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Migratory marine megafauna generally move vast distances between productive foraging grounds and envi-
ronmentally stable breeding grounds, but characterizing how they use these habitats to maintain homeostasis
and reproduce is difficult. We used isotope analysis of blue whale skin strata (n = 621) and potential prey (n =
300) to examine their migratory and foraging strategies in the eastern Pacific Ocean. Our results suggest that
most whales in the northeast Pacific use a mixed income and capital breeding strategy, and use the California
Current Ecosystem as their primary summer-fall foraging ground. A subset of individuals exhibited migratory
plasticity and spend most of the year in the Gulf of California or Costa Rica Dome, two regions believed to be

their primary winter-spring breeding grounds. Isotope data also revealed that whales in the southern Eastern
Tropical Pacific generally do not forage in the northeast Pacific, which suggests a north-south population
structure with a boundary near the equator.

1. Introduction

Tracking the movement patterns and foraging strategies of migratory
baleen whales is a key element for assessing management plans. Spe-
cifically, identifying resource requirements to enhance survival and
maximize reproduction may provide insights on how species have
adapted to dynamic ecosystems, and how they might respond to ongoing
environmental change. The blue whale (Balaenoptera musculus) is listed
as an endangered species (Cooke, 2018) and is considered highly
vulnerable to oscillations in prey abundance, perhaps because the spe-
cies primary foraging behavior, lunge-feeding, has an elevated energetic
cost (Acevedo-Gutiérrez et al., 2002; Goldbogen et al., 2007; Potvin
et al., 2009). The phylogeography of blue whales in the eastern Pacific
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Ocean has not been resolved, but currently the northeast and southeast
Pacific populations are considered separate subspecies (Branch et al.,
2007; Committee on Taxonomy, 2016; Leduc et al., 2017), although
potentially both populations use a common feeding ground in the
Eastern Tropical Pacific. Quantitative data on the relative use of
different foraging grounds in the eastern Pacific is scarce. Such infor-
mation would be useful to characterize blue whale foraging strategies in
terms of energetic requirements, diet composition, site fidelity, and
population dynamics, which in turn would broaden our understanding
on resource use and partitioning within and between populations.

The putative population of blue whales (Balaenoptera musculus mus-
culus) in the northeast Pacific is considered one of the healthiest
worldwide (Calambokidis et al., 2009a; Monnahan et al., 2015; Sears
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et al., 2013). Sampling effort in terms of sea surveys, tagging, acoustic
analysis, and tissue collection, has been greater in the northeast Pacific
compared to the southeast Pacific. Blue whales in the northeast Pacific
generally migrate seasonally (Bailey et al., 2009; Calambokidis et al.,
2009a). During the boreal summer-fall (Jun—-Nov) the species feeds on
dense aggregations of two temperate krill species (Thysanoessa spinifera
and Euphausia pacifica) in the California Current Large Marine
Ecosystem, hereafter referred to as California Current Ecosystem, off the
west coast of the U.S. (Fiedler et al., 1998; Nickels et al., 2018) with
some venturing north into the Gulf of Alaska (Calambokidis et al.,
2009a). Most whales migrate southward to one of two possible boreal
winter-spring (Dec-May) nursing and feeding grounds: the Gulf of Cal-
ifornia (Sears et al., 2013) or the Costa Rica Dome (Mate et al., 1999;
Matteson, 2009; Reilly and Thayer, 1990; Calambokidis et al., 2009b).
In the Gulf of California, blue whales feed on a combination of dense
aggregations of subtropical krill (Nyctiphanes simplex) (Gendron, 1992)
and lanternfish (Family: Myctophidae) (Jiménez-Pinedo, 2010),
whereas in the Costa Rica Dome whales have been observed feeding on
an unidentified species of krill (Matteson, 2009). The unnamed sub-
species of Chilean blue whales in the southeast Pacific (Committee on
Taxonomy, 2016) has been observed feeding intensively in the Hum-
boldt Current System off the northern Chilean coast during the austral
summer (Dec-Feb) and fall (Mar-May) (Galletti-Vernazzani et al., 2017;
Hucke-Gaete, 2004; Hucke-Gaete et al., 2004). It has been proposed that
these blue whales feed almost exclusively on krill in this region, how-
ever, this has not yet been confirmed with observational or scatological
analyses. Photo-identification (Torres-Florez et al., 2015), genetic
analysis (Torres-Florez et al., 2014), and satellite tagging (Hucke-Gaete
et al., 2018) confirmed that blue whales observed off Chile migrate
north to the Galapagos Islands, areas off mainland coasts of Ecuador and
Peru, as well as the Bauer Basin in the austral winter and spring
(Jun—Nov). In the Galapagos Islands, blue whales have been observed
feeding on krill aggregations (Palacios, 1999), and in coastal waters off
Ecuador, 2 nm west of the Santa Elena Peninsula, foraging behavior has
been recorded, but prey items were not collected, although it is likely
they also primarily feed on krill in this region (Felix and Botero-Acosta,
2007).

Genetic analysis shows that the Eastern Tropical Pacific is potentially
used differentially by blue whales from the southeast and northeast
Pacific populations. Whales from the southeast Pacific show a stronger
affinity to foraging zones off coastal Peru and Ecuador near or slightly
south of the equator in the southern Eastern Tropical Pacific, whereas
whales from the northeast Pacific are more inclined to use the Costa Rica
Dome in the northern Eastern Tropical Pacific (Leduc et al., 2017).
However, one blue whale photographed in Galapagos was
photo-recaptured in the Costa Rica Dome (Douglas et al., 2015), sug-
gesting that both populations use this region. Moreover, because of the
genetic affinity between the southeast and northeast Pacific populations,
Leduc et al. (2017) proposed that blue whales in southeast Pacific may
use the Costa Rica Dome and other regions in the northeast Pacific.

