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(1st, 25th, 50th, 75th and 99th) using only file seg-
ments that included exclusively that one sound
source (e.g. vessel noise). AET analysis resulted in
an output of sound level measurements at 1 h, 1 Hz,
and 1 dB (re 1 µPA) resolutions. The 50th power
spectral density percentiles (median) were then
compared for the sound source (vessel noise) within
the NPRW upcall bands and gunshot call bands.
The 50th power spectral density percentile for ves-
sel noise in the upcall frequency range (80 to
160 Hz) was also compared to the baseline condi-
tions for mooring-year 2012−13. In this study, base-
line conditions correspond to periods where no
obvious sound sources were identified visually and
aurally on the spectrographic analysis. These base-
line periods were processed following the same
methods described above for vessel presence.

RESULTS

A total of 1778 d of data were used in the analysis
(Table 1, Fig. 3). Mooring year 2010−11 was ex clu ded
from analysis due to a faulty hydrophone. Over the
course of the study, 480 NPRW vocalizations were
detected over the 37 d with detections, 31 individual
upcalls over 7 d (0.4% of days sampled) and 449 gun-
shot calls over 32 d (1.7% of days sampled; Figs. 3−5).
Overall, detections were clustered in time and inter-
mittent (Fig. 3). Calling occurred for sequential days
only twice: 8−12 August 2009 (all gunshots) and

24−26 December 2014 (upcalls and gunshots; Figs. 3
& 4). These winter detections (24−25 December 2014)
also constitute the only days when both call types
were detected on a given day (Fig. 4). For the major-
ity of days with detections (33 of 39), the total number
of individual calls was low (n < 5; Fig. 4). However,
the bulk of total number of calls occurred over only 3
d in winter 2014 (398 of 480 total calls; 24−25 Decem-
ber 2014 and 3 January 2015; Fig. 4).

Mooring-year

NPRW calls were detected in every mooring-year
(Fig. 5). Upcalls occurred in 4 mooring-years (absent
in 2013−14) for a similar number of days each year
(1−2 d; Fig. 5). Furthermore, the number of individ-
ual upcalls was similar across mooring-year; the
most upcalls occurred in 2012−13 (n = 11) and the
fewest in 2011−12 (n = 5; Figs. 4 & 5). In contrast,
gunshots were absent in 2011−12, and the number
of days with detections was more variable (4−14 d;
Figs. 4 & 5). Also, the number of individual gunshot
calls varied dramatically among mooring-years, with
the most gunshot calls in 2014−15 (n = 408), due to
3 d with outlier calling (24−25 December 2014 and
3 January 2015), and the fewest in 2013−14 (n = 5;
Figs. 4 & 5). The total number of days with calls var-
ied significantly among mooring-year (Kruskal-Wal-
lis [KW], degrees of freedom [subscript] KW4 =
11.68, p = 0.02). Similarly, the total number of indi-
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Fig. 3. Daily percentage of intervals with calls (PIC; i.e. the percentage of time intervals [225 s] with positive detections) for
vessel noise (light gray), North Pacific right whale upcalls (red), and North Pacific right whale gunshot calls (black), 2009 to 

2015. Dotted black line along the top axis indicates days with no data
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vidual calls varied by mooring-year when all calls
were included (KW4 = 11.70, p = 0.02) and when the
outlier gunshot calling (24−25 December 2014 and
3 January 2015; Fig. 4) was excluded (KW4 = 10.68,
p = 0.03). These findings warrant limited interpreta-
tion given the variance in duty cycle across the
study (Table 1).

Seasonality (timeframes)

Calls occurred during every seasonal timeframe
(Fig. 5). The most days with upcalls occurred in
Dec−Feb (5 of 7 d), whereas the most days with gun-
shot calls occurred in Jun−Aug (17 of 32 d; Fig. 5). The
majority of individual upcalls (n = 20 of 31) occurred in
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Fig. 4. Total number of individual North Pacific right whale upcalls (red) and gunshot calls (black) for days with call type present
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Dec−Feb; all other upcalls occurred during 23 June
2012 (n = 3) and 29 September 2013 (n = 8; Figs. 4 & 5).
The majority of individual gunshot calls also occurred
in Dec−Feb (n = 391 of 449), followed by Mar−May
(n = 31), Jun−Aug (n = 25), and Sep−Nov (n = 2; Figs. 4
& 5). Consequently, significantly more days with calls
occurred during Jun− Aug (KW3 = 13.71, p = 0.003),
while the largest number of individual calls occurred
during Dec−Feb when all calls were included (KW3 =
13.53, p = 0.004) and when the 3 d of outlier gunshot
calling (24−25 December 2014 and 3 January 2015)
were excluded (KW3 = 12.52, p = 0.01). Hourly call de-
tection rates did not vary significantly by timeframe
when all hours were included (KW2 = 5.03, p = 0.08) or
when the outlier gunshot calling was excluded (KW3 =
7.08, p = 0.07; Fig. 6).

