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Decadal migration phenology of a long-lived Arctic icon keeps
pace with climate change
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Edited by Daniel Costa, University of California, Santa Cruz, CA; received November 19, 2021; accepted September 9, 2022 by Editorial Board Member
Pablo A. Marquet

Animals migrate in response to seasonal environments, to reproduce, to benefit from
resource pulses, or to avoid fluctuating hazards. Although climate change is predicted to
modify migration, only a few studies to date have demonstrated phenological shifts in
marine mammals. In the Arctic, marine mammals are considered among the most
sensitive to ongoing climate change due to their narrow habitat preferences and long life
spans. Longevity may prove an obstacle for species to evolutionarily respond. For species
that exhibit high site fidelity and strong associations with migration routes, adjusting the
timing of migration is one of the few recourses available to respond to a changing climate.
Here, we demonstrate evidence of significant delays in the timing of narwhal autumn
migrations with satellite tracking data spanning 21 y from the Canadian Arctic. Measures
of migration phenology varied annually and were explained by sex and climate drivers
associated with ice conditions, suggesting that narwhals are adopting strategic migration
tactics. Male narwhals were found to lead the migration out of the summering areas,
while females, potentially with dependent young, departed later. Narwhals are remaining
longer in their summer areas at a rate of 10 d per decade, a similar rate to that observed
for climate-driven sea ice loss across the region. The consequences of altered space use
and timing have yet to be evaluated but will expose individuals to increasing natural
changes and anthropogenic activities on the summering areas.

migration j phenology j climate change j narwhal j satellite telemetry

Migration is a common tactic species adopt to overcome seasonal changes in habitat or
resource availability, driving directed movements across both small and large scales (1) coin-
ciding with seasonal shifts in environmental conditions (2), and is often constrained to
meet key life history demands (3). Despite the potential for interannual flexibility, direc-
tional shifts in migration timing have been reported across global species in response to
climate change, with the largest effects seen in long-distance migrants (4). Changes in the
predictability of suitable habitat as a result of climate shifts may result in species having to
travel farther, leave earlier, and migrate longer (5, 6), thus expending more energy (7). As
such, the phenology and life history trade-offs among those species that inhabit extreme
environments, such as the Arctic, are expected to rapidly change (8). Assessments of climate
change impacts on migration timing have predominantly focused on terrestrial species; how-
ever, marine systems are equally impacted, especially at higher latitudes (9, 10). The Arctic,
for example, is warming at a rate two to three times higher than that of the global average
(11) and as a result, is experiencing a rapid loss of sea ice, with concomitant restructuring of
the marine environment (12). It is unclear how declining sea ice and increasing environ-
mental variability are disrupting or modifying and will continue to disrupt or modify the
timing and drivers of species’ migrations across the region. Within the Arctic marine ecosys-
tem, ice-associated species, which are often long lived, are especially vulnerable as many are
niche conservative, have narrow climate envelopes (13), and likely cannot adapt over appro-
priate evolutionary timescales. Traditionally, the migration dynamics of Arctic marine
species were logistically difficult to study, but with the advent of animal biotelemetry,
unprecedented monitoring of their behavior and movement is now possible (14).
Meta-analyses suggest that few studies have examined phenological shifts in ceta-

ceans and other marine mammals, presenting a major knowledge gap in the ability to
predict responses to future climate scenarios (15, 16). Even in well-studied regions, like
the Gulf of Maine, very few studies have directly assessed long-term shifts (17) and
have instead focused on establishing baselines in phenology (18). Here, we aimed to
determine if the migration phenology of a highly specialized and long-lived Arctic ceta-
cean is being modified by climate change and evaluate the potential drivers. Narwhals
(Monodon monoceros) provide an ideal model species to investigate climate impacts on
migration dynamics given they seasonally migrate across their range from nearshore
ice-free environments in the summer months (summering grounds) to regions with
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>95% ice coverage in the winter (overwintering grounds),
where they traverse offshore leads (19, 20). Narwhal migration
is considered predictable across its range, with minimal interan-
nual variation reported over short periods of time (20, 21).
Evidence demonstrates that stocks with different summer and
winter grounds adopt unique migration routes from which they
rarely deviate, suggesting limited plasticity (21). Narwhals are
one of the longest-lived mammals, reaching ages of >100 y,
and form complex social structures (22). Animals that are long
lived and exhibit minimal plasticity in migration timing tend
to be more vulnerable to environmental change (23). As such,
predicting the effects of climate change on long-lived species,
such as the narwhal, requires an understanding of a species’
behavioral plasticity.
We compared several migration phenology events estimated

