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Summer and fall habitat of North Atlantic right
whales (Eubalaena glacialis) inferred from satellite

telemetry

Mark F. Baumgartner and Bruce R. Mate

Abstract: Satellite-monitored radio tags were attached to North Atlantic right whales (Eubalaena glacialis) in Grand
Manan Basin of the lower Bay of Fundy during the summer and early fall seasons of 1989—1991 and 2000. Monte
Carlo tests were used to examine the distribution of the tagged whales in space and time and with respect to a variety
of environmental variables to characterize right whale habitat on their northern feeding grounds. These environmental
variables included depth, depth gradient, climatological surface and bottom hydrographic properties, and remotely
sensed surface temperature, chlorophyll concentration, and their respective horizontal gradients. Site fidelity in the Bay
of Fundy was very low during 1989-1991 and high during 2000. When the tagged animals left the Bay, they did not
frequently visit the deep basins of the Gulf of Maine and Scotian Shelf, where abundances of their primary copepod
prey, Calanus finmarchicus, are thought to be high. Instead, right whales visited areas characterized by low bottom wa-
ter temperatures, high surface salinity, and high surface stratification. No evidence was found that the tagged right
whales associated with oceanic fronts or regions with high standing stocks of phytoplankton.

Résumé : Des baleines franches noires (Eubalaena glacialis) ont été munies d’étiquette radio et surveillées par satellite
dans le bassin de Grand Manan dans la baie de Fundy inférieure durant I’été et le début de ’automne en 1989-1991 et
en 2000. Des épreuves de Monte Carlo ont servi a étudier la répartition des baleines marquées dans 1’espace et le
temps et en fonction d’une gamme de variables environnementales afin de caractériser 1’habitat des baleines franches
noires sur leurs aires d’alimentation du nord. Les variables environnementales comprenaient la profondeur, le gradient
de profondeur, les propriétés hydrographiques de la surface et climatologiques du fond, les températures de surface
déterminées par senseur a distance et la chlorophylle, ainsi que leurs gradients horizontaux respectifs. La fidélité au
site était tres faible dans la baie de Fundy en 1989-1991, mais élevée en 2000. Quand les animaux marqués quittaient
la baie, ils ne visitaient pas souvent le golfe du Maine et la plate-forme néoécossaise, ou il existe, estime-t-on, de
fortes abondances de Calanus finmarchicus, le copépode qui leur sert de proie principale. Au contraire, les baleines
franches noires visitaient des régions caractérisées par une température froide des eaux du fond, une salinité élevée en
surface et une forte stratification de surface. Il n’y a pas d’indications qui laissent croire que les baleines franches
noires marquéeassocient a des fronts océaniques ou des régions contenanimportants stocks de phytoplancton.

[Traduit par la Rédaction]

Introduction

The North Atlantic right whale (Eubalaena glacialis) is
one of the most highly endangered whales (Clapham et al.
1999) and recent population assessments indicate that about
300 individuals remain (International Whaling Commission
(IWC) 2001). Recovery of this population after centuries of
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whaling and subsequent international protection in the 1930s
has been slow or perhaps even nonexistent (IWC 2001). The
hypothesized reasons for this lack of recovery have been nu-
merous and include inbreeding, habitat degradation, compe-
tition for food, pollution, and human-caused mortality (IWC
2001). Knowlton and Kraus (2001) reported that 9 of the 19
known right whale mortalities during 1990-1999 were
linked to ship strikes, and Kraus (1990) reported that 57% of
photographed right whales bear scars from fishing-gear en-
tanglement. At current mortality rates, population models
suggest that the North Atlantic right whale will become ex-
tinct in the next two centuries (Caswell et al. 1999). To help
mitigate human-caused mortality, information about the dis-
tribution and habitat of right whales is desperately needed.

Traditional, large-scale habitat studies have combined
shipboard or aerial surveys with oceanographic observations
to elucidate associations between cetaceans and the environ-
ment (e.g., Cetacean and Turtle Assessment Program
(CETAP) 1982; Reilly 1990; Baumgartner et al. 2001).
These studies are limited in spatial and temporal coverage
by the expense of operating a research vessel for long peri-
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ods of time. Radio tracking is a comparatively low-cost al-
ternative that provides a unique, animal-based perspective
that is only limited in spatial and temporal coverage by tech-
nological challenges such as attachment duration and battery
life. To date, location data from satellite telemetry have been
used largely in a descriptive fashion (e.g., where animals go,
when they go there, and how long they stay) and have yet to
be exploited profitably in a quantitative habitat study. These
data, consisting only of dates and positions, seem simple,
but statistical methods for exploring habitat associations
with them are lacking. With the increasing availability of
synoptic oceanographic information such as remotely sensed
data, climatological data sets, and ocean model output, te-
lemetry data can now be combined with a wealth of environ-
mental data to investigate the habitat of marine animals.

We report here on a study of North Atlantic right whales
equipped with satellite-monitored radio tags on their north-
ern feeding grounds during the summer and early fall of
1989-1991 and 2000. We used Monte Carlo methods to ex-
amine the distribution of the tagged right whales in space
and time and with respect to a variety of environmental vari-
ables. The environmental variables were chosen with spe-
cific hypotheses in mind. Right whales feed on older life
stages of the copepod Calanus finmarchicus in every major
high-use area of their feeding grounds in the northwestern
Atlantic Ocean: Cape Cod Bay (Watkins and Shevill 1976;
Mayo and Marx 1990), Great South Channel (Wishner et al.
1988, 1995; Beardsley et al. 1996), lower Bay of Fundy
(Murison and Gaskin 1989; Woodley and Gaskin 1996;
Baumgartner et al. 2003a), and Roseway Basin (Stone et al.
1988; Baumgartner et al. 2003a). Large concentrations of
C. finmarchicus have been observed deep in the basins of the
Scotian Shelf (Sameoto and Herman 1990), and modeling
studies suggest that similarly large concentrations exist be-
low 200 m in the deep Gulf of Maine basins (Lynch et al.
1998). We examined the hypothesis (denoted H1) that the
tagged right whales use these basins to exploit the
C. finmarchicus aggregations found there. Tidal mixing
fronts are frequently observed in the study area (Ullman and
Cornillon 1999) and we examined the hypothesis (H2) that
the tagged right whales associate with these fronts because
they provide improved feeding opportunities via the accumu-
lation of biomass (Olson and Backus 1985; Epstein and
Beardsley 2001). We also tested the hypothesis (H3) that the
tagged right whales frequent areas with high surface chloro-
phyll concentrations because these conditions presumably
provide feeding opportunities for their copepod prey.

Finally, we examined associations between the distribu-
tion of the tagged right whales and a variety of hydrographic
properties. Baumgartner and Mate (2003) observed right
whales foraging on discrete layers of C. finmarchicus stage-
5 copepodites (C5) just above the bottom mixed layer in the
lower Bay of Fundy and Roseway Basin, so we investigated
associations between the tagged whales and bottom water
properties. During studies in the Great South Channel
(Wishner et al. 1988, 1995; Brown and Winn 1989;
Beardsley et al. 1996) and the lower Bay of Fundy (Murison
and Gaskin 1989; Woodley and Gaskin 1996), right whales
have frequently been observed in stratified waters (but see
Baumgartner et al. 2003a), so we also examined associations
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between the distribution of the tagged whales and surface
stratification.

