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Abstract
Global warming poses particular challenges to migratory species, which face changes to

the multiple environments occupied during migration. For many species, the timing of migra-

tion between summer and winter grounds and also within-season movements are crucial to

maximise exploitation of temporarily abundant prey resources in feeding areas, themselves

adapting to the warming planet. We investigated the temporal variation in the occurrence of

fin (Balaenoptera physalus) and humpback whales (Megaptera novaeangliae) in a North At-

lantic summer feeding ground, the Gulf of St. Lawrence (Canada), from 1984 to 2010 using

a long-term study of individually identifiable animals. These two sympatric species both

shifted their date of arrival at a previously undocumented rate of more than 1day per year

earlier over the study period thus maintaining the approximate 2-week difference in arrival

of the two species and enabling the maintenance of temporal niche separation. However,

the departure date of both species also shifted earlier but at different rates resulting in in-

creasing temporal overlap over the study period indicating that this separation may be start-

ing to erode. Our analysis revealed that the trend in arrival was strongly related to earlier ice

break-up and rising sea surface temperature, likely triggering earlier primary production.

The observed changes in phenology in response to ocean warming are a remarkable exam-

ple of phenotypic plasticity and may partly explain how baleen whales were able to survive

a number of changes in climate over the last several million years. However, it is question-

able whether the observed rate of change in timing can be maintained. Substantial modifica-

tion to the distribution or annual life cycle of these species might be required to keep up with

the ongoing warming of the oceans.

Introduction
Migration occurs in all major branches of the animal kingdom, takes place in the air, at sea and
on land, and exists at extreme temporal and spatial scales[1]. It can take many forms ranging
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from diurnal vertical migration of plankton to the migration of diadromous fish species to and
from their spawning sites [2,3]. The main driving force is typically the use of resources such as
food, mates or shelter varying over time and space [4].We focus here on the “classic” annually
reoccurring seasonal large-scale migration between summer and winter areas [1,5]. Such mi-
gratory species may be subject to climate-induced changes in resources at different seasonal
and life cycle stages to which they must adapt, or adjust their migratory behaviour [6]. The tim-
ing of these changes may differ in direction, severity and speed [7], potentially resulting in a
temporal mismatch between resources and migratory cycles [8].

Seasonally migrating species have been shown to change their home ranges in both summer
and wintering areas [9,10] or alter their timing in response to changes in their environment
[11]. Numerous migratory species utilize high-latitude summer regions to benefit from the
temporarily available high productivity and some of them reproduce during that period
[6,12,13]. The timing of arrival at such summer foraging areas often corresponds with the oc-
currence of one or several prey species on which the adults or their offspring depend [8]. In-
creasing spring temperatures have shifted the phenology of plants and insects so that species at
higher trophic levels have modified their timing patterns accordingly [14]. However, some
avian species have failed to change their arrival timing sufficiently to maintain synchrony with
their prey species [15], and similar trophic mismatches have been observed in the marine eco-
system [16]. While most migratory species show a unidirectional reaction to warmer tempera-
tures in spring, the effect on autumn departure varies. Short-distance migrants tend to depart
later in autumn whereas long-distance migrants depart earlier [11,17]. Generally, long-distant
migrants seem to adapt less well to climate change than short-distant migrants potentially lead-
ing to reduced fitness and population declines. Animals cannot predict environmental condi-
tions thousands of kilometers away and potential wrong timing of movements causing a
mismatch with prey occurrence might reduce feeding success, and thus reproductive success
and ultimately survival [17,18].

Most baleen whales undertake seasonal migrations ranging from a few hundreds to thou-
sands of kilometers [19–21] alternating between low latitude winter breeding grounds and
high latitude summer feeding grounds [22,23]. Baleen whales have existed for several million
years [24] and have thus survived several glacial and interglacial periods, including the Dans-
gaard-Oeschger cycles, when temperature over Greenland increased 8–15°C in the span of a
few decades on multiple occasions during the last 80,000 years [25,26]. These species have life-
spans of at least 40 to well over 100 years [27,28] and individual whales thus experience more
environmental variation during their life-time than individuals of most other species. The large
body size of baleen whales helps buffer individuals against short-term variation in environmen-
tal conditions and reduces the relative costs of locomotion [29,30], facilitating long-range sea-
sonal migration and extensive movements across the summer range [31,32].

With such advantages, how are baleen whales adapting to global warming? Migratory spe-
cies have been described as a ‘paradox’ because their mobility allows them to react even to
rapid changes but they also depend on suitable habitat in multiple locations [6]. Predictions for
the response of marine mammals range from a more pole-ward distribution and the earlier ar-
rival in feeding areas to follow changing prey distribution [33,34] to a longer residency time of
some migratory species in higher latitudes in response to enhanced productivity [33]. Several
studies suggest that entire ecosystems or communities will move pole-ward following rising
SST [35,36].

Populations of fin (Balaenoptera physalus) and humpback whales (Megaptera novaean-
gliae), the target species of this study, spend part of the summer in the Gulf of St. Lawrence in
the North Atlantic Ocean. These two species are sympatric and feed on a wide, mostly overlap-
ping, variety of zooplankton and schooling fish [37]. They exhibit some niche separation in the
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Gulf of St. Lawrence; fin whales arrive earlier and feed, on average, at a lower trophic level and
wider niche than humpback whales, which arrive later and feed on higher trophic prey that are
more available later in the season [38,39]. Northwest Atlantic humpback whales breed in the
West Indies during winter [40] after traveling between 2,000 and 8,000 kilometers from their
summer feeding grounds, which include the Gulf of Maine, eastern Canada, and western
Greenland [41,42]. The fin whales found in the summer in the Gulf of St. Lawrence are believed
to overwinter off Nova Scotia just outside the pack ice [43], but their winter distribution is
poorly known [44]. Indeed, most of their entire range and migration routes are unknown and
they are thought to be more pelagic because they are not observed as close to the shore as are
humpback whales and do not seem to aggregate in distinct breeding grounds.

