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ABSTRACT: Foraging efficiency (FE) is determined by the ratio of energy intake to energy expen-
diture and represents a metric for estimating the capacity to store energy. Blue whales Bal-
aenoptera musculus rely mostly on stored energy reserves for reproduction. They feed almost
exclusively on krill, which vary in density and abundance both spatially and temporally. We used
10 depth—velocity archival tags deployed on blue whales foraging in the St. Lawrence Estuary,
Canada, to identify feeding events. We modeled krill densities required to equal or exceed energy
expenditures and allow energy storage. During the daytime, blue whales generally dove deeper
and performed fewer but longer feeding dives than at other times of the diel cycle (10 vs. 28 feed-
ing dives h!); however, they performed more lunges per dive during daytime (3 vs. 1 lunge
dive™!), which resulted in a stable feeding rate around the clock. Only 11.7 and 5.5 % of the Arctic
and northern krill patches measured in situ contained densities allowing blue whales to achieve
neutral energetic balance (FE = 1); less than 1.5% of patches allowed FE of >3. While FE leading
to successful reproduction and adequate fitness is unknown, these results underscore the neces-
sity for blue whales to seek the highest densities within patches to reach neutral balance or allow
energy storage. These findings further our understanding of blue whale foraging ecology and
habitat suitability, and may help predict the effects of climate and natural variability or of potential
fisheries on krill densities and blue whale condition.
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1. INTRODUCTION tion in 3 dimensions. Diving mammals and birds

have the additional constraint of having to regularly

Marine predators face many obstacles to forage return to the water surface to replenish oxygen stores

effectively in an environment where food resources and remove metabolic by-products. They can there-

most often exhibit a patchy, heterogeneous distribu- fore be considered central-place foragers with the
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surface as their essential return point (Houston 1985,
Houston & McNamara 1985). Since they usually feed
at depth, they allocate a significant amount of time
and energy transiting to and from the surface, and
have to factor this into their foraging decision process
(Hoskins & Arnould 2013). A key assumption of the
marginal value theorem is that, for a given time spent
in a food patch, a predator requires access to higher
prey densities when the patch is located further from
its central point to offset the greater energy costs of
reaching a more distant patch (MacArthur & Pianka
1966, Charnov 1976, Piatt & Methven 1992, Sparling
et al. 2007). Central-place foragers should adjust
their foraging effort using information acquired
while foraging to select strategies that will maximize
the energy gained per unit of energy expended
(Caraco 1980, Rosenberg & McKelvey 1999). This
capacity to modulate foraging time, or number of
feeding events, with feeding depth or distance from
the water surface or colony, has been shown in div-
ing seabirds, pinnipeds, and cetaceans (Boyd 1996,
Doniol-Valcroze et al. 2011, Ware et al. 2011, Watan-
abe et al. 2014).

In large free-ranging species, it is often difficult
to calculate energy expenditure directly, especially
since animals routinely engage in a multitude of
activities in which each differs in energetic costs
(Jeanniard-du-Dot et al. 2017a). However, isotopic
(doubly-labeled water) or respiratory frequency ap-
proaches and, more recently, methods based on
acceleration data from biologging devices have
enabled estimating energy expenditure in a wide
range of large species in relation to their foraging
effort (Arnould et al. 1996, Fahlman et al. 2016, Ware
et al. 2016). Energy expenditures measured in this
way provide a basis as to how much energy animals
need to extract from their environment when feeding
to at least balance their metabolic costs. Given these
metabolic rates, foraging efficiency (FE), i.e. the ratio
between energy gain and energy expenditure, is
expected to change with prey encounter rate and
density (MacArthur & Pianka 1966): the higher the
prey encounter rate or prey density, the greater the
FE. Consequently, FE determines the energy avail-
able for the different life-history costs, influencing,
for example, reproductive success and by extension
population fitness (Costa 1993, Braithwaite et al.
2015, Jeanniard-du-Dot et al. 2017b, 2018). AtFE =1,
i.e. the critical prey density threshold, the energy
gained balances the energy spent with no energy
surplus accumulation. This means that animals are
capable of supporting their own growth and mainte-
nance costs, but it is then unlikely that they would

have enough energy surplus to allocate to reproduc-
tion (Houston et al. 2007).

Marine mammals vary in life-history traits, repro-
duction strategies, and capacity for energy acquisi-
tion and storage (Costa 1993, Lockyer 2007). Income
breeders need to forage throughout the breeding and
nursing periods to provision their offspring ade-
quately. Capital breeders fuel these life functions
exclusively through endogenous reserves acquired
and assimilated prior to breeding (Jonsson 1997,
Madsen & Shine 1999, Houston et al. 2007, Wheatley
et al. 2008). This means that species on the capital
breeding end of the continuum of reproductive stra-
tegies rely on sufficient food supplies and resources
to store the required fat reserves to maintain their
basal body requirements, grow, and fuel reproduc-
tion (Brodie 1975, Costa 1993, Lockyer 2007). Poor
body condition, when resources are scarce or when
the environment is less profitable, lead to low female
reproductive success in a number of marine mammal
species (Arnould et al. 1996, Braithwaite et al. 2015,
Seyboth et al. 2016, Jeanniard-du-Dot et al. 2017b).
The capacity to accumulate energy is thus determi-
nant for successful pregnancy and offspring survival,
i.e. for individual fitness (Emlen 1966, Pyke et al.
1977), and therefore for population dynamics. In cir-
cumstances where the availability of high-quality
food resources is ephemeral or limited to a short time
window, predators are expected to adopt strategies
that maximize FE and accumulation of surplus
energy (Thompson et al. 1993, Jonsson 1997).

Blue whales Balaenoptera musculus are consid-
ered capital breeders, as they tend to acquire the crit-
ical energy reserves necessary for winter breeding
and calving during the summer foraging period
(Schoenherr 1991, Mate et al. 1999, Lesage et al.
2017). However, they may not fully fit this classical
depiction of the annual cycle of capital breeders, as
blue whales may take advantage of locally favorable
feeding conditions when migrating (Bailey et al.
2009, Silva et al. 2013, Lesage et al. 2017). They are
air-breathing mammals and thus central-place for-
agers that feed almost exclusively on aggregations of
krill (Euphausiacea) (Kawamura 1980). Krill are
heterogeneously distributed both in time and space,
such that high-density patches at small scales (tens of
km?) are nested within low-density patches at larger
scales (thousands of km?) (Watkins & Murray 1998,
McQuinn et al. 2015, 2016). These rapidly changing
prey fields require that bulk filter feeders such as
blue whales adopt foraging strategies that maximize
FE under various scenarios (Goldbogen et al. 2015).
A study of the mechanics, hydrodynamics, and ener-
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getics of foraging blue whales suggests that they
need to target extremely high-density krill patches to
forage efficiently (Goldbogen et al. 2011). When they
do, they can attain significantly higher FEs than
other marine mammals, regardless of prey patch
depth (Goldbogen et al. 2011). Blue whales have also
been shown to adapt to the variability in prey depth
and density by modulating their feeding rate and
fine-scale maneuvers (Goldbogen et al. 2015). In the
St. Lawrence Estuary in Canada, for instance, blue
whales increased foraging time and number of feed-
ing events as feeding depth increased, and fed
nearer to the water surface when possible to reduce
transit time, following the rules of optimal foraging
(Doniol-Valcroze et al. 2011).

