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1.  INTRODUCTION

The North Atlantic right whale Eubalaena glacialis
(hereafter right whale) is a Critically Endangered
species. The right whale population has had a declin-
ing trend since 2010 and as of 2019, fewer than 400
individuals are estimated to remain alive (Pace et al.
2017, Cooke 2020). This severe population decline is
linked to changes in prey concentration, low repro-
ductive rate and in creased mortality from interac-
tions with human activities (Caswell et al. 1999,
Corkeron et al. 2018, Meyer-Gutbrod & Greene

2018). The main anthropo genic threats to right whale
survival are vessel strike and entanglement in com-
mercial fishing gear (Kraus et al. 2005, Kenney 2018).
Interactions with fishing gear have left visible scars
on over 80% of the cataloged individuals in the pop-
ulation (Knowlton et al. 2012, Pettis et al. 2018), and
the highest per capita rate of vessel strike among
baleen whale species has been reported in right
whales (Laist et al. 2001). Between 2003 and 2018, 70
right whale mortalities were documented throughout
the range of the species. Of the 43 cases for which
cause of death was de termined, 58% were due to
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cantly deeper maximum dive depths (12.1 m) than lactating females (7.3 m) and spent more time
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fore, these dive data are useful to justify seasonal closures of fishing activity on the calving ground
to protect both lactating and non-lactating whales. Opportunistic comparisons revealed that diel
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entanglement and 42% were due to vessel strike
(Sharp et al. 2019). Adult females and dependent
male calves are disproportionately represented in
the vessel strike mortality data (van der Hoop et al.
2013), leading to the hypothesis that behavioral dif-
ferences of this important segment of the population
put them at increased risk of lethal interactions with
anthropogenic activities (Cusano et al. 2019).

To support effective management efforts to protect
right whales from entanglement and vessel strikes,
data on right whale dive and surface intervals af -
fecting water column usage are urgently needed. On
foraging grounds, prey distribution within the water
column is known to strongly influence dive depth of
right whales, leading to differences in potential risks
to individuals. For example, in Cape Cod Bay, USA,
right whales have been documented to swim and
feed just subsurface, where they are at increased risk
of collisions with vessels (Mayo & Marx 1990, Parks et
al. 2012, Baumgartner et al. 2017). In summer
months, right whales often spend increased time at
deeper depths while foraging, reducing the risk of
vessel collisions, but potentially increasing risk of en-
tanglement with bottom-associated fishing gear
(Baumgartner & Mate 2003, Baumgartner et al. 2017,
Hamilton & Kraus 2019). Differences in dive behavior
between mother−calf pairs and other age/sex classes
have been documented on foraging grounds. For in-
stance, right whale mother−calf pairs are more vul-
nerable to vessel strikes than other age/sex classes
due to longer surface intervals in the Bay of Fundy
(Baumgartner & Mate 2003). These changes in diving
behavior not only affect the risk from vessels and fish-
ing gear but can also impact the detectability of
whales from visual surveys. For example, the visual
detectability of right whales in Cape Cod Bay from
vessels is strongly affected by dive depth, with
surface skim-feeding whales easier to detect than
subsurface feeding whales (Parks et al. 2012, Ganley
et al. 2019).

Right whales migrate along the east coast of the
USA and Canada between higher latitude deep-
water feeding grounds and a lower latitude shallow-
water calving ground (Kraus et al. 2005). While right
whale dive behavior is generally associated with
prey distribution in the water column on the foraging
grounds (Baumgartner & Mate 2003, Parks et al.
2012, Baumgartner et al. 2017), less is known about
right whale dive behaviour during migration or on
the calving ground. Neither adult nor juvenile right
whales have been observed feeding and are pre-
sumed to fast during migration and while on the calv-
ing ground (Fortune et al. 2013) where the average

depth is only ~40 m, with peak right whale sightings
at depths between 10 and 20 m (Keller et al. 2012).
Despite the lack of observed feeding behavior and
shallow water depths, right whales still dive below
the surface on the calving ground.

Limited data on the dive behavior and surface in-
tervals of right whales on the calving ground have
been published (Hain et al. 1999). Currently, the only
details available on the subsurface dive behavior of
right whales on the calving ground come from 2 en-
tangled non-lactating individuals (van der Hoop et al.
2017). Both whales showed changes in dive be havior
to compensate for the increased drag and buoyancy
imposed by the fishing gear and the tele metry buoys
used to track animals (van der Hoop et al. 2014,
2017). When entangled, the whales glided for shorter
periods of time, exhibited shorter dives and more
variable fluke stroke amplitude than after they were
freed (van der Hoop et al. 2017). After being partially
disentangled, one of the whales took statistically
longer and deeper dives with the maximum depth of
most dives corresponding to the estimated sea floor
depth (van der Hoop et al. 2014). Due to the effects of
the entanglement and the sedatives administrated as
part of the disentanglement operations, dive behavior
of these individuals is unlikely to reflect the natural
behavior of the species, even after whales were par-
tially freed from gear.

