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Fin whales (Balaenoptera physalus), humpback whales (Megaptera novaeangliae)

and minke whales (Balaenoptera acutorostrata) seasonally coexist in sympatry in

the Gulf of St. Lawrence (Canada) where they feed to replenish their energy

reserves. Over the past decades, these three species have experienced significant

shifts in resource availability as the St. Lawrence ecosystem encountered major

trophodynamic changes due to climatic and anthropogenic perturbations. This

study aimed to understand how the realized trophic niche of these rorqual

species has changed over time. To achieve this objective, stable nitrogen and

carbon isotope ratios from 1110 whale skin biopsies sampled between 1992 and

2019 were used to define the isotopic niche of each species, quantify their diet

using Bayesian isotopic mixing models, and assess the degree of individual diet

specialization. Resource partitioning among these three sympatric species

increased during the 2011–2019 period, as highlighted by the limited overlap

observed among their isotopic niches. A recent dietary shift toward an increased

reliance on pelagic fish (capelin, herring and/or mackerel) in fin whale and minke

whale and a reduced contribution of krill suggests a possible reduction in krill

abundance in the Gulf of St. Lawrence in recent years. These findings provide a

unique insight into the ability of three generalist species to coexist through

partitioning food resources, and adapt to ecosystem changes. Given the climatic

context, knowledge of preferred prey is crucial for the conservation of

these species.
KEYWORDS

trophic niche, stable isotopes, d15N, d13C, isotopic mixing models, rorquals, ecosystemic
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1 Introduction

The North Atlantic Ocean has been experiencing an increase in

temperature for several decades, and is now approximately 1.4 °C

warmer than the 1982–2011 average (Harris et al., 2014; Kuhlbrodt

et al., 2024). Temperature variations can trigger abrupt changes in

the trophic structure of ecosystems (Beaugrand et al., 2008),

affecting species abundance, distribution, phenology, and fitness

(e.g., Brosset et al., 2019; Brennan et al., 2021; Gavrilchuk et al.,

2021). For instance, species may shift their distribution northward

to stay in an optimal temperature zone (Perry et al., 2005; Kleisner

et al., 2017; Palacios-Abrantes et al., 2022) or change their timing of

presence, leading to a desynchronization between predator and prey

(match-mismatch hypothesis; Cushing, 1990). The severity of

repercussions on predators depends partly on their ability to

modify their diet or fully exploit their fundamental trophic niche

(Hutchinson, 1957). Intraspecific and interspecific competition

tend to, respectively, expand and restrict realized niche breadth,

which is observable through niche overlap (Pianka, 1972).

Temporal fluctuations in trophic niches can reveal changes in

prey availability or quality, and in the ability of species to

respond to ecosystem changes (e.g., Fleming et al., 2016).

Trophic niche breadth can evolve toward two opposite feeding

strategies: specialism where an optimal prey is predominantly

consumed with great efficiency, and generalism where a wider

variety of prey is exploited (Krebs et al., 1993). The former

strategy might be more beneficial when the energetically optimal

resources are predictable, i.e. abundant and stable, whereas the

latter may be more advantageous when the availability of optimal

resources is unstable in time or space (Krebs et al., 1993).

Generalism in feeding can occur at the individual or populational

level (Bolnick et al., 2003). Populations might be composed of

generalist individuals, specialist individuals each feeding on

different resources, or a mix of both (Bolnick et al., 2003; Bearhop

et al., 2004). Choice of prey can partly be explained by the optimal

foraging theory (Schoener, 1971), which states that individual

preferences for alternative resources occur from a complex

interaction between resource characteristics and abundance, as

well as phenotype of the individual. Those preferences then

interact with prey availability, escape rates, environmental

heterogeneity and social interactions to shape the real use of

resources by the individual (Bolnick et al., 2003). This possibility

for individual specialization is an important factor to consider when

interpreting potential effects of a change in prey availability.

Variation in prey selection among individuals will lead to

differential responses to shifts in prey availability, resulting in a

population-level impact distinct from that of uniform prey selection

(Bolnick et al., 2011).

The Gulf of St. Lawrence (GSL) is no exception to the North

Atlantic warming, with water temperatures having increased at a

pace of 1.3 °C per decade since 2009 in the near-bottom and surface

layers (Galbraith et al., 2024a). This change in water temperature

has been paired with a reduced ice cover (Galbraith et al., 2024b).

Overfishing also has contributed to ecosystemic changes over the

past decades, by affecting community structure and abundance of
Frontiers in Marine Science 02
several species (Myers et al., 1996, Savenkoff et al., 2007). In the

1990s and 2000s, the GSL trophic community became largely

dominated by invertebrates (e.g., shrimp) and small forage fish

(e.g., capelin, mackerel, herring) following the collapse of

groundfish stocks (Savenkoff et al., 2007). While groundfish

remained generally at low levels since then, other species such as

redfish (Sebastes spp.) appear to have rebounded in the 2010s

(Senay et al., 2021). Increases were also noted in species such as

striped bass (Morone saxatilis; DFO, 2023), pinnipeds (Hammill

et al., 2021; Mosnier et al., 2023) and bluefin tuna over the same

period (Hanke, 2020). However, pelagic forage fish such as Atlantic

mackerel (Scomber scombrus; Smith et al., 2022) and the spring

spawning Atlantic herring (Clupea harengus; DFO, 2022) have

declined considerably in recent years.

Mesozooplankton biomass, which includes the lipid rich

copepods, has also decreased in the GSL in recent years, likely as

a result of warming conditions (Blais et al., 2023). In the North

Atlantic Ocean, krill have experienced a northward compression of

their geographical range without a shift, resulting in a decrease of up

to 4 degrees of latitude in habitat area, and a decrease in abundance

of boreal and arctic krill species (Edwards et al., 2021). Models

estimate that total krill biomass of the GSL would be negatively

affected if sea surface temperatures exceeded 16 °C (Plourde et al.,

2016), a threshold that was surpassed multiple times in August since

the late 2000s (Galbraith et al., 2024a). Arctic krill (Thysanoessa

spp.) are boreal-arctic species adapted to cold water that can have

their metabolism affected if temperatures reach 12 °C. The northern

krill (Meganyctiphanes norvegica) is a temperate species that shows

a higher heat tolerance (Huenerlage and Buchholz, 2015; Ollier

et al., 2018). Both have significantly different biochemical

compositions and energetic values; changes in their relative

abundance would therefore likely affect energy transfers to

consumers. In 2009, Thysanoessa spp. and M. norvegica

represented 60% and 40%, respectively, of the krill biomass in the

St. Lawrence Estuary and northwestern GSL (nwGSL; McQuinn

et al., 2015), with average densities remaining relatively stable in the

nwGSL from 2008 to 2015 (supplementary material Guilpin et al.,

2020). Abundance data is missing to assess how biomass of these

two species changed in recent years in the St. Lawrence ecosystem.

The GSL represents an important summer feeding area for

rorquals in need of rebuilding their energy reserves (Lesage et al.,

2007). Rorquals are filter-feeders distinguished by their ventral

pleats and their lunge feeding technique that allows them to

engulf large quantities of prey (Goldbogen et al., 2017). These

long-lived species guide the timing and patterns of their

migration using both immediate environmental cues and their

memory of the location and long-term phenology of their prey

(Abrahms et al., 2019; Millien et al., 2025).

Environmental changes occurring in the GSL seems to have

already impacted rorquals, as decreases in local abundance

(Comtois et al., 2010; Ramp and Sears, 2013; Schleimer et al.,

2019) and reproduction (Kershaw et al., 2020) of some rorqual

species have been documented. The minke whale (Balaenoptera

acutorostrata), humpback whale (Megaptera novaeangliae), and fin

whale (Balaenoptera physalus) are closely-related baleen whale
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species that are co-occurring seasonally in feeding areas, and may be

competing for dietary resources (Doniol-Valcroze et al., 2007).