The western North Atlantic blue whale population
is estimated to be in the low hundreds (Sears &
Calambokidis 2002), and there are concerns that the
calving rate might be low in this population (Beau-
champ et al. 2009, C. Ramp unpubl. data). A low
calving rate could be an indication of poor nutritional
state and an incapacity for individuals to accumulate
enough energy to carry a pregnancy to term. The
Estuary and Gulf of St. Lawrence (EGSL) encom-
passes important summer feeding habitats for west-
ern North Atlantic blue whales. In this region, their
diet consists on average of 70% Arctic krill Thysa-
noessa raschii and 30% northern krill Meganyc-
tiphanes norvegica (Gavrilchuk et al. 2014). These 2
species vary in patch density, preferred water tem-
perature, and depth of aggregation, as well as
energy content (Plourde et al. 2014, McQuinn et al.
2015, Cabrol et al. 2019). Consequently, choosing
one or the other will likely affect blue whale foraging
energetics and efficiency. Hence, this can impact
their capacity to accumulate energy stores to suc-
cessfully reproduce and survive, and ultimately their
population dynamics. The western North Atlantic
blue whale population has been listed as ‘endan-
gered' under the Canadian Species at Risk Act since
2002. Therefore, there is a pressing need to better
understand the prey densities that blue whales
require not only to maintain homeostasis, but also to
accumulate energy for reproduction or other pur-
poses.

The objective of this study was to estimate the krill
densities required by blue whales in their environ-
ment to meet or exceed energy demands and achieve
FE > 1. We first determined energy requirements of
the blue whales using depth-specific foraging effort
obtained from archival tag data of previous studies
(Doniol-Valcroze et al. 2011, 2012) along with para-
meters from mechanistic and bio-energetic models

(Goldbogen et al. 2011, Potvin et al. 2012). Given
these energy expenditures and measurements of krill
energy content, we then estimated the krill densities
required for different FE scenarios. Lastly, we com-
pared these krill densities to in situ acoustically
measured krill densities to assess the range of FEs
blue whales are likely to reach in this region when
feeding on Arctic krill or northern krill. Results will
improve our understanding of habitat and prey re-
quirements for these animals and provide insights
into potential effects of a warming climate on the
quality of one of their main feeding habitats in the
western North Atlantic.

2. MATERIALS AND METHODS
2.1. Tag data and foraging effort

Nine velocity-time-depth recorders (VIDRs MKS$;
Wildlife Computers) and 1 digital acoustic record-
ing tag (D-tag; Johnson & Tyack 2003), along with
radio-transmitters, were deployed on blues whales in
the St. Lawrence Estuary (SLE, Quebec, Canada,
48°18'N, 69°20' W) during August and September of
2002 to 2009. Tags were temporarily attached to
whales with suction cups, and deployed from a 5 m
rigid-hulled inflatable boat using a hand-held pole or
a crossbow. A high-power directional VHF antenna
and multiple observers allowed tracking of the
whales from a distance (500-1000 m) to minimize
boat disturbance. Tagged whales were tracked until
nightfall or until tag detachment through the corro-
sion of a magnesium cap as a suction release system
(Doniol-Valcroze et al. 2011, 2012). The swim velo-
city (measured from a pressure transducer resolution
of 0.25 m), diving depth, and water temperature were
sampled every second (1 Hz). Estimates of swim speed
for the D-tag were obtained from flow noise data (sam-
pling rate 1 Hz) following Goldbogen et al. (2008).

A dive was defined as a vertical excursion below
0.25 m (Doniol-Valcroze et al. 2011, 2012). Lunges or
feeding events and depths at which they occurred
were identified from swimming speed patterns alone
using a robust technique developed by Doniol-
Valcroze et al. (2011). This algorithm exploits the
abrupt changes in swim speed, characteristic of
lunge feeding, occurring during the acceleration
phase and subsequent mouth opening (Croll et al.
2001, Goldbogen et al. 2006). Dives including at least
1 feeding attempt were labeled ‘'feeding dives.' Dives
with no feeding events were considered ‘non-feeding
dives' and included non-foraging behaviors (e.g.
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traveling or resting dives), surface breathing, and
exploratory dives. Other parameters were also ex-
tracted from the dive data, including dive duration
and maximum depth, as well as the number of lunges
and depths at which they occurred, i.e. depth at
which mouth opening was maximum and marked by
a sharp decrease in swim speed, for feeding dives.

Given that energetic costs vary between ascend-
ing, descending, and lunge feeding, dives were sep-
arated into more energetically homogeneous seg-
ments. For feeding dives, descent was the period
between the start of a dive (i.e. below 0.25 m depth)
and the first lunge; ascent was the period following
the last lunge but prior to reaching the surface. Tran-
sit was the combination of both descent and ascent.
Foraging time corresponded to the period between
the start of the first lunge and end of the last lunge
within a dive. For non-feeding dives, the period
when animals remained within 80 and 100 % of their
maximum dive depth corresponded to the bottom
phase. Descent and ascent preceded and followed
this phase.

Foraging effort was examined on an hourly basis
and was described in terms of feeding depth, dive
duration, and feeding rate. The latter was expressed
as the number of lunges h™!, number of feeding dives
h~!, and number of lunges dive™! h~!. We used gen-
eral additive mixed models (GAMMs) in the ‘'mgcv’
package (Wood 2006) in R (v3.3.3; R Development
Core Team 2017) to investigate hourly variability in
5 response variables: feeding depth, dive duration,
and 3 feeding rate indices, i.e. number of lunges h™?,
number of feeding dives h~!, and number of lunges
dive™ h~!. Hour of the day, the only covariate in-
cluded in the model, was incorporated as a smoothed
term using cyclic cubic regression splines (k = 24, or
1 h™!) and modeled against each of the 5 response
variables in separate GAMMs. Individual whales
were set as a random effect. Sex was not included as
an explanatory variable, as it was unknown for 2 of
the 10 tagged whales; including this variable would
have resulted in a reduction of an already small sam-
ple size. Interannual variations in diving patterns
were also not investigated given that only 1 blue
whale was tagged per year except in 2004 (4 tagged
whales). We assessed the significance of covariates
using a likelihood ratio test comparing each model
against the null model which included only the ran-
dom effect. We assessed homogeneity of variances in
the models from plots of residuals versus fitted val-
ues, and normality of the residuals using quantile-
quantile plots and residual histograms. Hourly mean
foraging effort was compared among periods of the

day using either a Student's t-test or a Mann-
Whitney U-test, depending on normality of the data.
Periods of the day were date-specific to account for
variations in sunrise and sunset times during the
study period. Daytime strictly included daylight
hours; dusk and dawn were defined by the nautical
twilight times; night included hours after sunset and
before sunrise. We pooled dusk, dawn, and night
hours together (referred to as ‘nighttime hours' here-
after) for comparison against daytime hours.

