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INTRODUCTION

Cetaceans are highly adapted for producing and
perceiving sound underwater, and they use sound to
communicate, navigate, and find food. Therefore,
from the standpoint of management and conserva-

tion, passive acoustic monitoring (PAM) is an effec-
tive tool for assessing and monitoring cetacean (and
anthropogenic) activity across a variety of spatial and
temporal scales. Examples of applications that
demonstrate the value of PAM include: (1) detecting
the presence of animals in areas where few or no sur-
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vey data are available; (2) assessing the predictabil-
ity and variability of animal distribution patterns in
areas of high human use; and (3) verifying and sup-
plementing animal occurrence data from visual sur-
veys (Mellinger et al. 2007, Van Parijs et al. 2009,
Clark et al. 2010). This information, in combination
with data from other existing technologies (e.g. ship-
board/visual surveys and environmental sampling),
can be used to develop measures to reduce anthro-
pogenic sources of marine mammal mortality.

The North Atlantic right whale Eubalaena glacialis
is the most endangered large whale population in the
Atlantic (Clapham et al. 1999). As a result of historic
whaling, ship collisions, and entanglements in fish-
ing gear, fewer than 500 individuals exist today in the
western North Atlantic (Knowlton & Kraus 2001, Pet-
tis 2009). In addition, ships and right whales co-occur
throughout their entire migratory route as they move
2240 km between 5 major geographic regions: south-
east coast of the United States, Great South Channel,
Massachusetts Bay, Bay of Fundy, and Scotian Shelf
(e.g. Winn et al. 1986, Kenney et al. 2001). The distri-
bution of right whales is well documented in these
main habitats, but less is known about their move-
ment patterns elsewhere, particularly during the fall
and winter months (Kraus et al. 1986, Mate et al.
1997, Weinrich et al. 2000). Such information is cru-
cial for identifying areas and time periods in which
concentrations of whales are present in order to
reduce the likelihood of anthropogenic mortality
events.

During the winter, primarily juveniles and preg-
nant females migrate to the coastal southeast US
calving grounds off Georgia and Florida (Kraus et al.
1986, Winn et al. 1986). However, for portions of the
population, specifically males and non-pregnant
females, movements are unknown. Limited visual
and boat-based surveys suggest that a large portion
of the right whale population may remain in waters
off the northeast USA during the winter in areas
ranging from the Stellwagen Bank National Marine
Sanctuary (SBNMS) to the northern Scotian Shelf
(Weinrich et al. 2000, Mellinger et al. 2007, Cole et al.
2009).

Most information on right whale distribution and
occurrence has been based on visual sightings, but
PAM tools are increasingly being applied to augment
these surveys. Unlike vessel-based or aerial efforts,
passive acoustic devices can operate continuously in
adverse weather and all light conditions, and can sur-
vey remote areas over long time scales (e.g. Moore et
al. 2006, Mellinger et al. 2007). Current limitations of
PAM, however, include labor-intensive analysis, sub-

jectivity of species classification, limited knowledge
of associated gender and behavior of callers, devel-
opment of reliable automated call detectors, and
missing calls due to silent animals (Mellinger et al.
2007, Baumgartner & Mussoline 2011).

To date, several studies have used PAM techniques
to investigate the characteristics of North Atlantic
right whale vocalizations, including calling rates, fre-
quency range of calls, and source levels (e.g.
Matthews et al. 2001, Vanderlaan et al. 2003, Parks &
Tyack 2005, Clark et al. 2007). Based on previous
studies of both Southern right whale Eubalaena aus-
tralis and North Atlantic right whale vocalizations
(Clark 1982, Parks et al. 2005), right whale calls have
been broadly divided into 3 main categories: blow,
broadband, and tonal sounds. The current study
focuses on the occurrence patterns of a particular
tonal sound, the up-call, which is produced by all age
and sex classes and is thought to serve as a contact
call (Parks & Clark 2007). The up-call lasts approxi-
mately 1 s and is frequency modulated, typically
increasing from 50 to 200 Hz (Clark 1982). While
right whales are known to frequently use this call
throughout most of the western Gulf of Maine (Van
Parijs et al. 2009), to date no published data exist on
its long-term temporal and diel occurrence patterns
for the region.