The best documented effects of recent changes in climate are the warming of the oceans and
the reduction in sea ice [45]. The Gulf of St. Lawrence has a subarctic climate with seasonal ice
cover in winter and spring, representing the southernmost extent of sea ice in the Northern
Hemisphere [46]. Over the last 30 years, sea surface temperature (SST) in the Gulf of
St. Lawrence has increased [47] while temporal ice coverage has decreased [48]. We investigat-
ed whether, and in which direction, fin and humpback whales have changed their temporal oc-
currence in this area in response to the warming climate. We used the timing of the first and
last sighting of photographically identified individuals as proxies for the arrival and departure
dates of these two species in the main feeding area in the Gulf of St. Lawrence over a period of
27 years. Many individuals were present in the area throughout the study period. Therefore, we
not only use these individuals as samples to explore the potential response to climate change of
the two populations, but also investigate the behavioural change or adaption of individuals.

We also investigate whether changes in the timing of occurrence are linked to changing en-
vironmental conditions in the area and, using this case study as a proxy for a feeding ground in
general, explore possible future responses and implications for these species, faced with pre-
dicted continuing ocean warming. Our analysis reveals that the earlier arrival of fin and hump-
back whales in the Gulf of St. Lawrence by approximately one day per year over 27 years was
strongly related to an earlier ice break-up and rising sea surface temperature, indicating a re-
markable phenotypic plasticity to a changing environment.

Material and Methods

Data
The Gulf of St. Lawrence is a semi-enclosed sea that connects the Great Lakes to the North At-
lantic and is a summer feeding destination for several species of rorqual whales [49]. The data
were collected in the Jacques-Cartier Passage and adjacent waters (roughly 49.5°N to 50.3°N
and 63°W to 66°W (Fig. 1)) between 1984 and 2010. A field season lasted between the begin-
ning of June and mid/end of October with an average of 65 survey days and ~500 hours
of observation.

We used standard photo-identification techniques to identify individual humpback and fin
whales from their natural markings [50,51]. The primary aim of the study was the estimation
of population parameters using mark-recapture techniques and thus we maximised the effort
to photo-identify all animals present. The sighting effort remained relatively stable over the
study period. The starting date of the seasonal fieldwork remained relatively constant (S1
Table), while the end date depended on the animals; surveying stopped when no animals had
been sighted in the study area for approximately two weeks. The study was conducted under
annual permits from Department of Fisheries and Oceans, Canada.

Between 1984–2010, we identified 450 fin whales, which were sighted on a total of 1,404 oc-
casions, and 270 individual humpback whales sighted 1,075 times in total. Not all juvenile
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humpback whales migrate to the breeding grounds [52] and might remain closer to the feeding
grounds during winter. Therefore, we restricted our analysis to mature animals under the as-
sumption that mature animals consistently migrate to the breeding grounds each year. Accord-
ingly, we included only sightings of animals when they were known for at least 5 years, the age
at which humpback whales are presumed to be sexually mature [53]. This reduced data set con-
tained 96 individual humpback whales sighted 677 times in total. For fin whales, it is unknown
whether or not all animals migrate but we assumed they do and used all sighting data in our
analysis. However, calves (lactating young of the year) of both species were omitted because
their occurrence depends on their mothers.

Analysis
We used the first and last date in each year (1984–2010) that an individual whale was sighted
and identified as proxies for its arrival and departure date, respectively, and the mean first and
last sighting dates as estimates of the population mean arrival and departure date, respectively.
Individual whales were not necessarily detected when present and true arrival and departure
dates of each individual whale in each year were unknown. Mean date of first sighting is thus a
potentially biased (late) estimate of population arrival date, mean last sighting date is a poten-
tially biased (early) estimate of population departure date and residency times are thus poten-
tially underestimated. This bias might be reduced by limiting analysis to data for animals seen
multiple times, for example by removing animals seen only once in a year and thus with identi-
cal arrival and departure dates. We conducted analyses with datasets reduced in this way and

Fig 1. The Study area. The Gulf of St. Lawrence and eastern Canadian waters with 500m bathymetric line
representing the shelf edge. The research area is marked as JCP (Jacques Cartier Passage). The other
boxes show the extent of the areas for which SST data were used.

doi:10.1371/journal.pone.0121374.g001
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obtained similar results to the simple regressions (S2 Table). We therefore used all data to max-
imise sample size and to avoid the risk of introducing unknown bias by setting a threshold for
the amount of data available for individuals.

Mean first and last sighting dates were each regressed on year to estimate the annual rates of
change. These dates for the same individual in different years could potentially be viewed as re-
peated measures, thus violating assumptions of independence when estimating trends over
time. To test for bias, we randomly selected one observation per individual from the total data-
set, calculated the annual mean first sighting day for that reduced dataset, regressed mean first
sighting date against year, and repeated this procedure 1,000 times. We then compared the
mean slope and 95% confidence interval (CI) of the reduced resampled data set with the regres-
sion estimated using the full dataset. The difference in slope between the full and the reduced
resampled data sets was negligible and the slopes of the linear models using all data fell within
the 95% confidence interval of the replicated data sets (S1 and S2 Figs.). Thus we based our
analyses on the full data set. We repeated this bootstrap procedure for the last sighting (depar-
ture) date (S3 and S4 Figs.), which gave similar results. As an alternative way of addressing this
issue, we also fitted mixed effects models, which gave very similar results to the simple regres-
sions (S2 Table).

