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Blue whale survival and fitness are highly contingent on successful food intake during
an intense feeding season. Factors affecting time spent at the surface or at depth in a
prey patch are likely to alter foraging effort, net energy gain, and fitness. We specifically
examined the energetic consequences of a demonstrated reduction in dive duration
caused by vessel proximity, and of krill density reductions potentially resulting from krill
exploitation or climate change. We estimated net energy gain over a simulated 10-
h foraging bout under baseline conditions, and three scenarios, reflecting krill density
reductions, vessel interactions of different amplitudes, and their combined effects.
Generally, the magnitude of the effects increased with that of krill density reductions
and duration of vessel proximity. They were also smaller when peak densities were
more accessible, i.e., nearer to the surface. Effect size from a reduction in krill density
on net energy gain were deemed small to moderate at 5% krill reduction, moderate
to large at 10% reduction, and large at 25 and 50% reductions. Vessels reduced
cumulated net energy gain by as much as 25% when in proximity for 3 of a 10-h
daylight foraging period, and by up to 47–85% when continuously present for 10 h.
The impacts of vessel proximity on net energy gain increased with their duration. They
were more important when whales were precluded from reaching the most beneficial
peak densities, and when these densities were located at deeper depths. When krill
densities were decreased by 5% or more, disturbing foraging blue whales for 3 h could
reduce their net energy gain by ≥30%. For this endangered western North Atlantic blue
whale population, a decrease in net energy gain through an altered krill preyscape or
repeated vessel interactions is of particular concern, as this species relies on a relatively
short feeding season to accumulate energy reserves and to fuel reproduction. This
study highlights the importance of distance limits during whale-watching operations to
ensure efficient feeding, as well as the vulnerability of this specialist to fluctuations in
krill densities.

Keywords: net energy gain, foraging energetics, krill density, climate change, whale-watching interaction, Estuary
and Gulf of St. Lawrence
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INTRODUCTION

Sufficient food provisioning is essential to the growth, survival,
and reproduction of individuals (Emlen, 1966; Pyke et al.,
1977). In capital breeders and other migrating species, the
vast majority of lipid accumulation relies on a spatiotemporally
narrow window of food abundance. Accumulated energy reserves
are then used for their yearly needs to sustain the individual
during reproduction and periods of fasting or reduced food
availability (Houston et al., 2007). Rorqual whales are capital
breeders that adopt this strategy, although sporadic feeding has
been documented during migration when suitable areas are
encountered (McWilliams et al., 2004; Skagen, 2006; Silva et al.,
2013; Owen et al., 2016). Rorquals feed on dense aggregations
of zooplankton or small schooling fish using a distinct feeding
strategy called lunge filter feeding (Goldbogen et al., 2011).
However, the high energetic cost of lunge feeding constrains
rorquals to target dense prey patches to maintain high foraging
efficiency and allow for fat accumulation (Goldbogen et al., 2011;
Guilpin et al., 2019).

The blue whale, Balaenoptera musculus, is the largest of the
rorquals. This species is ubiquitous to all oceans and feeds almost
exclusively on euphausiids or krill, a keystone species of pelagic
food webs that is heterogeneously distributed in space and time
(Kawamura, 1980; Mauchline and Fisher, 1980; Watkins and
Murray, 1998). Blue whales have been shown to follow optimality
predictions when feeding on krill by increasing the number of
lunges per dive with increasing feeding depth (Doniol-Valcroze
et al., 2011). Additionally, they modulate their behavior both
in response to krill density and foraging depth (Hazen et al.,
2015). For instance, they tend to optimize oxygen consumption
when krill densities are low or located at shallow depths and to
maximize energy intake when krill densities are high or located
at deeper depths (Hazen et al., 2015). Capital breeders such as
blue whales might be particularly sensitive to alterations to their
prey field or prey access, and in the context of climate change
and worldwide increase in anthropogenic activity, there is a need
to understand how animals cope with natural or human-induced
changes to their environment.

In recent years, climate change and increased anthropogenic
activity may be adding to the stochasticity and natural
variability in krill availability, density and patchiness. By affecting
water temperature, sea ice extent and other environmental
factors, climate change has been acting on krill abundance
and distribution, species composition, and life cycle in both
hemispheres (Flores et al., 2012; McBride et al., 2014). Krill
exploitation for use primarily as fish food in aquaculture, medical
or pharmaceutical purposes, or for human consumption is a
common activity in the Antarctic and around Japan, and its
potential as a new fishery resource is periodically considered
by different countries including Canada (Nicol et al., 2012).
Decreases in krill abundance from climate change and fisheries
have been shown to hinder foraging success in penguins (Alonzo
et al., 2003; Cresswell et al., 2008). Given that prey density directly
influences the rate of net energy gain, any reductions in the krill
preyscape would impact blue whale energetics likewise.

In the western North Atlantic, blue whales seasonally visit
the Estuary and Gulf of St. Lawrence (EGSL) to feed (Sears
and Calambokidis, 2002). In this region from 1999 to 2009,
their diet was composed on average of 70% of Thysanoessa
raschii, and 30% of Meganyctiphanes norvegica (Gavrilchuk et al.,
2014), the two dominant krill species in the area. These two
species differ in aggregative behavior, mean depth, temperature
preferences, optimal ecological niche as well as energy content
(Plourde et al., 2014b; McQuinn et al., 2015; Cabrol et al., 2019).
Surface salinity affects daytime distribution of the two species,
while changing water temperature experienced by adult krill may
have consequences for development, growth, and reproduction
(Richardson, 2008; Plourde et al., 2014a,c; Benkort et al., 2019),
and ultimately biomass and density (Richardson, 2008). With
climate change, M. norvegica – a temperate to boreal species
(Sameoto, 1976) – might be favored over Thysanoessa spp.
(i.e., T. raschii and Thysanoessa inermis) – adapted to cold
environments (Mauchline and Fisher, 1980). A change in the
relative abundance and density of the two krill species, or in the
depth of their center of mass, is likely to affect the energetics and
foraging efficiency of blue whales feeding in the EGSL. Similarly,
operations such as the introduction of a krill fishery, that would
reduce krill density and biomass, could lead to a decrease in
the number of krill patches with densities suitable for foraging
blue whales and to an increased patchiness of blue whale habitat,
affecting their foraging efficiency.

