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ABSTRACT: The distribution of North Atlantic right whales (hereafter ‘'right whales') has shifted
since ~2010, as exemplified by the decreased use of several habitats in the Gulf of Maine, lower Bay
of Fundy, and Scotian Shelf, and increased occupancy of the southern Gulf of St. Lawrence (sGSL).
The goal of this study was to characterize right whale feeding habitat in the sGSL region. We con-
ducted opportunistic oceanographic sampling in the presence and absence of right whales in July
and August over 3 yr (2017—2019). Each oceanographic station was typically comprised of a depth-
integrated ring net tow and 2 vertical profiles with a conductivity-temperature-depth instrument
and optical plankton counter. Of the calanoid copepod taxa, small copepods (e.g. Centropages
spp., Pseudocalanus spp.) were numerically dominant at all stations where data were available, but
Calanus finmarchicus was also abundant, while C. hyperboreus comprised most of the biomass.
Net-derived abundance of late-stage C. hyperboreus and total biomass were significantly greater at
stations where right whales were detected. Logistic regression analysis suggested that a higher
probability of right whale detection was associated with a thicker bottom mixed layer and abundant
patches of late-stage C. hyperboreus near the seafloor. These results offer insights into the vertical
distribution and quantity of prey, the quality of the sGSL as a right whale foraging habitat, and the
associated implications for right whale recovery.

KEY WORDS: North Atlantic right whale - Eubalaena glacialis - Oceanography - Habitat - Gulf of
St. Lawrence * Calanus finmarchicus - C. hyperboreus - Optical plankton counter

1. INTRODUCTION

North Atlantic right whales Eubalaena glacialis
(hereafter 'right whales') satisfy their energetic de-
mands by ram filter feeding on mesozooplankton (e.g.
Watkins & Schevill 1976). Their fine baleen hairs im-
pose a limit on the smallest prey items they can ingest
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and are thought to have a filtration efficiency similar
to a 333 um mesh plankton net (Mayo et al. 2001). The
hydrodynamic drag generated by the large gape and
long baleen plates when the whale opens its mouth
imposes energetic limits on swimming speed (van der
Hoop et al. 2019). While foraging, slow swimming
speeds (~1.1 m s7!; van der Hoop et al. 2019) allow
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large, mobile zooplankton to evade capture (e.g. Fle-
minger & Clutter 1965). This restricts right whale
feeding to a relatively narrow size range of zooplank-
ton (nominally 0.5—10 mm; Mayo et al. 2001) com-
pared to what is available in the environment.
Because they are optimized for this feeding style,
their foraging efficiency depends on external bio-
physical oceanographic mechanisms to aggregate
these zooplankton into dense, energy-rich patches
(e.g. Sorochan et al. 2021b).

Zooplankton sampling in the presence of feeding
right whales in numerous habitats in the Great South
Channel, lower Bay of Fundy, and Scotian Shelf pro-
vides compelling evidence that right whales target su-
perabundant patches (typically in excess of 10° cope-
pods m~3) of late-stage (stages IV, V and VI) Calanus
finmarchicus (e.g. Murison & Gaskin 1989, Beardsley
et al. 1996, Woodley & Gaskin 1996, Baumgartner &
Mate 2003, Baumgartner et al. 2003a,b, 2017). These
zooplankton are likely desirable prey because they
contain energy-rich lipid reserves and are highly sus-
ceptible to bio-physical aggregation mechanisms,
particularly while in a dormant life-history stage
known as diapause in which they are thought to be-
have as neutrally buoyant particles (e.g. Baumgartner
& Tarrant 2017, Sorochan et al. 2021b). For example,
process studies in the lower Bay of Fundy and
Roseway Basin critical right whale habitats (DFO
2017) show that dense, horizontally patchy layers (on
the order of 500 m in extent) are formed near the
ocean floor via the interaction between copepod be-
havior and environmental processes or conditions,
such as tidal advection, bathymetric constraints, and
the bottom mixed layer (Baumgartner et al. 2003b, Mi-
chaud & Taggart 2011, Davies et al. 2014).

Despite their apparent proclivity for late-stage C.
finmarchicus, right whales are capable of feeding on
other taxa and target them under certain conditions.
For instance, they have been observed feeding on
surface patches dominated by smaller calanoid cope-
pods, namely Pseudocalanus spp. and Centropages
spp., in the shallow coastal waters of Cape Cod Bay
during winter when late-stage C. finmarchicus is
seasonally unavailable (Mayo & Marx 1990, Parks et
al. 2012). Historical records from commercial whaling
off the coast of Scotland suggest that right whales
foraged on euphausiids (Collett 1909). Southern right
whales E. australis have also been observed surface
feeding at fast swimming speeds (>3.6 m s~!) on Ant-
arctic krill Euphausia superba (Hamner et al. 1988).
Additionally, there is anecdotal evidence of right
whales feeding near abundant patches of hydrozoans
and decapod larvae (Mayo et al. 2001). Right whales

likely also target Arctic Calanus species, namely C.
glacialis and C. hyperboreus (e.g. Sorochan et al.
2023). These are large, energy-rich copepods that are
abundant at higher latitudes within the historical
right whale range (Monsarrat et al. 2015) and are
preyed upon by bowhead whales Balaena mysticetus
using a similar foraging mechanism (e.g. Fortune et
al. 2020).

The distribution and availability of zooplankton
prey often strongly influences the distribution of ba-
leen whales on foraging grounds (e.g. Murison & Ga-
skin 1989). From 1980 to 2010, right whales were com-
monly observed foraging in Cape Cod Bay on small
copepods during late winter (February—April) and C.
finmarchicus during early spring (April—May), and in
several habitats with abundant C. finmarchicus (e.g.
the Gulf of Maine, lower Bay of Fundy, Roseway
Basin), in the warmer months (June—September;
Brown et al. 2007). Right whale distribution in the
northeast USA and Canada began to shift around 2010
(Davis et al. 2017, 2019, Record et al. 2019, Meyer-
Gutbrod et al. 2021). Occurrence declined in most of
the known habitats in the NW Atlantic, with the no-
table exception of Cape Cod Bay, where occurrence
increased (Mayo et al. 2018, Record et al. 2019,
Meyer-Gutbrod et al. 2021). Occurrence also in-
creased in a habitat south of Martha's Vineyard and
Nantucket that was used historically (Leiter et al.
2017, O'Brien et al. 2022). There is evidence that these
shifts broadly coincide with climate-induced changes
to ocean circulation that reduced the availability of C.
finmarchicus in the Gulf of Maine (Record et al. 2019),
as well as with anomalously low annual Calanus spp.
abundance in most regions of the NW Atlantic based
on multi-decadal time-series analyses (Sorochan et al.
2019, Meyer-Gutbrod et al. 2022). This reduction in
Calanus has been linked to low calving rates (Meyer-
Gutbrod et al. 2021) and a decline in occurrence on
the calving grounds off the southeast USA (Meyer-
Gutbrod et al. 2022). The shift in right whale distribu-
tion led to increased whale occurrence in regions with
unmitigated risks from vessel strike and fishing gear
entanglement, such as the southern Gulf of St. Law-
rence (sGSL; Davies & Brillant 2019) and the Scotian
Shelf (Durette-Morin et al. 2022). The sGSL is pre-
sently the only known high occupancy area for right
whales in Canadian waters, though sporadic detec-
tions occur throughout their known Canadian range
(e.g. at least as far north as Newfoundland), with year-
round occurrence of an unknown number of individ-
uals acoustically detected on the Scotian Shelf (Du-
rette-Morin et al. 2022). The combined effect of the
reduction in calving rates and increased risk of vessel
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strike and entanglement mortalities has been pro-
posed as the major barrier to species recovery (Kraus
et al. 2005, Meyer-Gutbrod et al. 2021), though these
issues are likely complicated by additional stressors,
such as the sub-lethal effects of fishing gear entangle-
ment and ocean noise (Rolland et al. 2012, van der
Hoop et al. 2017, Moore et al. 2021, Stewart et al. 2021,
Knowlton et al. 2022, Stewart et al. 2022).

