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1.  INTRODUCTION 

The North Atlantic right whale Eubalaena glaci alis, 
hereafter ‘right whale’, is a Critically Endangered 
species (Cooke 2020); current estimates indicate that 
there are approximately 340 individuals left in the 
world (Pettis et al. 2023). Right whales were hunted 
almost to extinction following centuries of whaling 
that ended in 1935, when international protection for 
this species commenced (Reeves et al. 2007). In the 
absence of whaling, the western North Atlantic popu-
lation had in creased to 476 individuals by 2010 (Davis 
et al. 2017). However, population size has since been 

de clining due to other anthropogenic stressors (Sharp 
et al. 2019); ship strikes and entanglement in fishing 
gear have been the leading causes of right whale 
death for the past 30 yr (Kraus et al. 2016, Pettis et al. 
2022). Right whales are likely to become extinct if 
drastic conservation measures are not initiated (Kraus 
et al. 2016, Meyer-Gutbrod & Greene 2017, Stokstad 
2017). 

Right whales are one of the most intensively studied 
whale species due to their endangered status; how-
ever, their distribution is not completely understood. 
Right whales are known to migrate seasonally along 
the eastern coast of North America, but their route 
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may vary between individuals and sex (Kraus et al. 
2007). The seasonal distribution of right whales is 
linked to the distribution of their preferred prey, the 
calanoid copepod Calanus finmarchicus (Mayo & 
Marx 1990, Pendleton et al. 2012). In the spring and 
summer, the population tends to migrate to foraging 
grounds off the coast of Atlantic Canada, but the 
whales do not demonstrate strong fidelity to these lo-
cations (Baumgartner & Mate 2005, Davis et al. 2017). 
The 5 major foraging locations include Cape Cod Bay 
in winter and early spring; the Great South Channel 
in late spring and summer; and the Bay of Fundy, 
Roseway Basin, and in recent years, the Gulf of St. 
Lawrence, in the summer and autumn (Fig. 1; Hlista 
et al. 2009, Davis et al. 2017, Pettis et al. 2022). During 
the winter, most pregnant females consistently travel 
south to their calving grounds off the coasts of Florida 
and Georgia (Davis et al. 2017). The winter range for 
non-reproductive individuals can in clude waters from 
the Gulf of Maine south to the calving grounds (Kraus 

& Rolland 2007, Davis et al. 2017). Although right 
whale migration is well studied, individuals may go 
for months (especially in the winter) or years without 
being sighted (Hamilton et al. 2007). Cole et al. (2013) 
suggested that lack of right whale sightings in the 
winter may be associated with use of alternative 
breeding grounds. Further, spo radic sightings of indi-
viduals from this population have been reported in 
the central and eastern North Atlantic in historic feed-
ing grounds (Smith et al. 2006). Given the patchiness 
of such sighting data, additional methods of estimating 
right whale distribution will be valuable to furthering 
conservation efforts. 

Since 2010, the summer right whale distribution 
has shifted northward from the Bay of Fundy into the 
Gulf of St. Lawrence (Davies et al. 2019, Right Whale 
Consortium 2020, Meyer-Gutbrod et al. 2021, 2023; 
Fig. 1). Historically, the Gulf of St. Lawrence was a 
known whaling region (Reeves et al. 2007); however, 
only a small number of right whales has been re -

corded in this region until recent years 
(Brown et al. 2007). In ad dition to the 
summer distribution shift, more right 
whales are spending their winter and 
spring months in southern New Eng-
land shelf waters since 2015 (O’Brien 
et al. 2022). These distribution shifts, 
which also occur red for other baleen 
whale species in this region around 
2010 (Davis et al. 2020), are due to cli-
mate change and the shift in distri-
bution of their prey (Record et al. 
2019, Meyer-Gutbrod et al. 2023). The 
abundance of C. fin mar chi cus in the 
Gulf of Maine has de creased in the 
past 10 yr due to rapid ocean warming 
(Record et al. 2019, Meyer-Gutbrod et 
al. 2021). Right whales have been 
known to shift their feeding grounds 
when the zooplankton communities 
change (Patrician & Kenney 2010). 
The distribution shift that began in 
2010 is considered to be atypical 
because the species has never been 
re corded in large abundance so far 
north on a yearly basis; up to half of 
the population is now venturing into 
the Gulf of St. Lawrence every sum-
mer (Right Whale Consortium 2020, 
Crowe et al. 2021, Pettis et al. 2021). 

Increased presence of right whales 
in the Gulf of St. Lawrence has re -
sulted in significant concern re garding 
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Fig. 1. Locations of summer (May to October) sightings of 12 right whales in -
cluded in our analysis. There were no summer sightings of Eg#1014. Blue 
points represent sightings before 2010 when whales frequented the Bay of 
Fundy. Orange points represent sightings after 2010, indicating a northward 
shift in summer range. Sighting data were obtained from the North Atlantic  
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the viability of the species. Between 2017 and 2022, 
21 right whales died in these and nearby waters from 
ship strikes, entanglement, or undetermined causes 
(Daoust et al. 2018, Sharp et al. 2019, Bourque et al. 
2020). Recently, new regulations on ship speed and 
fishing zones have been enacted in the Gulf of St. 
Lawrence (Davies & Brillant 2019). However, popula-
tion models indicated that the species was already at 
significant risk of extinction prior to 2005 and that 
risk will have only increased as the population has 
continued to decrease in recent years (Kraus et al. 
2005, NOAA Fisheries 2022). Because the fishing and 
shipping industries use the same areas as the whales, 
and compatibility seems to be limited, there is an ur-
gent need to identify all locations critical for right 
whale persistence. 

Our understanding of right whale distribution and 
movement patterns is imperfect because it is based 
on tracking methods, such as passive acoustic moni-
toring, visual observations, and satellite tagging, all 
of which have many uncertainties (Baumgartner & 
Mate 2005, Moore et al. 2013, Davis et al. 2017). Pas-
sive acoustic monitoring can only detect whales 
when they are vocalizing within 8−16 km from the 
receivers, and variation in whale behaviour and 
environmental conditions can alter sound detection 
and propagation, thus impacting the results (Davis et 
al. 2017, Durette-Morin et al. 2019). Visual surveys 
are helpful for knowing an individual’s location at 
specific periods of time, but the data rely on chance 
that researchers, fishers, whale-watching tours, or 
others encounter them at the surface. Lastly, satellite 
tagging is the least common method for tracking 
right whales, although its use on right whales has in -
creased in recent years. Satellite tagging can be dif-
ficult due to logistical challenges, and its use has 
raised concerns due to its invasiveness and potential 
to cause harmful wounds (Moore et al. 2013). Other 
methods have thus been developed to understand 
the right whales’ distribution when they are not 
within distance of acoustic receivers and when they 
are not being observed via visual surveys. 