from telemetry data (Fig. 1) for narwhal in northern Baffin Island
relative to time and environmental drivers indicative of local and
regional climate cues (Materials and Methods). Through access to a
long-term telemetry dataset spanning 21 y (1997 to 2018) for 40
individual narwhal tagged in their summering ground, we address
two key objectives: 1) to determine if there is evidence for system-
atic decadal changes in narwhal migration phenology and 2) to
quantify the drivers of the onset of narwhal migration in the
context of a changing climate. Phenology events included 1) the
departure date, estimated using relative changes in move persis-
tence across individual telemetry movement tracks; 2) the dates
individuals crossed a passage boundary delineating the exit region
from the summering ground (date crossing 75°W); and 3) the
transit time, highlighting the difference in time between the
departure date and a final passage boundary at 72°W where nar-
whals are observed to undertake more directed movements to the
wintering areas (Fig. 1). Covariates used to evaluate interannual
variability of migration phenology included sex, climate oscillation
phase (Arctic Oscillation [AO]), ice conditions in the summering
area (spring breakup transition week), and a proxy of pan-Arctic
climate change (September minimum ice extent).

Results

Decadal Changes in Migration Phenology. Narwhals equipped
with satellite telemetry devices in Eclipse Sound were divided into
epochs corresponding to 1) 1997 to 1999, 2) 2010 to 2012, and
3) 2016 to 2018 (Table 1). Narwhals were found to delay depar-
ture (move persistence) and date crossing the passage boundary at
75°W across epochs (mean day of year: epoch 1: depart = 269.3,
cross = 271.6; epoch 2: depart = 274.6, cross = 286.0; epoch 3:
depart = 273.5, cross = 289.0). Between the first and last epochs,
this translated to delays of 4.2 and 17.4 d of departure and 75°W
cross-date, respectively. While there was a trend toward delayed
departure dates over time, this was not significant (Kruskal–
Wallace rank sum: χ2 = 4.13, degrees of freedom, df = 2, P =
0.12). The date narwhals crossed the passage boundary at 75°W,
however, was significantly different across the three epochs (cross
date 75°W: χ2 = 15.45, df = 2, P < 0.001). Yearly mean depar-
ture date and yearly mean cross-date at the passage boundary of
75°W were delayed at rates of 2.3 and 9.8 d per decade, respec-
tively (Ordinary least squares, OLS, regression departure date:
0.23 ± 0.19, t = 1.17, P = 0.24; OLS cross-date 75°W: 0.981 ±
0.18, t = 5.39, P < 0.001). When considering our third metric,
transit time, a significant difference was found across epochs
(transit time χ2 = 6.98, df = 2, P = 0.03), with narwhals spend-
ing 4.3 d per decade longer transiting to the 72°W passage
boundary (OLS transit time: 0.433 ± 0.16, t = 2.66, P = 0.011).
The inclusion of sex and the interaction of year and sex was not

significant in all the models explored, indicating that variable sam-
ple sizes of males and females across epochs did not have an effect
on the rate of change in migration phenology (SI Appendix).

Biological and Climate Modulators of Annual Migration
Phenology. Two climatic variables and a biotic variable were sig-
nificantly associated with the observed change in Eclipse Sound
narwhal migration phenology over time. Yearly minimum Arctic
Sea ice extent (Fig. 2), a proxy for pan-Arctic climate change,
explained the dates narwhals crossed the 75°W passage boundary;
a significant delay in cross-date occurred in years when ice extent
was lower (Fig. 2). Individuals also spent longer transiting in years
when ice extent was lower (SI Appendix). A second climatic vari-
able, negative yearly mean AO index, was associated with advances
to dates crossing the passage boundary and transit time. When
considering the biotic factor, sex, female narwhals were found to
cross the 75°W passage boundary 7 d later than males (Fig. 2).
For departure date from the summering grounds, sex was also a
significant effect, with females departing on average ∼6 d later
than males (Fig. 3). However, while sex-specific differences were
apparent, male and female narwhals were found to delay both
departures and passage boundary crossings at a similar rate
over the study period (no significant interaction of year and sex)

