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ABSTRACT

The North Atlantic right whale (Eubalaena glacialis, NARW) is an endangered cetacean which
faces population decline from anthropogenic activities. Climate change may also be adding
pressure on population recovery by shifting distribution of their preferred prey, Calanus
copepods. The Gulf of St. Lawrence (GSL) in eastern Canada has been used as a foraging
ground by a large proportion of the NARW population in recent years (at least from 2015 to
present). Given the motivation to better understand NARW contemporary habitat use patterns
and propose recovery measures for this population, we used a mechanistic modeling approach
to predict areas that hold foraging potential in the GSL. We first assessed the overall annual
energetic costs incurred by an adult female NARW in one of three reproductive states, and
determined the theoretical prey densities required to sustain energy demand. We used a 12-
year data set describing the abundance and three-dimensional distribution of late-stage Calanus
copepods in the GSL coupled to a foraging bioenergetics model to identify potentially suitable
foraging areas for NARW. Results show interannual variations in the spatial distribution and
quantity of suitable habitat, with a decreasing amount of habitat available for resting, pregnant
and lactating females, respectively. Suitable prey densities for foraging NARW were found in
nearly all areas of the GSL that were surveyed for copepods, in one year or another, with a
greater frequency of suitable prey densities identified in the southern GSL. Yearly maps of
suitable foraging habitat for NARW were superimposed to identify areas that showed temporal
persistence; the southern GSL (from Shediac Valley east to the Magdalen Islands) had suitable
prey densities for all three reproductive states in most (= 6) years of the study period. For
resting and pregnant females, other potential areas of foraging importance included offshore of
Chaleurs Bay as well as the southern slope of the Laurentian Channel north of the Magdalen
Islands. These findings highlight areas where NARWSs may occur based on habitat modelled
foraging value, and emphasize the need to survey offshore, under-studied regions in the GSL to
better characterize NARW occurrence and habitat use patterns.




INTRODUCTION

The North Atlantic right whale (NARW; Eubalaena glacialis) is an endangered mysticete
cetacean migrating along the east coast of Canada and the U.S. This population was estimated
at 444 to 471 individuals in 2015, of which approximately 100 were sexually mature females
(Pace et al. 2017). Population size has likely decreased since then given the continuing low
birth rate and high mortality event documented in 2017 (Pettis et al. 2018). NARWSs use
Canadian and northern U.S. waters primarily to forage during the summer months, and use
waters off southeastern U.S. for breeding and calving during the winter months (DFO 2014).
Important prey have been identified as calanoid copepod species, mainly late-stage Calanus
finmarchicus, Pseudocalanus spp. and Centropages spp., and potentially C. glacialis and C.
hyperboreus, which have also been collected on NARW feeding grounds (Kraus and Prescott
1982; Murison and Gaskin 1989). Larval barnacles and euphausiids are also occasionally
consumed (Watkins and Schevill 1976; Murison and Gaskin 1989; Mayo and Marx 1990). Right
whales may be particularly vulnerable to inadequate prey densities given their specialized ram
filter feeding strategy that relies on the environment to concentrate prey into compact,
energetically profitable layers (Michaud and Taggart 2011).

Within Canada, the Grand Manan Basin in the Bay of Fundy and Roseway Basin on the western
Scotian Shelf have been designated as part of NARW Critical Habitat (Brown et al. 2009; DFO
2014). However, since 2011, fewer NARWSs have been observed within these traditional feeding
areas, leading to an accrued international effort to find alternate foraging sites (Kraus et al.
2016; Pettis and Hamilton 2016). Over the last few decades, small numbers of NARWSs have
been reported on a regular basis in the Gulf of St. Lawrence (GSL). Sightings were mainly
opportunistic and within coastal waters, where most nautical activities occur. Consequently, little
is known regarding seasonal NARW distribution and habitat use within the GSL.

In an initial attempt to identify potentially suitable foraging areas for NARW in the GSL and
elsewhere in eastern Canada, basic bio-energetic requirements for NARW were applied to a 3-
D spatial climatology for Calanus species to help refine feeding areas identified based strictly on
prey densities (Plourde et al. 2019). In this study, we brought this exercise one step further by
incorporating it into an analysis considering interannual variations in the Calanus prey field the
theoretical energy requirements for NARWSs for adult females in one of three reproductive states
derived from more complex and complete bio-energetics and bio-mechanics models. This type
of model can be used to predict areas which may be of interest to a foraging predator, based on
physiological and biomechanical principles shared by all organisms (Sibly et al. 2012; Peterson
et al. 2015). The fundamental unit of measure in these mechanistic models is energy
(expressed in Joules; J), and is referred to as the universal currency in ecology due to its direct
influence on survival and reproduction (Stephens and Krebs 1986; McNab 2002).

From a reductionist perspective, the likelihood of an animal feeding at a given location reflects
the trade-off between energy expended for energy gained, where animals are assumed to favor
food items or foraging sites that provide a net energy gain in the long-term, in order to sustain
life history functions and vital rates (Hall et al. 1992; Olsson and Bolin 2014). Given that
reproductive status influences energy requirements (Sibly and Calow 1986), a particular habitat
may not be equally suitable for all individuals in a population. To account for this, foraging
habitat suitability in the GSL was modeled for adult females in three different reproductive
states. Considering uncertainty about the main prey consumed by NARW in the GSL, the effect
of feeding on different species of Calanus copepods or on other zooplankton species on habitat
suitability was explored in a separate study using the bioenergetics modelling approach
presented here (Lehoux et al. 2020).




MATERIALS AND METHODS
DATA COLLECTION

Ship-based, point-sampled zooplankton data has been collected in the Estuary and Gulf of St.
Lawrence by Fisheries and Oceans Canada since 1979, providing a prey database with broad
spatial and temporal coverage (Plourde et al. 2019). For this study, we selected sampling years
with the most consistent spatial coverage in the GSL (2006 to 2017) during the summer season.
Early summer surveys (June to early July) were primarily carried out in the southern GSL
following a systematic design, while the late summer surveys (late July to Sept.) covered mainly
the northern GSL and followed a random sampling design (Fig. 1).

The methodology for depth-integrated zooplankton sampling and determination of abundance
(number of individuals m) for the three dominant Calanus copepod species (Calanus
finmarchicus, C. glacialis and C. hyperboreus) is summarized in Plourde et al. 2019; Sorochan
et al. 2019). For this modeling exercise, we assumed that NARWSs foraged on all three Calanus
species, and on the later development stages (C4 to C6), for which their baleen has the highest
filtration efficiency (Mayo et al. 2001). We grouped these stages and species to obtain a global
Calanus copepod biomass and distribution measure in the GSL following Plourde et al. (2019).

TWO-DIMENSIONAL PREY FIELD

A continuous prey field was first generated using Bayesian geostatistical inference to predict

depth-integrated Calanus biomass (g DW m?) at unsampled locations in the GSL for both early
and late summer of each year (e.g. Cosandey-Godin et al. 2014; Nikolioudakis et al. 2018). We
used continuous domain stochastic partial differential equations (SPDE) to solve the covariance
structure of Calanus biomass observations (Lindgren et al. 2011) using the R package R-INLA.

