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We investigated the seasonal and spatial occurrence of sperm whale (Physeter
macrocephalus) in the Ross Sea region of the Southern Ocean derived from
passive acoustic data. Two Autonomous Multichannel Acoustic Recorders
(AMARs) moored about 10 m above the seabed were deployed in the austral
summer of 2018 and recovered 1 year later. The northern AMAR (A3) was located
on the Pacific-Antarctic Ridge at 63.7°S and the southern AMAR (A1) at 73.1°S on
the Iselin Bank, part of the continental slope of the Ross Sea. Sperm whale
echolocation signals were detected using signal processing scripts and
validated by visual inspection of spectrograms. Our results demonstrate that
sperm whales are present in the Ross Sea region year-round. At A1, sperm
whale vocalisations were detected in every month between February and
November, but absent in December and January. Whales were detected most
often in February with an average of 0.310 detections per hour. Sperm whale
vocalisations were detected at station A3 in every month except February when
we had no observations. Our results contrast to a paucity of reported sightings of
sperm whales from fishing and research vessels in the Ross Sea region between
December and February. Probabilities of detecting sperm whales at A3 were on
average 14.2 times higher than at A1 for the same month and monthly mean
detections per hour were an average of 74.4 times higher at A3 than A1. At A1, we
found a significant preference for day-time foraging rather than during the night or
nautical twilight. In contrast, at A3, no clear day/dusk/night/dawn differences in
sperm whale occurrence were found. Low sea-ice concentration (< 80%) and
open water within ~50 km were necessary but not sufficient conditions for higher
detection rates of sperm whales (>0.1 detections per hour). Overall, our research
provides baseline information on sperm whale occurrence and establishes a
method to track long-term change to help evaluate the conservation value of
the Ross Sea region Marine Protected Area.

KEYWORDS

sperm whale, ross sea, toothfish, Antarctica, passive acoustics monitoring

1 Introduction

The sperm whale (Physeter macrocephalus) is the largest of the toothed whales
(Odontocetes) and, being highly migratory, is also the most widely distributed, occurring
from the tropics to the ice-edge in both the Arctic and Antarctic (Whitehead, 2003; Taylor
et al., 2019). Sperm whale populations were severely reduced by commercial whaling during
the 20th century until a moratorium came into effect in 1986 (Whitehead et al., 1997;
Whitehead, 2002; Carroll et al., 2014). The species is currently assessed as “Vulnerable”
under the International Union for Conservation of Nature (IUCN) Red List of Threatened
Species criteria (Taylor et al., 2019). The present trend of sperm whale numbers globally is
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currently unknown and knowledge of population structure,
abundances or trends for sperm whales in the Southern Ocean
remains poor (Whitehead, 2002; Whitehead, 2003).

This study is focused on sperm whale in the Ross Sea region of
the Southern Ocean. The Ross Sea region is defined as lying between
160°E and 150°W meridians, and south of 60°S latitude and is
recognized as one of the most pristine and distinct marine
ecosystems on Earth (Halpern et al., 2008; Ainley, 2010). Primary
production in the Ross Sea region is higher than elsewhere in the
Southern Ocean (Smith and Gordon, 1997; Arrigo et al., 1999;
Arrigo et al., 2008; Smith et al., 2011) and leads to a rich
assemblage of air-breathing predators including at least four
species of seal, seven species of baleen and toothed whales, and
high numbers of Adélie and emperor penguins (Ainley, 2002;
Pinkerton et al., 2010; Lyver et al., 2014).

The Ross Sea region also supports the largest abundance of
Antarctic toothfish (Dissostichus mawsoni) in the Southern Ocean.
A commercial fishery for Antarctic toothfish has operated in the
Ross Sea region since 1997 taking catches of ~3,000 tonnes annually
(Hanchet et al., 2008; Hanchet et al., 2015b). The Ross Sea region is
now major fishing area for Antarctic toothfish in the Southern
Ocean, accounting for ~85% of total catches of Antarctic toothfish
(CCAMLR, 2020). In contrast, less than 1% of catches of Patagonian
toothfish (D. eleginoides) in the Southern Ocean are taken from the
Ross Sea region (CCAMLR, 2020) because this species has a much
lower-latitude distribution. Fisheries in Antarctic waters are
managed according to the Antarctic Treaty (CAMLR
Convention, 19801) which requires that the ecological
relationships between harvested, dependent and related species,
including sperm whales, be maintained.