Fig. 1. Phenological events for narwhal migration. (A) Example of move-
persistence values estimated for an individual narwhal (female, length =
405 cm) along its movement track from a jointly-fitted move-persistence
model. The individual was tagged in Eclipse Sound during the first epoch
(1997 to 1999). Thick black lines indicate the threshold value associated
with 25% of the difference between minimum and maximum move persis-
tence and the resulting date of departure. (B) The movement track of the
405-cm female is indicated by the gray line, with each 24-h time step col-
ored by its estimated move-persistence (γt) value. Vertical blue bars corre-
spond to passage boundaries at 75°W and 72°W longitude, the latter of
which was used to assess transit time.
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(SI Appendix). Spring sea ice was also found to be important in
top models describing the departure date, but the effect was not
significant following model averaging. Moreover, examination of a
passage boundary of 72°W along the narwhal’s migration route
revealed similar delays in migration timing (SI Appendix). Fall ice
up was ultimately removed as it was found to be highly colinear
with AO. Full model-averaged parameter estimates and a con-
densed model selection table can be found in SI Appendix.

Discussion

Narwhals are considered to be among the most sensitive Arctic
marine mammals to the effects of climate change (24). Fidelity
and limited plasticity in migration behavior coupled with lon-
gevity (i.e., long timescales over which evolutionary adaptation
can occur) could indicate that regional narwhal subpopulations
have limited capacity to adjust migration timing to meet the
time and energy trade-offs therein (23). However, recent theory

Table 1. Summary of the narwhal tagging effort

Epoch Year n (M, F) Tag type
Duration

(d)
x Locs
per d

Departure
date (x d)

Cross-date
75°W (x d)

Transit
time (x d)

1 1997 1 (1, 0) ST-6 75.3 16.0 263 265 9
1 1998 3 (2, 1) ST-6, ST-10 90.7 ± 64 19.7 ± 5 274 ± 15.9 266 ± 4.9 6 ± 1.5
1 1999 5 (2, 3) ST-6, ST-10 104.2 ± 59 23.2 ± 6 268 ± 5.9 276 ± 10.1 15 ± 10.6
2 2010 5 (2, 3) SPLASH 258.2 ± 99 8.2 ± 2* 271 ± 7.5 278 ± 12.8 12 ± 5.3
2 2011 7 (1, 6) SPLASH 210.7 ± 75 9.7 ± 2* 275 ± 3.3 290 ± 3.1 20 ± 6.1
2 2012 4 (2, 2) TDR-10 124.0 ± 4 15.3 ± 1* 278 ± 4.9 288 ± 10.5 20 ± 6.9
3 2016 2 (0, 2) TDR-10 83.4 ± 5 14.0 ± 1 288 ± 6.3 294 ± 7.8 13 ± 0.7
3 2017 13 (6, 7) TDR-10; SMRU-CTD 83.1 ± 44 40.7 ± 27 272 ± 9.3 288 ± 3.5 18 ± 7.3
3 2018 1 (0, 1) SMRU-CTD 78.1 125.0 264 291 28

Each year of the study includes the sample size for individuals with tagging data spanning the migration period with sex ratios as well as the mean duration of location data and the
mean number of locations per day (± SD). One individual did not have enough tracking data to pass the final passage boundary. Full tagging data can be found in SI Appendix, Table S1.
F, female; M, male; Locs, telemetry locations.
*A strict or irregular duty cycling across the migration period.

Fig. 2. Decadal phenology shifts in passage boundary crossing of narwhals undertaking migrations. Comparison of dates that narwhals crossed the 75°W
longitude passage boundary (A; day of year) across three epochs for narwhal tagged in Eclipse Sound (n = 40), highlighting delays in migration timing.
(B) Concomitant changes in September minimum ice extent for the Arctic, here represented by the range of minimum ice extent for each of the three
epochs considered (86). (C) Forest plot of model-averaged parameter estimates of changes in crossing date of the passage boundary of 75°W longitude. The
variable found in the top models that was not significantly different from zero is highlighted with a single asterisk, while variables with significant effects are
highlighted with double asterisks. Full model results can be found in SI Appendix, Table S2. F, female.