SBNMS is a 2191 km2 submarine plateau, located
at the mouth of Massachusetts Bay, and each year
serves as a seasonal feeding area for one-third of
the North Atlantic population of right whales (US
Office of National Marine Sanctuaries 2007). To the
northeast of SBNMS, Jeffreys Ledge (JL) is a 54 km
long glacial deposit that has been irregularly sur-
veyed by aerial and shipboard platforms. Together,
SBNMS and JL make up a significant portion of the
western part of the Gulf of Maine and North
Atlantic right whale habitat. Due to the close prox-
imity of the ports of Boston and Gloucester, the
area is burdened by heavy boat traffic (Ward-
Geiger et al. 2005, Hatch et al. 2008) and fishing
activity (Wiley et al. 2003), and thus constitutes a
high-risk area for right whales in terms of fishing
gear entanglement, ship strike, and acoustic distur-
bance (Kraus 1990, Knowlton & Kraus 2001, Laist et
al. 2001, Parks et al. 2007, 2009).

We conducted long-term near-continuous archival
PAM of right whale up-calls in SBNMS and JL. The
aim of the study was to highlight the importance of
PAM to improve knowledge on seasonal and diel
occurrence of an endangered species, ultimately in
hopes of informing management and conservation
decisions in such a high-risk area.
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MATERIALS AND METHODS

Acoustic data collection

Marine autonomous recording units (MARUs)
were deployed for 3 mo at a time throughout
SBNMS at seafloor depths ranging from 41 to 76 m
and on JL at depths ranging from 58 to 87 m
(Fig. 1). Each MARU was comprised of an external
hydrophone attached to a glass sphere containing
batteries, computer electronics, and internal mem-
ory (Calpuca et al. 2000, Clark et al. 2002, Clark &
Clapham 2004). The units were moored ~2 m
above the ocean floor with sandbags and were
acoustically triggered to release for surface
retrieval. The units recorded continuously with a
sampling rate of 2000 Hz and 12-bit resolution.
The hydrophone frequency response was −151.2 dB
re 1 µPa from 10 to 585 Hz, which encompasses
the band of right whale up-calls. In SBNMS,
MARUs were deployed from 5 January to 24 May

2006 and from 1 July 2006 to 27 February 2007
(13 mo in total) at 10 separate locations spaced
about 15 km apart (Fig. 1). Instruments were not
de ployed during the month of June due to heavy
bottom trawling activity in the area. In JL, MARUs
were deployed from 1 November 2004 to 31 May
2005 (7 mo) at 4 separate locations spaced 17 to
24 km apart (Fig. 1). As a result of occasional
MARU mechanical failure and/or a MARU trawling
event, between 6 and 9 MARUs (SBNMS) and 2
and 4 MARUs (JL) were available for analysis each
month (Table 1). Deployment locations in SBNMS
were selected to maximize acoustic coverage, and
deployment dates were selected to determine
year-round right whale presence. Deployment
locations in JL were selected based on prior visual
sighting information (Weinrich et al. 2005), and
deployment dates were selected to determine right
whale presence throughout the winter months.
Successive deployments were made in approxi-
mately the same locations.
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Area of detection

According to data collected in SBNMS during a re-
cent project, the average source level of right whale
up-calls in this area is 165 ± 3.5 dB root-mean-square
re 1 µPa (Clark et al. 2008−2010). Using these data
and acoustic propagation loss models constructed for
SBNMS, maximum detection distances for right
whale up-calls likely ranged from 8.7 to 15.7 km (see
Clark et al. 2009, L. T. Hatch et al. unpubl.). Based on
this information, it is possible that some up-calls were
detected on more than 1 MARU when whale calls
were intense and/or animals were equidistant from
multiple recording units, resulting in an overestimate
of the total number of calls. However, given that
MARU separation was between 15 and 24 km (see
‘Acoustic data collection’), this error should be small
and should not have changed the general seasonal
and diel trends observed in our data.

Acoustic analyses

Acoustic data were analyzed using the eXtensible
BioAcoustic Tool (XBAT; Figueroa 2008) written in
MATLAB (The Mathworks). The resulting 89 280 h of
acoustic recordings for SBNMS and 16 642 h for JL
were analyzed with an automated call detection
algorithm that was specifically designed to detect
relatively stereotyped up-calls in varying ambient
noise conditions (Urazghildiiev & Clark 2006,
Urazghildiiev et al. 2008). All automated detections
were reviewed by an experienced analyst to remove
false positives from the dataset. In addition, 26 d cho-

sen for varying levels of ambient noise, were
 manually hand-browsed to calculate the rate of
missed calls.