Our response variable (Calanus biomass) was positive-continuous with a small percentage (1%)
of zeros. To avoid removing the zero data, we chose to add a negligibly small value (0.001) to
the zeros and evaluated the goodness of fit of three candidate distributions (gamma,
exponential and lognormal). We included potential static (bathymetry and slope) and dynamic
(sea surface temperature) environmental correlates of copepod abundance and distribution to
explore their utility for informing predictions. Bathymetry (m) and slope (°) data were obtained
for each sampling station in the GSL from the satellite-derived, high-resolution (1 km? grid)
MARSPEC database, which uses data from NOAA’s World Ocean Atlas and NASA’s MODIS
satellite imagery. Daily SST data was extracted via the ERDDAP data server from the Multi-
scale Ultra-high Resolution (MUR, 1 km?) SST Global database (NASA JPL).

We let y(si) denote the realization of the spatial process Y(.), which represents the mean
Calanus biomass measured at station i at location s;,

y(s) = z(sPB +w(s) + &(sy)

where z(s;) is the vector of covariate values for location s;, 8 is the vector of regression
coefficients, w(s;) is the spatial random effect which addresses spatial autocorrelation in the
data, and is represented by a continuously indexed Gaussian Field with Matérn covariance
structure (Gaussian Markov Random Field; Lindgren et al. 2011), and g(s)~ N(0,02%) is the
spatially uncorrelated measurement error (Cameletti et al. 2013). All covariates were included
as smoothed (varying) effects given the non-linear relationships observed with the response
variable during data exploration. All covariates were standardized to avoid numerical estimation
issues and to facilitate interpretation of regression parameters. The model was run for each year
and season (early, late summer) separately to obtain Calanus biomass prey field predictions for
all 12 years. A spatio-temporal modeling framework could also be used with this dataset, if the
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interest is to predict Calanus prey fields in future, while accounting for temporal autocorrelation
in the time series.

Under the Bayesian paradigm, model parameters are considered random variables and defined
using prior probability distributions. For the smoothed (non-linear) effect of the covariates, we
assigned a first-order random walk model (Cosandey-Godin et al. 2014; Krainski et al. 2017)
with penalized complexity (PC) prior probability distributions recommended by Simpson et al.
(2017); where the probability of the prior’s standard deviation (o) being greater than 1 is 0.05.
For the spatial random effect, we set PC priors for the spatial correlation range r and the
standard deviation o so that P(r < 10) = 0.05 and the P(o > 3) = 0.05 (Fuglstad et al. 2018).

We compared various candidate models (all additive covariate combinations) fitted with and
without the spatial random effect using the Deviance Information Criterion (DIC; Spiegelhalter et
al. 2002) and the Watanabe-Akaike Information Criterion (WAIC; Watanabe 2010), where the
lower the DIC or WAIC value, the higher the goodness of fit. Two additional cross-validation
methods were used to assess predictive performance of candidate models. We first randomly
selected 80% of the data for model estimation and 20% for validation to evaluate how well the
model predicted Calanus biomass at validation locations using the correlation between
observed and predicted Calanus biomass. We then used the built-in R-INLA leave-one-out
cross-validation diagnostic (the conditional predictive ordinate, CPO), which calculates a
prediction error score for each observation. To summarize CPO values for all observations into
one metric, the sum of all log CPO values was computed, in which larger values indicate better
model predictive power (Gneiting and Raftery 2007).

The final model was used to predict depth-integrated Calanus biomass on a 10 x 10 km regular
grid covering the study area in early summer (mid-June) and late summer (mid-August) for each
year in the study period. We extended predictions up to a maximum distance of 30 km from
sampling sites to reduce uncertainty. Covariate values at prediction locations were obtained the
same way as for the observed Calanus data.

THREE-DIMENSIONAL PREY FIELD

The seasonal vertical distribution of Calanus copepods in the northwest Atlantic was assessed
in a preceding study using depth-stratified Calanus abundance data and a generalized additive
modeling approach (Krumhansl et al. 2018, Plourde et al. 2019). The resulting models predict
the daily averaged Calanus copepod biomass density (g m) in 10 m depth intervals from
surface to sea floor. Given the available data, these vertical distribution models were built on a
relatively coarse temporal (seasonal and regional resolution), and therefore do not capture the
diel vertical migration of Calanus in early summer (Plourde et al. 2019). We applied the Calanus
vertical distribution models to our two-dimensional (2D) 10 km? grid of predicted depth-
integrated Calanus biomass to produce a three-dimensional (3D) representation of the prey
field.

NET ENERGY FIELD

From the 3D prey field, we extracted two parameters for the foraging bioenergetics model
(described below) — Calanus biomass density predicted in 10 m depth layers, and the depth of
each layer or transit distance from the water surface to access prey. The foraging bioenergetics
model was then applied to the 3D prey field to obtain a 3D net energy field, where each xyz
location (latitude-longitude-depth) was assigned a net energy index (Enet) according to a simple
theoretical energy balance,




Ein - Eout

Enet = E
out

where Enet is the proportion of energy gained (Ein) or expended (Eou), relative to energy
expended (Eout). An Enet value of zero signifies that energy gained equals energy expended. For
this study, we considered E.«=0 as the minimum theoretical foraging threshold. Any xyz
locations with Enet values > 0 were defined as “suitable” for meeting NARW daily energy
requirements, according to the foraging assumptions made below. Values for certain model
parameters are summarized in Table 1.

FORAGING BIOENERGETICS MODEL - ENERGY GAIN

Right whales feed by ram filtration, which involves passively filtering large volumes of prey-filled
water by slowly swimming forward with mouth open (Mayo and Marx 1990). The volume of prey-
water filtered per unit time can be used to approximate the rate of energy gain (Ein) in MJ day™’
(Baumgartner and Mate 2003),

Ein = (AmUbTbEpr)sA

where An (m?) is mouth opening area, U, (m s) is foraging swim speed, Ty (s day) is time
spent ingesting prey, E, (MJ g') is prey energy content, D, is prey density (g m™), and €a is
dietary assimilation efficiency, or the ratio of energy gained after digestion to energy ingested
(Table 1).

FORAGING BIOENERGETICS MODEL - ENERGY EXPENDITURE

We evaluated the annual ‘cost of living’ for an adult female NARW in either a resting, pregnant
or lactating state that forages during the summer, breeds or calves in the winter, and migrates
during the fall and spring. Using available literature on the general activity budget of NARWSs,
we assumed the following: during each season, the proportion of time spent in three principal
activities (foraging, travelling and socializing, resting) varies. Foraging is the dominant activity
during the summer, travelling is the dominant activity during the fall and spring migrations, and
travelling and socializing is the main activity during winter (see Table 2 and references therein).
Given the variability in swimming parameters and body kinematics during social activity, as well
as the uncertainty in how to quantify associated energetic expenditure, we grouped travelling
and socializing behaviour into one category and assumed our estimates of travel metabolism
captures both behaviours. Foraging was assumed negligible during migration and while on the
wintering grounds (Winn et al. 1986). The resulting daily energy expenditure (Eou, MJ day™) was
calculated for each reproductive state k (resting, pregnant or lactating) as:

_ ?:1 22:1 Tai ' Ma + Erepro
EOutk - Tf

where i is the season (n = 4; winter, spring, summer, fall), a is the activity type (n = 3; foraging,
travelling and socializing, resting), T, is the number of daily hours spent on activity a during
season i, M, is the activity-specific energy cost, Erpro is the energy required for gestation or
lactation per year, and Tris the number of days spent foraging per year, inferred from observed
NARW migration time and residency on wintering grounds (Table 2).

