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Abstract
Seabirds breeding in the high Arctic contend with variable annual sea ice conditions, with important consequences depend-
ing on a species’ unique reproductive and foraging ecology. We assessed the influence of sea ice extent and phenology on 
seabird breeding biology using monitoring data collected for northern fulmar (Fulmarus glacialis), glaucous gull (Larus 
hyperboreus), black-legged kittiwake (Rissa tridactyla), and thick-billed murre (Uria lomvia) breeding at Prince Leopold 
Island, Nunavut, Canada over 4 decades. We expected that years of later sea ice break-up and greater ice cover around the 
colony would create greater challenges to foraging and could result in delayed nest initiation, decreased colony attendance, 
and lower nesting success, but with distinct responses from each species. We also tested for time-lagged effects of ice condi-
tions, where sea ice in a given year could impact food availability or juvenile recruitment in later years. Ice conditions around 
the colony exhibited no significant overall temporal trends or changepoints over the past 50 years (1970–2021), while counts 
of kittiwakes and murres increased over the study period 1975–2013. No trends were evident in counts of fulmars or gulls or 
in egg-laying dates or nest success for any species. However, three species (all but glaucous gulls) exhibited unique responses 
between breeding metrics and sea ice, highlighting how breeding decisions and outcomes may differ among species under 
the same environmental conditions in a given year. Time-lagged effects were only detected for kittiwake nest counts, where 
the date of spring ice break-up around the colony was negatively associated with counts at a 5-year lag. Greater distances to 
open water were associated with lower colony attendance by fulmars and later nest initiation by kittiwakes and murres. Our 
analyses provide additional insights to effects of sea ice on high-Arctic seabird breeding ecology, which will be useful in 
predicting and planning for the complex effects of a changing climate and changing human pressures on this high-latitude 
ecosystem and for the management of high-Arctic marine-protected areas.
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Introduction

Climate change is transforming the Arctic, where tempera-
tures have warmed three times faster than the global average 
over the past 50 years (AMAP 2021). In the Canadian Arc-
tic Ocean, the marine environment is shifting at an unprec-
edented rate in response to the changing climate (Bush and 

Lemmen 2019; Niemi et al. 2019). Understanding ecological 
relationships in this system is hindered by a lack of long-
term scientific monitoring of ocean conditions and wild-
life. Fortunately, the single, most influential feature of this 
marine environment, sea ice, has been monitored by satellite 
since the 1970s (Niemi et al. 2019). The presence and struc-
ture of ice dictates how the atmosphere interacts with the 
ocean, ocean water biogeochemistry (e.g., light and nutri-
ent availability, acidity, salinity), availability of habitat for 
flora and fauna above and below the ice surface, the timing 
and location of annual events (i.e., many species coordinate 
breeding and feeding with seasonal productivity blooms), 
and in turn how energy is transferred through the food web 
(e.g., Post et al. 2013). In the Canadian Arctic, regional vari-
ation is evident in changes to sea ice phenology, but overall, 
sea ice is breaking up earlier in the summer and forming 
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later in the fall (Niemi et al. 2019). This longer open-water 
period affects the dynamics of ice algae and phytoplankton 
at the foundation of food webs (Arrigo et al. 2008), which 
in turn influences upper trophic levels.

Feeding high in the Arctic marine food web, seabirds 
act as important sentinels of the health of the environment 
(Parsons et al. 2008). They are also valued by communi-
ties in Inuit Nunangat for both subsistence and traditional 
cultural practises (e.g., Priest and Usher 2004). Several 
million seabirds rely on a marine region in the northern 
Canadian Arctic Archipelago made up of the waterways of 
Tallurutiup Imanga/Lancaster Sound (Gaston et al. 2012; 
Fig. 1). Within this region, Prince Leopold Island Migra-
tory Bird Sanctuary (74.01° N, 90.02° W, herein ‘PLI’; 
Fig. 1) supports the main, multispecies seabird colony, 
located at the center of the soon-to-be established Talluru-
tiup Imanga National Marine Conservation Area (Govern-
ment of Canada 2020). Positioned at the southern bound-
ary of a region identified as the ‘Last Ice Area’, the extent 
and duration of summer sea ice in the waters around PLI 
are predicted to outlast ice losses throughout the rest of the 
Arctic, providing a last refuge for pagophilic (ice-loving) 

biota as climate change accelerates elsewhere (Loewen 
and Michel 2018). Despite this predicted relative long-
term stability, the region experiences high year-to-year 
variability and periodic extremes in ice conditions where 
ice cover during the spring and summer can range from 
completely ice free to entirely ice bound (Nettleship et al. 
1984; Gaston et al. 2005a; Hipfner et al. 2005). Evaluating 
how seabirds breeding in this region have coped with vari-
able ice conditions through the past will provide a critical 
baseline for evaluating responses in the future.

The seabird breeding season at PLI is constrained by the 
ice-free period when access to marine prey is possible (Gas-
ton et al. 2005a, b). Foraging opportunities are dictated by 
seasonal sea ice conditions through effects of ice on the tim-
ing and magnitude of two consecutive pulses of marine auto-
trophs at the base of the food web (sea-ice algae followed by 
pelagic phytoplankton) which in turn impact the distribution, 
abundance, and availability of different types of seabird prey 
(e.g., Ramírez et al. 2017). Sea ice also influences the sea-
sonal productivity of ice-dependent plankton and fish which 
can lead to impacts on seabird prey abundance some years 
later (Provencher et al. 2012, Niemi et al. 2019).