Materials and methods

Each right whale was tagged with a satellite-monitored ra-
dio transmitter and tracked via the Argos system carried
aboard the US National Oceanic and Atmospheric Adminis-
tration (NOAA) Polar Orbiting Environmental Satellites
(POES). The tag consisted of a Telonics ST-3 (1989), ST-6
(1990-1991), or ST-15 (2000) UHF radio transmitter housed
in a surface-mounted (1989-1991) or an implantable (2000)
stainless-steel cylinder. A salt-water switch and micropro-
cessor were used to conserve battery power by limiting
transmissions to times when the tag was out of the water and
when the NOAA POES were likely overhead. Further details
about the tag design and deployment methods can be found
in Mate et al. (1997, 1998, 1999). Right whales were also
photographed and individually identified when possible (af-
ter Kraus et al. 1986).

The environmental data for this study came from either
static or temporally varying gridded data sets. We con-
structed a digital bathymetry from a variety of sources, in-
cluding NOAA National Ocean Service sounding data, 2’ by
2" data from satellite altimetry (Smith and Sandwell 1997),
and ETOPO 5 gridded bathymetry (National Geophysical
Data Center 1988). Depth gradient was computed from the
digital bathymetry to examine associations between right
whales and sea-floor topography. Horizontal gradients for
depth, sea surface temperature (SST), and surface chloro-
phyll concentration (see below) were computed as vector
quantities by using a 3 by 3 pixel Sobel gradient operator (a
weighted average of finite differences; Russ 1995), and for
brevity, the scalar gradient magnitude will be referred to as
the gradient.

Remotely sensed SSTs with a nominal resolution of
1.1 km were acquired from the University of Rhode Island’s
advanced very high resolution radiometer archive (Cornillon
et al. 1987). Reliable automated cloud masking was per-
formed by the University of Rhode Island on the 1989-1991
data only, so we masked SST values in the 2000 data set that
were judged extreme within a fixed temporal (10 days) and
spatial (36 km by 36 km) window about a pixel. Owing to
the crudeness of this approach in 2000, only 1989-1991 SST
data are presented; however, the results of our analyses using
SST data from all years were similar. Raw ocean color radi-
ance data for 2000 were acquired from the sea-viewing wide
field-of-view sensor and processed into gridded estimates of
surface chlorophyll concentration with a nominal resolution
of 1.1 km using SeaDAS software (version 4.0) (Baith et al.
2001). Both SST and surface chlorophyll concentration were
coregistered to a digital coastline by hand with an accuracy
of approximately =1 pixel. Oceanic fronts can often be ob-
served from remotely sensed data as regions of coherent hor-
izontal variability in either SST or surface chlorophyll
concentration, so both SST and surface chlorophyll gradient
were computed as proxies for the presence of oceanic fronts.
To investigate whether right whales visit areas historically
rich in oceanic fronts, we also examined a climatology of
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monthly front-presence probabilities (Ullman and Cornillon
1999).

The hydrography of the Gulf of Maine and the Scotian
Shelf is quite variable in space because of a variety of physi-
cal processes acting in a topographically complex region
(Mountain and Jessen 1987). These processes include tidal
mixing, slope water intrusions, wintertime convective and
mechanical mixing, buoyancy forcing due to local and re-
mote (e.g., St. Lawrence River) freshwater inputs, and strati-
fication due to vernal warming. To examine associations
between right whales and hydrographic features, a summer-
time climatology of surface temperature, salinity and stratifi-
cation (density difference in the top 50 m of the water
column), and bottom temperature and salinity was utilized
(Loder et al. 1997).

Randomly generated simulated tracks were created from
the observed Argos data for Monte Carlo tests (described be-
low). For each tagged animal’s track, 9999 corresponding
simulated tracks were generated such that the initial location
(tag-deployment site), the total distance traveled and the be-
tween-location distances and speeds for each simulated track
were identical with those for the observed track, but the di-
rection of travel between locations was randomly selected
from a uniform distribution of angles between 0° and 360°.
The simulated locations were not allowed to occur on land,
but straight-line paths between locations were allowed to
cross small islands. The static environmental data were spa-
tially averaged within a radius of 7.5 km around each ob-
served and simulated location. All remotely sensed data
were first temporally averaged within +1 day of a location-
acquisition time and then spatially averaged within a radius
of 7.5 km around an observed or simulated location. Spa-
tially averaged front probabilities were computed from the
monthly climatology that corresponded to the location-
acquisition time. If the location was beyond the domain of
the gridded environmental data set or, in the case of the re-
motely sensed variables, more than 50% of the data in the
spatial average were missing because of cloud contamina-
tion, the environmental datum for that location was flagged
as a missing value. The spatial averaging radius was chosen
as 7.5 km based on accuracy tests reported in Mate et al.
(1997). They found that 68% of the poorest quality Argos
locations (class 0) were within 7.5 km of the true transmitter
location. Even if the location error is negligible, a right
whale could potentially move up to 6 km at a maximum
swimming speed of 18 km-h™ during a NOAA POES over-
pass that can take up to 20 min. Therefore, the 7.5-km radius
also accounts for any location uncertainty due to movement
of the tagged whale during a satellite overpass.

Right whales generally remained in the lower Bay of
Fundy in 2000 (see Results) and so a second simulation data
set was created to minimize confounding due to selection of
this habitat. The lower Bay of Fundy is a well-known habitat
for right whales, so movements occurring outside the Bay
are of particular interest. For each tagged animal’s track out-
side the Bay of Fundy, 9999 corresponding simulated tracks
were generated. The first location in each simulated track
was the last acquired location in the Bay of Fundy before the
animal exited the Bay. As before, the total distance traveled
outside the Bay and the between-location distances and
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speeds for the simulated tracks were identical with those for
the observed track. Only the direction of travel between lo-
cations was randomly selected. The simulated track ended if
and when the tagged animal returned to the Bay of Fundy.
Separate simulated tracks were generated each time a tagged
animal left the Bay.

We used Monte Carlo tests to determine if the tagged
right whales’ observed distribution in space and time and
with respect to each of the environmental variables could
have occurred by chance (i.e., by simply moving at random).
The null hypothesis in all of these tests is that the tagged
right whales’ distribution is random. Rejection of the null
hypothesis in a two-tailed test provides evidence for either
resource selection (preference) or resource rejection (avoid-
ance) and the p value from such a test is denoted p,. The p
value from a one-tailed test for resource selection is denoted
py and the p value from a one-tailed tests for resource rejec-
tion is denoted py .

The first Monte Carlo test was conducted to determine if
the tagged right whales preferred or avoided particular re-
gions or topographic features in the study area. To accom-
plish this, the total number of locations occurring over a
particular feature was tallied for all of the tagged right
whales. For each of the 9999 simulated track sets (a set con-
sisted of one simulated track for each of the tagged whales),
the total number of locations over the topographic feature
was similarly tallied. The total number of locations occur-
ring over the feature is regarded as a statistic of interest and
the 10 000 values for this statistic (9999 from the simulated
track sets and 1 from the observed data) make up the sam-
pling distribution of this statistic under the null hypothesis.
Consider first a one-tailed test of resource selection. The
null hypothesis is rejected if fewer than 5% of the 10 000
values in the sampling distribution are greater than or equal
to the observed statistic. Rejection of the null hypothesis
would suggest that the tagged right whales preferred the top-
ographic feature in question, since more locations occurred
there than expected. A one-tailed p value (py) can be as-
signed to the observed statistic as the fraction of values in
the sampling distribution that are greater than or equal to the
observed statistic. Similarly, the p value in a one-tailed test
of resource rejection (p;) can be assigned to the observed
statistic as the fraction of values in the sampling distribution
that are less than or equal to the observed statistic. A two-
tailed p value for either resource selection or rejection (p,) is
constructed as the smaller of 2py and 2p; (Manly 1997).