PNAS 2022 Vol. 119 No. 45 e2121092119 https://doi.org/10.1073/pnas.2121092119 3 of 8
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predicts that animals with longer life spans can respond to envi-
ronmental fluctuations by expressing reversible behavioral plastic-
ity throughout their lifetime (25). Plasticity in long-lived species
can help bolster populations against extirpation risks (26) and
facilitate tracking of ideal habitats through range expansion (27).
However, the speed and limits of plasticity may dictate whether
observed changes are adaptive across its range (26, 28). Here, we
present evidence that a long-lived Arctic marine mammal has
experienced a directional shift in their migration phenology over a
21-y period, adopting a flexible approach to keep pace with larger
climate change trajectories across the region.
While previous work found little evidence that narwhal migra-

tion was triggered by ice-up dates or environmental cues over a
short time period in other regions of the narwhal’s range (21), our
long-term dataset identified that passage boundary crossing dates
were associated with changing sea ice dynamics as a result of
climate change. Decreases in basin-scale sea ice minimum were
associated with individuals spending more time in their summer-
ing grounds. Marginal evidence suggested that spring breakup and
yearly AO, which correlates to sea ice in the winter months, also
exerted an influence on changes in migration timing, although
these were not significant after model averaging. These observed
relationships with climatic variables explained the overall direc-
tional temporal shift in narwhal migration timing over the 21-y
period while still detecting interannual variability due to environ-
mental and biotic factors.
Apparent flexibility to current large-scale climatic shifts indi-

cates that narwhals are adopting a strategic approach to their
autumn migration, similar to that reported for other aquatic
(29–31) and terrestrial (4, 5, 32) migrants. A strategic migration
approach is thought to integrate memory and perception of previ-
ous movements, allowing flexibility to shape current behavior
(33), and has been shown to forecast and regulate ungulate migra-
tions (34). Similarly, other cetacean species have also been postu-
lated to use long-term memory of past conditions to drive fidelity
to predictable foraging areas in order to maintain migration phe-
nology (2, 35). Narwhals may be predicting conditions along their
migration corridor and within the wintering grounds through
integrating long-term memory and localized cues to dictate phe-
nology associated with departure and crossing the defined passage
boundary. While there was limited change in departure dates over
our study period, we found notable increases in the amount of
time individuals spent transiting. Such broad ranging behavior in

summering areas before heading south could be akin to the
scouting behavior that some ungulates use to explore the current
environmental conditions to determine migration propensity (36).
Narwhals show a preference for cold water, and space use is largely
modulated by ice cover and the availability of open water regions
(19, 37). As a result, narwhals may be residing in coastal waters
within the larger summering areas (SI Appendix) until ice forma-
tion in the autumn and an increasing risk of entrapment force
movement over deeper water toward the wintering areas in central
Baffin Bay.

We also detected sex-specific differences in departure and pas-
sage boundary crossing dates; females departed and crossed the
passage boundaries later than males (Fig. 3). These results are in
agreement with shore-based observations (38) and local Inuit
Qaujimajatuqangit that document males leading the autumn
migration (39). While mating in narwhals occurs from May to
June and calving typically occurs between June and August (40),
interpreting the underlying drivers of sex-specific differences in
migration timing is difficult. While detailed demographic data
for tagged individuals were unavailable (i.e., females were with
or without calves), female narwhals could depart later as a func-
tion of slower movements during the initiation of migration to
accommodate less-experienced dependent young. Such slow
movement of females with calves has been previously observed
in cetaceans (41) and may form an important time period to
pass knowledge of migratory behavior. Early life experience of
migration routes and timing has been shown to be crucial to
survival and route fidelity of Caspian terns (Hydroprogne caspia)
on their first autumn migration (42). Developmental plasticity
during the first migration period in black-tailed godwits (Limosa
limosa limosa) was also found to correlate with greater flexibility
in migration later in life, with little evidence of natural selection
in this relatively short-lived species (43). While narwhal size
could also have influenced migration phenology, we lacked
sufficient size variability within each sex to test this. The down-
stream effects of climate change on different sexes or age classes
are an important consideration but remain poorly documented
(44). Phenological shifts have been shown to have demographic-
specific consequences, such as differential effects on seasonal
survival [e.g., yellow-bellied marmots Marmota flaviventer (45)],
reproductive timing [e.g., Tibetian Plateau fish Gymnocypris
selincuoensis (46)], and the age structure of a population
[e.g., gray seal Halichoerus grypus (47)]. For narwhals, remaining