Collectively, these observations suggest that blue whales in the
northeast and southeast Pacific forage throughout their annual migra-
tory cycle. Blue whales are considered to be capital breeders that
theoretically fast while on the winter-spring breeding grounds and rely
exclusively on nutrients assimilated from the food consumed previously
on their summer-fall grounds (Irvine et al., 2017; Pirotta et al., 2018;
Wiirsig et al, 2017). Nevertheless, observational and stable
isotope-based evidence demonstrate that blue whales feed year-round,
suggesting the use of a combination of capital and income breeding
strategies to support reproduction (Pirotta et al., 2018). Therefore,
quantitative data on the proportion of feeding that occurs on the
summer-fall versus winter-spring foraging grounds is required to better
understand the physiological strategies and energy requirements of the
species. However, quantifying the contribution of different foraging
regions is a challenging task for migratory baleen whales, which exhibit
a wide distribution and generally feed in the subsurface, limiting data
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collection on their foraging ecology.

Carbon (5'°C) and nitrogen 6'°N) isotope analysis of animal tissues
have been broadly used to investigate the foraging ecology of migratory
cetaceans and other marine megafauna (Hobson, 1999; Newsome et al.,
2010; Seminoff et al., 2002; Witteveen et al., 2012). Factors that influ-
ence consumer isotopic composition include variation in baseline
isotope values (Graham et al., 2010; Magozzi et al., 2017; Somes et al.,
2010), trophic discrimination, and tissue isotopic incorporation (Bus-
quets-Vass et al., 2017; Graham et al., 2010; Hobson, 1999; Martinez del
Rio et al., 2009; Newsome et al., 2010). Previous isotope-based work on
blue whales focused on estimating the 5'°N isotopic incorporation rate
of skin (~5 months) and mean (+SD) trophic discrimination factors for
blue whale tissues (A'N: 1.8 + 0.3) (Busquets-Vass et al., 2017). This
work also demonstrated that blue whale skin records baseline variations
of 8'°N among foraging regions in the northeast Pacific. Specifically,
whales in the Gulf of California had higher 55N values in comparison to
those sampled in the California Current Ecosystem, while individuals
sampled near the Costa Rica Dome had lower values than the other two
regions. Moreover, several studies on marine mammal species show that
pelagic ecosystems adjacent to the Galapagos Islands in the southern
Eastern Tropical Pacific have lower 5'°N values than those in the Gulf of
California (Aurioles-Gamboa et al., 2009) and the California Current
Ecosystem (Drago et al., 2016; Orr et al., 2009). The high baseline 515N
values of the California Current Ecosystem and Gulf of California are
potentially driven by the relative influence of denitrification in the ox-
ygen minimum zone, resulting in an increase in surface water nitrate
(NO3), and the advection of I5N-rich subsurface equatorial water
(Aguiniga et al., 2010; Altabet et al., 1999; Liu and Kaplan, 1989). In the
Costa Rica Dome, in the northern Eastern Tropical Pacific, nitrogen
fixation and incomplete nitrate utilization could contribute to charac-
teristically low baseline '°N in comparison to the Gulf of California and
California Current Ecosystem (Altabet, 1996; Altabet et al., 1999; Liu
and Kaplan, 1989; Williams et al., 2014).

Currently, there are no estimates of the trophic niche and seasonal
foraging strategies of blue whales in the eastern Pacific. Decades of skin
biopsy collections stored in institutional tissue banks provide a useful set
of samples to explore foraging, migratory, and reproductive strategies
(e.g., capital vs income) in this endangered species, which is difficult to
study due to its broad distribution and migratory habits. We combined
niche metrics and isotope mixing models based on §'3C and 8'°N values
of blue whale skin and potential prey to assess the trophic overlap and
seasonal variations in resource use among different foraging grounds in
the eastern Pacific Ocean. Specifically, we exploited known spatial
gradients in baseline 515N values (Altabet et al., 1999; Aurioles-Gamboa
etal., 2009; Voss et al., 2001) among these localities to examine foraging
strategies, site fidelity, and population structure. We tested two hy-
potheses: (1) in the northeast Pacific Ocean, the proportion of time spent
feeding in summer-fall foraging grounds (California Current Ecosystem)
versus winter-spring breeding grounds (Gulf of California and/or Costa
Rica Dome) likely vary among sub-groups of this putative population;
(2) blue whales in the southern Eastern Tropical Pacific (Ecuador and
Peru) do not generally feed in the Costa Rica Dome or other areas further
north in the northeast Pacific. The results of this study contribute novel
information on the feeding strategies and population structure of this
species, important for identifying ecosystems that are critical for
maintaining these populations.

2. Material and methods
2.1. Tissue selection, preservation, and processing

Blue whale skin biopsies and sloughed skin from different regions in
the eastern Pacific Ocean (Fig. 1) were selected from tissue banks
archived at National Oceanic and Atmospheric Administration-
Southwest Fisheries Science Center (NOAA-SWFSC; La Jolla, CA,
USA), Cascadia Research Collective (CRC; Olympia, WA, USA), and
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Fig. 1. Sampling location and month of (A) blue whale skin (circles) as well as (B-C) potential prey and zooplankton (triangles) collected in different regions of the
eastern Pacific Ocean: California Current Ecosystem (CCE), Gulf of California (GC), Costa Rica Dome (CRD), and southern Eastern Tropical Pacific (SETP). Note the
area in panel C (Galapagos Islands) is depicted by a red box in panel A. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Centro Interdisciplinario de Ciencias Marinas-Instituto Politécnico
Nacional (CICIMAR-IPN; La Paz, BCS, Mexico). All skin biopsies and
sloughed skin samples were obtained during marine mammal surveys
from 1996 to 2015 in three regions of the northeast Pacific (NEP): Gulf
of California (GC; Jan-Apr, n = 115 biopsies, n = 81 sloughed skin),
California Current Ecosystem (CCE; Jun-Dec, n = 129 biopsies, n = 93
sloughed skin), and Costa Rica Dome (CRD; Oct-Nov, n = 27 biopsies),
and also from the southern Eastern Tropical Pacific (ETP; Oct-Nov, n =
22 biopsies), including samples collected off the coasts of Peru and
Ecuador, including the Galapagos Islands (GAL; Fig. 1). Specifically, we
used all the NEP skin samples (n = 429) analyzed for stable isotopes by
Busquets et al. (2017) and collected skin biopsies from the CRD (n = 16)
and ETP (n = 22). Skin biopsies were collected via dart sampling
methods (Barrett-Lennard et al., 1996) and sloughed skin was collected
from the sea surface with a net near the footprint of the whales (Gendron
and Mesnick, 2001), or from suction cups of tagged whales. Skin samples
were stored frozen at —80 °C or in a 20% salt saturated solution of
dimethyl sulfoxide (DMSO), which does not affect stable isotope values
of blue whale and cetacean skin if samples are lipid-extracted before
stable isotope analysis (Busquets-Vass et al., 2017; Newsome et al.,
2018).

