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4. Both populations adjusted breeding phenology to environmental variation, but
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1 | INTRODUCTION

Wildlife phenology is advancing in response to climate change, es-
pecially in the rapidly warming Arctic (Mallory et al., 2020; Panchen
& Gorelick, 2017; Saalfeld & Lanctot, 2017; Shaftel et al., 2021; but
see Kwon et al., 2018). Those advances will be constrained by pop-
ulations' inherent phenotypic plasticity and their ability to adapt
evolutionarily to such changes. While phenological advances could
result from plasticity or selection, long-term monitoring studies in-
dicate that individual plasticity accounts for much of the observed
shifts in phenology (Bonnet et al., 2019; Charmantier et al., 2008;
Nussey et al., 2005) and is necessary for rapid responses to climate,
especially in long-lived organisms (Charmantier & Gienapp, 2014).
Individual variation in either plasticity in response to climate (an
interaction between individual and environment, IxE; Nussey
et al., 2007; Dingemanse & Dochtermann, 2013) contributes to fur-
ther heterogeneity in some populations. Over longer time-scales,
evolutionary processes may select for individuals with phenology
that increases fitness, or even select for individuals with plastic re-
sponses that enhance fitness (Bonnet et al., 2019; Charmantier &
Gienapp, 2014).

Several different mechanisms, not mutually exclusive, can pro-
duce climate-phenology relationships, and the consequences of cli-
mate change depend on which mechanism is at play. First, climate
may drive prey phenology; therefore, predators integrate climate
information via sensory and endocrine systems to match timing of
breeding with prey availability. If climate change advances the phe-
nology of both predators and prey at the same rate, the predator
population may ‘keep in step’ with environmental change by inte-
grating changing environmental cues; if climate change disrupts
the predictive relationship between climate cues and prey avail-
ability, then breeding success may decline due to trophic mismatch
(Thackeray et al., 2010; Visser et al., 1998). Second, climate may
drive prey availability, so predators either integrate sensory infor-
mation about prey abundance into endocrine responses and breed-
ing decisions, or individual energetics directly influence phenology
(Whelan et al., 2021). Under this mechanism, phenological shifts are
a symptom of underlying changes in prey availability and, in the spe-
cific case where prey availability declines, are unlikely to rescue a
population. Greater food availability almost always advances breed-
ing phenology (Boutin, 1990; Ruffino et al., 2014); thus, if climate
change decreases prey abundance, then predator breeding phenol-
ogy may be delayed; if climate change increases prey abundance,
then breeding phenology may advance. Third, climate may constrain
breeding phenology independent of prey availability. For example,
snowpack can block access to breeding sites (Sauve et al., 2019) and
the absence of non-climate supplementary cues (e.g. nest sites) in-
hibits the endocrine cascade that leads to reproduction. If climate
change relieves these constraints, breeding phenology may advance.

Globally, most populations are advancing spring phenology in re-
sponse to climate change (Parmesan, 2006), but others have delayed
(e.g. Dobson et al., 2017) or not shifted phenology in response to cli-
mate (e.g. Lewis et al., 2012). A recent global metanalysis concluded

that seabirds—taxa with broad geographic distributions—are phe-
nologically insensitive to sea-surface temperatures, implying that
such variation may have little impact on seabird phenology (Keogan
et al.,, 2018). However, numerous studies of seabirds have observed
laying date plasticity in response to other environmental vari-
ables linked to temperature (incl. Gaston & Hipfner, 1998; Gaston,
Gilchrist, & Mallory, 2005; Gaston, Gilchrist, & Hipfner, 2005;
Reed et al., 2006; Brommer et al., 2008; Dobson et al., 2017; Sauve
et al., 2019). Together, these studies suggest that (a) sea-surface
temperature may not be the exclusive environmental variable inte-
grated by seabirds to time spring phenology, (b) the spatial scale and
identity of phenologically relevant environmental cues are popula-
tion specific, and (c) since relationships between temperature and
phenology are not always negative in seabirds, responses across
these taxa may average to zero.

Here, we examine and contrast the environmental drivers of lay-
ing date plasticity in two populations of circumpolar seabirds in very
different ecosystems: one with seasonal sea-ice and another with-
out ice. Based on prior information about the local oceanography,
we expected the two populations to respond very differently in the
face of climate change. Most studies have been of a single popula-
tion or of multiple species at a single site, and we wished to illustrate
how two declining circumpolar species (Frederiksen et al., 2016;
Hatch, 2013) can respond in an ice-bound and an ice-less system, re-
spectively. Our study is complementary to that of Sauve et al. (2019)
on a third Arctic seabird, the black guillemot Cepphus grylle, where
the constraint was also a physical barrier: snowfall limiting access to
breeding sites. We used longitudinal data for Pacific black-legged
kittiwakes Rissa tridactyla (hereafter ‘kittiwakes’) on Middleton
Island, Alaska (ice-free), and thick-billed murres Uria lomvia (hereaf-
ter ‘murres’) on Coats Island, Nunavut (seasonal sea-ice). Both spe-
cies occur primarily in sub-Arctic and Arctic regions, and we studied
both species near their southern range limit. Arctic ecosystems are
characterised by strong seasonality and short summers, but also pe-
riods of high biological productivity.