Other anthropogenic activities might also affect foraging
efficiency by acting on prey access rather than density. This is
the case for instance of anthrophonic disturbances related to
marine traffic or whale-watching activities, underwater noise and
vessel collision risk (Pirotta et al., 2018) that interfere with normal
behavior. Whale watching operations can reduce foraging activity
of marine mammals by triggering avoidance responses and
changing diving patterns (Lusseau et al., 2009; Christiansen et al.,
2013; Senigaglia et al., 2016; Schuler et al., 2019). A reduction
in net energy gain can lead not only to immediate physiological
repercussions but also to long-term consequences on population
dynamics (Pirotta et al., 2019). In the EGSL, marine traffic and
whale-watching are industry sectors that generate thousands of
transits through blue whale habitat annually (Chion et al., 2009;
Aulanier et al., 2016). In this area, close proximity between vessels
and blue whales occurs on a regular basis, and for prolonged
periods during daytime, as the species is the target of whale-
watching activities (Martins, 2012). Particularly when within
400 m, vessels have been shown to reduce blue whale feeding
opportunities by decreasing their surface and dive times (Lesage
et al., 2017b). The relative proportion of lost foraging time from
vessel exposure also increased exponentially with prey depth
(Lesage et al., 2017b). This lost foraging time through a decrease
in the number of feeding lunges per dive has resulted in lesser
net energy gain in other rorqual species (Christiansen et al., 2013;
Di Clemente et al., 2018). Consequently, vessel proximity may
be affecting the energetics and foraging efficiency of disturbed
whales. These effects might be exacerbated when cumulated
with other stressors such as fisheries or climate change on prey
abundance and density.
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Blue whales in the western North Atlantic are listed as
endangered under the Species at Risk Act of Canada and the
Endangered Species Act of the United States of America. Their
low abundance and apparently low calving rate raise concerns
about their nutritional status and cumulative impacts of the
changes to their environment, either natural or man-induced, on
their foraging efficiency, fitness and population size. In this study,
we examined how changes in krill density and reductions in time
spent foraging affected net energy gain of foraging blue whales
through model simulations based on empirical data of their
foraging behavior. Ultimately, these results can help estimate the
amount of additional pressure if any that this population can
sustain in light of the long-term changes in climate, and chronic
exposure to anthropogenic activity.

MATERIALS AND METHODS

We used model simulations to explore the energetic
consequences of both human disturbances and variations
in krill preyscape on blue whale energy gains. Each scenario
comprised a set of simulations to investigate the effects of
reductions in krill density, of reduced dive durations as a result
of vessel proximity, and of the combined effect of both while
accounting for foraging depths. Consequences on blue whale
energetics and the ability to accumulate energy were integrated
over a 10-h daylight foraging bout, which corresponded to the
maximum duration of whale-watching activities and potential
vessel proximity in the study area during summer (Martins, 2012;
Lesage et al., 2017b). However, we did not consider the longer
term impacts of these energetic consequences because we lacked
data on seasonal changes in blue whale behavior and on the
strategies that blue whales may use to cope with energy deficits.

Model Framework
We simulated individual time-series of foraging dives to
investigate immediate and cumulated energetic consequences
of the different scenarios. The model framework allowed the
integration of dive-specific parameters such as feeding depth
and depth-specific krill densities when calculating energy intake
and expenditures (Figure 1). We used Monte Carlo methods to
account for the uncertainty and variability in parameters, and for
estimating net energy gain. Dive parameters for the simulations
were based on the literature or the analysis of data loggers
(Table 1). We assumed that a whale initiating a foraging dive at
a given depth foraged in the same way and in the same location
for the 10-h foraging bout. We also did not take into account the
time needed to fill the forestomach or its clearing rate given that
our model was based on empirical diving rate data, which already
incorporated these factors.

We calculated the net energy gain (MJ) as the difference
between the energy intake and energy expenditure cumulated
over each hour of foraging (i):

Net energy gain = (
∑

(energy intakei −

energy expenditurei ))/1000 (1)

The energy intake (kJ) during a dive was defined as:

Energy intake = (VE ∗N lunges ∗KED ∗KEC ∗AE ∗ SR) (2)

and accounts for the number of lunges per dive, which depends
on feeding depth, body-length dependent volume of engulfment
VE (m3), species-specific krill density KED (g wet weight.m−3),
krill-specific energy content KEC (kJ.g wet weight−1), the
assimilation efficiency AE, and success rate SR.

The energy expended per dive depends on the targeted depth.
Typically, blue whale foraging dives consist of a descent during
which 40% is passive gliding, followed by one or more lunges
at depth, a steadily powered ascent phase and recovery time at
the surface (Goldbogen et al., 2011). Blue whales are negatively
buoyant and start gliding at a depth of about 18 m when targeting
depths exceeding 36 m (Williams et al., 2000). Accordingly, the
energy expended (kJ) during a foraging dive at depths of 36 m or
more, was modeled as follows:

Energy expenditure(feeding dive ≥ 36 m)

= (0.60 ∗ Depth ∗ Descent rate ∗ AMR+ 0.40

Depth ∗ Descent rate ∗ BMR+N. lunges per dive ∗

Lunge duration ∗ LFMR+ Depth ∗ Ascent rate ∗

AMR)/1000+ (Surface time ∗ RMR)/1000 (3)

where Depth (m) ∗ Descent rate (m.s−1) and Depth (m) ∗
Ascent rate (m.s−1) respectively represent the time (s) required
to descend to the targeted depth or to ascend back to the surface,
and where N. lunges per dives ∗ Lunge duration represents the
time (s) available for foraging at the targeted depth (m). Each
feeding dive was followed by a period spent at the surface,
specific to feeding depth, and for which costs were calculated
based on the resting metabolic rate. Recovery time at the surface
was shown to increase with feeding depth of the preceding dive
(Doniol-Valcroze et al., 2011), and therefore this relationship was
extrapolated from empirical data.