Fig. 1  Examples of four ice variables from 3 years of contrasting ice 
conditions around Prince Leopold Island, Nunavut (74.01° N, 90.02° 
W; identified as ‘PLI’ in d)). Left panel a, d, g depicts ice coverage 
in the week of 25 June from Canadian Ice Service archival data (Ice-
graph 2.0, https:// icewe b1. cis. ec. gc. ca/ IceGr aph/) with distance from 
the colony to open water during the week of 25-Jun (nearest occur-
rence of < 80% ice cover) as a red dashed line. Middle panel b, e, h 

depicts satellite imagery for the same week from NASA worldview 
(worldview.earthdata.nasa.gov/). Right panel c, f, i depicts seasonal 
change in ice coverage in the region around the colony (equivalent to 
full extent of left panes) with the 25-Jun identified by a solid red cir-
cle and the date of spring break-up (i.e., first week of 50% ice cover) 
identified by a dashed red circle

https://iceweb1.cis.ec.gc.ca/IceGraph/
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Seabird foraging is further affected by the physical condi-
tion of the sea ice within foraging range; years of partial ice 
cover comprised of fractured flows interspersed with open-
ings provide different foraging opportunities and levels of 
inter- and intraspecific competition than years with larger 
expanses of open water (Pratte et al. 2019). In contrast, 
years of persistent solid ice cover with little to no openings 
demand longer foraging transits or dietary shifts (Gaston 
et al. 2005b). Sea ice conditions then can have immediate 
direct effects on foraging efficiency which in turn can impact 
breeding timing, propensity, and success. The effects of sea 
ice on seabird populations can also be delayed in time, either 
through effects on productivity at lower trophic levels, or 
through future recruitment of seabird offspring (e.g., Zador 
et al. 2013, Descamps and Ramírez 2021). For example, 
if challenging sea ice conditions affect fledging success or 
fledgling survival, then future recruitment into the popula-
tion would influence breeding population size at time lags 
relative to age of sexual maturity.

We studied thick-billed murres (Uria lomvia, herein 
‘murres’), black-legged kittiwakes (Rissa tridactyla, ‘kit-
tiwakes’) and northern fulmars (Fulmarus glacialis, ‘ful-
mars’), all of which occur in thousands on PLI, as well as 
a smaller number of glaucous gulls (Larus hyperboreus, 
‘gulls’; Gaston et al. 2005a). All species breed at PLI under 
the same broad environmental conditions, but each has 
unique ecological adaptations for feeding and reproduction. 
For all, most nutrients transferred to the egg by the female 
are acquired locally after arrival at PLI (‘income breeders’ 
(Mallory et al. 2008; Jacobs et al. 2009; Moe et al. 2009). 
The timing of egg production varies across species, with 
colony return happening in May for fulmars and gulls and in 
June for murres and kittiwakes (Gaston et al. 2005b). Clutch 
size also varies from a single egg for fulmars and murres 
(Gaston and Hipfner 2020; Mallory et al. 2020), and one to 
three eggs for gulls and kittiwakes (Hatch et al. 2020; Weiser 
and Gilchrist 2020). Murres begin to return to the colony 
as non-breeders after 2 years and breed around 5 to 6 years 
(Gaston and Hipfner 2020), and fulmars return after 4 years 
but first breed at 8 to 12 years (Mallory et al. 2020). Kit-
tiwakes and glaucous gulls return to first attempt breeding 
as early as 4 years but on average at 5 (Gaston et al. 2009; 
Hatch et al. 2020; Weiser and Gilchrist 2020).

Each species generally forages on prey at a different posi-
tion in the food web. Fulmars are opportunistic surface feeders, 
and can travel more than 500 km from the colony in search 
of lower trophic level prey including small squid, copepods, 
and polychaete worms (Mallory et al. 2010, 2020). Glaucous 
gulls are also opportunists, but employ a wide range of for-
aging strategies to acquire mostly higher trophic level prey 
including scavenging and depredating the eggs and chicks of 
murres and kittiwakes, and even adult kittiwakes (Weiser and 
Gilchrist 2020). They will also surface feed for schooling fish 

and zooplankton, but all foraging occurs close to the nest site 
(Weiser and Gilchrist 2020). In contrast, kittiwakes are mainly 
piscivorous surface feeders, generally accessing mid-trophic 
level fish prey within 50–150 km (Hatch et al. 2020; AJ Gas-
ton, unpubl. data). The murres also feed on mid-trophic level 
prey including mainly fish 3 years old and younger as well 
as macro-zooplankton, but use pursuit-diving to depths up to 
150 m, generally within 150 km of the colony (Gaston et al. 
2003; Gaston and Hipfner 2020).

In light of these diverse ecologies, combined with prior 
research at PLI, we expected unique responses from each spe-
cies to local sea ice conditions. Populations of fulmars, murres, 
and kittiwakes were monitored at PLI discontinuously since 
1975 (Nettleship 1977; Gaston and Nettleship 1981), and glau-
cous gulls since 2000, but comprehensive assessments of these 
time series (ending in 2014) have yet to be undertaken. The 
effect of contrasting sea ice conditions at PLI on these four 
species was investigated in a series of earlier papers, based 
on limited runs of years (Gaston et al. 2005a, 2005b; Hipfner 
et al. 2005). More recent work employing biochemical analy-
ses have investigated the importance of ice-derived resources 
to egg production for fulmars and murres at PLI across 4 years 
of contrasting ice conditions (Cusset et al. 2019), and the dif-
fering responses in trophic niche of all four species breeding 
at PLI to variable ice conditions across 3–5 years (Moody 
et al. 2012; Pratte et al. 2019). Overall, this body of work has 
indicated that years of greater sea ice cover around the colony 
(indicated by higher ice concentration, greater distance to open 
water, and later date of ice clearance) create challenges to for-
aging and result in delayed nest initiation, decreased colony 
attendance, and lower nesting success, although the strength 
of effects varies widely among species.

In this paper, we use an expanded time frame and dataset 
which encompasses a wide range of ice conditions to assess 
which relationship is most important for each species, as well 
as evaluate the potential for changepoints and time-lagged 
responses. The significant efforts undertaken to generate these 
datasets have produced the best available baseline monitor-
ing for these species’ populations in the Canadian high Arc-
tic where breeding is uniquely impacted by the local sea ice 
dynamics. We make use of them to provide further insight into 
the influence of high interannual variability of sea ice on the 
breeding biology of a community of high-Arctic seabirds in 
support of evidence-based policy and decision making in the 
northern reaches of the Canadian Arctic Ocean ecosystem.