Automatic and manual detection methods for right
whale up-calls are known to produce errors when
humpback whale Megaptera novaeangliae sounds
are present, as this species can produce upsweeps
that closely resemble right whale up-calls. Therefore,
a protocol was established to maximize discrimination
between the sounds from these 2 species. The degree
of overlap between the 2 species was most problem-
atic in April to May and October to December 2006,
during the periods of highest occurrence of recorded
humpback whale song (Vu et al. 2012). In cases when
humpback whale upsweeps were present, the brows-
ing window duration was lengthened from 30 to 240 s
to determine the presence of other humpback whale
sounds. Three to 5 min of the recording before and af-
ter the questionable detection were browsed to deter-
mine whether the upsweep was part of the repetitive
humpback whale sound pattern, and whether that
sound was also of similar amplitude to the humpback
sound pattern. If so, the upsweep would subsequently
be attributed to humpback whales. We used these cri-
teria because humpback whale song consists of repet-
itive phrases (Payne & McVay 1971), and their social
sounds during migration can occur in a series of fairly
stereotyped calls (Dunlop et al. 2007). Both songs
and calls include a variety of different frequency-
modulated sound types that typically have stronger
harmonics than right whale up-calls (Mellinger et al.
2007, Munger et al. 2008). In contrast, right whale up-
calls or other call types rarely occur in sequences, and
when they do, they typically occur in bouts with
longer and less regular inter-call intervals than hump-
backs (Matthews et al. 2001, Vanderlaan et al. 2003,
Mellinger et al. 2011). Thus, by careful aural and vi-
sual analysis, we made conservative distinctions be-
tween the 2 species, and subsequently excluded any
uncertain calls from the analysis.

Descriptive and statistical analyses

For both SBNMS and JL, right whale up-call pres-
ence was examined for seasonal and diel patterns.
Due to the differences in deployment years between
SBNMS and JL, comparisons were made within
study sites to avoid confounding the results with
interannual changes. To explore seasonality, we
report the average number of up-calls from all
MARUs, normalized by the number of MARUs that
were recording each day.

20

Month SBNMS JL
2006 2007 2004 2005

January 7 6 4
February 7 6 4
March 7 4
April 9 2
May 9 2
June
July 8
August 8
September 7
October 7
November 7 2
December 6 4

Table 1. Summary of the number of marine automated
recording units available for analysis from each month for
Stellwagen Bank National Marine Sanctuary (SBNMS) and 

Jeffreys Ledge (JL). Blank cells represent no effort
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We also analyzed diel patterns in right whale up-
calling. Diel patterns were examined using 24-
hourly time periods based on local time, and days
for which no calls were detected were excluded
from the analysis. To correct for variability in call
rates over time scales greater than 1 d, we calcu-
lated and plotted an hourly mean adjusted calling
rate by subtracting the mean number of calls calcu-
lated for a 24 h period from each hourly call rate
within that same 24 h period. For each day with
calls, we obtained the maximum altitude of the sun
relative to the earth’s horizon using data from the
US Naval Observatory Astronomical Applications
website (http://aa.usno. navy.mil) for 42° 09’N and
71° 52’ W. Call detections were then categorized

into 3 light regimes: twilight (includes both dawn
and dusk, where sun altitude was between −12 and
0°), light (where sun altitude was >0°), or dark
(where sun altitude was <−12°). Because our data
were not normally distributed, we used a non-
 parametric Kruskal-Wallis test to evaluate whether
calling rates (calls h−1) differed across the 3 light
regimes.

RESULTS

Up-call detections

There were a total of 366 recording days (93% of
deployment days) for SBNMS and 213 recording
days (100% of deployment days) for JL. SBNMS and
JL are areas subject to heavy bottom trawling fishing
activity; therefore, most of the gaps in the data repre-
sent days when MARUs were trawled. Right whale
up-calls were detected at both locations. In total,
21 223 up-calls were automatically detected and
human-verified for SBNMS, as were 26 988 up-calls
for JL. The missed up-call rate for the chosen detec-
tor threshold varied from 7 to 19%, with a higher rate
during March, April, and May (12 to 19%), when
large numbers of right whales were present in
SBNMS. Conversely, false positives were caused by
calls from other species of marine mammals (i.e.
humpback whales) and/or other anthropogenic and
biological noise events, and were removed by manu-
ally reviewing all detection results (see ‘Materials
and methods’).