The specific metabolic rates: basal metabolic rate (BMR),
resting metabolic rate (RMR), active metabolic rate (AMR), and
lunge/filter metabolic rate (LFMR) were taken from the literature
(Hemmingsen, 1960; Kleiber, 1975; Croll et al., 2001; Goldbogen
et al., 2006; Potvin et al., 2012). Values and sources for all
parameters are presented in Table 1. The energy expended (kJ)
when foraging at depths shallower than 36 m was modeled in
the same way, but without considering passive gliding during
descent:

Energy expenditure(feeding dive < 36 m)

= (Depth ∗ Descent rate ∗ AMR+N. lunges per dives ∗

Lunge duration ∗ LFMR+ Depth ∗ Ascent rate ∗

AMR)/1000 + (Surface time ∗ RMR)/1000 (4)

Energy associated with urine production was assumed to be
included in basal metabolism, which represents the energy
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FIGURE 1 | Bioenergetic model framework to assess immediate effects on net energy gain of changes in preyscape as a result of ocean warming or in prey access
as a result of vessel proximity. Parameters and their value are provided in Table 1.

TABLE 1 | Input parameters, associated sampling distributions and/or values and, data sources used in the bioenergetic framework for estimating net energy gain.

Parameters Description (units) Value Distribution Source

N lunges per dive Number of lunges per dive Dive- and depth-specific Gamma Tag data, this study

N dives per h Number of dives per hour Depth-specific Gamma Tag data, this study

VE Length (25 m) specific engulfment volume (m3) (1.023*L3.65)/1,025 NA Potvin et al., 2012

M Length (25 m) specific body weight (kg) 96568 NA Croll et al., 2001

KDT Krill density Thyssanoessa spp.
(g wet weight. m−3)

Depth-specific –
75th–95th percentile Uniform

Hydroacoustic surveys, this study

KDM Krill density Meganyctiphanes norvegica
(g wet weight. m−3)

Depth-specific –
75th–95th percentile Uniform

Hydroacoustic surveys, this study

KECT Krill energy content Thysanoessa spp.
(kJ. g wet weight−1)

4.3 ± 0.58 Normal D. Chabot (unpubl. data)
V. Lesage (unpubl. data)

KECM Krill energy content M. norvegica
(kJ. g wet weight−1)

5.2 ± 0.45 Normal D. Chabot (unpubl. data)
V. Lesage (unpubl. data)

AE Assimilation efficiency 0.84–0.93 Uniform Martensson et al., 1994; Olsen et al.,
2000; Goldbogen et al., 2011

SR Success rate 1 Fixed

Lunge duration Lunge duration (s) 75 Fixed Doniol-Valcroze et al., 2011

BMR Basal metabolic rate (J. s−1) 2 * (4 * M0.75) NA Kleiber, 1975

RMR Resting metabolic rate (J. s−1) 2 * BMR NA Potvin et al., 2012

AMR Active metabolic rate (J. s−1) 3 * BMR NA Potvin et al., 2012

LFMR Lunge/filter metabolic rate (J. s−1) 1.6 * AMR NA Potvin et al., 2012

NA, not applicable.

needed for maintenance activities, including vital organs such as
kidneys. Energy expenditure from the heat increment of feeding,
i.e., energy associated with digesting food, depends on the size

and composition of the meal, and should ideally be included as a
separate parameter in bioenergetics models. However, given there
is no value specific to large whales for this parameter, numerous
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studies investigating the energetics of large whales (e.g., right
whales and blue whales) have not taken these costs into account
(Wiedenmann et al., 2011; Fortune et al., 2013; Pirotta et al.,
2018). Instead, heat increment of feeding has been assumed to
be part of the active metabolic rate (Nordøy et al., 1995).

Details on other parameters, such as depth-specific diving rate
or time spent at the surface after a dive, which were extracted
from the analysis of biologging data, and on krill densities
obtained from systematic hydroacoustic surveys, are presented in
the Supplementary Material.

Simulated Scenarios
The energetic consequences of krill density reductions or of
repeated vessel interactions were each examined under baseline
conditions and three different scenarios using Monte Carlo
simulations (Supplementary Table S1). We proceeded with 1,000
iterations, which were each comprised of a time-series of feeding
dives performed over a 10-h foraging bout.

Scenario 1: Baseline
This scenario used vertical distributions of krill densities
measured in two regions, i.e., the St. Lawrence Estuary
(SLE) and the North western Gulf of St. Lawrence (NWG),
during systematic hydroacoustic surveys conducted in August
2008–2015 in the EGSL (Quebec, Canada, 49◦ 43′N – 65◦
11′W) (Figure 2, data analysis is presented in details in the
Supplementary Material). Blue whales feed in three different
habitats in the SLE (Doniol-Valcroze et al., 2012), the mean
feeding depth of which corresponds well with the center of mass
of krill patches documented in this region (i.e., 30, 80, and
130 m for Thysanoessa spp., and 60 and 80 m for M. norvegica)
(Figure 3 and McQuinn et al., 2015). While a comparable study
documenting blue whale foraging depth does not exist for the
NWG, the center of mass for Thysanoessa spp. and M. norvegica
remain in the range of those plausible or documented in the
SLE, or in other regions such as the Pacific (i.e., 30, 60, 120, and
160 m for Thysanoessa spp., and 60, 100, 140, and 180 m for
M. norvegica) (Goldbogen et al., 2013; Hazen et al., 2015; Irvine
et al., 2019). Therefore, we ran simulations for feeding depths
corresponding to krill peak densities in each of the two regions,
and separately for the two krill species (Figure 3).