Methods

Monitoring seabird breeding biology

Beginning in 1975, populations of seabirds at PLI, Nunavut, 
were monitored during the breeding period in years when 
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seasonal, logistic and financial conditions allowed (Mallory 
et al. 2018). The sample size differed for each species for 
each of four breeding metrics because not all information 
was obtained in all years (sample size varied among species 
and breeding metrics from 8 to 20 years, Table 1). For each 
of the four species, an index of population size in a given 
year was derived from standardized, species-specific counts 
of birds observed in study plots on identifiable nests (kitti-
wakes and gulls) or on nesting ledges (murres and fulmars) 
during the timing of peak laying and hatching (‘count’). 
Median lay date (MLD) of the first egg was estimated as 
the median of observed laying dates based on onset of incu-
bation or by back-calculating from observed dates of first 
hatching, for breeding sites within the study plots (Gaston 
et al. 2005b). For gulls and kittiwakes only, nest success in 
a given year was estimated based on the median number of 
chicks fledged per monitored nest (‘NS’). Methods used to 
monitor each breeding metric were consistent within spe-
cies and were generally similar across all four species but 
varied in specifics. Gaston et al. (2005b) provides further 
methodological details of the long-term seabird population 
monitoring program.

Sea ice conditions

Four annual sea ice variables in the vicinity of the colony 
were evaluated for each year between 1970 and 2021 based 
on weekly regional ice maps from the Barrow Strait to Lan-
caster Sound area, Eastern Region (Canadian Ice Service, 
Icegraph 2.0, https:// icewe b1. cis. ec. gc. ca/ IceGr aph/): (1) 
mean percent ice coverage (between 0 and 100) during May; 
(2) mean percent ice coverage during June; (3) timing of ice 
clearance, or date of spring break-up, defined as the ordinal 
date of 50% ice coverage in spring; and (4) distance from 
the colony to open water, defined as the distance (in km) to 
the nearest occurrence of < 80% ice cover in the week of 
25-Jun. Ice variables were selected based on review of previ-
ous work conducted at PLI, as well as a colony of murres at 
Coats Island, Nunavut (Gaston et al. 2005a, b, 2012; Cusset 
et al. 2019; Pratte et al. 2019). We provide examples of ice 
variables for each of 3 model years exemplifying the wide 

range of ice conditions which can occur at PLI (Fig. 1). In 
light of the possibility of time lag effects of ice conditions, 
the date of spring break-up at time lags of 1 to 5 years was 
also determined. Lastly, for species with nest success data 
(kittiwakes and gulls), percent ice coverage during the week 
of hatch was evaluated for each year (based on MLD + aver-
age incubation period of 4 weeks for both species; Hatch 
et al. 2020; Weiser and Gilchrist 2020).

Trends in breeding metric and sea ice condition time 
series

All analyses were conducted using the software R (v.3.6.1, 
R Core Team 2020). Time series for breeding metrics and 
ice conditions were assessed for the presence and strength 
of overall trends and for the possibility of temporal change-
points. The ice condition time series covered all years from 
1970 to 2021 to capture a 5-year time lag from the earli-
est breeding data collected to the present. We used non-
parametric trend, slope and changepoint test approaches for 
detecting statistically significant tendencies in environmen-
tal time series, including the Mann–Kendall correlation, 
the Theil–Sen slope, and the Lanzante’s test for shifts in 
the central tendency of a time series (Kocsis et al. 2020). 
Trends and slopes were estimated using the ‘mkac’ package 
(Butler 2017), which determines and adjusts for temporal 
autocorrelation and can handle incomplete time series (i.e., 
the breeding metric time series). We tested time series with 
a minimum of 10 data points for the presence of temporal 
changepoints using the ‘trend’ package via Lanzante’s test 
(Pohlert 2020). No significant temporal autocorrelation was 
detected in any time series. Significant trends and change-
points were identified based on significance levels approach-
ing p ≤ 0.05. Correlation among the four main ice variables 
was tested with a correlation matrix using the ‘corrplot’ 
package (Wei and Simko 2017).

Relationships between ice and breeding metrics

To explain variation in breeding metrics relative to ice con-
ditions, single predictor, linear models were fitted between 

Table 1  Data availability for 
breeding metrics for each 
breeding species (year range 
followed by number of years 
with data, n) at Prince Leopold 
Island, Nunavut

Species Shorthand 
(this study)

Population ‘count’ Median lay 
date, ‘MLD’

Nest success, ‘NS’

Northern fulmar
Fulmarus glacialis

Fulmar 1976–2014
(n = 10)

1975–2009
(n = 11)

–

Glaucous gull
Larus hyperboreus

Gull 2000–2013
(n = 9)

2000–2014
(n = 9)

2000–2013
(n = 8)

Black-legged kittiwake
Rissa tridactyla

Kittiwake 1975–2012
(n = 10)

1976–2012
(n = 11)

2000–2014
(n = 8)

Thick-billed murre
Uria lomvia

Murre 1976–2013
(n = 16)

1975–2014
(n = 20)

–

https://iceweb1.cis.ec.gc.ca/IceGraph/
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the breeding metric response and relevant ice condition 
predictors, using the R base function ‘lm’. For each breed-
ing metric, the number of biologically relevant models in 
each candidate set varied from five to seven including time 
lags (Table 2). High collinearity among ice variables pre-
cluded incorporating more than a single ice variable in each 
model. Assumptions of normality and homoscedasticity 
were checked using diagnostic plots of fitted and observed 
values and residuals. Relative model fit to the data within 
each candidate set were compared via differences in sample-
size-corrected AIC values (ΔAICc, where the best-fit model 
has the lowest AICc value), as well as relative Akaike model 
weights (wi, which sum to 1 and provide an index of sup-
port for each model relative to the total candidate model 
set; Burnham and Anderson 2002). Values for differences 
in AICc values (ΔAICc) were computed by subtracting 
minimum AICc from all candidate model AICc such that the 
model with the lowest ΔAICc was considered the best fit 
and models with ΔAICc < 2 were considered similar in their 
ability to describe the data (Burnham and Anderson 2002). 
Thus, top models with ΔAICc < 2 were further examined for 
the strength of relationships based on relative model weight 
(wi), R2 to estimate the amount of variance in the breeding 
metric explained by the ice variable, and slope coefficient 
estimates to evaluate the magnitude of directional relation-
ships (95% confidence intervals bounding zero were con-
sidered insignificant effects). We tested each dataset with a 
minimum of 10 data points for the presence of segmented 
threshold effects using the ‘chngpt.test’ function in the R 
package ‘chngpt’ (Fong et al. 2017). If a significant change-
point was detected, we used linear models for data split 
before and after the changepoint to evaluate the strength 
of the segmented relationships. Means are reported ± one 
standard deviation (SD).