Fig. 3. Decadal phenology shifts in departure timing for narwhals undertaking migrations. (A) Comparison of dates of departure (day of year; determined
from move persistence), highlighting the rates of change over three epochs of time for male (yellow bars and points) and female (F; purple bars and points)
narwhals tagged in Eclipse Sound. (B) Forest plot of model-averaged parameter estimates of changes in departure date. The variable found in the top mod-
els that was not significantly different from zero is highlighted with a single asterisk, while the variable with significant effects is highlighted with a double
asterisk. Full model results can be found in SI Appendix, Table S2.
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longer in coastal regions may place females and any accompany-
ing young at a disproportionally greater risk of ice entrapment as
a result of the increased frequency of extreme events associated
with climate change (48), potentially leading to increasing
demographic-specific climate change consequences.
The rate of change of narwhal migration phenology mea-

sured in the Eclipse Sound population suggests that narwhals
are delaying their autumn migration at pace with climate
change in the region. Delays to narwhal migration phenology
of up to 10 d per decade approximate the rate of change in fall
ice-up dates across Baffin Bay and the Canadian Archipelago, a
delay in fall ice-up dates of 5.2 d per decade (49). The greatest
rate of change in migration timing of Eclipse Sound narwhal
was associated with the transition between the first epoch
(1997 to 1999) and the later epochs, a delay of 14 to 17 d for
crossing the passage boundary of 75°W (Fig. 2). This change
tracks ice extent data for Baffin Bay, whereby an 11-d delay in
the decadal mean fall ice up occurred between the 1990s and
2000s (49). Beluga populations in the Beaufort and Chukchi
Seas were also shown to exhibit decadal shifts in migration
phenology as a result of both local environmental drivers and
long-term trajectories in climate change (31), resulting in delays
to migration timing. Other marine species also appear to have
experienced shifts in phenology at pace with climate change,
including tiger shark (Galeocerdo cuvier) migration and
space use in the North Atlantic (50), habitat occupancy of
baleen whales in Cape Cod (17), and breeding phenology in
Mandt’s black guillemot (Cepphus grille mandtii) in the Alaskan
Arctic (51).
While it is currently unknown if increasing variability in

local conditions and associated shifts in migration phenology
may place a greater risk on narwhal fitness and survival, we
highlight how such changes could be associated with an
increase in ice entrapment risk as well as potential positive and
negative effects on foraging opportunities and stressors in the
environment. First, long-term changes in climate (i.e., predic-
tion) may be a misleading cue to modify the initiation of
migration as they do not necessarily signal increases in sudden,
extreme shifts in local conditions, which place a greater risk on
narwhal entrapment as they migrate southward. Autumn ice-up
dates are shifting across the range of narwhal; consequently,
localized cues, such as sea surface temperature, may be mislead-
ing (52). While studies commonly attribute shifting phenology
to changes in thermal environment occupied across plants
and animals from both marine and terrestrial environments,
temperature-specific correlation to shifts in phenological events
may mask true causal mechanisms initiated by multiple cues
(53). Given that narwhals are unable to maintain breathing
holes, rapidly shifting and increasingly unstable ice cover condi-
tions could result in increased energy expenditure to support
movements between available gaps in sea ice (54). In extreme
and historically rare cases, ice entrapments, which are associated
with unexpected freeze-up events or rapidly shifting ice open-
ings driven by sudden drops in sea surface temperatures or
shifts in the prevailing wind direction, can result in mass casu-
alties (48). Increases in the incidence of extreme events as a
result of climate change are a concern for other species; extreme
icing events over available forage habitat of caribou populations
in the Arctic have resulted in catastrophic mortalities (55). It is
unclear whether ice entrapments will become more problematic
as narwhals remain longer in their summering areas (52).
Temporal and spatial mismatch of consumers and resources

is of major concern as a result of irregular phenological shifts
across the food web (44). Directional shifts in narwhal

migration phenology could consequently result in complex
changes in feeding opportunities. If summer grounds provide a
low-resource environment where limited feeding takes place
compared with the winter (56), narwhal will be faced with
reduced feeding opportunities through remaining resident for
longer, a change likely to continue with further loss of ice.
Alternatively, if narwhals are foraging in the summer as docu-
mented by traditional knowledge (57), they could benefit from
longer residency periods on the summering grounds. Greenland
halibut (Reinhardtius hippoglossoides) migration to the offshore
is also timed with ice formation (58), which may suggest that
their migration phenology will similarly shift. How Arctic cod
(Boreogadus saida) in the Eclipse Sound region will respond in
the short term to climate shifts is not directly known (59), but
a predicted climate-induced increase in cod biomass could
result in higher resource availability in the summer. Prey species
community composition is also being modified through north-
ward shifts of temperate zooplankton and fish species, which
are often of lower caloric value (60). While narwhals have been
shown to have a narrow niche breadth (61), evidence of nar-
whal prey switching associated with declines in sea ice has
already been demonstrated both within individuals (62) and
across individuals (63). Climate-driven prey switching, how-
ever, has been associated with detrimental population effects in
other pelagic predators (64). Differing rates and directions of
phenology shifts in response to climate change are likely across
a food web as a result of variation in motility (e.g., planktonic
and benthic vs. nektonic organisms), phenological sensitivity,
and life history (15, 18, 44). As a result, interactions among
trophic levels may also change, limiting the ability for alterna-
tive community-level interactions (e.g., prey switching) to
buffer the negative effects of temporally mismatched but pre-
ferred interactions, as was previously documented in parasitoid
interactions for insects (65). Dietary shifts and potential
changes in ingested contaminants tied with diet (66) remain
important to monitor, especially when coupled with the
increase in physiological burden associated with climate change
for many Arctic predators (54, 67).