Stable isotope analysis (SIA) is a tool that is widely 
used in migration and distribution studies and is par-
ticularly useful for identifying habitat of species that 
are wide-ranging but difficult to locate (Jennings & 
Warr 2003, Trueman & Glew 2019, Wassenaar 2019). 
The stable isotope values of an animal’s tissues ref lect 
those of its prey in a predictable manner  (Busquets-
Vass et al. 2017). The geographical origin of an orga -
nism can sometimes be inferred from stable isotope 
values of its tissues, based on spatially explicit pat-
terns in isotope values (‘isoscapes’) of e.g. particulate 

organic matter (Wassenaar 2019). Isotopes can also be 
used to quantify bionomic elements of an organism’s 
ecological niche by measuring the area (in δ-space) of 
the isotopic values as coordinates, known as the iso-
topic niche (Newsome et al. 2007). The isotopic niche 
is a powerful tool to understand the ecology of organ-
isms, as it is reflective of both trophic niche and the 
scenopoetic dimensions of the ecological niche, such 
as habitat characteristics (e.g. environmental temper-
ature) (Newsome et al. 2007, Jackson et al. 2011). 
Carbon (δ13C) and nitrogen (δ15N) stable isotope ratios 
are commonly used for investigating marine animal 
migration and foraging ecology (Larson & Hobson 
2009, Hobson 2019, Trueman & Glew 2019). Of inter-
est in our study is the capacity to use isotopic profiles 
in whale baleen plates to explore the habitat use and 
distribution of these right whales before and after a 
major distribution shift (Best & Schell 1996, Summers 
et al. 2006, Lysiak 2008, Busquets-Vass et al. 2017, 
Das et al. 2017, Reiss et al. 2020, Teixeira et al. 2022). 

Right whale mouths contain 2 rows of piliferous 
baleen plates that filter zooplankton from the water 
column. Baleen is made of keratin and grows contin-
uously. As whales forage, they incorporate isotopes 
from assimilated prey into the actively growing base 
of the baleen plate so that the newest tissue growth 
reflects the food sources over the last 2 wk (Best & 
Schell 1996, Lysiak 2008, Matthews & Ferguson 
2015, Eisenmann et al. 2016). Because keratin in ba -
leen plates is metabolically inert after erupting from 
the whale gum, the isotopic record is conserved for 
as long as the baleen remains intact (Busquets-Vass 
et al. 2017, Werth et al. 2020). Adult right whale 
baleen grows at a stable rate of approximately 24 cm 
yr−1 to a length of ~2 m, offering a time series that can 
provide insight into the last 10 yr of a whale’s life 
(Hunt et al. 2016, Lysiak et al. 2018). 

Stable isotope ratios along the length of the baleen 
plate generally form an annual oscillating pattern 
which has been attributed to migration of whales 
through isotopically distinct regions of their range 
(Best & Schell 1996, Lysiak 2008). Spatial variation in 
the isotopic composition of their zooplankton prey is 
thought to drive isotopic oscillations observed in 
right whale baleen (Lysiak 2008, McMahon et al. 
2013, Oczkowski et al. 2016). Zooplankton in the 
western North Atlantic tends to be enriched in 15N at 
higher latitudes, and δ13C varies in patches across 
the right whale migratory range (McMahon et al. 
2013). Both δ13C and δ15N are elevated closer to shore 
due to nutrient runoff (Oczkowski et al. 2016). There 
is uncertainty on the interpretation of the isotope 
profiles of baleen because factors other than migra-
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tion can be influencing the oscillating pattern, such 
as the effect of consumer metabolism (Post 2002, 
Lysiak 2008, McMahon & Newsome 2019). During 
the winter, zooplankton is limited, and the whales 
that travel to southern waters go through a fasting 
period (Pendleton et al. 2012, Record et al. 2019). 
These periods may affect isotopic profiles of the 
baleen (e.g. elevating δ15N values) because the 
whales may catabolize endogenous proteins and fats 
to meet energetic needs when zooplankton are 
scarce (Hobson et al. 1993, Best & Schell 1996). 

Previous studies on mysticetes showed correlated 
and non-correlated δ15N and δ13C cycles along their 
baleen plates (Best & Schell 1996, Caraveo-Patiño 
et al. 2007, Matthews & Ferguson 2015, Hunt et al. 
2018, Pomerleau et al. 2018, Reiss et al. 2020). For 
ex ample, bowhead whales Balaena mysticetus and 
sei whales Balaenoptera borealis have synchronous 
δ15N and δ13C cycles, which indicates that they for-
age continuously in isotopically distinct regions 
throughout their distribution (Matthews & Ferguson 
2015, Pomerleau et al. 2018, Reiss et al. 2020). On 
the other hand, gray whales Eschrichtius robustus 
and blue whales Balaenoptera musculus showed no 
correlation between δ15N and δ13C (Caraveo-Patiño 
et al. 2007, Hunt et al. 2018). Such distinct δ15N and 
δ13C oscillations indicate that whales either (1) 
migrate annually between δ15N distinct regions, but 
not δ13C, (2) shift the trophic level of their diet an -
nually, or (3) fast during seasonal changes in food 
availability (Hobson et al. 1993, Hobson & Schell 
1998, Aguilar et al. 2014, Matthews & Ferguson 
2015). Isotope data on North Atlantic right whales 
is scarce (Summers et al. 2006, Hunt et al. 2016, 
2018, Lysiak et al. 2018), al though Lysiak (2008) 
did find a weak positive correlation between δ15N 
and δ13C, which was attributed to foraging in iso-
topically distinct regions. There is a need to further 
explore the relationship between δ15N and δ13C in 
baleen so that we can infer right whale migration 
and feeding behaviours, which may provide valu-
able information for management and conservation 
efforts. 