Scenario 2: Reduction in Krill Biomass Density
This scenario investigates the effect of reducing krill densities
on net energy gain. We modeled a decrease in krill density
relative to the baseline scenario for the two species separately
and distributed this decrease homogeneously over the baseline
vertical distribution. Hypothetical reductions in krill density
of 5, 10, 25, and 50% were examined, each using a set of
1,000 iterations.

Scenario 3: Disturbances From Vessels Proximity
A recent study indicated that the presence of vessels within 400 m
of blue whales in the SLE resulted in a 36% reduction in dive time,
equivalent to a mean dive duration of 4 min, and a maximum
foraging effort of 12 dives per hour (Lesage et al., 2017b). In
this scenario, we investigated the effect of limiting dive time to a

maximum of 4 min on blue whale capacity to accumulate energy,
while allowing reachable depth and number of lunges per dive to
vary for each dive. In other words, disturbed whales were allowed
to vary the number of lunges per dive according to feeding depth,
but with the constraint of a maximum dive duration of 4 min.
Krill density was depth-specific for each dive. We simulated
conditions reflecting vessel proximity within 400 m of foraging
blue whales for a portion (i.e., 3-h – from hour 5 to 8) and the
full potential duration (10 h) of whale-watching activities in the
St. Lawrence Estuary (Martins, 2012). Therefore in the scenario
of a 3-h vessel proximity, a whale would be constrained to adjust
feeding depth and exploit the highest densities that are reachable
within the 4-min dive limit during these 3 h. They would be
allowed to resume foraging at the initial target depth for the next
7 h. In the scenario where vessel proximity lasted for the full
daytime foraging bout, i.e., 10 h, whales would be deprived from
reaching certain deeper depths under the constraints of the 4-min
dive limit for the entire period. While effects on net energy gain
for a 3 h vessel proximity are presented relative to the baseline
scenarios for the same depth categories, they are presented for
the 10 h relative to the baseline scenario providing the highest
net energy gain, i.e., they are not depth-specific.

Scenario 4: Combined Effect of Reduction in Krill
Density and Vessel Disturbance
Reductions in krill density might occur in areas where vessel-
related effects take place and thus, these two effects might be
additive (Hin et al., 2019; Pirotta et al., 2019). To account
for potential combined effects, we examined scenarios where
krill density was reduced by 5, 10, 25, and 50% from baseline
densities, while blue whales foraged in conditions of vessel
proximity for 3 and 10 h.

Statistical Analysis
We assessed the sensitivity of the energy gain function to the
uncertainty in parameters using a partial correlation coefficient
sensitivity analysis and the “pcc” function of the R package
“sensitivity” (Pujol et al., 2016. Sensitivity: Global Sensitivity
Analysis of Model Outputs. R package version 1.17.0). This
method accounted for the correlation between feeding rate
and energy expenditure, and identified parameters with the
largest influence on energy gain, across all scenarios. While all
parameters from the energy gain equations (Eqs. 1 and 2) figured
in the sensitivity analysis, the energy expenditure associated with
each dive (Eq. 3) was entered as a single parameter, thereby
incorporating variability associated with depth-specific feeding.
This allowed the analysis to be focused on uncertainty from
krill density and number of lunges performed, while avoiding
autocorrelation of multiple parameters associated with energy
expenditure. Metabolic rates are weight-specific, and estimates
from the literature are not associated with uncertainty and thus
a single, fixed value, was used given our model was for a 25-
m whale.

We assessed each scenario and its effect on blue whale net
energy gain against the baseline scenario using Cohen’s d value,
which represents the difference between the mean net energy gain
of one of the krill-reduction and/or vessel-proximity scenarios
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FIGURE 2 | Two regions, i.e., the Estuary of the St. Lawrence (dark blue) and the northwestern Gulf of the St. Lawrence (yellow) including the Gaspé peninsula, used
to determine in situ vertical distributions of krill densities.

and the baseline scenario scaled by their pooled standard
deviation (Cohen, 1977). Cohen’s d values indicate a small (0.2–
0.5), moderate (0.5–0.8), or large (>0.8) effect size (Cohen, 1977).
Simulations and statistical analyses were conducted under the R
programming language (R Development Core Team, 2017).

RESULTS

Baseline simulations using in situ krill vertical distributions
indicated that blue whales had the potential to accumulate three
times more energy by feeding on the most accessible peak of
krill densities, i.e., nearest to the surface. For instance, mean
net energy gain was more than 3 times higher in the SLE when
feeding on peak densities of M. norvegica at 50–70 m versus 80–
90 m (Figure 4A), or on peak densities of Thysanoessa spp. at
25–45 m versus 115–145 m (Supplementary Figure S1A). Only
in the NWG, where peak densities of M. norvegica at 170–190 m
were double those at 50–70 m, was net energy gain similar at the
two feeding depths (Supplementary Figure S2A in the NWG
for M. norvegica). M. norvegica also offered a higher potential
for net energy gain than Thysanoessa spp. in the two regions,
regardless of feeding depth. This was particularly the case in
the SLE, with mean net energy gain for blue whales reaching a
maximum of 4,526 and 2,772 MJ for M. norvegica, as opposed
to 1,070 and 675 MJ for Thysanoessa spp. in the SLE and NWG,
respectively (Figure 4A, Supplementary Figures S1A, S2A, S3A,
and Supplementary Table S1).

Simulations of various scenarios of krill reduction and vessel
proximity highlighted significant differences in blue whale net
energy gains made over a 10-h daylight foraging bout compared

to the baseline. Generally, the magnitude of the effects increased
with that of krill density reductions and the duration of vessel
proximity. Trends in net energy gain as a result of krill density
reduction and vessel proximity scenarios were similar for the two
krill species, and the two regions, except for the particular case
of Thysanoessa spp. in the SLE. Therefore, detailed results are
presented only for the scenarios that involved M. norvegica in the
SLE, with results for the other species and regions being presented
in the Supplementary Material. However, the relative range of
the effect sizes of the different scenarios on net energy gain is
presented below for both krill species and the two regions.