Blue whale skin has a mean (+SD) 5'°N isotopic incorporation rate of
169 + 91 days (Busquets-Vass et al., 2017) and cetacean skin strata
contain a time series of foraging information (Busquets-Vass et al., 2017;

Wild et al., 2018), therefore to increase the temporal dietary sampling
skin biopsies were divided into stratum basale and externum. Not all
biopsies had both skin strata, and only a single stratum was available for
the majority of individuals sampled (207/385 or 53%). Sex identifica-
tion was obtained using genetic methods (Berube and Palsbgll, 1996;
Morin et al., 2005). A total of 621 samples of skin strata (including
sloughed skin) were obtained from 385 individual blue whales (202
females, 128 males, 55 of undetermined sex).

Krill, lanternfish, and zooplankton samples (n = 87) were selected
from tissue banks archived at CICIMAR-IPN and the Galapagos Science
Center (University de San Francisco, Quito). See Tables S1 and S2 for
more details on prey and zooplankton samples. These biological samples
were collected opportunistically during marine mammal surveys and
oceanographic cruises in the GC (Feb-Mar 2017) and zooplankton
sampling surveys in GAL (Oct 2010 and 2016). Krill and zooplankton
samples were collected by towing a conical net (diameter 50 cm, mesh
size 200 pm) near the sea surface. Krill samples were collected oppor-
tunistically in the GC only when individual blue whales were observed
at the surface lunge-feeding. Lanternfish were directly collected from
surface aggregations with a landing net. All krill and lanternfish samples
were preserved in a freezer at —80 °C, and were later identified using
guides (Brinton et al., 2000; Wisner, 1974). Nyctiphanes simplex was the
only krill species present during blue whale feeding events in the GC.
Zooplankton samples from the GAL were not separated by species.
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Additionally, krill samples were collected in 1993 from GAL from sur-
face aggregations where blue whales were lunge-feeding, although the
identity of the krill species was not determined (Table S2).

2.2. Stable isotope analysis

Blue whale skin strata (basale, externum and sloughed skin), krill,
lanternfish, and zooplankton were lipid-extracted via three sequential
24 h soaks in a 2:1 chloroform:methanol solvent solution, then rinsed
with deionized water and freeze-dried or oven-dried at 50 °C (Bus-
quets-Vass et al., 2017; Newsome et al., 2018). Approximately 0.5-0.6
mg of each sample was weighed into 3.5 x 5 mm (Diameter and height)
tin capsules, and 5!3C and 5!°N isotope values were measured with a
Costech 4010 elemental analyzer coupled to Thermo Scientific Delta V
Plus isotope ratio mass spectrometer at the University of New Mexico
Center for Stable Isotopes (Albuquerque, NM, USA). Isotope data are
reported as delta (8) values, where 513C or 8'°N = 1000 [(Rsample/R-
standard) - 1], and R = 13¢/12¢ or >N/1N ratio of sample and standard
with units of parts per thousand (%) (Fry, 2006). The internationally
accepted standards are atmospheric Ny for 5'°N and Vienna-Pee Dee
Belemnite limestone (V-PDB) for §'3C. Within-run analytical precision
of +0.2%o for both §'3C and 8'°N values was calculated via measurement
of two proteinaceous internal reference materials (casein and tuna
muscle). We measured the weight percent carbon and nitrogen con-
centration (C/N) of each sample, which was used as an indicator of lipid
content (Logan et al., 2008).

2.3. Statistical analysis

All the data processing, statistical analyses, and graphical represen-
tations of the data were performed in the R language (R Core Team,
2019). We used Bayesian standard ellipse areas (SEAg) to estimate iso-
topic niche width and overlap among blue whale samples collected in
different regions, using the package SIBER (Jackson et al., 2011). Iso-
topic niche widths are expressed as the SEAg in units of area (%0%) and
represent the 95-% probability for each group. Blue whale skin samples
were stratified into four regions, including three from the NEP (GC, CCE,
and CRD), and one from the southern ETP that included samples
collected off the coasts of Peru and Ecuador, including GAL (Fig. 1). The
percentage of isotopic (trophic) overlap (%02) among regions was esti-
mated with SIBER using Bayesian approximations. A maximum likeli-
hood method was used to produce graphical representations of SEA
ellipses (Jackson et al., 2011).

To further explore patterns in skin isotopic composition among the
four regions, we compared their 5!°C and §'°N means using a one-way
Bayesian analysis of variance (ANOVAg) with non-informative priors
(Kéry, 2010). We used this same procedure to compare the means of
5'3C and 8'°N values for prey (krill and lanternfish) and zooplankton
data from all regions. 8'>C and 8'°N data for 300 prey and zooplankton
samples were obtained for this study and from published data; detailed
prey information is provided in Tables S1 and S2. We used prey values of
a single krill species (Nyctiphanes simplex) and lanternfish for the GC,
two krill species (Thysanoessa spinifera and Euphausia pacifica) for the
CCE, krill (species not identified) for the CRD, and a combination of krill
(species not identified) and zooplankton for the southern ETP. Con-
sumers exhibit higher 8'°C and 5'°N values than those of their diet,
mainly due to physiologically-mediated excretion of the lighter isotope,
which creates isotopic offsets between consumers and their diet often
referred to as trophic discrimination factors (TDF; Caut et al., 2009;
Newsome et al., 2010; Vanderklift and Ponsard, 2003). Prey data was
trophic corrected for visual representation of the ANOVAg results (see
Results, Fig. 2), the trophic discrimination factors were added to both
isotopes means as Normal prior distributions. We used a mean =+ SD §'°N
TDF of 1.8 + 0.3%o0 based on our previous work on blue whales (Bus-
quets-Vass et al., 2017), and the available estimation for cetacean skin
8'3C TDF of 1.0 + 0.4%o based on controlled feeding experiments on
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bottlenose dolphins (Tursiops truncatus) (Giménez et al., 2016).