Unlike the blue whale (Balaenoptera musculus) which is a krill

specialist (Kawamura, 1980), those three species may feed on a

variety of prey including small schooling fish and zooplankton

(Sergeant, 1963, 1966; Mitchell, 1974), with selection of target krill

species being possible given they form species-specific swarms at

different depths (McQuinn et al., 2015). Rorquals in the GSL

differed to some extent in their feeding habitat in 1997–2002

(Doniol-Valcroze et al., 2007; Doniol-Valcroze, 2008), and also in

their diet in 1992–2010 (Gavrilchuk et al., 2014). The extreme

changes observed in the GSL water temperatures since 2010, that

were concomitant to changes in local abundance and reproduction

in some of the rorqual species of the GSL (Schleimer et al., 2019;

Kershaw et al., 2020), and to changes in diet of the beluga in a

neighboring ecosystem (Cabrol et al., 2025) emphasize the need for

recent diet information on rorqual diet in the GSL.

The goal of this retrospective study spanning 28 years is to

assess long-term use of dietary resources by three sympatric and

non-specialist rorqual species of the Gulf of St. Lawrence during a

period of climatic and ecosystemic change. Specifically, we assessed

the trophic niche, diet, degree of specialization, and potential for

competition, by examining the stable isotope ratios of carbon (d13C)
and nitrogen (d15N) from over 1,000 rorquals sampled between

1992 and 2019, and nearly 400 specimens of their potential prey.

Stable isotopes have long been used to qualitatively examine dietary

niches and quantify diet composition, and are particularly useful in

marine species that present notable challenges for observation and

tracking such as cetaceans (Newsome et al., 2010). This method is

based on the premise that the biochemical values of consumers can

be predicted from that of their prey (Gannes et al., 1997; Martìnez

del Rio et al., 2009), with trophic position and diet predicted over

periods that vary according to the metabolic activity of the tissue

examined (Vander Zanden et al., 2015; Teixeira et al., 2022). The

ratios of d13C are generally used to track carbon sources (Gearing

et al., 1984), whereas d15N generally provides information about

trophic position (Minagawa and Wada, 1984). Application of this

approach to rorquals from the GSL may help understand how

rorquals cope with current ecosystemic changes, and forecast their

capacity to adapt to ongoing climate change.
2 Materials and methods

2.1 Sample collection and preparation

2.1.1 Rorqual sampling
On total, 1110 skin samples were collected mostly (97%) from

June to September from fin whales (n=402), humpback whales

(n=465) and minke whales (n=243) in the nwGSL, Canada,

between 1992 and 2019 (Figure 1). Biopsies were obtained by

projecting a hollow dart (8 mm diameter x 40 mm length) from a

small vessel using a crossbow and arrow system as outlined in

Palsbøll et al. (1991). Biopsied individuals were photographed and,
Frontiers in Marine Science 03
when possible, individually identified based on pigmentation

patterns, distinctive marks, scars, size and shape of the dorsal fin

(Katona andWhitehead, 1981; Agler et al., 1990; Gill and Fairbainrns,

1995). It is therefore possible that duplicate samples exist for some

individuals in the dataset. Minke whales are particularly difficult to

recognize in the field; however, their high abundance (Lawson and

Gosselin, 2009) reduces the probability of resampling. For the other

two species, a single sample was randomly selected if an individual

was identified and known to have been sampled more than once in a

specific year. Field procedures were authorized under the Canadian

Fisheries Act, and starting in 2009, also under the Species at Risk Act.

Samples were placed in a plastic vial on ice upon collection, and

stored at -20 °C until the end of the field season. Epidermis and

dermis were separated from the underlying fat using a sterile scalpel

and stored at -80 °C until analyses. Total genomic DNA was

extracted using the DNeasy Blood & Tissue Kit (Qiagen) with

minor modifications to the manufacturer protocol (see Parent et al.,

2025). Sex was determined by quantitative polymerase chain

reaction (qPCR) for sex-specific gene regions according to the

protocols outlined in Bérubé and Palsbøll (1996) and Rosel (2003).

Until 2005, skin samples were stored in a 20% v/v dimethyl

sulfoxide solution (DMSO) of deionized water saturated with NaCl

to optimize preservation conditions for genetic analyses (Amos and

Hoelzel, 1991). Samples collected in 2006–2008 were preserved in

sea water, whereas they were kept dry and stored at -20 °C and then

-80 °C starting in 2009 (Supplementary Figure S1). The effect of sea

water on d13C and d15N was deemed negligible for rorqual skin

(Gavrilchuk et al., 2014). However, DMSO had a significant effect

on isotopic values of rorqual skin and was mathematically corrected

for using equations developed specifically using skin from rorquals

sampled in the St. Lawrence (Lesage et al., 2010).
FIGURE 1

Study area ranging from the Gulf of Maine and Scotian Shelf (GoM/
SS) to the Gulf of St. Lawrence (GSL). The blue colored area
represents the northwestern Gulf of St. Lawrence (nwGSL), where
rorquals and prey were sampled.
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2.1.2 Prey sampling
Potential prey of minke, fin and humpback whales were

identified based on diet composition from early studies in eastern

Canada (Sergeant, 1963, 1966; Mitchell, 1974), field observations of

their feeding behavior (Sergeant, 1966; Watkins and Schevill, 1979;

Overholtz and Nicolas, 1979) and local abundance of potential prey

(Bourdages et al., 2022; Smith et al., 2022; Brosset et al., 2019;

McQuinn et al., 2015). Six species of fish or invertebrates were

considered: capelin (Mallotus villosus), Atlantic herring (Clupea

harengus), sand lance (Ammodytes spp.) and Atlantic mackerel

(Scomber scombrus), Arctic krill (Thysanoessa spp.) and northern

krill (Meganyctiphanes norvegica; Supplementary Table S1).

Prey were obtained from the nwGSL (Figure 1) mainly during the

ice-free period from stock assessment cruises conducted by Fisheries

and Oceans Canada, collaboration with universities (UQAR-ISMER)

and from commercial fisheries over three main periods of sampling:

1995–1997, 2001–2006 and 2013–2022. Sampling methods are

outlined in Lesage et al. (2001) and Rioux et al. (2023). Briefly,

fishes were collected using bottom trawls or narrow-weaved wire nets.

Zooplankton were collected from vertical or oblique tows using either

a Bongo (333μmmesh size), a Vnet (1 m diameter; 250mmmesh size)

or a jacknet (1 m diameter; 333mmmesh size) equipped with a strobe,

then stored at -20 °C. Muscle was excised from the upper dorsolateral

region of each fish specimen, whereas the entire muscle from the

abdomen (excluding the exosqueleton) was used for invertebrates.

The turnover rate of stable isotopes in mysticete skin has never

been measured in a controlled environment. In small odontocetes

maintained in such conditions, full isotopic turnover has been

estimated at 104 ± 35 days for carbon and 206 ± 84 days for

nitrogen (common bottlenose dolphin Tursiops truncatus; Giménez

et al., 2016). However, a shorter turnover rate of 163 ± 91 days has

been estimated for blue whale’s skin, based on seasonal trends in

nitrogen isotopic values of individuals using two isotopically distinct

foraging zones (Busquets-Vass et al., 2017). These findings imply

that skin integrates diet over three to five months prior to sampling.

Given that some rorqual species such as fin whales and blue whales

are known to forage outside their summer feeding grounds (e.g.,

Visser et al., 2011; Silva et al., 2013; Lesage et al., 2017; Ramp et al.,

2024), the isotopic signature of some of the individuals sampled in

the nwGSL may reflect feeding outside of this region. To account for

this possibility, the literature was searched for existing isotopic

signatures of potential prey from the Gulf of Maine and Scotian

shelf region (GoM/SS; Figure 1), a possible feeding area known to be

on the migratory path of minke and fin whales (Supplementary

Table S2; Risch et al., 2014; Delarue et al., 2022; Ramp et al., 2024).