Arctic-breeding seabird populations have experienced some of
the greatest climate change in recent decades (Post et al., 2009;
Post et al., 2019), but are simultaneously constrained by strong
seasonality because the window of time when resources support
breeding remains relatively narrow. Moreover, seabirds, like other
air-breathing Arctic marine animals, face the physical constraint
of sea-ice, limiting foraging opportunities. However, below the
marginal ice zone—or once the sub-Arctic is ice-free—phenology
will be constrained by food availability directly. In that situation,
plasticity and selection might counteract one another with selec-
tion for earlier breeding but individuals constrained to breed later
when they have greater reserves. Thus, the relative importance
of plasticity and selection for changes in breeding date might be
expected to be different for populations with and without ice.
Furthermore, historical selection for plasticity would likely be very
strong in the murre system with seasonal sea-ice, and this may
erode genetic variation for plasticity and lead to high population-
level plasticity, but result in low | x E. We test a set of hypotheses
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regarding climate-phenology relationships in the two populations
(Table 1), with broad aims to (a) identify climate drivers of laying
phenology, (b) quantify population- and individual-level plasticity
in response to annual variation in climate, (c) estimate the contri-
butions to individual variation in laying phenology of climate and
breeder experience, and (d) estimate selection on laying date. The
overarching aim was to predict the impact of climate change on
reproductive phenology for these two populations in contrasting

environmental contexts.

2 | MATERIALS AND METHODS
2.1 | Studysystems

We used individual-based reproductive data from black-legged
kittiwakes breeding on Middleton Island, Alaska (1996-2019) and
thick-billed murres breeding on Coats Island, situated in northern
Hudson Bay, Nunavut (1990-2019; Figure 1). Middleton Island
is situated in the Gulf of Alaska, approximately 100km south of

Middleton Island,

mainland Alaska. It is surrounded by open water year-round, and
black-legged kittiwakes arrive on the breeding grounds in March
or April (Whelan et al., 2020). The climate of the island is strongly
influenced by the Pacific Decadal Oscillation (PDO; Mantua &
Hare, 2002). At this location, negative PDO indices are associated
with cold sea-surface temperatures, high precipitation, capelin-
rich fish stocks and high kittiwake breeding success, while positive
PDO indices are associated with warm waters, low precipitation,
low capelin availability and low breeding success in kittiwakes
(Hatch, 2013). Climate change is expected to increase the fre-
quency and intensity of marine heatwaves (Frélicher et al., 2018)
and may even disrupt large-scale climate oscillations such as the
PDO (Litzow et al., 2020).

In contrast, around Coats Island, sea-ice forms annually, with
spring break-up typically occurring in May or June. In spring, thick-
billed murres follow the receding ice edge from overwintering areas
in the Labrador Sea to arrive on the breeding grounds during the
ice break-up (Gaston et al., 2011; Patterson et al., 2021). The main
prey item, Arctic cod Boreogadus saida, is typically consumed when

associated with ice, but murres are unable to access this resource

TABLE 1 Hypotheses and predictions
tested in this study.

Alaska Coats Island, Nunavut
Physical barrier? No Yes (ice)
Hypothesis Prediction for Prediction for murres
kittiwakes
Pre-breeding climate has strong effects Kittiwakes will Murre will adjust laying

on laying phenology in highly seasonal
environments with high inter-annual

adjust laying
phenology to

variation in climate climate
Individual variation in plasticity (I x E) Kittiwakes
is greater in populations limited by will exhibit
climate-driven food supply, not by individual
physical constraints variation in
response to
climate

1000km

phenology to climate

Murres will not exhibit
individual variation in
response to climate

FIGURE 1 Pre-breeding utilisation distributions (95%) of black-legged kittiwakes (orange; April 30) and thick-billed murres (blue; May
1-31). Red points indicate locations of the breeding colonies on Middleton Island and Coats Island. Yellow box (200 x 200km) in northern
Hudson Bay indicates the scale at which sea-ice concentration best predicted murre laying phenology. Location estimates produced via
geolocators deployed over multiple years (kittiwakes: 2010-2012; murres: 2018-2019).
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when ice coverage is continuous (Gaston et al., 2011). Previous
work in this system found that, at the population level, laying dates
were generally earlier in years of early sea-ice break-up and warmer
spring temperatures (Gaston, Gilchrist, & Hipfner, 2005; Gaston &
Hipfner, 1998). During the decades since monitoring began in 1981,
Arctic sea-ice extent has declined, and spring sea-ice break-ups have
advanced (Hochheim & Barber, 2014; Mudryk et al., 2018; Serreze
et al., 2007; Stroeve et al., 2007). As climate change continues to
warm the Arctic, sea-ice extent is expected to continue its decline
(IPCC, 2019).