We subsequently developed a set of linear regression models with annual mean first sighting
date as the response variable to investigate the explanatory power of a range of covariates
(Table 1) [54,55]. The covariates included several measures of research effort to test that the
trend was not influenced by effort (S1 Table). The environmental covariates included the large-
scale North Atlantic Oscillation (NAO) index, sea surface temperatures (SST), and measures of
ice coverage in the Gulf of St. Lawrence. Timing of arrival of whales in the St. Lawrence is as-
sumed to depend on the availability of prey. Prey data were unavailable for our research area
and chlorophyll concentration was available only for the later years of the study so we used the
ice and SST covariates as a proxy for the onset of annual primary productivity [46].

Sea ice data were obtained from Environment Canada Ice Services (http://ice-glaces.ec.gc.
ca/). We obtained mean and maximum monthly Sea Surface Temperatures (SST) using
AVHRR Pathfinder Version 5.2 (PFV5.2) data, obtained from the US National Oceanographic

Table 1. Covariates used in the linear regression modeling.

Covariate Data period Comment

Effort:

First survey day of the year 1985–2009

Number of survey days in June 1985–2009

Number of survey days in July 1985–2009

Number of survey days in June+July 1985–2009

Sea ice data

First week ice free 1985–2009 < 1% ice coverage

No. of weeks with ice 1985–2009 > 1% ice coverage

Week number with maximum ice coverage 1985–2009

Climate data

NAO monthly anomalies 1985–2009 9 monthly means prior arrival

Mean and Maximum monthly SST 1985–2009

SST in GSL6 [55] 1985–2009 9 monthly means prior arrival

SST in Cabot Strait (CB) (Fig. 1) 1985–2009 9 monthly means prior arrival

SST in Grand Banks (GB) (Fig. 1) 1985–2009 9 monthly means prior arrival

SST in Scotian Shelf (Fig. 1) 1985–2009 9 monthly means prior arrival

doi:10.1371/journal.pone.0121374.t001

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 5 / 15

http://ice-glaces.ec.gc.ca/
http://ice-glaces.ec.gc.ca/


Data Center and GHRSST (http://pathfinder.nodc.noaa.gov). The PFV5.2 data are an updated
version of the Pathfinder Version 5.0 and 5.1 collection described in [54]. The North Atlantic
Oscillation (NAO) monthly anomalies were downloaded directed from NOAA:ftp://ftp.cpc.
ncep.noaa.gov/wd52dg/data/indices/tele_index.nh. GSL6 is a region along the Quebec North
Shore, covering our study area [55]. SST was only available from 1985 to 2009 and therefore we
used the same time frame for all other variables.

We also wanted to test the hypothesis that time of arrival is also influenced by the condi-
tions of the area the animals are leaving. The winter and spring distribution of fin whales is not
well known, but some reports suggest that they spend the winter just outside the Gulf of
St. Lawrence [43] and large whales are reported on Grand Banks in spring [56]. Therefore, we
also included as candidate covariates SST data from several regions outside the Gulf (Fig. 1 and
Table 1). There are time lags of several weeks between the ice break up, rising temperatures,
start and peak of primary production and the occurrence of prey species. Therefore we investi-
gated monthly means of SST of 1 to 9 months prior to the earliest arrival (October to June).
SST data were not available for 1984 and 2010. Thus, we restricted this analysis to 1985 to
2009, for which data were available for all covariates.

We used simple least squares regression and examined the variance explained in models for
each covariate alone. Monthly mean SST is not independent within regions and seasons, nor like-
ly to be between regions, so we included only a single SST variable in each model. Similarly, ice
breakup, duration and coverage are also highly correlated and we used only a single ice-related
covariate in each model. Although ice breakup, coverage and duration are also correlated with
sea surface temperature and all of these are correlated with climate variables such as the NAO
index, we decided to test two variables at a time and to choose which of the SST and ice-related
variables to include based on significance tests and variance explained by the models.

Model selection was based on Akaike’s Information Criterion [57]. All statistical analysis
was undertaken in R [58].

Results
The mean first sighting date of fin whales shifted significantly earlier over the study period
(slope = -1.062, SE = 0.093, p<0.001), from day 229 (17 August) in 1984 to day 201 (20 July)
in 2010 (Fig. 2), thus one month earlier over 27 years. The mean first sighting date of mature
humpback whales (Fig. 2) also shifted significantly earlier (slope = -1.201, SE = 0.135,
p<0.001); from day 245 (2 September) in 1987, to day 217 (5 August) in 2010 (Fig. 2). Plots
of the standardized residuals of the models showed no departure from normality nor evidence
for temporal correlation (S5–S8 Figs.).

The mean last sighting date of fin whales also moved earlier in time (slope = -0.435,
SE = 0.09, p<0.001) from day 233 (21 August) to day 222 (10 August) but the change was not
as great as for first sighting date (Fig. 2). Thus fin whales extended the period between first
and last sighting date by an average of 16 days across the study period. The mean day of the
last sighting for mature humpback whales also changed over the study period (slope = -1.196,
SE = 0.136, p<0.001) from day 269 (26 September) to day 242 (30 August), resulting in a con-
stant average period between first and last sighting during the 27-year study period.