In addition to the number of locations occurring over a
particular topographic feature, the number of individuals
was also tested in the same manner as described above. Be-
cause the Bay of Fundy is a well-known high-use area, se-
lection of this habitat was examined over time with one-
tailed Monte Carlo tests of the numbers of locations and in-
dividuals occurring there in biweekly time intervals.

A two-dimensional frequency histogram was constructed
to examine the null hypothesis of random spatial distribu-
tion. The study area was partitioned in 0.685° longitude by
0.5° latitude bins (nominally 56 km by 56 km) and separate
one-tailed Monte Carlo tests were conducted on the numbers
of locations and individuals in each bin. Bins containing sig-
nificant results represent areas that the tagged right whales
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Fig. 1. Map of the study area in eastern Canada and the USA, including location names. The 91-m (50 fathom) isobath is shown as a

shaded line; basins are cross-hatched.
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visited more than would be expected had they moved about
at random.

Monte Carlo tests were also used to examine the null hy-
pothesis that the tagged right whales were distributed ran-
domly with respect to the environmental variables. Separate
two-tailed Monte Carlo tests were conducted for the mean,
standard deviation, skewness, and kurtosis of each environ-
mental variable (Manly 1997). Significant results for any of
these tests were interpreted as evidence that the tagged right
whales’ distribution was different from an expected distribu-
tion under the null hypothesis. To further examine the rela-
tionship between the tagged whales and the environmental
variables, we constructed univariate frequency histograms
for each variable and separate one-tailed Monte Carlo tests
were conducted on the numbers of locations and individuals
occurring in each histogram bin. Frequency histogram bin
sizes were allowed to vary and were determined such that
the average number of locations from the 10 000 values in
the sampling distribution for each bin was the same. Plots of
collocated temperature and salinity measurements are useful
for investigating water masses, so we constructed a bivariate
frequency histogram for bottom salinity and bottom temper-
ature to investigate the tagged right whales’ distribution with

respect to bottom water masses. The two-dimensional bin
sizes were fixed at 0.25 practical salinity units (psu) and
1 °C for bottom salinity and bottom temperature, respec-
tively. Separate one-tailed Monte Carlo tests were conducted
on the numbers of locations and individuals in each bin.

For the univariate and bivariate one-tailed tests of re-
source selection, all bins with observed counts greater than
zero were considered as well as those in which two or more
locations occurring in a bin could be found significant (i.e.,
where 5% or more of the values in the sampling distribution
exceeded zero). Resource rejection in a one-tailed test could
only be detected when fewer than 5% of the values in the
sampling distribution (2.5% for a two-tailed test) were zero.
To illustrate this constraint, consider the most extreme case
of potential resource rejection when zero observed locations
or individuals occur in an area. Then only 5% or fewer of
the values in the sampling distribution can be zero if statisti-
cal significance of the observed result in a one-tailed test is
to be achieved (i.e., p;, < 0.05). In other words, an area must
be potentially visited often, but actually visited infrequently
(or never at all) to successfully detect resource rejection.

In the analyses described above, many Monte Carlo tests
are carried out to determine the significance of an area or a
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Table 1. Summary data for each tag deployment, including the ID No. from the New England Aquarium (NEA) right whale catalog,
tagging date, total number of locations, percentage of locations outside the Bay of Fundy (BOF), total (minimum) distance traveled
(calculated as the sum of rhumb-line distances between Argos locations), and total duration of location acquisitions.

Tag ID NEA Total no. Locations Total distance Total duration Label
No. ID No. Tagging date of locations outside BOF (%) traveled (km) (days) (see Fig. 2)
1989
843 1146 15 Oct. 1989 71 94.4 1511 21.2 A
1990
840 1135 24 Aug. 1990 15 66.7 770 6.4 B
839 1140 24 Aug. 1990 108 88.0 3614 41.5 C
833 1981 25 Aug. 1990 25 0.0 367 10.6 D
825 1629 26 Aug. 1990 8 0.0 196 9.9 E
823 1421 12 Sept. 1990 137 97.8 3104 42.1 F
1991
1385 1243 27 Sept. 1991 6 83.3 218 7.9 G
1386 1608 28 Sept. 1991 38 84.2 1787 23.7 H
1387 1406 5 Oct. 1991 46 87.0 1321 21.4 1
2000
8484 9 July 2000 5 60.0 504 23.1 J
4174 2645 13 July 2000 63 3.2 1400 52.9 K
23 039" 2320 11 Aug. 2000 114 53.5 6006 125.8 L
10 829 2795 11 Aug. 2000 26 23.1 1547 66.0 M
1387 2617 12 Aug. 2000 4 0.0 36 18.9 N
23 040 1114 12 Aug. 2000 14 35.7 708 18.9 (0]
824 1027 12 Aug. 2000 16 0.0 266 6.3 P
823 2310 12 Aug. 2000 24 4.2 513 23.2 Q
828 3030 12 Aug. 2000 39 61.5 2606 52.1 R

Note: Location data are shown in Fig. 2.
“Whale not yet identified; hence missing NEA ID No.

’Nonmigrating portion: the total number of locations was 101, 47.5% of locations were outside the BOF, the total distance traveled was 3718 km, and

total duration was 94.8 days.

single environmental variable. This multiple testing in-
creases the likelihood of obtaining a significant result when,
in fact, the null hypothesis is true (i.e., increases the proba-
bility of identifying resource selection when there is none).
Since our study is exploratory, with the goal of identifying
potential habitat, this Type I error is more acceptable than a
Type II error (i.e., failing to identify resource selection
when, in fact, it exists). Therefore, we chose not to use a
multiple-testing adjustment to the selected significance level
of 0.05 (e.g., Bonferroni adjustment), relying instead on co-
herent patterns in the results to judge ecological signifi-
cance.

Right whale habitat is characterized here as an area or
oceanographic regime that is visited by individual whales
many times or for extended periods (i.e., the analyses of lo-
cations), or as an area/regime that is visited by many whales
(i.e., the analyses of individuals). The Argos position data do
not contain any explicit information about behavior, so it is
impossible to determine if tagged whales are foraging, rest-
ing, or just traveling slowly through an area identified as
habitat. However, high metabolic rates and a large body
mass suggest that right whales must feed often to satisfy
their energetic requirements (CETAP 1982; Kenney and
Winn 1986; Kenney et al. 1986). Therefore, we assume that
the primary motivation for resource selection is the presence
of exploitable concentrations of right whale prey. We ac-

knowledge that other factors may play a role in governing
movements (e.g., reproduction) and these will be considered
here as appropriate, but the movements of the tagged whales
will be interpreted largely in the context of feeding and the
physical and biological oceanographic processes that make
prey available to right whales.

Results

Thirty-five right whales were equipped with satellite-
monitored radio tags in Grand Manan Basin of the lower
Bay of Fundy during the summer or early fall seasons of
1989-1991 and 2000 (Fig. 1). Eighteen whales were tracked
for 6 days or more (Table 1) and locations for these animals
were acquired, on average, 2.1 times-day~! for 20.5 days in
1989-1991 and 0.9 times-day™' for 43.2 days in 2000. These
location-acquisition rates varied because programmed trans-
mission rates were reduced in 2000 to conserve battery
power. Only the 18 whales shown in Table 1 were used in
the analyses. This sample size precluded an investigation of
habitat differences among sex, age, and reproductive classes.
One of the whales (23 039 in 2000, New England Aquarium
ID No. 2320) migrated from the northern feeding grounds in
mid-November to the only known wintering area off the
Florida—Georgia coast in the USA. The migration portion of
this whale’s track was omitted from the analysis, since we
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Fig. 2. Argos-acquired locations for all tagged right whales (Eubalaena glacialis). Because of the large number of locations in the
lower Bay of Fundy, locations there are indicated as solid circles. All locations for an individual animal outside the Bay of Fundy are
denoted by the same letter. Summary data for each animal are included in Table 1. The 91-m (50 fathom) isobath and the features

from Fig. 1 are shown.
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are concerned here only with habitat use on the northern
feeding grounds. When the tagged right whales left the Bay
of Fundy, they moved extensively throughout the Gulf of
Maine, western Scotian Shelf, northern mid-Atlantic Bight,
and on the continental slope at an average speed of
79 km-day™! (Fig. 2).