2.2. Energy expenditure

Accurate estimates of gross energy expenditure
require activity-specific metabolic rates (Jeanniard-
du-Dot et al. 2017a). These parameters are difficult to
measure in free-ranging cetaceans, especially large-
sized species such as blue whales. In these species,
mass-specific basal metabolic rate (BMR, in J s7!) and
active metabolic rate (AMR, in J s™!) have been calcu-
lated by scaling values obtained from terrestrial ani-
mals and smaller marine mammals (Kleiber 1975,
Croll et al. 2001). Recently, Goldbogen et al. (2006)
and Potvin et al. (2012) used hydrodynamic and
mechanistic models to predict AMR for rorquals.
They defined the lunge/filter metabolic rate (here-
after LFMR, in J s‘l), which takes into account the
extra power required to overcome the drag created
by the expanded ventral pouch during the engulf-
ment phase of lunge feeding. Mass-specific BMR,
where M represents body mass in kg, was obtained
following Kleiber (1975), whereas AMR and LFMR
were based on scaled equations of Potvin et al.
(2012):

BMR = 2 x (4 x M°75) (1)
AMR = 3 x BMR (2)
LFMR = 1.6 x AMR 3)

We modeled energy expenditure for each dive, and
separately for each dive type (feeding or non-feed-
ing) and dive phase (descent, ascent, bottom, and for-
aging in the case of foraging dives). Blue whale for-
aging dives typically consist of a descent where
passive gliding occurs on average 40 % of the time,
one or multiple lunges at depth, and an ascent pow-
ered by steady swimming (Goldbogen et al. 2011).
Gliding is a key energy-saving strategy for diving
marine mammals, the use of which depends on maxi-
mum dive depth, dive duration, and body condition
of the animals (Williams et al. 2000, Miller et al. 2012,
Narazaki et al. 2018) and thus is also expected to
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occur in non-feeding dives. A study of diving cost-
efficiency indicates that blue whales are negatively
buoyant and start gliding at depths of approximately
18 m from the surface when diving at depths of 36 to
88 m (Williams et al. 2000). In our analysis, we con-
sidered this strategy as being part of the descent
phase for both foraging and non-foraging dives with
maximum depths exceeding 18 m. Accordingly, the
energy expenditure of non-feeding dives (in kJ) at
depths of 18 m or more was calculated as follows:

Energy eXpenditure(non-feeding dive >18 m) =
(0.60 Descent time x AMR +
0.40 Descent time x BMR + 4)
Bottom time x AMR +
Ascent time x AMR) / 1000

The energy expenditure of non-feeding dives (in
kJ) shallower than or equal to 18 m was calculated
based on total dive duration as follows:

Energy eXpenditure(non—feeding dive <18 m) =
(Dive time x AMR) / 1000 ()

The energy expenditure of feeding dives (in kJ)
was calculated similarly as for non-feeding dives
deeper than 18 m, while accounting for extra costs
during the foraging phase:

Energy expenditure(feeding dive >18 m) =
(0.60 Descent time x AMR +
0.40 Descent time x BMR + (6)
Foraging time x LFMR +
Ascent time x AMR) / 1000

The energy expenditure of feeding dives (in kJ)
shallower than or equal to 18 m was calculated in a
similar way as for feeding dives deeper than 18 m,
except without taking gliding into consideration:

Energy expenditure jecding dive <18 m) =
(Descent time x AMR + Foraging time x (7)
LFMR + Ascent time x AMR) / 1000

Potvin et al. (2012) calculated specific metabolic
rates for different phases of a lunge (prey approach,
engulfment, filtering) through biomechanical and
hydrodynamic modeling. Engulfment is the costliest
part of a lunge but only accounts for approximately
6 % of the total lunge duration; the prey approach/fil-
ter metabolic rates and LFMR are of the same order
of magnitude. The limited number of tag sensors
prevented us from obtaining the kinematic details

needed to apply specific metabolic rate to filtration,
engulfment, and prey approach times. The applica-
tion of LEMR to the entire foraging time during a dive
was a reasonable assumption when calculating for-
aging costs over extended periods of time that
included multiple lunges and dives, as it balanced
the overestimated costs of filtering with the underes-
timated costs of lunging. To reflect changes in meta-
bolic rate with body size, energy expenditure was
calculated for 3 body lengths, i.e. 22, 25 and 27 m.
These values reflect the size of sexually mature blue
whales from the northern hemisphere (21-23 m for
females, approximately 22 m for males; Sears &
Calambokidis 2002), and are within the range of the
maximum of 27 m documented for the North West
Atlantic Ocean (Sears & Perrin 2009).

The relationship between energy expenditure and
dive duration, maximum dive depth, and number of
lunges was examined using linear mixed effects
(LME) models in the ‘nlme’ package in R (Pinheiro et
al. 2013) and checked for model assumptions, with
individual whales as a random effect. We examined
potential temporal variation in hourly energy expen-
diture with GAMMs, using the approach and valida-
tion process described previously.

2.3. Krill density requirements

Depth-specific foraging effort and linked energy
expenditure while foraging in the SLE were used to
estimate the krill densities required by blue whales
to meet or exceed energy demands and thus build
energy reserves. A key assumption of our approach
is that the foraging effort observed in the 10 tagged
individuals is assumed to represent the best strate-
gies chosen by the animals and adapted to the forag-
ing conditions for that depth and time of day. We esti-
mated krill density requirements (g wet weight m=3;
hereafter, all weights indicated are wet weights,
unless otherwise noted) for i, the it" hour, using
energy expenditure (from Egs. 4-7), and a set of
fixed FEs (i.e. 1, 2, 3, 4):

Krill density; =
Foraging efficiency X Energy expenditure;  (8)
VE x Feeding rate; x KEC x AE x SR

where VE is the volume of engulfment (in m?), feed-
ing rate is estimated by the number of lunges h!,
KEC is the krill energy content (kJ g7!), AE is the
assimilation efficiency, and SR is success rate (see
Table 1 for specific values). An FE of 1 indicates a
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Table 1. Input parameters, associated sampling distributions and/or values (mean + SD where applicable) and data sources for
estimating blue whale krill density requirements. na: not applicable

Parameter Description (units) Value Distribution Source
FE Foraging efficiency 1,234 Fixed
parameter
Energy Size-specific energy expended Hour-specific Gamma Tag data, this study
expenditure;
Feeding rate; Number of lunges h™! Hour-specific Gamma Tag data, this study
VE Length (L)-specific engulfment (1.023 x L3%%) /1025 na Goldbogen et al. (2010)
volume (m?®)
M Length-specific body mass (kg) 61318 (22 m), na Croll et al. (2001)
96568 (25 m),
122605 (27 m)
KEC,, Krill energy content (kJ g~! wet weight) 4.3 +0.58 Normal D. Chabot (unpubl. data),
Thysanoessa raschii V. Lesage (unpubl. data)
KEC, Krill energy content (kJ g~! wet weight) 52 +0.45 Normal D. Chabot (unpubl. data),
Meganyctiphanes norvegica V. Lesage (unpubl. data)
AE Assimilation efficiency 0.84-0.93 Uniform Goldbogen et al. (2011),
Olsen et al. (2000),
Martensson et al. (1994)
SR Success rate 1 Fixed

neutral balance between gross energy intake and
expenditure, and represents the theoretical krill den-
sity threshold below which foraging is no longer ben-
eficial. Efficiencies above 1 indicate a capacity to
build energy reserves. We used the FE ratio, i.e. the
ratio between energy intake and energy expendi-
ture, for each time bin (i) of 1 h as the starting point of
our estimations (Goldbogen et al. 2011):

Energy intake,

Foraging efficiency; = 9)

Energy expenditure,

We calculated energy expenditure (kJ) from the
dive data using the procedure outlined above.
Energy intake (in kJ) needed to be estimated using
information on a number of variables, including the
number of lunges h™! (feeding rate), volume of en-
gulfment in m® (VE), krill density in g m™, krill
energy content in kJ g~! (KEC), the assimilation effi-
ciency (AE), and success rate (SR) using the following
equation (Goldbogen et al. 2011):

Energy intake; = VE x Feeding rate; x

Krill density x KEC x AE x SR (10)

Krill densities estimated in Eq. (5) represented the
density required to cover the cost of any feeding and
non-feeding dives performed during each 1 h time
bin i (i.e. FE = 1) or the density required to cover
these costs and to store surplus energy (i.e. FE > 1).
We ran Monte Carlo simulations to estimate krill
density requirements while incorporating uncer-

tainty of input parameters. Uncertainties around
each input parameter were either data-driven or
taken from the literature, and were described with
sampling distributions that best captured the in-
herent variability associated with biological data
(Table 1). Parameter values were randomly drawn
from their assigned distributions in each model itera-
tion. Sets of 10 000 iterations were run for each of the
defined FEs, for each whale length, and for each hour
of the day to obtain a mean, standard deviation (SD),
and a 90 % confidence interval (CI) around estimated
krill density requirements.