As expected, reducing krill density decreased the net energy
potentially gained by a blue whale feeding at any depth compared
to the baseline scenario. The energy deficit increased with the size
of the krill density reduction, for the two species and regions
(Figures 4C,E,G,I and Supplementary Figures S1C,E,G,I,
S2C,E,G,I, S3C,E,G,I). However, net energy losses were overall
smaller both in absolute terms (in MJ) and in percentage for
a given scenario when peak densities were more accessible,
i.e., closer to the surface (Figures 4C,E,G,I, 5). For instance, a
reduction of 5% in M. norvegica densities in the SLE caused a
9% reduction in net energy gain when peak densities were at 50–
70 m (422/4,526 MJ), compared to 20% (257/1,268 MJ) when
peak densities were at deeper depths (80–90 m) (Supplementary
Table S1). In addition, large effects were observed when initial
peak densities were low. In Thysanoessa spp. for instance, even
small to moderate reductions in krill densities decreased net
energy gain to 0 (Figure 3, Supplementary Table S1, and
Supplementary Figures S1C,E,G,I, S3C,E,G,I), with effect sizes
considered moderate at 5% reduction (Cohen’s d values >0.51)
and large at 10, 25, and 50% reduction (Cohen’s d values >1.16,
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FIGURE 3 | Vertical density profiles for (A) Thysanoessa spp. (green) and (B) Meganyctiphanes norvegica (orange) for the St. Lawrence Estuary (left) and the
northwestern Gulf of St. Lawrence (right) with identified high density layers used as targeted feeding depth for simulated dive time-series (gray horizontal ribbons).
Solid vertical lines represent the median, the dashed lines are the 75th percentiles and the colored areas are the 5–95% quantiles.

Figure 5). In comparison, the effects of a decrease in krill density
were considered small for M. norvegica at 5% reduction (Cohen’s
d values >0.28), moderate to large at 10% reduction (Cohen’s
d values >0.45) and large at 25 and 50% reduction (Cohen’s
d values >1.17, Figure 5) depending on whether whales were
feeding in the SLE or NWG.

Vessel proximity to foraging whales, with the limit they
imposed on dive duration (4 min) and feeding rate (12 dives
per h), led to the majority (70%) of dives being constrained
to depths of 30 m or less (Figure 6). The impacts of vessel
proximity on net energy gain of foraging whales increased with
the duration of vessel interaction, were more important when
whales were precluded from reaching the most beneficial krill
density peaks and when these densities were located at deeper
depths (Figures 4, 5 and Supplementary Figures S2B, S3B).
The impacts of vessel proximity also depended on initial feeding
depth and associated peak densities. For instance, an undisturbed
whale foraging in the SLE at intermediate depths (50–70 m) on
densities of M. norvegica performed on average 10 dives and 25
lunges·h−1, and gained 4,526 MJ over the 10 h foraging bout.
During the 3 h when vessels were in proximity, their feeding rate
declined to 12 dives and 15 lunges·h−1, and whales were likely
unable to reach depths where they were initially feeding. Adding

the 7 h of undisturbed foraging (during which feeding depth, the
number of dives, and the number of lunges were unconstrained)
resulted in a 22.2% reduction in net energy gain compared
to the baseline over the 10-h foraging bout, i.e., 3,521 MJ
(Supplementary Table S1). In comparison, an undisturbed whale
targeting less dense krill densities at deeper depths (80–95 m) was
able to perform only 7 dives and 26 lunges·h−1, gaining nearly 3
times less energy than a similarly undisturbed whale feeding near
the surface (1,268 MJ). In this case, vessel proximity over 3 h did
not further constrain the whale feeding rate (which was already
within the set limit of 12 dives·h−1), but it limited feeding depth
to shallow waters through the 4-min dive limit where densities
were lower than at deeper depths (Figure 3). Unconstrained
diving to 80–195 m for the remaining 7 h led to no overall change
in net energy gain in this scenario (i.e., 1,251 MJ, Supplementary
Table S1). Whales having vessels in proximity during most of
their daytime foraging bout had their feeding rate limited for
the full 10 h of vessel proximity, leading to net energy gains
that were 74% lower compared to undisturbed whales feeding
at depths allowing the highest energy accumulation, an effect
considered large based on Cohen’s d value (>1.8) (Figure 5 and
Supplementary Table S1). There were scenarios where vessel
proximity did not lead to a negative effect on net energy gain,
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FIGURE 4 | Net energy gain (mean and 5–95% CI) accumulated over a 10 h foraging period when feeding on M. norvegica in the St. Lawrence Estuary, (A) under
baseline conditions measured in situ, (B) when exposed to vessel proximity within 400 m for 3 h (from hour 5 to hour 8) and 10 h, (C,E,G,I) under krill density
reductions of 5, 10, 25, or 50% relative to baseline, and (D,F,H,J) while foraging on reduced krill densities when exposed to vessel proximity. Patterns for
Thysanoessa spp. and the NWG are presented in the Supplementary Material.
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FIGURE 5 | Effect of the various scenarios on net energy gain after a 10 h foraging period of a blue whale feeding on (B,D) Thysanoessa spp. or (A,C) M. norvegica,
(A,B) in the St. Lawrence Estuary and (C,D) in the North western Gulf of St. Lawrence. The red dashed lines represent the threshold values of Cohen’s d above
which effects are considered small (0.2), medium (0.5), and large (>0.8). Negative Cohen’s d value indicates a positive effect.
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FIGURE 6 | Frequency (%) distribution of feeding depths when exposed to vessel proximity within 400 m while feeding, thus when dives are limited to 4 min or less.

notably when undisturbed whales foraged near the surface (25–
45 m) on the highest densities of Thysanoessa spp. in the SLE.