Right whales have been sporadically observed in
the GSL for many years (Brown et al. 2009, Daoust et
al. 2017), but their occurrence in the sGSL began to
increase substantially in 2015 (Simard et al. 2019,
Crowe et al. 2021). The increase in whale abundance
combined with risks from vessel strikes and fishing
gear entanglements precipitated catastrophic mor-
tality events in 2017 and 2019 in which a total of 21
right whales (~6 % of the 2020 population estimate of

336) were found dead in the GSL (Daoust et al. 2017,
Bourque et al. 2020, Pettis et al. 2021). The 2017
events initiated unprecedented surveillance and risk
mitigation efforts in the region and throughout
Atlantic Canadian waters. From 2017 through 2019,
nearly the same ~40% of the population, or ~140
individuals, were documented returning to the sGSL
each late-spring and summer (Crowe et al. 2021).
The majority of whale detections occur in the sGSL,
specifically the section of shallow continental shelf
(generally <100 m) bounded by the deep Laurentian
Channel to the north, Prince Edward Island to the
south, the Magdalen Islands to the east and New
Brunswick/Quebec to the west (Fig. 1). Right whale
detections occur throughout this region, though
they tend to concentrate in the western portion
(Johnson et al. 2021).
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Fig. 1. Study region (dashed line) in the southern Gulf of St. Lawrence, Canada, along with several known right whale habitats
(Cape Cod Bay, Great South Channel, lower Bay of Fundy, Roseway Basin) in the northwest Atlantic
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Several studies have made efforts to characterize as-
pects of right whale foraging habitat in the sGSL.
Plourde et al. (2019) developed a spatial climatology
of Calanus spp. (hereafter Calanus) in Canadian
waters that successfully identified known habitats
(e.g. Roseway Basin) and the sGSL as potentially suit-
able habitats. Sorochan et al. (2019) characterized in-
terannual variation in several regional timeseries of
Calanus abundance from 1977 through 2016 and dis-
covered negative anomalies in many subregions, in-
cluding in the sGSL, beginning around 2010. They
also found that the average regional abundance in the
sGSL was greatest at the Shediac Valley station, in rel-
atively close proximity to the approximate center of
the distribution of right whale detections in 2017—
2019 (Fig. 1; Johnson et al. 2021). Brennan et al. (2019)
combined regional observations with a dynamic trans-
port model to explore mechanisms of Calanus trans-
port and supply, as well as to improve estimates of Ca-
lanus spatial distribution. They found that advection
from upstream sources in the western sGSL was likely
a major contributor to Calanus abundance in the sGSL
region. Further extension of this work compared Ca-
lanus supply in a warm versus cold year, with large dif-
ferences in late-spring circulation patterns associated
with changes in wind forcing that affected Calanus
supply into the sGSL (Brennan et al. 2021). Gavrilchuk
et al. (2021) developed a right whale bioenergetic
model that incorporated the Calanus climatology by
Plourde et al. (2019) to show evidence of highly vari-
able habitat suitability in the sGSL, with generally de-
clining habitat quality since 2014. They suggested
that the available biomass in the sGSL was sufficient
to support right whale energetic needs in most years
but has been decreasing over time, which in turn may
contribute to the recent decline in calving rates. A
separate, empirical analysis showed evidence of in-
creased reproductive success in the cohort of right
whales that are reqularly observed in the sGSL re-
lative to those that are not (Bishop et al. 2022), under-
scoring the uncertainty about the relative quality of
the sGSL as a foraging habitat. Most recently, Le
Corre et al. (2023) used a 3-D coupled biophysical
model to simulate the accumulation of C. hyperboreus
biomass in different sub-regions of the sGSL in the
springtime over a 4 yr period (2016—2019). Their re-
sults highlighted the substantial temporal and spatial
variability in C. hyperboreus biomass in the sGSL and
suggested this variability is primarily driven by ocean
circulation and the timing of the spring bloom.

All of these habitat studies made use of long-term
averaged oceanographic observations to inform their
modeling or empirical efforts. While average Calanus

abundances have been used to attempt to predict
right whale presence (e.g. Pendleton et al. 2009),
broad-scale background zooplankton sampling does
not necessarily reflect prey available to right whales.
This is due in large part to the spatial heterogeneity
(patchiness) in the distribution of prey and the highly
specialized ability of right whales to find these
patches in ways that broad-scale sampling cannot
(Baumgartner et al. 2007). Furthermore, much of these
data were derived from depth-integrated net samples
which do not provide information on the vertical dis-
tribution of Calanus. Right whales are known to target
thin, dense layers of Calanus (Baumgartner & Mate
2003, Baumgartner et al. 2017), and abundances taken
in close proximity to a feeding right whale can be sev-
eral orders of magnitude greater than those collected
in a right whale habitat without whales present (e.g.
Baumgartner et al. 2003b).

More recent efforts have made use of finer scale
sampling. Sorochan et al. (2021a) quantified spatial
variation in copepods in the sGSL using plankton sur-
vey data collected in the fall (October) 2018. They
documented marked differences in the distribution of
Calanus spp., with C. finmarchicus occurring through-
out the region while C. hyperboreus and C. glacialis
were concentrated in the central sGSL. A subsequent
study conducted zooplankton sampling in the known
right whale habitat in the sGSL in August 2019 (Soro-
chan et al. 2023). They found evidence of near-bottom
aggregations of Calanus spp., the biomass of which
was typically dominated by C. hyperboreus in right
whale high-use areas. These studies suggest that a
mixed assemblage of late-stage Calanus species are
likely available to foraging right whales in the sGSL,
but these associations have yet to be confirmed or ex-
plored in detail using prey data collected in close
proximity to right whales. In this study we conducted
multi-year oceanographic sampling and visual sur-
veys of right whales in the sGSL to address the follow-
ing questions: (1) What is the primary prey of right
whales in the sGSL, and (2) what are the spatial rela-
tionships among right whale presence, prey, and envi-
ronmental conditions?

2. MATERIALS AND METHODS

2.1. Data collection

2.1.1. Site description

The summertime ocean circulation of the sGSL is
dominated by the Gaspé Current, a buoyancy driven,
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unstable, coastal jet originating in the St. Lawrence
Estuary (Sheng 2001). Upon reaching the tip of the
Gaspé peninsula, the eastward flowing current can
either remain attached to the coast and turn south into
the sGSL, or it can detach from the coast and continue
eastward along the southern margin of the Laurentian
Channel. These dynamics are primarily influenced by
both freshwater runoff from the St. Lawrence Estuary
and wind events. In spring (April—June) high runoff
combines with highly variable winds, which can alter-
nately favor the coastal attachment or detachment of
the Gaspé Current, thus contributing to variations in
the southward flow into the sGSL (stronger vs. weaker
southward flow, or even reversed, northward flow;
Brennan et al. 2021). The summertime water column
in the GSL is typically comprised of a surface layer, a
cold intermediate layer (CIL) often defined by a tem-
perature of less than 1°C, and a relatively warm, saline
deep layer. During the summer months, the CIL
reaches the bottom over roughly half of the sGSL re-
gion (Galbraith et al. 2020). Tidal currents are rel-
atively small throughout the region (nominally 0.1 m
s~!) and increase radially from an amphidromic point
west of the Magdalen Islands (Lu et al. 2001). Bathy-
metry in the sGSL study region is relatively shallow
(30—150 m). One of the most notable features is the
Shediac Valley, which begins at the Laurentian Chan-
nel and shoals southward roughly in parallel with the
western coastline of the sGSL (Fig. 1).