Light regime

Both call types occurred during all light regimes
(Fig. 6). Calls occurred most often during daylight

(3 of 7 d for upcalls and 21 of 32 d for gunshots;
Fig. 5). This trend was reflected in the total number
of upcalls (n = 17 of 31 in daylight; Fig. 5). In contrast,
for gunshots, the greatest number of individual calls
occurred during the night (n = 227) and the fewest
occurred during daylight (n = 7; Fig. 5). Hourly call
detection rates did not vary by light regime when all
hours were included (KW2 = 2.90, p = 0.41; Fig. 6b) or
when the outlier gunshot calling (24−25 December
2014 and 3 January 2015; Fig. 4) was excluded
(KW2 = 1.77, p = 0.41; Fig. 6d).

Vessel noise presence and analysis

Vessel noise was pervasive throughout the study
period, occurring on nearly all days of sampling
(97%), including all days with NPRW upcall and gun-
shot recordings (Fig. 3). It is important to re-empha-
size that vessel daily PIC are an indicator of presence
(daily number of intervals with vessel noise present/
total intervals sampled per day), and not a measure
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Fig. 6. Average hourly (±1 SD) call detection rate (no. of calls detected h−1 for hours with 60 continuous minutes of sampling) of
North Pacific right whale calls by (a,c) seasonal timeframe (Dec−Feb, Mar−May, Jun−Aug, and Sep−Nov) and (b,d) light regime
(daylight, twilight, and night). Panels (c) and (d) include the average hourly call detection rate after the outlier gunshot calling in
2014−15 was excluded (24−25 Dec 2014 and 3 Jan 2015; see Fig. 4), which are denoted with open symbols. Also shown are the 

number of hours with detection(s) (n), and the results from Kruskal Wallis tests (KW, subscript = degrees of freedom)
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of the sound amplitude of the vessel noise or the
number of vessels. For days with NPRW upcalling
present, daily vessel PIC was highest on 16 January
2012 (89.6%) and lowest on 25 December 2014
(9.7%; Fig. 3). For days with NPRW gunshot calling,
daily vessel PIC was highest on 11 August 2009
(95.8%) and lowest on 26 December 2014 (9.2%;
Fig. 3).

When the spectral density percentiles for vessel
noise were compared to the baseline conditions
(Fig. 7), a difference in +1.6 dB was observed in the
vessel 50th percentile, as well as +2.4 dB in the lower
(1%) percentile, indicating slightly higher amplitude
levels and fewer periods of quiet conditions during
vessel presence in the NPRW upcall frequency
range.

From the noise analysis, vessel noise was greatest
across upcall and gunshot call bands in Dec−Feb, fol-
lowed by Mar−May, Sep−Nov, and finally Jun−Aug
for all AURAL deployments (Fig. 8). The maximum
difference in seasonal vessel noise (Dec−Feb > Jun−
Aug) for both call types occurred in 2012−13 (6 dB for
upcalls and 5 dB for gunshots) and the lowest in
2014−15 (4 dB for both call types; Fig. 8).

DISCUSSION

Seasonality of detections

NPRW were acoustically de tec ted in low, but per-
sistent number throughout the dataset, confirming
their presence in the high-traffic Unimak Pass. The
detection of NPRW in 3 mooring-years during Dec−
Feb and in 4 mooring-years during Mar−May sup-
ports the hypothesis that Unimak Pass is a migratory
corridor. The Dec−Feb detections are consistent with a
sighting of 4 individual right whales seen transiting
this pass on 12 January 1964 (Iva shchenko & Clap -
ham 2012). Mar−May calls are consistent with a sight-
ing of NPRWs north of Unimak Pass in April 1993
(Shelden et al. 2005), and April is the time of year that
NPRWs were first sighted in the vicinity of the Aleu-
tian Islands in a given whaling season (Scarff 1991,
Shelden et al. 2005, Smith et al. 2012). These results,
combined with the recorded absence of NPRW calls
in the SEBS from January to April (Munger et al.
2008), support the timeframe of seasonal migration of
NPRW through this Aleutian Pass.