While female sperm whales live in large groups (which often
include calves and immature adults) mainly in tropical and
subtropical waters, adult males leave these pods and migrate
seasonally between the tropic/subtropics and polar regions for
feeding (Gaskin, 1970; Whitehead, 2003). These large adult male
sperm whales have been reported to occur near the Ross Sea
continental slope in summer (Matsuoka et al., 2005), with the
southernmost sighting of sperm whales in the Ross Sea region at
74°S on the continental slope (Kasamatsu and Joyce, 1995). In fact,
InternationalWhaling Commission (2001) sighting surveys between
1976/77 to 1987/88 during mid-December to mid-February showed
that the highest densities of sperm whales in the Southern Ocean
occurred in subregion V-EM (Ross Sea slope and north of slope;
Kasamatsu and Joyce, 1995). In contrast, the same IWC study
reported no sightings of sperm whales over the Ross Sea
continental shelf in subregion V-ES (Ross Sea shelf). These
occurrence patterns are similar to acoustic detections of sperm
whale made using sonobuoys during the IWC cruises (Shabangu
et al., 2018). With no correction for sighting efficiency, the number
of sperm whales sighted in the Ross Sea region between December
and February corresponds to about 10% of the estimated total
Southern Ocean2 summer population of sperm whales
(Kasamatsu and Joyce, 1995).

Sperm whales are deep divers and hunt for prey using
echolocation (Whitehead, 2002; Møhl et al., 2003; Watwood et
al., 2006). Sperm whales produce regular clicks during the search
phase of their dives, while the foraging phase of the dive is associated
with the presence of short series of rapid clicks termed “creaks” or
“buzzes” (Miller et al., 2004; Watwood et al., 2006). A wide variety of
prey items are consumed, but cephalopods (squid and octopuses),
and fish (especially demersal fish) are the major prey items (Yukhov,
1971; Yukhov, 1972; Nemoto et al., 1985; Abe and Iwami, 1989;
Whitehead, 2003). Some data suggests that sperm whale diet is
almost exclusively cephalopods (Laws, 1977; Northridge, 1984).
Sperm whales in the Southern Ocean, and Pacific subantarctic
are reported as feeding primarily on squid and secondarily on
fish (Clarke, 1980; Evans and Hindell, 2004; Knox, 2007). Knox
(2007) gives the ratio of squid to fish in their diet as 9:1 in the
Southern Ocean.

Yukhov (1971); Yukhov, (1972) examined large numbers of
sperm whale stomachs from 12 to 18 m individuals caught by
Russian whaling vessels in the Pacific Ocean sector of the
Southern Ocean between 1965 and 1969 and found that
Antarctic toothfish (97–160 cm total length) were frequently
present. Sperm whale stomachs containing Antarctic toothfish
were recorded from 58°S to 73°S, and from about 160°E to 100°W
(i.e., from the Antarctic Convergence to the northern slope of the
Ross Sea; Yukhov, 1971; Yukhov, 1972). In fact, sperm whales are
one of only three known predators of toothfish in the Ross Sea
region, along with ecotype-C killer whales, Orcinus orca, and
Weddell seals, Leptonychotes weddellii (Ponganis and Stockard,
2007; Pinkerton et al., 2010; Ainley and Ballard, 2012; Pinkerton
and Bradford-Grieve, 2014).

FIGURE 1
Location of the three moorings containing the AMARs (red
circles, A1, A2, and A3). Also shown are the boundaries of the Ross Sea
region marine protected area, which comprises: the General
Protection Zone, composed of areas (i), (ii), and (iii), the Special
Research Zone (SRZ), and the Krill Research Zone (KRZ). Depth
contours are shown at 500, 1,500 and 2,500 m.

1 Convention for the Conservation of Antarctic Marine Living Resources.

2 South of 60°S.
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From commercial fishing data, the abundance of Antarctic
toothfish is known to be especially high along the Ross Sea
continental slope and over the Pacific-Antarctic Ridge in the
northern Ross Sea region (Hanchet et al., 2008). However,
intriguingly, despite high abundances of toothfish, sperm whales
are very rarely reported as being sighted anywhere in the Ross Sea
region from fishing vessels (Fenaughty pers. com); sightings of
sperm whales from research vessels in the area are also scarce
(e.g., Hanchet et al., 2008; Bowden, 2018; O’Driscoll, 2019;
O’Driscoll, 2021). Also, despite sperm whales and killer whales
being known to depredate toothfish from longlines in other parts
of the Southern Ocean (Hucke-Gaete et al., 2004; Purves et al., 2004;
Kock et al., 2006; Towers et al., 2019) this has not yet been observed
in the Ross Sea region (though we note that interactions with fishing
gear, in particular those involving sperm whales, are often difficult to
identify: Purves et al., 2004). The amount of spatial and temporal
overlap in fishing and killer and sperm whale occurrence is a key
factor in the risk of this behaviour developing in the Ross Sea region
(Delegations of New Zealand and the USA, 2013).

In 2017, a Marine Protected Area (MPA) came into effect in the
Ross Sea region of Antarctica (CCAMLR Conservation Measure 91-
05, 2016). At the time it was established, the Ross Sea region MPA
was the largest MPA in the world with an area of 1.55 million km2.
The Ross Sea region MPA (Figure 1) includes three General
Protection Zones (GPZi, GPZii, and GPZiii) where all toothfish
fishing is prohibited, a Special Research Zone (SRZ, where fishing is
permitting at a reduced level and research requirements are
increased), and a Krill Research Zone (KRZ). Outside the MPA,
fishing for toothfish is permitted and other conservation measures
and catch limits apply (Hanchet et al., 2008). The research and
monitoring plan of the Ross Sea region MPA (Dunn et al., 2017)
articulates the requirement to establish baseline ecological
conditions in the region and establish methods to track change
in key species, including spermwhales. TheMPAwas established for
a duration of 35 years, and over this period, the effectiveness of the
MPA in mitigating adverse ecosystem effects of fishing and climate
change must be studied.