Results

Variation and trends in ice conditions, timing 
of breeding, counts, and nest success over time

Ice conditions around the colony at PLI exhibited no sig-
nificant overall temporal trends or changepoints but were 
highly variable over the full time series from 1970 to 2021 
(Fig. 2). Ice cover in May was > 80% in 38 of 52 years, and 
ranged from a low of 31% (in 1976) to 100% (in 6 years), 
with an average of 84 ± 16% (Fig. 2). Ice cover in June var-
ied more widely, ranging from a low of 16% (in 1976) to 
100% (in 5 years), with an average of 63 ± 25% (Fig. 2). The 
date of spring ice break-up was on average 29-Jun ± 29 days, 
with the earliest break-ups occurring on 08-May in 1974 
and 1976 and the latest occurrence on 27-Aug in 1978. The 
average distance from the colony to open water on 25-Jun 

was 47 ± 77 km, with open water at the colony in 32 of the 
past 52 years. Open water was > 50 km from the colony in 
16 years, and > 150 km from the colony in 9 years.

Counts of fulmars on ledges in study plots varied by 
142 birds between 1976 and 2014 (n = 10 years, 299 ± 53, 
225–367, Fig. 3) and no temporal trends were detected. For 
glaucous gulls, the total number of active nests in the colony 
varied by 11 nesting pairs between 2000 and 2013 (n = 9, 
20 ± 4, 15–26, Fig. 3). Of those nests, nest success varied 
by 1.14 chicks fledged per monitored nest (0.82 ± 0.40, 
0.33–1.47, Fig. 3). Gull counts and nest success did not 
exhibit any detectable temporal trends. Counts of kittiwakes 
on nests within study plots varied by 318 between 1975 and 
2012 (n = 10 years, 359 ± 122, 225–543) and significantly 
increased over time (Mann–Kendall Z = 2.95, p < 0.01) 
at a rate of 7.9 birds per year (Fig.  3). A changepoint 
was detected at 1988 (Wilcoxon–Mann–Whitney U = 0, 
p < 0.001) whereby the rate of increase accelerated to 54 
birds per year. For years where kittiwake nest fates could 
be determined, nest success varied by 0.96 chicks fledged 
per monitored nest (n = 8 years, 0.77 ± 0.29, 0.38–1.34, 
Fig.  3). For murres, counts of birds occupying nesting 
ledges in study plots varied by 557 between 1976 and 2013 
(n = 16 years, 1198 ± 159, 849–1406), steadily increasing 
over time (Mann–Kendall Z = 3.24, p < 0.001) at a rate of 
10 birds per year (Fig. 3).

Estimated MLD were earliest and varied least for ful-
mars, ranging 8 days between 1975 and 2009 (n = 11 years, 
11-Jun ± 2.0 days, 8-Jun–16-Jun, Fig. 3). Glaucous gulls 
also nested in June with little variation in MLD, varying 
by 10 days between the earliest and latest recorded MLD 
between 1976 and 2014 (n = 11 years, 12-Jun ± 3.6 days, 
9-Jun–19-Jun, Fig. 3). Kittiwakes and murres initiated nest-
ing on average 3 weeks later than gulls and fulmars (kitti-
wakes: n = 11, 3-Jul ± 4.9 days, 27-Jun–12-Jul, 1976–2014; 
murres: n = 20, 4-Jul ± 6.0 days, 25-Jun–20-Jul, 1975–2014; 
Fig. 3). Murres varied most in MLD, with dates varying by 
25 days between 1975 and 2014. No temporal trends were 
detected in MLD for any species.

Sea ice and seabird breeding metrics

Correlation coefficients among the four main ice variables 
were highest between mean June ice cover and date of 
spring ice break-up (0.93), and between mean June ice 
cover and distance to open water in the week of 25-Jun 
(0.81). Mean May ice cover was also highly correlated 
with the date of ice break-up (0.79). Thus, we did not 
include mean May or June ice cover in our models as they 
were well captured by ice break-up and distance to open 
water whereby years of high ice cover in May or June have 
later spring ice break-up and further distances between the 
colony and open water. We did retain both ice break-up and 
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Table 2  Ranking of single ice 
parameter linear models in 
candidate sets for each species 
(northern fulmar Fulmarus 
glacialis, glaucous gull Larus 
hyperboreus, black-legged 
kittiwake Rissa tridactyla, and 
thick-billed murre Uria lomvia,) 
and breeding metric (‘count’: 
counts of birds observed in 
study plots on identifiable 
nests (kittiwakes and gulls) 
or on nesting ledges (murres 
and fulmars), ‘MLD’: median 
lay date estimated as median 
date of egg laying and onset 
of incubation, ‘nest success’: 
median number of chicks 
fledged per monitored nest)

Breeding metric Species Ice parameter ΔAICc wi R2 Slope coefficient
 ± SE [95% CI]

Count Fulmar Distance to open water 0 0.45 0.41 − 0.41 ± 0.17 [− 0.8, − 0.01]
Date ice break-up 1.27 0.24 0.33 − 1.04 ± 0.52 [− 2.24, 0.16]
Date ice break-up (lag5) 1.88 0.18 0.29 1.09 ± 0.6 [− 0.29, 2.48]
Date ice break-up (lag1) 5.23 0.03 0.01 0.18 ± 0.59 [− 1.18, 1.53]
Date ice break-up (lag4) 5.24 0.03 0.01 − 0.18 ± 0.59 [− 1.54, 1.19]
Date ice break-up (lag2) 5.31 0.03 0 0.08 ± 0.51 [− 1.1, 1.26]
Date ice break-up (lag3) 5.34 0.03 0 − 0.02 ± 0.92 [− 2.14, 2.1]

Count Kittiwake Date ice break-up (lag5) 0 0.99 0.77 − 3.11 ± 0.6 [− 4.49, − 1.73]
Date ice break-up 13.74 0 0.1 1.21 ± 1.32 [− 1.83, 4.26]
Date ice break-up (lag1) 13.98 0 0.07 − 0.84 ± 1.06 [− 3.28, 1.59]
Date ice break-up (lag2) 14.59 0 0.02 − 0.49 ± 1.4 [− 3.73, 2.74]
Date ice break-up (lag4) 14.64 0 0.01 − 0.45 ± 1.58 [− 4.09, 3.18]
Date ice break-up (lag3) 14.66 0 0.01 − 0.48 ± 1.88 [− 4.8, 3.85]
Distance to open water 14.74 0 0 − 0.02 ± 0.48 [− 1.13, 1.09]