Basal metabolism

For marine mammals, the basal metabolic rate (BMR) is difficult to measure under Kleiber
standards (e.g. ensuring individuals are motionless and thermoneutral) and is often referred to
as resting metabolic rate (RMR) instead. The following allometric RMR relationship is specific to




marine mammals (Williams and Maresh 2015), and is comparable to Kleiber (1975)’s widely-
used BMR equation (95% of BMR).

RMR = 581mass?68

where body mass is in kg, and RMR is in kJ d"' (converted to MJ). An average body mass of
35,000 kg was used for a 14-m long NARW (Moore et al. 2005).

Travelling and foraging metabolism

The cost of travelling and foraging was estimated using published morphometric and kinematic
parameters for NARWSs (Baumgartner and Mate 2003; Nousek McGregor 2010; Nousek-
McGregor et al. 2014; van der Hoop et al. 2013; van der Hoop et al. 2016). There are four main
forces acting on pelagic swimming species: weight, buoyancy, propulsion (or thrust) and drag;
where weight counteracts buoyancy and propulsion counteracts drag (Tucker 1975; Schmidt-
Nielsen 1997). The buoyancy force fluctuates with individual body condition, which can cycle
through periods of higher buoyancy during blubber accumulation and lower buoyancy during
blubber breakdown/catabolism (Miller et al. 2012a; Nousek-McGregor et al. 2014). To quantify
the buoyancy force, data on animal blubber volume, tissue density, and volume of gas-filled
cavities are required (Miller et al. 2004; Sato et al. 2010). Since this information was
unavailable, we assumed that for the positively-buoyant right whale (Nowacek et al. 2001),
energy expended to overcome buoyancy during dive descent is balanced by energy savings
during ascent (Hays et al. 2007), and focused on the propulsion and drag components of
movement metabolism.

The propulsive power (P, J s) required for travelling and foraging was calculated using
standard physics and biomechanics equations, which can be applied to any species or moving
body and multiplied by the estimated time (s) spent in each activity per day (Table 2) to quantify
daily activity costs (J day'). Propulsive power is a function of the hydrodynamic drag force
(Farag, N), swim speed (U m s™), and energy transfer efficiency — a combination of muscular (or
metabolic) efficiency (nm) and propulsive (or propeller) efficiency (np). Right whales modulate
their swim speed with behaviour, and even within different phases of a foraging dive (descent,
bottom, ascent and surface recovery). Thus, P, was calculated separately for travelling and for
each foraging dive phase,

P = FdragU
LI

p
where the magnitude of the drag force (Fa4rag) depends on swim speed, body form,
characteristics of the surrounding medium, proximity to boundaries such as the air-water
interface, and the relative contribution of inertial, viscous, and gravitational forces (Fish 1998).
Farag 0N @ moving right whale can be calculated as,

1
Fdrag = E pCDAUZg)\Y

where p is the density of the surrounding medium (seawater), Cp is the dimensionless drag
coefficient, and A is the total wetted surface area (m?), which can be approximated using an
allometric relationship to body mass (Table 1). The surface area A was increased by 5% for
pregnant females based on aerial photogrammetric measurements and blubber thickness data
(Nousek McGregor 2010). U is the swim speed (m s™), g is the added drag of appendages
(flukes and flippers), A is the active-to-passive drag ratio, and y is surface wave drag
augmentation factor. For the latter two, body oscillation during active locomotion alters the
hydrodynamic and drag regime around a moving body and is quantified using the active-to-




passive drag ratio (A). There is uncertainty whether active swimming increases or decreases
overall drag relative to passive gliding in swimming animals (Williams and Kooyman 1985; Fish
et al. 1988; Fish 1993; Hind and Gurney 1997; Barrett et al. 1999; Borazjani and Sotiropoulos
2008). Given the lack of consensus for this value, we assume a conservative A = 1.0,
comparable to previous bioenergetic studies on marine mammals (Aoki et al. 2011; Miller et al.
2012b; Trassinelli 2016). Surface wave drag (y) affects animals swimming at or near the water
surface (Vogel 1994), and gradually decreases with depth, becoming negligible (y = 1) at
submergence depths greater than three times the maximum body diameter (Hertel 1969). Given
the uncertainty regarding the influence of surface wave drag on NARW energy expenditure, we
set y = 1 for this model.

The drag coefficient (Cp) of the above Fq4rag equation was calculated by multiplying the skin
friction coefficient (first expression in parentheses below) by the body dimensions, also known
as the ‘form factor’ (second expression in parentheses; Phillips et al. 2017),

3

Cp = (aRef) - [ 1+ 1.5 <§>—7 +7 (g)

-3

where L is the body length, d is the maximum body diameter, and Re is the Reynold’s number
(Reynolds 1883), which describes the flow regime around a body of length L moving at speed U
(m s™") through a medium with kinematic viscosity v (Table 1),
LU
Re = —
Y

At high Reynold’s numbers (>5 x 106), which is the case for right whales given their body size
and typical swim speed, fluid flow around the body transitions from laminar to turbulent,
increasing the value of the skin friction coefficient (Kline et al. 1967). Under a turbulent flow
regime, the skin friction component of the drag coefficient (Cp) can be calculated using the
constant a = 0.072 and the exponent 3 = -0.2 (von Karman and Millikan 1934).

The drag force acting on a NARW during foraging is greater than during travelling since open-
mouth feeding exposes a larger surface area to oncoming water flow, adding resistance to
forward motion (Sanderson and Wassersug 1990; Potvin and Werth 2017). For a given speed,
foraging increases drag by an estimated 2 to 3 times compared to travelling in NARWs (Nousek
McGregor 2010; Potvin and Werth 2017). Faag Was thus multiplied by 2 and 3 to obtain low and
high estimates of energy expended during foraging.

Most deep-diving marine mammals use an intermittent swimming gait, where active stroking is
followed by periods of passive gliding; certain species also increase time spent gliding during
descent on deeper dives (Williams et al. 2000). On a foraging dive, NARWSs passively glide for
an average 36% of descent time (range 10-75%), 30% of ascent time (20-36%), and 9% of
bottom time (6-12%; Nowacek et al. 2001; Nousek McGregor 2010; Nousek-McGregor et al.
2014). The proportion of time NARWSs spend gliding during surface recovery and during
travelling is not known, but we assumed a similar glide time as during horizontal swimming
during bottom phase (9%). We used average glide times and kept the proportion of time spent
gliding in each phase constant with depth, as it is unknown how glide times vary with dive depth
in NARWs. If the only energy expended during a passive glide is RMR, the total cost (J;
converted to MJ) of travelling per day can be approximated as,

* Yeravel - (1 - tglide)

and the total cost (J; converted to MJ) of foraging per day at depth iis,

Etravel =P Piravel




n
Eforagei = z ij ) tj ’ (1 - tglidej) * Nyives
j=1

where j is one of four dives phases, P, is the propulsive power (J s') during dive phase j, travel
and t; are the times (s) spent travelling per day or in dive phase j per dive, tgide is the proportion
of time spent gliding, and nives is the theoretical maximum number of dives per day at a given
depth if foraging ~15 to 17 h day' (Table 2), which would equate to daily ingestion times of ~5 to
10 h day', depending on reproductive state, daily foraging time, and foraging depth. This is in
accordance with an average daily ingestion time of 8.4 h day' reported from NARW tagging
studies (Goodyear 1996).