For these reasons it is important to understand the spatial and
temporal patterns of sperm whale occurrence in the Ross Sea region.
Acoustic measurements from a research voyage in summer
2015 detected vocalizations of sperm whales through most of the
northern Ross Seas region Sea slope but only over a short period
(O’Driscoll and Double, 2015). Miller and Miller (2018) used data
from long-term acoustic recorders to show the seasonal occupancy
and diel behaviour of Antarctic sperm whales in east Antarctica,
including the effects of sea-ice and daylight on sperm whale
presence. The present study used a similar approach to Miller
and Miller (2018), employing long-term, moored acoustic
recorders to investigate patterns of presence of sperm whales in
the Ross Sea region and similar analysis methods.

2 Materials and methods

2.1 Location of moorings

Passive acoustic data analyzed in the present study were
collected using Autonomous Multichannel Acoustic Recorders

(AMARs; Jasco Applied Sciences, Dartmouth, Canada). Three
AMARs were deployed in the austral summer of 2018 during a
research voyage led by the National Institute of Water and
Atmospheric Research (NIWA, Wellington, New Zealand) from
the research vessel Tangaroa. Only two could be recovered the
following summer in February 2019 (Table 1).

Station A1 was deployed on Iselin Bank (part of the continental
slope of the Ross Sea) and station A3 was deployed on the Pacific-
Antarctic Ridge (Figure 1). These two sites are both close to areas
where fishing for toothfish occurs each year. The sites are about
1,100 km apart, with A3 situated in an area where sea-ice cover
occurs only during winter and ice concentrations are generally low,
while A1 is covered in nearly-complete sea-ice for much of the year.
The third mooring, A2 near Scott Island failed to be recovered in
2019 and this paper only reports results from A1 and A3.

2.2 Instrumentation

The AMARs were deployed on short moorings (~10 m)
positioning them close to the seabed where detection of
echolocation sounds from diving sperm whales was deemed most
likely (Miller and Miller, 2018), (Figure 2). Both AMARs used a
M36-V35-100 hydrophone (Geospectrum Technologies Inc.,
Dartmouth, Canada) with a relatively flat frequency response (±
3 dB re 1 V/μPa) between 100 Hz and 80 kHz and a sensitivity
of −165 dB re 1 V/μPa. The AMARs Analogue-to-Digital converter
include a first-order high-pass filter with a 1.7 Hz cutoff frequency
and an anti-aliasing filter with a −3 dB cutoff frequency equal to half
the sampling frequency. AMARs were calibrated before deployment
using a pistonphone calibrator (GRAS 42AC, GRAS Sound and
Vibration A/S, Denmark) and programmed to record at a sampling
rate of 48 kHz for 5.7 min after every 12.3 min. The moorings
themselves were made acoustically quiet by weaving rope
through the mooring chains and binding this with nylon string.

2.3 Environmental data

Daily values of sea-ice concentration at the mooring locations
were sourced from the Integrated Climate Data Center (University
of Hamburg, Germany; Kern et al., 2020). Special Sensor
Microwave/Imager (SSM/I) and Special Sensor Microwave/
Imager Sounder (SSM/IS) data were used by IFREMER (Brest,
France) to estimate circumpolar Antarctic sea-ice concentration
by applying the ARTIST Sea Ice (ASI) algorithm (Kaleschke
et al., 2001; Spreen et al., 2008). The data were gridded onto a
polar-stereographic grid true at 70° with 12.5 km grid resolution and
a 5-day median smoothing filter was used to reduce the weather
influence (Kern et al., 2020). So far there are no estimates of
uncertainties available for the product. Areas were considered
ice-free when the ice concentration was less than 15% (following
Arrigo and van Dijken, 2004; Comiso, 2003). To take into account
the effect of spatial variation in sea-ice, we extracted the mean and
standard deviation (sd) sea-ice concentration from all pixels within
three different maximum distances of each mooring corresponding
to different detection distances for sperm whale vocalisations (see
below): 15, 30, and 80 km. For each day, we also calculated the
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minimum distance between the mooring site and ice-free water. The
daily data were combined by calendar month for comparison with
monthly-mean detection metrics (see Section 2.6).