2.2 | Reproductive monitoring

2.2.1 | Black-legged kittiwakes on Middleton
Island, Alaska

The kittiwake colony, which breeds on a former radar tower modi-
fied as nesting habitat (described in Gill & Hatch, 2002), has been
monitored for individual-level breeding phenology and breeding
success every year since 1996, except 2014. Each adult kittiwake
(whether hatched on the tower or immigrating into the tower pop-
ulation) was banded with a unique combination of colour bands
and a metal band, and sexed via behavioural observations each
year. While kittiwakes are generally monogamous and long-lived,
individuals often have multiple mates over their lifetime due to
divorce and mate mortality. We excluded observations from in-
dividuals of unknown sex and food-supplemented pairs (Gill &
Hatch, 2002). Nest contents were checked twice daily to observe
appearance/disappearance of eggs and chicks. Kittiwakes lay
clutches of 1-3 eggs and will sometimes produce a second clutch
if the first clutch is lost; we therefore defined laying date as the
clutch initiation date for the first clutch. We defined fledging suc-
cess as the number of chicks that reached fledging age (~45 days)
or were still present in the nest at the end of the breeding season
(range: 0-3).

2.2.2 | Thick-billed murres on Coats Island, Nunavut

The murres, which breed on a natural cliff in a colony of 15,000
breeding pairs, were monitored semi-continuously since the
1980s; plots (groups of 40-200 nests monitored each year and
interspersed throughout the colony) were checked daily. Intensive
monitoring of breeding phenology began in 1990 (the earliest year
included in this study), but no laying phenology data were col-
lected for 2012, 2015 or 2016. Individuals were marked with a
numbered metal band and a cohort-specific colour combination
(different for immigrant adults vs chicks). We sexed individuals via
molecular techniques, pairing with birds sexed via molecular tech-
niques and pairing with a former mate of a known-sex individual.
We excluded observations where the identity of the female was
unknown. Murres lay a single egg clutch and will often relay if the

first egg is lost; we therefore defined laying date as the date the
first egg was laid. We defined hatching success as the number of
eggs hatched (either O or 1).

It can be difficult to observe an egg or chick brooded by a cliff-
nesting murre, and in most cases the timing of egg laying must
be estimated based on the last date a bird was observed with-
out an egg and the first date observed incubating. In some years,
the field team arrived after eggs were laid, and laying dates were
estimated based on hatching dates (based on the last date a bird
was incubating an egg and the first date observed brooding a
chick). In cases where both a laying window and a hatching win-
dow were observed, we used the estimated laying date from the
narrower time window. If the windows were of equal duration, we
used laying date window estimates rather than back-calculations
from hatching date windows. We then calculated mean laying date
for each year and excluded any eggs laid 14 days after the annual
mean laying date, because these were mainly relay attempts mis-
identified as first attempts.

2.2.3 | Ethical approval

Research activities on Middleton Island, AK, were approved by
the McGill Animal Care Committee (animal use protocol 2016-
7814 and precursors) and permitted by the United States Fish and
Wildlife Service (Migratory Birds Permit 33779 and precursors).
Research activities on Coats Island, NU, were approved by the
McGill Animal Care Committee (animal use protocol 2015-7599,
2016-7814 and precursors) and permitted by the Canadian Wildlife
Service (Scientific Research Permit NUN-SCI-16-03 and precursors)
and Nunavut government (Nunavut Wildlife Permit 2020-031 and

precursors).

2.3 | Pre-breeding distributions

To describe pre-breeding distributions for each species, we used
published location estimates for kittiwakes breeding on Middleton
Island (Whelan et al., 2020) and murres breeding on Coats Island
(Patterson et al., 2021). We used multiple years of location esti-
mates for each colony (kittiwakes: 2010-2012; murres: 2018, 2019)
and calculated 95% utilisation distributions during the month prior
to when the population typically initiates laying (kittiwakes: April;
murres: May) using adehabitatHR (Calenge, 2006).

2.4 | Environmental variables

We obtained environmental data at various spatial scales to use
for sliding window analyses and subsequent models of laying
date (Table S1). We used two region-specific indices for large-
scale climate oscillations: the Pacific Decadal Oscillation (PDO)
and the North Atlantic Oscillation (NAQO). We extracted daily
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mean sea-surface temperature at four spatial scales around each
colony (50x50km, 100x 100km, 200 x 200km, kittiwakes: Gulf
of Alaska, murres: 400x400km), and daily mean sea-ice concen-
tration around Coats Island at the same four spatial scales. We
obtained local mean ambient temperatures for Middleton Island
Airport. We used ambient temperature and snow depth from
the weather station nearest to Coats Island (Coral Harbour, NU;
145 km from the colony).

The two climate indices, PDO and NAO, were available at a
monthly resolution. We aggregated all other environmental data to
a monthly scale by first taking the mean of hourly data and/or daily
resolution data to produce comparable datasets at a monthly reso-
lution for all climate variables and thus avoid spurious results due to
differences in temporal resolution.

Sliding window analyses to determine the sensitivity of laying
date to climate.

We used a sliding window approach (climwin, Bailey & van de
Pol, 2016) to evaluate the potential environmental drivers of lay-
ing date. We used absolute windows that shifted (by 1-month in-
crements in length and start date) over a period from zero to
24 months before the mean laying date of the population over the
entire long-term study period (kittiwakes: 4 June; murres: 23 June).
This approach allowed a test for both current and lagged effects of
climate on laying phenology. Although we were concerned primar-
ily in the effect of the physical barrier (ice), we wished to allow for
lagged ecosystem-level effects as both species feed on a prey base
of 2-year-old juvenile fishes and a 2-year lag in foraging response
has been observed in kittiwakes (Osborne et al., 2020; Provencher
et al.,, 2012). We used linear mixed effects base models (Ime4, Bates
et al., 2014) to test for linear effects of means for each climate vari-
able on unscaled laying dates of each species. We included random
effects of female ID, male ID and year for kittiwakes (laying date
~ (1| female ID)+(1 | male ID)+(1 | year)) but did not have suffi-
cient data to include male ID in models of murre laying date (laying
date~(1 | female ID) +(1|year)).