Many ecological studies investigate resource use 
and population dynamics at the population scale, 
assuming that conspecifics are identical (Bolnick et 
al. 2003). However, it is important to consider indi-
vidual variation in foraging and behaviour across 
the population, as it has potentially significant eco-
logical and conservation implications (Bolnick et al. 
2003). Since right whales are zooplankton special-
ists that feed primarily on C. finmarchicus, it is 
assumed that their isotopic niche width will be sim-

ilar between individuals. However, individual right 
whales have plastic migratory behaviours, meaning 
there is considerable variation in habitat use be -
tween individuals and inter-annually within indi-
viduals (Lysiak 2008, Right Whale Consortium 
2020, Pettis et al. 2021). Individual variation facili-
tates the ability of a population to adapt to environ-
mental change (Bolnick et al. 2003), which is 
critical for right whales as they adapt to climate 
change. Assessing individual differences in the iso-
topic niche width of whales will provide an im -
proved understanding of how migration and feed-
ing behaviours differ between individuals faced 
with a rapidly changing environment. 

The shift in right whale distribution identified in 
2010 was a dramatic event that has implications for 
the conservation, ecology, and stable isotope compo-
sition of right whales (Bishop et al. 2022, Ganley et al. 
2022, O’Brien et al. 2022). This paper addresses 3 
questions regarding how stable isotope ratios of 
whale baleen may reveal the implications of these 
changing migration routes: (1) Do δ13C cycles in right 
whale baleen plates correlate with δ15N cycles, and 
therefore are the whales migrating through and 
feeding within isotopically distinct regions? (2) Do 
the isotopic profiles in the baleen plates reflect the 
observed distribution shift? (3) Has individual iso-
topic variation changed since the whales shifted their 
summer feeding grounds? To investigate these ques-
tions, we used stable isotope analyses (δ13C and δ15N) 
of baleen plates collected from right whales that died 
before and after 2010. 

Previous research has shown that stable isotope 
ratios cycle annually along right whale baleen plates, 
with typically a clearer δ15N oscillating pattern (Sum-
mers et al. 2006, Lysiak 2008); therefore, if the δ13C 
and δ15N cycles correlate, then we have strong evi-
dence of annual migration in both δ13C and δ15N val-
ues. If there is no strong correlation between δ13C 
and δ15N, then there is no clear annual migration in 
δ13C and some other factor is influencing δ13C. We 
predicted that the post-2010 whales would differ in 
stable isotope ratios due to a large proportion of the 
population foraging in a new region from previous 
feeding grounds. Finally, we predicted that intra-
annual individual variation has changed since the 
whales shifted their summer feeding grounds in 
2010. Since the whales are now travelling to farther 
locations for summer feeding, it is possible individu-
als have a larger isotopic niche that reflects this 
movement. This study can help us better understand 
the sensitivity of stable isotopes regarding changes 
in right whale distribution. 
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2.  MATERIALS AND METHODS 

2.1.  Baleen collection and sample preparation 

For this study, a single baleen plate was collected 
during necropsies of 6 adult North Atlantic right 
whales that had died from ship strike or unknown 
causes, 5 of which died in the Gulf of St. Lawrence in 
the summer of 2019 and 1 individual (NARWC ID: 
Eg#1223) died in the Bay of Fundy in 1992. All 
baleen plates collected in 2019 were legally obtained 
under a Species at Risk Act permit as issued to the 
Marine Animal Response Society (Permit No. DFO-
GLF-2014-2019-01). The plates were collected op -
portunistically with non-standardized methods; how-
ever, the sampled plates were the longest plates in 
the whales’ mouths and were likely taken from the 
same central region of the baleen racks between 
individuals. The position of the plates within the 
mouth should not greatly influence the data because 
the stable isotope ratios and growth rate remain rela-
tively the same between the central plates of the 
baleen rack, compared to plates within the anterior 
and posterior regions (Werth et al. 2021). 

We removed the gum from the 5 baleen plates col-
lected in 2019 and scrubbed them with steel wool 
and water to remove surface dirt. The plates were 
then cleaned with a chloroform/methanol (2:1) solu-
tion to remove any surface lipids or oils. We meas-
ured the baleen plates from the base (new growth) to 
the tip (old growth) and marked sample locations 
every 2 cm along the outside edge of the plate. We 
drilled the baleen along the sample intervals using a 
flexible shaft rotary drill and collected the resulting 

keratin powder for SIA. The baleen plates, table, and 
drill were cleaned with 95% ethanol between every 
sample to prevent cross-contamination. 

Additional isotopic data from 8 individuals that died 
between 1992 and 2005 were obtained from Lysiak 
(2008); these data represent the ‘pre-2010’ whales 
(n = 8), and the individuals that died in the summer of 
2019 represent the ‘post-2010’ whales (n = 5). Further 
details on the individual whales included in this study 
are provided in Table 1. To ensure comparability of 
measurements, we analysed a baleen plate from a 
whale (Eg#1223, aka ‘Delilah’) included in the Lysiak 
(2008) dataset. We performed a paired-sample t-test 
of the δ15N and δ13C data from individual Eg#1223 
with Lysiak’s (2008) isotopic data from the same indi-
vidual. Results of this analysis indicate that our meas-
urements are comparable, and therefore any differ-
ences between the pre-2010 and post-2010 groups 
are not related to instrument bias (Fig. S1 in the 
 Supplement at www.int-res.com/articles/suppl/m722
p177_supp.pdf). We used Eg#1223 data of Lysiak 
(2008) in the final dataset, as it had a longer time se-
ries compared to the smaller plate that we sampled. 

2.2.  Stable isotope analysis (SIA) 

We weighed 1.0−1.2 mg of each powdered sample 
into 5 × 3.5 mm tin capsules and crimped them shut. 
Samples were analysed at the Stable Isotope in 
Nature Laboratory (SINLAB) at the University of 
New Brunswick, Canada. Carbon (δ13C) and nitro-
gen (δ15N) isotope values were analysed with an Ele-
mental Combustion System (ECS) 4010 elemental 
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Category    Whale ID    Sex     Age    Confirmed        Mortality location                        Necropsy notes                δ15N & δ13C  
                                                  (yr)       mortality                                                                                                          correlation  
                                                                                                                                                                                         coefficient 
 