In the last scenario, effects from krill density reductions
were combined with those from vessel proximity. As a result,
effects on net energy gain generally reflected those from the two
stressors separately. Specifically, vessel proximity and krill density
reductions net energy losses were smaller when peak densities
were high, and more accessible. Impacts of these two factors
on net energy gain increased with krill density reductions, and
with vessel proximity persistence over time (Figures 4D,F,H,J,
5). For whales foraging on peak densities of M. norvegica in
the SLE, a density reduction of 25% or more, combined with
vessel proximity of 3 h or more, invariantly resulted in a medium
to large effect, equivalent to approximately 60–100% decrease
in net energy gain depending on feeding depth (Figure 5 and
Supplementary Table S1). A whale foraging optimally, i.e., on
peak densities of M. norvegica nearest to the surface, but that
have been reduced by 50%, with vessels in proximity for 3 h,
would accumulate less than half the energy they would have
acquired under the baseline scenario (mean net energy gain
of 1,781 MJ versus 4,526 MJ under baseline) (Supplementary
Table S1). Extending this perturbation to 10 h would lead to a
60% reduction in energy accumulated over that period compared
to baseline conditions (i.e., 2,747 MJ) (Supplementary Table S1).
For M. norvegica in the SLE and both species in the NWG,
even a small reduction in krill densities (5%), when combined to
medium (3 h) exposure to vessels can lead to a net energy deficit
of 19–38% when feeding at intermediate or shallow depths. The
scale of the effect varied for the two species and regions for a given
depth and scenario according to krill densities and depths where

net energy gain was the highest (see Supplementary Material
for further results). Comparing the effect size between the two
stressors, a 3 h vessel proximity to a foraging blue whale would
result in the same reduction in net energy gain as a 5% krill
density reduction in most cases. Foraging during 10 h with vessels
in continuous proximity would be equivalent to foraging on krill
densities that are reduced by 5–10% (Figure 5).

The sensitivity analysis highlighted the number of lunges
per dive, krill density and krill energy content as the three
parameters contributing the most to the uncertainty in net energy
gain (Sensitivity partial correlation coefficients: 0.96, 0.87, and
0.62, respectively).

DISCUSSION

Habitat degradation, either natural and/or human-induced, can
have detrimental effects on foraging efficiency, fitness and
population trends (Williams et al., 2006; Pirotta et al., 2018).
Blue whale foraging behavior in the SLE conforms to optimality
predictions, with feeding dives near the surface yielding the
highest feeding rates (Doniol-Valcroze et al., 2011). Adding
to this that the krill densities measured in situ in the EGSL
were generally denser at shallower depths than at deeper depths
(Figure 3), we predicted that the highest potential for energy
accumulation was when whales were feeding on these shallow
peaks densities and were targeting M. norvegica over T. raschii.
We also showed that the energy deficit caused by krill density
reductions or vessel proximity, or their combination, can be
significant, even when vessels are in proximity for relatively
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short periods of time (3 h). Generally, effects varied with the
density and depth of the krill peaks accessible to blue whales, and
increased with the magnitude of krill density reductions, and with
the duration of vessel proximity.

Krill densities, like any other marine resource, naturally
fluctuate in abundance according to environmental conditions
(Reid et al., 2010; Flores et al., 2012; Sydeman et al., 2013), and
long-lived predators are particularly well adapted to cope with
these fluctuations (Benoit-Bird et al., 2013; Abrahms et al., 2019;
Dunn et al., 2020). Our simulations showed that blue whales
are in all likelihood well adapted to cope with fluctuations of
5%, but that they may incur considerable energy loss at higher
density fluctuations. A link between food availability and calving
rate has been documented in several species including blue
whales (e.g., Ward et al., 2009; Seyboth et al., 2016; Meyer-
Gutbrod and Greene, 2018). In blue whales from Antarctica,
a simulated reduction of 50% in mean swarm density during
an entire feeding season of 120 days resulted in an estimated
80% decrease in calving rate (Wiedenmann et al., 2011). Blue
whales appear to track food resource based on long-term stored
information rather than short-term proximate cues (Abrahms
et al., 2019), a behavior that might limit their ability to respond
and adjust to rapidly changing environmental conditions despite
a certain degree of behavioral plasticity in blue whales (Abrahms
et al., 2019) as in other marine predators (Ronconi and Burger,
2008). Behavioral plasticity might be particularly insufficient
for mitigating the consequences of climate change, which are
accelerating and exacerbating the natural variability of prey
resources (Sydeman et al., 2013). Important foraging habitats for
blue whales have been identified in several areas across eastern
Canada, including the EGSL but also in Newfoundland waters
and on the Scotian Shelf (Lesage et al., 2018). These regions
offer a high diversity of habitats, and are heterogeneous in their
seascape (Loncarevic et al., 1992; Galbraith et al., 2018), in vessel
traffic density (e.g., Simard et al., 2014), and in krill densities
(McQuinn et al., 2015; Plourde et al., 2016). In the case where krill
densities would be inadequate in a given region, or where vessel
exposure would limit energy gains, whales would theoretically
have the opportunity to move to other areas of recurrent krill
aggregations within the EGSL region or outside of it, assuming of
course that these habitats exist in these other regions at the time
they are needed.

Changes in zooplankton community composition in the EGSL
have been documented over the last two decades (Richardson,
2008; Blais et al., 2019). Although studies specifically examining
climate change effects are still scarce for krill communities typical
of the EGSL, changes in composition are also expected for the
latter given the overlapping but distinct optimal temperature
niche of the two main krill species (Sameoto, 1976; Mauchline
and Fisher, 1980; Ollier et al., 2018). Water salinity through its
effect on light penetration influences the vertical distribution
and density of krill in the EGSL (Plourde et al., 2014b) as well
as their temperature exposure, physiological state, condition,
and survival (Flores et al., 2012; McBride et al., 2014). The
forecasted 0.6–1.2◦C increase in seawater temperature the EGSL
over the next 50 years (Hutchings et al., 2012; Long et al., 2016;
Galbraith et al., 2018) might lead to a niche expansion of the more

temperate species, M. norvegica (Sameoto, 1976). Although the
effects of a potential increase in species-specific krill density are
not explicitly addressed in this study, their general trend could
be derived directly from the percent changes presented in the
Supplementary Material (by making them positive).