After identifying the windows that best predicted laying dates
for each climate variable, we tested whether the climate window
identified was a significant improvement over randomised climate
windows (randwin function, repeats = 5) using a significance thresh-
old of p<0.05. To proceed with population- and individual-level
plasticity analyses, we selected the environmental variable with the
lowest AIC value among climate windows that were significantly dif-

ferent from randomised windows.

2.5 | Population-level plasticity and
temporal trends

We calculated annual mean laying dates for each species. To exam-
ine population-level plasticity, we fitted Bayesian linear models of
unscaled annual mean laying date in response to the climate variable
selected through climate window analyses (kittiwakes: lagged PDO;
murres: sea-ice concentration at 200km scale). We tested whether

climate shifted over the study period via Bayesian linear models. To
test for a shift in mean laying dates over the study period, we fitted
Bayesian linear models of annual mean laying dates in response to
study year (continuous covariate). Finally, to test whether laying date
and breeding success were associated with the population level, we
fitted Bayesian linear models of annual mean breeding success (kit-
tiwakes: mean number of chicks fledged; murres: mean hatching suc-

cess) in response to annual mean laying date.

2.6 | Individual-level plasticity analyses

We used all breeding records from first breeding attempts, includ-
ing females with only a single nest record in the long-term dataset
(Martin et al., 2011). To ensure that models were fitted to the same
dataset, we excluded observations with missing data for the vari-
ables included in maximal models. For models that would account for
individual variation in response to environmental conditions (I xE),
we used the climate variable that best predicted laying dates in the
sliding window analyses (kittiwakes: lagged PDO; murres: sea-ice
concentration at 200km scale). We also tested for individual varia-
tion in rate of change in laying date with age (I x Age; Appendix S1).

We fitted a series of Bayesian univariate linear mixed-effects
models of laying date with varying levels of complexity in the ran-
dom and fixed effects. We increased the complexity of the random
structure by sequentially adding random effects of female ID, year,
male ID (kittiwakes only) and an | X E term (random slope: female ID
x climate). Random slopes of climate and female experience were
mean centred (but not within-subject centred).

We fitted models of each random structure with an intercept
only and then with fixed effects (breeding experience + environ-
ment) for each species. To account for nonlinear effects of parental
age on laying date (Hipfner et al., 1997; Ratcliffe et al., 1998), we
considered female breeding experience (number of years since the
female was first observed breeding) as a proxy for age. We used
within-subject centring to separate climate and female experience
variables into within- and between-female components (van de Pol
& Wright, 2009) and to test for quadratic effects of age (using equa-
tion 3b described in Fay et al., 2021).

2.7 | Selection on relative laying date

We estimated phenotypic selection on relative laying date using
relative fledging success for kittiwakes and relative hatching
success for murres. While reproductive success is more closely
linked in time to reproductive phenology, survival may also be af-
fected (such as via reduced time to moult prior to migration for
late breeders). However, we did not use adult survival to exam-
ine selection due to low resighting rates. For both species, we
included any offspring produced from second clutches because
early breeding enhances the ability to produce a second clutch.
We calculated relative laying date as the female's deviation from
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the annual mean laying date, and relative fledging success as the
pair's deviation from the annual mean number of fledglings (kit-
tiwakes) or hatchlings (murres) produced. We obtained fledging
data for all kittiwake nest records; however, we used a subset of
murre records (n = 573) excluding observations of birds included
in an egg-removal and wing-clipping experiment, where we only
observed a hatching window (not laying window), and a year
with only two observations (2003). Including records with only a
hatching window would bias towards apparent reduced selection
against late-laying females.

We fitted one univariate Bayesian linear mixed-effects model
of relative fledging or hatching success per species, in response
to linear and quadratic effects of relative laying date (Lande &
Arnold, 1983). We mean-centred both fixed effect terms and
scaled them by dividing each value by the standard deviation of
the fixed effect variable. We used a random effects structure that
included intercepts only (kittiwakes: female ID, male ID, and year;
murres: female ID and year). We report the linear coefficient as an
estimate of directional selection. To estimate the strength of stabi-
lising or disruptive selection, we doubled the quadratic coefficient
and confidence intervals (Lande & Arnold, 1983; Stinchcombe
etal, 2008).

After finding directional selection for earlier relative laying
dates in both species (but non-significant stabilising/disruptive
selection; see below), we then fitted a univariate Bayesian mixed-
effects model of either absolute number of fledglings (kittiwakes:
Poisson with log link) or hatchlings (murres: categorical with logit
link), in response to linear relative laying date. We used a random
effects structure that included intercepts only (kittiwakes: female
ID, male ID, and year; murres: female ID and year). This enabled
visualisation of the relationship between relative laying date and

breeding success.