2.4 Detection range estimation

The detection range for a sperm whale echolocation signal was
estimated using the following simplified passive sonar equation
(Urick, 1983):

RL � SL − TL −NL (1)
where RL is the Received Level in decibels (dB), SL is the theoretical
Source Level of a sperm whale echolocation signal (in dB), TL is the
Transmission Loss (in dB), and NL is the background ambient Noise
Level (in dB). Since sperm whale produce very directional signals
(Zimmer et al., 2005; Moehl et al., 2006) and source level differences
of 35 dB for the same click at different on-axis orientations were
reported (Mohl et al., al 2000), two values of SL where used in order
to estimate a maximum detection range in the case of on-axis
echolocation signals (236 dB, 1 µPa RMS; Møhl et al., 2003) and
in the case of off-axis signals (188 dB, 1 µPa RMS; Møhl et al., 2000).
TL was estimated using both the Bellhop ray tracing tool (Porter,
2011) and a spherical spreading loss model:

TL � 20log10 R( ) + αR (2)

where α is the sound absorption for a sound with a frequency of
15 kHz and R is the range (km). For this model a frequency of
15 kHz was used since sperm whale echolocation signals have a
centroid frequency of 15 kHz (Mohl et al., 2003). NL were measured
for each day of the study (Giorli and Pinkerton, 2019).
Measurements in the deicedade band with center frequency of
16 kHz were used in this model. Water column oceanographic
conditions were obtained from conductivity, temperature, depth
data sourced from the U.S. Antarctic Program (USAP) Data Center
(Stammerjohn, 2019) combined with pH data extracted from Rivaro
et al. (2014). Average measurements of temperature, salinity and
pH were used to estimate α using Ainslie and McColm (1998). The
detection range was computed for each station as the distance at
which the RL equaled the NL.

TL at the depth of each recorder was also estimated using
Bellhop for each season. Bellhop is a beam tracing approach for
predicting acoustic pressure fields in ocean environments (Porter,
2011; Dong and Dong, 2014). In this case, the sound attenuation was
modeled for a sound at 15 kHz emitted at a depth of 200 m. Sound
velocity profiles (SVP) from the 2009 World Ocean Atlas were used
to model the transmission loss at both location for winter (average
SVP for December-January-February), spring (average SVP for
March-April-May), summer (average SVP for June-July-August)
and fall (average SVP for September- October-November). The daily
NL levels were also averaged to obtain mean NL in each season. For
the Bellhop we only used the on-axis SL.

TABLE 1 Location and hours of recording of stations A1, A2, and A3.

AMAR Lat Long Depth (m) Hours of recordings

A1 73 04.793 S 176 54.504 W 1,117 8,088 (22/02/2018–24/01/2019)

A2 68 19.789 S 179 58.032 W 1,047 0

A3 63 40.060 S 176 06.823 E 1,500 7,381 (13/03/2018–12/01/2019)

FIGURE 2
Mooring design (all stations) and depths (station A1).
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2.5 Detection of sperm whale presence

Acoustic data were analyzed using signal processing scripts to
detect sperm whale echolocation signals as in Giorli and Goetz
(2019); Giorli and Goetz, (2020) and validated using visual
inspection of spectrograms. The algorithm was developed to
detect only the regular echolocation clicks that sperm whales use
during the “search” phase of their foraging dives (Watwood et al.,
2006) and is now briefly described. First, the hydrophone data were
band-pass filtered between 2 and 20 kHz using a sixth order
Butterworth filter (Mohl et al., 2003). After filtering, a detection
threshold was calculated as 4 dB above the average ambient noise
level of the recording file under analysis. Echolocation signals were
then grouped in click-trains of consecutive echolocation clicks with
Inter-Click-Interval (ICI) shorter than 3 s (Madsen et al., 2002;
Wahlberg, 2002; Douglas et al., 2005; Laplanche et al., 2005; Teloni
et al., 2008; Fais et al., 2015). Consistent with previous studies, only
click trains with more than five signals were retained to strengthen
the classification certainty (Au et al., 2013; Giorli et al., 2015; Giorli
and Goetz, 2019). The ICI, click duration, and peak frequency of
each click train detected were used together to determine if a
positive sperm whale detection was returned (Giorli and Goetz,
2019).

The Receiver-Operator Characteristic (ROC) was used to select
the detector parameters that yielded the best performance in terms
of precision (P), recall (R) and F-score (F) (Davis and Goadrich,
2006; Powers, 2011; Kowarski et al., 2018). From each AMAR, a
training dataset of 200 WAV files recordings were selected to fine
tune the detector. Of these, 100 WAV files contained identified
sperm whales click trains and 100 WAV files did not contain any
identified sperm whales click trains (although they contained
echolocation signals and vocalizations from other species). The
detector was run on the training datasets in order to assess true
positive, false positive, true negative and false negative detection

rates needed to compute F-scores. The detector was applied to the
training dataset at station A3 twice. The second run returned a very
accurate performance (see Results). The detector parameters for
station A3 were: 1) 4–15 kHz for peak frequency; 2) 0.2–2 s for ICI;
and 3) 500–1,200 μs for signal duration. The A1 detection
performance during the ROC trials (n = 10) was not satisfactory
because the A1 acoustic data included broadband noise generated by
tidal forcing on the sea-ice that characterize this area for most of the
year (Giorli and Pinkerton, 2019) (Figure 3). However, using the
same detector parameters as for station A3, the A1 detector returned
no false negatives (see Results and Discussion). Hence, for station
A1 the same detector parameters of station A3 were used but all
detections were validated using spectrograms to remove false
positives.