This long turnover rate may also affect the interpretation of the

isotopic signal of samples collected early in the feeding season, as the

fasting behavior of rorquals during the reproductive season

potentially leads to an increase in d15N values (Doi et al., 2017).
2.2 Stable isotope analysis

Prey and skin samples were cut into small pieces, freeze-dried

for 48h and homogenized into a fine powder using a mortar and
Frontiers in Marine Science 04
pestle (Jardine et al., 2003). Lipids were extracted from rorqual skin

and prey samples following the Folch method (Folch et al., 1957),

except from 1995 to 1997 when a Soxhlet approach was used for

prey (López-Bascón and Luque De Castro, 2020). While it has long

been established that lipids negatively affect d13C (Hobson et al.,

1996; Kelly, 2000; Post et al., 2007), the positive bias in d15N values

introduced by lipid extraction has been demonstrated only more

recently (Mintenbeck et al., 2008; Sotiropoulos et al., 2004; Sweeting

et al., 2006; Ouellet et al., 2024). As a result, isotope ratio

determination was made from a single lipid-extracted aliquot in

samples acquired prior to 2006; starting in 2006, separate aliquots

were sent for d13C (lipid extracted aliquot) and d15N (bulk aliquot)

value determination. To ensure comparability of results over time,

d15N values of pre-2006 samples were mathematically corrected

using equations specifically developed for muscle of fish and skin of

marine mammals (see details of correction in Supplementary Figure

S1; Lesage et al., 2010; Ouellet et al., 2024).

Isotope ratios were determined using a Thermo Finnigan

DELTA plus XL Continuous Flow Stable Isotope Mass

Spectrometer coupled to a Carla Erba Elemental Analyzer (CHN

EA1110; Isotope Tracer Technologies). Ratios of heavy to light

isotope are presented in delta notation (d) relative to reference

standards (Vienna PeeDee Belemnite limestone for carbon and

atmospheric N2 for nitrogen), such that d13C or d15N (‰) =

[(Rsample/Rstandard) − 1] × 1000, where Rsample is the 13C:12C or
15N:14N ratio of the sample and Rstandard is the ratio of the

appropriate standard. Mean deviation among replicate samples

included regularly (each batch) over the analysis period was

0.16‰ for d13C and 0.25‰ for d15N of rorqual skin (n=232

paired samples), and 0.27‰ for d13C and 0.38‰ for d15N of prey

muscle (n=116 paired samples).
2.3 Data analysis

All statistical analyses were performed using the R software

(version 4.2.3; R Development Core Team, 2024). A correction of

-0.026 ± 0.002‰ per year (Körtzinger et al., 2003) was applied on

prey and rorqual d13C values using the SuessR package (Clark et al.,

2021) to account for the Suess effect (Keeling, 1979) and allow for

the comparison of values across periods. This correction accounts

for the decline of 13C in atmospheric carbon dioxide (CO2) due to

the release of anthropogenic low 13C-CO2, which cascades into 13C

of dissolved inorganic carbon (DIC) in the ocean (Bacastow

et al., 1996).

Trends in d13C and d15N were assessed for each species over the

study period using penalized Generalized Additive Models (GAMs;

Wood, 2017) assuming Gaussian distributions, and including

sampling year as a smooth term, and sex when it improved the

fit. Models best fitting the data were selected as those with the lowest

Akaike information criterion (AIC; Konishi and Kitagawa, 2008).

Temporal autocorrelation was present in our dataset

(autocorrelation function ACF; Box et al., 2015), violating the

independency condition. Temporal trends were therefore modeled

using GlmmTMB (Generalized Linear Mixed Models using
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Template Model Builder; Brooks et al., 2017) while incorporating an

Ornstein–Uhlenbeck autocorrelation function. All further analyses

were conducted according to three separate periods to reflect the

three intensive campaigns for prey sampling: 1992–2000 (Period 1),

2001–2010 (Period 2), and 2011–2022 (Period 3). These periods

correspond to shifts in environmental conditions in the GSL, with

Period 1 being characterized by water temperatures below long-

term averages, Period 2 being near long-term averages, and Period 3

showing higher values than the long-term averages (Galbraith

et al., 2024a).

2.3.1 Isotopic niche variation
The realized trophic niche is here approximated using the

isotopic niche (Hette-Tronquart, 2019). Temporal variation in

isotopic niche across periods was assessed using bivariate ellipses

generated with SIBER (Stable Isotopes Bayesian Ellipse in R;

Jackson et al., 2011). The standard ellipse area (SEA) contains

40% of the data, regardless of sample size, and represents the core

population niche. The large sample size for every period and species

(n > 30) in our study allows for the use of SEA, thereby excluding

the biases associated with small sample size (Jackson et al., 2011).

SEA was employed to represent the position and size of niches in

the d-space. The Bayesian estimate of the standard ellipse areas

(SEAb), was used as a second metric to determine niche breadth.

This metric is unbiased by sample size and has the advantage of

capturing and propagating uncertainty arising from the sampling

process (Jackson et al., 2011). The posterior distribution of SEAb

along with the associated location of the centroid (LOC) were used

to compare niche breadth and position. To evaluate resource

partitioning among species, interspecific core niche overlap was

quantified as the proportion of the shared area between species,

calculated relative to each species’ own ellipse area. This approach

provided species-specific estimates of niche overlap (Jackson and

Parnell, 2023). Finally, the mean Euclidean distance to the centroid

(CD) and the mean nearest-neighbor Euclidean distance (NND)

were also calculated also from Bayesian inference to measure the

inter-individual variation within each species. Differences in SEAb

among species and periods were examined using permutational

analysis of variance (PERMANOVA) and pairwise comparisons

(Anderson, 2017).

2.3.2 Diet estimation
Diet composition was estimated using multi-source, two tracers

Bayesian stable isotope mixing models which explicitly accounted

for variability in prey signatures and trophic enrichment factor

(MixSIAR; Stock et al., 2018). The isotopic mixing regions formed

by prey groups were evaluated for each rorqual species and period

using the simulated polygon approach (Smith et al., 2013). Bayesian

mixing models calculate numerous times the plausible diet

proportions for each data point, providing a posterior distribution

of proportions from which a mean and standard deviation were

extracted. Estimates were obtained separately for each species and

period, with the exception of minke whales in Period 1 for which

sample size was insufficient. When samples were not available for all
Frontiers in Marine Science 05
prey species during a sampling period (1995–1997, 2001–2006 or

2013–2022), data from the nearest year was used to complete the

dataset (Supplementary Table S1). The distribution of isotopic data

from rorquals and prey were assessed for normality prior

to analyses.

Models assumed a non-informative Dirichlet prior distribution,

concentration dependencies based on the C:N ratio of each prey

groups, and accounted for process and residual errors (Stock et al.,

2018). Model convergence was confirmed by Gelman-Rubin

metrics with at least 95% of Rc values < 1.1 (Gelman and Rubin,

1992). Bayesian models allows the inclusion of random effects to

estimate and control for individual-level variability, and make

inferences that generalize beyond the observed individuals.

However, no more than two covariates can be considered

simultaneously (Stock et al., 2018). Potential explanatory variables

included sex and year as fixed effect, and individual ID as a random

factor. A sex by year effect (written as Year/Sex) was used as the

fixed effect when individual ID was included as a random factor. As

a result, a total of seven models were tested for each species and

period (Supplementary Table S4). Models were ranked based on

their leave-one-out information criterion (LOOic) and Akaike

weight; models with the lowest LOOic and highest AIC weight

were considered best. Models including individual ID as a random

effect were prioritized over models without individual ID to allow

estimation of diet for each individual.