Time (s) spent in ascent and descent phase was calculated as distance travelled (m) divided by
swim speed (m s™') for each phase, where distance travelled is equal to dive depth (m)
corrected for average body pitch (8). During foraging dives, adult female NARWSs pivot their
body to around 69-78° relative to the water surface on descent and 56—-68° relative to the sea
floor on ascent, depending in part on body condition (Nousek-McGregor et al. 2014). We used
average decent and ascent angles of 74° and 62°, respectively and calculated distance
travelled during descent or ascent phase as,

Depth

Slnedescent orascent — Distance

Time spent in the bottom phase (1) for dive depths of 0 to 150 m was calculated according to
Baumgartner et al. (2017)’s equation derived from NARW tagging studies,

tb=0.0704-depth

Bottom time for dive depths of 160 to 500 m was assumed constant and equal to the maximum
bottom time predicted by the previous equation (t = 636 s). Time spent in the surface phase (i)
was expressed as a percentage of the total time spent at depth (Dolphin 1987; Thompson and
Fedak 2001) and was assigned an average value of 21.1% and 34.2% for resting and
pregnant/lactating females, respectively (Baumgartner and Mate 2003).

Reproduction metabolism

The gestation period for NARWs is about 12 months (Knowlton et al. 1994). During this time,
females allocate energy to fetal, uterine, placental, and mammary tissue growth (Slijper 1966;
Lockyer 1984). Following parturition, mothers need energy to produce milk to provision their
young until weaning. The maternal energy required for gestation is correlated allometrically with
newborn body mass, and this relationship has been used in several studies on cetacean
energetics (e.g. Brodie 1975; Lockyer 1981, 2007; Fortune et al. 2013; New et al. 2013;
Rechsteiner et al. 2013; Villegas-Amtmann et al. 2015),

Hg = 4400mass,;,'

where Hg is the heat increment of gestation (in kCal, converted to MJ using 1 kCal = 0.004184
MJ), and My, is newborn mass (kg).

The energetic cost of lactation is a combination of both mother and calf metabolism (Lockyer
1981). The nursing period for large mysticetes is around 6—-7 months (Oftedal 1997) and NARW
mothers and calves remain together for 8-17 months (Hamilton et al. 1995; Hamilton and
Cooper 2010). Baumgartner and Mate (2003) report calves likely feeding on zooplankton at 8
months old. The cost of lactation was estimated by adding the average daily energy requirement
of the calf (1767 + SD 261 MJ; Fortune et al. 2013) to the daily energy requirement for a




lactating female, accounting for a milk transfer efficiency of 90% (Lockyer 1981). We assumed
mothers provided 110% of the calf’s daily energy requirements for the first 6 months after birth,
followed by a linear decline in energy contribution (representing the gradual weaning period) up
until 12 months, at which point the calf is presumed to feed independently (New et al. 2013).

FORAGING HABITAT SUITABILITY

We converted the 3D net energy field into a foraging habitat suitability grid for each year and
reproductive state, as well as for all years combined. We first summed the number of depth
layers with Eet values greater than zero (where zero is defined as energetic equilibrium) for
each grid cell, then divided by the total number of depth layers per grid cell. This provided a
relative and weighted measure of foraging value per cell with a value of 1.0 signifying that 100%
of the water column was predicted to have suitable prey densities. We then built composite
maps by stacking all 12 habitat suitability maps together and counting the number of years each
10 km? grid cell had a positive foraging value (comparable to Nelson et al. 2009). This provided
information on which areas in the GSL showed temporally persistent suitable habitat. See Table
3 for an overview of all methodological steps. Note that “suitable habitat” in this document refers
to any xyz location within the GSL with prey density that exceeds the theoretical daily energy
requirements for adult female NARWSs.

RESULTS

A total of 1543 stations were sampled for Calanus spp. abundance from 2006 to 2017 in the
Estuary and Gulf of St. Lawrence (early season sampling only for 2016; Fig. 1, Table 4). Depth-
integrated Calanus spp. biomass (CIV to CVI) ranged from 0-507.4 g dry weight (DW) m
(median 2.5) and 0-244.9 g DW m (median 20.4) in early and late summer, respectively. INLA
predictions of depth-integrated Calanus biomass at the 10km? grid locations are summarized in
Table 5 from 2006 to 2017. The vertical distribution model predicted Calanus biomass density in
10-m depth layers from surface to sea floor with values ranging from 0-6.0 g DW m= (median:
0.2, mean: 0.5, SD: 0.6) in early summer, and values ranging from 0-5.8 g DW m (median: 0.1,
mean: 0.1, SD: 0.2) in late summer.

The gamma distribution outperformed the exponential and lognormal distributions for the early
season data, and all three distributions were comparable in terms of model fit and predictive
performance for the late season data. The gamma distribution was chosen for prediction with
the best fitting model, which included additive smoothed effects of SST, slope, bathymetry and
the spatial random effect. Using the estimation and validation data subsets, observed depth-
integrated Calanus biomass values were correlated to predicted values with a mean + SD of
0.61 £ 0.11 in early season and 0.69 + 0.10 in late season. Sea surface temperature and slope
did not have a significant effect on Calanus biomass in early or late season (95% confidence
intervals overlapped zero in all years). Bathymetry had little effect on Calanus biomass values in
early season, and a positive effect in late season (Fig. 2 and 3). Over the 12-year study period,
Calanus biomass values were spatially correlated up to a mean range of 71-434 km (median:
219, mean: 202, SD: 106) in early season, and 53-1642 km (median: 133, mean: 376, SD: 506)
in late season, signifying a strong inter-annual variability in spatial correlation. The mean and
SD of the spatial random effect for each year is shown in Fig. 4 and 5.

Annual energy expenditure (MJ day™) estimated for a 14 m-long adult female NARW in either a
resting, pregnant or lactating reproductive state is summarized Table 6, and comparable to
NARW energetic requirements estimated in previous studies (Fortune et al. 2013: 1013-5738
MJ day'; Baumgartner and Mate 2003; 1659 MJ day'; and closer to the lower range of Kenney
et al. 1986’s estimates: 1703—1732 MJ day'). Although adult males were not included in this




study, they require around 6% less energy (MJ d—1) than resting adult females due to
differences in body composition and lower residency times on breeding grounds which may
allow males to spend more days per year on feeding grounds, lowering their overall daily energy
requirements (Fortune et al. 2013). Assuming right whales spend 15-17 h day' foraging during
the summer, Fig. 6 shows the predicted daily ingestion time (h) if foraging at depths from 0 to
500 m, and the minimum predicted prey density requirement as a function of depth for each
reproductive state. Prey densities required to meet daily energy output ranged from 0.62 to 2.67
(median 1.34) g m™ for resting females; from 0.79 to 3.72 (median 1.80) g m™for pregnant
whales; and from 1.82 to 8.48 (median 4.11) g m=for lactating whales. The depths associated
with maximum Eret values (298™ percentile) for all three reproductive states were 50m (median)
in the early summer, and 220m in late summer. These depths coincided with maximum Calanus
densities (50 m in early summer, and 230 m in late summer). The total percentage of Eet values
exceeding zero within the 3D Calanus prey field was low; ranging from 1.0 to 6.5% for resting
females, 0.5 to 4.7% for pregnant, and 0.01 to 0.9% for lactating females.