In the regression models for fin whales (Table 2) many covariates were significant but they
accounted for only a small fraction of the variance in date of first sighting. No effort variable
was significant. We tested multiple combinations of significant covariates but only two im-
proved the model fit. The best-supported model (adjusted r2 = 0.51) included the first ice-free
week in the Gulf of St Lawrence (slope = 0.32, SE = 0.11, p = 0.013, Fig. 3) and sea surface tem-
perature (SST) in Cabot Strait in January (slope = -8.5, SE = 2.6, p = 0.003). NAO was
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significant as a single variable but not in combination with any other covariate. For mature
humpback whales, many of the covariates were also significant in the models and explained
some variation in the first sighting date (Table 3). No effort variable was significant. The best-
supported model (adjusted r2 = 0.47) included a single covariate, the SST at the research site in
January (slope = -33.66, SE = 7.45, p = 0.001). No combination of additional covariates im-
proved the overall model fit.

Fig 2. Mean arrival and departure date of fin (Bp) and humpback whales (Mn). The difference between trends in arrival and departure represent average
measured residency time.

doi:10.1371/journal.pone.0121374.g002

Table 2. Model results Fin whales.

model intercept slope r2 AICc ΔAICc AICc weight

ice free + SST.CB.JAN 175.9 0.328 / -8.52 0.513 187.9 0 0.792

SST.CB.JAN 215.8 -10.97 0.377 192.3 4.39 0.088

SST.GS6L.OCT 259.4 -6.705 0.345 193.6 5.66 0.047

ice free + SST.GSL6.OCT 214.3 0.248 / -4.38 0.372 194.3 6.35 0.033

ice free 159.7 0.464 0.31 194.9 6.96 0.024

No weeks ice 167.3 2.502 0.22 197.7 9.77 0.006

SST.GSL6.JAN 192.7 -19.79 0.202 198.5 10.54 0.004

NAO March 213.1 6.246 0.173 199.4 11.5 0.003

Week max ice 250.4 -0.577 0.166 199.6 11.71 0.002

Days effort July 236 -1.106 ns 203.5 15.53 0

Total effort J/J 225.9 -0.358 ns 204.3 16.38 0

First day effort 176 0.245 ns 204.4 16.46 0

Days effort July 218.7 -0.271 ns 205 17.04 0

Selection of models for fin whale arrival (1985–2009) ordered by AICc. r2 values given only for models in which the covariates was significant. ns stands

for non-significant covariates

doi:10.1371/journal.pone.0121374.t002
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Discussion
Inferring from the results for mean first sighting date, fin and humpback whales arrived earlier
in the study area over the 27 years of the study, in line with general predictions [34]. However,
the rate of change of>1day earlier per year is, to our knowledge, undocumented. Both species
also left the study area earlier, as inferred frommean last sighting date, as observed in many

Fig 3. Mean annual arrival date of fin whales (Bp) and the first week the Gulf of St. Lawrence was ice-free.

doi:10.1371/journal.pone.0121374.g003

Table 3. Model Results Humpback whales.

model intercept slope r2 AICc ΔAICc AICc weight

SST.GSL6.JAN 192.6 -33.67 0.47 178.3 0 0.76

SST.GB.JAN 253.5 -6.50 0.27 180.9 2.62 0.205

SST.CB.JAN 231.7 -9.94 0.2 185.7 7.46 0.018

NAO.OCT 234.4 6.51 0.15 187.8 9.54 0.006

SST.GSL.DEC 238 -10.01 0.09 189.1 10.86 0.003

First day effort 336.1 -0.65 ns 190.6 12.37 0.002

SST.CB.DEC 243.2 -4.50 ns 191.2 12.92 0.001

No weeks ice 197.4 1.74 ns 191.4 13.18 0.001

First week ice free 200.9 0.25 ns 191.5 13.29 0.001

Days effort June 223.1 0.78 ns 192.2 13.99 0.001

Week max ice 216.8 -0.20 ns 192.8 14.57 0.001

Total effort J/J 243.3 0.05 ns 193.3 15.01 0

Days effort July 230.4 0.04 ns 193.6 15.33 0

Selection of models for mature humpback whale arrival ordered by AICc. r2 values given only for models in which the covariate was significant. ns stands

for non-significant covariates. Only the covariates of the first five models were significant. No combination with two covariates yielded significant results.

doi:10.1371/journal.pone.0121374.t003
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other species [11,17]. Humpback whale departure shifted at the same pace as arrival, thus keep-
ing the residency time almost constant. The trend towards an earlier departure date of fin whales
was less pronounced than for the arrival date, increasing the residency time, but that increase is
subject to small sample bias in the first two years. Thus, there is only weak evidence that fin
whales increased their residency time in the study area, and none for humpback whales.

The Jacques Cartier Passage is an important summer feeding area for both species, with
many individuals returning every year, as indicated by high recapture rates [59,60], but it rep-
resents only a fraction of the potential summer range for both populations. Individuals of both
species thus likely spent only a part of the summer in our study area and the residence times
calculated here do not represent their entire feeding season. Fin whales are thought to spend
the winter outside the Gulf of St. Lawrence and move in with the retreating ice [43] and then
follow the plankton bloom further north [61], but their winter distribution is unknown. For
humpback whales, we know when they depart from the breeding grounds [62] and it is clear
that the arrival date calculated here does not represent the arrival direct from the wintering
grounds. They arrive in the feeding latitudes already in May and June and stay until October or
even later [62]. However, whether we consider the classic migration from the winter grounds
or the within season movements between different summer feeding areas, both species showed
the same behavioural adaptation and advanced their temporal occurrence in the Jacques Car-
tier Passage by one month.

The observed change in phenology of these populations is based on the observation of many
re-sighted whales over the study period, showing remarkable adaptation of the individual ani-
mals to changing conditions and highlighting the phenotypic plasticity of these species. We ob-
served many of the same individuals at the beginning and the end of the study period, thus
there is no evidence that animals left the study area and moved pole-ward, as some studies
have predicted [33]. However, our results are limited by the size of the study area and animals
could have probed further north before or after their occurrence in the study area.