2.6 Data analysis

Two indices were calculated to summarize the click-
detection results. First, the average probability of detection
within a 1-h period “P (detection)” was calculated as the
number of hours where at least one sperm-whale click train
was detected divided by the hours observed. This indicates the
probability that at least one sperm whale is present in a given
hour (i.e., presence only). Second, we calculated the average
number of sperm-whale click trains detected per hour of
recording as an indication of total foraging intensity. This
second metric will be affected by how actively individual
sperm whales are foraging (as a single individual may give
rise to multiple click-trains within an hour) and by how
many different sperm whales are present and vocalizing. It is
not possible to separate out the number of whales and their
foraging activity, but together, the mean number of clicks
detected per hour is indicative of the intensity of all sperm

FIGURE 3
Spectrogram of a 37.5 s of data showing short broadband noise pulses in the bandwidth of sperm whales’ echolocation signals (top panel); and
spectrogram of a 37.5 s of data showing echolocation signals of a sperm whale (bottom panel).
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whale foraging in that period. We calculated these two detection
metrics at both the daily and monthly scale and
compared them with sea-ice concentration and distance to
open-water.

For day-night analysis, we followed Miller and Miller (2018) in
defining “day” as times when the solar elevation was greater than
zero, “night” as the period when the solar elevation was less
than −12°, and dawn and dusk as nautical twilight (i.e., when the
solar elevation was between 0 and −12°). Solar elevation was
calculated based on Kirk (1994). Akin to using the odds-ratio to
assess the importance of time of day on spermwhale foraging (Miller
and Miller, 2018) we considered the slope of the regression line
between foraging during the day and other times (dusk, night,
dawn). An F-test was used to test the null-hypothesis that the
slope of the regression line did not differ from 1 (a slope not-
significantly different from 1 meaning that there is no evidence of
different foraging depending on time of day).

Data analysis was carried out in MATLAB 2019a (The
MathWorks, Inc., Natick, United States) and in IDL 8.7
(Research Systems Inc., Boulder, United States).

3 Results

3.1 Detector performance

The detector performed well for station A3 (Table 2) yielding an
F-score of 0.96. However, the detector did not generally perform as
well at station A1, yielding a recall (true positive rate) of one but a
precision of only 0.52; the detection performance at A1 had a high
false positive rate, but returned no false negatives (Table 2). Hence,
all the detections at A1 were visually inspected using spectrograms to
assess their validity and remove false positives.

3.2 Detection range

The spherical spreading model returned similar detection ranges
for both stations (Figure 4). The mean detection range for station
A1 was 36.7 km with a standard deviation of 1.7 km for the on-axis
signal case. Detection ranges for the off-axis signals was substantially
lower with a mean of 26.3 km and a standard deviation of 1.6 km. At
station A3 the mean detection range for on-axis signal was 36.1 km
with a standard deviation of 1.4 km. At A3, off-axis signal had a
substantially lower mean detection range of 24.9 km with a standard
deviation of 1.3 km. Bellhop modeling for on-axis signals only
returned ranges of detection similar but slightly larger (~20% on
average) that the spherical spreading model; the Bellhop detection
range was estimated to vary between 44.8 and 46.8 km at station
A1 and between 43.0 and 44.1 km at station A3 from winter through
fall. Given the results for both on-axis and of-axis sounds modeling,
for the analyses of sea-ice, we considered the average ice
concentration within 30 km of the moorings (but show that the
results and conclusions are robust to detection ranges 15–80 km).

TABLE 2 Detector performance.

Metric A1 A3

Precision (P) 0.52 0.96

Recall (R) 1 0.96

F-Score (F) 0.57 (beta = 0.5) 0.96 (beta = 0.5)

0.68 (beta = 1) 0.96 (beta = 1)

0.84 (beta = 2) 0.96 (beta = 2)

FIGURE 4
Modeled detection ranges for on-axis (dark blue) and off-axis (−35 dB; light blue) sperm whale echolocation signals at station A1 (top) and A3
(bottom). Red lines indicate the mean values; red dashed lines indicate the standard deviation from the mean.
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FIGURE 5
Number of echolocation click trains detected at station A1 (Iselin Bank) as a function of day (top panel) and as a function of day and hour of the day
(bottom panel). The red dashed line indicates the sea ice percentage cover measured at the location of A1 (<15 km range).

TABLE 3 A1 summary information bymonth. “DaysObs”: Number of days in themonth duringwhich acoustic data weremeasured. “Hours per 24 h”: Mean number
of hours of day, dusk, night and dawn (see text for definitions). Ice: Concentration (“conc”) of sea-ice in themonth asmean% (mean ± sd). Probability of detection:
mean probability of detecting sperm whale in an hour in a given month. “Not day”: Dusk, night, dawn combined. Detections per hour: Mean number of sperm
whale click-trains detected in an hour in that month. “NA”: No data.