The relative contribution of different prey sources was estimated
with Bayesian-based isotope mixing models, which allow for the
consideration of uncertainty associated with prey isotopic composition
and trophic discrimination factors (Parnell et al., 2010; Yeakel et al.,
2016). Models were fitted using the MixSIAR package (Parnell et al.,
2010). §'3C values of prey collected in different regions (CCE, GC, CRD,
and southern ETP) exhibited a high degree of overlap and were not
distinct (see Results), , therefore all the MixSIAR models were fitted
using only 8'°N values that differed among regions (see Results). Three
variables were introduced into the models: the mean 5!°N values of
potential prey within each region and their associated standard devia-
tion (SD) (Tables S1 and S2), 5'°N TDFs and associated SD (i.e., 1.8 +
0.3%o, Busquets-Vass et al., 2017), and the 515N value of different skin
strata for each blue whale. All model parameters had non-informative
priors, and their posterior distributions were drawn with a Markov
Chain Monte-Carlo (MCMC) procedure set as follows: number of chains
= 5, chain length = 1’000,000 iterations, burn-in phase = 200,000 it-
erations, thinning = one iteration retained each 50. The error structure
(process multiplied by residual error) of all the Bayesian isotope mixing
models was selected based on Stock and Semmens (2016). Data for the
different skin strata (basale, externum, and sloughed skin) were
analyzed separately since they integrate ecological information over
different time periods (Busquets-Vass et al., 2017; Wild et al., 2018).

To determine the proportional contribution of prey sources from
different regions to whale skin samples collected in each region, a global
Bayesian isotope mixing model was fitted separately for the GC, CCE,
CRD and southern ETP. The models for NEP regions (CCE, GC and CRD)
only included the blue whale skin strata data and corresponding prey
data from the CCE, GC and the CRD, because the aim of these models
was to estimate the proportional dietary contribution from these regions
to NEP whales. The Bayesian model for the southern ETP was used to
estimate the relative proportional contribution of prey from the CRD and
GAL to the blue whale skin strata sampled in this region, therefore the
model only included isotope data for blue whales skin strata sampled in
the southern ETP and prey data from the CRD and GAL. For GAL prey
source, we used pooled mean 5'°N values of both krill and zooplankton
samples (Table S2); note there are no published isotope data for krill
collected in this region.

The global Bayesian isotope mixing model was useful to integrate all
the information available from the NEP and southern ETP into a single
analytical procedure for each region. Additionally, to explore the effects
of different variables (i.e. sex, skin strata), model trials were performed
using only the samples for which sex had been determined for each re-
gion. Five models with different covariate structures were designed: (1)
no factors were considered (null model), (2) skin strata as a fixed effect,
(3) sex as a fixed effect, (4) sex and skin strata were set as random ef-
fects, and (5) sex as a fixed effect and skin strata nested into sex. In
Bayesian statistics, fixed effect factors update the estimates of the pa-
rameters, while random effects estimate hyperparameters to which they
are assumed to be nested (Rendon, 2013). To compare the five different
model structures, we used the MixSIAR implementation of the widely
applicable information criterion (WAIC) and approximate leave-one-out
(LOO) cross-validation information criterion. Low LOO values indicate
that the model has a better fit, while Akaike weights are based on the
values of WAIC and are interpreted as the probability of each model
among compared models given the data (Burnham and Anderson, 2002;
McElreath, 2016; Stock et al., 2018).

2.4. Ethics statement

Skin samples were collected from free-ranging blue whales and then
processed under legal permits issued by Mexican institutions (Secretaria
de Medio Ambiente y Recursos Naturales, SEMARNAT) (codes: 180796-
213-03, 071197- 213-03, DOO 750-00444/99, DO0O.0-0095, DOO 02.-
8318, SGPA/DGVS-7000, 00624, 01641, 00560, 12057, 08021,
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00506, 08796, 09760, 10646, 00251, 00807, 05036, 01110; 00987;
CITES export permit: MX 71395), and U.S. institutions (National
Oceanic and Atmospheric Administration — National Marine Fisheries
Service, NOAA/NMFS) (NMFS MMPA /Research permits codes: NMFS-
873; 1026; 774-1427; 774-1714; 14097; 16111; CITES import permit:
14US774223/9). All tissues were collected using non-lethal sampling
protocols.

3. Results

Mean SEAg for each region and percentage of overlap among the four
regions of the eastern Pacific Ocean are shown in Fig. 2, Tables S1 and S2
and Table 1. SEAg ranged from 10.3%:>-15.9%0° for the four sampling
regions (Fig. S1, Table 1A), and the percentage of overlap varied be-
tween the northern and southern hemispheres (Fig. S2, Table 1B). The
regions sampled in the NEP exhibited between 27.4 and 65.4% overlap,
whereas the southern ETP did not overlap with any of the NEP regions

18 A

1]

16 A

14 1

12 1

85N (%o)

10 4

.22 -20 18 -16
8"3C (%o)

Fig. 2. Standard ellipse areas (SEA) of 5'3C and 8'°N values of blue whale skin
collected in different regions of the eastern Pacific Ocean. CCE, California
Current Ecosystem; GC, Gulf of California; CRD, Costa Rica Dome; and SETP,
southern Eastern Tropical Pacific. SEAs contain 95% of the data. Circles and
triangles represent the ANOVAg posterior densities of the means and standard
deviations of 8'3C and 8'°N values for blue whale skin and potential prey
respectively. We added 1.0 + 0.4%o and 1.8 4 0.3%o to measured prey 5'°C and
85N values respectively to account for trophic discrimination. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Table 1

Isotopic niche area (SEAg) of blue whale skin in the eastern Pacific Ocean. (A)
Mean posterior areas (%02 and associated 95-% credible intervals (CI). (B)
Bayesian overlap (%0>) among areas, associated 95-% credible intervals (CI), and
estimated percentage of overlap (%) among regions. NEP: northeast Pacific, GC:
Gulf of California; CCE: California Current Ecosystem; CRD: Costa Rica Dome;
southern Eastern Tropical Pacific (ETP).