Count Gull Date ice break-up (lag2) 0 0.38 0.37 0.08 ± 0.04 [− 0.01, 0.17]
Distance to open water 1.55 0.18 0.25 0.02 ± 0.01 [− 0.01, 0.06]
Date ice break-up (lag5) 1.87 0.15 0.22 − 0.08 ± 0.06 [− 0.21, 0.05]
Date ice break-up 2.62 0.1 0.16 0.06 ± 0.05 [− 0.06, 0.17]
Date ice break-up (lag1) 3.17 0.08 0.1 − 0.04 ± 0.04 [− 0.14, 0.06]
Date ice break-up (lag4) 3.89 0.06 0.03 0.03 ± 0.06 [− 0.12, 0.18]
Date ice break-up (lag3) 4.09 0.05 0.01 0.02 ± 0.07 [− 0.14, 0.18]

Count Murre Date ice break-up (lag5) 0 0.22 0.08 − 1.47 ± 1.3 [− 4.27, 1.32]
Date ice break-up (lag4) 0.5 0.17 0.05 1.22 ± 1.36 [− 1.69, 4.13]
Distance to open water 0.77 0.15 0.04 − 0.34 ± 0.46 [− 1.32, 0.64]
Date ice break-up (lag2) 1.1 0.12 0.02 0.67 ± 1.32 [− 2.16, 3.51]
Date ice break-up 1.11 0.12 0.02 0.73 ± 1.46 [− 2.41, 3.87]
Date ice break-up (lag3) 1.27 0.11 0.01 − 0.56 ± 1.71 [− 4.24, 3.12]
Date ice break-up (lag1) 1.39 0.11 0 − 0.11 ± 1.21 [− 2.7, 2.48]

MLD Fulmar Date ice break-up (lag2) 0 0.35 0.17 0.03 ± 0.02 [− 0.02, 0.07]
Date ice break-up (lag3) 0.91 0.22 0.1 0.02 ± 0.02 [− 0.03, 0.08]
Date ice break-up (lag1) 1.51 0.16 0.05 0.01 ± 0.02 [− 0.03, 0.05]
Date ice break-up 1.74 0.14 0.03 0.01 ± 0.02 [− 0.04, 0.06]
Distance to open water 2.01 0.13 0 0 ± 0.01 [− 0.01, 0.01]

MLD Kittiwake Distance to open water 0 0.84 0.53 0.04 ± 0.01 [0.01, 0.08]
Date ice break-up 5.11 0.07 0.25 0.08 ± 0.05 [− 0.03, 0.19]
Date ice break-up (lag3) 6.29 0.04 0.16 0.09 ± 0.07 [− 0.06, 0.24]
Date ice break-up (lag1) 6.33 0.04 0.16 0.07 ± 0.05 [− 0.05, 0.19]
Date ice break-up (lag2) 6.83 0.03 0.12 0.05 ± 0.05 [− 0.06, 0.17]

MLD Gull Distance to open water 0 0.4 0.32 0.02 ± 0.01 [− 0.01, 0.06]
Date ice break-up 0.34 0.34 0.29 0.07 ± 0.04 [− 0.03, 0.17]
Date ice break-up (lag1) 2.84 0.1 0.06 − 0.03 ± 0.05 [− 0.14, 0.08]
Date ice break-up (lag2) 2.94 0.09 0.05 0.03 ± 0.05 [− 0.09, 0.15]
Date ice break-up (lag3) 3.31 0.08 0.01 − 0.02 ± 0.07 [− 0.19, 0.14]

MLD Murre Distance to open water 0 0.67 0.62 0.05 ± 0.01 [0.03, 0.07]
Date ice break-up 1.4 0.33 0.59 0.15 ± 0.03 [0.09, 0.21]
Date ice break-up (lag3) 17.61 0 0.07 0.07 ± 0.06 [− 0.05, 0.18]
Date ice break-up (lag2) 18.95 0 0.01 0.02 ± 0.04 [− 0.08, 0.11]
Date ice break-up (lag1) 19.04 0 0 − 0.01 ± 0.04 [− 0.09, 0.08]

Nest Kittiwake Distance to open water 0 0.33 0.35 0 ± 0 [0, 0]
Success % Ice cover at hatch 0.25 0.29 0.33 − 1.71 ± 0.99 [− 4.14, 0.72]
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distance to open water in models to explain temporal vari-
ation in breeding metrics, despite being correlated (0.76), 
as each of these ice variables corresponds to distinct tem-
poral and spatial aspects of ice conditions that differ in 
how they may influence each species. Our assessment of 

species-specific responses between each of three breeding 
metrics and relevant ice condition predictors revealed at 
least one significant relationship for three species (all but 
glaucous gulls), of varying strength (Table 2).

Model results shown with Akaike Information Criterion (AIC) adjusted for small sample size (ΔAICc), 
Akaike weight (wi), R2, and slope coefficients with standard errors (SE) and 95% confidence intervals 
([lower 2.5% confidence limit, upper 97.5% confidence limit]). Top models from each candidate set are 
shown in bold as those with both ΔAICc < 2 and significant predictive relationships based on slope coef-
ficient confidence intervals not bounding zero

Table 2  (continued) Breeding metric Species Ice parameter ΔAICc wi R2 Slope coefficient
 ± SE [95% CI]

Date ice break-up 1.18 0.18 0.25 − 0.01 ± 0 [− 0.02, 0]
Date ice break-up (lag2) 3.1 0.07 0.04 0 ± 0.01 [− 0.01, 0.02]
Date ice break-up (lag3) 3.41 0.06 0.01 0 ± 0.01 [− 0.01, 0.01]
Date ice break-up (lag1) 3.44 0.06 0 0 ± 0 [− 0.01, 0.01]

Nest Gull Date ice break-up 0 0.26 0.24 − 0.01 ± 0.01 [− 0.02, 0.01]
Success % Ice cover at hatch 0.19 0.23 0.3 − 0.59 ± 0.37 [− 1.49, 0.31]