Pre-2010     Eg#1223       F        12      09/05/1992            Bay of Fundy                     Vessel collision, nursing                0.19 
Pre-2010     Eg#1623      M       12      01/30/1996                Georgia                                 Vessel collision                      −0.20 
Pre-2010     Eg#1014       F        30      04/20/1999           Cape Cod Bay                           Vessel collision                      −0.23* 
Pre-2010     Eg#1238      M       19      10/29/2001      Gulf of St. Lawrence       Acute fishing gear entanglement         0.45* 
Pre-2010     Eg#1004       F        34      02/07/2004   Virginia/North Carolina          Vessel collision, pregnant               0.07 
Pre-2010     Eg#2143       F        14      01/12/2005         Georgia/Florida                 Vessel collision, pregnant             −0.02 
Pre-2010     Eg#2301       F        12      03/03/2005                Virginia                Chronic fishing gear entanglement       0.13 
Pre-2010     Eg#2617       F         9       04/28/2005     Great South Channel                     Vessel collision                        0.20 
Post-2010    Eg#4023      M        9       06/04/2019      Gulf of St. Lawrence                      Vessel collision                        0.16 
Post-2010    Eg#1281       F       38+     06/20/2019      Gulf of St. Lawrence                      Vessel collision                        0.55* 
Post-2010    Eg#1514      M      30+     06/25/2019      Gulf of St. Lawrence                      Vessel collision                        0.47* 
Post-2010    Eg#3450       F        nd      06/27/2019      Gulf of St. Lawrence                      Vessel collision                        0.19 
Post-2010    Eg#3421      M       15      07/18/2019      Gulf of St. Lawrence                       Undetermined                        0.43*

Table 1. Individual characteristics, mortality information (Bourque et al. 2020, Right Whale Consortium 2020), and Spearman 
correlation coefficients comparing δ15N and δ13C in the baleen of the 13 studied North Atlantic right whales. *p < 0.05. Dates  

are given as mo/d/yr; nd: no data (age not available)

https://www.int-res.com/articles/suppl/m722p177_supp.pdf
https://www.int-res.com/articles/suppl/m722p177_supp.pdf
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analyser coupled to a Delta Plus XP continuous-flow 
isotope-ratio mass spectrometer. The analytical error 
(<0.2‰ for both carbon and nitrogen) was calculated 
based on repeat analyses of in-house standards: 
nicotinamide (δ13C and δ15N mean  ±  SD: −32.3 ± 0.03 
and 2.0 ± 0.06‰, respectively), bovine liver (−18.8 ± 
0.05 and 7.2 ± 0.02‰), muskellunge muscle (−22.3 ± 
0.1 and 14.0 ± 0.1‰) and USGS 61 (USGS, Reston, 
VA) (−34.8 ± 0.08 and −2.9 ± 0.1‰). Equipment was 
calibrated to international standards Vienna-Pee 
Dee belemnite carbonate for δ13C and atmospheric 
nitrogen for δ15N. Stable isotope compositions are 
presented in permille (‰) using standard δ notation 
(Peterson & Fry 1987). 

2.3.  Data analysis 

We obtained sighting locations of studied whales 
during the years represented in our baleen plates in 
order to try and relate isotopic profiles of whales to lo-
cations where they were sighted (Ocz kow ski et al. 
2016, Right Whale Consortium 2020). Summer (May 
to October) sightings of studied whales were plotted 
on a map to demonstrate the shift in distribution be -
tween the pre- and post-2010 whales (Fig. 1). There 
were no summer sightings of Eg#1014. Sightings 
were mapped using the world basemap from the 
rnatural earth package in R (Massicotte & South 2023). 

We tested whether individuals’ δ15N and δ13C val-
ues were correlated using non-parametric Spear-
man’s correlation tests. We used δ15N data to analyse 
the time series of the whales’ migration history be -
cause the annual oscillations in δ15N are more consis-
tent than those observed in δ13C (Lysiak 2008; see 
Fig. 2). We counted the number of data points be -
tween each consecutive peak and each consecutive 
valley of the δ15N profiles to estimate the average 
growth rate (Lysiak 2008). We used the date the ani-
mal was first reported dead and the annual δ15N 
oscillations to anchor the isotopic time-series at the 
known date of death. In each of the 5 whales sam-
pled in summer of 2019, the first δ15N measurement 
under the gum (i.e. closest to time of death) was 15N 
depleted relative to preceding values, indicating that 
the summer period is associated with depleted δ15N 
values. Since this conflicts with previous findings 
(Lysiak et al. 2018) and the presumed enrichment of 
15N in northern latitudes, we avoided inferring sea-
sonality within the isotopic dataset, and rather used 
the full isotopic profile of the baleen plates when 
comparing between individuals to take advantage of 
the large dataset. 

To test whether the stable isotope ratios differed in 
the whales before and after the shift in distribution, 
we performed a linear mixed-effects model of the full 
δ15N and δ13C dataset with 2 independent variables 
(i.e. time and sex) using the ‘nlme’ package in R (Pin-
heiro et al. 2020), including individual whales as a 
random effect. ‘Time’ and ‘sex’ were categorical vari-
ables listed as pre- and post-2010, and female and 
male. Model selection was based on the chi-squared 
test within the ‘drop1’ function of the ‘lme4’ package 
in R (Bates et al. 2015). Interaction terms amongst the 
independent variables were selected against, and 
therefore not included in the final model. Variation in 
the distribution of isotope values among whale sam-
ples from different years in both pre- and post-2010 
groups was assessed using the Bayesian Layman 
metrics approach, which estimates semi-quantitative 
metrics to compare stable isotope structure between 
communities (Layman et al. 2007, Jackson et al. 
2011). We used the ‘SIBER’ package in R to analyse 
the overall convex hull size (i.e. total area), range of 
δ13C and δ15N values, and the isotopic similarity 
among individuals (i.e. centroid distance) for pre- 
and post-2010 whales (Jackson & Parnell 2021). 

Isotopic niche width was estimated using the 
‘SIBER’ package in R (Layman et al. 2007, Jackson et 
al. 2011, Jackson & Parnell 2021). We calculated the 
standard ellipse area corrected for small sample size 
(SEAc) for each year per individual using a complete 
year of isotope data, where a year was defined as all 
datapoints between annual δ15N peaks. We then per-
formed a linear mixed-effects model of the SEAc data 
with time (pre-/post-2010), sex (female/male), and 
count (number of data points per year) as independ-
ent variables, including individual whales as a ran-
dom effect. Model selection was based on the chi-
squared test, and the variables count, time, and 
interaction terms amongst the independent variables 
were selected against during model selection. All 
model assumptions were checked (Figs. S2 & S3). 
The critical p-value was set to 0.05. All statistical 
tests were performed using the software R (R Core 
Team 2022). 