Energy expenditure h™! and feeding rate (number
of lunges h™!) were fitted with gamma distributions
for each hour of the day. A gamma distribution is well
suited for highly variable, continuous, and strictly
positive data. However, the gamma distribution of
feeding rates needed to be constrained between 1
lunge and a maximum of 60 lunges h™* for physiolog-
ical consistency, since a lunge lasts between 60 and
98 s (Goldbogen et al. 2006, 2008, 2011, Potvin et al.
2012). The upper bound of the gamma distribution of
energy expenditure was constrained to a cost equiv-
alent to 60 lunges. Distributions for both parameters
were defined by shape and scale parameters, which
were parameterized from the mean and SD with
shape = mean?/SD? and scale = SD*mean. Enguli-
ment volume is allometric to body length (Potvin et
al. 2010, Goldbogen et al. 2012) and was calculated
for the 3 selected body lengths following Goldbogen
et al. (2010) (Table 1).
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AE was assumed to be uniformly distributed from
0.84 to 0.93 (Table 1). The AE of 0.84 from Lockyer
(1981, 2007) has been commonly used in studies on
rorqual FE (Goldbogen et al. 2011). The highest
value (0.93) was based on digestive efficiency docu-
mented for krill in minke whales Balaenoptera acu-
torostrata (Martensson et al. 1994).

Arctic krill Thysanoessa raschii and to a lesser
extent T. inermis represent up to 70 % of blue whale
diet in the EGSL, the rest being northern krill Mega-
nyctiphanes norvegica (Gavrilchuk et al. 2014). Arc-
tic krill are generally found higher in the water
column and form denser patches than northern krill
in this ecosystem (McQuinn et al. 2015). Krill den-
sity requirements were modeled assuming a 100 %
diet of either Arctic or northern krill. Species-specific
energy content was obtained by bomb calorimetry
(kJ g7!) (Phillipson 1964) using krill sampled in
the EGSL during the blue whale feeding period, i.e.
from May to September. A normal distribution was
fitted to the data to represent all krill body lengths,
life stages, and seasonal changes of lipid content
(Table 1).

Prey capture success rate is difficult to measure in
free-ranging animals, and has yet to be measured for
bulk filter feeders like rorquals. The feeding tech-
niques exhibited by blue whales suggest a high de-
gree of specialization to maximize prey capture and
minimize the escape of individual krill. For example,
the rolling behavior of blue whales (Goldbogen et al.
2012) is thought to be a way of anticipating the escape
response of krill (Potvin et al. 2012) and maximizing
prey capture. Considering the speed at which a whale
lunges (Potvin et al. 2010) and documented feeding
maneuvers (Goldbogen et al. 2013, Cade et al. 2016),
krill escapement was assumed negligible and there-
fore krill capture success rate was assumed to be 1.

We assessed hourly variations of krill density re-
quirements using a generalized additive model (GAM)
in the ‘mgcv’ package in R (Wood 2006). Cyclic cubic
regression splines were applied to the temporal vari-
able, i.e. hour of the day. Model selection was done
using a likelihood ratio test comparing our model
against the null model. Equal variance and normality
of the residuals were assessed through scatter plots
of residuals versus fitted values, quantile-quantile
plots, and residual histograms. Model sensitivity to
uncertainty in input parameters was explored for
each parameter using a partial correlation coefficient
sensitivity analysis and the ‘pcc’ function of the R
package ‘sensitivity’ (Pujol et al. 2016). This method
accounted for the correlation between feeding rate
and energy expenditure. Data analysis was conduc-

ted under the R programming language (R Develop-
ment Core Team 2017).

2.4. Preyscape: in situ krill densities

Hydroacoustic data were collected during surveys
conducted between 2009 and 2015 in the EGSL
(Quebec, Canada, 49°43'N, 65°11'W) (Table 2).
Data were recorded during daytime using a cali-
brated (Demer et al. 2015) Simrad® EK60 multi-
frequency echosounder (38, 70, 120, and 200 kHz).
Systematic hydroacoustic sampling was performed
whenever blue whales were present and repeatedly
seen (but not tagged) by trained onboard marine
mammal observers. Sampling was either in the form
of a rectangular 'spiral’ (concentric lines of increas-
ing distance and length from the center starting
point; see Fig. Sla in the Supplement at www.int-
res.com/articles/suppl/m625p205_supp.pdf) or a ‘grid’
(parallel equidistant lines; Fig. S1b) of ~0.5 km spac-
ing grid size. Both designs, totaling 8 to 128 km? of
sampled area, provided adequate spatial resolution
to characterize the krill patches.

Hydroacoustic data were edited to remove non-
biological echoes and noise from the surface to the
seabed reflection. We echo-integrated data into
high-definition bins of 3 pings on the horizontal axis
by 0.5 m depth on the vertical axis. Acoustic classifi-
cation of prey was done using species-specific multi-
frequency algorithms developed for the western GSL
(McQuinn et al. 2013). Biological echoes were classi-
fied between the 2 species of krill, namely Arctic and
northern krill.

Table 2. Summary of ‘grids’ and 'spirals’ (see Fig. S1 in the

Supplement) from hydroacoustic surveys used for krill patch

characterization. GSL: Gulf of St. Lawrence; SLE: St. Law-
rence Estuary

Survey Location Year Type Area Number
covered of lines
(km?)
C1522 GSL 2015 Grid 16 6
Spiral 14 7
C1410 GSL 2014 Grid 24 4
C1223 GSL 2012  Spiral 8 3
Spiral 38 3
Grid 60 5
Grid 16 3
C0962 SLE 2009 Grid 64 6
Grid 126 6
Grid 128 10
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We used the classified volume backscattering coef-
ficient (S, in m? m~%) and its logarithmic form, mean
volume backscattering strength (MVBS or S, in dB re
1 m? m™? to infer species-specific krill density (g m™)
for each echo-integrated bin. Krill biomass density
was calculated using a weight-based target strength
(TSw) function:

TSw = TSx — 10Log (W) (11)

where W is the mean wet weight (g) of an individual
krill (i.e. 56.2 and 298 mg for Arctic and northern
krill, respectively). TSy is the length-based modeled
target strength (McQuinn et al. 2013) for each spe-
cies assuming average length, and TSy is —70.0 and
-69.0 dB g~ for Arctic krill and northern krill, respec-
tively. From this relationship, krill density (Dy) was
calculated as:

Dy = S,/ 10w/ 10 (12)

To account for the anisotropy of krill distribution in
relation to the shoreline (Simard & Lavoie 1999,
McQuinn et al. 2015), only transects perpendicular to
the slope were used in the estimation of patch den-
sity and distribution. We used a threshold of 4 g m™
to discriminate between weakly aggregated krill,
which includes empty bin cells, and aggregated krill
patches (McQuinn et al. 2015). For each grid or spiral
sampled, the mean, maximum, minimum, and quan-
tiles of krill densities (g m™) were used to describe
the vertical distributions of bins containing aggre-
gated Arctic and northern krill. For each patch, esti-
mated in situ krill densities during daytime were
compared to those modeled for the same period,
while estimating the percentage of density bins that
exceeded each FE threshold. This analysis allowed
us to determine the likelihood of a blue whale finding
and exploiting krill patches meeting the different FE
thresholds, as well as the potential FE that a blue
whale is likely to reach when foraging in the EGSL.