Predicted suitable foraging habitat for NARW in the GSL is presented in Figs. 7-15 for adult
female NARW in three reproductive states. Figures 7—12 show predicted suitable habitat for
each year in the study period. Figures 13—15 are composite maps of all years stacked together
showing temporal persistence of suitable habitat, or the number of years (0 to 12) that a given
grid cell had at least one depth layer with prey densities exceeding daily energy requirements
for adult female NARW. Refer to Fig. S1 for place names, and to Fig. 1 for spatial distribution of
sampling effort over the study period, keeping in mind the temporal and spatial effort bias within
the GSL over the course of the summer season.

The minimum predicted suitable foraging habitat for resting NARW (Fig. 7) highlighted the
southern GSL early in the time series (2006—2009), where after suitable habitat became
progressively sparse through to 2017. In 2015, the only grid cells showing suitable prey
densities were within the Strait of Belle Isle. Maximum predicted suitable habitat for resting
females (Fig. 8) showed a consistent pattern of suitable prey densities in the southern GSL from
2006-2009, 2011-2014, 2016 and 2017, although the spatial configuration and magnitude of
which differed from year to year. In 2010, the only grid cells with suitable prey densities for
resting females appeared on the southern slope of the Laurentian Channel, north of the
southern GSL (sGSL). Habitat with suitable prey densities varied spatially and among years in
the northern GSL; for instance, in 2008 and 2009 suitable prey densities were spread in patches
from the Estuary to Anticosti Island, and to the west of Newfoundland. In comparison, 2007,
2013, and 2014 had fewer grid cells showing suitable prey densities, which were mostly
scattered along the north shore of the GSL (north of Anticosti) and into the northeast GSL, west
of NFLD. Under maximum foraging conditions for resting females, several areas within the
sGSL had = 50% of the water column with suitable prey densities in multiple years; these areas
included Chaleurs Bay, Shediac Valley and surrounding waters, the southern slope of the
Laurentian Channel north of the sGSL, waters off the Gaspé Peninsula and around the
Magdalen Islands, and the middle of the Magdalen Shallows.

Similar patterns in the spatial distribution of suitable habitat were found for pregnant females
under minimum and maximum foraging conditions (Fig. 9, 10). Years 2010, 2013, and 2015-
2017 had little to no suitable prey densities under minimum conditions, except a few grid cells
along the southern slope of the Laurentian Channel (2013, 2016), and within the Strait of Belle
Isle (2015).

Under minimum conditions, only three years (2006, 2007, 2011) had suitable prey densities,
albeit a very low number of grid cells, for lactating females (Fig. 11). Maximum predicted
suitable habitat for lactating females was largely concentrated in the sGSL (2006—-2009, 2011,
2012, 2014; Fig 12), with 2 50% of the water column showing suitable prey densities in the




Shediac Valley area, around the Magdalen Islands, occasionally along the northwest tip of
Prince Edward Island, and south of Miramichi Bay. Years 2010 and 2015-2017 were relatively
poor years for habitat suitability even under maximum conditions for lactating females.

For resting females, the temporal persistence maps highlight the sGSL as a broad area with
suitable prey densities in 6 or more years. Areas with over 10 years of consistently suitable prey
densities were found at the entrance of Chaleurs Bay and along the southern slope of the
Laurentian Channel, at the mid-GSL level (Fig. 13). Similar patterns were found for pregnant
females (Fig. 14), and for lactating females (Fig. 15) under maximum foraging conditions. Areas
showing 5 to 7 years of suitable prey densities for lactating females were located off Miramichi
Bay/Shediac Valley region, spread across the Magdalen Shallows towards the Magdalen
Islands.

DISCUSSION
PERSISTENT SUITABLE HABITAT IN THE GSL

We used a bottom-up approach to predict suitable foraging habitat for endangered North
Atlantic right whales within the Gulf of St. Lawrence over a 12-year period (2006 to 2017).
Based on theoretical energy requirements for adult female NARW in either a resting, pregnant
or lactating reproductive state, we predicted the occurrence of suitable Calanus copepod
densities primarily in the southern GSL. These results are consistent with predictions issued
from a 3-D spatial climatology of Calanus preyscape, and to which simple NARW bio-energetic
considerations were applied (Plourde et al. 2019). Our study showed that the total number of 10
km? grid cells with suitable prey densities and their spatial configuration varied among years.
Several areas identified as potentially suitable foraging habitat for female NARWSs due to
temporal persistence (i.e., showing suitable prey densities in =2 5 years) were also identified
using the shorter time series for Calanus distribution ad densities, and the simpler bio-energetic
approach (Plourde et al. 2019); some of them also corresponded to previously defined
‘Ecologically and Biologically Significant Areas’ (EBSAs) due to their biodiversity, productivity
and uniqueness (DFO 2007). These include western Cape Breton, Northumberland Strait
(between New Brunswick and Prince Edward Island), the southern slope of the Laurentian
Channel, and the south-western coast of the GSL. Other EBSAs mirrored areas where suitable
foraging habitat for NARW was predicted in a lower number of years (< 5), including the St.
Lawrence Estuary, the Strait of Belle Isle, waters the north of Anticosti Island, and to the west of
Newfoundland.

The southern GSL bathymetry is dominated by a broad, shallow shelf known as the Magdalen
Shallows, which vary in depth from 60 to 80 m. North of the sGSL, the bathymetry abruptly
changes to a steep submarine valley (the Laurentian Channel), which can reach depths of 500
m, traversing the GSL from Cabot Strait all the way to the Lower St. Lawrence Estuary. The
southern slope of the Laurentian Channel situated north of the Magdalen Shallows is an
important feeding, migration and shelter area for several fish species (e.g. Atlantic herring,
capelin, white barracudina, spiny dogfish, pollock and silver hake; DFO 2009). Large
aggregations of phytoplankton and zooplankton have occasionally been observed in this area,
which may be an important wintering habitat for zooplankton (DFO 2007; Lavoie et al. 2007).
The shallower sea floor of the sGSL likely acts as a physical barrier constraining the vertical
distribution of Calanus, compacting them near the sea floor (Kaartvedt 1996; Krumhansi et al.
2018). In fact for any given water column biomass (mg m2), the maximum Calanus biomass
density (mg m= in 10-m depth layers) at a 60 m deep station (southern GSL) would be 5-6 times
greater than at a 300 m location in the deep Laurentian Channel (Plourde et al. 2019). A
combination of compressed Calanus layers and shorter dive distance to access these layers
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may offer favorable foraging conditions for NARWSs, and could explain why such a broad area of
the sGSL showed suitable prey densities across multiple years.