3.  RESULTS 

3.1.  δ15N and δ13C cycles in baleen 

In total, our pre-2010 dataset included 2 males and 
6 females ranging from 9 to 34 yr old, and our post-
2010 dataset included 3 males and 2 females ranging 
from 9 to 38+ yr old (Table 1). The carbon and nitro-
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gen isotopic profiles of the right whales (n = 13) var-
ied between and within individuals; δ13C ranged 
from −21.9 to −16.7‰ and δ15N ranged from 7.0 to 
13.1‰. The δ15N and δ13C records along the baleen 
plates showed oscillating patterns for each individual 
(e.g. for whale Eg#4023 shown in Fig. 2). The δ15N 
dataset had clearer and more consistent oscillations 
that are believed to be annual, compared to the δ13C 
oscillations; thus we used the δ15N oscillations to de -
termine the annual growth rate and time series. The 
mean (±SD) annual growth rate of the baleen was 27 
± 5 cm yr−1, based on the assumption that the oscillat-
ing δ15N values represent annual patterns. Due to the 
variable baleen growth rate among years and indi-
viduals, we structured the time series by defining a 
year as δ15N peak to peak rather than using the mean 
annual growth rate. 

The oscillating δ15N and δ13C patterns for each indi-
vidual show a similar trend, where most of the peaks, 

and valleys, occur at or near the same time between 
individuals (Fig. 3). The carbon isotope data demon-
strated a decreasing trend between 2001 to 2005, with 
the lowest value being −21.9‰ (Fig. 3). By mid-2012, 
the mean δ13C value had increased to −19‰, which 
was a similar value to the isotopic levels in the whales 
before 2000 (Fig. 3). Post-2010 whales showed a simi-
lar 2 to 3 yr oscillating cycle in the δ13C data, whereas 
δ15N consistently oscillated on an annual cycle. 

We observed limited evidence of tem poral correla-
tion between δ13C and δ15N across all whales, with 
consi derable variation among individual whales (rho 
values ranged from −0.23 to 0.55; Table 1). Some indi-
viduals had δ15N and δ13C values that aligned well (e.g. 
Eg#1238 and Eg#1281; Fig. 4), while other whales had 
contrasting δ15N and δ13C values (e.g. Eg#2143 and 
Eg#1623; Fig. 4). Most individuals had a weak positive 
correlation between δ15N and δ13C; 3 individuals had a 
weak negative correlation (Table 1, Fig. 4). 

3.2.  δ15N and δ13C enrichment in  
post-2010 whales 

Pre- and post-2010 baleen samples 
showed shifts in stable isotope ratios, with 
the greatest shift occurring in the δ15N 
data (Fig. 5). Post-2010 whales had signif-
icantly higher nitrogen and carbon isotope 
ratios than pre-2010 whales: post-2010 
whales were 0.5 ± 0.1‰ more enriched in 
δ13C and 0.9 ± 0.2‰ more en riched in δ15N 
compared to pre-2010 whales (Table 2). 
Sex did not have a significant influence 
on either isotope at an alpha level of 0.05; 
however, sex significantly affected the 
δ15N data at an alpha level of 0.1, where 
the males had slightly higher δ15N ratios 
compared to females (Table 2). Post-2010 
whales had a larger convex hull size (i.e. 
total distribution of δ13C and δ15N values) 
than pre-2010 whales (total area = 5.4 ± 
0.7‰2 and 3.5 ± 0.6‰2, respectively, 
Fig. 5). Post-2010 whales had a larger 
range of δ15N values (post-2010: 2.8 ± 
0.3‰; pre-2010: 2.2 ± 0.4‰), and their sta-
ble isotope ratios were less tightly packed 
(i.e. the distance to the centroid was 
greater) than the pre-2010 whales (cen-
troid distance = 0.9 ± 0.04 and 0.6 ± 0.05‰, 
respectively). The δ13C range was similar 
between pre- and post-2010 whales (2.7 ± 
0.3 and 2.9 ± 0.3‰, respectively). 
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3.3.  Variability in isotopic niche width 

SEAc from the SIBER analysis output measures the 
variance of stable isotopes in an individual per year. 
SEAc varied between individuals and years (Fig. 6), 
e.g. it varied greatly between individuals in 2001 
(SEAc = 0.5−3.2‰2, n = 4), but was similar between 
individuals in 2015 (SEAc = 0.6−1.1‰2, n = 5). There 
was a slight decrease in female SEAc over time, and 
an increase in male SEAc over time (Fig. 6); however, 
SEAc was not significantly different between pre- 
and post-2010 whales. The largest SEAc values were 
mostly from pre-2010 adult females, with some of 
those whales having been pregnant or entangled 
during that given year (Table 3). One female 
(Eg#1014) had 3 out of the 7 largest SEAc values 
(Table 3). Although female whales had larger and 
more varied SEAc values compared to males, the dif-
ference was not significant (male value from inter-
cept = −0.3 ± 0.2‰2 (11), t = −1.37, p = 0.20). There 
was a slight decreasing trend in SEAc with count 
due to the effect of sample size, i.e. as sample size 
in creased, the standard deviation decreased 
(Fig. S4). However, there was no significant relation-
ship between the SEAc and the number of data 
points per year (i.e. count); therefore, we do not be -
lieve this to have had a confounding effect on our 
analysis. 

4.  DISCUSSION 

In this paper we posed 3 questions: (1) Do δ13C cy -
cles in right whale baleen plates correlate with δ15N 
cycles, and therefore are the whales migrating 
through and feeding within isotopically distinct re -
gions? (2) Do the isotopic profiles in the baleen plates 
reflect the observed distribution shift? (3) Has indi-
vidual isotopic variation changed since the whales 
shifted their summer feeding grounds? δ15N and δ13C 
cycles along right whale baleen were not strongly 
correlated; therefore, there is no clear pattern of 
annual migration evident in δ13C values. Right 
whales sampled post-2010 were more enriched in 
δ15N and δ13C in their baleen plates compared to the 
individuals that died before 2010; however, the intra-
annual individual isotopic variance did not change 
be tween pre- and post-2010 whales. We explore 
each of these results further to better understand the 
link between right whale stable isotope ratios and 
right whale distribution and foraging behaviour. 