2.1.2. Right whale surveys

Oceanographic sampling and visual whale survey
efforts were conducted in the sGSL during daylight
hours in July and August each year from 2017
through 2019. A 12 m long motor vessel, M/V 'She-
laghI', was used in 2017 and an 18.8 m long snow crab
fishing vessel, F/V 'Jean-Denis Martin', was used in
2018 and 2019. The primary objective of each re-
search cruise was to collect photographic identifica-
tions (hereafter '‘photo-ID') of right whales in the
sGSL. Vessel-based right whale photo-ID survey
methodology has been developed and refined over
more than 40 yr (Brown et al. 2007). Contrary to con-
ventional line-transect sampling, right whale photo-
ID surveys did not provide systematic coverage of the
survey region. Instead, observers on the survey plat-
form sought aggregations of right whales and at-
tempted to photograph identifiable callosity (e.g.
Payne & Dorsey 1983, Kraus et al. 1986) and scarring
(e.g. Kraus 1990, Knowlton et al. 2012) patterns of
each individual. These photos were submitted to the

North Atlantic Right Whale Consortium Catalog
(Hamilton et al. 2007) for subsequent analyses, such
as mark—recapture population size estimates as well
as health and anthropogenic scarring monitoring.

2.1.3. Oceanographic sampling

Oceanographic sampling was conducted on an op-
portunistic, non-interference basis with the visual sur-
veys and in favorable weather conditions (maximum
of Beaufort 5). Sampling was conducted at stations in
the morning, mid-day, and evening on each survey
day as conditions allowed. The data collected at each
station changed slightly after 2017, when we began
using a larger vessel with enhanced oceanographic
sampling capabilities. In all years, water column
depth was determined using the vessel depth sounder.

At each sampling station in 2017, a conductivity-
temperature-depth instrument (CTD) cast was used
to measure water column conductivity and tempera-
ture followed by a vertical net tow to sample the
depth-integrated mesozooplankton biomass, abun-
dance, and community composition. The CTD casts
were conducted with a Seabird SBE 37 MicroCat pro-
grammed to sample at 0.5 Hz. Zooplankton were col-
lected from vertical tows with a 0.75 m diameter ring
net with 333 pm mesh size. A depressor weight was
fitted to the cod end to maintain the vertical orienta-
tion of the net during the tow. A flow meter was posi-
tioned off center of the net opening and used to calcu-
late the volume of water filtered. The CTD was also
attached in-line with the net above the bridle to
record the depth-time series of the haul. A Vemco V16
pressure transmitter was attached to the CTD and
monitored from the vessel with a VR100 receiver to
measure the depth of the CTD and net in real time
without the use of a conductive cable.

Sampling in 2018 and 2019 was expanded to include
the use of a profiling optical plankton counter (OPC;
Focal Technologies) and a Seabird-19 CTD housed
together in an aluminum cage (hereafter a ‘cage’ pro-
file refers to a combined CTD-OPC profile). Each sta-
tion comprised a full depth oblique net tow that was
immediately preceded and followed by a vertical cage
profile. Cage profiles were repeated before and after
the net tow in an attempt to resolve spatial variability
in zooplankton abundance along the trajectory of the
net. The oblique net tows were conducted usinga 1 m
diameter ring net with 200 pm mesh. A depressor
weight was fitted to the net bridle to maintain the
horizontal orientation of the net opening during
the oblique tow. For all net tows, vertical (2017) or
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oblique (2018—2019), efforts were made to achieve a
maximum net depth within ~10 m of the sea floor. The
cage was lowered vertically through the water column
at ~0.5 m s~! to a depth of ~5 m above the sea floor.
The same Vemco system from 2017 was used to mon-
itor the depth of the cage and net in real time, as a
conductive cable was not available. Either a Seabird
SBE 37 or RBR Concerto was attached in-line with the
net above the bridle to record the depth—time series
of the haul. Net tows were achieved at every station,
but the operational limits (maximum sea state of
approximately Beaufort 4) for the cage were substan-
tially greater than those of the net (maximum of
approximately Beaufort 6), so cage profiles were not
conducted at several stations.

2.2. Data processing
2.2.1. Whale detection

The temporal and spatial distribution of right whale
observations (i.e. geo-referenced photographs for
identification of individual whales) and visual survey
effort were used to assess whale detection (detected
or undetected) at each oceanographic station. The
location of the survey vessel at the time an identifica-
tion photograph was taken (typically within 200 m of
the whale) was used as a proxy for whale position and
used to calculate distance to the oceanographic sta-
tion. Whales were considered detected if at least one
right whale was photographed within *=0.5 km of the
average position of an oceanographic station and
within =+1 h of the initiation of sampling. Whales
were considered undetected at a station if survey
effort occurred within +5 km of the station or +5h of
the initiation of oceanographic sampling and no
whales were sighted. These higher minimum thres-
holds were chosen to increase confidence in whale
absence from the area at the time and location of sam-
pling, but it was not possible to confirm absence as
whales typically spend much of their time subsurface
(e.g. Ceballos et al. 2023), and our survey effort
around each station was variable and not systematic.
For the stations where whales were undetected, the
vessel conducted an average (+SD) of 1.2 = 0.6 h and
9.6 = 3.9 km of survey effort within =5 km of the sta-
tion and =5 h of the initiation of oceanographic sam-
pling. Stations at which whales were detected at inter-
mediate temporal or spatial scales (i.e. between 0.5
and 5 km; n = 30) were omitted from subsequent
whale detection analyses owing to concerns that sam-
pling was not conducted in sufficient proximity to the

whales to accurately resolve the prey field they were
targeting. Similarly, stations without associated sur-
vey effort (n = 1) were also omitted from whale detec-
tion analyses.

These distance and time thresholds for defining
whale detection were chosen to compensate for the
typical time—space mismatch between visual detec-
tions and oceanographic sampling and based on
observations of right whale foraging in other hab-
itats. They reflect the finest scale linkages between
whales and samples that could be consistently
achieved with our study design. Statistical analyses
were repeated using several different distance and
time thresholds to evaluate the sensitivity of our
results to the definition of right whale detection
(Text S1 in the Supplement at www.int-res.com/
articles/suppl/n058p359_ supp.pdf).

2.2.2. Net samples

Zooplankton samples from all tows were rinsed
from the net and filtered through a 333 pum sieve. At
stations in which sufficient biomass was collected
(more than ~50 g wet weight), a subsample (less than
~10% of the total biomass) was randomly selected and
immediately frozen in liquid nitrogen for biochemical
analysis (results not presented in this paper; see So-
bana 2021 and Klymentieva 2022). Taxa abundances
were not corrected, as we did not measure species-
specific abundance or biomass of the frozen subsam-
ples. The samples (not including the frozen subsam-
ple) were preserved in 4% formalin solution buffered
with calcium carbonate. After each cruise, individual
zooplankton in aliquots of each sample were counted
and identified to the lowest possible taxonomic level
(usually genus or species) and, for common copepod
species, the life cycle stage was also identified by a
professional taxonomist (SpryTech). Samples were
then filtered and weighed (wet weight) to determine
bulk biomass. The total wet weight at which subsam-
ples were taken was corrected by adding the wet
weight of an average frozen subsample. Unless other-
wise noted, all subsequent zooplankton processing
(classification and enumeration) methods were con-
sistent with those used for the Atlantic Zone Monitor-
ing Program (AZMP), which are described in greater
detail in Mitchell et al. (2002).