2.8 | Statistical analyses

We followed the statistical methods of Sauve et al. (2019) to test
for effects of climate and female age on laying phenology. With the
exception of climwin analyses, we fitted all models with the r pack-
age MCMCaLmMm (Hadfield, 2010) using parameter-expanded priors
described in Sauve et al. (2019). We ran 50,000,000 iterations with
a burn-in period of 5,000,000 and thinning interval of 5000. We
evaluated the importance of random effects using DIC with and
without fixed effects, where differences of 5 DIC were considered
improvements in model fit (Spiegelhalter et al., 2002). We report es-
timates of variance components and confidence intervals <0.01 as
0. We calculated the proportion of variance due to each random ef-
fect for the best model (based on DIC) for each species, both for the
intercept model and the model with fixed effects. We assessed sig-
nificance of fixed effects via pMCMC values and Bayesian credible
intervals. Finally, we calculated the proportion of total variance (V)
due to each random component, including individual repeatability,
using the random intercept model for each species (e.g. for female

kittiwake repeatability in laying date: V;
V. + Vresidual])'

year

/[ermaIeID + VmaIeID +

emalelD

3 | RESULTS

We obtained 2831 kittiwake laying dates from 1,000 females, 934
males, and 23years. For murres, we obtained 1,099 laying dates
from 395 females and 26 years. We used all of the kittiwake re-
cords and a subset of the murre records (n = 573 laying dates from
260 females and 13 years) to estimate selection on relative laying
date.

3.1 | Pre-breeding distributions

Kittiwakes used pelagic, offshore locations near and south of the
breeding colony before the breeding season (Figure 1; Figure S1).
Most kittiwakes from the Middleton population were not actively
migrating (Whelan et al., 2020) and were instead likely foraging on
myctophids off the continental shelf (Hatch, 2013). Murres used a
large area stretching from the Labrador Sea to Northern Hudson
Bay before the breeding season. The relatively large area used by
murres reflects their migratory movements from the Labrador Sea
to the breeding colony, which follows the receding ice-edge (Gaston
et al., 2011).

3.2 | Environmental drivers of laying date

Individual-level laying dates were associated with lagged PDO in kit-
tiwakes; climate windows identified for ambient temperature at the
colony and sea-surface temperatures at all four spatial scales were
not significant improvements over randomised windows (Figure 2;
Table S2). Laying dates of female kittiwakes were earlier in years of
lower mean PDO index from July through September (20-22 months
prior to laying).

Sea-surface temperature and sea-ice concentration were as-
sociated with murre laying dates at all four spatial scales (50, 100,
200 and 400km), except sea-surface temperature at 400km. As
sea-surface temperature was closely correlated with sea-ice con-
centration, and we considered the latter to have a stronger physical
mechanism (along with the lowest AIC), we completed subsequent
analyses using only sea-ice concentration. Climate windows iden-
tified for ambient temperature, snow depth (which can limit access
to certain murre sites) and North Atlantic Oscillation index were
not significant improvements over randomised windows (Figure 2;
Table S2). Laying dates of female murres were earlier in years of
(a) lower mean winter and spring sea-ice concentration (January-
June; 0-5months prior to laying) and (b) warmer mean sea-surface
temperatures in the month of laying (Jun; month of laying). Sea-ice
break-up around the colony tends to follow a consistent pattern
of complete ice coverage in winter, followed by a sharp decline
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= FIGURE 2 Results of climate window
selection for prediction of laying dates in
(a) black-legged kittiwakes and (b) thick-
billed murres. Red and beige indicate the
months identified as the best predictor of
laying dates for the climate variable; red
windows are significant improvements
over randomised windows while beige
windows are non-significantly different
than random.

25 20 15 10

(b)
ambient temperature near colony 4
snow depth near colony-{

North Atlantic Oscillation

sea surface temperature (50 km) {
sea surface temperature (100 km)
sea surface temperature (200 km)-|
sea surface temperature (400 km)-|
sea ice concentration (50 km)-
sea ice concentration (100 km)-
sea ice concentration (200 km)

sea ice concentration (400 km)-

p <0.001
p<0.01
p < 0.001

p <0.05

“*o

p <0.05

p<0.01

p<0.01

25 20 15 10

Months before mean laying date

in concentrations beginning in May, then nearly complete open
water by late July (Figure S2). Thus, the mean sea-ice concen-
tration (and mean sea-surface temperature, which is highly cor-
related with sea-ice concentration during spring break-up; Figure
S3) at this spatiotemporal scale correlates strongly with the timing
of spring break-up (Figure S4).

We extracted annual mean PDO index and annual mean sea-ice
concentration during the temporal windows identified via climate
window analyses. We used these mean climate values in subsequent

population- and individual-level models of laying date.

3.3 | Population-level phenology
3.3.1 | Black-legged kittiwakes

Mean laying dates of kittiwakes were earlier in years of lower
lagged PDO (colder climate; Figure 3a; p = 3.51 ClI [2.11, 4.88],
pMCMC<0.0001). Mean lagged PDO did not significantly change
during the study period (Figure 3c; g =-0.011 Cl [-0.082, 0.05¢],
pMCMC = 0.74) and mean annual laying dates of kittiwakes did not
significantly advance over the study period (Figure 3e; p =-0.071 CI
[-0.413, 0.229], pMCMC = 0.66). On average, kittiwakes produced

fewer fledglings in years when the population laid late (Figure 3g;
$=-0.031 CI [-0.054, -0.010], pPMCMC<0.01).