The presence of NPRW vocalizations in all months
except October in this dataset is not consistent with
the idea that Unimak Pass is used solely as an entry
and exit point for whales undertaking a seasonal

migration. Nevertheless, the overall low but persist-
ent presence of NPRW calls from June to September
is consistent with data from Akutan whaling station,
which reported low but consistent catches and sight-
ings of NPRWs from May to September in the vicinity
of Unimak Island from 1912 to 1939 (Shelden et
al. 2005). These detections are also consistent with
1 NPRW sighted southeast of Unimak Pass in August
2000 (Mellinger et al. 2004) as well as a sighting of
12 NPRWs just north of Unimak Pass in October 2012
(NMFS 2006).

Overall, the findings presented here are ecologi-
cally realistic. The low daily calling activity of NPRW
throughout the study suggests that NPRW presence
within this Aleutian Pass is brief, consistent with
transit between the Bering Sea and GOA. However,
temporal clustering of gunshots across days in sum-
mer (most notably August 2009) suggests either a
transit of multiple calling individuals by the hydro -
phone during a relatively short time-window or
milling of individuals within the pass. The summer
detections could reflect NPRW foraging within Uni-
mak Pass during favorable conditions. Warm, fresh
Alaska Coastal Current (ACC) water flows north-
ward through the pass year-round but is weakest
during August (Stabeno et al. 2002, 2016). Because of
the weakened flow during summer, colder, saltier
Alaska North Slope Current (ANSC) water flows into
the pass from the Bering side, resulting in productive
fronts and eddies within the pass and along the
northern edge that vary in strength on fine temporal
scales (e.g. varying with tides and wind patterns;
Stabeno et al. 2002, Ladd et al. 2005a,b, Mordy et al.
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2005). These fronts and eddies have been linked to
the distribution of other zooplanktivore taxa (Ladd et
al. 2005b).

Call detection rates

There was a lack of support for seasonal or light
regime differences in hourly call detection rate, even
after the outlier gunshot calling in 2014−15 was
removed. The number of acoustic detections may
have been too infrequent to reflect underlying trends
given the assumption that right whales are transiting
the pass. Alternatively, these data suggest that addi-
tional factors may influence passage use. As stated
previously, although the mean flow through the

passes is northward, both ACC and ANSC flow into
Unimak Pass, with the relative strength, timing, and
mixing of these currents driven by bathymetry,
winds, seasons, and tides (Ladd et al. 2005a, Mordy
et al. 2005, Stabeno et al. 2016). Therefore, it may be
energetically favorable for NPRW to transit during
certain tidal cycles. Consequently, individual calls
were grouped post-analysis by tidal cycle (flood, ebb,
and slack) using data found on the NOAA Tides and
Currents website for Scotch Cap, Unimak Pass, AK
(https://tidesandcurrents.noaa.gov/). The majority of
days with NPRW upcalls and gunshots occurred dur-
ing slack tide (5 of 7 and 19 of 32 days, respectively),
which was reflected in the number of individual calls
(n = 20 of 31 upcalls and n = 429 of 480 gunshot calls
during slack). These data suggest that tide type may
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Fig. 8. 50th power spectral density percentiles (medians) of vessel noise files by deployment, 1 h, 1 Hz, and 1 dB (re 1 µPA) reso-
lutions for (a,c,e) upcall (80 to 160 Hz) and (b,d,f) gunshot (50 to 5000 Hz) frequency bands by mooring-year (a,b: 2012−13; c,d:
2013−14; e,f: 2014−15). Line colors indicate seasonal timeframes. Only data from AURAL recorder deployments were used in the
analysis for consistency (Table 1). Peak at ~3800 Hz of gunshot data is the result of resonance frequency of the hydrophone
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influence NPRW presence within this pass. Conse-
quently, given the duty cycle, we may have under-
represented the acoustic presence of NPRWs. Alter-
natively, these data could reflect tidal differences in
call detectability (e.g. fluxes in ambient or self noise
from tidal currents).