Distance to open water 0.33 0.22 0.21 0 ± 0 [− 0.01, 0]
Date ice break-up (lag3) 1.28 0.14 0.12 − 0.01 ± 0.01 [− 0.02, 0.01]
Date ice break-up (lag2) 2.31 0.08 0.01 0 ± 0.01 [− 0.01, 0.01]
Date ice break-up (lag1) 2.39 0.08 0 0 ± 0 [− 0.01, 0.01]

Fig. 2  Time series of four 
annual ice variables representa-
tive of sea ice conditions in the 
waters surrounding Prince 
Leopold Island, Nunavut, 
during the seabird breeding 
season between 1970 and 2021. 
Variables were derived from 
data archived by the Canadian 
Ice Service for the Barrow 
Strait–Lancaster Sound Eastern 
region. No significant trends 
or changepoints were detected. 
The line and shaded areas depict 
a LOESS smoother and associ-
ated 95% confidence interval
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Fulmar counts declined with increasing distance to open 
water, with this model garnering 45% of support among 
seven candidate models and explaining 41% of the variance 
in counts (slope estimate = − 0.4 ± 0.17 SE, 95% CI [− 0.8, 
− 0.01]; Fig. 4, Table 2). The only significant lag effects 

detected for any species were for kittiwake nest counts where 
the number of nests was best explained (> 99% of model 
support from a candidate set of seven; Table 2) by a 5-year 
lag effect of the date of spring ice break-up. Kittiwake counts 
exhibited a strong response to ice break-up five seasons 

Fig. 3  Change in Median Laying Date (MLD; first column a, c, f, i, 
day of year), counts (second column b, d, j, g) and nest success (third 
column e, h) over time for four species of breeding seabirds (spe-
cies by row; northern fulmar Fulmarus glacialis (a, b), glaucous gull 
Larus hyperboreus (c–e), black-legged kittiwake Rissa tridactyla (f–
h) and thick-billed murre Uria lomvia (i, j)) at Prince Leopold Island, 

Nunavut between 1975 and 2014. The line and shaded areas represent 
the linear trend or LOESS smoother (where significant linear trends 
were not detected) and associated 95% confidence interval. Trends 
were not evaluated over data gaps of 15 years of more (e.g., kittiwake 
MLD (f))
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earlier whereby counts in year t decreased with later ice 
break-up in year t-5 (R2 = 0.77, slope estimate = − 3.11 ± 0.6 
SE, 95% CI [− 4.49, − 1.73]; Fig. 4, Table 2).

Kittiwakes laid eggs later in years with increased distance 
to open water, with the majority (84%) of model weight sup-
porting this model from the candidate set of five, explaining 
53% of the variance in MLD (slope estimate = 0.05 ± 0.01 
SE, 95% CI [0.01, 0.08]; Fig. 4, Table 2). Like kittiwakes, 
murre MLD also became later with increasing distance 
to open water (67% of model support, R2 = 0.62, slope 
estimate = 0.05 ± 0.009 SE, 95% CI [0.03, 0.07]; Fig. 4, 
Table 2) and with increasing date of spring ice break-up 
(the remaining 33% of model support, R2 = 0.59, slope esti-
mate = 0.15 ± 0.03 SE, 95% CI [0.09, 0.21]; Fig. 4, Table 2).

Significant changepoints were detected in the relation-
ships between murre MLD with distance to open water 
(maximal statistic = 7.6, p < 0.05) and spring break-up 
(maximal statistic = 12.3, p < 0.05). Egg-laying by murres 
became gradually later until a break-up date of 30-Jul (± 14 
d SE; R2 = 0.38, slope estimate = 0.09 ± 0.03 SE, 95% CI 
[0.03, 0.15]) and distance to open water of 210 km (± 40 km 

SE; R2 = 0.27, slope estimate = 0.03 ± 0.01 SE, 95% CI [0.01, 
0.05]), after which laying delayed at a more rapid rate for 
both spring break-up (R2 = 0.74, slope estimate = 0.58 ± 0.14 
SE, 95% CI [0.23, 0.91]) and distance to open water 
(R2 = 0.75, slope estimate = 0.24 ± 0.09 SE, 95% CI [0.18, 
0.65]; Fig. 4). All remaining candidate model sets had top 
ranking models with poor predictive relationships (Table 2).

Discussion

Our work features a comprehensive long-term, multispecies 
and multi-metric investigation of seabird responses to annual 
variation in sea ice in a high-latitude polar environment. 
Most previous investigations of seabird breeding or forag-
ing at PLI have been limited to 3 to 5 years of contrasting 
ice conditions characterized by a relatively limited number 
of ice variables (Gaston et al. 2005a; Hipfner et al. 2005; 
Moody et al. 2012; Cusset et al. 2019; Pratte et al. 2019). 
Our study tests how the previously identified relationships 
stand up in a larger time series of seabird monitoring and ice 

Fig. 4  Breeding–ice relation-
ships from top-ranked models 
for seabird species breeding at 
Prince Leopold Island, Nunavut 
(northern fulmar Fulmarus 
glacialis (a), black-legged 
kittiwake Rissa tridactyla (b, 
c) and thick-billed murre Uria 
lomvia (d, e)). Breeding metrics 
include counts of birds observed 
in study plots on identifiable 
nests (kittiwakes, c) or on 
nesting ledges (fulmars, a), 
and median laying date (MLD 
as Day of Year) estimated 
as median date of start of 
incubation (b, d, e). The line 
and shaded areas represent the 
estimated trajectory from linear 
regression and associated 95% 
confidence interval. Models 
where significant breakpoints 
were detected are shown as 
linear models on either side of 
a threshold. Full model results 
indicated in bold in Table 2
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conditions characterized by multiple ecologically relevant 
ice variables. Importantly, the region around our study col-
ony has yet to experience consistent directional loss of sea 
ice during the breeding period, in contrast with other Arc-
tic locations (e.g., Svalbard, Descamps and Ramirez 2021; 
Alaska, Divoky et al. 2021), thus confirming the present 
and future importance of the Tallurutiup Imanga MPA for 
seabirds in the high Arctic.