3. RESULTS

The 9 VTDR and the 1 D-Tag deployed on blue
whales provided data for 2 to 25 h (average 13 h), and
a total of 137 h. Tagging efforts were initiated early
after sunrise but tags were often only successfully
deployed later in the day. As a result, data were
unevenly distributed during the day, with a larger
coverage of the period between noon and sunset
compared with early in the day (Fig. S2). Feeding
dives (N = 1718) were recorded from all whales,
although some variability in feeding activity was

noted among individuals. Whales performed on aver-
age (+ SD) 172 + 147 feeding dives and 271 + 203
lunges during the tracking period, but these numbers
varied from 9 to 390 feeding dives and from 40 to 576
lunges. Another 4115 dives corresponded to the shal-
low dives performed in-between surface breaths, i.e.
inter-breath intervals (average per whale: 412 + 331;
range: 57-972), and 844 dives (average per whale:
85 + 68; range: 3-196) corresponded to underwater
behaviors other than feeding.

3.1. Hourly foraging effort and energy expenditure

Significant diel variations were detected in feeding
depth, feeding dive duration, number of feeding
dives h™!, number of lunges dive™!, and number of
lunges h™! (Fig. 1, Table 3). Generally, blue whales
fed at deeper depths (Mann-Whitney U = 143, p <
0.0001) and performed longer dives during daytime
compared to nighttime (including dusk, night and
dawn, Mann-Whitney U = 141, p < 0.0001; Fig. 1,
Table 4). Feeding dives were 2.5 times less frequent
during daytime (Student's t-test, df = 21, p < 0.0001),
but had 3 times more lunges than dives performed
during nighttime (Student's t-test, df = 21, p <
0.0001). However, when examined on an hourly basis
(thus including transit and surface times), feeding
rate expressed as the number of lunges per hour was
approximately 25 % less during daytime compared to
nighttime (Fig. 1).

Energy expenditure during feeding dives in-
creased significantly (LMEs, all p < 0.05) with maxi-
mum dive depth, dive duration, and the number of
lunges d~!, but more rapidly as whale size increased
(i.e. steeper slope for the relationship; Fig. 2). How-
ever, when examined on an hourly basis rather than
a dive by dive basis, energy expenditure remained
relatively unchanged throughout the day (edf = 22;
F=0,p=0.48), with an average 455206 + 111604 kJ
expended during daytime hours vs. 456 583 + 95112
kJ during nighttime (Fig. 3).

3.2. Krill density requirements

Krill density requirements for feeding blue
whales varied depending on time of day, but in a
similar fashion when feeding on Arctic krill or
northern krill (Fig. 4, Table 5). Density require-
ments tended to be higher in the early morning
than at other times of day or night; this corre-
sponded to the period when whales were diving
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Fig. 1. Predicted change in blue whale foraging effort with time of day in (a) feeding depth (m), (b) dive duration (s), (c) num-

ber of feeding dives, (d) number of lunges d™!, and (e) number of lunges h™'. Dark grey ribbons represent the 95% confidence

intervals around the predicted response from generalized additive mixed models. Shaded areas are for nighttime (grey), dusk
and dawn (light grey), and daytime (white). Points are data observations. (See Table 3 for full statistical results)
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Table 3. Trends in various indices of foraging effort with time of day, based on generalized additive mixed model (GAMM)
results, and using individual blue whale as a random effect. Results (p-values) of the likelihood ratio test (LRT) for model selec-

tion against the null model (random effect only) are also presented; edf: estimated degrees of freedom

Response variable N Adjusted R? P edf F LRT

Feeding depth (m) 1718 0.385 <0.001 18.3 44 .4 <0.0001
Feeding dive duration (s) 1718 0.316 <0.001 16.9 34.9 <0.0001
Total number of feeding dives per hour 137 0.267 <0.001 12.8 19.7 <0.0001
Number of lunges per feeding dive 1718 0.282 <0.001 11.3 16.3 <0.0001
Total number of lunges per hour 137 0.087 <0.001 14.7 11.4 <0.0001

Table 4. Characteristics of feeding dives and feeding rates

(mean + SD) during daytime vs. nighttime. Nighttime in-

cludes dusk, night, and dawn. Statistical differences (Mann-

Whitney U-test and Student's t-test) are indicated with an
asterisk (*p < 0.05)

Parameter Day Night
Feeding depth (m)* 39.8+19.6 49 =+3.1
Feeding dive duration (s)* 371.9+ 1158 95.8+44.8
No. of feeding dives h™'* 99+47 27.9+4.2
No. of lunges per feeding dive* 3.1 + 1.2 1.3+0.2
No. of lunges h™'* 23.2+4.7 30.6 + 4.1

deeper and for longer, and were performing a
larger number of lunges dive™! (Figs. 1d & 5).
Globally, krill densities that a 25 m blue whale
required to balance energy expenditures were
higher during daytime feeding than at night, and
when feeding on Arctic krill rather than on north-
ern krill (Mann-Whitney U = 50085 x 10° and
20428 x 10°% both p < 0.0001; Figs. 4 & 5). Mean =
SD density requirements were 40.9 + 49.8 g m™
for Arctic krill and 33.3 = 39.3 g m™® for northern

krill, when feeding during daytime, compared to
31.7 + 38.1 and 25.8 £ 31.0 g m3, respectively,
when feeding at nighttime (including night, dusk,
and dawn; Fig. 5).

Krill densities need to be considerably higher in
order for blue whales to reach higher FEs and
accumulate reserves (Kruskal-Wallis test, df = 3,
p < 0.0001; Fig. 5). For instance, median required
Arctic krill densities, which varied for a 25 m
whale from 14 to 40 g m™ depending on time of
day, would need to increase to 56-159 g m™ for
this whale to reach an FE of 4 (Fig. 5a). The pre-
dicted required krill density of northern krill for a
25 m blue whale to balance its energy expenditures
(FE = 1) followed similar patterns as for Arctic
krill, and ranged from a median of 11 to 33 g m™
depending on time of day (Fig. 5b). To achieve an
FE of 4, northern krill median densities would
need to reach values ranging from 46 to 131 g m™
depending on time of day (Fig. 5b). These results
indicate that while krill density requirements var-
ied similarly with FE among the 2 krill species,
higher densities were required when feeding on
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Fig. 2. Relationship between energy expenditure during feeding dives for 3 blue whale sizes (22, 25, and 27 m length) and (a)

dive duration (s) (mean =+ SE slope for 22 m: 122 + 0.6; 25 m: 171 + 0.9; 27 m: 205 + 1), (b) maximum dive depth (m) (22 m: 650 =

11; 25 m: 914 + 15; 27 m: 1093 + 19) and (c) number of lunges per dive (22 m: 14 265 + 148; 25 m: 20054 + 210; 27 m: 23986 +
252). Relationships were modeled using linear mixed models (all p < 0.05)
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Fig. 4. Diel variation in the predicted response of estimated krill density required

for a foraging efficiency of 1 by blue whales feeding on Arctic and northern krill.

The y-axis represents the predicted response from generalized additive models

on the mean krill density (solid line), including the 95 % confidence intervals (rib-

bons). Shaded areas are for nighttime (dark grey), dusk and dawn (light grey),
and daytime (white). (See Table 5 for full statistical results)

The sensitivity analysis high-
lighted the feeding rate (number of
lunges h™!) and energy expenditure
as the largest contributors to the
uncertainty in predicted krill density
requirements (Table 6).