Some of the densest euphausiid (krill) aggregations in the GSL have also been found in areas
where we predicted NARW suitable foraging habitat (Maps et al. 2015; Plourde et al. 2016).
Maps et al. (2015) used an extensive hydroacoustic krill survey dataset coupled to a dynamic
particle trajectory model to demonstrate how certain mesoscale zones within the GSL tend to
accumulate krill during the summer. These areas include the Lower St. Lawrence Estuary,
waters south of Anticosti Island, the northeast GSL where the Esquiman and Anticosti channels
bifurcate, as well as along borders of deep channels. Over one third of the highest krill
aggregations have been located along the western shelf of Newfoundland (Maps et al. 2015),
an area where we predicted suitable Calanus densities. However, a parallel study examining
habitat suitability using the same bio-energetics model for NARW indicates that euphausiids are
unlikely to be an important prey for NARW in the GSL given the low capture efficiency of NARW
when feeding on this particular prey (Lehoux et al. 2020)

VERTICAL DISTRIBUTION OF SUITABLE HABITAT

Suitable prey densities for NARWs were found throughout the water column in the GSL during
the summer season, with maximum densities found at 50 m in early summer (primarily sGSL)
and at 230 m in late summer (primarily nGSL). NARWSs have been observed foraging at various
depths; from surface feeding often in late winter and spring, to feeding deeper in the water
column during the summer and fall, and occasionally to the sea floor. Baumgartner and Mate
(2003) and Baumgartner et al. (2017) found a positive correlation between NARW dive depth
and the depth of maximum C. finmarchicus copepodite stage 5 (C5) abundance in the Gulf of
Maine and southwestern Scotian Shelf during the summer, which often coincided with the depth
of the bottom mixed layer. This boundary layer is created by tidal flow interacting with the
bottom topography to generate a turbulent, well-mixed bottom layer. In the GSL, the water
column during the summer is comprised of three distinct layers — the surface layer, the cold
intermediate layer (CIL), and the deep-water layer. The CIL is formed by cool winter surface
waters, which descend to depth during spring/summer, and is characterized by an average
thickness of 20—100 m and temperature less than 1°C (Gilbert and Pettigrew 1997; Galbraith et
al. 2017). Depths at which both diapausing C. finmarchicus and C. hyperboreus reach
abundance maxima in the GSL are routinely below the lower boundary of the CIL (Krumhans| et
al. 2018), the depth of which is influenced by local bathymetry (Melle et al. 2014). High
abundance and occurrence probabilities of diapausing Calanus species have been associated
with deep channels and basins in the GSL (Albouy-Boyer et al. 2016), such as the Laurentian
Channel and Esquiman Channel. However, in the southern GSL, Calanus habitat selection for
deeper depths when entering diapause is constrained by the shallow sea floor depth, which
traps and concentrates C. finmarchicus and C. hyperboreus in shallower-than-normal waters
during that stage, making them potentially more available to NARW in this area, which includes
the Shediac Valley (Plourde et al. 2019). Diapausing Calanus occupy a broad range of
temperatures, salinities, and densities (Sameoto and Herman 1990; Kaartvedt 1996; Heath et
al. 2004; Krumhansl et al. 2018), however, where available, Calanus appear to favor depths
with colder and denser waters, where temperatures less than 5°C are considered optimal for
diapause (Saumweber and Durbin 2006). During spring and early summer, the depth of C.
finmarchicus abundance maxima is likely variable, given they undertake diel vertical migrations.
Increasing the temporal resolution of the depth-stratified zooplankton sampling design would
allow better discrimination of depths likely targeted by NARW foraging in the GSL in early
summer.
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BIOENERGETICS

Our bioenergetics model evaluated how energy intake and expenditure varied with foraging
depth within a modeled 3D prey field. We assumed energy gain was influenced by predator
behaviour and morphology (daily time spent foraging, mouth gape), as well as prey nutritional
value and density. Our resulting estimates of minimum prey densities required to satisfy daily
energy expenditure (median 1.3 g m=resting; 1.8 g m=pregnant; 4.1 g m=lactating) agreed with
minimum prey densities recorded in the vicinity of foraging NARWSs on other feeding grounds
(Table 7). Given that earlier studies often reported threshold prey densities as the number of
copepods or zooplankton organisms m, we converted published values to g m= using a range
of dry weights for C. finmarchicus stage-C5 and C. hyperboreus stage-C4 (0.0002-0.0006 g;
Davies et al. 2012). Our minimum prey density estimates are closer to those measured in situ if
one copepod weighs 0.0006g (Table 7). In future, it would be informative to compare the
energetic value of Calanus species within the GSL (McKinstry et al. 2013), and when possible,
collect prey species and density data near foraging NARWS.

Energy gain and thus prey density requirements also depend on time spent foraging daily and
the number of days spent foraging per year. In this study, we used published values for daily
foraging times, and modeled residency times on the breeding grounds in southeastern U.S. for
female NARWSs, and published estimates of migration duration to infer the number of days spent
on feeding grounds. Compared to previous estimates of minimum residency times on the
breeding grounds (Fortune et al. 2013), modeled mean residency times (Krzystan et al. 2018)
were 1.7 times greater for non-calving females (23.6 d vs. 41.1 d) and 1.9 times greater for
calving (lactating) females (46.3 d vs. 87.5 d). This leaves fewer days to be spent on feeding
grounds for both classes, i.e., 17 d fewer days on feeding grounds for non-calving females, and
41 d fewer days for lactating females, if using modeled residency times. In turn, this would result
in prey density requirements approximately 10% higher for resting and pregnant whales, and
20% higher for lactating females. If food stressed, females may choose to extend their stay on
feeding grounds to search for food or forego migration to save energy. For part of the
population, year-round foraging may occur, although food quality and availability likely varies
throughout the year. There is evidence of a NARW giving birth in northeastern U.S. waters
(Patrician et al. 2009), which may be an adaptive strategy to remain near food sources
throughout the year. If this is the case, it will be of interest to monitor NARW occurrence,
residency, and habitat use in northern latitudes such as the GSL during the winter period.

In this study, we assumed NARWSs were physiologically capable of foraging at depths below
maximum observed foraging depths (ca. 130—140 m; Nousek McGregor 2010; Baumgartner et
al. 2017). The bowhead whale (Balaena mysticetus) shares similar morphological and
ecological characteristics with right whales, and has been observed performing U-shaped dives
(likely foraging) to a maximum depth of 427 m, and V-shaped dives (likely exploratory) to a
maximum of 582 m (Heide-Jargensen et al. 2013). Thus, we believe our assumption is
plausible, although future NARW behavioural research could aim to document average and
maximum depth of dives in the GSL, as well as how the water column is used throughout the
season. This could inform the current model and support conservation efforts by assessing risk
of ship strike and entanglement in various fishing gear and configurations (Baumgartner et al.
2017; Brillant et al. 2017).

As ocean temperatures continue to rise, C. finmarchicus are predicted to shift their distribution
northward (Grieve et al. 2017). In the Gulf of Maine, sea surface temperature has increased at a
rate three times faster than the global ocean average (Pershing et al. 2015; Saba et al. 2015). A
consistent northward shift of C. finmarchicus has been observed in the North Atlantic, at a rate
of around 8 km per decade (Chust et al. 2013), and multiple climate change models predict
large declines of this key forage species in the western North Atlantic over the next three to four
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decades (Reygondeau and Beaugrand 2010; Villarino et al. 2015; Grieve et al. 2017). Higher
latitude feeding sites such as the GSL may become increasingly used by NARWSs and other
copepod predators.
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TABLES

Table 1. List of parameters used in bioenergetic model.