The trophic enrichment factor (TEF) is a primary parameter in

the assessment of diet with stable isotopes. This factor accounts for

differences in isotope ratios between a food source and a consumer’s

tissue, which result from differential assimilation of the lighter and

heavier isotope during metabolic processes. The only way to truly

determine a TEF is to measure it experimentally (e.g., Hobson and

Clark, 1992), which is impractical for our target taxa. Stable isotopes

mixing models are sensitive to variations in TEF. Relying on general

TEF values when specie-specific or tissue-specific values are

inexistent can produce misleading results (Bond and Diamond,

2011). Alternatively, it is recommended to use values from related

species with a diet comparable to the species studied (Stephens

et al., 2022). For cetacean skin, the literature indicates a TEF value

varying from 0.5 to 3.5 for d13C, and from 1.57 to 2.82 for d 15N

(Supplementary Table S3). In this study, values from the longest

controlled feeding experiment involving common bottlenose

dolphin (Tursiops truncatus) eating capelin, herring, and sprat

(Giménez et al., 2016) was used, i.e., 1.01 ± 0.37‰ for d13C and

1.57 ± 0.52‰ for d15N. Results from the latter study are likely to be

particularly robust and reliable as its duration exceeded the

turnover rate of skin tissue to ensure analyzed tissue had reached

isotopic equilibrium. They also support a similar TEF-d15N value

(i.e., 1.7–1.9‰) estimated from field data of blue whales (Busquets-

Vass et al., 2017).

Two tracers mixing models including more than seven sources

are unlikely to produce precise or interpretable results (Stock et al.,

2018). Therefore, a PERMANOVA and post-hoc pairwise

comparisons with Bonferroni correction were used to identify

isotopically similar prey in bivariate space sampled in the nwGSL
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that required grouping (McArdle and Anderson, 2001; Phillips

et al., 2014; Anderson, 2017). Literature values for GoM/SS prey

taxa (see Supplementary Table S2) were included as means and

standard deviations. Aggregation of prey groups a posteriori was

performed by summing posterior contributions when high negative

correlation was present (< -0.8; Stock et al., 2018).
2.3.3 Individual diet specialization
The degree of dietary specialization was estimated using the

Newsome et al. (2012) individual specialization index (e) and diet

compositions obtained from isotopic mixing models. Briefly, e was
calculated as the distance, in an Euclidean space, between a

hypothetical diet vector of an ultra-generalist consumer which

feeds equally on all prey resources (prey proportion = (1/nprey))

and the estimated diet for each individual whale.

e =  

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1(fi − gi)2
q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1(∅i −gi)2
q

The specialization index varies between 0 and 1, where 0

denotes an ultra-generalist consumer and 1, an ultra-specialist

one. Individuals with index values up to 0.3 were considered

generalists, and those between 0.7 to 1 were considered

specialists. The effect of sex on specialization index was tested

with a PERMANOVA.
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3 Results

3.1 Sex ratio

Sex ratio (F:M) in our sample was strongly biased towards

females in minke whales (6.8:1), slightly biased towards females in

humpback whales (1.4:1), and towards males in fin whales (1:1.3).
3.2 Isotopic signatures

Skin of minke, fin and humpback whales sampled from 1992 to

2019 ranged in d13C values from -20.8 to -16.9‰, and in d15N
values from 6.7 to 16.0‰ (Figure 2). The three species differed

significantly in their d15N values, both in terms of means and

variances (Kruskal-Wallis’s test and Dunn’s post-hoc, p < 0.001;

Levene’s F2,1107 = 47.7, p < 0.001). Overall, humpback whales

exhibited the highest d15N values and occupied the highest

trophic positions, and were the least variable in their isotopic

signatures, followed by minke whales, and fin whales (Figure 2).

While d13C mean values for the three species were within 0.26‰ of

each other, they were statistically different (Kruskal-Wallis’s test

and Dunn’s post-hoc, p < 0.001), although their variances were

deemed similar (Levene’s F2,1107 = 2.14, p = 0.12).

Humpback whales showed a linear decrease in d13C over the

study period (-0.52‰) (Figure 2). While non-linear trends in d13C
FIGURE 2

Trends in isotopic d15N (top panel) and d13C (bottom panel) values in fin whales (1992–2019; dark blue), humpback whales (1995–2019; light blue),
and in minke whales (2006–2019; grey). Background colors represent the different periods used for analysis of trophic niches and quantitative diet
composition. Each graph displays covariates included in the model (top-left corner). P-values represent significance of the smooth parameter.
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over time were observed for the other two species, variations were

overall small (< 0.09‰). For d15N values, a non-linear but overall

increase was noted for fin whales over the study period (+1.93‰),

with only small non-linear variations detected for humpback whales

and no trend noted for minke whales (Figure 2). Sex improved

model fit in fin whales for both isotopes and in humpback whales

for d15N, with females having generally lower values than

males (Figure 2).
3.3 Isotopic niche variation

3.3.1 Temporal and inter-specific comparison of
isotopic niches

Isotopic niche width, represented by SEAb, was consistently the

smallest for humpback whales during our study period (Table 1,

Figure 3). Nonetheless, niche breadth increased in both fin whales

and humpback whales over the study period, with the largest

increase noted between Period 2 and 3. Specifically, a 103% overall

increase in niche breadth was noted for humpback whales from

Period 1 to 3, including a 22% increase between Period 1 and 2, and a

66% increase between Period 2 and 3. For fin whales, the overall

niche breadth increase was 49% from Period 1 to 3, with an increase

by 18% between Period 1 and 2, and a 21% increase between Period 2

and 3. In contrast, niche breadth changed little in minke whales over

the study period, with a 16% decrease in mean SEAb noted between

Period 2 and 3 (Figure 3). Differences in SEAb were statistically

significant for all species among periods (all p-values < 0.001), and

among species within a given period (all p-values < 0.001).

The location of centroids (LOC) differed significantly among

species in each period (PERMANOVA and PAIRWISE

comparisons, all p-values = 0.001; Table 1). Nevertheless, there

was partial overlap in standard ellipses among species, indicating

some degree of resource sharing. Mean overlap of SEAb between fin

whales and humpback whales was negligible, ranging from 0% in

Periods 1 and 3 to approximately 1% in Period 2. In contrast, minke

whales exhibited the highest degree of overlap with other species

throughout the study period (no data for Period 1). During Period
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2, minke whales shared 65.6% of their core niche with fin whales

(40.7%) and humpback whales (24.9%), whereas in Period 3, their

niche overlap with these species represented 47.2% in total,

corresponding to 39.2% with fin whales, and 8% with humpback

whales. The overlap with minke whales represented a notable 55.8%

of the smaller niche of humpback whales in Period 2, and 8.9% in

Period 3. Fin whales, which shared their niche primarily with minke

whales, exhibited a comparable degree of overlap with this species

in Period 2 and 3, at 41.7% and 28.6%, respectively (Table 2,

Figure 3). Among the three species, fin whales exhibited the

largest deviations of individuals from centroids and thus, the

biggest inter-individual variability in isotopic composition for all

periods (Table 1).
3.4 Diet estimation

3.4.1 Prey grouping
Seven potential prey species from the nwGSL and GoM/SS were

considered to quantify the diet of rorquals. Prey with similar

signatures were grouped a priori, resulting in five, seven and four

different prey groups in Period 1, 2 and 3, respectively (Figure 4).