The 128 taxa identified from net samples were later
reclassified into 16 groups summarized in Table 1.
The grouping of small copepods, early (C1—C3) and
late (C4—C6) copepodite stages of Calanus spp., krill,
amphipods/mysids, and decapods were chosen based
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on previous observations of zooplankton taxa near
foraging right whales and their apparent food prefer-
ences across their range. The other groupings were
chosen to combine the remaining taxa into an analyti-
cally tractable number of functional groups. Classifi-
cations were performed using the World Register of
Marine Species (WoRMS; Horton et al. 2021) and the
R package taxize (Chamberlain & Szocs 2013). To
avoid potential bias from incomplete sampling (e.g.
failing to sample close to the bottom), net tows that
did not traverse at least 85% of the water column, as
inferred from the CTD attached to the net bridle, were
excluded from subsequent analyses. We assumed the
effects of different net mesh size (333 pm in 2017 vs.
200 pm in 2018/2019) were negligible (e.g. we ob-
served no evidence of clogging in the 200 pum mesh
net), especially as all samples were filtered through
the same 333 pm sieve immediately after recovering
the net in all years. We attempted to account for dif-
ferences within and between vertical tows (2017, n =
10) and oblique tows (2018/19; n = 34) by normalizing
abundance and biomass estimates by the volume of
water the net filtered, as determined from the flow
meters fitted to each net. Vertical tows filter less water
and therefore may underestimate zooplankton abun-
dance, but the influence of this effect on our results
was difficult to evaluate given the relatively low
numbers of vertical tows and our opportunistic sam-
pling design. Biomasses of late-stage C. finmarchicus,
C. hyperboreus and C. glacialis were estimated from
net-derived abundances using average individual dry
weights previously measured in the region (as in So-
rochan et al. 2019). Individual dry weight conversion
factors were specific to species, stage, and month (see
Table S1.4 in Plourde et al. 2019). Similar estimates
were also performed for small copepods using a con-
version factor of 13.3 ug ind.”! (Head & Harris 2004).
Non-parametric Mann Whitney U-tests were used to
determine if the median net-derived abundances of
each zooplankton group, as well as median net bio-
mass, were different at stations where whales were de-
tected versus not detected. The Mann Whitney U-test
was used instead of a parametric alternative, such as a
Student's {-test, because it does not require the un-
derlying data to follow a normal distribution.

2.2.3. CTD

Instrument-specific calibrations were applied to
convert raw CTD data into common engineering
units of pressure (dbar), temperature (°C) and con-
ductivity (Sm™!). The down-cast portion of each CTD

profile was manually selected. Outliers were removed
using a median filter with a 51-point window. The
data were then smoothed by fitting a local polynomial
regression (LOESS) curve with a span (alpha) of 0.12.
These smoothed down casts were visually compared
to the raw data to confirm that only outliers and depth
inversions were rejected. Data were averaged in 1 m
depth bins. The 2 down casts at each station (before
and after the net tow) were averaged to compute a sin-
gle profile. In rare cases where dedicated CTD or
cage profiles could not be conducted, the water col-
umn profile was obtained from the CTD attached to
the net bridle using the same method described
above. As with net tows, CTD casts that did not tra-
verse at least 85% of the water column were excluded
from subsequent analyses. The surface mixed layer
thickness, a metric indicative of the strength of strati-
fication, was defined as the distance from the surface
to the depth of the maximum buoyancy frequency (a
measure of vertical water column stability). The bot-
tom mixed layer thickness was defined as the height
from the maximum CTD depth to a density change of
—0.05 kg m~3, as in Baumgartner et al. (2003b). All
oceanographic calculations, including derivation of
water column practical salinity (hereafter ‘salinity’),
potential density (kg m~>; hereafter 'density') and
buoyancy frequency (s7!), were computed using the
‘oce’ package in R (Kelley & Richards 2025).

2.2.4. OPC

OPC data were processed using similar methods as
those described by Baumgartner (2003). An analyst
reviewed each OPC profile and selected only the
down cast for subsequent analysis. Records contain-
ing extreme depths, depth inversions, slow descent
rates (<0.3 m s!), or excessive light attenuance
(>1800 digital counts) were removed. The volume fil-
tered in each timestep was computed as the area of
the OPC tunnel (0.02 m by 0.25 m) multiplied by the
change in depth. Profiles of particle abundance (par-
ticles m—%) were computed by summing the particles
of a given size range in 5 m depth bins and dividing by
volume filtered over the same bin interval. A size
range of 1.5—5.0 mm equivalent spherical diameter
(ESD) was used to represent the abundance of late-
stage Calanus spp. We chose the lower limit of 1.5 mm
based upon work by Baumgartner (2003), who estab-
lished a predictive relationship between net-derived
stage C5 C. finmarchicus and 1.5—2.0 mm ESD OPC
particle abundance and determined that including
smaller size particles led to abundance overestimates.
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We expanded the size range to 5.0 mm ESD to ac-
count for and incorporate the presence of larger C.
hyperboreus and C. glacialis (Herman, 1992). Owing
to considerable overlap in the size ranges of late-
stage (C4—C6) Calanus species (C. finmarchicus:
0.6—2.5 mm ESD, C. glacialis: 1.0—3.2 mm ESD, C.
hyperboreus: 1.3—4.4 mm ESD; Herman 1992), we
were unable to use the OPC to determine species- or
stage-specific abundances. See Herman (1992) for
more information on the relationship between OPC-
derived ESD and species- and stage-specific abun-
dances of various taxa. A size range of 0.8—5.0 mm
ESD was used for visualization purposes. Depth bins
in which the volume filtered was less than 50 % of the
theoretical volume of the bin (i.e. area of the OPC x
5 m) were rejected. We estimated the wet weight,
Wet (mg m™3), of the OPC-filtered particles using:

3, _(ESD\?
W =375 ) P (1)

where ESD is measured by the OPC, and p is the par-
ticle density which we assumed was equal to 1 mg
mm~ (Suthers et al. 2006, Fortune et al. 2020). Bio-
mass profiles were computed by dividing the sum of
the mass of particles in each 5 m depth bin by the vol-

ume filtered. OPC casts that did not traverse at least
85% of the water column were excluded from sub-
sequent analyses. All processing was conducted
using the ‘opcr' package in R (Johnson 2021).

2.2.5. Logistic regression

Several physical and biological variables were
derived for each station (Table 2). Bathymetric depth,
derived from the vessel depth sounder, was selected
because right whales and/or C. finmarchicus have
been associated with deep basins in the lower Bay of
Fundy (Murison & Gaskin 1989, Michaud & Taggart
2011) and Roseway Basin (Baumgartner et al. 2003b,
Davies et al. 2013). The SD in the bathymetric depth
within a 5 km radius of each station, derived from the
GEBCO dataset (accessed from https://download.
gebco.net/), was used as a proxy for bathymetric
relief, which has been found to play a role in forming
Calanus aggregations in Roseway Basin (Davies et al.
2013). The water densities at the surface and bottom
were chosen to characterize associations with re-
gional water masses, specifically the surface layer,
CIL, or deep layer. Surface and bottom mixed layer

Table 2. Results of single-variable logistic regressions of right whale detection a nd a given habitat variable. Sample size (n) var-

ied as not all variables were available at all stations. Coefficient indicates the direction and magnitude of the association; p pro-

vides the p-value of a drop-in-deviance test comparing the full and null models. Grey highlighting: significance at a = 0.05.
GEBCO: general bathymetric chart of the oceans; OPC: optical plankton counter