Seasonal patterns

In SBNMS, right whale up-call rates varied over
the 13 mo period. Up-call rates increased from Janu-
ary to March, showing a strong seasonal pattern with
a peak in April, followed by a decrease towards the
end of May. No up-calls were detected in July and
August, and few up-calls were detected from Sep-
tember to December (Fig. 2a). In JL, the rate of right
whale up-calls varied across the 7 mo recording
period. The number of up-calls reached a maximum
in November, with secondary maxima from January
through February, after which call rates gradually
decreased from March through May (Fig. 2b). Over-
all, right whale up-call rates peaked during late
fall/winter in JL (285 calls MARU−1 d−1 in November)
and in the spring in SBNMS (120 calls MARU−1 d−1

in April).
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Diel patterns

Diel patterns were observed in right whale up-
 calling in both SBNMS and JL. Over the 24 h period,
hourly mean adjusted calling rates were higher dur-
ing twilight and dark hours in SBNMS and during
twilight in JL, with reduced up-calling observed dur-
ing light hours (Fig. 3). Over the 3 light regimes
(dark, twilight, light), hourly mean adjusted up-
 calling rates were significantly different in both
SBNMS (Kruskal-Wallis test: χ2 = 7.23, df = 2, p <
0.0269; Fig. 4a) and JL (Kruskal-Wallis test: χ2 =
15.39, df = 2, p < 0.0005; Fig. 4b), with increased up-
calling at twilight. In SBNMS, the hourly mean
adjusted up-calling rates and their associated SE for

each light regime over 208 d were: 0.24 ± 0.25 (dark),
0.98 ± 0.70 (twilight), −0.44 ± 0.16 (light). In JL, the
hourly mean adjusted up-calling rates for each light
regime over 185 d were: −0.58 ± 0.34 (dark), 1.53 ±
0.71 (twilight), 0.26 ± 0.35 (light). While the hourly
mean adjusted calling rates (Fig. 3) offered a finer
resolution of diel trends than the hourly mean
adjusted light regime averages (Fig. 4), both analyses
demonstrate an increase in up-call presence during
twilight hours.

DISCUSSION

Knowledge of seasonal and diel variation in spe-
cies presence is required to define when manage-
ment or mitigation measures should be heightened
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or may not be necessary at all. This study attempted
to assess right whale up-call distribution patterns in 2
NW Atlantic habitats: SBNMS and JL.

Up-call detections

It is important to recognize that changes in an
observed up-calling rate may be due to an increase/
decrease in the total number of calling whales within
the detection range, an increase/decrease in individ-
ual calling rates, or both. These considerations are
especially important if the goal of a study is to derive
occurrence and abundance patterns from long-term
acoustic data collected over larger spatial scales.
While on a daily temporal resolution there seems to
be no association between visual counts of animals
from aerial surveys and acoustic calling rates (Clark
et al. 2010), our results suggest that scaling to a sea-
sonal temporal resolution can reveal broad-scale pat-
terns of right whale occurrence that associate well
with visual data records. For example, comparing the
relative number of up-calls recorded in SBNMS dur-
ing the high call count period in April to May to those
recorded in the low call count period in August to
September, reveals a pattern of acoustic occurrence
that matches the pattern of right whale abundance
estimated from aerial surveys, with high abundance
of right whales in spring and low abundance in late
summer (Cole et al. 2007).

Seasonal patterns

Right whale up-calls were present throughout
SBNMS in all recording months of the year except
July and August, and were present in JL throughout
the entire recording period. The variations in pat-
terns over shorter time periods could be a reflection
of vocalizing animals moving in and out of the area,
and/or of seasonal changes in behaviors associated
with up-call production. However, we presume that
long time periods of silence, as observed with the
cessation of right whale calling in July and August in
SBNMS, most likely indicate that right whales were
no longer present in the study area. The most notable
observation, however, is the persistence of right
whale up-calling during winter months, indicating
the presence of at least some animals during a period
when a part of this population (mostly adult females,
mother/calf pairs, and juveniles), are traditionally
thought to winter in southern latitudes (Kraus et al.
1986, Winn et al. 1986, Kenney et al. 2001).