The isotopic values of potential prey considered in this study

changed notably during Period 3 compared to previous periods,

leading to less differentiation among species and a need for further

grouping. In addition, high negative correlations in estimated

contributions were noted between some of the prey groups

(Supplementary Figure S2), leading to a posteriori grouping and

summing of their relative contributions. As a result, rorqual diet

quantification is represented by four prey groups in Period 1, and

six prey groups in Period 2. In Period 3, the final number of prey

groups varied between species: four prey groups for humpback

whales and three groups for minke whales and fin whales (Figure 5).

Each prey group included one to five species. Complementary

details on unaggregated data before prey groups were combined

post hoc are shown in Figure 6.

The isotopic signatures of individual whales varied widely

within periods, with some individuals falling outside the 95%
TABLE 1 Sample size (n) and Bayesian metrics of isotopic niche for fin, humpback and minke whales.

Period Specie n SEAb

LOC
CD NND

d13C d15N

Period 1
(1992-2000)

Fin whale 76 1.41 (1.12-1.77) -18.94 10.42 0.53 (0.30-0.88) 0.46 (0.22-0.79)

Humpback whale 38 0.63 (0.45-0.86) -18.84 13.32 0.55 (0.27-0.94) 0.56 (0.23-1.01)

Period 2
(2001-2010)

Fin whale 169 1.66 (1.42-1.93) -19.01 12.05 0.80 (0.63-1.01) 0.42 (0.26-0.61)

Humpback whale 201 0.77 (0.67-0.88) -19.06 14.15 0.56 (0.40-0.78) 0.36 (0.21-0.55)

Minke whale 77 1.67 (1.34-2.10) -18.94 13.23 0.62 (0.32-1.01) 0.60 (0.26-0.99)

Period 3
(2011-2019)

Fin whale 157 2.01 (1.73-2.33) -18.98 11.76 0.47 (0.32-0.65) 0.30 (0.17-0.45)

Humpback whale 226 1.28 (1.13-1.47) -19.19 14.15 0.41 (0.29-0.55) 0.26 (0.15-0.37)

Minke whale 163 1.44 (1.43-1.68) -18.75 12.97 0.41 (0.26-0.58) 0.25 (0.14-0.39)
Mean values for the posterior distribution of the Bayesian standard ellipse area (SEAb), location of centroid (LOC) for d13C and d15N, centroid distance (CD) and nearest neighbor distance
(NND) are reported for the three periods. Values in parenthesis represent the 95% credible interval.
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mixing region (Supplementary Figure S3). While fin whales outside

the mixing regions were generally below it, humpback whales and

minke whales showed the opposite pattern. Using different trophic

enrichment factors for d15N would not resolve this issue, suggesting

that whales may have fed on unsampled prey, in unsampled

environments or are in varying physiological state (see

Discussion). Therefore, diet estimation results should be

interpreted with caution.

3.4.2 Model selection for predicting diet
The mixing model predicting fin whale diet using year as a

covariate and Individual ID as a random effect was selected as it was

within 2 dLOOic from the best model in Period 1, the model with

the lowest dLOOic in Period 2, and the second best model in Period
Frontiers in Marine Science 08
3 with a dLOOic eight units higher than the best model (see Akaike

weights, Supplementary Table S4). In the latter case, the best model

did not include individual ID as a random effect, a requirement for

estimating diet on an individual basis. Plotting results for the best

and second best model for Period 3 indicated similar mean annual

diet composition for fin whales (Supplementary Figure S4),

suggesting there was no substantial bias in diet estimation

introduced by our model selection.

For humpback whales in Period 1 and 2, diet composition was

also best predicted using year as a covariate and individual ID as a

random effect (Supplementary Table S4). However, sex was included

as an additional covariate to explain diet composition in Period 3.

For minke whales, top models for both Period 2 and 3 (Period 1

absent) consistently included individual ID as a random effect

(Supplementary Table S4). The model with the lowest dLOOic

included sex by year (Year/Sex) for Period 2, and only sex for Period 3.

3.4.3 Temporal trends in diet composition
Isotopic mixing models indicated significant differences in diet

composition among years for all periods and species

(PERMANOVA; all p-value ≤ 0.01) except for minke whales in

Period 3 (PERMANOVA; p > 0.05; Figure 5). During Period 1

(1992–2000), fin whale diet was dominated by an equal

contribution of Northern krill from the nwGSL, and a group

consisting of Arctic krill from the nwGSL and euphausiids from

the GoM/SS. Krill from these two groups represented 25–50% of the

diet depending on years, for a mean contribution of 40.3 ± 10.7%

and 40.3 ± 8.4%, respectively. In Period 2 (2001–2010), Northern

krill (nwGSL) and euphausiids (GoM/SS) both decreased to less

than 14% in fin whale diet. Arctic krill (nwGSL) still stood out as

important until 2006 (mean of 22.4 ± 11.5% of the diet), when the
FIGURE 3

Core isotopic niche represented by the standard ellipse area (SEA), which includes approximately 40% of the individuals. The starting sampling year
varied between species (1992 for fin whales, 1995 for humpback whales, and 2006 for minke whales). Modes for Bayesian standard ellipse area
(SEAb) posterior distributions are represented by density plots showing the 50, 75 and 95% credible intervals. P-values represent PERMANOVA level
of significance for the global comparison.
TABLE 2 Bayesian overlap area (%) of the core Bayesian isotopic niche
(SEAb) relative to each species ellipse area for each pair of species across
the three periods. Species are fin whales (Bp), humpback whales (Mn)
and minke whales (Ba).

Period Species Bp-Mn Bp-Ba Mn-Ba

Period 1
(1992-2000)

Bp 0 (0) – –

Mn 0 (0) – –

Period 2
(2001-2010)

Bp 0.6 (1.4) 41.7 (8.5) –

Mn 1.3 (3.3) – 55.8 (15.3)

Ba – 40.7 (8.5) 24.9 (7.0)

Period 3
(2011-2019)

Bp 0 (0) 28.6 (5.9) –

Mn 0 (0) – 8.9 (6.4)

Ba – 39.2 (7.9) 8.0 (5.9)
Values in parentheses are standard deviation (in %).
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fish group consisting of capelin (nwGSL), herring and mackerel

became more important from that year (mean of 31.9 ± 12.5% of the

diet). In Period 3 (2011–2019), when fin whale diet composition

could only be estimated from three potential prey groups, fin whales

fed little (5.8 ± 9.5%) on Arctic krill from the nwGSL, and took most

of their prey (69.6 ± 19.3%) from a group consisting of capelin,

herring, mackerel, Northern krill from nwGSL and sand lance

(Figure 5). Within that group, contributions prior to a posteriori

aggregation were slightly higher for Northern krill (nwGSL) and

sand lance (37.2%) than for capelin, herring, and mackerel

(32.4%; Figure 6).

Humpback whales were mainly fish eaters. During Period 1

(1992–2000), they depended highly on capelin, herring and

mackerel, all from the nwGSL (mean contribution of 48.7 ±

10.7%), and on sand lance also from the nwGSL (mean

contribution of 36.2 ± 10.5%; Figures 5, 6). In Period 2 (2001–

2010), capelin from the nwGSL, herring and mackerel (from the

nwGSL and GoM/SS) dominated the diet (mean contribution of

90.8 ± 6.4%). The contribution of this multi-species group increased

over time in humpback whale diet, with a mean of 96.8 ± 4% in

Period 3 when considering both sexes combined (Figure 5). During

the latter period, sex differences in diet composition mainly stem

from one year (2018) where females consumed less capelin, herring

and mackerel and more of the other prey groups.