(A) Regions Mean SEAg CI (95%)

NEP GC 10.3 9.2-11.2
CCE 13.2 11.9-14.5
CRD 11.0 7.2-14.6

Southern ETP 15.9 11.7-19.8

(B) Regions Overlap (%o?)  CI(95%)  Percentage”!  Percentage 42

GC 51 - CCE 42 6.3 5.2-7.2 61.0 47.3

GC A1 - CRD 42 3.0 1.5-4.4 29.1 27.4

GC 51 - ETP 4 0.0 0.0 0.0 0.0

CCE a1 - CRD 4 7.2 4.8-9.5 54.5 65.4

CCE a1 - ETP 45 0.0 0.0 0.0 0.0

CRD A1 - ETP 42 0.0 0.0-1.0 0.0 0.0

AlEstimated percentage of overlap for region A1.42 Estimated percentage of
overlap for region A2.

(Fig. S2, Table 1B). The primary axis of separation in SEAg among re-
gions was 5'°N and this result was further confirmed with the ANOVAg
model for blue whale skin and prey (Fig. 2, Table 2, Tables S1 and S2).
Results of the ANOVAp model showed that the magnitude of the dif-
ferences in blue whale skin §!°N among regions ranged from 1.2%o for
CCE vs CRD to 7.4%o for GC vs southern ETP (Table 2A, Table S3). The
probabilities of these differences to be higher or lower than zero for each
pair of regions was 100% for all comparisons (Table S3). For blue whale
potential prey, the magnitude of the difference had similar ranges as for
blue whale skin, ranging between 1.9%o for CCE vs CRD to 9.0%o for GC
vs GAL comparisons, with 95-100% probability of these differences
(Table 2B, Table S4). The combined results from niche metrics and
ANOVAg corroborated the existence of distinct baselines of 5'°N values
among the four regions.

SEAg of blue whale skin collected among the four regions exhibited
overlapping values along the 5!3C axis (Fig. 2). The ANOVAg model of
the mean 8'3C values of blue whale skin strata among these four regions
exhibited differences between 0.2%o for GC vs CCE to 1.3%o for GC vs
southern ETP, with 99-100% probability of these differences for all
comparisons (Table 2A, Table S3). In the case of potential blue whale

Table 2

ANOVAg posterior means, standard deviation (SD), and credible intervals for (A)
blue whale skin and (B) prey sources from different regions in the eastern Pacific
Ocean (Gulf of California, GC; California Current Ecosystem, CCE; Costa Rica
Dome, CRD) and Galapagos (GAL) in the southern Eastern Tropical Pacific
(southern ETP).

Stable isotope Regions Mean SD 2.5% 50% 97.5%

(A) Blue whale skin

515N GC 14.8 0.1 14.7 14.8 14.9
CCE 13.3 01 13.2 13.3 13.4
CRD 12.1 02 118 12.1 12.5
Southern ETP 7.4 0.2 7.1 7.4 7.7

8'3c GC -16.7 00 -168 -167 -16.6
CCE -169 0.0 -170 -169 -16.8
CRD -172 01 -17.4 -17.2  -17.0
Southern ETP  -180 0.2 -183 -180 -17.6

(B) Prey

515N GC 14.7 0.8 13.1 14.7 16.3
CCE 10.4 0.3 98 10.4 11.0
CRD 8.5 1.1 63 8.5 10.7
GAL 5.7 09 39 5.7 7.5

8'%c GC -184 0.8 -200 -184 -16.8
CCE -186 04 -194 -186 -17.8
CRD -19.4 2.0 -233 -19.4 -155
GAL -195 1.2 -219 -195 -17.1
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prey, the differences among regions ranged from 0.1%o (CRD vs GAL) to
1.1%o0 (GC vs GAL), and the probability of these differences ranged from
51% to 77% (Table 2B, Table S4). These results indicated that the
magnitude of the difference in 5'°C values among prey and blue whale
skin strata sampled within each region were not as distinct as 8'°N
values among regions (Table 2, Table 3 and S4). Consequently, 8'°C
data were excluded from the Bayesian isotope mixing models analysis,
more details about 8'3C results are provided in the Supplementary
Material (S1). All the raw 8'3C and §'°N values of blue whale skin strata
and mean 8'3C and 5'°N values and associated SD of potential prey used
in the Bayesian isotope mixing models are shown in Fig. 2 and Table 2,
Table S1 and S2.

The global Bayesian isotope mixing models results varied by region
(Fig. 3A-C, Table 3). Blue whales sampled in the CCE had global mean
(£SD) contributions of 35 + 6% from GC prey, 20 + 14% from CRD
prey, and 46 + 20% from local (CCE) prey (Fig. 3A, Fig. S4, Table 3A).
Whales in the GC had global mean (+SD) contributions of 12 + 8% from
CRD prey, 21 + 11% from CCE prey, and 67 + 4% from local (GC) prey,
(Fig. 3B, Table 3). The whales sampled in the CRD had mean (+SD)
contributions of 59 + 24% from CCE prey, 12 + 8% from GC prey, and
30 + 17% from local (CRD) prey. Whales sampled in the southern ETP
had mean contributions of 95 + 4% from GAL prey and only 5 + 4%
from CRD prey (Fig. 3D, Table 3B).

The results of our modeling trials within each region showed that the
model structure with the lowest LOO and highest Akaike weighs was
skin strata set as fixed effect for all regions (Table S5). Most estimates of
the proportional contribution of different prey sources to each skin
strata were similar to those of the global model for each of the corre-
sponding region, with a few variations that ranged between 2 and 20%
depending on the specific skin strata (Figs. 3 and 4, Table 3A-B). The
second model structure that exhibited low LOO and high Akaike weights
for the CRD and southern ETP regions was the model with sex set as fixed
effect and skin strata nested into sex (Fig. S3), and estimates of the
proportional contribution were also similar to those of the global model
and skin strata model (Table 3). In the GC, the second best model was the
Null model (without covariates) (Table S5). For the CCE, the second best
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model had sex and the skin strata set as random effects (Table S5).
4. Discussion

We used isotopic niche width and mixing models to characterize the
seasonal foraging strategies of blue whales in three regions in the NEP,
including their primary foraging ground in the CCE and two foraging-
breeding grounds (GC and CRD). We also compared these samples to
blue whale skin and potential prey collected from the southern ETP.
Specifically, we exploited known gradients in baseline 5'°N values
(Altabet, 1996; Altabet et al., 1999; Aurioles-Gamboa et al., 2009;
Busquets-Vass et al., 2017; Liu and Kaplan, 1989) among these localities
to examine seasonal dietary composition, which we used to characterize
migratory strategies and population structure. This approach produced
three primary findings: First, blue whales forage year-round in both
their summer-fall and winter-spring grounds and thus use a combined
income and capital breeding strategy. Second, the NEP population
potentially shares a common summer-fall foraging ground in the CCE,
but there are subgroups of a few blue whales that do not follow the
regular migratory patterns and can enter the GC or CRD in summer-fall
months without visiting the CCE. Lastly, blue whales in the southern ETP
generally do not use the CRD foraging-breeding ground or forage in the
NEP, suggesting a marked separation in population structure between
the NEP and southern ETP.