The location of a possible wintering ground for the
remaining portion of the North Atlantic right whale
population that does not migrate south is unknown.
However, its geographic location is most likely driven
by prey availability and/or mating opportunities. Aer-
ial survey data from November and January 2004 to
2007 found high proportions of sexually mature right
whales present west of Jordan’s Basin (northeast of JL;
Fig. 1), providing evidence for a possible midwinter
mating ground (Cole et al. 2009). In addition, visual
surveys confirmed high numbers and occurrence of
right whales on JL from October to December 2004
(Weinrich et al. 2005). The persistent wintertime call-
ing revealed in this study supplements the visual sur-
veys and could be an implication of delayed migration
or that some individuals may forego a southward mi-
gration altogether during some years. This finding un-
derscores the utility of PAM, particularly to aid in the
search for right whales in regions and times of the year
where they are believed to occur infrequently. Contin-
ued research, including visual, acoustic, and oceano-
graphic sampling efforts, will help provide insight into
the behavioral significance of right whale up-calling
beyond the known context of establishing and main-
taining acoustic contact. In the long term, the inte-
grated interpretation of such multi-modal data might
be able to explain why some whales remain in Gulf of
Maine habitats during winter. More importantly, iden-
tifying and protecting these seasonal habitats may be-
come critical for the protection of the North Atlantic
right whale population. For example, known seasonal
distribution patterns of right whales have already in-
fluenced the realignment of the shipping lanes into
the Port of Boston and Grand Manan Basin in the Bay
of Fundy (Hatch et al. 2008, Vanderlaan et al. 2008), as
well as the implementation of vessel speed restriction
at certain times of year along the east coast of the US
Atlantic seaboard (NMFS 2008). Thus far, the distribu-
tion of acoustic detections in the area surrounding the
Boston Traffic Separation Scheme appears to agree
with the distribution of visual detections, providing
additional support for the lane shift (Hatch et al. 2008).
However, larger-scale and longer-term comparisons
of vessel traffic patterns in concert with acoustic de-
tection information will be necessary to assess whether
additional routing measures within and around SB-
NMS and JL could further decrease collision risk.

Diel patterns

The diel cycle of up-calls illustrates that the time of
day when whales are most vocal (twilight hours) does
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not necessarily coincide with daylight. The up-
 calling rates of many baleen whales show diel peri-
odicity and in some cases may be driven by prey dis-
tribution (e.g. Stafford et al. 2005, Wiggins et al.
2005, Baumgartner & Frantantoni 2008, Munger et
al. 2008). The primary prey of the North Atlantic right
whale is the 2 to 3 mm calanoid copepod Calanus fin-
marchicus (Wishner et al. 1995, Baumgartner & Mate
2003), a zooplankton known to exhibit diel vertical
migration (e.g. Zaret & Suffern 1976, Baumgartner et
al. 2011). Our current understanding of how right
whales locate and communicate about prey patches
on such large spatial scales is relatively limited (Ken-
ney et al. 2001). During crepuscular periods, as their
prey becomes diffuse, high up-calling rates may be
inversely related to foraging intensity, and may be
triggered by changes in behavioral context, group
composition, and/or number of animals present.

While more information is needed to deduce what
the observed diel pattern means, knowing that the
pattern exists is important when devising manage-
ment and mitigation strategies that are based on
PAM. For example, if data were sampled on a duty
cycle, the choice of the cycle might be influenced by
this diel pattern. In order to understand why right
whales up-call more at night in SBNMS and JL, we
need to investigate the behavioral significance and
the environmental context in which certain call types
are made. Contrary to our results, Mellinger et al.
(2007) found an increase in up-calling during day-
light hours on the Scotian Shelf, suggesting that diel
trends may be site specific. Longer time series across
the species’ known habitats are needed to obtain a
better understanding of call usage and to determine
what call types are the most appropriate to use at dif-
ferent times of the day (and year) for indicating right
whale presence using PAM.

CONCLUSIONS

Understanding and predicting right whale distribu-
tion is pertinent to management decisions (i.e. critical
habitat designations, exclusion areas, speed restric-
tions, and gear modifications) in order to reduce an-
thropogenic-related right whale deaths. The passive
acoustic recordings analyzed in this study showed
that (1) right whales are present in the Gulf of Maine
area more frequently and for longer periods of time
than previously thought (i.e. some remaining through
winter), and (2) right whales in this area produce
more up-calls during twilight periods than during
other times. To further improve the use of acoustics as

an effective monitoring tool, more information is
needed on how up-calling patterns vary with behav-
ior, group size, age or sex class, season, and between
different regions of the NW Atlantic. Similarly, in or-
der to evaluate the detection efficiency of the up-call
in these areas, it is important to understand how right
whales use other call types. Additional analysis is re-
quired to determine whether the observed seasonal
and diel trends are representative of other years, and
additional acoustic data will supplement these find-
ings and help elucidate interannual trends. Despite a
clear need to better understand North Atlantic right
whale acoustic ecology, given the highly endangered
status of this species, the detection of even a single
call can be informative for management decisions.
Furthermore, the results described here demonstrate
that PAM provides a more complete assessment of
this rare species in regions and at times of the day
and year where traditional surveys are ineffective.
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