Meganyctiphanes norvegica offered a higher potential for
net energy gain than Thysanoessa spp., with particularly high
energetic benefits when peak densities were near the surface.
While blue whales are known to feed on both M. norvegica
and Thysanoessa spp., their diet is likely to vary across their
range depending on local availability (Lesage et al., 2018).
M. norvegica is the dominant krill species in other, warmer blue
whale foraging areas such as the Scotian shelf or the waters
off southern Newfoundland (Cochrane et al., 1991, 2000) and
is likely to represent their main prey, although specific blue
whale diet is unknown for these areas. In the EGSL, Thysanoessa
spp. comprised 70% of blue whale diet between 1995–2009
according to quantitative isotopic models (Gavrilchuk et al.,
2014). This is in agreement with the stronger spatial association
of this krill species with blue whale observations made during
hydroacoustic surveys in 2009–2013 (McQuinn et al., 2016), and
which suggests that M. norvegica densities worth exploiting might
not be that common in the EGSL. Hydroacoustic surveys used
in our study to derive total krill densities were conducted in
2008–2015, i.e., mainly after the study on blue whale diet, and
indicated densities that were similar for the two krill species
or greater for M. norvegica since 2010 (Figure 3). However, M.
norvegica peak densities are typically found at deeper depths than
Thysanoessa spp. (Figure 3; McQuinn et al., 2015, 2016), reducing
the relative benefit of exploiting this resource over Thysanoessa
spp. Considering its higher energetic value, and that our results
showed that blue whales accumulated the most energy when
feeding on M. norvegica, a change in the dominance ratio with
climate change in favor of M. norvegica might be beneficial to
blue whales and therefore mitigate at least in part the reduced
krill density in the EGSL.

We showed that the level of impact from vessel proximity is
dependent on resource accessibility. If krill is present in sufficient
densities near the surface, then the negative effects from close
vessel proximity, which imposes a limit on dive time and dive
rate, would not be as limiting as if adequate krill densities are
only available at deeper depth, where they become out of reach
with a dive-duration limit of 4 min (>30 m). In the SLE, blue
whales forage in four types of habitat that vary in feeding depth
and whale behavior, and that are used differently depending
on tidal phase (Doniol-Valcroze et al., 2012). Feeding depths
follow a bimodal distribution, with a strong peak near the surface
and a weaker peak between 50 and 100 m (Doniol-Valcroze
et al., 2012). Indeed, blue whales in the SLE and NWG exhibited
the strongest spatial association with shallow krill patches over
deep aggregations between 2009 and 2013 (McQuinn et al.,
2016). These results suggest that a given vessel-proximity event
might have differential effects on blue whale foraging efficiency
depending on where and when it occurs in their habitat. At times
or in areas where sufficient krill densities that may allow for a
positive net energy gain are unavailable near the surface, effects
of vessel proximity on the capacity of blue whales to accumulate
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energy reserves might be more important than depicted in our
study, even for short periods of vessel exposure.

The timing of peak whale-watching activities is inextricably
linked to the presence of whales. In the EGSL, the whale-watching
fleet comprises over 20 vessels proposing multiple departures a
day from May to October. Their activities result in prolonged
and recurrent vessel proximity to foraging blue whales (Martins,
2012) and what might lead to negligible to major energy deficits
per day. Whether the net energy deficits predicted in our study
would have long-term effects on blue whale body condition
is unknown, and depends on the nature and magnitude of
the consequences (Houston et al., 2012; Pirotta et al., 2018),
which in turn depend on the recurrence of exposure and the
whale’s capacity to compensate for un-capitalized energy at other
times. Individuals generally show resilience and plasticity by
adjusting foraging effort to the naturally changing preyscape
(Costa et al., 1989; Sigler et al., 2009). In the context of
anthropogenic disturbance, this plasticity likely allows some
degree of compensation for lost feeding opportunities. While
some studies show a relatively high resilience to disturbance in
some populations (e.g., New et al., 2013a, 2014), others provide
strong support for a limited capacity to compensate for lost
opportunities (e.g., New et al., 2013b; McHuron et al., 2018). For
example, a simulation study on Californian sea lions indicated
that both short and infrequent disturbances (<1 month, 1 year
only) and prolonged and repetitive disturbances (lasting several
months and occurring yearly) could have detrimental effects on
recruitment and population size, depending on the severity of
the behavioral response to disturbance (McHuron et al., 2018).
In the case of blue whales exposed to whale-watching activities,
compensating for lost foraging opportunities and associated
energetic shortcomings would need to occur on undisturbed
day or daylight hours, during twilight and/or at night, or
through an extension of their feeding season. Biologging data
indicates that foraging accounts on average for 69% of the daily
activity budget of blue whales in the SLE (Doniol-Valcroze and
Lesage, unpublished data), thus leaving little time or opportunity
for compensation. It is noteworthy that in scenarios of vessel
proximity, we assumed based on Lesage et al. (2017b) that
whales reduced time spent at depth and at the surface. However,
their analysis was based on surface behavior only and was thus
unsuitable for assessing whether the average reduction in dive
time was caused by a reduction in the duration of foraging dives
or by a change in behavior with total cessation of feeding (Lusseau
et al., 2009). In the latter case, this would represent a total loss
of foraging opportunity until whales find another suitable and
undisturbed location to forage.