The objective of our study was to describe the typ-
ical range of right whale dive behavior and surfacing
intervals on the calving ground. This information is
key to assess the de tection probabilities and to
design the most effective monitoring methods while
better assessing the risk of vessel strikes and entan-
glement for right whales based on their behavior on
the calving ground.

2.  MATERIALS AND METHODS

2.1.  Data collection

Digital acoustic recording tags (DTAG-2; Johnson
& Tyack 2003) were attached to right whales from
rigid-hull inflatable research vessels in January and
February of 2006, 2014, 2015 and 2016 on the South-
east USA (SEUS) calving ground. The tags were de -
ployed using a handheld 8.6 m long carbon-fiber pole
and were attached to the dorsal surface of right
whales via 4 silicone suction cups (60 mm diameter).
After tagging, opportunistic focal follows were con-
ducted to identify the behavioral state and events of
tagged whales or mother−calf pairs in which only the
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mother was tagged. Focal follows were conducted
while maintaining a minimum distance of 50 m be-
tween the ob servation platform and the focal animals
to minimize effects on behavior. Behavioral states in-
cluded traveling, resting, nursing or social behaviors
which were defined in detail by Cusano et al. (2019).
Tags were tracked for recovery after detachment
through radio tracking of a built-in VHF transmitter.
Individual identification for tagged animals was pro-
vided by the North Atlantic Right Whale Consortium
Photo-identification Database (NARWC 2019). The
reproductive state of individuals on the day of tagging
was determined as: lactating when adult females
were accompanied by a calf <1 yr old; pregnant when
individuals were unaccompanied adult females that
were subsequently sighted within 10 d accompanied
by a young calf (<1 yr); juveniles when whales were
estimated to be ≥1 and <9 yr, with no sightings with
calves before or during the calving season (NARWC
2019). For lactating females sighted on the calving
ground before giving birth, calf age (d) was estimated
based on the time elapsed between the last sighting
without a calf and the day of tag deployment as de-
scribed by Root-Gutteridge et al. (2018). Juveniles and
pregnant whales were grouped into a ‘non- lactating’
group for some analyses as indicated in Section 3.

The DTAG-2 polyethylene housing was 21 cm long
and 10.5 cm wide. Devices weighed 330 g in air and
were approximately 20 g buoyant in water. The
DTAG-2 contained hydrophones, 3-axis magneto -
meter, and accelerometer, temperature and pressure
sensors that were programmed to synchronously
record data. For this study, only non-acoustic sensor
data were used. These data were collected at a sam-
pling rate of 50 Hz. Post-processing included sensor
data decimation to 5 Hz and correction of tag orienta-
tion relative to the body frame of the whale using
MATLAB scripts (Johnson & Tyack 2003; animal
tags.org). Datasets generated during this study are
available at GitHub: https://github.com/Dombroski
Julia/Dombroskietal_ESR_RightWhaleDiveBehavior
SEUS.

Time−depth profiles of tagged whales (dive pro-
files) were generated from calibrated pressure data
with an accuracy of ±0.5 m. Dives were defined as
departures from the surface ≥3.5 m which corre-
sponds to the average diameter of adult female right
whales (Miller et al. 2012) plus the intrinsic error of
the pressure sensor. The time of tag detachment from
the whales was identified through inspection of both
the sensor and audio records. The first and last dives
in each record were disregarded from analysis to
minimize the effect of the tagging approach on be -

havior and to prevent including incomplete dives in
the analysis (Hooker et al. 2001, Nowacek et al.
2004). The pressure record was used to calculate per-
cent time spent at the surface (depths ≤3.5 m) and at
depth (depths >3.5 m). From the processed sensor
data, we generated pitch and roll (rotation angles
around the lateral and longitudinal axis, respec-
tively) and heading to infer the body orientation of
the tagged whale (Johnson & Tyack 2003).

2.2.  Dive behavior and activity level

To describe dive behavior, the following para meters
were extracted from dives using the MATLAB tag
analysis tools from animaltags.org: total dive duration,
surface interval, dive rate, maximum depth, bottom
time, descent rate, ascent rate and average ascent and
descent pitch. Total dive duration was calculated
based on total time from departure to return to the
surface. Surface interval was calculated as the time
between surfacing and the start of the subsequent
dive. Dive rate was calculated by dividing the dive
count by duration of deployment used in the analysis
(tag-on time minus duration of first and last dives). For
each dive, maximum depth (max depth) was obtained.
Max depth was defined as deepest depth reached
during a dive and was used to obtain bottom time for
each dive. Bottom time was defined as time spent
within 85% of max depth. Descent and ascent phases
were defined as sustained motion to and from depth
as observed from the pressure record. Ascent and de-
scent rates were calculated based on total vertical dis-
tance traveled divided by travel time. Ascent and de-
scent average pitch were calculated for each dive.
Average ascent and descent pitch were defined as av-
erage pitch angle (rotation angle around the transverse
axis) displayed during ascent and descent, respectively.
Summary statistics (median, mean and SD) of dive pa-
rameters were  calculated for all analyzed dives within
a deployment. Dive parameters were compared be-
tween deployments on lactating and non-lactating
whales (pregnant and juvenile) using a 2-tailed
Mann-Whitney U-test for independent samples. Ad-
ditional opportunistic comparisons were made be-
tween dive behavior of 2 lactating females with young
(23 d old) and older (70 d old) calves and 1 individual
(EgNO 3101) who was tagged both while pregnant
and after her calf was born. All statistical ana lyses were
carried out in R Software (R Core Team 2019).