Symbol Parameter (unit) Value Reference
a Skin friction coefficient constant 0.072 See Methods
A Total wetted surface area (m?) 0.08mass? %5 Alexander (1990); Fish (1993)
Am Mouth opening area (m?) 1.7,1.9 van der Hoop et al. (2019)
B Skin friction coefficient exponent | -0.2 See Methods
d Body diameter (m) 3.15 Nousek McGregor (2010)
Dp Prey density (g m-) This study
Ep Prey energy content (MJ g-') 0.0229, 0.0329 Davies et al. (2012)
A Dietary assimilation efficiency 0.80, 0.92 Lockyer (1981); Swaim et al.
(2009)
g Appendage drag 1.3 Fish and Rohr (1999); van der
Hoop (2013)
L Adult NARW body length (m) 14 Moore et al. (2005)
mass Adult NARW body mass (kg) 35000 Moore et al. (2005)
massm | Newborn NARW body mass (kg) | 790, 1412 Fortune et al. (2012)
Nm Muscular/metabolic efficiency 0.25 Kleiber (1961); Webb (1975)
Np Propulsive/propeller efficiency 0.51 van der Hoop et al. (2017)
to Bottom time (time spent ingesting | <150 m: 0.0704-depth Baumgartner et al. (2017)
prey; s) > 150 m: 636 See Methods
ts Post-dive surface time (s) Resting: 0.211-total time at Baumgartner and Mate (2003)
depth; Pregnant/Lactating:
0.342-total time at depth
tgiide Proportion of time spent gliding Surface/travel: 0.09 Nowacek et al. (2001); Nousek
Ascent: 0.30; Descent:0.36 McGregor (2010); Nousek
Bottom/foraging: 0.09 McGregor et al. (2014)
Up Foraging swim speed (m s) 1.0 Baumgartner and Mate (2003);
Nousek McGregor (2010)
U, Uy | Ascent, descent swim speed 1.45 Baumgartner et al. (2017)
(ms™)
Ut Travel speed (m s) 20 Tomilin (1967) as cited in
Woodward et al. (2006);
Goodyear (1996)
v Kinematic viscosity of seawater 1.83x 106 Kaye and Laby (1995)
(m? s
Y Surface wave drag 1.0 See Methods
p Density of seawater (kg m-) 1028 Miller et al. (2016)
A Active-to-passive drag ratio 1.0 See Methods
0 Body angle during dive (°) Ascent: 62 Nousek-McGregor et al. (2014)
Descent: 74
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Table 2. Inferred daily and seasonal time-activity budget for North Atlantic right whale adult females. Note
annual phase durations are identical for resting and pregnant females. Travelling and socializing behavior
are grouped together for energy expenditure calculation.

Annual Phase duration per reproductive stage Foraging Travelling Resting
phase (days year) time time time
oy (hday™)  (hday’)  (hday)
Resting Pregnant Lactating

Summer  261.5-296.9 261.5-296.9 217.4-2441 15141725 6.25-8.3* 0.6%5
foraging

Fall 21-241 0 20! 48
migration

Winter 26.1-55.52 26.1-55.52 78.9-99.62 0 19.9-21.43  2.6-4.13
breeding

Spring 21-241 0 20" 46
migration

"Firestone et al. (2008): Average travel time of 21-24 days departure from Jacksonville, Florida to the tip
of Long Island (ca. 1500km); migration distance to GSL approx. 2775 km from Jacksonville; here, we
assume NARW begin to forage after 21-24 d migration

2Krzystan et al. (2018): Modeled residency times on winter breeding grounds for non-calving (resting,
pregnant) and calving (lactating) female NARWs

3 Vermeulen et al. (2012): Inferred from Southern right whale (Eubalaena australis) activity budget on
breeding ground. Travel (41%) and social (42%) activity grouped together and resting (11%) and ‘other’
(6%) activity grouped together. Nousek McGregor (2010) found tagged right whales on breeding ground
off Florida, USA to spend 64.7% of their time (174/269 dives) presumably travelling (deeper and longer
dives) and 35.3% (95/269) of their time either socializing or resting (shallower and shorter dives).

4 Goodyear (1996): Estimated mean daily activity budget from NARW tag data in the Bay of Fundy as:
Foraging (62.8%; 15.07h per day), Socializing: (18.15%), Traveling (15.8%), Resting (2.7%; 0.65h per
day), Playing (0.6%). For this model, we combined social, travel and play activity together: 34.9% (or
8.38h per day)

5 Parks et al. (2011): Estimated mean daily activity budget from NARW tag data in the Bay of Fundy as:
Foraging (71.7%; 17.2h per day), Socializing: (4.7%), Traveling (21.3%), Resting (2.37%; 0.57h per day).
For this model, we combined social and travel activity together: 26% (or 6.24h per day)

6 Assumption
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Table 3. Methods summarized in five steps.

Step Description Approach

1 Render point sampling observations of Calanus Bayesian hierarchical spatial model
biomass into a 2D continuous prey field, accounting
for spatial autocorrelation

2 Project continuous prey field onto a regular 10km? Bayesian hierarchical spatial model
grid covering study area

3 Apply Calanus vertical distribution model to transform  Generalized additive model
prey field from 2D to 3D

4 Apply right whale foraging bioenergetics model to Theoretical time-energy budget
transform 3D prey field into a 3D net energy field bioenergetics model

5 Convert net energy field into a foraging habitat Summarize relative foraging value of

suitability grid

each grid cell across space (study
area) and time (12-year study period)

Table 4. Depth-integrated Calanus spp. biomass sample sizes (number of stations sampled) from 2006 to
2017, for early summer (June—early July) and late summer (late July—September) periods.

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Early
summer
Late
summer
Total

64 67 51 60 65 66 66
90 98 80 89 74 77 82

154 165 131 149 139 143 148

65 67 59 65 65

56 76 35 NA 26

121 143 94 65 91
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Table 5. Summary of depth-integrated Calanus biomass (g dry weight m-2) predictions for early and late
season, 2006-2017 at 10km? grid locations in the Gulf of St. Lawrence.

Year Summer season Median Mean SD Min Max
2006 Early 46.97 56.73 71.18 0.74 506.40
2007 Early 56.66 71.61 61.26 2.79 477.39
2008 Early 39.72  43.40 36.95 4.26 458.76
2009 Early 3426  42.36 47.13 6.80 451.89
2010 Early 3.09 30.17 83.25 0.97 492.01
2011 Early 20.38  48.52 79.96 0.19 490.40
2012 Early 41.72 51.29 44.90 13.69 463.68
2013 Early 29.00 48.28 68.51 11.70 505.63
2014 Early 10.34 36.43 57.16 0.10 472.64
2015 Early 0.68 2.62 6.74 0.06 95.55
2016 Early 2.81 19.02 58.57 0.00 478.86
2017 Early 6.72 19.84 46.48 0.25 456.89
2006 Late 7.70 22.33 25.35 0.64 102.60
2007 Late 14.57 34.62 35.88 4.25 126.41
2008 Late 1249  43.72 53.99 1.15 242.85
2009 Late 12.68 37.39 50.88 0.49 372.98
2010 Late 2.09 13.80 21.09 0.64 94.46
2011 Late 2.01 15.98 22.67 0.18 117.82
2012 Late 3.09 18.39 23.32 0.85 113.06
2013 Late 12.63 32.52 31.33 4.96 126.86
2014 Late 1469 2572 23.98 1.06 120.04
2015 Late 27.43 39.57 36.43 5.00 404.78
2017 Late 9.52 15.79 11.26 3.95 41.87
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Table 6. Estimated daily energy expenditure (MJ day?) for a 14-m adult female North Atlantic right whale
in either a resting, pregnant or lactating reproductive state.