Increasing natural resource exploitation and an exponential
increase in shipping associated with resource exploitation, ice-
breaking activities, and tourism in the summer grounds (68) will
likely exacerbate any negative effects as a result of these phenologi-
cal shifts and altered migration cues or counteract potential posi-
tive effects. Stress hormones measured in narwhal in Eclipse
Sound have increased over the past 20 y, correlated with increas-
ing human activities and climate change (69). If narwhals remain
resident longer in the summer grounds (inshore areas) with con-
tinued loss of ice, their exposure to human activities will increase,
with a greater risk of exposure for females and dependent young
that could lead to demographic consequences over long generation
times (44). Physical or perceived migratory barriers may also serve
to limit plasticity from either natural or anthropogenic fraction-
ation of the landscape (36). The threat of predation from orcas
remaining longer in Eclipse Sound (70, 71) also poses a new risk
to the population under shifting climate conditions. The cumula-
tive effects of stressors, increasing predation pressure, and other
nonconsumptive behavioral effects of climate change (72) may
further perturb this species and others, necessitating that effective
management adopts a holistic evaluation. The use of tracking data
over several decades allowed for the detection of long-term direc-
tional shifts in narwhal migration phenology. As such, continued
investigation of movement behavior through the use of bioteleme-
try/biologging devices remains a critical research need in the face
of future change (73). Furthermore, incorporating physiological
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and energetics measures, such as body condition, will allow for an
integrated assessment of narwhal fitness tied with observed migra-
tion shifts. These combined data will improve our ability to pre-
dict the consequences of continuing climate change in terms of
both narwhal life history events as well as food security for Inuit
who depend on this species for their culture, economy, and nutri-
tion (74). Many Arctic species have some of the longest life spans
documented, and consequently, species’ evolutionary responses are
unlikely to keep pace with the rate of change in climate. These
results demonstrate that behavioral plasticity within long-lived
social animals may facilitate species’ adjustment of space use and
movement behaviors within a single individual’s life span. How-
ever, given that many Arctic species have narrow environmental
preferences, the limits of behavioral plasticity to buffer the nega-
tive effects of climate change as the ideal habitat shrinks and shifts
still need to be assessed.

Materials and Methods

Study Animals, Tagging Procedures, and Location Data. Narwhals were
captured and instrumented with satellite tags over a 21-y period in Eclipse
Sound (72°21N,�81°05W; 1997 to 1999, 2010 to 2012, 2016 to 2018). Cap-
ture and tagging protocols for narwhal are described elsewhere (75, 76). In brief,
during each tagging event, the sex and the standard length of each individual
narwhal were recorded. Juveniles were considered to be whales <300 cm in
length (77, 78). Tag make and model varied over the years (tag data prior to
2012 are published in refs. 20, 21, and 79–81 among others) (SI Appendix,
Table S1) and were programmed with variable duty cycling schedules depending
on the year and study goals. Satellite tags transmitted location data via Service
Argos largely using Doppler-shift location estimation with assigned location clas-
ses. Argos location data collected before 2008 were fit using a least-squares
algorithm, while newer tag data were fit (or reanalyzed; 2010 to 2011) using a
Kalman-filtering algorithm via Service Argos (82, 83). In 2017 and 2018, several
tags utilized fastloc GPS (global positioning system) technology to obtain more
accurate and more frequent location estimates (84–86). These locations were
also supplemented by four ground-based Mote systems installed in 2017 and
2018 located around Eclipse Sound [Wildlife Computers (87)]. For the purposes
of this study, only individuals with data that span the onset of their autumn
migration and subsequent phenology markers (see below) were included in the
analysis (n = 40). One individual was ultimately removed as it lacked enough
data to reach the final passage boundary (see below). A summary of narwhal sat-
ellite telemetry data is included in Table 1. Tagging years were blocked into
three time periods (“epoch” 1: 1997 to 1999; 2: 2010 to 2012; 3: 2016 to
2018). Full tagging information can be found in SI Appendix, Table S1.