Masking

There is no doubt that given the pervasiveness of
vessel noise throughout this study (Fig. 3), and the
increase in noise levels within the upcall frequency
range (Fig. 7), that some NPRW calls could have been
masked from detection by our analyst. Expected
detection ranges were in the tens of kilometers for
both call types (Mellinger et al. 2004). A range of up
to 40 km has been observed for NPRW upcalls and
gunshots from hydrophones and long-term recorders
40 to 90 m deep over the southeastern Bering shelf
(SEBS; McDonald & Moore 2002, Rone et al. 2012,
Crance et al. 2017, Thode et al. 2017). Furthermore,
while Munger et al. (2011) calculated a theoretical
NPRW upcall detection range up to 100 km over the
SEBS during ‘low noise conditions’ (defined as 72 dB
re 1 µPa2 Hz−1), the authors noted that at elevated
noise levels (average 80 dB re 1 µPa2 Hz−1; range 72
to 110 dB re 1 µPa2 Hz−1), ‘whales would have to be
close (within a few km) to the hydrophone for the
calls to be collected’, p. 4053. A similar elevated
ambient noise was observed for upcalls in this study
(77− 92 dB re 1 µPa2 Hz−1, data not shown). Therefore,
we are most likely underreporting the acoustic pres-
ence of NPRW in this high-traffic pass, particularly
during vessel noise presence conditions. Regardless,
NPRW were consistently detected using the upcall
from Dec−Feb, confirming that NPRW use this Aleu-
tian Pass during the assumed migratory period from
the Bering Sea. The probable reason that there were
detections despite the noisy conditions is that the
passage is narrow (~16 km), forcing NPRW to be
close to our recorder location when transiting
through this area. On the other hand, this narrow
passage increases the chances that the vessels are
passing close to the whales, which may influence
calling behavior. Right whales do respond behav-
iorally to vessel noise; congeneric right whales upcall
louder but less often at a higher frequency in high
noise conditions in an attempt to compensate for
higher background noise (Parks & Clark 2007, Parks
et al. 2011). Consequently, NRPW may be producing
loud upcalls in order to be heard by conspecifics in
this noisy environment.

Intermittent detections

While NPRW calls occurred in all years and sea-
sonal timeframes, detections were clustered in time
and intermittent throughout the study period. In fact,
the hourly call detection rate for a given day also con-
stituted the daily call detection rate (calls d−1) for all
but one day (26 December 2014), which was low
(<5 d–1) for the majority of days. This low call de -
tection rate is reasonable given that NPRWs are as-
sumed to be extremely rare and only briefly occupy
the pass. NPRWs may have passed silently by the hy-
drophone. Their calls could also have been missed if
they were transiting the pass while the hydrophone
was not actively recording (i.e. due to duty cycle).

Interestingly, though, the general low call detec-
tion rate is in stark contrast to the large number of
detections that occurred over 3 d in mooring-year
2014−15 (398 of 480 total calls). The maximum call
detection rate in this time period (176 calls h−1

detected on 24 December 14) is still well within the
normal range of one NPRW gunshot calling based on
focal follow data of NPRWs in the SEBS (Jul−Sep;
max gunshot call rate 425 calls h−1; Crance et al.
2017). Limited focal follow data suggest that female
NPRW have a markedly lower gunshot call rate
(54.1 h−1) than males (156.1 h−1), and their gunshot
bouts contain irregular ICIs (Crance et al. 2017).
Consequently, the high daily call detection rate in
winter 2016 suggests that at least one male NPRW
may have been present (Crance et al. 2017). In addi-
tion, the high variance in winter gunshot calling
across deployments does not eliminate the potential
presence of females during this timeframe. Never-
theless, data on winter call rates of NPRW have not
yet been collected, and the female NPRW call rate
data are extremely limited (Crance et al. 2017). We
are unable to determine whether the variability in
calling throughout the study reflect sex-based differ-
ences in call behavior or alternatively reflect a gen-
eral change in behavior in the pass (milling vs. tran-
siting vs. sexual display) or possible variability in the
number of calling individuals.