4.1.  δ15N and δ13C cycles in baleen 

Pronounced annual cycles in δ15N were among the 
clearest results of this study; however, interestingly, 
these cycles were typically asymmetric, involving a 
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slow, steady enrichment in 15N over several months, 
followed by a rapid depletion. Slow increases in δ15N 
could be related to migration towards increasingly 
δ15N-enriched areas (Aguilar et al. 2014). Conversely, 
intensive feeding in summer months might also in-
crease diet−tissue isotopic offsets, as nitrogen excre-
tion increases lead to 15N enrichment in whale tissues 
(Florin et al. 2011). Changes in nitrogen isotope ratios 
are often attributed to changes in trophic level. How-
ever, previous work has shown that right whales con-
sistently prefer to forage on Calanus fin mar chicus 
(Mayo & Marx 1990), and significant changes in 
trophic level over the course of 1 yr seem unlikely in 
this species. Therefore, observed changes in δ15N os-
cillation patterns may be more influenced by changes 
in physiology throughout the year. For example, in-
creases in fat catabolism during periods of low forag-
ing may deplete δ15N (Hobson & Schell 1998, Aguilar 
et al. 2014, Matthews & Ferguson 2015). 

Assuming δ15N oscillations represent annual cy cles, 
we predicted that a strong correlation between δ15N 

and δ13C cycles would be evidence of annual migra-
tion in δ13C. However, δ15N and δ13C were not strong -
ly correlated, which may indicate that right whales do 
not continuously forage across a large carbon gradient 
on an annual basis. Decoupled δ15N and δ13C values 
in most whales suggest that the biogeochemical pro-
cesses driving these values are also de coupled. While 
δ15N is likely driven by annual cycles in foraging be-
haviour, variation in δ13C is expected to relate to spa-
tial variation in the δ13C values of prey. Even though 
the right whales are moving through isotopically dis-
tinct areas (Magozzi et al. 2017), our re sults indicate 
that the range in δ13C is not great en ough to pinpoint 
exactly where the whales travelled. Keratin generally 
has a fast tissue turnover rate of 1 to 7 d (Ayliffe et al. 
2004); however, right whales can move >75 km d−1, 
easily traversing isotopically distinct regions over 
shorter time frames than isotopes in baleen  integrate 
(Baumgartner & Mate 2005). Using the baleen growth 
rate, we know that each ba leen isotope sub-sample 
contains ~2 wk of data (~1 cm growth every 2 wk), 
which equates to potentially 1000s of kms distance 
(Lysiak 2008). Their movement patterns could muddle 

seasonal differences in δ13C and wash 
out a clear migration signal. 

The variation in correlation between 
isotopes among individual whales fur-
ther attests to variation in migration 
routes and strategies among individu-
als. Durette-Morin et al. (2022) recently 
discovered that right whales occupy 
the Scotian Shelf year-round, although 
their presence is lower in the winter 
compared to the warmer months. This 
study further attests to the variable mi-

186

6.0

7.0

8.0

9.0

10.0

11.0

12.0

13.0

14.0

–23.0 –22.0 –21.0 –20.0 –19.0 –18.0 –17.0 –16.0 –15.0

Pre-2010
Post-2010

δ15
N

δ13C
Fig. 5. δ15N and δ13C values in 8 pre-2010 right whale baleen  

plates and 5 post-2010 right whale baleen plates

0

0.5

1

1.5

2

2.5

3

3.5

1980 1985 1990 1995 2000 2005 2010 2015 2020

SE
Ac

 (‰
²)

Year

Female
Male
Linear (Female)
Linear (Male)

Fig. 6. Annual corrected standard ellipse area (SEAc) values 
(‰2) of 13 North Atlantic right whales, with male and female  

linear trendlines. Further details are provided in Table 3

Isotope     Fixed effects           Value         SE            df               t             p 
 
δ13C          Intercept                  −19.1         0.1          1156       −179.74    <0.01 
                 Time: pre-2010        −0.5         0.1            11           −4.02    <0.01 

δ15N          Intercept                  −18.9         0.2          1156        −82.95    <0.01 
                 Time: pre-2010        −0.9         0.2            10           −3.80    <0.01 
                 Sex: Male                  0.5          0.2            10            1.89     0.09

Table 2. Linear mixed-effects model results of the stable isotope ratios in right 
whale baleen (n = 13). Individual whales were set as a random effect. Time 
represents pre- and post-2010 whales, and sex represents males and females
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gratory behaviours between individuals, which could 
explain why we saw such diverse δ13C patterns be-
tween individuals. Additionally, the 5 whales that 
died in June and July of 2019 in the Gulf of St. 
Lawrence did not show similar δ13C values in their 
most recent baleen growth, even though these whales 
all died in the same isotopically distinct area during 
the same time period. Their δ13C values ranged con-
siderably from −17.9 to −19.3‰, a 1.4‰ difference, 
which is 1/3 of the total isotopic range observed 
across this study. It is unknown how long the whales 
were feeding in the Gulf of St. Lawrence before they 
died; therefore, their most recent isotopic signatures 
may not reflect the isotopic signature of the Gulf. This 
individual variation indicates that δ13C  values in 
whale baleen are influenced by a combination of ex-
trinsic environmental and endo genous biochemical 
processes. This presents obvious challenges for stud-
ies aiming to recreate whale migration using δ13C val-
ues alone, as the offset between whale and prey δ13C 
values, i.e. fractionation, and isotopic differences re-
lating to reproductive status, may differ considerably 
among individuals. Ultimately, due to the number of 
independent drivers influencing the stable isotope ra-
tios of right whale baleen, this type of isotope data 
must be interpreted carefully. 

4.2.  δ15N and δ13C enrichment in post-2010 whales 

We demonstrated that carbon and nitrogen stable 
isotope ratios in right whale baleen shifted after the 
population changed their summer foraging grounds 
in 2010. Post-2010 whales were enriched in 15N and 
13C compared to pre-2010 whales. Further, post-2010 
whales had a larger convex hull size and a larger 

δ15N range, and their δ15N and δ13C values were less 
tightly packed than the pre-2010 whales. Interpreta-
tion of such changes in the stable isotope rates in 
right whales since 2010 can be difficult, as there are 
many factors that could be influencing the stable iso-
tope ratios in baleen plates. Firstly, temporal differ-
ences could be related to feeding location as the 
whales migrate to isotopically distinct areas. Second -
ly, limited foraging may be another explanation for 
the shift in δ15N and δ13C after 2010. Right whales 
may be acquiring less food from the environment due 
to climate change. It is not likely that right whales 
have shifted their prey type since they consistently 
prefer to forage on Calanus spp. copepods (Mayo & 
Marx 1990, Sorochan et al. 2021). Lastly, the isotope 
baseline may have shifted in the past decade, which 
would result in an isotopic shift in right whales. We 
ex plore these possible factors affecting the isotopic 
change in post-2010 whales in greater detail in the 
following paragraphs. 