The roll record was visually inspected for below-
surface (depth >3.5 m) roll events, and events >2π
rad (a full revolution along the longitudinal axis of
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the whale) were counted for each tag. Minimum spe-
cific acceleration (MSA, m s−2) was used as a proxy
for overall activity level (Simon et al. 2012, Bejder et
al. 2019) for comparisons of behavior for EgNO 3101,
who was tagged once while pregnant and again while
lactating within the same season. MSA was calculated
by subtracting the overall acceleration by gravitation
from the norm of 3 axes of the DTAG accelerometer
for these 2 deployments (Simon et al. 2012).

2.3.  Diel trend

To investigate diel differences in dive behavior,
dives from tags that remained attached until after
astronomical twilight were divided into daytime
dives (before astronomical twilight) and night-time
dives (after astronomical twilight). Twilight time for
the location and time at which tags were deployed
was obtained from the United States Naval Ob -
servatory (https://www.usno.navy.mil/USNO). Dive
statistics were calculated separately for day and night-
time dives and compared using a 2-tailed Mann-
Whitney U-test for independent samples.

2.4.  Temperature distribution

The temperature record of the DTAGs was used to
measure the range of water temperatures experi-
enced by the tagged whales. To determine whether
dive behavior had thermoregulatory benefits, water
temperatures at the surface (≤3.5 m) and at depth
(>3.5 m) were compared using a Mann-Whitney U-
test. Significant statistical differences between tem-
peratures recorded at the surface and at depth could
indicate a thermoregulatory function.

3.  RESULTS

3.1.  Data collection

Sensor data were collected from 15 tags deployed
on 14 individuals (10 lactating, 3 juvenile and 2 preg-
nant right whales, including 1 whale tagged when
pregnant and again when lactating). Calves were not
tagged during this study. Deployment details and
summary dive statistics are presented in Table 1. On
average, tags remained attached for 6.81 ± 6.57 h
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Dep ID           EgNO     Reproductive state/sex     Estimated      Total deployment       Analyzed     Dive count    Dive rate
                                                 (age in yr)                calf age (d)           duration (h)          duration (h)                         (dives h−1)

eg06_021a       3442                   J/M (2)                          na                          1.36                       1.31                17               13.0
eg06_024a       3323                   J/M (3)                          na                          1.69                       1.63                23               14.1
eg06_024e       3430                     J/F (2)                          na                          0.88                       0.46                  6               13.0
eg06_028a       1151                    P/F (>26)                      na                        18.57                     18.55              140                 7.5
eg14_040a       2123                    L/F (23)                        30                          1.52                       1.42                14                 9.8
eg14_041a       2040                    L/F (24)                        55                          5.50                       5.23                57               10.9
eg14_049a       3157                    L/F (13)                        23                        11.63                     11.15                59                 5.3
eg14_056a       2645                    L/F (18)                        70                          5.74                       5.36                40                 7.5
eg15_052a       3292                    L/F (13)                         −                         23.04                     22.81              163                 7.1
eg16_025a       3101a                   P/F (15)                        na                          4.97                       4.79                38                 7.9
eg16_030a       3405                    L/F (12)                         −                           3.41                       3.02                15                 5.0
eg16_031a       1281                    L/F (>35)                       −                           6.60                       6.29                47                 7.5
eg16_032a       1810                    L/F (>28)                       −                           1.70                       1.62                11                 6.8
eg16_048a       3101a                   L/F (15)                        22                          4.98                       4.80                26                 5.4
eg16_053a       3317                    L/F (13)                         −                         10.52                     10.31                60                 5.8

Total                                                                                                           102.17                     98.80              716

aIn 2016, EgNO 3101 was first tagged when she was pregnant. 23 days later on that same year, she was tagged again while
accompanied by a calf  