Minke whales were not sampled in Period 1. In Period 2, they

predominantly consumed capelin from the nwGSL, and herring,

and mackerel (from the nwGSL and GoM/SS; 62.7 ± 17.7% of their

diet), although sand lance and Arctic krill, both from the nwGSL,

also contributed to the diet but to a lesser extent. For the two years

where both males and females were sampled, females tended to

consume more capelin (from the nwGSL), herring and mackerel

(from the nwGSL and GoM/SS) than males, with the latters

consuming more Arctic krill (from nwGSL) (Supplementary

Figure S5). During Period 3, minke whales consumed almost

exclusively prey from the group capelin, herring, mackerel and
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euphausiids from GoM/SS. Contributions prior to a posteriori

grouping suggest that capelin, herring and mackerel were the prey

group likely contributing the most to minke whale diet (74.1%;

Figure 6). While a sex effect was noted for Period 3, none was

apparent from mean diet proportions (Supplementary Figure S5).
3.5 Individual diet specialization

Individual specialization index (e) are shown by species for

Period 1, 2, and 3 (Figure 7). Overall, the degree of specialization

increased over time in fin whales and, to a lesser extent, in minke

whales, while humpback whales remained in the ultra-specialist

class throughout the study period. Comparison between periods

must be done with caution given that different number of prey

groups were used to calculate the specialization index, limiting

comparisons among species only within each time period. In Period

1 (1992–2000), humpback whales were in the specialist and ultra-

specialist range as they were feeding mostly on capelin, herring and

mackerel. Fin whales showed intermediate values during this

period, i.e., a majority of individuals were neither particularly

specialist or generalists. A similar tendency although more

accentuated was noted during Period 2 (2001–2010), with several

fin whale individuals showing a generalist strategy (58.2% of

individuals with a e < 0.3), and a majority of humpback whales

(92.5%) being either specialists (e > 0.7) or ultra-specialists (e >

0.9). Minke whales had relatively intermediate and highly variable e
values among individuals (range: 0.24–0.71), with a small portion

of the individuals (11%) being either generalist (e < 0.3) or specialist
(e > 0.7). In Period 3, only three (fin whales and minke whales) and

four (humpback whales) prey groups resulted from the models,

which likely enhanced the potential for specialization. During this

period, individuals from all species showed intermediate or high

specialization indices, with humpback whales and minke whales

falling in the ultra-specialist categories (Figure 7). Fin whales all had
FIGURE 4

Mean and standard deviation (bars) of d13C and d15N values of potential prey or prey groups (when isotopically similar) from nwGSL (D) and GoM/SS
(∇) and consumers (fin, humpback and minke whales) for the three periods. A trophic enrichment factor (1.01‰ of d13C; 1.57‰ for d15N) was applied
to rorqual signatures.
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notably lower e values, with a population mean of 0.54 ± 0.05,

compared to 0.94 ± 0.05 and 0.95 ± 0.04 for humpback whales and

minke whales, respectively (Figure 7).

Sex was a significant covariate in the top mixing models (within 2

dLOOic of best) for Period 3 in humpback whales, and for Period 2

and 3 for fin whales and minke whales (Supplementary Table S4).

However, statistical differences in the specialization index were noted

only in fin whales during Period 2 (PERMANOVA Period 2 F1,164 =
Frontiers in Marine Science 10
6.37, p = 0.02, R2 = 0.04), with males showing slightly higher e values
than females (Period 2 eFemale = 0.27 ± 0.12, eMale = 0.31 ± 0.13).
4 Discussion

This study, spanning nearly 30 years for some of the species,

indicates that three sympatric rorqual species using the Gulf of
FIGURE 5

Trend in mean diet composition of fin whales, humpback whales and minke whales over the study period (1992–2019 for fin whales, 1995–2019 for
humpback whales, and 2006–2019 for minke whales). Credible intervals, and sex effects were omitted for clarity (see Supplementary Figure S5 for
diet composition per sex). A year effect was noted for all species except minke whale in Period 3. Nonetheless, results for the latter were presented
per year for consistency with other species. Prey groups and associated contributions are the result of both a priori grouping of isotopically similar
prey, and a posteriori grouping due to correlation in estimated contributions of prey to the diet. Prey were from the nwGSL and GoM/SS when
location was omitted in the legend. Each graph displays the covariates included in the MixSIAR model (top-right corner).
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St. Lawrence have adapted to some extent to a period of climatic

and ecosystemic change by modifying their diet and individual

degree of dietary specialization. While humpback whales depended

largely on fish and fin whales relied more heavily on euphausiids, all

three species increased dependency on pelagic fish species during

the study period. However, overlap in trophic niche remained

partial (i.e., minke whales with fin whales and humpback whales)

or nearly non-existent (i.e., fin whales vs. humpback whales),

suggesting that resource partitioning persisted among these

closely related species.

Rorquals are migratory species and capital breeders, with a

capacity to separate feeding from reproduction (Lockyer and

Brown, 1981). As a result, rorquals sampled in the GSL may have

fed outside this region, with isotopic signature from other foraging

areas persisting for some time in their skin and potentially affecting

the results. Similarly, fasting during migration or while on breeding

grounds could also result in residual enrichment of d15N values

(Martıńez del Rio et al., 2009). Isotopic baseline of ecosystems and

prey signatures can also vary over time. Ideally, potential prey

would be sampled across the entire feeding range, and consistently

over 28 years, but this was not logistically or financially possible.

Alternatively, the study period was split to match major

oceanographic changes documented in the St. Lawrence

ecosystem, and prey from other potential feeding areas were

included into the models. However, isotopic data remain scarce

for other marine ecosystems of the Northwest Atlantic, potentially

explaining why some individuals fell outside the prey mixing

polygons (Supplementary Figure S3).
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Estimating diet of generalist feeders using isotopic mixing models

is challenging, especially if potential prey are numerous or isotopically

similar. These conditions trigger a need for further selection among

potential prey or a priori grouping of isotopically similar prey (see

Phillips et al., 2014). This is why the use of period-specific prey to

account for potential changes in baseline led to a temporal change in

the number of prey groups included in the final models. In fact, an

increased similarity and reversed correlations among prey groups

were noted, especially during Period 3, necessitating a posteriori

aggregation. This might have inflated proportional contributions of

the negatively correlated groups due to the combination of prior

weights given to a priori groups (Stock et al., 2018). Furthermore, this

reduction in number of prey groups artificially increased the

specialization indices by limiting the number of groups to draw

contributions from. Given these groupings varied among periods, a

direct comparison of the degree of individual specialization is possible

only among species within a period, and should be avoided among

periods. Despite these limitations, clear general patterns emerged

from our data, providing valuable information about rorqual diets

and their capacity to adapt to environmental change.
4.1 Dietary change over time

4.1.1 Fin whale
In the North Atlantic, fin whales are often described as being

primarily zooplankon-eaters (Nemoto, 1959; Witteveen and

Wynne, 2016; Silva et al., 2019; Garcìa-Vernet et al., 2021).
FIGURE 6

Original prey contributions to diet (% and SD) for rorqual species and periods requiring a posteriori aggregation due to inverse correlations in prey
contributions (see Supplementary Figure S2). This figure shows unaggregated data before prey groups were combined post hoc.
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However, schooling fishes are known to occupy a significant part of

their diet in certain areas (Kawamura, 1980; Ryan et al., 2014;