A marine isoscape developed by McMahon et al. 
(2013) indicates that δ15N in zooplankton increases 
with latitude across the range where right whales are 
known to migrate, to a maximum of ~9‰ in the Gulfs 
of Maine and St. Lawrence. Furthermore, the Gulf of 
St. Lawrence is ~1.5−2.5‰ more enriched in 13C than 
the Bay of Fundy (McMahon et al. 2013). As post-
2010 right whales moved northward to new feeding 
grounds in the Gulf of St. Lawrence, their δ15N and 
δ13C values increased by 0.9 and 0.5‰, respectively, 
relative to pre-2010 whales, which aligns well with 
the isoscape (McMahon et al. 2013). The isoscape of 
McMahon et al. (2013) used for comparison was 
based on plankton in different locations within the 
Atlantic Ocean over the span of many years. Al -
though localized isoscapes within the ocean can vary 
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Individual       Sex       Age     Year      SEAc       Notes 
 
Eg#1014            F           23       1992        2.9         Finished nursing fifth calf (out of 6) in 1991. No sightings in 1992. 

Eg#1014            F           25       1994        2.2         No sightings in 1994. 

Eg#1014            F           27       1996        2.9         Pregnant for the full year (calved in December 1996). Minor entangle-
ment injury at the start of 1996 and remained entangled for the full year. 
Seen in Cape Cod Bay, Georgia, and Florida waters in 1996. 

Eg#2301            F            8        2001        3.2         Pregnant in late 2001 (calved in December 2002). Seen in the Great South 
Channel and Bay of Fundy in 2001. 

Eg#2143            F            8        1999        2.6         Seen in the Great South Channel and Bay of Fundy in 1999. 

Eg#2617            F            5        2001        2.2         Seen in Cape Cod Bay, Gulf of Maine, and Bay of Fundy in 2001. 

Eg#3421           M          14       2018        2.2         Seen in the Great South Channel, Gulf of St. Lawrence, and Georges 
Basin in 2018.

Table 3. Largest corrected standard ellipse area (SEAc) values (≥2‰2) of studied right whales with notes about the corresponding  
individual during that year
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over time, large-scale isoscape patterns along the 
eastern Atlantic seaboard remain largely stable 
(McMahon et al. 2013, Oczkowski et al. 2016, Ma -
gozzi et al. 2017, Wassenaar 2019). We currently lack 
a robust isoscape for the Bay of Fundy and the Gulf of 
St. Lawrence, habitats which may become increas-
ingly important for right whales. Future re search 
should focus on increasing the resolution of isoscapes 
in these regions. 

It is possible that a reduction in nutrient intake due 
to anthropogenic stressors (e.g. fishing gear entan-
glements) and decreasing plankton abundance has 
affected the stable isotope ratios of right whale ba -
leen in recent years. Approximately 83% of the right 
whale population has been entangled at least once 
(Knowlton et al. 2012). Some of these entanglements 
have become chronic and have prevented the whales 
from feeding properly for several months (Knowlton 
et al. 2012), which would have an effect on the starv-
ing whales’ stable isotopes. Changes in ocean circu-
lation are known to affect plankton abundance (Patri -
 cian & Kenney 2010, Meyer-Gutbrod et al. 2015). In 
2010, the Gulf of Maine and the western Scotian 
Shelf region underwent a physical oceanographic 
regime shift (Meyer-Gutbrod et al. 2021). Zooplank-
ton abundance in the Scotian shelf and eastern Gulf 
of Maine decreased greatly between 2011 and 2016, 
with almost half (43%) of monitoring stations detect-
ing a decline of ≥2 SD compared to the previous 10 yr 
(Johnson et al. 2017). The decrease in zooplankton 
abundance in these areas likely ex plains why right 
whales are now travelling to the Gulf of St. Lawrence. 
There is evidence that right whales are becoming less 
fit over time; their body lengths have been decreasing 
since 1981 due to anthropogenic stressors and cli-
mate-driven changes to prey dynamics (Stewart et al. 
2021). Given that many of the whales in our study 
were actively or historically entangled, it is likely that 
they were malnourished. If whales face considerable 
nutritional stress, protein catabolism could result in 
15N enrichment (Hobson et al. 1993). The 2 right 
whales in our study that died due to fishing gear en-
tanglement (Eg#1238 and Eg#2301) had increased 
δ15N values in the last few months of their life (Fig. 4). 
This spike in δ15N could indicate a depletion in food 
intake and an increased reliance on protein catabo-
lism (Hobson et al. 1993, Lysiak et al. 2018). More 
studies on the abundance and energy levels of zoo-
plankton in the Gulf of St. Lawrence would be benefi-
cial to understand if right whales may be nutrient de-
pleted in recent years. 

The third explanation for the difference seen in 
stable isotopes of pre- and post-2010 whales is that 

the isotopic baseline may have shifted in recent 
years. The carbon and nitrogen isotopic composition 
of plankton at the base of the food web is shaped by 
factors like the availability and speciation of nutri-
ents, as well as rates of photosynthesis (Trueman & 
Glew 2019). Plankton can vary in nutrient enrich-
ment levels across location and time, thus affecting 
the isotopic baseline (Tiselius & Fransson 2016, True-
man & Glew 2019). With the recent regime shift in 
the Scotian Shelf (Meyer-Gutbrod et al. 2021), we 
speculate that the zooplankton in the past decade 
could have different 15N and 13C enrichment levels, 
which may affect the isotope ratios seen in right 
whales, although it is unclear which direction this 
would influence isotope variability. In conclusion, the 
enrichment in 15N and 13C observed in post-2010 
whales was likely due to a combination of these 3 
theories, since it is difficult to separate the intrinsic 
and extrinsic factors that influence the stable isotope 
ratios in organisms. 

4.3.  Variability in isotopic niche width 

Individual whales can have a profound effect on 
population dynamics due to inter- and intra-individual 
variability (Bolnick et al. 2003). Individual variation 
facilitates frequency-dependent interactions that di-
rectly impact a population’s resilience to change (Wil-
son 1998, Bolnick et al. 2003), which will be crucial 
for right whale perseverance in the face of climate 
change. We expected the inter-annual variation on an 
individual level to increase over time as the whales 
travelled to new locations; however, there were no 
significant differences in isotopic niche width for indi-
vidual whales over time. Estimates for SEAc varied 
greatly between individuals during certain years, and 
this could be explained by irregular oscillations in 
δ13C. In some years, δ13C peaks and valleys matched 
with δ15N peaks and valleys well, while in other years, 
the oscillations did not align well; when δ13C and δ15N 
are correlated, standard ellipses become small and 
thin, while decoupling of δ13C and δ15N produces rela-
tively wide circular ellipse estimates. 