3.3.2 | Thick-billed murres

Mean laying dates of murres were earlier in years of lower winter
and spring sea-ice concentrations (Figure 3b; g = 54.02 Cl [27.92,
78.17], pPMCMC < 0.001). Mean sea-ice concentrations declined dur-
ing the study period (Figure 3d; g = -0.0030 CI [-0.0049, -0.0011],
pMCMC<0.01) and mean annual laying dates of murres advanced
over the study period (Figure 3f; p = -0.23 Cl [-0.39, -0.07],
pMCMC<0.01). We did not find an association between annual
mean breeding success and mean annual laying date (Figure 3h;
$=0.017 CI [-0.003, 0.036], pMCMC = 0.08).

3.4 | Individual-level plasticity
3.4.1 | Black-legged kittiwakes

Female kittiwakes exhibited individual variation in laying date plas-
ticity in response to lagged PDO (I x E; Figure 4a; Table 2). Females
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FIGURE 3 Population-level trends

in laying date. (a) Annual mean laying
dates of kittiwakes were earlier in years
of lower lagged PDO index (cold/wet
climate in July-September of year 2).
Negative PDO indices are associated
with colder climate in the Gulf of Alaska,
while positive PDO indices are associated
with warmer climate. The blue-red

colour gradient on the x-axis shows a
cold-warm temperature gradient. (b)
Annual mean laying dates of murres were
earlier in years of lower winter/spring
sea-ice concentration (January-June at
200km scale around colony. Red-blue
colours used on x-axis to show warm-
cold temperature gradient. (c) Mean
lagged PDO index (July-September

of year 2) did not significantly change
over the study period. (d) Mean sea-ice
concentrations during winter/spring
(200km) declined over the study period.
(e) Mean laying dates of kittiwakes did
not significantly advance over the study
period (1996-2019). (f) Mean laying dates
of murres advanced over the study period
(1990-2019). (g) Kittiwakes produced
more fledglings when laying dates were,
on-average, earlier. (h) Murre hatching
success was not higher when laying dates
were earlier. Trendlines represent model
predictions and dashed lines indicate non-
significant trends; each point represents
1 year.

that consistently laid later also responded less strongly to PDO via
plasticity (correlation between random intercept and random slope
IxE: -0.91 CI [-1.00, -0.80]). Female laying date was repeatable
(0.18-0.22; Table 3; Table S3). All fixed effects predicted to influ-
ence laying date were significant except quadratic between-female
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experience (Table S4). Females delayed laying date as lagged PDO
increased (within-female lagged PDO), and females that expe-
rienced lower lagged PDO indices over their breeding lifetime
laid earlier (between-female lagged PDO). Females laid earlier
as they aged (within-female experience) and females with longer
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FIGURE 4 (a)Laying dates of kittiwakes in response to lagged PDO and (b) laying dates of murres in response to sea-ice concentrations.

Grey lines represent individual-level responses to environment (raw

slopes fitted for each female, not model predictions), and black lines

represent model predictions for population-level plasticity. Note that the y-axes are on different scales due to less annual variation in murre

laying phenology.

TABLE 2 Deviance information criterion (DIC) for models of
black-legged kittiwake and thick-billed murre laying date with
varying random and fixed effects structure.

DIC DIC (main
(intercept  + quadratic
Random effects structure only) effects)
Black-legged kittiwake
~ (lagged PDO | female) + 17,710 17,667
(1| male)+(1 | year)
~ (1| female)+(1 | male)+(1|year) 17,881 17,848
~ (1] female)+(1 | year) 17,895 17,859
~ (1| female) 19,561 18,747
Thick-billed murre
~ (sea-ice concentration | 6,024 6,022
female)+(1 | year)
~ (1| female)+(1 | year) 6,027 6,025
~ (1| female) 6,572 6,314

reproductive life spans tended to lay earlier on-average (between-

female experience).

3.4.2 | Thick-billed murres

Female murres did not exhibit strong individual variation in lay-
ing date plasticity (no IxE; Figure 4b; Table 2). However, females
showed consistent individual differences in laying date (I1+E). We
therefore report the results of the model that accounted for similar-

ity among observations from the same females and years (random

intercepts of female ID and year, | + E; Table S5). Female laying date
was repeatable (0.15-0.18; Table 3; Table S3). All fixed effects pre-
dicted to influence laying date were significant, except quadratic
between-female experience (Table S5). Females advanced laying
in years of low sea-ice concentrations (within-female ice) and fe-
males that, on-average, experienced lower sea-ice conditions laid
earlier (between-female ice). Females laid earlier as they aged
(within-female experience) and when they were, on-average, ob-
served in years when they had more experience (between-female

experience).