During 1989-1991, only 16% of all acquired locations (71
of 454, p, = 0.060) occurred in the lower Bay of Fundy (Ta-
ble 2). In contrast, 70% of all locations (203 of 292, p, =
0.0008) acquired in 2000 occurred in the lower Bay of
Fundy (Table 2). To examine whether these differences were
an artifact of the tag-deployment times (late August through
mid-October in 1989-1991 and early July through early Au-
gust in 2000), we conducted one-tailed Monte Carlo tests on
the biweekly occurrence of locations and individuals in the
Bay of Fundy (Table 3). These tests demonstrate that from
late August to mid October, significantly more locations and
individuals occurred in the Bay of Fundy during 2000 than
expected. During the same period in 1989-1991, the ob-
served number of locations in the Bay of Fundy was consis-

tently less than the mean of the sampling distribution. Be-
cause right whales exhibited such strong selection for the
lower Bay of Fundy in 2000, the simulation data set for
track segments outside the Bay was used for all subsequent
analyses.

The number of locations in the deep basins of the Gulf of
Maine and Scotian Shelf for all years was quite low (37; Ta-
ble 3) and there was some suggestive but inconclusive evi-
dence that the tagged whales that moved out of the Bay of
Fundy actually avoided these deep basins (p, = 0.093). The
observed numbers of locations in the Fundian Channel (5)
and Jordan Basin (19) were much lower than the mean of
the sampling distribution (Table 4), though these results
were not significant (p, = 0.065 and p, = 0.21, respectively).
More of the tagged right whales (7 individuals) visited the
banks of the southwestern Scotian Shelf than expected (p, =
0.0012), but only 4.5% of the locations outside the Bay of
Fundy were found on these banks (22 of 491, p, = 0.073).
Interpretation of the tagged right whales’ use of Roseway
Basin depended on the definition of where this basin is actu-
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Table 2. Two-tailed Monte Carlo test results for the number (n) of locations or individuals that occurred in the Bay of Fundy.
1989-1991 2000 All years
Locations Individuals  Locations Individuals Locations Individuals
(n, = 454) (n,=9) (n, = 292) (n, = 9) (n, = 746) (n, = 18)
n n n 0 n 0 n u n u n n
Bay of Fundy 71 147.9 9 9.0 2()3 %% 71.0 9 9.0 274 218.9 18 18.0
Inside Grand Manan Basin 47 40.9 9 8.7 126%%%* 24.4 9 9.0 173%%* 65.3 18 17.7
Outside Grand Manan Basin 24%% 107.0 7 7.9 77 46.7 9 6.8 101 153.6 16 14.7

Note: L is the mean number of locations or individuals in the Bay of Fundy from the sampling distribution, and n, is the total number of locations or

individuals. **, 0.01 > p = 0.001; ***, p < 0.001.

Table 3. Results of one-tailed Monte Carlo tests of resource selection for the number (1) of locations
or individuals that occurred in the Bay of Fundy during 2-week intervals.

1989-1991 2000
Locations Individuals Locations Individuals
n 0 n n n 0 n 0
1-15 July 6 5.3 2 2.0
15-29 July 2 0.5 1 0.2
29 July — 12 Aug. 11 3.1 3 2.2
12-26 Aug. 10 9.8 3 3.0 75% 40.4 7 6.3
26 Aug. — 9 Sept. 39 60.3 4 3.9 44%* 15.7 6F* 3.2
9-23 Sept. 3 25.1 1 1.7 33k 3.8 Jsk 0.8
23 Sept. — 7 Oct. 13 23.9 4 3.5 20%3* 1.5 Q% 0.2
7-21 Oct. 6 19.6 2 1.9 12%%3% 0.5 2k 0.1
21 Oct. — 4 Nov. 0 8.9 0 0.7 0 0.1 0 0.0
4-18 Nov. 0 0.2 0 0.1 0 0.0 0 0.0

Note: p is the mean number of locations or individuals from the sampling distribution. *, 0.05 > p = 0.01; **, 0.01 >

p 2 0.001; *** p < 0.001.

ally located. No more locations or individuals were found in
the basin area bounded by the 130-m isobath than expected
(region 8 in Fig. 1); however, significantly more locations
(42, p, = 0.041) were found in the high-use area described
by Mitchell et al. (1986) as Roseway Basin (region 16 in
Fig. 1). More individuals (4) visited this area in 1989-1991
than expected (p, = 0.040) and more locations (12) occurred
here in 2000 than expected (p, = 0.035). The locations ac-
quired in 2000 were, however, from a single animal. The
area around Jefferys Ledge, bounded to the south by
42°35’N, to the north by 43°20’N, to the east by 69°50’W,
and to the west by the coast (after Weinrich et al. 2000), had
more locations (32, p, = 0.044) and individuals (3, p, =
0.024) than expected in 1989-1991, but there was no evi-
dence that this area was frequented or avoided in 2000.
Nantucket Shoals was visited by three individuals (p, =
0.023) and more locations were acquired than expected (18,
p> = 0.025); however, 16 of the 18 locations were from a
single animal.

Significant concentrations of locations or individuals oc-
curred in the western Gulf of Maine (north and west of
Wilkinson Basin), on the southwestern Scotian Shelf, over
Nantucket Shoals, in the northern mid-Atlantic Bight, and
over the continental slope in the northwest Atlantic Ocean
(Fig. 3). The latter three areas, however, were each predomi-
nantly occupied by only one animal (Fig. 2). The large num-
ber of locations between the mouth of the Bay of Fundy and
Jordan Basin was not significantly higher than expected and

appeared to be the result of the tagged animals using this re-
gion as a corridor when leaving from and returning to the
Bay.

Monte Carlo tests of the mean, standard deviation, skew-
ness, and kurtosis of the environmental variables suggest
that the tagged right whales’ distribution with respect to sur-
face salinity, surface stratification, bottom temperature, bot-
tom salinity, and SST gradient may differ from a random
distribution (Table 5). The mean surface salinity (p, =
0.0088) and bottom temperature (p, = 0.016) were lower
than expected, while the mean surface stratification (p, =
0.023) was higher than expected. The kurtosis of bottom sa-
linity, surface stratification, and SST gradient was different
than expected (p, = 0.024, p, = 0.024, and p, = 0.032, re-
spectively). Although depth was not found to be significant
for any of these statistics, the high mean depth (Table 5)
suggests confounding by the few individuals that moved off
the shelf into the very deep waters of the northwest Atlantic
Ocean (Fig. 2; Table 4). When the 48 points occurring in
this region were removed from the analysis, all of the ob-
served statistics for depth became highly significant (mean: 0
= 123.0, u = 312.7, p, = 0.0032; standard deviation: 0 =
53.5, u = 658.0, p, = 0.0002; skewness: 6 = —-0.03, u = 5.49,
P> = 0.0024; kurtosis: 6 = —0.58, u = 40.48, p, = 0.0068).