Sea ice and population size

Population size was only associated with sea ice condi-
tions in the current year for fulmars, where counts of birds 
attending the colony were slightly reduced by increasing 
distance to open water and the edge of the ice pack. Ful-
mars at higher latitudes generally take a longer pre-laying 
exodus and spend less time at the colony before egg laying 
than those at more southern latitudes (due to heavier ice 
cover and less food availability; Mallory and Forbes 2007, 
Mallory et al. 2020), presumably requiring this extra time to 
locate sufficient resources to form the egg (female) or store 
reserves for the first, very long incubation shift (male; Mal-
lory et al. 2008). These resources can be very distant and 
highly limited early in the season, and thus prey availability 
is likely reduced or delayed in years with larger expanses of 
solid ice between the colony and open water where fulmars 
forage (Welch et al. 1992). At a high-latitude fulmar colony 
in Greenland, egg neglect occurred in 18% of nests (Falk and 
Møller 1997), a phenomenon likely to increase in response 
to greater travel distances between the colony and foraging 
areas. Since we recorded fulmar colony counts during incu-
bation, lower numbers in heavier ice years likely represents 
a combination of lower attendance by pre-breeding birds, 
fewer birds initiating nesting because they could not acquire 
resources to breed, and perhaps birds abandoning nesting 
attempts prior to our counts because marine food resources 
were insufficient to sustain their condition during incubation 
(Mallory et al. 2020). Despite the relatively low proportion 
of variance in fulmar counts explained by distance to open 
water, this relationship is likely still ecologically important. 
As long-lived, K-selected species (e.g., Wooller et al. 1992), 
fulmars should forego or abandon breeding in “poor” years 
to maximize adult survival for future breeding attempts 
(Brooke 2004).

Kittiwakes, on the other hand, did not exhibit an asso-
ciation between nest counts and sea ice conditions in the 
current year. In some parts of the range, this species nests 
even when conditions are not favorable. In Shetland, UK, 
kittiwakes bred in years of poor food supply rather than 
forego breeding to benefit their own survival at the cost of 
not rearing chicks, given years of lower food availability 
were associated with reduced adult survival (Oro and Fur-
ness 2002). Adult kittiwakes possess behavioral plasticity 

in response to interannual variation in prey composition, 
distribution and abundance, by shifting to forage at lower 
trophic levels in years of high ice cover at PLI (Pratte et al. 
2019), or by increasing foraging effort and prey-switching 
in Alaska without negative impacts on reproductive suc-
cess (Suryan et al. 2000). In contrast, kittiwake population 
sizes in some colonies in Svalbard, Norway, showed a weak 
positive association with ice cover at a two-year time lag, 
where kittiwake numbers are reduced when less ice results in 
lower food availability in later breeding seasons (Descamps 
and Ramirez 2021), but the extent of sea ice around Sval-
bard, ranging only from 15 to 40%, is very different from 
the situation at PLI. Together these past studies highlight 
that seabird–ice relationships can vary between colonies of 
the same species, where prey dynamics and foraging adap-
tations are shaped by local drivers. Adult kittiwakes at PLI 
are capable of successful nesting attempts under varying 
ice conditions, but a lagged response of nest counts to late 
spring break-up (and associated high ice cover later into the 
breeding season) 5 years prior also suggests that inexpe-
rienced fledglings may not cope as well with challenging 
foraging conditions. Given the average age of first breeding 
in kittiwakes is 5 years (Suryan et al. 2000), the strength of 
the lagged response indicates that hatch-year sea ice plays an 
important role in recruitment of kittiwakes to the breeding 
population at PLI, where natal philopatry may be quite high 
(Suryan and Irons 2001).

Unlike Gaston et al. (2005b), we did not find any signifi-
cant effects of ice on counts of murres on nesting ledges, 
perhaps because our 16-year time series encompassed a 
broader spectrum of fluctuating ice dynamics rather than 
4 years of contrasting conditions, or because it was much 
more affected by the positive regional population trend. 
Murres possess an even greater ability than kittiwakes to 
adopt a variety of diets under extreme high and low ice con-
ditions, as they can dive to feed on both ice-associated prey 
(e.g., Arctic cod Boreogadus saida; Bradstreet 1980), and 
prey in open waters (e.g., boreo-Atlantic armhook squid 
Gonatus fabricii; Gaston and Hipfner 2020). This dietary 
flexibility is also supported by biochemical analyses (Cusset 
et al. 2019; Pratte et al. 2019).

Like kittiwakes, murres breeding in areas with generally 
lower ice cover show differing degrees of adaptability in 
response to interannual variation in foraging conditions (e.g., 
Provencher et al. 2012; Descamps and Ramirez 2021), once 
again highlighting that seabird-prey dynamics are region-
ally-specific. As suggested by Gaston et al. (2005a), we 
expect that continued global warming may benefit murres at 
PLI in the short term, as the availability of open water during 
the early breeding season in the high Arctic increases. At the 
same time, climate amelioration may result in an eventual 
northward displacement of populations from farther south 
(Frederiksen et al. 2013; Boertmann et al. 2020; Patterson 
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et al. 2021). The steady growth we report in the murre 
breeding population at PLI since 1975 does not appear to be 
related to ice given the lack of consistent directional change 
in ice conditions around the colony, and warrants further 
study to determine its cause.

Glaucous gull nest counts, as well as timing of breeding 
and nest success, were not responsive to ice conditions. As 
generalist predators, these gulls are considerably less ice-
reliant than their sympatrics at PLI (Gauthier et al. 2015). 
They likely scavenge terrestrial resources and forage along 
leads and coastlines early in the season to form their eggs 
and sustain incubation. By the time their chicks hatch in 
early July, there are abundant kittiwake and murre eggs 
available (Weiser and Gilchrist 2020). Gulls at PLI are able 
to maintain a high trophic position regardless of sea ice 
conditions, even in years of late ice break-up (Pratte et al. 
2019). Bearing in mind that the relatively small population 
of glaucous gulls at PLI has been monitored for less than 
10 total breeding seasons, the lack of association between 
breeding metrics and ice conditions could reflect the small 
sample sizes and limited variance in breeding metrics, or 
the highly flexible nature of this species in an unpredictable 
environment.