3.5 | Selection on laying date

Both species showed directional phenotypic selection for ear-
lier laying dates (kittiwakes: b = -0.13, ClI = [-0.16, -0.10],
pMCMC<0.0001; murres: b = -0.059, Cl = [-0.099, -0.017],
pMCMC<0.01). It is important to note that we modelled different
measures of annual breeding success for each population (fledging
vs hatching success; about 1 L% of murre chicks die, thus hatching
success is quite similar to fledging success; Gaston et al., 1983), so
the strength of selection may not be comparable. We found little ev-
idence for stabilising or disruptive selection in either population (kit-
tiwakes: y = -0.031, Cl = [-0.082, 0.024], pMCMC = 0.26; murres:
y=-0.003, Cl =[-0.081, 0.079], pPMCMC = 0.86). Female kittiwakes
that laid relatively early tended to produce more fledglings than
late-laying females (Figure 5a; b = -0.036, Cl = [-0.044, -0.028],
pMCMC <0.0001). Similarly, female murres that laid relatively early
tended to have greater hatching success than late-laying females
(Figure 5b; b = -5.2, Cl = [-10.2, -0.7], pPMCMC<0.01).
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TABLE 3 Estimates of the proportion of variance in laying date (day of year) due to each variance component in black-legged kittiwakes

and thick-billed murres (95% credible intervals in brackets).

Model

Black-legged kittiwake
0.18[0.12,0.23]
0.22[0.16,0.28]

Intercept only
Fixed effects
Thick-billed murre
0.15[0.10, 0.22]
0.18[0.12, 0.25]

Intercept only

Fixed effects
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FIGURE 5 Females that laid earlier relative to the annual population mean (a) produced more fledglings in the kittiwake population and
(b) were more likely to hatch an egg in the murre population. Lines represent model predictions from a Poisson GLMM (log link) of number of
fledglings produced (0-3) in kittiwakes and a categorical GLMM (logit link) model of number of chicks hatched (0-1) in murres. Points show

raw data and transparency is used to show density in areas of overlap.

4 | DISCUSSION

Climate had contrasting effects on the laying phenology of black-
legged kittiwakes and thick-billed murres, although selection fa-
voured earlier laying in both populations. Using a spatial window
reflecting pre-breeding locations recorded by geolocators and a
sliding time window approach, we identified key drivers for phenol-
ogy in the two species. Kittiwake laying phenology was associated
with lagged effects of a large-scale climate oscillation in the Pacific
Ocean, where females laid earlier when preceded by a colder climate
(negative PDO 20-22 months prior). Murres laid earlier in years of
lower sea-ice concentrations and earlier spring break-up; as sea-
ice concentrations declined in Northern Hudson Bay, murre laying
dates advanced 7 days over the 30-year study. Although sea-surface
temperatures in the North-East Pacific increased over the course of
our study (Wills et al., 2018), we found no significant trend in kit-
tiwake laying dates over the same period. This reflects the overrid-
ing influence of climate oscillating between warm and cold regimes
in the North Pacific during the study period (Hatch, 2013; Wills
etal., 2018).

The association between PDO and breeding phenology of
Middleton Island kittiwakes was likely driven by time-lagged, bot-
tom-up effects of climate on prey availability. The summer-autumn
time period identified via climate window analysis coincides with the
spawning phenology of several key forage fishes in the Gulf of Alaska
(Doyle et al., 2019) and that cohort of juvenile fishes ultimately be-
comes the kittiwake prey base 2years later (Hatch, 2013). Warmer
climate may cause a phenological mismatch between some forage
fish and their zooplankton prey (Anderson & Piatt, 1999) or decrease
larval recruitment by depleting lipid reserves via increased metabolic
rates (Piatt et al., 2020). Recent studies following an extreme marine
heatwave in the region found cascading and lagged effects of the
event on the Gulf of Alaska ecosystem, including forage fish and sea-
birds (Arimitsu et al., 2021; Osborne et al., 2020; Suryan et al., 2021).
The Middleton Island kittiwakes increased foraging effort for at
least 2 years after the heatwave (Osborne et al., 2020). Furthermore,
breeding success in the population is positively associated with the
presence of capelin in the diet (Hatch, 2013). Capelin abundance in
the Gulf of Alaska (and in kittiwake diet) tends be lower in warmer
conditions (Anderson & Piatt, 1999; Hatch, 2013) and, intriguingly,
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capelin mature at 2-3years and their spawning occurs during the
window identified as important for kittiwakes (summer-autumn,
Doyle et al., 2019). Overall, as climate change warms the North
Pacific (Frolicher et al., 2018; Wills et al., 2018), we expect negative
effects on kittiwake food supply at Middleton Island, which, in turn,
will delay laying phenology and reduce breeding success.