Varied SEAc values could also be explained by dif-
fering migration routes among individuals, assuming 
that they are feeding while travelling. Individual 
whales do not always travel to the same summer and 
wintering grounds, and the migration route can be 
different among the population depending on sex 
(Davis et al. 2017, Davies et al. 2019, Right Whale 
Consortium 2020). Although there was no significant 
difference in stable isotope ratios between male and 
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female whales at an alpha level of 0.05, males had 
slightly higher δ15N ratios compared to females at an 
alpha level of 0.1. Considering the small sample size 
in our study, it is likely that sex has a real effect on 
δ15N in right whales. We found that females had the 
largest SEAc values in pre-2010 and that males be -
came slightly more variable post-2010. A possible 
explanation for this pattern is that the calving rate 
has reduced in recent years (Pettis et al. 2022), and 
therefore, fewer females are going through the meta-
bolic changes related to a full pregnancy term and 
nursing period (Lysiak et al. 2018). Mother right 
whales undergo periods of prolonged and intensive 
nutritional stress as they fast and nurse their calves 
for up to a year (Kraus 2002, Hunt et al. 2016). These 
metabolic changes could lead to 15N enrichment in 
the nursing mother due to reduced nutrient intake 
(Hobson et al. 1993). Not only are the pregnant 
females undergoing more physiological stress than 
males and non-pregnant females, but they also must 
travel farther distances to the calving grounds off the 
coast of Florida (Right Whale Consortium 2020). 
Males and non-breeding females typically do not 
travel as far south as pregnant females (Right Whale 
Consortium 2020). This could explain the larger iso-
topic variance seen in the pre-2010 adult females. 

It is important to note a few caveats related to our 
study. Firstly, we are inferring patterns in community 
and individual variability from a small sample size 
(n = 13); therefore, our findings do not accurately 
represent the whole right whale population and our 
results must be interpreted carefully. Further, all of 
the post-2010 whales in our study displayed strong 
site fidelity to the Gulf of St. Lawrence. As such, 
these individuals do not represent the other half of 
the population with unknown summer locations. 
Comparisons between the isotopic niches of more 
right whale individuals would be beneficial to under-
stand this highly mobile species. Secondly, the tem-
poral distribution in pre-2010 whales is much greater 
than post-2010, which would affect the variation in 
isotope ratios between these 2 periods in the linear 
mixed-effects models. However, the Layman metrics 
comparisons are robust against variation in sample 
size because they are based on a Bayesian approach 
using isotopic distributions rather than specific val-
ues (Jackson et al. 2011). Thirdly, there is the poten-
tial that the Suess effect, which is the depletion of 13C 
in the atmosphere over time due to increased anthro-
pogenic CO2 emissions (Eide et al. 2017), could have 
an effect on the stable isotope ratios of the whales in 
our study, since our data span a 33 yr period. How-
ever, applying a Suess effect correction can add more 

uncertainties to our data because the degree of Suess 
effect varies by location and depth (Eide et al. 2017). 
Since the whales travel and feed throughout many 
regions and can dive as deep as 200 m (Baumgartner 
& Mate 2003), the Suess effect correction might make 
the data worse and harder to interpret. Individual 
whales travel variably within and between years, so 
it is difficult to apply a constant Suess effect value to 
all data. This is a big issue for this study and cur-
rently a limitation of the technique that we cannot 
adequately incorporate into our analyses. Lastly, we 
compared right whale stable isotopes to the isoscape 
along the core known right whale range in the west-
ern North Atlantic; however, right whales have been 
acoustically detected and occasionally sighted in the 
central and eastern North Atlantic, such as the his-
toric feeding ground ‘Cape Farewell Ground’ east of 
southern Greenland (Smith et al. 2006, Mellinger et 
al. 2011). Although it is possible for the whales in our 
study to have travelled outside of American and 
Canadian waters during the study period, most of the 
individuals were seen every year along the eastern 
Atlantic seaboard (Right Whale Consortium 2020); 
therefore, we decided to limit the isoscape to their 
known range. Ultimately, right whale distribution 
outside of the western North Atlantic remains a key 
knowledge gap, and there is a potential use for SIA 
to find further information on where the whales may 
be travelling outside of their known range. 

In summary, δ15N and δ13C cycles along right whale 
baleen were not strongly correlated; therefore, δ13C 
does not show clear annual migration, and δ13C val-
ues alone may not be a useful predictor of the migra-
tion route of right whales. Right whales sampled 
post-2010 were more enriched in δ15N and δ13C in 
their baleen plates compared to the individuals that 
died before 2010; however, the isotopic variance did 
not change between pre- and post-2010 whales. 
Although there could be many factors that influ-
enced this pattern, it is likely that the shift in isotopes 
can be explained by the right whales’ summer distri-
bution shift to the Gulf of St. Lawrence in 2010. If the 
stable isotope shift was due to migration, we were 
able to detect a difference from the Bay of Fundy to 
the Gulf of St. Lawrence, which attests to the envi-
ronmental variation between these 2 regions. 

Further research that applies compound-specific 
isotope analysis (McMahon & Newsome 2019) would 
be helpful to determine how whale metabolism dur-
ing winter versus summer affects the isotopic profile 
in baleen. Other methods, such as performing SIA on 
barnacles on whales (Taylor et al. 2019) or whale ear-
wax (Robinson et al. 2013), show promise in deter-
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mining whale life history and should be compared to 
baleen datasets. Our study, among many others, 
clearly shows the importance of performing necrop-
sies to collect valuable research samples. Right 
whale studies tend to have small sample sizes be -
cause of the whales’ small population size and 
endangered status. Our dataset comprised 13 right 
whale individuals that contained isotopic data from 
1986−2005 and 2011−2019. It would be beneficial to 
have isotopic data of individuals that died recently 
after the distribution shift so that we could compare 
the isotopes within the same individual before and 
after 2010. Future research projects regarding right 
whales should consider using a combination of past 
isotope datasets from other researchers to get a 
larger sample size. Given that stable isotopes appear 
to show distribution shifts, there is the potential to 
identify unknown critical habitat of whales. 
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