4.1. Bayesian isotope mixing model structure

Our models were constructed based on the assumption that variation
in blue whale skin 8'°N values are the result of movement among
isotopically distinct foraging regions and are not heavily influenced by
inter-annual shifts in baseline isotope values at the base of the food web
within each region. Previous studies show that zooplankton (Rau et al.,
2003) and blue whale skin 515N values (Busquets-Vass et al., 2017) in
these regions are stable in time relative to the mean isotopic differences
among regions. In addition, published data collected over several de-
cades of oceanographic (Altabet, 1996; Altabet et al., 1999; Liu and

Fig. 3. Standardized posterior proba-
bilites of the relative contribution of

prey sources to blue whale skin using
the global model (A) California Cur-
rent Ecosystem, (B) Gulf of California,
ﬁ (C) Costa Rica Dome, and (D) southern
Eastern Tropical Pacific. Region prey
sources: Models A, B and C only
included prey from Gulf of California
(GC, Nyctiphanes simplex and Lantern-

fish); California Current Ecosystem

(CCE, Thysanoessa spinifera and

Euphausia pacifica) and Costa Rica

Dome (CRD, krill). Model D only
included prey from CRD and Gal-

apagos (GAL, krill and zooplankton);
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Table 3
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Bayesian isotope mixing model results showing the relative contribution of different prey sources from each region to blue whale skin, using the global models and skin
strata models in (A) northeast Pacific Ocean (NEP) and (B) southern Eastern Tropical Pacific (ETP). Model results include mean contribution, standard deviation (SD),

and credible intervals (2.5%, 50%, 95%, 97.5%).

(A) NEP
Region Prey* Model type Mean SD 2.5% 50% 95% 97.5%
Gulf of California GC Global 0.67 0.04 0.60 0.67 0.73 0.74
Basale 0.64 0.03 0.58 0.64 0.70 0.71
Externum 0.67 0.04 0.60 0.67 0.74 0.75
Sloughed 0.69 0.03 0.62 0.69 0.73 0.74
CCE Global 0.21 0.11 0.01 0.22 0.37 0.38
Basale 0.28 0.08 0.08 0.30 0.39 0.40
Externum 0.19 0.11 0.01 0.19 0.36 0.38
Sloughed 0.12 0.08 0.02 0.11 0.29 0.33
CRD Global 0.12 0.08 0.01 0.12 0.25 0.27
Basale 0.08 0.05 0.01 0.07 0.19 0.22
Externum 0.14 0.07 0.01 0.14 0.26 0.27
Sloughed 0.19 0.06 0.03 0.20 0.27 0.29
California Current GC Global 0.35 0.06 0.25 0.34 0.46 0.48
Ecosystem Basale 0.22 0.06 0.14 0.20 0.34 0.37
Externum 0.33 0.07 0.21 0.32 0.45 0.47
Sloughed 0.37 0.05 0.30 0.36 0.47 0.50
CCE Global 0.46 0.20 0.05 0.49 0.72 0.73
Basale 0.66 0.19 0.16 0.73 0.84 0.85
Externum 0.47 0.22 0.04 0.47 0.77 0.78
Sloughed 0.50 0.15 0.10 0.54 0.67 0.68
CRD Global 0.20 0.14 0.01 0.18 0.45 0.48
Basale 0.13 0.13 0.00 0.08 0.41 0.47
Externum 0.20 0.16 0.00 0.20 0.48 0.51
Sloughed 0.13 0.10 0.01 0.10 0.36 0.41
Costa GC Global 0.12 0.08 0.01 0.11 0.27 0.29
Rica Dome Basale 0.15 0.08 0.02 0.14 0.29 0.32
Externum 0.10 0.07 0.01 0.09 0.24 0.26
CCE Global 0.59 0.24 0.06 0.63 0.92 0.94
Basale 0.60 0.21 0.11 0.63 0.88 0.92
Externum 0.48 0.27 0.04 0.47 0.94 0.97
CRD Global 0.30 0.17 0.03 0.27 0.63 0.67
Basale 0.26 0.15 0.04 0.23 0.54 0.59
Externum 0.42 0.21 0.02 0.44 0.74 0.77
(B) Southern ETP
CRD Global 0.05 0.04 0.00 0.04 0.12 0.14
Basale 0.09 0.06 0.00 0.08 0.21 0.23
Externum 0.03 0.03 0.00 0.02 0.08 0.10
GAL Global 0.95 0.04 0.86 0.96 1.00 1.00
Basale 0.91 0.06 0.77 0.92 0.99 1.00
Externum 0.97 0.03 0.90 0.98 1.00 1.00

*GC, Nyctiphanes simplex and Lanternfish; CCE, Thysanoessa spinifera and Euphasia pacifica; CRD, krill; GAL, krill and zooplankton (see Material and Methods).

Kaplan, 1989; Voss et al., 2001) and ecological research (Aurio-
les-Gamboa et al., 2009; Fleming et al., 2016; Lopez-Ibarra, 2008;
Miller, 2006; Pajuelo et al., 2010; Ruiz-Cooley and Gerrodette, 2012;
Williams et al., 2014), as well as more recently published isoscapes for
the eastern Pacific Ocean (Graham et al., 2010; Schmittner and Somes,
2016; Trueman and Glew, 2019), consistently show spatial baseline
trends similar to those observed in our prey and zooplankton isotope
dataset (Table S1).