Fin whale arrival in the Gulf of St. Lawrence followed the shift in the date of the ice break
up, as first suggested many years ago [43]. The influence of SST inside Cabot Strait (Fig. 1) is
likely related to the spatial and temporal ice coverage and could serve as a signal to the whales
that it is time to move back into the Gulf of St. Lawrence. There was a time lag of 13–15 weeks
between when this area became totally ice-free and the arrival of the fin whales in the Jacques
Cartier Passage. This period is similar to the time lag estimated in the Azores, where fin and
humpback whales appear to arrive 15 weeks after the onset of the spring bloom to feed on eu-
phausiid species when en route to high latitude summer feeding grounds [61]. For humpback
whales, we assume that the influence of SST in January in the Gulf of St. Lawrence on arrival
date must constitute a proxy for larger scale environmental variation because at this time
humpback whales are in the West Indies on the breeding grounds approximately 4,000 kilome-
ters south of the Gulf of St. Lawrence. However, the only large-scale climate variable included
in our models, the North Atlantic Oscillation index, did not correlate well with the observed
change in arrival date. It is unknown where humpback whales are located between their arrival
in higher latitudes from the breeding grounds and their arrival in the Jacques Cartier Passage
but environmental changes may have triggered an earlier departure from this unknown loca-
tion and thus earlier arrival in the Gulf of St. Lawrence.

Fin and humpback whales are generalist feeders and the arrival of the whales in the Gulf of
St Lawrence is related to the temporal and spatial distribution of the arrival of their prey. The
start of the spring phytoplankton bloom depends on temperature and light conditions [16] and
earlier ice break-up coupled with higher SST leads to a progressively earlier bloom followed by
the earlier growth of populations of primary and then secondary consumers. Thus, the earlier
arrival of fin and humpback whales enables timely feeding on these prey species.

Seasonal Shift of Whale Movement due to Warmer Ocean
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Humpback whales arrive in the Gulf of St Lawrence about 2 weeks later than fin whales.
Analysis of the isotopic niche in this area between 1992 and 2010 revealed that humpback
whales fed at a higher trophic level compared to fin whales [38] implying that the difference in
timing of arrival may reflect a difference in prey preference. A possible explanation for the ob-
served temporal separation between fin and humpback whales is niche partitioning to reduce
competition. Our results show that the temporal separation between these two species has so
far largely been maintained despite the shift towards earlier arrival times. However, our results
also show that this temporal separation may have started to erode due to the weak evidence for
longer residency times of fin whales.

Short-distance migrants seem to adapt better to climate change than long-distant migrants
[17,18]. Some Northern Hemisphere bird species have shortened their migration distance by
establishing wintering grounds further north [10,63], while other bird species have ceased to
migrate altogether [64]. For baleen whales, gray whale (Eschrichtius robustus) calls have been
recorded in the winter off Alaska, indicating that some individuals may have ceased to migrate
annually [65]. While bird species breed and feed at high latitudes during the summer, most ba-
leen whales feed only during the summer. When sea ice covers the Gulf of St. Lawrence, fin
whales are assumed to winter only a few hundred kilometers away off the coast of Nova Scotia
[43]. As the winter sea ice coverage decreases in the Gulf of St. Lawrence, so may the need for
fin whales to migrate. A subpopulation of fin whales in the Mediterranean Sea that is distinct
from conspecifics in the North Atlantic does not migrate long distances but feeds during the
winter and may reproduce year-round [66–68]. If the patterns described here for fin whales in
the Gulf of St. Lawrence continue, and noting that they show flexibility regarding where they
give birth [23], it is tempting to speculate that continuing warming could lead to a discrete
year-round population of fin whales in the Gulf of St Lawrence if parts of it become ice-free
in winter.

There is, to our knowledge, no indication that humpback whales have shifted their timing of
arrival at or departure from their breeding grounds in the West Indies. The results presented
here indicate, rather, an earlier inshore movement within northern latitudes. Humpback whale
feeding aggregations throughout the North Atlantic show a wide variation in migration dis-
tances [41]. Those populations feeding at temperate latitudes may simply extend their annual
migration further north as their prey retreat northbound in response to elevated SST [69], as
several studies have predicted, thus increasing interspecific competition with northern species
[70,71]. The continuing rise in ocean temperatures could eventually cause problems for long
distance migrating humpback whales to time their arrival in the feeding grounds with the oc-
currence of their main prey. Extreme changes, such as shown in this study, and pressure to
adapt further to accommodate ongoing rising SST are likely to affect population dynamics as
shown for other marine migrants [72,73] and future studies should test for effects of climate
change on population dynamics and health.

Fin and humpback whales in the Gulf of St. Lawrence have shifted their phenology at a pre-
viously undocumented pace over the last 27 years. Both species have adapted their seasonal
movement to the shift in productivity in one of their prime feeding grounds in the North At-
lantic. Whether this pattern can continue as ocean temperatures increase is an open question
and the implications for these two species in the region are uncertain but could be profound.
The phenotypic plasticity of these long-lived marine predators shown in our analysis is notable
and may explain how they have coped with past fluctuations in climate. However, it remains
questionable for how much longer they can adapt to further rapid environmental change. Sub-
stantial modification to their distribution or annual life cycle might be required to keep up with
the continuing warming of the oceans, and the implications might be more severe for the
humpback whale with more distant breeding grounds.
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S3 Fig. Departure date of individual fin whales. All first sightings with the linear trend (red
line) laying within the upper and lower 95% confidence intervals (dashed black lines) of the
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S4 Fig. Departure date of individual humpback whales. All first sightings with the linear
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S2 Table. Model Results. Estimated regression slopes (SE) for the annual trend in arrival,
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dicate results used in the manuscript. In mixed effect models, individual whales were defined
as random effects.
(DOCX)

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121374.s011


Acknowledgments
We thank the numerous MICS volunteers over the last 30 years for the data collection. Mike
Lonergan, Fleur Visser, David Johnston, Lucia Martin Martina Lopez helped in various stages
of the manuscripts with insights, ideas and comments. Comments from Thomas Doniol-
Valcroze, Jooke Robbins and two anonymous reviewers improved the manuscript considerably.