Murres laid earlier as winter and spring sea-ice concentrations
declined in Northern Hudson Bay over the past three decades. Sea-
ice concentrations were strongly correlated with spring ice break-up
and spring sea-surface temperature (which also predicted laying
phenology, if not as strongly as ice) around the colony—taken to-
gether, this is strong evidence that murres cannot begin to breed
until sea-ice break-ups enough for them to access prey around the
colony. This concurs with movement studies that showed the timing
of spring break-up constrains timing of migration and spring arrival
to the breeding colony (Gaston et al., 2009; Gaston, Gilchrist, &
Hipfner, 2005; Gaston, Gilchrist, & Mallory, 2005). The larger spatial
distribution during pre-laying reflects these strong ice constraints;
while kittiwakes spend 2 months around the colony waiting for for-
aging cues to breed, murres cannot enter Hudson Strait until the ice
leaves and then breed within a few weeks (perhaps as soon as the
ovaries can develop eggs). As climate change continues to advance
the date of spring sea-ice break-up (Mudryk et al., 2018), murres will
gain access to prey around the breeding colony earlier. Although
sea-ice appears to be a strong constraint on timing of breeding for
this population, it is likely that other environmental or intrinsic fac-
tors could influence breeding phenology in extreme low-ice years.
We did not find evidence of lagged climate effects on murre lay-
ing phenology here, but an earlier study suggested that climate
can have downstream effects on prey availability lagged by 2years
(Provencher et al., 2012) and this may become more important for
murre phenology with Arctic warming.

Both murre and kittiwake populations are declining globally, and
the reduced food supply during warmer, recent years provides a
clear mechanism for kittiwake declines (Hatch, 2013). Indeed, the
kittiwake population tends to have lower breeding success in warm
phases of climate when breeding is late (this study; Hatch, 2013).
For murres, the population declines are most rapid in the eastern
Atlantic, which has been warming fastest (Frederiksen et al., 2016).
Despite selection for earlier laying within years, murres did not, on
average, produce more offspring during years of early laying. Murre
chicks at Coats Island grow fastest when fed Arctic cod (Boreogadus
saida), which are associated with cold water (Gaston & Elliott, 2014);
as murres only advanced their lay date by 7-10days while spring
break-up advanced by 30days, there is a phenological mismatch
with their highest quality prey.

While both species showed clear responses to climate, only kit-
tiwakes showed individual variation in laying date plasticity (IxE).
Kittiwakes were likely responding to variation in food availability,
which might be perceived or accessed differently among individu-
als if they specialise on different resources. Murres, however, were
responding to a physical barrier that might be expected to affect all
individuals equally. Indeed, the predictable barrier of spring sea-ice

and short Arctic breeding season may have eroded genetic variation
for plasticity (Brommer, 2013; Porlier et al., 2012). Throughout the
study, the kittiwake population experienced highly variable and het-
erogeneous environmental conditions due to a large-scale climate
oscillation, which could maintain variation in individual plasticity.

Reproductive success (our metric of ‘fitness’) declined with rel-
ative laying date for both murres and kittiwakes. Thus, both species
may experience selection for earlier laying, although we do not re-
port adult survival that could favour later breeding and lead to stabi-
lising selection (Golet et al., 2004). At least in terms of reproductive
success, the curve shape was slightly different between the two
species, with kittiwakes decelerating and murres accelerating. Thus,
selection was strongest for the earliest individuals in kittiwakes and
against the latest individuals for murres. The trends may represent
differences in age-specific reproductive success. Kittiwakes show
little variation in reproductive success early in life but strong senes-
cence late in life with the reverse true for murres (Elliott et al., 2014).
Thus, selection on murre laying date may represent low breeding
success in young birds, which tend to be very late layers, while the
selection on kittiwakes may represent low success in senescent
birds, which tend not to lay much later than middle-aged birds (Elliott
etal., 2014).

5 | CONCLUSIONS

Our results do not support a recent metanalysis of global seabird
phenology that suggested seabirds are ‘insensitive’ to ocean tem-
perature (Keogan et al., 2018). Ocean temperature clearly influences
phenology in these two populations, albeit through very different
mechanisms. Thus, although some seabird populations advance
phenology in response to warm temperatures while others delay
(and these responses may average to zero), this does not mean that
populations are insensitive to ocean temperature. We suggest that
ecological systems need to be understood in their local context (e.g.
regional oceanography).

While climate change is global, the magnitude and mechanism
of its effects on wildlife vary across ecosystems, species, popula-
tions and individuals. Thick-billed murres, as predicted by models of
individual plasticity, advanced their timing of laying at Coats Island,
while black-legged kittiwakes, for reasons peculiar to the dynamics
of North Pacific marine oceanography, showed no such trend. The
apparent plasticity of the kittiwakes is likely driven by bottom-up ef-
fects of climate on food supply, rather than direct effects of climate
on phenology via sensory cues or physical constraints.

Although both populations showed considerable plasticity
in response to variation in climate, such plasticity is unlikely to
rescue the populations from climate change. Over 30years, sea-
ice break-up around Coats Island advanced more than 1month
(Figures S2 and S4) but the murre population only laid 7 days ear-
lier. Thus, the realised changes in breeding date have not kept pace
with climate change; furthermore, this may prevent murres from

aligning chick-rearing with a peak in food availability (see Gaston
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et al., 2009). In contrast, for the kittiwakes, no amount of pheno-
logical adjustment would rescue the population because the shifts
in breeding date are not an adaptive adjustment to track climate
changes, but rather a consequence of climate-driven reduced prey
availability. Although we did not detect shifts the Pacific Decadal
Oscillation index during the 25-year study, future warming will
likely delay breeding in kittiwakes and lead to reduced reproduc-
tive success. In short, two declining, northern seabirds are unlikely
to be able to adjust to rapid climate change through plasticity in
timing of breeding.
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