Additionally, the variability in calling throughout
the dataset could also be the result of NPRWs using
multiple Aleutian Passes for transit. Passage use may
be driven by fluctuating seasonal and annual bio-
physical conditions, such as currents or food avail-
ability (Coyle 2005, Ladd et al. 2005a,b, Mordy et
al. 2005). Also, passage use may simply be dictated
by proximity of an individual to a given pass when
the individual decides to transit between the Bering
Sea and other areas. Acoustic sampling in additional
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passes within the eastern Aleutian Chain would be
helpful in further explaining these findings.

The higher detection of gunshot calls compared
with upcalls in this dataset is reasonable given that
gunshot calls are the assumed primary call type of
NPRWs (Crance et al. 2017). However, this difference
in detection could have been influenced by the duty-
cycled analysis given the irregular nature of right
whale upcalls compared with gunshots and the per-
vasiveness of vessel noise with a stronger influence
on the narrower frequency band upcalls compared to
broadband gunshots. As stated previously, right
whale upcalling is characterized by irregular timing
of calls (>5 s) followed by long periods of acoustic
inactivity (Clark 1982, Matthews et al. 2001, McDon-
ald & Moore 2002, Parks & Tyack 2005, Munger et al.
2008). In contrast, the ICI is shorter (0.5 to 5 s) and the
calling sequences longer for gunshot bouts, resulting
in an estimated 50-fold greater average hourly call
rate of NPRW gunshots (228.3 calls h−1) compared to
NPRW upcalls (4.3 calls h−1; Crance et al. 2017).

Overall, these data illustrate the usefulness of pas-
sive acoustic analysis in monitoring rare marine
mammal species. The intermittent presence of NPRW
across season warrants year-round continuous sam-
pling in this pass to represent the true acoustic pres-
ence of this Critically Endangered species in this
high-traffic region. However, even with these duty-
cycled data, it is clear that NPRW use this pass during
and outside of the assumed migratory period.

Extensive vessel presence and population recovery

The detection of NPRWs at Unimak Pass remains a
major concern given the pervasive vessel noise in
this area. Potential acute threats to this population of
NPRW include entanglement in fishing gear and ship
strike. Although there is limited evidence for either
threat, the remote habitat makes detections of
anthropogenic mortalities unlikely. Right whales in
other parts of the world with high vessel activity are
vulnerable to ship strike and entanglement (Knowl-
ton et al. 2012, Kraus et al. 2016, Lanyon & Janetzki
2016, Meyer-Gutbrod & Greene 2018). Unimak Pass
is a narrow channel (~16 km), increasing the like -
lihood of interaction. Furthermore, the finding that
NPRWs were persistently detected during Dec−Feb,
which coincides with the seasonal timeframe that
vessel noise was highest, is of concern. Elevated
noise levels from anthropogenic noise impact the
behavior (Parks & Clark 2007, Parks et al. 2011),
physiology (Rolland et al. 2012), and area over which

marine mammals, including right whales, can com-
municate (Cholewiak et al. 2018).  Acoustic commu-
nication may be vital for the success of small marine
mammal populations (Tyack 2008). Poor weather in
winter months may force ships to take a sheltered
route through the passes of the eastern Aleutian
Islands compared with traveling parallel to the Aleu-
tians during other seasons, further increasing the
likelihood of collision. A single death of a NPRW
(especially a reproductive female) from ship strike
would be a major blow to this small population.

Unfortunately, interactions of NPRWs and anthro-
pogenic sources will likely increase with impending
climate change. Climate models conservatively pre-
dict major changes to ice extent throughout the
Chukchi and Bering seas by 2050 (Stroeve et al.
2007, Wang et al. 2012). Trans-Arctic ship traffic is
anticipated to increase due to an ice-free Northwest
Passage and Northern Sea Route, increasing the like-
lihood of NPRW collision with ships in Unimak Pass
and the SEBS. Unimak Pass is also increasingly used
by ships taking a Great Circle route through the
Bering Sea from North America and Asia (Nuka
Research and Planning Group 2014, 2016). As stated
previously, 60% of the deep draft vessels involved in
international trade that transited Unimak Pass in
2012 were cargo vessels, followed by 24% container
vessels (Nuka Research and Planning Group 2014). It
is therefore imperative that management strategies
be implemented for NPRWs, especially in high vessel
traffic areas such as Unimak Pass, to provide the
 population a chance to recover.
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