Author Contributions
Conceived and designed the experiments: CR JD RS. Performed the experiments: CR JD RS.
Analyzed the data: CR PSH. Contributed reagents/materials/analysis tools: CR PJP PSH.
Wrote the paper: CR JD PJP RS PSH.

References
1. Dingle H, Drake VA. What Is Migration? BioScience. 2007; 57: 113–121.

2. Meyers GS. Usage of Anadeomous, Catadromous and Allied Terms for Migratory Fishes. Copeia.
1949; 1949(2): 89–97.

3. Mauchline J, Fisher JR. The biology of euphausiids. Adv Mar Biol. 1969; 7: 1–454.

4. Dingle H. Migration: The Biology of Life on the Move. 1st ed. New York: Oxford University Press;
1996.

5. Greenberg R, Marra PP. Birds of two worlds: the ecology and evolution of migration. 1st ed. Baltimore:
John Hopkins University Press; 2005.

6. Robinson R, Crick H, Learmonth J, Maclean I, Thomas C, Bairlein F, et al. Travelling through a warming
world: climate change and migratory species. Endanger Species Res. 2009; 7: 87–99.

7. Both C, Visser ME. Adjustment to climate change is constrained by arrival date in a long-distance mi-
grant bird. Nature. 2001; 411: 296–298 PMID: 11357129

8. Lehikoinen E, Sparks TH, Zalakevicius M. Arrival and departure dates. Adv Ecol Res. 2004; 35: 1–31.

9. Moore SE, Laidre KL. Trends in sea ice cover within habitats used by bowhead whales in the western
Arctic. Ecol Appl. 2006; 16: 932–944. PMID: 16826993

10. Väisänen RA., Solonen T. Population trends of 100 winter bird species in Finland in 1957–1996. Lin-
nut-vuosikirja. 1997; 70–97. (In Finnish with English Summary).

11. Van Buskirk J, Mulvihill RS, Leberman RC. Variable shifts in spring and autumn migration phenology in
North American songbirds associated with climate change. Glob Chang Biol. 2009; 15: 760–771.

12. Both C, Visser ME. The effect of climate change on the correlation between avian life-history traits.
Glob Chang Biol. 2005; 11: 1606–1613.

13. Bergerud AT, Luttich SN, Camps L. The Return of Caribou to Ungava. Montreal: McGill and Queens
University Press; 2007.

14. Sparks TH, Menzel A. Observed changes in seasons: an overview. Int J Climatol. 2002; 22: 1715–1725

15. Visser ME, Both C, Lambrechts MM. Global climate change leads to mistimed avian reproduction. Adv
Ecol Res. 2004; 35: 89–110.

16. Edwards M, Richardson AJ. Impact of climate change on marine pelagic phenology and trophic mis-
match. Nature. 2004; 430: 881–884. PMID: 15318219

17. Jenni L, Kéry M. Timing of autumn bird migration under climate change: advances in long-distance mi-
grants, delays in short-distance migrants. Proc R Soc B Biol Sci. 2003; 270: 1467–1471. PMID:
12965011

18. Both C, Bouwhuis S, Lessells CM, Visser ME. Climate change and population declines in a long-dis-
tance migratory bird. Nature. 2006; 441: 81–83. PMID: 16672969

19. Corkeron PJ, Connor RC. Why do baleen whales migrate? Mar Mammal Sci. 1999; 15: 1228–1245.

20. Robbins J, Dalla Rosa L, Allen J, Mattila D, Secchi E, Friedlaender AS, et al. Return movement of a
humpback whale between the Antarctic Peninsula and American Samoa: a seasonal migration record.
Endanger Species Res. 2011; 13: 117–121.

21. Horton TW, Holdaway RN, Zerbini AN, Hauser N, Garrigue C, Andriolo A, et al. Straight as an arrow:
humpback whales swim constant course tracks during long-distance migration. Biol Lett. 2011; 7: 674–
679. doi: 10.1098/rsbl.2011.0279 PMID: 21508023

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11357129
http://www.ncbi.nlm.nih.gov/pubmed/16826993
http://www.ncbi.nlm.nih.gov/pubmed/15318219
http://www.ncbi.nlm.nih.gov/pubmed/12965011
http://www.ncbi.nlm.nih.gov/pubmed/16672969
http://dx.doi.org/10.1098/rsbl.2011.0279
http://www.ncbi.nlm.nih.gov/pubmed/21508023


22. DawbinWH. The seasonal migratory cycle of humpback whales. In: Norris KS, editor. Whales, Dol-
phins and Porpoises. Berkeley Los Angeles: University of California Press; 1966 pp. 145–170.

23. Ingebrigtsen A. Whales caught in the North Atlantic and other seas. Rapp Proces-verbaux des Ré-
unions Cons Int pour l’Éxploration la Mer. 1929; 56: 1–26.

24. Barnes L. Whales, dolphins, and porpoises: origin and evolution of the Cetacea. In: Broadhead T, edi-
tor. Mammals: Notes for a Short Course organized by P.D. Gingerich and C. E. Badgley. Knoxville:
University of Tennessee. 1984. pp. 139–158.