Location Filtering and State-Space Modeling. The dataset was first filtered
to remove inaccurate or unrealistic locations using a speed filter corresponding
to movement velocities exceeding 25 km h�1 to eliminate extreme outliers as
well as those corresponding to ARGOS location class “Z” using the R package
“foieGras” (88). For more recent fastloc GPS data, locations were only included if
residuals were less than 35 and more than five satellites were detected (85),
and location times were corrected for measured clock drift. Any extended gaps
in location data were clipped (often found toward the end of deployments and
likely corresponded to depleted batteries or damaged antennae). This filtering
resulted in improved state-space model convergence.

To correct for measurement error and estimate regular geolocations, we fitted
continuous time state-space models to the filtered location data using the foieG-
ras package in R (88). The package allows for rapid fitting of state-space models
by way of maximum likelihood methods and Laplace approximation using the R
package “TMB” (88–90), and it is able to handle Argos locations fit via least-
squares or Kalman-filtered algorithms as well as fastloc GPS data (91). For all
tags/years either with little to no duty cycling across the migration period (1997
to 1999 and 2016 to 2018) or with strict duty cycling (location attempts ∼3+ d)
or a split duty cycle schedule during the migration period (e.g., strict duty cycling
until the first of October followed by no duty cycling or vice versa) (Table 1), a
simple random walk was fit to estimate location data at 24-h time intervals. For

all models, error parameters were fixed using error multiplication factors deter-
mined via ref. 92. State-space model fit was assessed via one-step-ahead resid-
uals (93, 94). To assess whether the varying sampling rate affected the results,
we also explored changes in migration phenology using only the most highly
sampled data (1997 to 1999 and 2016 to 2018) modeled with a 12-h continu-
ous time correlated random walk (details are presented in SI Appendix).

Investigating Variation in Narwhal Migration Phenology. Narwhals typi-
cally begin their southward migration prior to ice up in their summer grounds,
departing between late September and early November (20, 21, 95, 96). Here,
we adopted three approaches to quantify the variation in the timing of narwhal
migration from northern Baffin Bay summer grounds: 1) identifying a change in
the directed movement of individuals using a move-persistence model
(“departure date”); 2) delineating the time individuals crossed defined passage
boundaries along the migration route (75°W), which delineated the edge of the
summering areas to the offshore; and 3) comparing the difference in time
between migration initiation (move-persistence departure date) and crossing of
a final passage boundary at 72°W, where individuals were all observed to
undertake directed movements to the wintering areas to the south (“transit
time”) (Figs. 1 and 2). In SI Appendix, we also compared variation in the timing
of narwhal migration associated with a later passage boundary at 72°W longi-
tude separately.

To infer independent changes in movement behavior that characterize the
onset of migration (approach 1; departure date), we fitted a state-space model to
determine move-persistence values (89, 97). Move persistence (γt) measures the
serial autocorrelation in subsequent locations corresponding to a continuous scale
between area-restricted search (zero; no autocorrelation) and a directed linear
movement [one (89)]. The model applies a first-difference correlated random
walk to the standardized locations fitted from the previous state-space model
(Location Filtering and State-Space Modeling) to estimate move-persistence values
at each 24-h time step for the duration of tag transmission (97, 98). Move-
persistence models were jointly estimated for all individuals within each duty
cycle condition (little to no duty cycling vs. strict/inconsistent duty cycling) to bet-
ter elucidate behavior across the duration of transmitted location data (Fig. 1 and
SI Appendix, Fig. S1) (99). Here, we defined the onset of migration (departure
date) as the first date in which γt exceeded 25% of the difference of minimum
and maximum γ for each individual between the expected migration period of
mid-September and early November.

To examine the time narwhals crossed a defined passage boundary (approach
2), we extracted the dates that tagged individuals crossed 75°W longitude,
approximately delineating the edge of the summering grounds for this narwhal
stock. This follows the approach previously adopted to examine migration
dynamics for other Monodontids in the Arctic (31, 100, 101) and a number of
other species exhibiting large-scale migration behaviors (32, 102, 103). In addi-
tion, we also quantified the transit time after initiating migration as the differ-
ence between departure date and the date individuals crossed 72°W longitude
(approach 3; transit time).