Hours per 24 h Ice Probability of
detection

Detections per
hour

Month DaysObs Day Dusk Night Dawn Conc. (%)
mean
(min-max)

Distance to
open water (km)

All Day Not
day

All Day Not
day

January 27 24.0 0.0 0.0 0.0 0 (0–0) 0.0 0.000 0.000 NA 0.000 0.000 NA

February 7 16.3 4.0 0.0 3.7 0 (0–0) 0.0 0.149 0.202 0.037 0.310 0.430 0.056

March 31 12.9 3.6 4.0 3.5 25 (0–53) 57.3 0.024 0.035 0.012 0.032 0.050 0.012

April 30 7.2 3.0 10.8 3.0 89 (83–94) 527.2 0.008 0.005 0.010 0.010 0.005 0.012

May 31 0.5 4.1 14.9 4.4 93 (90–97) 708.9 0.015 0.059 0.014 0.016 0.059 0.015

June 30 0.0 3.1 16.9 4.0 94 (91–98) 816.1 0.018 NA 0.018 0.019 NA 0.019

July 31 0.0 3.7 16.1 4.3 92 (87–98) 914.4 0.005 NA 0.005 0.005 NA 0.005

August 31 4.2 3.6 12.6 3.6 96 (94–98) 937.0 0.001 0.000 0.002 0.001 0.000 0.002

September 30 10.6 3.0 7.5 2.9 91 (87–96) 817.0 0.003 0.003 0.002 0.003 0.003 0.002

October 31 16.2 3.9 0.4 3.5 87 (84–90) 716.4 0.005 0.002 0.012 0.005 0.002 0.012

November 30 23.1 0.5 0.0 0.4 82 (78–87) 362.1 0.011 0.012 0.000 0.013 0.013 0.000

December 31 24.0 0.0 0.0 0.0 22 (0–50) 23.4 0.000 0.000 NA 0.000 0.000 NA
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FIGURE 6
Number of echolocation click trains detected at station A3 as a function of day (top panel) and as a function of day and hour of the day (bottom
panel). The red dashed line indicates the sea ice percentage cover measured at the location of A3 (<15 km range).

TABLE 4 A3 summary information by month. Other information as caption Table 3.

Hours per 24 h Ice Probability of
detection

Detections per
hour

Month DaysObs Day Dusk Night Dawn Conc. (%)
mean
(min-max)

Distance to
open water (km)

All Day Not
day

All Day Not
day

January 12 19.4 2.0 0.0 2.6 0 (0–0) 0.0 0.111 0.112 0.109 0.583 0.575 0.618

February 0 NA NA NA NA 0 (0–0) 0.0 NA NA NA NA NA NA

March 19 11.8 1.9 8.4 1.9 0 (0–0) 0.0 0.164 0.138 0.190 1.289 1.582 1.004

April 30 9.3 1.8 11.0 1.9 0 (0–0) 0.0 0.183 0.223 0.158 1.113 1.259 1.020

May 31 6.1 2.1 13.5 2.3 0 (0–0) 0.0 0.039 0.026 0.043 0.196 0.169 0.205

June 30 4.2 2.8 14.9 2.1 14 (0–29) 6.2 0.017 0.008 0.018 0.054 0.008 0.064

July 31 5.1 2.3 14.2 2.4 49 (25–74) 18.1 0.013 0.013 0.014 0.026 0.019 0.027

August 31 8.0 2.0 12.1 2.0 27 (0–62) 13.3 0.062 0.045 0.070 0.306 0.154 0.382

September 30 11.2 1.9 9.2 1.8 0 (0–1) 0.0 0.026 0.027 0.026 0.158 0.164 0.153

October 31 14.5 2.4 4.8 2.4 16 (4–29) 6.8 0.167 0.167 0.166 0.993 1.031 0.936

November 30 17.7 2.9 0.0 3.4 4 (0–13) 1.4 0.074 0.075 0.069 0.324 0.337 0.286

December 31 19.8 2.0 0.0 2.2 0 (0–0) 0.0 0.194 0.192 0.200 0.884 0.933 0.654
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FIGURE 7
Average probability of detecting at least one sperm whale vocalization in an hour in a given month “P (detection)”. (A) Southern site A1; (B) northern
site, A3. Overall probabilities of detection are shown on the left axis, and stacked-bar colours show the relative probabilities of detection during the day
(sun above the horizon), nautical twilight (dawn and dusk) and at night (sun elevation <12°). The average proportion of daylight and twilight in themonth is
shown by the solid grey lines (right axis). The average monthly ice concentration (red lines) and standard-deviations within the month (red dashed
vertical bars) are also shown on the right axis for two ranges (15 and 80 km).

FIGURE 8
Mean spermwhale detection rate: mean number of spermwhale click-trains detected per hour, bymonth. (A) Southern site A1; (B) northern site, A3.
Other information as Figure 7.
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3.3 Habitat occupancy

At A1, sperm whales were detected in every month between
February and November, but absent in December and January
(Figure 5; Table 3). Whales were detected most often at A1 in
February when average monthly probability of detection in an
hour was 0.149 and there was an average of 0.310 detections
per hour.

