as found by Lewis et al. (2006) in cape gannets
(M. capensis).
Central place foraging
One question of interest is why foraging trips are not longer
in all years, given that some fulmar pairs are capable of
reproducing successfully by adjusting foraging trips for
longer durations? Minimizing travel time should be advantageous for central place foragers (Orians and Pearson
1979). We suspect that in more productive years, fulmars
can replenish energetic stores in trips of shorter duration,
and probably reach a threshold mass enabling them to persist through a normal or even abnormally long, upcoming
incubation shift. As well, eYcient Xight is critical for eVective foraging in this species (Furness and Bryant 1996), so
it also may be advantageous for breeding fulmars to maintain relatively lower body mass to improve Xight eYciency
(Rayner 1999). Moreover, pairs undoubtedly derive beneWts by establishing a synchronized, sustainable rhythm for
both mates (Hatch 1990b), which also helps reinforce pair
bonding, and which should be more attainable with shorter
incubation shifts. This aspect may be critical, as age and
breeding experience are the dominant factors inXuencing
annual reproductive success in fulmars (Ollason and Dunnet
1978; Hatch 1990b).

Conclusions
Our study, and the previous work by Falk and Møller
(1995a) suggest that the typical incubation behaviour of
High Arctic northern fulmars diVers from that of fulmars
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nesting in the southern part of the breeding range (Williamson 1952; Mougin 1967; Hatch 1990a). These diVerences
are thought to accommodate lower marine productivity
early in the breeding season, and the physical impediments
posed by sea-ice. However, in both the Boreal and High
Arctic oceanographic zones, fulmars are capable of adjusting their incubation schedules to meet variation in environmental conditions. During years of food scarcity, some
pairs can lengthen incubation shifts to accommodate the
increased time required to Wnd suYcient food, a strategy
accompanied by a reduction in body condition. Given that
Arctic marine ecosystems are experiencing rapid changes
due to global warming (ACIA 2005), including earlier
breakup of sea-ice and increased sea surface temperatures,
Arctic fulmars should Wnd future marine conditions more
favourable for foraging during incubation, and may respond
by adopting incubation rhythms with shorter shifts, more
typical of fulmars at southern colonies. In contrast, breeding fulmars around the UK and other North Sea coasts may
in the future need to compensate for decreasing food supplies by adjusting their incubation rhythms towards a more
Arctic pattern.
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