To determine if there was evidence for variation in long-term trends in narwhal
migration phenology, the migration departure dates, cross-dates, and transit
times were compared across the tagging epochs for Eclipse Sound narwhal using
Kruskal–Wallis tests, and trends in migration phenology across all years were
assessed using ordinary least-squares regression.

Environmental Data. To investigate how local ice conditions within the narwhal
summering grounds and larger regional changes in climate may relate to their
autumn migration phenology, we examined the effects of several environmental
covariates. Weekly ice data were compiled for each year of study as well as the
year preceding tagging events (if no tagging occurred in that time frame). Data
were extracted from the Canadian Ice Service online archive (https://ice-glaces.ec.
gc.ca/), which provides conglomerate ice concentration polygons across the
region. Weekly total ice cover (percentage; sum of all ice concentration polygons,
all stages of development) was extracted for the area approximately encompass-
ing ecologically and biologically significant areas located at the north end of Baf-
fin Island that include the summering grounds (SI Appendix, Fig. S2, bounded
longitude [�89.98, �60.91] and latitude [67.51, 75.16]) (104). Ice transition
periods were defined as the week that ice extent reached 50% of the difference
between maximum and minimum ice extent in the region each year for both the
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“spring” (spring breakup, week) and “autumn” [fall ice up, week (49, 105)]. We
include the spring breakup here as a measure of environmental “memory” (34).

To investigate potential effects of broad changes in climate, we explored two
additional climate proxies. First, we included minimum sea ice extent
(“minimum ice extent,” millions of kilometers squared) in September across the
entire Arctic for each tagging year (106). September minimum sea ice extent
was considered to be a major component in the composite Arctic Climate
Change Index (107), and we include it here as a proxy of Arctic-wide changes in
environmental conditions associated with climate change. Second, we explored
the influence of the AO index as a yearly mean (“AO phase”), which measures
the relative anomaly in the strength of the Arctic polar low (108). Further, we
examined the North Atlantic Oscillation (NAO) index (available at https://www.
cpc.ncep.noaa.gov/), a long-term climate index known to influence migration
phenology (5, 32, 109). NAO is an index of decadal-scale oscillations in reference
to atmospheric circulation patterns and measures the relative sea surface pres-
sure difference between the subpolar (Icelandic) low and subtropical (Azores)
high pressure in the North Atlantic (108, 110). The phases of the NAO index can
dictate substantial changes to weather and climate across broad scales and are
defined by long-term phase anomalies in the Northern Hemisphere (111, 112).
Positive NAO phases are associated with colder winter temperatures and
increased sea ice cover in the Baffin Bay/Davis Strait region (110). NAO phase
was included as a yearly mean [“NAO phase” (113, 114)]. Both AO and NAO are
collinear and could not, therefore, be modeled together; results of models
including NAO are included in SI Appendix, Table S3.

Modeling Drivers of Annual Migration. To understand the possible factors
that initiate migration; individual migration dates, transit times, and dates indi-
viduals crossed the passage boundary were examined independently using linear
mixed effects models [the “nlme” package in R (115)]. The environmental and
climatic covariates explored included the weeks of spring breakup and fall ice up
in the region, the AO phase, and minimum ice extent (see above). We also inves-
tigated the effect of sex in tagged narwhal as a fixed effect. We did not include
age class here as only a single individual was considered to be a juvenile, nor did
we include the effect of animal size (standard length) as it could be confounded

with sex (although this is explored in SI Appendix). Each tagging year was
included as a random effect. If any variables were found to have a variance infla-
tion factor (VIF) greater than or equal to seven, the variable with the highest VIF
was removed from the global model (116). Additionally, any variable with collin-
earity of >0.7 was removed. Any remaining model covariates were included in a
global model, and all nested models were ranked based on an Akaike informa-
tion criterion corrected for small sample size (AICc) and model weight (117, 118).
Models with less than or equal to four ΔAICc were deemed to have some
credible support. Parameters were model averaged across all models to generate
effect sizes and SEs using the “MuMIn” package in R version 4.0.2 (117, 119).

Data, Materials, and Code Availability. All narwhal tracking data used in
the study are accessible and available by request through either Fisheries and
Oceans Canada (M. Marcoux) or the Greenland Institute for Natural Resources
(M.P. Heide-Jørgensen). All other data were derived from the publicly available
resources cited in text.
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