For our isotope mixing models, we categorized the CCE as the area
from British Columbia to the west coast of the Baja California Peninsula
because published datasets of potential blue whale prey show consistent
5!°N values over decadal timescales (1 994, 2000-01, 2013) across this
region; see data and references in Table S1 and 2. Moreover, 515N values
of baleen collected in different decades (1980 versus 2000) from blue
whales stranded in the CCE show consistent isotopic patterns over time
(Busquets et al., 2017). While isotope data for krill collected off the west
coast of Baja California is lacking, other types of zooplankton from this
area have lower 8'°N values in comparison to potential prey collected in
the GC, but higher 5!°N values than prey from the CRD and southern
ETP (Lopez-Ibarra, 2008, 2018). Thus, we assigned the west coast of
Baja California as part of the CCE.

The skin strata models produced slightly different estimates of the
proportional contribution of prey sources within each region compared

to the global model, ranging from 2 to 20% (Figs. 3 and 4, Table 3).
Variation among models may be associated to the isotopic incorporation
rate of each skin strata given that cetacean skin strata likely record
ecological time series (Busquets et al., 2017; Wild et al., 2018). Blue
whale skin has an isotopic incorporation rate of 169 + 91 days (Bus-
quets-Vass et al., 2017), however, the different skin strata reflect dietary
inputs sequentially starting at the stratum basale, through the stratum
externum, and finally in sloughed skin, depending on the date of arrival
and time spent in a specific foraging region, and also on the rate of
consumption of local prey.”

4.2. Income versus capital breeding

Like most other species of mysticetes, blue whales in the NEP are
considered to be capital breeders (Berta et al., 2006), which would
require them to obtain most of their energy in a single ecosystem (e.g.,
CCE) during summer-fall and invest that energy in reproduction during
the winter-spring while in the calving grounds (Stearns, 1992). The
mixing model estimates for the contribution of prey from different re-
gions (Figs. 3 and 4, Table 3) suggest that blue whales feed year-round,
indicating that this species uses a combination of income and capital
strategy for reproduction. This finding is further supported by “in situ”
observation- and telemetry-based studies. Individual blue whales and
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Fig. 4. Standardized posterior probabilites of the relative contribution of prey sources to blue whale skin using the skin strata models for (A) California Current
Ecosystem, (B) Gulf of California, (C) Costa Rica Dome, and (D) southern Eastern Tropical Pacific. Models A, B and C only included prey from the Gulf of California
(GC, Nyctiphanes simplex and Lanternfish); California Current Ecosystem (CCE, Thysanoessa spinifera and Euphausia pacifica) and Costa Rica Dome (CRD, krill). Model
D only included prey from CRD and Galapagos (GAL, krill and zooplankton); see Material and Methods for details on isotope values of prey sources. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

adult females accompanied by calves have been frequently observed
surface lunge feeding in the GC during the winter-spring months (Gen-
dron, 2002), and during these events feces and prey (krill) samples have
been collected (Busquets-Vass et al., 2017; Flores-Cascante et al., 2019;
Gendron, 1992; Valenzuela-Molina et al., 2018) (Fig. S4).
Satellite-tagged whales exhibit behaviors that are indicative of feeding
activities year-round (Bailey et al., 2009). Furthermore, blue whales
have high energetic demands (Acevedo-Gutiérrez et al., 2002; Goldb-
ogen et al., 2007; Potvin et al., 2009) in comparison to smaller mysti-
cetes like gray whales (Eschrichtius robustus), which are believed to
generally fast during migration and the winter-spring breeding season
(Perryman and Lynn, 2002). Our mixing model results also suggest that
blue whales that spend the winter-spring months in the GC may use
more income breeding strategies than individuals that visit the CRD.
Specifically, the posterior mean (+SD) contribution of GC prey
(64-67%, Fig. 3B and C, 4B-C, Table 3) in individuals that use this re-
gion to feed and breed is larger than the mean (+SD) contribution of
CRD prey (26-42%, Fig. 3B and C, 4B-C, Table 3) to whales that feed
and potentially breed in the CRD. The integrated primary production in
the GC versus the CRD is similar (~1 gC m2d" (Alvarez—Borrego,
2012; Selph et al., 2016), however, physical characteristics of areas
within the GC (e.g., Canal de Ballenas) results in a high krill densities or
krill hotspots that may promote an income strategy (Brinton and
Townsend, 1980; Dorman et al., 2015). Another factor that could in-
fluence estimates of the contribution of local prey in the CRD would be
the skin isotopic incorporation rate and residency time of whales in this
region. However, blue whales are observed year-round in this region
(Reilly and Thayer, 1990), and thus the probability of sampling whales
whose tissues reflect local prey should be high. Overall, these results
suggest that the mixture of income and capital strategies may be
somewhat flexible among whales that use different breeding grounds in

the NEP. In addition to meeting energetic demands, a mixed
income-capital breeding strategy may decrease blue whales’ risk to
inter-annual variation in resource availability if they can utilize multiple
foraging grounds during their annual life cycle. However, mixed
foraging strategies may also incur demanding costs such as higher
vulnerability of calves to predation if adult females must forage and
nurse simultaneously during the breeding season.

4.3. Seasonal migratory plasticity in the northeast pacific

Mixing model results also indicate that a proportion of whales that
visited the GC previously fed in the CRD, and vice versa (Fig. 3B and C,
4B-C, Table 3). We suspect these patterns reflect seasonal migratory
plasticity of a small sub-group of whales that do not follow the typical
migratory patterns in which blue whales migrate to higher latitudes in
summer-fall (i.e. CCE) and then migrate south to lower latitudes in
winter-spring (i.e. GC or CRD) (Bailey et al., 2009; Mate et al., 1999).
Given that the 8!°N isotopic incorporation rate of blue whale skin is ~5
months (Busquets-Vass et al., 2017), the mean (+SD) contribution of
prey from the CRD (12-19%, Table 3) in the skin strata sampled during
the winter-spring months in the GC indicates that some blue whales
must have been previously feeding in the CRD during summer-fall
months before entering the GC. A similar mean (+SD) contribution of
prey from the GC (10-15%, Table 3) in skin collected in the CRD in-
dicates that some whales migrated directly from GC to CRD. Note that
the skin samples collected from the CRD only reflect the fall, so some of
these individuals could have spent the summer in the GC before moving
to the CRD. A potential explanation for these patterns is that several
whales spend most of the year in either the CRD or GC. This assumption
is supported by opportunistic summer observations of blue whale in-
dividuals in the GC (Ugalde de la Cruz, 2015), year-round observations
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of whales in the CRD (Reilly and Thayer, 1990), satellite tagged whales
in the CRD that showed behavior indicative of foraging from September
to January (Bailey et al., 2009; Calambokidis et al., 2009b; Matteson,
2009), in situ observations in the CRD of whaless diving over patches of
krill and defecating in January (Calambokidis et al., 2009b; Matteson,
2009), and the photo-recaptures of seven blue whale individuals that
were observed in the GC and CRD. Interestingly, five of these whales
were not photo-recaptured in the CCE (Ugalde de la Cruz, 2015). It’s
important to mention that 101 blue whales have been photographed in
the CRD, 604 in the GC and 1999 in the CCE (Ugalde de la Cruz, 2015).
Our skin sampling only occurred during the months of September,
October, and November; thus, additional analysis of skin collected in
other months is needed to better understand the seasonal or year-round
use of the CRD.