Reproductive state Min. Median Max.
Resting 1355 1533 1726
Pregnant 1557 1855 2167
Lactating 3565 4233 4915

Table 7. Minimum prey density thresholds measured around foraging North Atlantic right whales. Density
threshold in g m calculated based on an individual copepod dry weight of either 0.0002g or 0.0006g
(Davies et al. 2012). BoF: Bay of Fundy, CCB: Cape Cod Bay, GoM: Gulf of Maine, RB: Roseway Basin.

Reference Location Density threshold Density Individual
(copepods or threshold copepod

organisms m-3) (g m3) weight (g)
Murison and Gaskin (1989) BoF 820 cope. 0.2 0.0002
0.5 0.0006
Mayo and Marx (1990) CCB 1000 org. 0.2 0.0002
0.6 0.0006
Mayo and Goldman (1992) GoM 4000 cope. 0.8 0.0002
2.4 0.0006
Wishner et al. (1995) GoM 1023-9749 cope. 0.2-2.0 0.0002
0.6-5.8 0.0006
Beardsley et al. (1996) GoM 1500—4500 cope. 0.3-0.9 0.0002
1.0-3.0 0.0006
Baumgartner and Mate (2003) BoF and 3000 cope. 0.6 0.0002
RB 1.8 0.0006
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FIGURES
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Figure 1. Calanus copepod sampling locations in the Estuary and Gulf of St. Lawrence, Canada from
2006 to 2017. Early summer season sampling (June-early July) occurred in the southern Gulf of St.
Lawrence (grey points) and late summer season sampling (late July-September) occurred primarily in the
northern Gulf of St. Lawrence (maroon points). Note that in 2016, only early season data was available.
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Figure 2. Mean and 95% credible intervals for the posterior distribution of the bathymetry smoothed effect
on Calanus biomass density in the Gulf of St. Lawrence, Canada in early summer season (June—early
July) from 2006 to 2017. Depth values are standardized and range from 0-500m.
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Figure 3. Mean and 95% credible intervals for the posterior distribution of the bathymetry smoothed effect
on Calanus biomass density in the Gulf of St. Lawrence, Canada in late summer season (late July—
September) from 2006 to 2015 and 2017. Depth values are standardized and range from 0—500m.
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Figure 4. Posterior mean and standard deviation (SD) of the spatial random effect for the model
predicting Calanus abundance in the Gulf of St. Lawrence, Canada in early season (2006-2008). Note
year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 4 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in early season (2009-2011).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 4 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in early season (2012—-2014).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 4 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in early season (2015-2017).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 5. Posterior mean and standard deviation (SD) of the spatial random effect for the model
predicting Calanus abundance in the Gulf of St. Lawrence, Canada in late season (2006-2008). Note
year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 5 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in late season (2009-2011).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.

35



0.30

0.29

0.28

N 0.27
F

o 0.26

N 0.25

0.24

023

0.22

028

0.26
™
F

0.24
o
N

0.22

0.20

0.95

< 0.90
F

N ,} 0.85

Dy £ y {
rer\l 4'..{,\&[ y ]/ 7? w’\l ‘_:. . /25{ ‘E 00
e/ N e
l. R j"‘-{; \ l\ ‘L‘?\' -""5'4 \_%3

Figure 5 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in late season (2012—2014).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 5 (continued). Posterior mean and standard deviation (SD) of the spatial random effect for the
model predicting Calanus abundance in the Gulf of St. Lawrence, Canada in late season (2015-2017).
Note year-specific legend scales to facilitate visual interpretation of spatial random effect each year.
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Figure 6. Hypothetical daily prey ingestion time (h; dashed line) and minimum prey (Calanus) density
requirement (g m3; filled black circles) for resting (left), pregnant (middle) and lactating (right) North
Atlantic right whales as a function of foraging depth (m). Minimum prey density is defined as the density
required to balance daily energy expenditure and is obtained by solving for D, in the linear Ei, equation
(see Methods). Shaded areas delimit low and high estimates of minimum prey density requirements.
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Figure 7. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for resting North Atlantic right whales under “minimum” energy input and expenditure conditions
(see Methods for details). Enet values are standardized (0 to 1) by dividing the number of depth layers with
Ene>0 by the total number of depth layers at each grid cell. The 200m isobath is shown. A value of 1.0
signifies that 100% of the water column at a given cell location was predicted to have suitable prey
densities.
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Figure 8. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for resting North Atlantic right whales under “maximum” energy input and expenditure conditions
(see Methods for details). Enet values are standardized (0 to 1) by dividing the number of depth layers with
Ene>0 by the total number of depth layers at each grid cell. The 200m isobath is shown.
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Figure 9. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for pregnant North Atlantic right whales under “minimum” energy input and expenditure conditions
(see Methods for details). Enet values are standardized (0 to 1) by dividing the number of depth layers with
Ene>0 by the total number of depth layers at each grid cell. The 200m isobath is shown.
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Figure 10. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for lactating North Atlantic right whales under “minimum” energy input and expenditure conditions
(see Methods for details). Enet values are standardized (0 to 1) by dividing the number of depth layers with
Enet>0 by the total number of depth layers at each grid cell.
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Figure 11. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for lactating North Atlantic right whales under “minimum” energy input and expenditure conditions
(see Methods for details). E.et values are standardized (0 to 1) by dividing the number of depth layers with
Ene>0 by the total number of depth layers at each grid cell. The 200m isobath is shown.
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Figure 12. Potential suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for lactating North Atlantic right whales under “maximum” energy input and expenditure conditions
(see Methods for details). Enet values are standardized (0 to 1) by dividing the number of depth layers with
Ene>0 by the total number of depth layers at each grid cell. The 200m isobath is shown.
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Figure 13. Persistent suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for resting North Atlantic right whales under minimum (A) and maximum (B) energy input and
expenditure conditions (see Methods for details). Scale shows the number of years a given grid cell had
at least one depth layer with suitable prey density.
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Figure 14. Persistent suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for pregnant North Atlantic right whales under minimum (A) and maximum (B) energy input and
expenditure conditions (see Methods for details). Scale shows the number of years a given grid cell had
at least one depth layer with suitable prey density.
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Figure 15. Persistent suitable foraging habitat in the Gulf of St. Lawrence from June to September 2006—
2017 for lactating North Atlantic right whales under minimum (A) and maximum (B) energy input and
expenditure conditions (see Methods for details). Scale shows the number of years a given grid cell had
at least one depth layer with suitable prey density.
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APPENDIX
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Figure S1. Map of the Estuary and Gulf of St. Lawrence, Canada.
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