Variable Units Definition n Coefficient P

depth m Bottom depth from vessel echosounder 77 5.50 x 1072 <0.001

bottom_sd m SD in GEBCO bathymetry within 5 km of station 77 —1.20 x10~2  0.893

ctd_bottom_density kg m™ Water density at max. sampled depth 63 1.94 0.032

ctd_surface_density kgm™ Water density at min. sampled depth 63 —1.44x 107"  0.733

ctd_sml_ thickness m Depth of max. buoyancy frequency 63 —8.30x 1072 0.077

ctd_bml_thickness m Height from max. sampled depth to a density 63 2.16 x 107! 0.009
change of —0.05 kg m™

net_finmarchicus ind. m~3 Log-transformed abundance of late-stage 45 8.23x 107! 0.246
(C4—C6) C. finmarchicus

net_hyperboreus ind. m™3 Log-transformed abundance of late-stage 45 1.03 0.050
(C4—C6) C. hyperboreus

net_ calanus ind. m~3 Log-transformed abundance of late-stage 45 1.09 0.135
(C4—C6) C. finmarchicus and C. hyperboreus

net_small_copepod  ind. m™® Log-transformed abundance of small copepods 45 2.62x 107! 0.533
(defined in Table 1)

net_mass gm™ Wet weight of net contents 44 1.45 0.041

opc_max gm™ Max. OPC biomass 42 1.00x 1073 0.029

opc_avyg gm™3 Average OPC biomass 42 2.00x107%  0.074

opc_surf_max gm™ Max. OPC biomass within 15 m of min. sampled depth 42 0.00 0.830

opc_deep_max gm™3 Max. OPC biomass within 15 m of max. sampled depth = 42 1.00x 1073 0.019
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thicknesses were included to evaluate the influence
of the vertical structure of the water column. Biolog-
ical metrics from the net and OPC were used to re-
solve several aspects of late-stage Calanus spp. avail-
ability (i.e. vertical biomass distribution; see metric
definitions in Table 2). The 1.5—5 mm ESD size class
in 5 m depth bins was used for OPC biomass measure-
ments. Zooplankton abundances from net samples
were log-transformed prior to logistic regression anal-
ysis. Stations from all years and months were com-
bined in a single analysis (i.e. not treated as factors) to
maximize sample size (see Table 2 for sample sizes for
each regression). Separate, single-variable logistic re-
gressions were fit with each habitat variable as the in-
dependent variable and the series of whale detected/
undetected scores as the dependent variable to char-
acterize the relationship between each habitat vari-
able and the probability of whale detection. Each
model was formulated as follows:

logit(m)= o + Py (V) (2)

where the logit of the probability of right whale detec-
tion, m, is modeled as a linear function of the predictor
variable, V, and [}, is the intercept and f; is the model
coefficient. The significance of each model was eval-
uated using drop-in-deviance tests that compared the
full model to a null model that lacked the habitat vari-
able of interest, i.e. the term f;(V). Model assumptions

2017

2018

(independence of residuals, linearity of predictor vari-
ables, absence of multicollinearity, and lack of strong
outliers) were assessed and verified graphically.

All analyses were conducted using the R program-
ming language (R Core Team 2020) using the ‘oce’
(Kelley & Richards 2025), 'shiny' (Chang et al. 2020),
and 'tidyverse' (Wickham et al. 2019) packages unless
otherwise noted. Visualizations were created using
the 'ggplot2’ (Wickham 2016), 'ggspatial’ (Dunning-
ton 2021), and 'patchwork’ (Pedersen 2024) packages.

3. RESULTS
3.1. Sample sizes

Data were collected from a total of 112 stations
from 2017 through 2019. Whale detection informa-
tion was available at 77 stations (36 detected, 41
undetected; shown in Fig. 2). Of the stations with
whale detection data, usable CTD profiles were col-
lected from 64 (32 detected, 32 undetected), usable
net tows were collected from 44 (20 detected, 24
undetected), and usable OPC profiles were collected
from 42 (23 detected, 19 undetected). In total there
were 23 stations with whale detection information, as
well as usable CTD, net and OPC data (11 detected,
12 undetected).

2019

J W/
v o detected
b A P o undetected
1o 4 [ cage [ | cto [l net
8 +
) |
o AR I % Al Mg A i i
Ju-10  Jul24  Aug-07  Aug21  Ju-10  Juk24  Aug-07  Aug-21  Ju-0  Jul-24  Aug-07  Aug-21

Fig. 2. Spatial and temporal distribution of sampling effort in 2017, 2018, and 2019. Dots on the maps: stations where whales

were detected or undetected. Total number of stations each year (black text) as well as number with whales detected (red text

in parentheses) are indicated in the upper left of each map panel. Lower panels show the count of cage (OPC/CTD), CTD, and
net sampling events each day
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3.2. Net samples

Depth-integrated zooplankton abundances derived
from net sampling were highly variable. The samples
tended to be numerically dominated by small cope-
pods, such as small calanoid copepods (Table 1)
which were the most abundant category of known
right whale prey. Total abundance of small copepods
was dominated by Temora longicornus and Pseudoca-
lanus spp. (41 and 38% of small copepod abundance,
respectively). Centropages spp., known right whale
prey in Cape Cod Bay (e.g. Mayo & Marx 1990), com-
prised <5% of small copepod abundance. Median
abundance of small calanoids at stations where
whales were detected was 374 ind. m~ (interquartile
range [IQR]: 57—1079), which was 82% greater than
the median abundance at stations where whales were
not detected (206 ind. m~3 IQR: 62—826), though,
likely owing to high variability, there was no statisti-
cal evidence of higher abundance at stations where
whales were detected (Table 1).

Median late-stage Calanus finmarchicus abun-
dances were 78 ind. m~ (IQR: 43—208) and 72 ind.

—3 (IQR: 36—124) at stations where whales were de-
tected and undetected, respectively, which were stat-
istically indistinguishable (Table 1). The abundances
of C. hyperboreus were of a similar magnitude, but me-
dian abundance at stations where whales were present
(68 ind. m~3; IQR: 30—101) was significantly greater
than median abundance at stations where whales were
not detected (25 ind. m~—3 IQR: 9—46; Table 1). C. gla-
cialis were relatively rare, with abundances typically
less than 10 ind. m~ (Fig. 3a). Median wet biomass
(i.e. bulk wet weight of all collected zooplankton) was
0.47 g m~3 (IQR: 0.22—0.81) at stations where whales
were detected, which was significantly higher than
the biomass at stations where whales were not de-
tected (0.22g m~3 IQR: 0.13—0.39; Fig. 3b, Table 1).

Small calanoid copepods comprised the greatest
proportion of calanoid copepod abundance at all sta-
tions, followed by C. finmarchicus, C. hyperboreus, and
C. glacialis. The proportions of each of these 4 groups

a) b) xkx
Bl detected .
E undetected 0
2.0
1000 A
KX
o 15
= - 5
gl S
£ 100+ k)
o g 1.01
'g 8 o ° o % *
a
<
10 -
o 8 eo o 0.5+
o _ o )
m e
° " . o
14 ° 2_ 80 oo 8o 0.0
S 4N AT
Qod Qodsw&&\ "&\SNA@\ ,A(\\!\ \\350 \(\‘\ Q’b\e\\‘\o‘«\\‘a‘\\!\\g&\*\ \‘5\6 ¢© QQQG&\(\O\)
o 009 T (e\’ N ol e N
(\0\6 6 a‘CX\ O\% 00 bo g\ac ‘0 3 g\a \QO
0(\,00\0\\0’&%_’&'\(\«‘ ‘Jp \19 8 m@e o P\“\Q
« :

Fig. 3. (a) Box plots of the net-derived abundance of various zooplankton taxonomic groups at stations where right whales were
detected (n = 20) or undetected ( n = 24). Definitions of zooplankton groups provided in Table 1. A value of 1 was added to all
abundances to facilitate plotting on a logarithmic scale. (b) Biomass (total wet weight) of all net contents (note that biomass was
not available for one station where whales were detected, thus n = 19). ***: significant difference between stations where
whales were detected versus undetected, evaluated using a Mann-Whitney U-test and a = 0.05. Upper and lower quantiles de-
fine the top and bottom of each box median shown with a horizontal line. Upper and lower whiskers extend no further than 1.5
times the interquartile range to the largest and smallest values, respectively. Points outside that range are considered outliers
and plotted individually
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were indistinguishable between stations where whales
were detected and undetected (Fig. 4a). Conversion
from abundance to biomass using individual-specific
dry weights revealed that C. hyperboreus typically
comprised the majority of calanoid biomass (typically
>50%). The relative biomass contribution of C. hyper-
boreus was slightly (~10%) greater and substantially
less variable at stations where whales were detected
versus undetected (Fig. 4b). Biomass contributions by
small copepods and C. glacialis were low (<5%). The
typical contribution from C finmarchicus ranged from
20—40% at stations where whales were detected com-
pared to 25—60% at stations where whales were not
detected.