Table 1. Summary of DTAG deployments on right whales between 2006 and 2016 on the calving ground in the Southeast USA
(SEUS), including deployment identification (Dep ID: 2-letter abbreviation of the Latin binomial, 2 digits of the year in which tag-
ging occurred followed by the corresponding Julian Day and a letter indicating deployment order). EgNO is the unique whale ID
from the North Atlantic right whale consortium (NARWC) identification database. Reproductive state (J: juvenile, P: pregnant, L:
lactating) on the day of tagging as well as the individual sex were obtained from NARWC. Sighting data from NARWC were used
to estimate calf age (na: not applicable; –: data not available). Total deployment duration corresponds to total time when tags were
attached to whales (e.g. tag-on time). Analyzed time is the total time used in the analysis (i.e. total deployment time minus the du-
ration of the first and last dives). Dive count corresponds to overall number of complete dives found and analyzed in that deploy-
ment (first and last dives were excluded from analysis). Dive rate was obtained by dividing dive count by the analyzed duration
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 (average ± SD). Deployment duration ranged from
0.88 to 23.4 h. Tag de tach ments occurred due to inter-
actions with calves, active surface behaviors, rapid
underwater movements or due to pre-programmed
release time. Focal follow duration ranged from 1.00
to 2.68 h. Lactating females interacted only with their
respective calves, and pregnant females were not ob-
served to interact with other whales. Juveniles were
observed inter acting with other whales in surface ac-
tive groups.

Overall, whales spent up to 84% of the analyzed
deployment duration with their dorsal surface at
depths ≤3.5 m (Fig. 1). Median percent time spent at
the surface (depths ≤3.5 m) was 44%, with a mean of
48 ± 21%. For deployments on juveniles (eg06_021a,
eg06_024a, eg06_024e), the tag was within the sur-
face layer (depths ≤3.5 m) on average 30% of the time;
on pregnant females, 32% (eg06_028a, eg16_025a);
and on lactating females (eg14_040a, eg14_041a,
eg14_049a, eg14_056a, eg16_030a, eg16_031a, eg16_
032a, eg16_048a, eg16_053a), 57% of the analyzed
deployment duration.

3.2.  Dive behavior and activity level

Dive parameters are summarized by lactation state
(lactating and non-lactating [juveniles and pregnant
whales]) in Fig. 2. There were no statistical differ-
ences between the median surface interval (lactating =
133 s; non-lactating = 123 s) (Mann-Whitney U =

48 015, n1 = 221, n2 = 480, p > 0.05, 2-tailed) or median
dive duration (lactating = 274 s; non-lactating = 300 s)
(U = 533 371, n1 = 222, n2 = 481, p > 0.05) between
groups. All other dive parameters were statistically
different between lactating and non-lactating whales.
Lactating females had significantly shorter bottom
times (lactating = 74 s; non-lactating = 100 s) (U =
60 211, n1 = 222, n2 = 481, p < 0.05) and shallower
max depths of dives than non-lactating whales (lac-
tating = 7.3 m; non-lactating = 12.1 m) (U = 71 590,
n1 = 222, n2 = 481, p < 0.05). Median descent pitch
(lactating = 0.4 rad; non-lactating = −0.3 rad) (U =
63 792, n1 = 222, n2 = 481, p < 0.05) and ascent pitch
(U = 76 523, n1 = 222, n2 = 481, p < 0.05) significantly
differed between lactating and non- lactating whales
(lactating = −0.1 rad; non-lactating = −0.05 rad). For
both lactating and non-lactating whales, median de-
scent pitch was steeper than the median ascent pitch.
Notably, the median ascent pitch was negative for all
whales, meaning that they were likely buoyantly re-
turning to the surface in most cases, rather than ac-
tively swimming up in the water column. Higher me-
dian ascent (lactating = 0.01 m s−1; non-lactating =
0.1 m s−1) (U = 65 601, n1 = 222, n2 = 481, p < 0.05) and
descent rates (lactating = 0.09 m s−1; non-lactating =
0.2 m s−1) (U = 81 172, n1 = 222, n2 = 481, p < 0.05) were
observed from tags deployed on non-lactating ani-
mals. Dive parameters for each deployment are sum-
marized in Table S1, and parameters grouped by lac-
tation state (lactating and non-lactating) are
summarized in Table S2 in the Supplement at www.

int-res. com/ articles/ suppl/ n046 p035 _
supp. pdf. Dive profiles for all deploy-
ments are presented in Fig. S1.

Below-surface full-rotational rolls
were recorded in the bottom phase of
dives in 7 out of the 15 deployments.
Deployments eg15_052a, eg16_031a
and eg16_ 048a had 1 full rotational
roll each; deployment eg06_024a had
2; eg16_053a had 5; eg16_025a had 8;
and eg06_028a had a total of 10 full
rotational rolls during dives.