The patterns of significant results for either locations or
individuals in the univariate frequency histograms (shown as
probability density functions in Fig. 4) suggest that the
tagged whales’ distributions with respect to surface salinity,
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Table 4. Results of two-tailed Monte Carlo tests of the number (n) of locations or individuals that occurred in regions outside the Bay

of Fundy.
1989-1991 2000 All years
Locations Individuals Locations Individuals Locations Individuals
(n, = 391) (n,=17) (n, = 100) (n,=17) (n, = 491) (n, = 14)
n u n u n u n u n u n n
Deep basins 26 56.1 5 5.4 11 15.6 3 3.7 37 71.6 8 9.1
Wilkinson Basin 9 53 3 1.0 0 1.7¢ 0 0.9¢ 9 7.0 3 1.9
Jordan Basin 13 30.3 4 4.7 6 7.4 2 2.8 19 37.8 6 7.5
Fundian Channel? 1 19.3 1 2.9 4 6.1 2 2.3 5 25.4 3 5.2
La Have Basin 3 0.8 1 0.2 0 0.2¢ 0 0.14 3 1.0 1 0.3
Emerald Basin 0 0.4¢ 0 0.1¢ 1 0.1 1 0.1 1 0.5 1 0.2
Scotian Shelf Banks 18 53 4% 1.4 4 1.5 3% 0.8 22 6.8 T 2.2
Browns Bank 4 3.8 2 1.1 2 1.1 2 0.6 6 4.9 4 1.8
Roseway Bank 0 0.3¢ 0 0.2¢ 1 0.1 1 0.1 1 0.4 1 0.2
Baccaro Bank 6 0.7 3wk 0.3 0 0.2¢ 0 0.1¢ 6 0.9 3% 0.4
La Have Bank 8% 0.4 2% 0.2 1 0.1 1 0.1 9 0.6 Jeesk 0.3
Roseway Basin® 10 2.2 2 0.7 2 0.6 1 0.4 12 2.8 3 1.0
Roseway Basin? 30 7.9 4 1.3 12% 2.0 1 0.9 42% 10.0 5 2.2
Jefterys Ledge 32% 3.5 3% 0.6 1 1.0 1 0.5 33 4.4 4% 1.1
Georges Bank 4 13.1¢ 1 1.6% 0 4.7¢ 0 1.7¢ 4 17.9 1 3.3
Nantucket Shoals 16* 1.0 1 0.2 2 0.5 2 0.3 18* 1.5 3% 0.6
Northwest Atlantic Ocean 47 20.2 3 1.9 1 10.5¢ 1 1.9¢ 48 30.7 4 3.8

Note: Results were obtained using observed and simulated track segments outside of the Bay of Fundy. p is the mean number of locations or individuals
in these regions from the sampling distribution, and #, is the total number of locations or individuals. *, 0.05 > p > 0.01; **, 0.01 > p > 0.001.
“p. (see Materials and methods) could not be assessed because more than 2.5% of the values in the sampling distribution were zero.

’Includes Georges Basin and the Northeast Channel.
‘Area enclosed by the 130-m isobath (region 8 of Fig. 1).

“High-use area observed in Blanford whaling records (Mitchell et al. 1986) (region 16 of Fig. 1).

surface stratification, bottom temperature, bottom salinity,
and depth were indeed different than expected. The number
of locations or individuals outside the Bay of Fundy was
significantly greater than expected in waters of low surface
salinity (Fig. 4c) and high surface stratification (Fig. 4g).
The lowest two frequency histogram bins for surface salinity
contained 29% of all locations (142 of 491), whereas the
highest two bins for surface stratification contained 27% of
all locations (134 of 491). Since surface salinity and surface
stratification are correlated in the data, it is not surprising
that the same subset of locations contributed to the signifi-
cance of both of these variables. Significantly more loca-
tions or individuals were found in waters with low bottom
temperatures (Fig. 4f) and the lowest two frequency histo-
gram bins for this variable contained 25% of all locations
(125 of 491). The pattern of significant results for bottom
salinity is less coherent (Fig. 4¢); however, it is worth noting
that 37% of locations found inside the Bay of Fundy (102 of
274) fell within the range 33.21-33.39 psu (bins 2 and 3 in
Fig. 4e). The number of locations or individuals in waters of
133-165 m depth (bins 2—4 in Fig. 4a) was also significantly
greater than expected and 24% of locations inside the Bay of
Fundy (66 of 274) were found in this depth range. Finally,
there was no evidence to suggest that the tagged right
whales occurred more frequently at higher climatological
front probabilities (Fig. 4j), SST gradients (Fig. 4k), or sur-
face chlorophyll gradients (Fig. 4/).

The results of the Monte Carlo tests for the bivariate fre-
quency histogram of bottom temperature and bottom salinity

(Fig. 5a) suggest that particular bottom water properties
were selected by the tagged right whales. Significantly more
locations were found in the warmest and freshest waters, but
all of these locations were from the single animal that vis-
ited Nantucket Shoals. Several of the bins found in cool and
moderately fresh bottom waters had more locations and indi-
viduals than expected. In total, 30% of all locations outside
the Bay of Fundy were found in bottom waters of less than
6 °C and 33.75 psu (131, py = 0.0005) and more individuals
were found in these bottom waters than expected (9, py =
0.022). This bottom water mass was also characterized by
low surface salinities, high surface stratification, and depths
between 75 and 175 m (Fig. 5b). In contrast, bottom waters
above 6 °C and lower than 33.75 psu were characterized by
high surface salinities, low surface stratification, and shal-
lower depths (between 25 and 150 m). The deep basins had
bottom waters above 6 °C and 33.75 psu and were character-
ized by greater depths and bimodal distributions of surface
salinity and surface stratification. These bimodal distribu-
tions indicate the lower surface salinities and higher surface
stratification over the deep basins of the Scotian Shelf (Em-
erald and La Have basins) and the high surface salinities and
lower surface stratification over the deep basins of the Gulf
of Maine (Wilkinson and Jordan basins and the Fundian
Channel). Bottom waters below 6 °C and 33.75 psu occur in
the western Gulf of Maine to the north and west of
Wilkinson Basin, in the South Channel Ocean Productivity
Experiment (SCOPEX) gyre, on the southwestern Scotian
Shelf, and along the southern coast of Nova Scotia (Fig. 6).
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Fig. 3. Distribution of Argos-acquired locations outside the Bay of Fundy (shaded circles) and the results of one-tailed Monte Carlo
tests of resource selection for the corresponding spatial-frequency histogram. Boxes indicate two-dimensional bins in which Monte
Carlo tests were conducted. A significant number of locations and (or) individuals (py < 0.05) were found in bins labeled with num-
bers. The label “1” indicates that only one individual occurred in the bin, but the number of locations was significantly higher than ex-
pected (py < 0.05). The observed number (n) of locations or individuals and the mean number (1) of locations or individuals in the

sampling distribution for all other labeled bins are shown in the inset table (*, 0.05 > p > 0.01; **, 0.01 > p = 0.001; ***, p < 0.001).
The 91-m (50 fathom) and 200-m isobaths are shown.
74°W 72 70 68 66 64 62°W
Locations Indg}riduals
Bin n u n [
2 5 0.9 2% 043
5 3 20~ 3.9 4% 1.3 5
46N 4 21% 2.7 3 0.9 46N
5 4 1.7 3* 0.6
6 6% 0.6 2* 0.2
7 24+* 3.2 3 1.0
8 9* 0.7 2% 0.4
45 9 —33F%*—7+5 5 2.4 45
10 21%* 1.1 0.4
11 4 1.0 0.4
12 15%* 2.0 0.7
13 5 1.1 0.4
44 44
9 43 43
=
©
1
42 42
41 41
40 40
39°N F 39°N

74"W 72 70

68

66 64 62"W

Longitude

The areas that the tagged right whales visited more than ex-
pected (Fig. 3) correspond well to the spatial extent of these
bottom waters.