Aguilar and Garcia-Vernet, 2018), although sometimes only later in

the year (Rita et al., 2023). In the GSL, fin whales fed primarily on

krill in the 1990s, but then shifted to a more generalist diet with the

inclusion of more forage fish (capelin, herring and/or mackerel)

during the 2000s, and more sand lance and/or northern krill in the

2010s. This shift coincided with a decreasing krill availability in the

North Atlantic (Edwards et al., 2021). With a generally large

isotopic niche area throughout the study period, and various

contributing taxa to their diet, fin whales from the nwGSL can be

considered as generalists both at the individual and populational

level, acknowledging GSL fin whales may or may not represent a

distinct population from the rest of the North Atlantic (Ramp et al.,

2024). Variability in the specialization index among individuals

suggests not all fin whales consumed the same set of prey groups

(i.e., fish vs zooplankton), a finding consistent with the

specialization indices obtained for fin whales sampled in the

estuarine portion of the St. Lawrence (Cabrol et al., 2021), and

with previous suspicions (e.g., Gavrilchuk et al., 2014; Witteveen

and Wynne, 2016). While their degree of specialization increased

during period 3, fin whales showed a lesser degree of specialization

than the other two species, with indications of krill consumption on

the SS or in the GoM during that period. The occurrence of some fin

whales mainly below the mixing polygon suggests a potential

underestimation of zooplankton consumption, likely in

unsampled regions. This hypothesis is supported by isoscape

modelling of copepod d15N values across the North Atlantic, and

by krill sampling around the Azores in the mid-Atlantic, both of

which indicate lower d15N values for zooplankton in oceanic and

mid-Atlantic waters (Silva et al., 2019; Espinasse et al., 2022). The

spring distribution of fin whales beyond the shelf edge in the

Northwest Atlantic remains largely undocumented (Davies et al.,

2020; Delarue et al., 2022). However, fin whales from the GSL have

been tracked performing area-restricted search, a proxy for

foraging-like behavior, in open-ocean water at lower latitude in

late fall and early winter, although never in mid-Atlantic waters
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(Ramp et al., 2024). Overall, these results suggest that zooplankton

consumption by fin whales was likely underestimated across all

three periods, as they might have carried an oceanic consumption

signal for this type of prey that was undetected in our models.

4.1.2 Humpback whale
With their relatively small niche breadth (SEAb) and high

trophic position, humpback whales sampled in the nwGSL largely

depended on a small set (one to three) offish species throughout our

study period: capelin, herring and/or mackerel. These results are

consistent with the piscivorous tendency of humpbacks elsewhere

(Ryan et al., 2014; Witteveen and Wynne, 2016), including coastal

Newfoundland (eastern Canada), where capelin accounted for

~90% of their diet (Johnson and Davoren, 2021). The parallel

increase noted in niche breadth and reliance on a single prey

group seems contradictory to the principle that specialists have

narrower trophic niche (Krebs et al., 1993). Given the prey group

that humpback whales exploited was composed of three species that

were similar but not identical isotopically, it is possible that during

the most recent period, humpback whale individuals focused on

different prey species within that group, increasing inter-individual

variability and trophic niche breadth. Because several individual

humpback whales were above the mixing polygon, it suggested an

underestimated consumption of fish species at higher trophic levels,

e.g., small arctic cod (Boreogadus saida) or Atlantic cod (Gadus

morhua) (Lesage et al., 2001). Samples for these species were

unavailable for the study period and though, could not be tested.

Further sampling and the use of complementary ecological tracers

such as fatty acids may be required to improve our understanding of

diet composition and inter-individual variability in prey selection in

this fish specialist (e.g., Iverson et al., 2004; Budge et al., 2006).

4.1.3 Minke whale
Minke whales were intermediate in trophic position between fin

whales and humpback whales, and fed primarily on small pelagic

fish species, although Arctic krill from the nwGSL (Period 2) and

euphausiids from the GoM/SS (Period 3) were also consumed in
FIGURE 7

Frequency distribution of individual specialization index (e) for fin whale and humpback whale for Period 1 (1992–2000), and for fin whale,
humpback whale and minke whale for Period 2 (2001–2010) and Period 3 (2011–2019). Sample means (dotted line) and standard deviations are
shown for each species. Darker blue background indicates ultra-generalist (0-0.1) and ultra-specialist (0.9-1) ranges. Lighter blue background
indicates generalist (0.1-0.3) and specialist (0.7-0.9) ranges.
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smaller amounts. This dietary pattern aligns with findings from the

Northeast Atlantic, where studies report a diet composed mainly of

fish, supplemented with krill (Neve, 2000; Windsland et al., 2008;

Eerkes-Medrano et al., 2021). Morphology of the minke whale

feeding apparatus, which allows for a lesser engulfment capacity

than that of Antarctic minke whale feeding exclusively on krill,

appears better adapted to fish consumption (Nishimura et al.,

2021). Recent research in the Barents Sea indicates that minke

whales eating fish may accumulate more energy than krill-focused

individuals (Haug et al., 2024). Minke whales are known for their

dietary flexibility (Haug et al., 2024), and the population visiting the

nwGSL seem to be no exception. Their large inter-individual

variability in specialization index depicts feeding strategies

varying from generalism to specialism among individuals. Minke

whales exhibited a niche breadth comparable to that of fin whales,

except in Period 3 when niche breadth expanded for fin whales, and

decreased slightly for minke whales. An increased focus of minke

whales on fish prey during Period 3, with little contribution from

euphausiids, appears to be responsible for the reduction in niche

breadth and increased degree of specialization during this period.

Again, grouping of multiple species in a single isotopic group

impaired our ability to identify the specific fish taxa consumed

within that group. A seasonal change in prey species targeted is also

plausible, as observed in other regions (e.g., Macleod et al., 2004;

Tamura and Fujise, 2002), although hard evidence of this for minke

whales in the GSL is currently lacking. As for the other two rorqual

species, some individuals fell above (mostly) or below the mixing

polygon in Period 3, suggesting a potential bias in diet composition.

Little is known about seasonal movement and distribution of minke

whales in the Northwest Atlantic, although they are suspected to

undertake north-south seasonal movements (Risch et al., 2014). The

importance of oceanic feeding cannot be ascertained based on

isotopic results alone for this species.
4.2 Sex-related patterns

All three species of rorquals exhibit minor sexual dimorphism,

with females being generally slightly larger than males (Ralls, 1976).

This sexual dimorphism may affect aerobic dive limit and prey

access, and multiple other aspects of rorqual ecology, including

timing of migration (Brown et al., 1995; Stevick et al., 2003; Craig

et al., 2003; Franklin et al., 2017), vocalizations (Croll et al., 2002;

Herman, 2016; Indeck et al., 2021) and habitat use (Laidre et al.,

2009; Irvine et al., 2019). Some of these differences might arise from

varying energetic demands between gender associated with

reproductive status (Würsig et al., 2023), or from the need of

pregnant females or cow-calf pairs to avoid males or predators

(Laidre et al., 2009; Craig et al., 2014; Indeck et al., 2021).

For diet, a larger body size may allow a sex or age class to reach

deeper depths or to ingest larger prey than smaller conspecifics (e.g.

McIntyre et al., 2010; Louis et al., 2021). While occupation of higher

trophic levels by females than males would be expected in our three

rorqual species based on sexual dimorphism, the reverse was

observed, with females generally having slightly lower d15N values
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compared to males when a sex difference was noted over the study

period. Because rorquals feed on zooplankton and small forage fish

that are accessible to both sexes, the concept of differential access to

larger prey based on body size may not apply. Our diet composition

estimations suggest that the slight differences observed in isotopic

signatures between sex classes did not result in striking differences

in prey selection or levels of consumption, supporting equal access

to prey in our study environment. However, differences in diet

composition may arise from spatial segregation among sex. For

instance, a clear latitudinal segregation by sex has been documented

for minke whales in the North Atlantic (Born et al., 2003; Laidre

et al., 2009, this study, Gardiner et al., 2025), with documented

effects on diet composition in some cases (Haug et al., 2002). No

such clear effects on diet have been documented in fin or humpback

whales, although biased sex ratios exist for humpback whales in

some regions (Weinrich and Kuhlberg, 1991). In minke whales

sampled in the nwGSL where females largely dominate, females

were found to occupy higher trophic positions than males in a study

using part of our dataset (Gavrilchuk et al., 2014), a finding

consistent with females consuming larger proportions of fish than

zooplankton compared to males (this study). Whether this

differential consumption arises from sex segregation within the

nwGSL or elsewhere prior to their arrival in the GSL is unknown. A

study from the mid 2000s examining this question in our sampling

area (nwGSL) failed to detect a spatial segregation for any of the

three rorquals species (Doniol-Valcroze, 2008). Whether such

segregation emerged since then in the nwGSL cannot be excluded.
4.3 Resource partitioning

According to the niche overlap hypothesis (Pianka, 1972), overlap

in ecological niches inversely correlates with competition intensity.