25. Huber C, Leuenberger M, Spahni R, Flückiger J, Schwander J, Stocker TF, et al. Isotope calibrated
Greenland temperature record over Marine Isotope Stage 3 and its relation to CH4. Earth Planet Sci
Lett. 2006; 243: 504–519.

26. Schmidt M, Hertzberg J. Abrupt Climate Change During the Last Ice Age. Nat Educ Knowl. 2011; 3: 1–10.

27. Chittleborough R. Dynamics of two populations of the humpback whale,Megaptera novaeangliae (Bor-
owski). Aust J Mar Freshw Res. 1965; 16: 33–128.

28. George JC, Bada J, Zeh J, Scott L, Brown SE, O'Hara T, et al. Age and growth estimates of bowhead
whales (Balaena mysticetus) via aspartic acid racemization. Can J Zool. 1999; 77: 571–580.

29. Williams TM. The evolution of cost efficient swimming in marine mammals: limits to energetic optimiza-
tion. Philos Trans R Soc B Biol Sci. 1999; 354: 193–201.

30. Brodie P. Cetacean Energetics, an overview of intraspecific size variation. Ecology. 1975; 56: 152–
161.

31. Sears R, Larsen F. Long range movements of a blue whale (Balaenoptera musculus) between the Gulf
of St. Lawrence andWest Greenland. Mar Mammal Sci. 2002; 18: 281–285.

32. Jacobsen K, Marx M,Øien N. Two-way trans-Atlantic migration of a North Atlantic right whale (Euba-
laena glacialis). Mar Mammal Sci. 2006; 20: 161–166.

33. Moore SE, Huntington HP. Arctic marine mammals and climate change: impacts and resilience. Ecol
Appl. 2008; 18 2. Suppl: s157–s165. PMID: 18494369

34. Learmonth JA, Macleod CD, Santos MB, Pierce GJ, Robinson RA. Potential effects of climate change
on marine mammals. Oceanogr Mar Biol An Annu Rev.2006; 44: 431–464.

35. Hazen EL, Jorgensen S, Rykaczewski RR, Bograd SJ, Foley DG, Jonsen ID, et al. Predicted habitat
shifts of Pacific top predators in a changing climate. Nat Clim Chang. 2012; 3: 234–238..

36. Kaschner K, Tittensor DP, Ready J, Gerrodette T, Worm B. Current and future patterns of global marine
mammal biodiversity. PLoS One 2011; 6: e19653. doi: 10.1371/journal.pone.0019653 PMID:
21625431

37. Sigurjónsson J. On the life history and autecology of North Atlantic rorquals. In: Blix AS, Walløe L, Ull-
tangØ, editors. Whales, seals, fish and man. Elsevier Science; 1995. pp. 425–441.

38. Gavrilchuk K, Lesage V, Ramp C, Sears R, Bérubé M, Bearhop S, et al. Trophic niche partitioning
among sympatric baleen whale species following the collapse of groundfish stocks in the Northwest At-
lantic. Mar Ecol Prog Ser. 2014; 497: 285–301.

39. Doniol-Valcroze T. Habitat selection and niche characteristics of rorqual whales in the northern Gulf of
St. Lawrence (Canada), Phd thesis, McGill University, Montreal. 2008.

40. Whitehead H, Moore MJ. Distribution and movements of West Indian humpback whales in winter. Can
J Zool. 1982; 60: 2203–2211.

41. Stevick PT, Allen J, Bérubé M, Clapham PJ, Katona SK, Larsen F, et al. Segregation of migration by
feeding ground origin in North Atlantic humpback whales (Megaptera novaeangliae). J Zool. 2003; 259:
231–237.

42. Katona SK, Beard JA. Population size, migrations and feeding aggregations of the humpback whale
(Megaptera novaeangliae) in the western North Atlantic Ocean. Rep Int Whal CommSpec Issue. 1990;
12: 295–305.

43. Sergeant DE. Stocks of fin whales Balaenoptera physalus L. in the North Atlantic Ocean. Rep Int Whal
Commision. 1977; 27: 460–473.

44. International Whaling Commission. Report of the Scientific Committee, Report of the Sub-committee on
the Revised Management Procedure, Annex D, Appendix 6. J Cetacean Res Manag. 2009; 11: 114–
131.

45. IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change. Stocker TF, Qin D, Plattner
G-K, Tignor M, Allen SK, et al., editors. Cambridge, United Kingdom and New York, NY, USA: Cam-
bridge University Press. 2013.

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/18494369
http://dx.doi.org/10.1371/journal.pone.0019653
http://www.ncbi.nlm.nih.gov/pubmed/21625431


46. Le Fouest V, Zakardjian B, Saucier FJ, Starr M. Seasonal versus synoptic variability in planktonic pro-
duction in a high-latitude marginal sea: The Gulf of St. Lawrence (Canada). J Geophys Res. 2005; 110:
1–21.

47. DFO. Department of Fisheries and Oceans. 2010 Canadian Marine Ecosystem Status and Trends Re-
port. DFO Can Sci Advis Sec Sci Advis Rep 2010/030(Revised) 030. 2010

48. Galbraith PS, Chasse J, Larouche P, Brickman D, Devine L, Lafleur C. Physical Oceanographic Condi-
tions in the Gulf of St. Lawrence in 2012. DFO Can Sci Advis Sec Res Doc. 2013; 026: v + 89pp.

49. Kingsley MCS, Reeves RR. Aerial surveys of cetaceans in the Gulf of St. Lawrence in 1995 and 1996.
Can J Zool. 1998; 76: 1529–1550.

50. Katona S, Whitehead H. Identifying humpback whales using their natural markings. Polar Rec. 1981;
20: 439–444.

51. Agler BA, Beard JA, Bowman RS, Corbett HD, Frohock SE, Sadove SS, et al. Fin whale (Balaenoptera
physalus) photographic identification: Methodology and preliminary results from theWestern North At-
lantic. Rep Int Whal CommSpec Issue. 1990; 12: 349–356.