Discussion

Upon exiting the lower Bay of Fundy, the tagged right
whales moved extensively about the Gulf of Maine, Scotian
Shelf, northern mid-Atlantic Bight, and the continental
slope. Moving at an average speed of 79 km-day', right
whales could circumnavigate the entire Gulf of Maine (in-
cluding a visit to Roseway Basin) and return to the Bay of
Fundy in only 15 days. Individual movements were highly
variable and no other area or oceanographic regime was used
as much as the lower Bay of Fundy. Of the 14 tagged ani-
mals that left the Bay of Fundy, 50% returned to it before

the tag stopped transmitting. Right whales have been ob-
served during the summer and fall in some of the other areas
frequently visited by the tagged animals, including the
southwestern Scotian Shelf (Mitchell et al. 1986; Stone et al.
1988; CETAP 1982), the SCOPEX gyre (CETAP 1982), and
the western Gulf of Maine (CETAP 1982; Payne et al. 1990;
Weinrich et al. 2000).

The high site fidelity exhibited by tagged right whales in
Grand Manan Basin in 2000 might suggest that food re-
sources were abundant in that year compared with 1989—
1991. In the summer and early fall of 1989, Woodley and
Gaskin (1996) reported late-stage C. finmarchicus abun-
dances of 1128 + 637 copepods-m™ (mean + standard devia-
tion) from 12 vertical tows near right whales in the basin. A
single right whale was tagged in the same year and it left the
Bay of Fundy soon after tagging and did not return during
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Table 5. Results of two-tailed Monte Carlo tests of the observed mean, standard deviation, skewness, and kurtosis (0) of each environ-

mental variable.

Mean Standard deviation Skewness Kurtosis

0 n 0 n 0 0 0 0
Depth (m) 452.9 299.7 1099.1 632.6 3.27 5.73 9.32 44.14
Depth gradient (m-km™) 8.18 7.37 13.94 9.72 8.86 6.55 108.23 64.14
Surface temperature (°C) 14.10 13.53 2.74 2.47 0.14 0.66 -0.57 0.36
Surface salinity (psu) 31.94%* 32.18 0.54 0.41 0.29 0.41 1.20 6.54
Bottom temperature (°C) 6.93%* 7.56 2.09 1.56 1.74 0.84 6.31 3.52
Bottom salinity (psu) 33.33 33.37 0.79 0.87 0.23 0.04 -0.29* -0.87
Surface stratification (kg-m™) 1.72% 1.36 0.92 0.78 -0.01 0.28 —1.29%* -0.78
Remotely sensed SST (°C)* 14.43 13.48 3.33 2.40 0.71 0.89 -0.10 1.51
Surface chlorophyll concn. (mg-m=)” 2.60 2.67 2.16 2.55 3.28 2.80 14.22 10.29
Front probability 0.02 0.02 0.02 0.02 1.13 1.10 1.32 1.47
SST gradient (°C-km™")* 0.14 0.14 0.06 0.06 1.10 1.68 0.51* 4.59
Chlorophyll gradient (mg-m~-km™")” 0.35 0.33 0.53 0.56 3.87 4.21 18.07 20.42

Note: Results were obtained using only observed and simulated track segments outside the Bay of Fundy for all years. i is the mean statistic from the
sampling distribution. SST, sea-surface temperature; psu, practical salinity units. *, 0.05 > p > 0.01; **, 0.01 > p > 0.001; ***, p < 0.001.

“1989-1991 data only.
2000 data only.

the 21 days it was tracked. In 2000, Baumgartner et al.
(2003a) observed late-stage C. finmarchicus abundances of
only 457 + 74 copepods-m™ in Grand Manan Basin from
three oblique bongo tows near right whales on long dives (a
typical characteristic of feeding activity in this area). These
low abundances were corroborated with numerous independ-
ent optical plankton counter (Herman 1988, 1992) measure-
ments (Baumgartner et al. 2003a). The C. finmarchicus
abundances in 2000 represented a minimum in 3 years of
zooplankton monitoring near right whales in Grand Manan
Basin from 1999 to 2001 (Baumgartner et al. 2003a). Al-
though extreme caution is warranted when attempting to
characterize zooplankton abundance for an entire season
with only a few plankton samples, the available data tenu-
ously suggest that right whales remain in Grand Manan Ba-
sin for reasons other than feeding. Social and sexual activity
is common in the Bay (Kraus and Hatch 2001), therefore it
is possible that right whales remain in the Bay for breeding
opportunities even when food resources are low.

There was no evidence to support the hypothesis that right
whales used the deep basins of the Gulf of Maine and the
Scotian Shelf (H1). Moreover, there was suggestive but in-
conclusive evidence that they actually avoided these basins.
Sameoto and Herman (1990) and Herman et al. (1991) re-
ported very high abundances of late-stage C. finmarchicus
below 200 m in the basins of the Scotian Shelf (up to 20 000
copepods'm™). Meise and O’Reilly (1996) demonstrated
that the 10-year average total water column abundance of
late-stage C. finmarchicus in the upper 200 m reaches a re-
gional and annual maximum in the central Gulf of Maine in
the summer and fall. Modeling results obtained by Lynch et
al. (1998) suggest that high abundances of C. finmarchicus
exist below 200 m in the Gulf of Maine basins. In light of
these studies, it is somewhat surprising that right whales do
not visit these basins more often. The basins have average
depths of 210-250 m, which is 40%—-67% greater than the
average depth in the Bay of Fundy or in Roseway Basin
(150 m). It is plausible that the deepest portions of the bas-
ins are inaccessible to right whales; however, we have ob-

served right whales tagged with time—depth recorders diving
to depths of 200 m in Grand Manan Basin (Baumgartner and
Mate 2003). Furthermore, the satellite-monitored radio tag
deployed in 1989 was equipped with a pressure sensor, and
the maximum dive depth for the single whale on which it
was used was between 272 and 306 m in Wilkinson Basin.
Based on these observations, we think it is unlikely that
right whales have diving limitations that would prevent them
from exploiting C. finmarchicus concentrations below
200 m. Although right whales may be physiologically capa-
ble of reaching discrete layers of C. finmarchicus at these
depths, they may still avoid foraging on these layers. For-
aging at deeper depths affords less feeding time, and thus
less energetic benefit per dive, than foraging at shallower
depths (Baumgartner et al. 2003a).