3.3. CTD and OPC

Averaged OPC profiles revealed peaks in particle
abundance near the surface (5—15m) and near the sea-
floor (85—100 m) in stations where whales were de-

tected (Fig. 5a). Conversion to biomass and review of
the size—frequency distribution of particles indicated
that the near-surface peak was lower in biomass
(Fig. 5b) and driven by small (<1.5 mm ESD) particles
(Fig. 5¢). In contrast, larger particles (>1.5 mm ESD)
were much more abundant in the near-bottom peak
(Fig. 5¢), which contributed to the relatively large bio-
mass below 80 m at stations where whales were de-
tected (Fig. 5b). Because water depth at each station
ranged from 60 to 100 m, the particle abundance and
biomass below 60 m were only available from the
deeper stations. To mitigate this issue, the same data
were presented using height above the seafloor, rather
than depth, to provide a common reference point for
stations with different water depths. This revealed
consistent maxima in both particle abundance and
biomass within approximately 10—15 m of the seafloor
at stations where whales were detected that were
larger in magnitude and less variable than those de-
rived from depth profiles (Fig. 6). The CTD data indi-
cated a surface layer that extended to between 30 and

60 m depth, followed by the CIL below.
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There is evidence of slightly warmer,
more saline water near the bottom in
some profiles, but the bottom tempera-
tures never exceeded the 1°C threshold
used to distinguish the CIL from the
deep layer that is typically present be-
low 150 m in other regions of the GSL
(Fig. % Fig. S1). The highest OPC-de-
rived particle biomasses were found

below 80 m depth and within 20 m of
the sea floor (Figs. 5—7). The median
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bottom mixed layer thickness was
3.74 m (IQR: 1.75—7.75 m) at stations
where whales were not detected and
7.00 m (IQR: 5.00—8.50 m) at stations
where whales were detected. There was
no difference between the minimum
height above the sea floor achieved by
the OPC profiles (9.0 = 4.1 m; mean =+
— SD) and the net profiles (10.0 = 3.6 m; 2

Small copepods C. finmarchicus C. hyperboreus

C. glacialis

sample t-test, n = 26, t = 0.91, p = 0.37).

Fig. 4. Proportion of (a) abundance and (b) biomass of calanoid copepods col-

lected from net samples from stations where right whales were detected (n = 20)
and undetected (n = 24). Only late-stage (C4—C6) were considered for Calanus

3.4. Logistic regression

spp. Biomass (total dry weight) of Calanus spp. was estimated from abundance

using species-, month-, and stage-specific individual dry weight conversions

from Plourde et al. (2019). The small copepod group includes all calanoid cope-

pods except Calanus spp. (see Table 1 for details). Upper and lower quantiles

define the top and bottom of each box; median shown with a horizontal line.

Upper and lower whiskers extend no further than 1.5 times the interquartile

range to the largest and smallest values, respectively. Points outside that range
are considered outliers and plotted individually

Bottom depth and density at maxi-
mum sampled depth were significantly
and positively associated with whale
detection (Table 2) and highly corre-
lated with one another (Fig. S2). Right
whale detection was more likely with
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Fig. 5. Median (solid line) and interquartile range (shaded region) of optical plankton counter (OPC)-derived particle abun-
dances from stations where right whales were detected (n = 23) or undetected (n = 19). (a) Vertical distribution of particles in the
0.8—5 mm equivalent spherical diameter (ESD) size range and 5 m depth bins. (b) Estimated biomass of particles in (a). (c) Size
distribution of particles in 20 m depth strata and 0.2 mm ESD size bins. x-axis limits are restricted to 3 mm ESD because larger
particles were rarely observed. Caution is warranted when interpreting data below 60 m (minimum station depth), as sample size
isreduced. This issue is mitigated in Fig. 6, which expresses the same profiles in height above the seafloor

increasing thickness of the bottom mixed layer. It was
also positively associated with the abundance of C.
hyperboreus, the wet weight of the plankton collected
in the net tow, and the maximum OPC biomass in the
bottom 15 m of the cast (Table 2). The positive associ-
ations among whale detection and depth, bottom
mixed layer thickness, maximum OPC biomass, and
the maximum OPC biomass in the bottom 15 m were
significant regardless of how whale detection was
defined (see Text S1). In contrast, associations among
whale detection and bottom density, surface mixed
layer thickness, late-stage C. hyperboreus abundance,
late-stage Calanus spp. abundance, and net biomass
appeared to be more sensitive to the definition of
whale detection, though this is confounded slightly
by variation in sample size (Text S1). Notably, there
was no association found between right whale detec-
tion and the abundance of C. finmarchicus derived
from the net tows.

4. DISCUSSION
4.1. Right whale summertime foraging in the sGSL

Our analysis of the OPC data suggests that right
whales in the sGSL in summer (July—August) are asso-
ciated with a deep (80—100 m), abundant (>~500 ind.
m~) layer of large (~1.5—3 mm ESD) mesozooplank-
ton. The size of these mesozooplankton is consistent
with late-stage Calanus, though it is not possible to
confidently disentangle the relative contributions of
C. finmarchicus and C. hyperboreus in this deep layer
from our OPC data owing to their overlapping size dis-
tributions (Herman 1992, Davies et al. 2014). The size—
frequency distribution of particles in the deep layer
(Fig. 6¢) had the characteristic ‘bump' that previous
studies had associated with the presence of stage C5
C. finmarchicus (Herman 1992, Edvardsen 2002, Baum-
gartner 2003), and the logistic regression provided
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Fig. 6. Median (solid line) and interquartile range (shaded region) of optical plankton counter (OPC)-derived particle abun-
dances from stations where right whales were detected (n = 23) or undetected (n = 19). (a) Distribution of particles in the 0.8—
5 mm equivalent spherical diameter (ESD) size range and 5 m depth bins in height above the seafloor, rather than in depth from
the surface (see Fig. 5). Using height above the seafloor provides a common reference point for stations with different water
depths. Height is truncated above 60 m to remove artifacts caused by stations with different water depths, and below 5 m as we
were typically unable to sample close to the bottom. (b) Estimated biomass of particlesin (a). (c) Size distribution of particles in
20 m height strata and 0.2 mm ESD size bins. x-axis limits are restricted to 3 mm ESD because larger particles were rarely ob-
served. Note the characteristic ‘bump' in particle size between 1.5 and 2.0 mm in the 5—20 m stratum of (c) for stations where
whales were detected (red) that previous studies have associated with the presence of C5 Calanus finmarchicus (Herman 1992,
Edvardsen 2002, Baumgartner 2003)

strong evidence of an association between right whale
detection and particle abundance in the size range of
late-stage Calanus (opc_deep_max, p = 0.019;
Table 2), but our analysis of the net data provided
modest evidence of a relationship between whale de-
tection and the net-derived biomass of C. hyperboreus
(net_hyperboreus, p = 0.050; Table 2, Fig. 4b), not C.
finmarchicus (net_finmarchicus, p = 0.246; Table 2,
Fig. 4b). We therefore conclude that right whales are
feeding on a community of large-bodied copepods
that is most likely comprised of both C. finmarchicus
and C. hyperboreus.