3.3. In situ krill preyscape

Ten 'spirals’ or ‘grids’ were per-
formed during hydroacoustic krill
surveys when blue whales were seen
but not tagged. They were made be-
tween mid-May and the end of
August in the EGSL (specifically in
the SLE and the Gaspé Peninsula
regions). Daytime vertical distribu-
tions for both krill species and for
each survey are shown in Fig. S4.
Generally, Arctic krill was located
higher (50-110 m) in the water col-
umn than northern krill (100-
150 m). Densities of Arctic krill were
more uniformly distributed across
depths than northern krill, which
showed a spikier pattern (Fig. S4).
Depth-specific mean densities of
Arctic krill ranged from 4 to 50 g m™
across surveys, with the 99th per-
centile reaching 4 to 250 g m™ de-
pending on the survey. Depth-spe-
cific mean densities of northern krill
varied across a wider range of val-
ues among surveys, with densities
varying from 4 to 76 g m™3; however,
northern krill reached similar maxi-
mum densities as Arctic krill, with
99" percentiles varying from 4 to
260 g m~ depending on the survey.

Among krill patches (4 g m™ or
above) detected during these 10
surveys, an average + SD of 11.7 +
13.0% of those comprised of Arctic
krill and 5.5 £ 7.4 % of those com-
prised of northern krill contained

the smaller, and energetically less rewarding, Arc-
tic krill than northern krill. Density requirements
according to FE and krill species followed a similar
pattern for a 22 or 27 m whale as for a 25 m
whale, but were offset as a result of the positive
allometric scaling of engulfment volume with
whale size (Fig. S3).

bins (3 pings x 0.5 m deep) that just met the densi-
ties required for a 25 m blue whale to achieve neu-
tral energetic balance (FE = 1; Fig. 6). Only 1.7 +
2.5% of Arctic krill patches and 2.1 = 3.4% of
northern krill patches allowed blue whales to
forage with an efficiency of 2, and less than 1.5%
allowed blue whales to reach FE > 3 (Fig. 6).
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4. DISCUSSION

Prey density is the main driver of foraging effort,
which together determine the FE at which an animal
forages (MacArthur & Pianka 1966). For capital

Table 5. Trends in required density for Arctic and northern

krill at various foraging efficiencies (FE = 1 to 4) with time

of day based on generalized additive model results. N =

240000 simulations for each model. Results (p-values) of the

likelihood ratio test (LRT) for model selection against the null

model (random effect only) are also presented. edf: estimated
degrees of freedom

Response  Adjusted ) edf F LRT
variable R?

Arctic krill density

FE=1 0.036 0.001 2195 4176 <0.0001
FE=2 0.039 0.001 21.95 4452 <0.0001
FE=3 0.039 0.001 2195 446.5 <0.0001
FE=4 0.040 0.001 2195 4576 <0.0001

Northern krill density

FE=1 0.040 0.001 21.94 4589 <0.0001
FE=2 0.039 0.001 21.95 449.3 <0.0001
FE=3 0.040 0.001 21.95 4574 <0.0001
FE=4 0.037 0.001 21.95 428 <0.0001
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Fig. 5. Diel distribution of densities of (a) Arctic krill and (b) northern krill
required by a 25 m blue whale feeding at foraging efficiencies varying from 1
to 4. Curves and bars represent the median and 90% confidence interval,
respectively. Shaded areas are for nighttime (dark grey), dusk and dawn (light

grey), and daytime (white)

breeders, maximizing FE allows maximizing energy
storage to fuel survival, growth, and reproduction
(Costa 1993). We used foraging effort inferred from
biologging data and the resulting energy expendi-
tures to estimate krill density requirements of blue
whales foraging in the EGSL. Our study indicated
that blue whales modulate their foraging effort
throughout the day while maintaining stable energy
expenditures. We estimated that during daytime,
blue whales require minimum mean krill densities of
40.9 and 33.3 g m~® depending on whether they feed
on Arctic krill or northern krill. At night, they require
lower mean densities of these 2 species to achieve
this state, i.e. 31.7and 25.8 g m3, respectively. In situ
measures of krill densities suggest that blue whales
only sporadically find krill patches that allow for
energy storage.

4.1. Hourly foraging effort and energy expenditure

The distribution of predators, and variations in
their foraging effort throughout the day, likely reflect
changes in the diel vertical distribution, density, and
accessibility of their prey (Croll et al. 2005). For

example, penguins adjust their resi-
dency time in a food patch according
to their rate of energy gain (Watanabe
et al. 2014), while krill-feeding hump-

Zﬁ.ré".%'r?é’y back whales in Antarctica track the
.g' ' diel vertical migration of their prey
2 and adjust their foraging effort ac-
*! cordingly (Friedlaender et al. 2016). In
the latter study, humpback whales ex-
hibited a higher number of lunges
dive™! during daytime when feeding
at depth than at night when feeding
closer to the surface (Friedlaender et
al. 2013, 2016), a similar pattern to
Foraging what was observed in blue whales for-
efficiency  aging in the SLE (Doniol-Valcroze et

- al. 2011, this study). Blue whales opti-

:f mize FE by adjusting their foraging

behavior according to vertical distri-
butions and densities of krill (Hazen
et al. 2015). In the northern Pacific
Ocean, blue whales either feed close
to the surface and breathe more often
(thereby decreasing the risk of costly
anaerobic metabolism as well as opti-
mizing oxygen replenishment time) in
low-density krill patches or increase
their rate of energy gain in high-

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
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Table 6. Standardized regression coefficients (SRC), minimum and maximum 95 % confidence intervals, biases and standard
errors of the partial sensitivity analysis of the parameters used in Monte Carlo simulations. The largest contributors to the
uncertainty in predicted krill density requirements are indicated in bold

Parameter SRC 95% CI Bias SE
Min. Max.
Success rate -0.002 -0.025 0.004 2.8 x 1073 0.010
Assimilation efficiency -0.020 -0.038 -0.001 -8.6 x 107° 0.009
Krill energy content (kJ g~! wet weight) -0.103 -0.124 -0.081 -3.5x 1075 0.011
Feeding rate (no. of lunges h™!) -0.503 -0.520 -0.484 -5.5x 107 0.009
Energy expenditure (kJ) 0.480 0.463 0.499 3.8x10™ 0.009
Volume engulfed (m? 0.002 -0.005 0.025 -2.2x107° 0.010
40 - Foraging .
efficiency hourly foraging effort, overall the aver-
: . age energy expenditure remained stable
gi throughout the day, leading us to reject
30 -

Krill above density threshold (%)
- N
o o

our initial hypothesis. This relative stabil-
ity in energy expenditure on an hourly
basis was the result of the extra cost of
diving deeper during daytime being
counterbalanced by the combination of
the increase in feeding rate at night and
the high energetic cost of lunging. By
modulating feeding rate (e.g. number of

: feeding dives h™! and number of lunges
. -1 s 1
0l = : - 5 : h™) aI:ld the number of lunges dive
e ‘ : according to feeding depth, blue whales
Arctic krill Northern krill were able to achieve a nearly constant

Fig. 6. Percentage of krill patches with 3-ping x 0.5 m bins dense enoughto ~ nOUrly energy expenditure. This means
allow blue whales to forage with efficiencies of 1 to 4 on Arctic krill and  that blue whales can maximize net energy
northern krill during daytime. Estimated krill density requirements (g wet  intake and FE by intensifying foraging

weight m~%) were used as thresholds for foraging efficiencies of 1-4. For
Arctic krill, mean estimates were 29, 57, 86, and 113 g m3, respectively; for
northern krill, these values were 24, 47, 70 and 94 g m~3, respectively.

when and where the energy return is
expected to be the highest, i.e. at higher

Means are represented by a red dot. Boxplots present the median (solid ~ prey densities or shallower depths.
horizontal line), lower and upper quartiles (boxes), extreme values Unlike blue whales in the Pacific Ocean,

(whiskers) and outliers (points)

density krill patches by increasing the number of
lunges dive™! (Hazen et al. 2015). Blue whales in the
SLE follow a similar pattern and increase the number
of lunges dive™! when feeding at increasingly deeper
depths (Doniol-Valcroze et al. 2011).