This rationale is supported by numerous studies showing that overlap

between sympatric predator changes with prey availability (e.g.,

Pianka, 1974; Croxall et al., 1999; Barger and Kitaysky, 2012). Niche

overlap tends to increase when resources are sufficiently abundant to

limit competition, allowing the exploitation of the same prey by many

species (MacArthur and Levins, 1967; Schoener, 1982). By the same

principle, scarce resources can lead to lesser niche overlap to limit

interspecific competition, enabling similar species to coexist on the

long-term (Polechová and Storch, 2019). However, it is noteworthy

that isotopic niche breadth (i.e., SEAb) and overlap alone cannot

inform on competition levels per se, as they represent the balance

between intraspecific and interspecific competition, each exerting

opposite effects on niche breadth (Abrams, 1980). Specifically,

interspecific competition tends to restrict niche breadth while

intraspecific competition tends to expand it.

In our study, niche overlap among species was maximal in

Period 2 (2001–2010), with a decrease observed during Period 3

(2011–2019; Figure 3, Table 2). In the GSL, the abundance of capelin,

herring, mackerel and krill is estimated to have decreased in recent

years (Boudreau et al., 2023; DFO, 2022; Smith et al., 2022; Edwards

et al., 2021), suggesting a decrease in the availability of several

potential prey for rorquals. According to the niche overlap
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hypothesis, resource limitation in recent years has likely increased

competition, leading rorqual species, especially minke whales, to

increase dietary segregation to limit this competition, thereby

reducing their niche overlap. The niche of minke whale showed

the most overlap with the niche of the other species, suggesting they

are the most likely to be affected by interspecific competition. This

hypothesized increase in interspecific competition does not consider

other potential competitors of rorquals that have exhibited a growing

presence in the ecosystem, such as striped bass (DFO, 2023), redfish

(Senay et al., 2021) and several species of seals (Hammill et al., 2021;

Mosnier et al., 2023), and that might also have affected the niche

dynamics and trophic structure of the ecosystem.

The absence of overlap between the core isotopic niche of fin and

humpback whales indicates clear niche segregation and reinforces the

notion of partitioning of resources within the GSL. This lack of overlap

contrasts with recent dietary studies of the same species in the Azores

area (Lebon et al., 2024). Minke whales and humpback whales in our

study showed differentiated niche position in the isotopic space, and

exhibited minimal overlap in the recent period, despite the fact that

both species relied increasingly more on lipid-rich pelagic fish such as

capelin, herring and mackerel over time. These findings suggest that

minke and humpback whales may consume different proportions of

each species within this prey group, that were not possible to detect in

our study given the isotopic resolution among prey and prey pooling.

It also supports a potentially reduced availability of krill in the North

Atlantic (Edwards et al., 2021). Change in resource consumption is

one of many strategies to avoid competition; others include shifts in

feeding grounds (Davis et al., 2020), or changes in temporal (Ramp

et al., 2015) or spatial use of feeding areas (Doniol-Valcroze et al.,

2007). However, our study context did not allow sufficient resolution

to explore this fine-scale segregation.

At the intra-population level, the relatively larger niche breadth

of fin whales, and the presence of sexual disparity in specialization

index indicate variability in the population, which may reveal

stronger intraspecific competition relatively to interspecific

competition in comparison with the other species. The niche

breadth expansion of fin whales in Period 3 (2011–2019), and the

variability in individual feeding strategies (e) highlighted greater

variability in prey consumption between individuals during a time

thought to be food limited. When preferred resources are scarce,

individuals might expand their niche to consume unutilized

resources (Araújo et al., 2011). The observed increase in fin whale

niche breadth was concomitant with diminishing krill availability in

the North Atlantic (Edwards et al., 2021), a lipid-rich prey that we

found was highly consumed by fin whales in the GSL in the 1990s.

How the energetic budget of rorquals has been impacted by these

shifts in diet remains to be evaluated.
5 Conclusions

Our 28-year data collection provided unique insights into the

evolution of rorqual trophic niche across a period of climate change
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and increasing anthropogenic pressures. Despite the biases identified

in diet composition due to the absence of prey sampling in oceanic

waters, our study revealed a dietary shift over time toward a growing

reliance on forage fish for all three rorqual species, and a reduction in

niche overlap, most likely in response to an increased interspecific

competition. These results help clarify the strategies that may be

adopted by the three rorqual species under varying conditions of intra-

and interspecific competition and resource availability. Together, they

suggest that when abundant, krill may serve as a preferred prey for

species such as fin whales, which relied most heavily on zooplankton

among the three rorquals. The estimation of individual specialization

index has helped understand rorqual feeding strategies at a finer level.

The use of complementary tracers such as sulfur isotopes which

distinct sediment-bound food webs from pelagic one (Raoult et al.,

2024) could help distinguish prey species further by using 3-tracers

mixing models and provide a greater resolution of dietary patterns.

This is especially needed in recent years (2011–2019) given the lesser

differentiation in prey isotopic signatures. Considering regional

climate predictions (Lavoie et al., 2020) and the ongoing decline of

many prey populations within the GSL (Edwards et al., 2021; Smith

et al., 2022; DFO, 2022; Boudreau et al., 2023), the monitoring of

trophic niche of rorqual whales, including their prey across their

feeding range, is crucial for tracking their response to the

environmental variability and inform conservation measures.
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Individual and population dietary specialization decline in fin whales during a period of
ecosystem shift. Sci. Rep. 11, 17181. doi: 10.1038/s41598-021-96283-x

Cabrol, J., Lesage, V., and Rioux, È. (2025). Changing ecosystems promote
generalism and enhanced heterogeneity in diet composition in the endangered St.
Lawrence Estuary beluga. Sci. Rep. 15, 6239. doi: 10.1038/s41598-025-91083-z

Clark, C. T., Cape, M. R., Shapley, M. D., Mueter, F. J., Finney, B. P., and Misarti, N.
(2021). SuessR: Regional corrections for the effects of anthropogenic CO2 on d13C data
from marine organisms. Methods Ecol. Evol. 12, 1508–1520. doi: 10.1111/2041-
210X.13622

Comtois, S., Savenkoff, C., Bourassa, M. N., Brêthes, J. C., and Sears, R. (2010).
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(2022). Temporal dynamics in zooplankton d13C and d15N isoscapes for the North
Atlantic Ocean: Decadal cycles, seasonality, and implications for predator ecology.
Front. Ecol. Evol. 10, 1–21. doi: 10.3389/fevo.2022.986082

Fleming, A. H., Clark, C. T., Calambokidis, J., and Barlow, J. (2016). Humpback
whale diets respond to variance in ocean climate and ecosystem conditions in the
California. Glob. Change Biol. 22, 1214–1224. doi: 10.1111/gcb.13171

Folch, J., Lees, M., and Stanley, G. H. S. (1957). A simple method for the isolation and
purification of total lipidesfrom animal tissues. J. Biol. Chem. 226, 497–509.
doi: 10.1016/S0021-9258(18)64849-5

Franklin, T., Franklin, W., Brooks, L., and Harrison, P. (2017). Site-specific female-
biased sex ratio of humpback whales (Megaptera novaeangliae) during a stopover early
in the southern migration. Can. J. Zoo. 96, 533–544. doi: 10.1139/cjz-2017-0086
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