Prey concentrations that are ecologically meaningful to
right whales are difficult to measure at depth with plankton
nets. The vertically integrated tows upon which the Meise
and O’Reilly (1996) climatology is based can only provide
an average water-column abundance of C. finmarchicus.
This average abundance grossly underestimates the concen-
tration of prey actually available to a right whale because the
whales seek out and feed on prey that are distributed verti-
cally in discrete layers (Baumgartner and Mate 2003). So
despite the high total water-column abundances present in
the Gulf of Maine basins, our results suggest that discrete,
high concentrations of late-stage C. finmarchicus may not
exist there. This is in contrast to the prediction of Lynch et
al. (1998) that high concentrations of resting C. finmarchicus
must exist below 200 m in these basins during the fall to ex-
plain the springtime distribution of younger stages of
C. finmarchicus. We sampled Jordan and Wilkinson basins
in the summer of 2001 with a vertically profiled optical
plankton counter and did not observe any discrete, high con-
centration layers of C. finmarchicus below 200 m (M.F.
Baumgartner, unpublished data). These layers were, how-
ever, readily observable at mid-depth near foraging right
whales in Grand Manan Basin with the same instrument
(Baumgartner and Mate 2003). The high concentrations ob-

© 2005 NRC Canada



537

Baumgartner and Mate

(n,) @inesadwa) wopog

¢l 0l 8 9 14 Z 0 -
L 1 1 1 1 1 1 J
[}
4
T ev +8  z'61 xx18 2 i
6°€ wx8 681 117 1
" u " u urg
STEeNpPTATPUT SUOT3BD0T A..—v
T T T T T T
(nsd) Ajuijes aoepng
129 €e (4% LE 0g 62
L 1 1 1 1 J
1 s 8 161 %29 z @
b xx6 1°61  x08 1
3 u " u utg
STeNnpTATPUT SUOT3ED0T AOV
T T T T

00

A

¥0

90

80

00

Ggo

0l

Gl

0¢C

gec

,-(D.) ‘uonouny Aysuap Anjqeqold

,-(nsd) *uonouny Aysuap Aljiqeqold

(nsd) Anuiies wonog

9¢ Ge e €¢ ze Le
L 1 1 1 1 J
-1 z°9 x6 T°61 ET 4 -
0oL 8 9781 %82 €
96 0T 86T *T€ 4
S*L  xx1T T°61 8¢ T
" u w u utg
STenprTATpuUl SUOT3B20T Amv
T T T T
(,.w-w) weipesb yideg
0z Gl ol S 0
L 1 1 1 J
3 89 =0T P et zz T E
of u o u utd
STenpTATpUI SuUoT31®ed07 Anv
T T T

00

S0

o't

Sl

€0

¥0

S0

L_(nsci) ‘uonouny Ausuap Ayjigeqold

,.(,_unj-w) ‘uonouny Aysuep Aungedoid

(D,) 2inyeiadwa)l 8oeung

¢2 02 8L 9L ¥L 21 O 8
E F 00
3 L0
E t 20
E b t €0
1 e 8 T°61  *8¢ z L 50
1'9  «6 L8t ze T
w u " u utg
STENPTATPUIL SUOT3IED0T AUV S0
(w) ydeq
00€ 0SZ 002 0SL 00 0S 0
T ﬁ 0000
i L G000
€
¥ ¢ .
d vr L 86T xxBE ¥ L 0100
6L [1}8 €02 xxxTFH €
L *0T 8°6T %4 4
L'l «TT 202  »I€ T
W u W u utg
STEeNpPTATPUTL SUOT3BD0T Amv 5100

,-(.) ‘uonouny Aysuap Ayjigeqold

(W) ‘uonouny Ayisusp Aljigeqoid

"‘A[uo 0007 woiy a1e syualpess [[AydoIo[yo pue suonenuaduod [[Aydolo[yo 20ejins pue A[Uo [661—6861 WOIJ I8 sjudipeis [SS pue
(LSS) sarnjeroduwe) 90BLINS-BAS 9[qR) J1ASUI 2U) UI UMOUS I8 sulq Juedljiudis [[e 10 uonnquisip Surjdwes oy) ur s[enpIAIpul 1o sUONBI0[ Jo (1) IJoquinu Ueaul dY} pue S[ENPIAIPUL
10 SuUONedO[ JO (4) JIqUINU PIAISSO AU, “PUNOJ AIdM SI[NSAI JUBDHIUSIS YOIYM I0J SUIq oY) Aoudp s[erownu oy ], ‘A[oansadsar «(go g > d) paroadxs uey) uiq oyl Ul s[enprarpul
IO SUOIEBOO[ JO Joquinu IAYSTY A[IUBDIITUSIS B $9JBIIPUT JYSILI 9Y) 0] UMOP IO 1J9[ Y} 0} UMOp SUIydIey "AIeA S9zIs ulq-Aouanbaly oy asnedoq uonezI[ensiA )BIIIOL] 0) SUONOUNy
Ansuap Apiqeqord 01 PAlIoAu0d uadq dAey sweadoisty Aouanbary oy, sweiSoisty Aouonbary 9)eLIRATUN O] UOTIOI[AS 9IINOSAI JO §159) O[IR)) AUOIN PI[IRI-UO JO SINSAY “§ S

© 2005 NRC Canada



Can. J. Fish. Aquat. Sci. Vol. 62, 2005

538

AF-EV_.n.E.mEv waipelb jjAydoiojyo aseung

ol 80 90 0 ¢0

9 —_—
4

3

1°1 *E S°1 € z

T°T  =xb s'1 14 T

" u W u urg
STeNPTATPUI SUOT3E20T

— T T T

An.E.mEv |IAydoiojyo aoepng
ol 8 9 4 4

I
T € T *x9 T
" u i u utg
STenpTATPUT SuoT3e00T

00
ro
s
L o1

] st
0
00
L 50
Lol

(ORI

l_(L_LU>|-9_Lu-5LU) ‘uonouny Aususp Aljigeqoid

l_(E_Buj-ﬁu.l) ‘uonouny Ausuap Alljigeqoid

(,.wx-0,) eipeIb 1SS

0 €0 c0 1’0 00
] [ o
] LS
] [ 0L
] L L Gl
] [ 0¢
1 v s 9°1T 6T 1 [ G¢
" u " u urg
STEeNPTATPUI  SUOT3ROOT AV_V oc
TrrrTrTrTT T T T T T T T T T T T T T T T T T T e T T T
(D0) 1SS

0oe S¢ 0z SIL 0l S 0

| r 00
4
4 L ¢0
I "

i L ¥'0

9°Z *S §°C1 1T 4

z°€ 12 P'CT  =x2fE T

" u W u utg
STenpTATPUT suoT31e007 Asv 90
T T T T T

.-(,.w}-0,) ‘uonouny Ausuap Aljiqeqold

,-(0.) ‘uonouny Aysusp Anjigeqoid

Aunaeqoid juoiy

0L'0 800 90 #00O <200 000
] 0
J L 02
J L OF
NF
J L 09
g'9 8 861 *EE z
L 6 6°61 *1€ 1
" u " u utg
STenpPTATPUI SUOT3IRD0T A_.v 08
AL AL B B B
Am.E.mv_v uoneoliiens adeuns
S 14 € s 3 0 -
] [ 00
J L 20
| L 70
i L 90
§*'¥% L 9°62 *98 14
6'F *8 T°61 *8¥ €
] €9  x6 z'61 81 z | 80
"L =0T Z°61 St T
i u o u utg
STENPTATPUI SUOT3IBD0T Amwv O.F

‘(papnjouod) ¢

uonouny Aususp Apjigeqold

l_(E_uu~6>|) ‘uonouny Aysusp Aljigeqo.d

814

© 2005 NRC Canada



Baumgartner and Mate 539

Fig. 5. (a) Distribution of bottom salinity and temperature at Argos-acquired locations (shaded circles) and results of one-tailed Monte
Carlo tests of resource selection for the corresponding bivariate frequency histogram. Boxes indicate two-dimensional bins in which
Monte Carlo tests were conducted. Numerals denote bins in which a significant number of locations and (or) individuals (py < 0.05)
were found. The label “1” indicates that only one individual occurred in the bin, but the number of locations was significantly higher
than expected (py < 0.05). The observed number (1) of locations or individuals and the mean number (L) of locations or individuals in
the sampling distribution for all other labeled bins are shown in the inset table. (b) Distribution of bottom salinity and temperature at
the same locations as in a with percent-frequency histograms of surface salinity (SSAL), surface stratification (STRAT), and depth
(DEP) for locations in quadrants defined by bottom temperature (BT) < 6 °C and bottom salinity (BS) < 33.75 practical salinity units
(psu) (lower left), BT =26 °C and BS < 33.75 psu (upper left), and BT = 6 °C and BS 2> 33.75 psu (upper right).
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Fig. 6. Map of areas with bottom temperature less than 6 °C and bottom salinity less than 33.75 psu (cross-hatched). Shaded circles
indicate Argos-acquired locations outside the Bay of Fundy. The 91-m (50 fathom) and 200-m isobaths are also shown.
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served by Sameoto and Herman (1990) and Herman et al.
(1991) in the deep basins of the Scotian Shelf would cer-
tainly be attractive to right whales, but the paucity of Argos
locations acquired there suggests that these concentrations
may not be present every year.