Station A3 had generally higher probabilities of detection and
higher detection rates than at A1 (Figure 6; Table 4) across all
months of the year except June. Probabilities of detecting sperm
whales at A3 were on average 14.2 times (range 0.9–46 times) higher
than at A1 for the same month (Figure 7). On average, detection
rates (mean detections per hour) were 74.4 times higher at A3 than
for the same month at A1 (range 2.8–228 times higher). At A1, the
monthly average of the number of click-trains detected per hour
when spermwhales were present varied between 1.0 and 2.1 (median
1.1). At A3, when sperm whales were present average detection rates
(click-trains per hour) were higher (1.9–7.8, median 5.0 clicks-trains
per hour).

At both sites, the seasonal patterns of detection rate (i.e., the
average detections per hour) and the seasonal patterns of probability

of detection were similar (Figure 7; Figure 8). Sea-ice concentrations
were high (>80%) at A1 during the April–November period, but
never reached more than 50% on average at A3. Similarly, there was
much less variation in day-length over the year at A3 than A1.

At A3, both the probability of detection and the mean detection
rate were very similar between day and dusk/night/dawn (Figure 9A:
A3 points lie close to the 1:1 line indicating no detectable difference
in occurrence between day and dusk/night/dawn). In contrast, at A1,
the probability of detecting sperm whales in an hour was
substantially (mean 2.1 times) higher during day than at night or
twilight (Figure 9A: A1 points lie below the 1:1 line). At A1, the
mean number of detections per hour was also substantially higher
(mean 2.5 times) during the day than at night (Figure 9B). F-tests of
the null hypothesis that the regression lines have a slope of 1 (no
change between day and dusk/night/dawn) were rejected for all
dusk/day, night/day and dawn/day for both probability of detection
and detection rate at A1 (Table 5) indicating a significant effect of
time of day on occurrence. At A3, the null hypothesis could not be
rejected at the 99% confidence level for either the probability of
detection or the mean detection rate for all combinations except one:
at A3, there was a significantly higher mean detection rate at dusk
than dawn (Table 5). The probability of detection was also
significantly higher at dusk than dawn at A1. The dusk/night and
dawn/night analyses in Table 5 show that the probability of
detection and the mean detection rate were not significantly
different between night and twilight at either station.

Comparisons between sperm whale occurrence and sea-ice (in
terms of both sea-ice concentration and distance to open water) gave
more useful insights at the monthly than at the daily scale. At A1, the
8 months with high mean sea-ice concentration (>80%,
April–November) had consistently low probabilities of detecting
sperm whales acoustically and low mean detections per hour
(Figure 10). In the other 4 months at A1 where sea-ice
concentration was low, there were both low (December, January,
March) and high (February) numbers of sperm whale detections. At
A3, sea-ice was only intermittently present, with monthly mean sea-
ice concentration always less than 50% and usually less than 20%.
Sperm whale occurrence was both high and low in the months with
sea-ice and in the months without sea-ice at A3. Taking both sites
gave a consistent overall picture: low sea-ice concentration (< 20%)
tended to be related to higher occurrence of sperm whales (but not
always), whereas high sea-ice concentration (> 50%) always
corresponded to low occurrence. In other words, low sea-ice
concentration was a necessary but not sufficient condition for
high detections of sperm whales. A consistent result was given
when distance to open water was considered instead of mean ice
concentration (Figure 11): low distance to open water (<50 km) was
a necessary but not sufficient condition for high occurrence of sperm
whales at both A1 and A3.

4 Discussion

The large spatial extent, heterogenous and highly seasonal
nature of the Ross Sea region means that characterizing the
ecology of the area and tracking changes over time requires
multi-year observations. Given the high cost of research vessels
and the fact that most of the area is only free of sea-ice for a few

FIGURE 9
Effect of time of day on (A) Mean probability of detection in an
hour; (B) Mean hourly detection rate. “Day” refers to measurements
taken when the sun was above the horizon (x-axis) and “dawn”/“dusk”
during periods of nautical twilight and “night” when the solar
elevation is below −12° are shown on the y-axis for the corresponding
month. Coloured, solid lines are the least-squares fit by site (A1 and
A3). Black dashed line indicates 1:1 correspondence (i.e., no change
between sperm whale occurrence between dusk/night/dawn and
day). See Table 5 for statistics of regression lines.
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months a year, long-term acoustic moorings are a cost-effective and
powerful way to detect the presence of animals that produce sounds,
such as sperm whales. Better information on the seasonal and spatial
occupancy of sperm whales in the Ross Sea region is particularly
important because much uncertainty remains on the risk to
predators of Antarctic toothfish from the effects of fishing
(Pinkerton et al., 2010; Ainley and Pauly, 2014; Pinkerton and
Bradford-Grieve, 2014). It has been suggested that sperm whales
may target Antarctic toothfish as prey because they are large and
have high energetic richness (e.g., Capdeville, 1997; Collins et al.,
2010; Péron et al., 2016; Janc et al., 2018) which might make them an
ecologically-important localized food source for predators in some
locations at some times of the year (Pinkerton et al., 2007).

In this paper we report on the first year of data measured by
two moored acoustic sensors in the Ross Sea region, both located
close to areas of high toothfish abundance and high fishing effort.