The availability of prey resources may also modulate the
impacts of disturbances by acting synergistically. For example, a
modeling exercise indicated that long-finned pilot whales should
be able to withstand longer periods of disturbance when resources
are abundant than when they are more scarce (Hin et al.,
2019). Another simulation study involving blue whales further
indicated that, beyond the instantaneous potential shortfall
in net energy gain associated with a disturbance event, the
recurrence of anthropogenic disturbances (e.g., every year) and
its combined effect with poor environmental conditions might

result in strong negative effects on their reproductive success, as
they tend to prioritize their own survival over investment into
an offspring (Pirotta et al., 2019). In our study area, whether
the changes we modeled could affect blue whale’s capacity to
accumulate adequate energy reserves to reproduce successfully
or to survive is unknown, and depends on the persistence
of vessel interactions and on food abundance. However, there
are indications of a low calving rate for this western North
Atlantic blue whale population (Mingan Island Cetacean studies,
Unpublished data), which may be an indication of difficulties
in foraging. When food resources are limited, the additional
pressure from short-term or prolonged vessel-proximity might
exacerbate the negative effects of prey limitation on their net
energy gain. Modeling the effects of vessel-proximity and food
shortage over longer time periods (e.g., for annual life cycle or
a reproductive cycle) would be evaluated best if cumulated over
a feeding season or a full reproductive cycle and would help
determine their biological significance for blue whales. However,
this would require a model that incorporates energy gains from
feeding at other times of day, search time for food patches and
non-foraging behavior, and in the case of extrapolation over
a full reproductive cycle, breeding and migration costs. The
model would also need to incorporate the unknown mechanisms
that blue whales implement for coping with energy deficits,
which may include increased foraging effort that day, or an
extension of the feeding season, assuming that the foraging
schedule can accommodate these additions. Energy gains from
these compensatory strategies would depend on a number
of factors such as prey density and search time in-between
food patches, parameters that vary directly with prey densities
and thus which are dependent on one of the effects we are
testing here (effect of a fishery or climate-driven change in
prey densities). We felt that the uncertainty associated with
such predictions would be so high that they would be in the
end, uninformative given the information currently available for
parameterizing the model.

As a first attempt to quantify the energetic consequences
of potential change in krill density and/or anthropogenic
disturbances for this specific endangered blue whale population,
we made a number of assumptions, which should be addressed
in future work. For simplicity, we assumed continuous foraging
for a period of 10 h during which whales stayed in the same
foraging “mode,” i.e., they fed at the same depth for the entire
period. However, foraging is often not continuous but rather
organized in bouts of intense activity separated by periods
of time allocated to other activities, or until foraging comes
to a stop due to physiological requirements (e.g., clearing of
the forestomach, digestion, replenishing oxygen stores) (Sibly
et al., 1990; Boyd, 1996). While records in the Pacific indicate
a median feeding-bout duration of 3.3 h for blue whales (range
0.2–34.9 h) (Irvine et al., 2019), a value similar to what has
been observed in the SLE (2 h on average, range 0.1–13 h;
Doniol-Valcroze and Lesage, Unpublished data), the long period
spent foraging daily by SLE blue whales (average 69%, Doniol-
Valcroze and Lesage, Unpublished data) suggests that pauses
between foraging bouts are likely short. Individuals should
theoretically end foraging when a prey patch is depleted, and
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resume foraging when they encounter another prey patch of
sufficient density. However, both of these behavioral modes
are time dependent and were not considered in our study
(Mori, 1998; Watanabe et al., 2014). We assumed constant
prey density while depletion of a food patch is inevitable and
influences predator foraging decisions (Thompson and Fedak,
2001; Sparling et al., 2007; Thums et al., 2013; Akiyama et al.,
2019), and did not allow a whale to find an alternative patch
(Sims et al., 2006; Thums et al., 2011). The hydroacoustic
surveys used covered most of the areas visited by blue whales
over a feeding season (Lesage et al., 2017a) and provided us
with a global krill vertical density distribution rather than
densities of specific krill layers or swarms. It was therefore
reasonable to assume that whales were feeding at the same
general location for the 10-h foraging period. However, we might
have overestimated net energy gain during this 10-h portion
of daylight foraging by not accounting for activities other than
foraging (i.e., resting and traveling).

From a management perspective, the findings of this study
are important as they transpose behavioral responses into
energetic consequences for foraging blue whales. They also bring
support to the currently applied regulations in the Saguenay-
St. Lawrence Marine Park, which impose a 400-m exclusion
zone for vessels around blue whales, as a way to mitigate
potential impacts on this endangered species. In addition, they
highlight the need to extend these limits to other important
habitats for blue whales, where vessel interactions might be
chronic. Our study also underscored the importance of limiting
the duration of vessel proximity, especially if vessels are within
400 m of a blue whale and in conditions where krill densities
might be reduced. In the Saguenay-St. Lawrence Marine Park,
a single vessel has a 1-h viewing time limit, with a 1-h
interval between successive observations (Regulations Saguenay-
St. Lawrence Marine Park, 2020). A potential management
measure could be to implement cumulative vessel time viewing
limits around blue whales to decrease total duration of
potential disturbance.

For a species like the blue whale, which relies on a limited
feeding season for building energy reserves, changes in energy
gain through an altered krill preyscape and/or anthropogenic
disturbances is of concern. This study showed that these
changes not only would have a detrimental effect on net
energy gain, but there is the possibility of these changes
to acting synergistically or exacerbating one another. Under
conditions where krill densities would decrease due to climate
change or krill exploitation, disturbing foraging blue whales
would undoubtedly affect their capacity to accumulate energy
stores over a feeding season. An estimation of the energy
budget over a reproductive cycle of blue whales is needed
to determine a threshold above which these changes would
jeopardize their reproductive success. Although future work
needs to investigate the fine scale diving behavior of disturbed
individuals, our results to date could be integrated into models
simulating the population consequences of disturbances to
estimate their effect on vital rates and population dynamics,
providing a longer time-scale perspective on the energetics of this
endangered population.
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