These observations of right whales apparently tar-
geting late-stage Calanus spp. confirms what previous
studies have assumed based on knowledge of right
whale foraging ecology, regional zooplankton sam-

pling and/or simulations (Brennan et al. 2019, 2021,
Plourde et al. 2019, Sorochan et al. 2019, Gavrilchuk et
al. 2021), or fine-scale sampling in right whale high-
use areas (Sorochan et al. 2023). The mixed assem-
blage of C. hyperboreus and C. finmarchicus clearly
distinguishes the sGSL from previously studied right
whale feeding habitats in the lower Bay of Fundy
(Murison & Gaskin 1989, Baumgartner et al. 2003b,
Michaud & Taggart 2011) and Great South Channel
(Beardsley et al. 1996) in which C. finmarchicus C5
was the focal prey, as well as Cape Cod Bay, where
whales tend to feed on smaller calanoid copepods in
late winter (Mayo & Marx 1990). The Roseway Basin
habitat on the Scotian Shelf may also contain a mixed
assemblage of C. hyperboreus and C. finmarchicus,
but the proportion of C. hyperboreus is highly variable,
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a) 0-100m lanoid copepods exceeding the feeding
threshold suggested for Cape Cod Bay
i (1000 ind. m~3 Mayo & Marx 1990). It is
8 possible that right whales supplement
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b) >40m likely candidate would be euphausiids,
on which right whales in other regions
%) 0.75 - b are known to feed (Collett 1909, Hamner
2 et al. 1988) and are abundant in the
g 0.504 sGSL (e.g. McQuinn et al. 2015). Further
© study, such as analysis of fecal content,
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in greater detail.
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Fig. 7. Optical plankton counter (OPC)-derived particle biomass in stations 4.2. Biophysical mechanisms
where right whales were detected (n = 23) or undetected (n = 19) in tempera- affecting sGSL habitat quality

ture—salinity space. Vertical and horizontal bars represent interquartile range

of temperature and salinity values over 5 m depth bins, respectively, and inter-

The difference in size between C.

sect at the median. Sizes of the filled circles correspond to the median particle : .
biomass in the same 5 m depth bins (from Fig. 5). Grey contour lines indicate ~ ltyperboreus and C. finmarchicus has
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water density (kg m™> — 1000) isopycnals. (a) Depths from 0—100 m; important implications for right whale

(b) detailed view of depths >40 m

as these copepods are expatriots advected from north-
ern waters rather than local production (Davies et al.
2014, 2015). Though the opportunistic nature of our
observations prevents more rigorous statistical analy-
ses, our results provide insights into the biophysical
mechanisms responsible for aggregating right whale
prey in this habitat and spark numerous questions to
be explored in more detail in the future.

There was little evidence to support the possibility
that right whales were targeting other, non-copepod
zooplankton prey. The net data did not reveal any ob-
vious indications that alternative taxa were present in
sufficient abundance to warrant consideration as a
substantial, consistent prey resource. However, our
zooplankton analysis was restricted to enumerating
individual taxa and measuring bulk (full sample) bio-
mass, and as a result we lack information necessary to
quantify the potential biomass or energetic contrib-
ution of each taxa. At 30% (6 out of 20) stations where
whales were detected, the abundances of the small ca-

foraging. Though their energy den-

sities (i.e. energy per unit body mass)
are similar (Davies et al. 2012), a single adult C. hyper-
boreus is up to 6 times larger (by mass) than an adult
C. finmarchicus. This energetic distinction between
C. finmarchicus and C. hyperboreus is important to
consider when evaluating or comparing the potential
suitability of right whale foraging habitats. Using
abundance to define feeding thresholds is appropri-
ate and common practice in habitats strongly dom-
inated by C. finmarchicus, but in habitats like the
sGSL with a more mixed assemblage of Calanus spp.
it is preferable to conduct comparisons using bio-
mass, or, ideally, energy content. To illustrate this
concept, we provide a simple comparison between
depth-integrated net samples collected near right
whales in the sGSL (this study) and in the lower Bay of
Fundy (BOF) in 1999—-2001 (Baumgartner et al.
2003a; Fig. 8). Calanus spp. abundances in the BOF
were nearly an order of magnitude greater than those
in the sGSL (on the order of 1000 in BOF vs. the order
of 100 ind. m—® in sGSL) and driven almost entirely by
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Fig. 8. Abundance and estimated biomass of late-stage (C4—
C6) Calanus finmarchicus, C. hyperboreus, C. glacialis and
sum total of all 3 species Calanus species collected using
depth-integrated net tows near right whales in the southern
Gulf of St. Lawrence in 2017—2019 (this study; n = 20) and
the lower Bay of Fundy (n = 15) in 1999—2001 (Baumgartner
et al. 2003b). Biomass (total dry weight) of Calanus spp. in
the Gulf of St Lawrence was estimated from abundance using
species-, month-, and stage-specific individual dry weight
conversions from Plourde et al. (2019), as in Fig. 4. Biomass
of Calanus spp. in the lower Bay of Fundy was estimated
from abundance using species- and stage-specific individual
dry weight conversions from Head & Harris (2004). Note that
abundance is shown on a logarithmic scale, and a value of 1
was added to all abundances to facilitate logarithmic plot-
ting. Upper and lower quantiles define the top and bottom of
each box; median is shown with a horizontal line. Upper and
lower whiskers extend no further than 1.5 times the inter-
quartile range to the largest and smallest values, respec-
tively. Points outside that range are considered outliers and
plotted individually

C. finmarchicus while the sGSL abundance is almost
equally split between C. finmarchicus and C. hyperbo-
reus. Upon converting to biomass, the low overall
abundance in the sGSL is heavily compensated by the
larger size of C. hyperboreus such that the total bio-
mass estimates from each site are of the same order of
magnitude (ranging from 0.5—2.5 g m™3).

Differences in the life histories of C. finmarchicus
and C. hyperboreus also influence the composition
and quality of prey available to right whales through-

out the season. C. finmarchicus is an income breeder,
meaning it uses concurrent food intake to produce
eggs during its feeding season and is therefore
capable of completing multiple reproductive cycles
within a single year given sufficient resources (e.g.
Plourde & Runge 1993). In contrast, C. hyperboreus is
a capital breeder, using lipid reserves accumulated
the previous year to produce eggs during winter and
only undergoing a single reproductive cycle each
year (e.g. Plourde et al. 2003; see Sainmont et al. 2014
for a comparison of capital vs. income breeding). One
consequence of this distinction is that the production
cycle of C. finmarchicus is more strongly coupled to
seasonal primary productivity. This distinction is
reflected in the stage composition of each species we
observed during summer, where 55% of C. finmarchi-
cus were stage C4—C6 compared to 91% of C. hyper-
boreus, suggesting many C. finmarchicus are actively
reproducing while C. hyperboreus have already repro-
duced and entered diapause (Fig. S3). This is consis-
tent with previous work documenting C. hyperboreus
entering diapause in the sGSL in the spring, while C.
finmarchicus may continue to reproduce throughout
the summer (e.g. Sorochan et al. 2021b), resulting in a
higher proportion of late-stage C. finmarchicus than
C. hyperboreus in the late summer and fall. This sug-
gests that the community composition (i.e. the rel-
ative proportions of C. finmarchicus and C. hyperbo-
reus) in the prey patches upon which right whales
feed changes over the period of time that right whales
are present in the sGSL and that the relative impor-
tance of C. finmarchicus for right whale foraging
likely increases later in the year.

Brennan et al. (2019) concluded that the accumula-
tion of Calanus spp. in the sGSL occurs primarily
through the transport of active stages via the Gaspé
Current and their local transition into diapause. In all
study years (2017—2019), the environmental con-
ditions, namely high runoff from the St. Lawrence
River, favored the coastal attachment of the Gaspé
Current and subsequent transport and retention of
Calanus to and within the sGSL (Galbraith et al. 2020,
Brennan et al. 2021). This suggests that the dense layer
of Calanus near the bottom that we observed is formed
via Gaspé Current transport and local vertical migra-
tion, rather than by an intrusion of warm, saline water
from the Laurentian Channel. A simulation study by
Le Corre et al. (2023) suggested that 52—66% of the
biomass of C. hyperboreus in the Shediac Valley origi-
nated from a region comprising the St Laurence Estu-
ary and area west of Anticosti Island. The possible as-
sociation between OPC-derived biomass and the
bottom mixed layer thickness is therefore likely not in-
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dicative of Calanus being advected in deep water mass
intrusions from the nearby slope, as has been doc-
umented in Roseway Basin (Davies et al. 2014), but
more likely occurs as the result of Calanus entering
diapause and forming aggregations near the sea floor.