The average percentages of time
spent in the ascent/ descent and bot-
tom phase of dives for each deploy-
ment are summarized in Fig. 3. Over -
all bottom time (time spent within
85% of max depth of each dive) repre-
sented between 12 and 80% of total
dive duration. On average, lactating
females spent 37% of dive duration in
the bottom phase of dives, whereas
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Fig. 1. Percent time spent near or at surface (depths ≤3.5 m, blue) and at depth
(depth >3.5 m, orange) in 15 DTAG deployments on North Atlantic right
whales on the Southeast US calving ground. Deployments are identified by
deployment ID (see Table 1) and a letter corresponding to the reproductive 

state of the tagged individual (J: juvenile; P: pregnant; L: lactating)

https://www.int-res.com/articles/suppl/n046p035_supp.pdf
https://www.int-res.com/articles/suppl/n046p035_supp.pdf
https://www.int-res.com/articles/suppl/n046p035_supp.pdf
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non-lactating females spent on aver-
age 45% of dive duration in the
bottom phase. Table S3 summarizes
percent time spent at the surface, in
ascent/ descent and in the bottom
phase of dives for each deployment.

In 2014, eg14_049a, a female ac -
companied by a calf with an estimated
age of 23 d, had a lower dive rate than
eg14_056a, a female accompanied by
a calf 70 d old (5.64 vs. 7.46 dives h−1

40

Fig. 2. Distribution of (a) surface interval, (b) dive duration, (c) bottom time, (d) maximum depth, (e) average ascent pitch, (f) aver-
age descent pitch, (g) descent rate and (h) ascent rate for DTAG deployments on lactating and non-lactating (juvenile and preg-
nant) right whales on the Southeast US calving ground between 2006 and 2016. Data represented as box plots with additional vi-
olin plot (gray shaded area) to illustrate the kernel probability density. Left and right sides of the box delimit 25th and 75th
quartiles, respectively. The box covers the interquartile interval (IQI), where 50% of data is found. Vertical line inside the box
represents the median. Whiskers mark values whithin 1.5 times IQI range bellow the 25th interval and above the 75th interval.
Black dots represent values >1.5 times and <3 times the IQI in either side of the box. Asterisks represent statistical significance 

(α = 0.05; Mann-Whitney U-test)

Fig. 3. Time spent (%) on the bottom (green)
and in the ascent/descent phases of dives
(yellow) for 15 DTAG deployments on right
whales on the Southeast US calving ground.
Deployments are identified as in Fig. 1
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respectively, Fig. 4). Overall median surface interval
was longer for the deployment on the female with the
youngest calf (eg14_049a, 270 s), than for the female
with the older calf (eg14_056a, 111 s, U = 1593, n1 =
59, n2 = 40, p < 0.05). Median bottom time was
shorter for eg14_049a (55 s) than for eg14_056a
(105 s) but was not statistically different (U = 904.5,

n1 = 59, n2 = 40, p > 0.05). The bottom phase of the
dives corresponded to only 13% of the overall du -
ration of the analyzed dives, and the median dive
duration was significantly longer for the whale
accompanied by the younger calf (390 s vs. female
with older calf = 240 s, U = 1659, n1 = 59, n2 = 40, p <
0.05).

41

Fig. 4. Dive profiles (blue) and minimum specific acceleration (MSA, m s−2) (orange) for deployments (a) eg14_049a, a lactating
female with a 23 d old calf and (b) eg14_056a, a lactating female with a 70 d old calf. Distribution of (c) bottom time, (d) dive
duration and (e) surface interval revealed that eg14_056a had longer surface intervals and dives than eg14_049a, suggesting
that calf age can alter dive behavior of females. Data for eg14_049a were truncated to the duration of data from eg14_056a 

only in this figure to illustrate data at similar time scales. Data representation as in Fig. 2
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In 2016, EgNO 3101 was tagged twice: once when
she was pregnant (deployment eg16_025a) and again
23 d later, when she was lactating (eg16_048a, Fig. 5).
Both deployments yielded similar analysis duration
(~4.8 h). The overall dive rate was slightly higherdur-
ing pregnancy than during lactation (7.93 vs. 5.41 dives
h−1, respectively, Table 1). However, median surface
interval was ~50% shorter (pregnant = 88 s, lactating =
171 s) (U = 212, n1 = 38, n2 = 26, p < 0.05) and median
dive duration was ~35% longer when EgNO 3101
was pregnant (390 s) than when she was accompanied
by a calf (140 s, U = 744, n1 = 38, n2 = 26, p < 0.05). Bot-
tom time represented a smaller proportion (27 vs.

47%) of her dives, and median max depth was ~60%
shallower when lactating (8.8 m) than when she was
pregnant (14.6 m, U = 680, n1 = 38, n2 = 26, p < 0.05),
showing clear modifications in dive behavior when
EgNO 3101 was accompanied by a calf in comparison
to when she was pregnant.