Blue whale skin sampled in the CCE exhibited a more balanced
contribution of prey from all regions (Figs. 3A and 4A Table 3), indi-
cating that blue whales sampled in the CCE previously consumed prey in
GC and CRD, likely during the winter-spring months prior to sample
collection. Moreover, prey from the CCE showed a considerable
contribution to whales sampled in the GC and CRD (Fig. 3B and C, 4 B-C,
Table 3), demonstrating that the CCE region is visited by a large portion
of the population and is a critical foraging habitat for blue whales in the
NEP. These results are in agreement with those based on photo-
identification as several blue whale females and males show year-to-
year fidelity to the GC (Gendron, 2002; Sears et al., 2013; Ugalde de
la Cruz, 2015), and 44% of blue whales photographed in GC have been
observed in the CCE (Ugalde de la Cruz, 2015). Photo-identification
techniques have also shown that blue whales that visit the CCE also
use the CRD, although the rate of photo recapture between these two
regions has been lower (~21%) compared to whales recaptured between
the GC and CCE (Calambokidis et al., 2009b; Ugalde de la Cruz, 2015).

Similar conclusions were reached with an isotope-based analysis of a
limited number of baleen plates collected from male (n = 4) and female
(n = 2) blue whales. Isotopic analysis of sub-sampled baleen provided
insights into individual migratory strategies, where some whales
showed clear site fidelity patterns, while others exhibited seasonal
plasticity during migration (Busquets-Vass et al., 2017). Specifically,
one female migrated seasonally between the CCE and CRD over a period
of ~4 years, and another female visited all the three regions in the NEP
(CCE, GC, CRD). In the case of males, three males had baleen 515N
patterns indicating they remained in the CCE for at least 4 years, and
only one male migrated between the CCE and CRD (Busquets-Vass et al.,
2017). Overall, these results in conjunction with previous
photo-identification data suggest that the NEP blue whale population
exhibit complex individual migratory strategies where a majority of
whales might exhibit site fidelity between the CCE in the summer-fall
and either the GC or CRD in the winter-spring. There also seems to be
a small portion of the population that use the GC and the CRD during the
summer and fall, which would potentially be beneficial to avoid
intra-specific competition for resources.

4.4. Blue whale population structure in the eastern Pacific Ocean

Blue whales sampled in southern ETP did not have overlapping SEAg
with those collected in the NEP (Fig. S2, Fig. 2, Table 1B). This pattern
suggests a strong population structure and segregation between blue
whales in the southern ETP and NEP. This result was further supported
by mixing model results for the southern ETP, that showed GAL prey
contributed 91-97% to the diet of blue whales sampled in this region,
and only a 5-9% (Figs. 3D and 4D, Table 3) contribution of prey from the
CRD. Genetic analysis and satellite tagging support these isotopic pat-
terns. Using microsatellites and mtDNA, Leduc et al. (2017) conducted
latitudinal assignment tests and found that southern ETP blue whales
showed a higher affinity to waters off Peru and Ecuador, including GAL,
whereas whales sampled in the NEP favored the CRD. Additionally,
whales that were tagged with satellite transmitters off Chilean waters
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migrated to GAL, Peru, and the Baur Basin in the southern ETP during
the austral winter and spring months (Jun-Nov) (Hucke-Gaete et al.,
2018). Only one photo-identification study has reported movement of a
single blue whale between GAL and CRD (Douglas et al., 2015). Given
that our sampling resolution is limited to October and November,
additional sampling of blue whales in the southern ETP, especially from
the central and southern Chilean coast is needed to better characterize
foraging strategies and movement patterns of this species in the south-
east Pacific. Remarkably, the observed difference between the mean
blue whale skin 5!°N values collected in the GC and southern ETP
(7.4%o) is similar in direction and magnitude (7.9%o) to that reported in a
previous study that compared hair §'°N values of sea lion pups (Zalophus
spp.) sampled from the GC and GAL (Aurioles-Gamboa et al., 2009).
Given that blue whales and sea lions occupy different trophic levels, this
comparison shows that the large baseline isotopic gradients between
these regions permeate throughout the food web, and are a very useful
indicator for assessing latitudinal movement of marine consumers in the
eastern Pacific Ocean.

5. Conclusions

This study supports the hypothesis that blue whales in the NEP use a
mixed income-capital breeding strategy, and the relative use of these
two strategies to obtain energy for reproduction may vary among in-
dividuals. We also show that most blue whales in the NEP share a
common summer-fall feeding ground in the CCE, and there are sub-
groups of a few individuals that show more migratory plasticity and
move among the GC and CRD without using the CCE, although this
pattern may change year to year. This conclusion is further supported by
photo-recaptures of individual whales that have been observed in the
CRD and GC but have not been observed in the larger CCE photo-catalog
(Ugalde de la Cruz, 2015), and oscillations in 515N along baleen plates
that suggest individual-level migratory plasticity (Busquets et al., 2017).
Lastly, our results are in agreement with genetic data (Leduc et al.,
2017) that show strong population structure between blue whales that
forage north and south of the Equator in the eastern Pacific Ocean.
Overall, these findings broaden our knowledge about blue whale sea-
sonal foraging strategies and contribute novel information about blue
whale energetic requirements, individual migratory plasticity, stock
structure, and habitat selection, which is useful for developing man-
agement plans for this endangered species.
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