The bottom mixed layer depth appears to play an
important role in right whale foraging in several right
whale feeding habitats, including the sGSL, but
through different mechanisms. A positive association
between the thickness of the bottom mixed layer and
whale detection, as we have documented in the sGSL,
has also been observed in the lower Bay of Fundy and
Roseway Basin. Baumgartner & Mate (2003) observed
that the thin, dense layers of C. finmarchicus upon
which right whales fed occurred just above the top of
the bottom mixed layer, and Baumgartner et al.
(2003b) observed a positive association between bot-
tom mixed layer thickness and right whale occurrence,
just as was observed in the present study. Baumgartner
etal. (2003b) proposed that a thick bottom mixed layer
made the associated prey layer comparatively more
available to air-breathing right whales (i.e. closer to
the sea surface) than a prey layer over a thin bottom
mixed layer in waters with the same bottom depth. In
Roseway Basin, there is evidence that a deeper
1026 kg m~? isopycnal, in combination with tidal cur-
rents and the basin margin, functions to concentrate
C. finmarchicus near the seafloor (Davies et al. 2014). It
would seem that the dynamics in the sGSL are similar
to those in the lower BOF, where a thick bottom mixed
layer makes Calanus more available to right whales. If
this were the case, we would expect occasional
profiles where we vertically sample through this layer.
This was not readily apparent in our dataset, perhaps
owing to our sampling too far from feeding whales (i.e.
farther than the extent of a hyperdense patch of Cala-
nus spp.) or near-bottom sampling limitations de-
scribed in more detail below, but has been observed by
others collecting similar data in the region (Sorochan
etal. 2023). Further, given that the BOF is deeper than
the sGSL (~200 vs. ~100 m) and can have a much
thicker bottom mixed layer (30—70 vs. 2—10 m), the
bottom mixed layer dynamics may have a greater im-
pact on prey availability for right whales in the BOF
versus the sGSL.

4.3. Conclusions, caveats, and recommendations
for future sampling

Our study was only possible because we were able
to conduct oceanographic and prey field sampling on
an opportunistic, non-interference basis with ongo-

ing visual surveys. This resulted in a non-systematic,
non-random sampling design that was biased towards
times and places with known whale presence. This
renders us unable to conduct robust temporal or spa-
tial comparisons and warrants precautionary treat-
ment of the p-values of the logistic regression analy-
sis. We would consider it inappropriate to apply these
statistical relationships in a predictive capacity, espe-
cially in other regions. Although the variability in our
survey effort and the cryptic behavior of right whales
made it challenging to confirm whale absence, we
developed our definitions of whale detection care-
fully such that sampling at stations where whales
were detected occurred in close proximity to whales,
while sampling at stations where whales were not
detected likely did not.

Our relatively small sample size and the opportun-
istic sampling strategy we employed prevented us
from making more detailed insights into temporal
and spatial variation in zooplankton dynamics, such
as diel vertical migration or seasonal shifts in commu-
nity composition. The use of a platform of opportu-
nity (i.e. smaller motor vessel or larger fishing vessel)
also posed challenges for oceanographic data collec-
tion, chief among which was our inability to consis-
tently sample in close proximity (within ~10 m) to the
seafloor without risking damage to our equipment.
We sought to mitigate this limitation by only includ-
ing profiles that traversed at least 85% of the water
column, but in most cases the lower 5—10% of the
water column (typically ~2—10 m from the sea floor)
remained unsampled. As a consequence, we are
likely systematically underestimating the abundance
of the deep zooplankton layer that right whales are
likely feeding upon. Right whales regularly dive to
the sea floor across habitats (Baumgartner et al. 2017)
and in some habitats are commonly observed with
mud-covered heads from making contact with the sea
floor (Hamilton & Kraus 2019). This undersampling
could be mitigated in future studies by using nets
designed to interact with the bottom (e.g. tucker
trawls), employing active acoustic sensors (e.g. echo-
sounders), and/or improving the real-time depth re-
porting of the profiling systems (e.g. monitor instru-
ment depth using conductive cable).

The zooplankton patches on which right whales for-
age can be extremely localized in horizontal (<500 m)
and vertical (1—2 m) space (e.g. Baumgartner et al.
2003a, Sorochan et al. 2021b, 2023). Though we at-
tempted to only analyze samples collected in close
proximity to whales, it is possible that, due to limita-
tions in our survey design, we were unable to consis-
tently sample within the zooplankton patch on which
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right whales were feeding. As a result, we may be
underestimating zooplankton abundance that right
whales are actively targeting and feeding upon. This
may at least partially explain why the observed differ-
ences in zooplankton abundances between stations
where whales were detected versus undetected were
relatively small. Another possible explanation is that
some of the whales we sampled near were not actively
foraging. These issues could be mitigated by design-
ing future studies capable of identifying foraging
behavior (perhaps using animal-borne tags) and con-
ducting high-resolution prey sampling along the path
of the foraging whale (e.g. Baumgartner et al. 2017).

Another important consideration when interpreting
zooplankton data from a right whale habitat is the dis-
tinction between regional average, or ‘background’,
abundance, such as those determined via systematic
zooplankton sampling programs, versus abundance
from samples collected in proximity to right whales.
The thin, dense patches of Calanus spp. right whales
forage upon may be more likely to form when base-
line zooplankton levels are high (e.g. Pendleton et al.
2009), but this baseline is not necessarily represen-
tative of the prey available to right whales (Baumgart-
ner et al. 2003b). While regional abundance esti-
mates, such as those developed by Sorochan et al.
(2019), are extremely valuable tools to understand
long-term (e.g. interannual, decadal) variability in
habitat quality, they would substantially underesti-
mate absolute energy available to right whales be-
cause whales are better at finding high density meso-
zooplankton patches than random net sampling of a
patchy prey field. For example, the median biomass
of Calanus spp. in net samples we collected in the
sGSLin the presence of right whales (~14 300 mg m—2)
was an order of magnitude larger than the June—July
average from annual sampling (years 1999—2016) at
the Shediac valley station (~1000 mg m~2; Sorochan et
al. 2019). The use of average prey densities from re-
gional sampling and/or model predictions could ex-
plain why bioenergetic models developed by Gavril-
chuk et al. (2021) predicted that the available biomass
in the sGSL may be insufficient to support the ener-
getic costs of reproduction despite empirical
evidence of greater reproductive success in the por-
tion of the population that regularly visit the sGSL
(Bishop et al. 2022).

Our results complement numerous recent and on-
going efforts to better characterize the habitat and
feeding ecology of right whales in the sGSL. We pro-
vide evidence that right whales are targeting a mixed
assemblage of late-stage C. finmarchicus and C. hy-
perboreus concentrated near the bottom primarily

within the Shediac Valley. Our Calanus biomass esti-
mates are considerably higher than those derived
from systematic regional sampling, which must be
considered when assessing habitat suitability and the
ability of right whales to meet their energetic needs.
Future efforts ought to expand the temporal and spa-
tial extent of sampling, ideally using a systematic
framework that is more conducive to the development
of rigorous statistical associations between oceano-
graphic conditions, zooplankton dynamics, and right
whale occurrence. These efforts should employ mod-
ified sampling methods that facilitate the enumer-
ation of the near-bottom zooplankton community and
perhaps include a biologging (i.e. time/depth re-
corders) component to characterize right whale
movement within the prey field. Such studies may
allow for the development of short-term (weeks to
months) predictive models of right whale occurrence
and distribution within the sGSL that could be em-
ployed to better inform management measures and
improve conservation outcomes.
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