3.3.  Diel pattern

In 4 deployments (eg06_028a, eg14_049a, eg15_ 52a
and eg16_053a), tags remained attached to whales
past astronomical twilight. For these deployments,

42

Fig. 5. Dive profiles (blue) and minimum specific acceleration (MSA, m s−2) (orange) of EgNO 3101 tagged (a) when pregnant
and (b) when lactating. Note consistent MSA values for the lactating state, indicating prevalence of low energy behavior for
this deployment. Distribution of (c) maximum depth, (d) dive duration and (e) surface interval revealed that calf presence
modified the dive behavior of this female, shortening her surface interval and dive duration. Data representation as in Fig. 2
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dive count, dive rate and descriptive statistics (me-
dian, minimum−maximum, mean and SD) for dive du-
ration, max depth and surface interval were calculated
separately for day and night (before and after the
astro nomical twilight, respectively, Tables S4 & S5).
Independently of lactation state, dive rates were
higher during the day and dive duration was longer at
night (day = 307 s, night = 358 s) (U = 25156, n1 = 254,
n2 = 169, p < 0.05). There was no significant difference
between dive depth between day (8.2 m) and night
(7.1 m) (U = 20101, n1 = 254, n2 = 169, p > 0.05; Fig. 6;
Tables S4 & S5) or surface interval (day = 164 s, night =
170 s; U = 21933, n1 = 254, n2 = 169, p > 0.05).

3.4.  Temperature distribution

Whales spent most of the time in waters with tem-
peratures between 13 and 16°C. Temperature at the
surface (16°C) was not significantly different than
water temperature at depth (15°C) (U = 124.7, n1 =
456,935, n2 = 848,595, p > 0.05) across all deploy-
ments. The overall distribution of temperature values
can be found in Fig. S2.

4.  DISCUSSION

In general, the risk of vessel strike for a right whale
is associated with vessel size, speed and route and the
time a whale spends within the risk zone that com-
prises the draft of the vessel and the hydro dynamic
zone below its hull (Silber et al. 2010, Laist et al. 2014,
McKenna et al. 2015). The depth extension of this risk
zone depends on factors associated with vessel size

and movement as well as the size and movement of
the animal (McKenna et al. 2015). In the waters where
our study was conducted, there are both shallow-draft
recreational vessels and deep-draft, full ocean-going
cargo and container vessels that approach to the port
of Jacksonville, FL, bisecting the study area. While
the draft of recreational vessels can reach ~2 m, the
port of Jacksonville docks large cargo and container
vessels with a maximum draft of ~12 m (https:// www.
jaxport. com/). Seasonal speed restrictions for these
large (≥19.8 m long) vessels are in effect during the
calving season to reduce vessel strike probability and
lethality; however, the more time a whale spends
close to the surface, the more likely it is to be within
the risk zone of the draft and the more likely it is to be
struck by a vessel (Laist et al. 2014, McKenna et al.
2015). Results from our study show that lactating fe-
males spend significantly more time at depths close to
the surface (on average 57% and up to 84% of tag de-
ployment duration) than pregnant females and juve-
niles, and therefore within the draft of large vessels,
which are more likely to be involved in deadly colli-
sions with large whales (Laist et al. 2001, 2014,
McKenna et al. 2015). These results indicate that lac-
tating females and their calves are at higher risk of
being struck by vessels than other whales on the calv-
ing ground due to increased time spent in the riskiest
portion of the water column. This result supports pre-
vious observations of a disproportionate number of
vessel strike mortalities associated with female− calf
pairs (van der Hoop et al. 2013). Lactating females
likely spend more time at the surface due to the
typical right whale mother−calf pair behavior on the
calving ground (e.g. Hain et al. 2013, Cusano et al.
2019).
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Fig. 6. Distribution of (a) dive duration, (b) maximum dive depth and (c) surface interval for day and night dives for deployments 
eg06_028a(P), eg14_049a (L), eg15_52a(L) and eg16_053a(L). Data representation as in Fig. 2
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On their respective calving grounds, baleen whale
mother−calf pairs engage in behaviors that demand
low energetic investment (e.g. southern right whales
Eubalaena australis: Taber & Thomas 1982, Burnell &
Bryden 1997; humpback whales Megaptera novae -
angliae: Cartwright & Sullivan 2009, Bejder et al.
2019). Previous studies of right whale mother−calf
pairs off the SEUS found that their predominant be -
havioral state was resting (Hain et al. 2013, Cusano
et al. 2019), comprising 81 and 74% of the female
and calf activity budget, respectively (Cusano et al.
2019). Right whales usually rest at the surface and in
shallow water depths (Hain et al. 2013, Cusano et al.
2019). Therefore, it is likely that lactating females
spend more time close to the surface than juvenile
whales and pregnant females due to the prevalence
of resting behavior in this habitat. This hypothesis is
supported by the MSA measurements that indicate
consistent low activity levels for lactating females.