52. Barco SG, McLellan WA, Allen JM, Asmutis-Silvia RA, Mallon-Day R, Meacher EM, et al. Population
identity of humpback whales (Megaptera novaeangliae) in the waters of the USmid-Atlantic states.
J Cetacean Res Manag. 2002; 4: 135–141.

53. Clapham P. Social organization of humpback whales on a North Atlantic feeding ground. Symp Zool
Soc London. 1993; 66: 131–145.

54. Casey KS, Brandon TB, Cornillon P, Evans R. The Past, Present, and Future of the AVHRR Pathfinder
SST Program. In: Barale V, Gower JFR, Alberotanza L, editors. Oceanography from Space. Springer
Netherlands; 2010. pp. 273–287.

55. Petrie B, Drinkwater K, Sandström A, Pettipas R, Greogory D, et al. Temperature, salinity and sigmat-t
atlas for the Gulf of St. Lawrence. Fisheries & Oceans Canada, Martimes Region, Ocean Sciences Dvi-
sion, Bedford Institute of Oceanography. Can. Tech. Rep. Hydrogr. Ocean Sci. 1996; 178. v +256pp.

56. Parsons JL, Brownlie JE. Distribution and abundance of marine mammals of the Grand Banks, 1980–
1981. MacLaren Plansearch Final Report to Mobil Oil Canada Ltd., Grand BanksWildlife Study,
St. John's. 1981.

57. Akaike H. Prediction and Entropy. In: Atkinson AC, Fienberg SE, editors. A celebration of statistics: the
ISI Centenary Volume. New York: Springer Verlag; 1985. pp. 1–24.

58. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria. 2011; ISBN 3-900051-07-0, URL http://www.R-project.org/. R Found Stat
Comput 1

59. Ramp C, Bérubé M, Palsbøll P, HagenW, Sears R. Sex-specific survival in the humpback whaleMega-
ptera novaeangliae in the Gulf of St. Lawrence, Canada. Mar Ecol Ser. 2010; 400: 267–276.

60. Ramp C, Delarue J, Bérubé M, Hammond P, Sears R. Fin whale survival and abundance in the Gulf of
St. Lawrence, Canada. Endanger Species Res. 2014; 23: 125–132.

61. Visser F, Hartman K, Pierce G, Valavanis V, Huisman J. Timing of migratory baleen whales at the
Azores in relation to the North Atlantic spring bloom. Mar Ecol Prog Ser. 2011; 440: 267–279.

62. Robbins J. Structure and dynamics of the Gulf of Maine humpback whale population. PhD thesis, Uni-
versity of St. Andrews, Great Britain. 2007.

63. Svazas S, Meissner W, Serebryakov V, Kozulin A, Grishanov G. Changes of wintering sites of water-
fowl in Central and Eastern Europe. Oiseaux Migrateurs du Paléarctique Occidental (OMPO) Vilnius &
Lithuanian Institute of Ecology, Vilnius. 2001

64. Fiedler W, Bairlein F, Köppen U. Using Large-Scale Data from Ringed Birds for the Investigation of Ef-
fects of Climate Change on Migrating Birds: Pitfalls and Prospects. Adv Ecol Res. 2004; 35: 49–67.

65. Stafford K, Moore S, Spillane M, Wiggins S. Gray whale calls recorded near Barrow, Alaska, throughout
the winter of 2003–04. Arctic. 2007; 60: 167–172.

66. Bérubé M, Aguilar A, Dendanto D, Larsen F, Notarbartolo di Sciara G, Sears R, et al. Population genetic
structure of North Atlantic, Mediterranean Sea and Sea of Cortez fin whales, Balaenoptera physalus
(Linnaeus 1758): analysis of mitochondrial and nuclear loci. Mol Ecol. 1998; 7: 585–599. PMID:
9633102

67. Notarbartolo di Sciara G, Zanardelli M, JahodaM, Panigada S, Airoldi S. The fin whale Balaenoptera
physalus (L. 1758) in the Mediterranean Sea. MammRev. 2003; 33: 105–150.

68. Canese S, Cardinali A, Fortuna CM, Giusti M, Lauriano G, Salvati E, et al. The first identified winter
feeding ground of fin whales (Balaenoptera physalus) in the Mediterranean Sea. J Mar Biol Assoc UK.
2006; 86: 903–907.

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 14 / 15

http://www.R-project.org/
http://www.ncbi.nlm.nih.gov/pubmed/9633102


69. Melvin GD, Stephenson RL, Power MJ. Oscillating reproductive strategies of herring in the western At-
lantic in response to changing environmental conditions. ICES J Mar Sci. 2009; 66: 1784–1792.

70. Simmonds MP, Eliott WJ. Climate change and cetaceans: concerns and recent developments. J Mar
Biol Assoc UK. 2009; 89: 203–210.

71. Tynan CT, DeMaster DP. Observations and Predictions of Arctic Climatic Change: Potential Effects on
Marine Mammals. Arctic.1997; 50: 308–322.

72. Leaper R, Cooke J, Trathan P, Reid K, Rowntree V, Payne R. Global climate drives southern right
whale (Eubalaena australis) population dynamics. Biol Lett. 2006; 2: 289–292. PMID: 17148385

73. Hawkes L, Broderick A, Godfrey M, Godley B. Climate change and marine turtles. Endanger Species
Res. 2009; 7: 137–154.

Seasonal Shift of Whale Movement due to Warmer Ocean

PLOSONE | DOI:10.1371/journal.pone.0121374 March 18, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/17148385