There was no evidence to support the hypothesis that right
whales associate with oceanic fronts or visit areas that are
climatologically rich in fronts (H2). Despite the presence of
a strong tidal mixing front along the western margin of
Grand Manan Basin, Murison and Gaskin (1989) and Woodley
and Gaskin (1996) found that right whales occupied the cen-
tral basin, well away from this front. Brown and Winn
(1989) observed that right whales were nearly always on the
stratified side of a persistent tidal mixing front in the Great
South Channel during the spring, but were a median 11.4 km
away from it. Wishner et al. (1995) found dense concentra-
tions of C. finmarchicus at the leading edge of a low-salinity
plume during the 2 years of the SCOPEX study in the Great
South Channel (Kenney and Wishner 1995), but Beardsley et
al. (1996) found no evidence of a physical concentrating
mechanism near a right whale feeding on very large aggre-
gations of C. finmarchicus during that study. Baumgartner et
al. (2003a) found no evidence of an association between
right whale occurrence and oceanic fronts in the lower Bay
of Fundy, but they did find evidence of such an association
in Roseway Basin. While it is possible that fronts may ag-

gregate prey in particular regions, our results suggest that
oceanic fronts are not a common feature of right whale habitat.

There was no evidence to support the hypothesis that right
whales frequent areas with high surface chlorophyll concen-
trations (H3). This is not particularly surprising when con-
sidered in the context of C. finmarchicus life history. When
C. finmarchicus reach stage C5, they typically undertake an
ontogenetic vertical migration to depth, where they enter a
resting state (termed diapause) (Hirche 1996). Calanus
finmarchicus C5 do not feed during diapause, relying on
their considerable lipid reserves to support metabolism
(although see Durbin et al. 1995). Female C. finmarchicus
spawn the year’s first generation (G1) of copepods in mid-
winter, which matures in early spring (Durbin et al. 1997,
2000). While some C. finmarchicus C5 enter diapause at this
time, others remain at the surface to become the progenitors
of the next generation of copepods (G2). The G2 generation
reaches stage 4 or 5 by late spring or early summer. Some
G2 animals may remain at the surface to spawn a third gen-
eration (G3), but the bulk of the C. finmarchicus population
can be found at depth as C5 by summer. Baumgartner and
Mate (2003) observed right whales foraging on deep layers
of C. finmarchicus C5 in the lower Bay of Fundy and
Roseway Basin during the summer. Moreover, diel vertical
migration studies of C. finmarchicus in the lower Bay of
Fundy carried out at that time indicate that the animals in
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these layers have empty guts and do not migrate to the sur-
face (Baumgartner et al. 2003b). Since phytoplankton abun-
dance is irrelevant to nonfeeding C. finmarchicus C5 in
diapause during the summer and early fall, right whale dis-
tribution is accordingly unrelated to surface chlorophyll con-
centration.

The tagged right whales’ preference for waters with low
bottom temperatures suggests that these conditions may
improve feeding opportunities by promoting higher C. fin-
marchicus abundance or better quality food. Oceanic popula-
tions of C. finmarchicus typically migrate to several hundred
metres depth (Miller et al. 1991), where the ambient temper-
ature is typically only a few degrees Celsius. Continental-
shelf populations, however, do not have access to such great
depths and low temperatures. The lipid reserves upon which
C. finmarchicus rely to survive starvation during diapause
are depleted faster at higher temperatures because metabolic
rates in resting stocks increase with temperature (Hirche 1983).
The lower bottom temperatures found in the areas visited by
the tagged right whales, therefore, may promote higher
abundances by improving C. finmarchicus survivorship rela-
tive to the warmer bottom waters of the deep basins or the
coastal environment. Meise and O’Reilly (1996) demon-
strated that average water-column abundance of late-stage
C. finmarchicus was negatively correlated with average
water-column temperature in the summer and fall, suggest-
ing that, indeed, lower temperatures improve survivorship of
resting stocks. Sameoto and Herman (1990) reported a large
decrease in Emerald Basin Calanus spp. over the winter and
they raised the possibility (among others) that copepods
could not survive diapause in the 8.5-10 °C waters at depth.
For copepods that migrate to depth at the same time in the
early summer, lipid reserves (and therefore energetic con-
tent) will be higher during the summer and fall in those ani-
mals that descend to colder waters. Therefore, right whales
foraging in waters with lower bottom temperatures may also
encounter higher quality food relative to what is available in
waters with higher bottom temperatures.

The tagged whales visited areas with depths of roughly
150 m more frequently than expected. These areas can be
characterized as shallow basins. The structure, hydrography,
and physical processes of these basins may improve the
availability, quality, and aggregation of C. finmarchicus, re-
spectively, for foraging right whales. Shoal layers of prey
allow longer feeding times for right whales relative to deeper
layers and thus are more energetically favorable (Baumgartner
et al. 2003a). In contrast to deeper basins, the shoal depths
of shallow basins guarantee shoal layers of prey. While the
bottom waters of deeper basins are warm because of slope
water intrusions, lower temperatures prevail near the bottom
of shallow basins. As discussed above, these conditions may
improve survivorship and reduce oil depletion in resting
C. finmarchicus, so prey abundance and quality may be en-
hanced in shallow basins. Strong tidal currents in the Gulf of
Maine and Scotian Shelf act on the sea floor to generate tur-
bulence and a well-mixed bottom layer. Baumgartner and
Mate (2003) consistently found C. finmarchicus C5 in dis-
crete layers just above this bottom mixed layer near feeding
right whales in the lower Bay of Fundy and Roseway Basin.
Unlike in very shallow regions, where the surface and bot-
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tom mixed layers interact and copepods may become uni-
formly distributed (e.g., Georges Bank, Nantucket Shoals),
resting stocks of C. finmarchicus in shallow basins may be
vertically aggregated between surface and bottom mixed lay-
ers. The tide also produces cyclonic circulation over shallow
basins via tidal rectification, which, if sufficiently strong,
may horizontally aggregate and retain C. finmarchicus as
well. Tidal rectification generates a cyclonic gyre over
Grand Manan Basin (Lynch et al. 1996) in which Woodley
and Gaskin (1996) and Baumgartner et al. (2003a) suggest
that late-stage C. finmarchicus are aggregated and made
available to foraging right whales.

The spatial and temporal scales of the present study (hun-
dreds of kilometres, tens of days) would be impossible to
study using ship-based or aerial surveys. Even if these meth-
ods were viable, the rarity of right whale sightings over
these spatial scales would make habitat analyses futile. Ra-
dio tracking provides direct observations of resource selec-
tion and is therefore a useful tool for studying right whale
habitat at these larger spatial scales. Considering the large
volume of tracking data for marine vertebrates collected to
date, improving the statistical methods to analyze satellite-
acquired locations and associated environmental data is a
particularly fruitful avenue of research. With approaches
such as those presented here, much can be learned about ma-
rine habitats with data already in hand.
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