The time right whales spend in different portions of
the water column affects detection probability for
visual monitoring methods and therefore can impact
local abundance estimates (Ganley et al. 2019). To be
detected by visual surveys, whales must be visible
(available within the visual detection range). In order
to be visible, they must be within the surface layer
and/ or break the surface water line (Ganley et al.
2019). However, although not visible (e.g. when
below the surface layer) and therefore not available
to be detected, whales might still be present in the
area (availability bias; Marsh & Sinclair 1989). Lac-
tating females spend more time at the surface and
consequently they will be available for detection
more frequently. On the other hand, juveniles and
pregnant whales spend more time below the surface,
and therefore are less likely to be detected by visual
monitoring methods even when present in the habi-
tat. Addressing the variability in availability bias
across whale groups is key to robustly estimating
detection probability and right whale abundance on
the calving ground and in other habitats.

We are not aware of any fishery currently operat-
ing or permitted in the SEUS during the calving
period. Therefore, entanglement in fishing gear and/
or floating groundlines is not an imminent threat to
right whales on the calving ground. Yet, the informa-
tion presented here underscores the importance of
current seasonal closures of fishing activity and the
floating groundline ban. That is because aspects of
right whale dive behavior could potentially increase
risk of entanglement in this habitat. For instance,
diving close to the sea floor can increase the risk of
whales be coming entangled in floating groundlines

(Hamilton & Kraus 2019, Howle et al. 2019). Ground-
lines connect bottom traps and, in the case of floating
trap lines, can arch up to 5 m above the sea floor.
While diving on the calving ground, right whales
spent on average 40% of the dive cycle in the bottom
phase, within 85% of the max depth reached during
a dive. Therefore, when taking deep dives in the
shallow water depths of the calving ground, whales
would be swimming within the arch of floating
groundlines, increasing risk of entanglement, if these
were to be found in the calving habitat. Moreover,
computer models suggest that performing rolls near
the sea floor also increases the probability of entan-
glement (Howle et al. 2019). Because pregnant
females and juveniles perform deeper dives and
spend more time in the bottom phase of dives, the
risk of entanglement in floating groundlines might
be higher for these groups. For both lactating and
non-lactating whales, the display of barrel-rolls in
the bottom phase of dives could represent increased
entanglement risk in floating ground lines. Deeper
dives by non-lactating whales could also indicate
that these individuals use deeper parts of the calving
grounds more frequently than lactating whales and
would therefore be at greater risk of entanglement if
floating groundlines were being used in the SEUS.
Should future management consider allowing fishery
activity in the area while right whales are present,
our results suggest that alternatives to floating
groundlines, such as ropeless gear and/or sinking
groundlines, would be the best options to reduce risk
of entanglement in the area.

Water depth is one of the physical factors associ-
ated with right whale distribution on the calving
ground. In this habitat, higher sighting rates occur in
water depths between 10 and 20 m (Keller et al. 2006,
2012, Gowan & Ortega-Ortiz 2014). In comparison to
feeding grounds, where water depths can reach
200 m, the slope of the continental shelf on the calv-
ing ground is more gradual and waters are consider-
ably shallower. In this study, median maximum dive
depth ranged from 5 to 16 m. Therefore, as suggested
by van der Hoop et al. (2017), dive depth is likely
constrained by the maximum depths of the habitat.
However, it is important to note that habitat depth at
the location of each dive is not available for the
deployments considered here and that the absolute
distance between the whale and the seafloor is there-
fore unknown.

Temperature is also associated with right whale
distribution in the SEUS (Keller et al. 2006, 2012,
Gowan & Ortega-Ortiz 2014). Due to the presence of
Gulf Stream waters on the outer shelf (41−71 m),
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temperatures are cooler in the inner shelf region (0−
40 m). Right whales are more frequently sighted in
inner shelf waters, where surface temperatures
range from 13 to 15°C. Accordingly, in this study,
right whales were instrumented with DTAGs on the
inner shelf; the temperature registered by the tags
ranged from 10 to 19°C with a median temperature of
approximately 14°C. The lack of significant differ-
ence between temperatures at the surface and at
depth is consistent with descriptions of the oceano-
graphic properties of the calving ground, character-
ized by a well-mixed water column (Keller et al.
2012). Similar surface and at-depth temperature also
suggest that there are no thermoregulatory benefits
of diving in this habitat.