Longer and deeper dives with several lunges are
energetically more costly than shallower dives with a
single mouthful (Acevedo-Gutiérrez et al. 2002, this
study). Considering that hourly foraging effort exhib-
ited by blue whales varied throughout the day, the
associated hourly energy expenditure was expected
to follow the same pattern. We had thus hypothe-
sized that blue whale shallow feeding at night would
reduce energy costs of transit, and result in lower
hourly energy expenditures at that time of day. How-
ever, while significant diel variations were noted in

which are known to feed at depths up to

250-300 m (Goldbogen et al. 2015, Hazen
et al. 2015, Deruiter et al. 2017), blue whales in the
SLE were not observed feeding at depths deeper
than 100 m (Doniol-Valcroze et al. 2012) even though
water depths can reach 300 to 500 m, depending on
location. This indicates that blue whale foraging
effort is likely driven by krill density, accessibility,
and availability within that depth range. Krill vertical
distribution data from hydroacoustic surveys in the
EGSL show that the densest patches of the 2 studied
krill species are generally located within the first
180 m of the water column during daytime (Plourde
et al. 2014, McQuinn et al. 2015). Blue whales in the
SLE also feed almost continuously (T. Doniol-Valcroze
and V. Lesage unpubl. data); this is in contrast with
krill-feeding humpback whales in Antarctica, which
stop feeding in the morning when patches reach
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their deepest depths (>100 m depth; Friedlaender et
al. 2016). These differences in behavior among whale
species may in part be related to size- and shape-
specific metabolic considerations (Potvin et al. 2012).
They may also arise from differences in krill densities
among regions, with potentially lower krill densities
in the St. Lawrence compared to Antarctica, possibly
forcing a near-continuous feeding in the St. Law-
rence in order for blue whales to accumulate fat
reserves. Alternatively, it is possible that if krill also
reach their deepest depths in the morning in the SLE,
the perception of continuous feeding behavior arises
from the small number of tags that were deployed
early enough in the morning, or that lasted overnight
to capture these early morning resting periods
(V. Lesage unpubl. data).

Blue whales and other balaenopterids display a
wide range of foraging strategies by modifying the
kinematics of lunge feeding (e.g. speed, body orien-
tation, inter-lunge intervals), in relation to prey den-
sity and the depth at which they feed to maximize
prey intake and FE (Goldbogen et al. 2015, Cade et
al. 2016). They perform more maneuvers when feed-
ing on low-density and patchily distributed krill
(Goldbogen et al. 2015). Also, the speed at which
whales lunge likely affects energy expenditure since
most of the cost arises from associated power and
drag generated by a lunge (Goldbogen et al. 2012,
Potvin et al. 2012, Potvin & Werth 2017). In this study,
we could not account for the kinematics and maneu-
vering associated with feeding strategies due to the
limited sensors available on our tags. Hence if whales
lunge at lower speeds when feeding at shallow
depths or on krill patches of lesser density, energy
expenditure might be overestimated for these types
of dives. The use of data loggers with supplementary
sensors such as tri-axial accelerometers and magne-
tometers would provide more details about feeding
maneuvering, and would help refine and improve
the accuracy of energetic cost estimates related to
foraging.

4.2. Krill density requirements

The sensitivity analyses revealed that the greatest
uncertainty in our bioenergetics model output lay
with the number of lunges h™!, which was propa-
gated to hourly energy expenditure. This parameter
varied among individuals, possibly as a result of the
heterogeneity of tag deployment duration and natu-
ral variation in blue whale activity budget and beha-
vior. Increasing sample size might lower this uncer-

tainty. However, the high variability observed in the
hourly foraging effort (number of feeding dives h™!,
number of lunges dive™ h™!, number of lunges h™1)
could also be ecologically relevant. Individuals of dif-
ferent sex, age, and reproductive status have differ-
ent energetic requirements (Winship et al. 2002,
Hammill et al. 2010, Fortune et al. 2013, Villegas-
Amtmann et al. 2015) and are expected to display dif-
ferent behavioral patterns and foraging strategies
(Hoskins & Arnould 2013, Hiickstadt et al. 2018)

Krill density requirements were predicted based
on the feeding rate (number of lunges h™!), thus both
are expected to be linked. For a given FE, whales
required lower prey densities to meet the same
energetic demands when performing more lunges
(Figs. 1d,e, 4 & 5). In the morning when whales were
observed diving deeper and for longer, krill density
requirements were generally estimated to be higher.
This is consistent with previous findings that fine-
scale prey density, as opposed to prey biomass at a
larger scale, is one of the most deterministic parame-
ters in the foraging decision process when optimizing
FE (Croll et al. 2005, Friedlaender et al. 2006). The
minimum Kkrill density thresholds required for a blue
whale to achieve neutral balance was estimated at 14
to 40 g m™ for Arctic krill and 11 to 33 g m™ for
northern krill, depending on time of day. This range
of values encompasses the 12 g m™ estimated by
Hazen et al. (2015) off the Californian coast, where
whale foraging behavior differs as a result of dense
krill swarms occurring at deeper depths. This pro-
vides confidence in our model predictions. However,
our estimate is lower than the mean density thresh-
old below which blue whales reject swarms of krill in
Antarctica, i.e. 110 g m™ (range: 75-750) (Wieden-
mann et al. 2011). In their study, Wiedenmann et al.
(2011) fixed the number of lunges h™! at 20, and lim-
ited feeding to daylight hours only. In our study, the
number of daytime lunges was similar, but we
allowed an additional 30 lunges per h~! during night-
time foraging. These differences in model parame-
terization, where all capital needs to be accumulated
during daytime in the Antarctic, led to a higher den-
sity threshold for profitability in Antarctic compared
to St. Lawrence blue whales.

Prey densities required to fulfill energy demands
are likely to vary with the targeted prey species and
their energy content (Lockyer 2007). In our simula-
tions, krill density requirements were slightly higher
(22.8 %) for Arctic krill than for northern krill, the lat-
ter of which have an energy content 21 % higher than
Arctic krill (5.2 + 0.4 versus 4.3 + 0.6 g ~!, respec-
tively). Arctic krill is also much smaller than northern
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krill (mean length = 22.0 vs. 35.7 mm, respectively;
McQuinn et al. 2013). The 2 krill species also differ in
their aggregation behavior and 3-dimensional distri-
bution (McQuinn et al. 2015). While the 2 species
overlap in their vertical distributions, the center of
mass of northern krill is typically found at depths
20-30 m deeper than that of Arctic krill (Plourde et
al. 2014, McQuinn et al. 2015). Northern krill on
average form looser aggregations (<8 g m~>) than
Arctic krill (8-16 g m™3) and are generally found in
lower-density patches than Arctic krill (McQuinn et
al. 2015). Therefore, a blue whale would need to ex-
pend more energy finding sufficiently dense patches
or would need to perform more lunges per dive when
seeking northern krill than Arctic krill.