Sea ice and breeding phenology

At a global scale, sea surface temperatures in waters around 
seabird colonies in the pre-breeding period significantly 
increased between 1952 and 2015 (Keogan et al. 2018), 
and an overall advancement of spring ice break-up around 
Arctic seabird colonies has occurred over the same period 
(Descamps et al. 2019). Yet, seabirds at high northern lati-
tudes, and diving species in particular, have shown little phe-
nological change (Descamps et al. 2019). Although colonies 
at high latitudes tend to have less between-year variance in 
timing of breeding than those at lower latitudes (Keogan 
et al. 2018), some Arctic surface-feeding species in the 
Pacific (where spring onset has advanced most rapidly) have 
shown a strong phenological response to the advancement 
of spring (Descamps et al. 2019).

On the other hand, our findings support the contention 
that both kittiwakes (range of c. 2 weeks), and murres 
(range of c. 4 weeks) breeding at PLI vary their phenology 
in response to variation in ice conditions (Gaston et al. 
2005a, b). For murres especially, the timing of nest initia-
tion was highly responsive to ice around the colony; linear 
relationships and breakpoints clearly indicate that years of 
heavy ice conditions have the greatest impact on timing of 
breeding. Given that kittiwakes are obligate surface feed-
ers (Hatch et al. 2020), a delay in breeding associated with 
late ice break-up is predictable, as the availability of prey 
would likely be higher and earlier in years with earlier ice 
retreat and warmer sea surface temperatures (Welch et al. 

1992; Yamamoto et al. 2016). Satterthwaite et al. (2012) 
found that kittiwakes in Alaska had higher stress levels in 
cold years compared to warm years, likely as a result of 
food stress. Moreover, delayed breeding can reduce kit-
tiwake clutch size and overall reproductive success (Moe 
et al. 2009). Indeed, Gaston et al. (2005b) also reported 
decreased nest success with higher distance to open water 
for kittiwakes at PLI based on 4 years of varying ice cover. 
We did not detect an association between kittiwake nest 
success and ice conditions over 9 years of monitoring, 
despite detecting an association with nesting phenology. 
These conflicting results may be due to the limited num-
ber of years where kittiwake nests have been monitored 
for fledging success, or perhaps because adult kittiwakes 
at PLI can tolerate highly variable foraging conditions, 
so that breeding outcomes are not tightly linked with the 
impacts of sea ice on their prey.

Murres are also known to be sensitive to ice cover and 
resultant access to prey in their timing of breeding (Gaston 
et al. 2005a, b). Delays in nest initiation can reduce adult 
mass and chick growth during the breeding season, which 
can result in reduced reproductive success (Gaston et al. 
2005b). Hipfner et al. (2005) showed that murres breeding 
at PLI laid smaller eggs in years when laying was delayed, 
whereas those breeding at a low Arctic colony did not and 
suggested that murres breeding in more variable environ-
ments display a greater variability in life history traits. 
This flexibility may prove beneficial in the face of climate 
warming in the Arctic, if earlier ice clearance and decreas-
ing ice cover during breeding eventually lead to earlier and 
more successful breeding attempts. However, we have only 
documented responses of breeding seabirds to the range of 
ice conditions experienced over the past 50 years, while 
the acceleration of impacts from climate change are sure 
to bring fundamental shifts to this ice-dominated ecosys-
tem beyond the conditions we have measured (e.g., Post 
et al. 2013).

While kittiwakes and murres showed high flexibility in 
breeding phenology, glaucous gulls and especially fulmars 
did not. At this extreme limit of their range, fulmars have 
already adapted to breed early, adjust their breeding sched-
ule, and travel long distances to open water to forage, and, 
as we have shown, exhibit less variation in reproductive 
metrics with differences in sea ice conditions than other 
seabird species (Mallory and Forbes 2007). Like all Pro-
cellariiformes, fulmars have a long breeding period (May 
to September at PLI) as a result of long incubation (~ 48 d) 
and chick-rearing (~ 53 d) times (Mallory et al. 2020), thus 
may have less plasticity in nest initiation date to complete 
breeding in time for fall migration and for the nestlings 
to be able to depart before becoming snowed-in (Brooke 
2004; Mallory and Forbes 2007).
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The future of seabirds and sea ice at Prince Leopold 
Island

Collectively, the seabirds at PLI show behavioral plasticity 
to cope with unpredictable conditions. With earlier spring 
break-up and increasing pockets of open water created by 
ongoing climate change, behavioral plasticity will benefit 
the seabird community breeding at PLI, particularly murres 
(Gaston et al. 2005a; Hipfner et al. 2005), at least in the 
short-term, by reducing the frequency of extreme high ice 
years and their impact on breeding. Indeed, our results show 
that murre and kittiwake populations at PLI have grown over 
the past 40 years.

Ultimately, the species-specific combination of foraging 
strategy, degree of reliance on ice-associated food, and natu-
ral history traits will dictate how flexible each species will be 
to unpredictable ice conditions in a given year, and how each 
species may be able to adapt to an eventual climate-change-
driven shift toward reduced ice cover around the colony.

The variable responses by breeding seabirds to sea ice 
extent and the acceleration of shifting ice conditions in the 
Arctic (Perry et al. 2005; Hazen et al. 2013) have substantial 
implications for conservation, notably for marine protected 
areas (MPAs). As the distribution of both seabirds and their 
prey shift with future ice changes, it is essential to under-
stand how species use MPAs both now and under future cli-
mate conditions (Davies et al. 2017). As ocean temperatures 
continue to increase, seabird distributions are projected to 
shift northward (Frederiksen et al. 2013; Boertmann et al. 
2020; Patterson et al. 2021). This highlights the importance 
of MPAs such as Tallurutiup Imanga that protect northern 
areas, but also long-term monitoring studies like ours that 
can inform future MPA networks (Carr et al. 2017). Fur-
ther, as seabird populations from more southern regions 
shift northward, colonies like PLI will represent the core 
of the breeding range for Arctic seabirds and may become 
one of their last refugia. This reinforces the significance of 
the Tallurutiup Imanga MPA, but also the importance of 
science-informed adaptive management strategies to ensure 
MPAs can remain effective at protecting the species and eco-
systems they were originally designed to preserve (Hopkins 
et al. 2016; Carr et al. 2017). Long-term monitoring pro-
grams, in conjunction with MPAs that protect species as 
their distributions change, are essential to understand and 
ensure the preservation of these ecologically and culturally 
significant Arctic ecosystems under a changing climate (Carr 
et al. 2017).
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