Right whales are amongst the most positively
buoyant of baleen whales. Due to their positive buoy-
ancy, as Nowacek et al. (2001) observed on feeding
grounds, right whales there had to invest more en -
ergy actively swimming during the descent phase of
dives to overcome this buoyancy and could then
glide with reduced energy expenditure during the
final ascent phase of dives. Differences in energy
investment between the descent and ascent phases
can result in differences in the time whales take to
travel to and from the bottom of a dive. On the calv-
ing ground, the ascent and descent rates were similar
for lactating females. The same relationship was ob -
served in right whales in the Bay of Fundy, Canada,
where ascent rates were equal to or greater than de -
scent rates (Nowacek et al. 2001). For non- lactating
whales on the calving ground, however, median
descent rates were greater than ascent rates. Aver-
age descent pitch angles were steeper than average
ascent pitch for both lactating and non-lactating
whales. On the calving ground, as well as in other
habitats, right whale buoyancy can affect the risk of
vessel strikes (Nowa cek et al. 2001). On the feeding
grounds in the Bay of Fundy, right whales started
their buoyancy-driven ascent glides at depths >30 m
(Nowacek et al. 2001). On the calving ground, right
whales would then be buoyant even when diving to
the maximum dive depth re corded in this study
(21.3 m). Nowacek et al. (2001) postulated that this
in creased buoyancy could lead to re duced maneu-
verability, thereby decreasing the chances of right
whales effectively avoiding vessels when on a colli-
sion course. Silber et al. (2010) modeled the hydrody-
namics of whale−vessel collisions and found that
buoyancy is indeed a factor affecting the risk of ves-
sel strike.

Overall, dive behavior of lactating right whales
differed from that of non-lactating individuals.

Despite the small sample size, our results suggest
that the dive behavior of lactating females is
altered by calf presence and calf age. In our oppor-
tunistic comparison between 2 individuals tagged
in 2014, the lactating female with the younger calf
exhibited lower dive rates and longer surface inter-
vals. This observation is consistent with visual
observations of de creased time spent at the surface
resting as right whale calves mature (Cusano et al.
2019). For the individual (EgNO 3101) tagged when
pregnant and subsequently as a lactating female in
2016, the presence of the calf led to longer dives
and longer surface intervals. We acknowledge that
in both of these comparisons, we only have a single
exemplar and suggest that additional research is
needed to establish whether these observed trends
represent true differences related to calf age and
presence.

As documented for other cetacean species, lactat-
ing baleen whales are solely responsible for the
extensive parental care required by calves, who
often attempt to mimic the dive behavior of females
(Whitehead & Mann 2000, Bejder et al. 2019). How-
ever, calves lack the physiological capacity and
motor skills necessary to take deep dives, to travel
long distances and to maneuver underwater like an
adult (Szabo & Duffus 2008, Bejder et al. 2019).
Therefore, lactating baleen whales have been docu-
mented to change their be havior to accommodate the
limited skills and to maintain proximity with their
calf (Taber & Thomas 1982, Tyson et al. 2012, Miketa
et al. 2018). These changes in behavior in clude
changes in the activity budget, habitat use and water
column use (Taber & Thomas 1982, Thomas & Taber
1984, Tyson et al. 2012, Miketa et al. 2018, Bejder et
al. 2019). Lactating right whales on the calving
ground may spend time at or near the surface to
remain close to their young calves as they develop
skills necessary to swim for as long, and dive for as
long and as deep, as adults.

As the calves develop, females are expected to
gradually change their dive behavior, taking longer
dives and spending less time at the surface (Miketa
et al. 2018). The preliminary observations from our
study showed that the lactating female with the older
calf had shorter surface intervals, shorter dives and
spent more time in the bottom phase of dives than
the female with the younger calf. Longer de ployment
attachments on lactating females throughout calf
development, as well as deployments on calves, will
provide further information to assess changes in
female and calf behavior associated with calf devel-
opment and behavioral ontogeny.
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Night dive data obtained from 3 individuals sug-
gest that right whales might exhibit diel differences
in dive behavior on the calving ground. Overall, dive
rate was lower, dives were longer, and median max
depth was deeper in nighttime dives than in daytime
dives. Diel differences in dive behavior have been
reported for right whales on feeding grounds and for
other baleen whale species such as blue whales Bal-
aenoptera musculus, humpback whales, Bryde’s
whales B. edeni/brydei and fin whales B. physalus
(Calambokidis et al. 2007, Friedlaender et al. 2013,
Baumgartner et al. 2017, Izadi et al. 2018, Keen et al.
2019). In most cases, diel changes in the dive behav-
ior were associated with changes in prey distribution.
North Atlantic right whales were not observed feed-
ing on the calving ground (Fortune et al. 2013).
Therefore, it is highly un likely that the observed diel
trend is associated with prey distribution and forag-
ing efficiency. Diel differences in dive behavior can
also result from variability in activity levels between
day and night.

5.  CONCLUSION

In this paper, we explored dive behavior of the
Critically Endangered North Atlantic right whale on
the calving ground. We described aspects of the dive
behavior of this species with important conservation
implications. Differences in dive behavior between
lactating and non-lactating whales indicate that
monitoring methods should account for different de -
tection availability of these whale groups. While lac-
tating females are at greater risk of vessel strikes
because they spend more time at the surface, preg-
nant females and juvenile whales reach greater
depths when diving, underscoring the importance of
seasonal closures of high-risk fishing activities on the
calving ground. Calf presence, calf age, and diel
period were shown to affect the diving behavior of
females. We hope that these data will inform protec-
tion and monitoring efforts for right whales on the
calving ground in the Southeast USA.
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