4.3. Coupling energetic requirements and
in situ krill densities

The hydroacoustic krill surveys were performed as
close in time and space as possible to observed but
not tagged feeding blue whales, but it is unknown
how long the whales had been feeding in the sur-
veyed area. Therefore, the krill densities that were
measured might not reflect exactly those that were
available to blue whales at the time they started to
feed, and may have decreased over time. We used
the krill patches in areas where blue whales were
observed as a sample of the type of patches blue
whales are susceptible to exploit, and more specifi-
cally, to characterize the vertical distribution and
densities of krill in these patches. We cannot exclude
the possibility that denser patches occurred at loca-
tions where no blue whales were observed or at
times when no hydroacoustic surveys were done.
However, for the spatial aspect, the bias introduced
in analysis of the availability of energetically suitable
patches, if it exists, might be more toward an over-
representation of higher-density patches than lower-
density patches. Information currently available in
the literature focuses on biomass density (g m™2)
rather than volumetric density (g m™) (e.g. Simard &
Lavoie 1999, Sourisseau et al. 2006, McQuinn et al.
2015), preventing us from evaluating the size and
direction of a potential bias. The hydroacoustic sur-
veys were also conducted only during daytime and
thus, could not capture prey density during night-
time, when both species migrate to the surface and
form more diffuse patches (Berkes 1976, Simard et al.
1986). Obtaining accurate information at night might
be challenging given that hydroacoustic measures
can be negatively biased due to the blind zone of a

few meters below the echo sounders. Based on our
hydroacoustic measurements, daytime krill densities
that blue whales required to accumulate energy
reserves were estimated to be scarce, suggesting that
blue whales would need to seek the highest densities
within krill patches to reach an FE above 2.

It is difficult to assess the FE value and period over
which this FE needs to be maintained in order for
free-ranging marine mammals to accumulate enough
fat reserves to reproduce. Indications of adequate FE
comes from 2 studies of income breeders (fur seals)
showing an FE of 3.4 + 0.4 on average in an increas-
ing population (Antarctic fur seal) (Jeanniard-du-Dot
et al. 2017b) and an FE of 2.2 + 0.4 on average in a
declining population (northern fur seal) (Jeanniard-
du-Dot et al. 2018). In the declining population,
~45% of the studied individuals foraged at efficien-
cies close to or below 1 (Jeanniard-du-Dot et al.
2017Db). In North Atlantic right whales, lipid reserves
have been linked to reproductive performances, with
pre-pregnant and pregnant females showing signifi-
cantly thicker blubber than males or non-pregnant
females (Miller et al. 2011). If energy stores are low,
physiological mechanisms responsible for energy
allocation prioritize processes involved in an animal's
survival rather than reproduction (Bronson 1989,
Schneider 2004). Our study indicates that blue whales
in the EGSL may not often have the opportunity to
forage at efficiencies higher than 2 and appear to
have lower FE than other populations due to compar-
atively low krill densities. Observations of females
with calves have been rare in this population, with
fewer than 28 reports of cow—calf pairs over the past
35 yr (Mingan Island Cetacean Studies unpubl. data).
Without further studies coupling blue whale feeding
success and krill densities, and an extension of such
studies to other areas where blue whales are known
to occur in the western North Atlantic (Lesage et al.
2017), we can only speculate about a possible link
between the low FEs predicted in our study and the
low calving rate documented for this population
(Mingan Island Cetacean Studies unpubl. data).

The EGSL, like several other marine systems in the
world, is changing. Our study indicates that given the
krill densities observed in this region, blue whales
are more likely to achieve neutral energetic balance
or accumulate body reserves by feeding on the high-
est available densities of Arctic krill than by feeding
on the highest densities of northern krill. Currently,
the krill biomass in the EGSL is dominated by Arctic
krill, with a ratio between Arctic and northern krill of
60:40 (McQuinn et al. 2015). While Thysanoessa iner-
mis also occurs in the EGSL and can be locally abun-
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dant, this species has not been documented as a sig-
nificant contributor to total krill biomass in this region
(Berkes 1976). There are indications that blue whales
in the EGSL tend to target Arctic krill preferentially
(Gavrilchuk et al. 2014, McQuinn et al. 2016), and
to forage within 100 m from the surface (Doniol-Val-
croze et al. 2011, this study), a pattern consistent with
the observed shallower mean center of mass for
Arctic krill as compared to northern krill (McQuinn et
al. 2015). However, northern krill can be more abun-
dant than Arctic krill in some years (I. McQuinn un-
publ. data); feeding on northern krill in these years
would increase the energy expenditure associated
with deeper diving. In other feeding areas of western
North Atlantic blue whales, such as the Scotian Shelf,
the krill species ratio is reversed, with northern krill
forming the bulk of the krill biomass (Cochrane et al.
1991, 2000). Northern krill and Arctic krill differ in
their thermal niche, with northern krill being a more
temperate to boreal species and Arctic krill being bet-
ter adapted to cold environments (Kulka et al. 1982,
Simard et al. 1986, Plourde et al. 2014, McQuinn et al.
2015). With the prospect of a warming climate, the
dominance ratio in the upper water column (above
100 m) between the 2 krill species is expected to
change, which may affect blue whale spatial distribu-
tion and FE. Specifically, it would be of interest to ex-
amine the effects of changes in the ratio of Arctic krill
biomass to northern krill biomass, absolute densities
of the 2 species, and their vertical distribution on blue
whale FE.

Our study was limited to the time of year that blue
whales spend in the SLE in the summer, and thus we
lack information about potential food sources they
may find in other regions or at other times (Houston et
al. 2007). We modeled energy requirements over 24 h
to investigate fine-scale foraging behavior, recogniz-
ing that blue whales have an entire feeding season to
meet their energy demands. Findings from this study
could be taken one step further in future studies to in-
corporate stochastic changes in food availability or
accessibility and examine how blue whales balance
short-term potential deficits or benefits in FE over
longer time periods. Consequently, extending our es-
timates of energy requirements to other seasons and
over the geographic range of migrating blue whales
would be useful to assess FE in other areas and at
other times of the year relative to the availability and
accessibility of resources. However, the amount of
energy required during their migration, and to fuel
the different annual life history stages, is difficult to
estimate, especially for such large animals. Pirotta et al.
(2018) developed a multi-annual bioenergetic model

for blue whales in the western North Pacific. It high-
lighted the complex interaction between a female's
energy budget and her ability to reproduce, which re-
quires detailed knowledge of behavioral, physiologi-
cal, and environmental parameters. In the western
North Atlantic, little is known about blue whale dis-
tribution and migration patterns outside the SLE and
western GSL (but see Lesage et al. 2017). Quantifying
their energy needs on a broader time scale, as well as
estimating how far they can migrate and if reproduc-
tion is possible with the reserves they are accumulat-
ing, would be an essential next step.

In marine ecological studies, it is often logistically
difficult to collect data on foraging effort and sur-
rounding preyscape simultaneously. In this study, we
used a reverse-engineering approach where prey-
scape and density requirements by a large marine
predator were estimated from modeling energy ex-
penditures derived from high-resolution diving be-
havior data. This approach offers an interesting per-
spective to conservation studies, as it provides a
framework for estimating potential bioenergetic con-
sequences of scenarios where anthropogenic activi-
ties or environmental factors might alter to various
degrees the behavior of a predator or availability or
quality of their prey.
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