These two locations had very different sea-ice characteristics
which meant that different algorithm were used to detect
vocalizations of sperm whales at the two sites. Low-ice
conditions at the northern station (A3, Pacific-Antarctic ridge)
contrast to the southern station (A1, Iselin Bank) which had more
than 80% ice cover for 8 months of the year. Differences in sea-ice
between the sites lead to different ambient (background)
soundscapes. At frequencies lower than 100 Hz, ambient noise
at station A1 was 15 dB higher in general than at station A3
(Giorli and Pinkerton, 2019). The higher background noise levels
at A1 were likely caused by high tides regimes causing the sea-ice
sheet to move vertically and/or horizontally. The resulting
cracking of the ice generates broadband impulsive sounds that
can extend over many kHz in frequency that posed a challenge for
the performance of a sperm whales sound detector/classificator
based on a self-adjusting threshold like the one used in this study

TABLE 5 Effect of time of day on mean probability of detecting sperm whale in a given hour and mean detection rate (“detections per hour”) as described in the
text. “Light regime” gives the comparison between the monthly detection in one period to that in another (see Methods for definitions of periods). “N months”:
Number of month comparisons possible. No comparisons are possible if there is no data or zero detections in either period. “Slope”: Fitted slope of regression line
(akin to adds ratio, Figure 9). “F”: F-value for null hypothesis that the slope = 1 (i.e., no effect of time on day on detection). “P”: Probability associated with F-test,
significance: <0.001***; <0.01**; <0.05*.

Metric Site Light regime N months Slope (se) F p

Probability of detection A1 Dusk/Day 6 0.119 (0.077) 131 0.000***

Night/Day 8 0.262 (0.057) 166 0.000***

Dawn/Day 8 0.178 (0.031) 686 0.000***

Dusk/Night 8 0.252 (1.557) 0.230 0.648

Dawn/Night 8 0.605 (0.441) 0.803 0.405

Dawn/Dusk 10 0.213 (0.180) 19.1 0.002**

A3 Dusk/Day 11 0.971 (0.141) 0.041 0.844

Night/Day 8 0.774 (0.153) 2.181 0.190

Dawn/Day 11 0.933 (0.104) 0.409 0.539

Dusk/Night 8 1.251 (0.102) 6.026 0.049*

Dawn/Night 8 1.015 (0.104) 0.021 0.889

Dawn/Dusk 11 0.845 (0.128) 1.46 0.258

Detections per hour A1 Dusk/Day 6 0.057 (0.044) 461 0.000***

Night/Day 8 0.248 (0.032) 568 0.000***

Dawn/Day 8 0.170 (0.020) 1,663 0.000***

Dusk/Night 8 0.390 (1.596) 0.146 0.716

Dawn/Night 8 0.758 (0.545) 0.197 0.672

Dawn/Dusk 10 0.312 (0.340) 4.10 0.077

A3 Dusk/Day 11 1.130 (0.351) 0.137 0.720

Night/Day 8 0.567 (0.090) 22.879 0.003**

Dawn/Day 11 0.713 (0.116) 6.092 0.036*

Dusk/Night 8 1.701 (0.768) 0.834 0.396

Dawn/Night 8 1.179 (0.190) 0.882 0.384

Dawn/Dusk 11 0.259 (0.148) 25.1 0.001***
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(Giorli and Goetz, 2019; Giorli and Goetz, 2020). Our algorithm
returned an estimated recall >0.95 at both stations which means
that the acoustic processing effectively detected sperm whales
when they were present. However, the higher background noise
at A1 caused many false positive detections (precision of 0.52,
Table 2) so all detections at this southern station were visually
inspected using spectrograms to assess their validity and remove
false-positives.

After removing the false-positives, our results demonstrated that
sperm whales forage in the Ross Sea region all year round: We found
evidence of sperm whale presence at either A1 or A3 or both in all
months of the year. However, there were substantial differences in
the frequency of detection between A1 and A3. At A3 (northern area
near the Pacific-Antarctic Ridge), the probability of detecting sperm
whale click trains in an hour was 14 times higher on average than at
A1, and the number of detections in an hour when they were present
was 5 times higher at A3 than A1 on average. Together, this means
that mean detection rates were between 2 and 200 times higher at
A3 than A1 in the same month.

Overall, the present study partially agrees with the finding of
Miller andMiller (2018) which found that in the Southern Ocean off
East Antarctica, sperm whales were present in the austral summer
(and occasionally in November, March, April and May). However,
Miller and Miller (2018) did not detect sperm whales in the austral
winter or spring months whereas our data at the Pacific-Antarctic

ridge contained sperm whale sounds from June through to October,
though detection rates were low in June and July.

We may expect a priori that sea-ice may be the major driver of
spatial and seasonal variations of sperm whale occurrence because sea-
ice in the Ross Sea region will generally be too thick for sperm whales to
break through, and their large body size means that large gaps between
floes will be needed for them to reach the surface. Some cetacean species
are known to crack newly formed or thin ice to create breathing holes.
For example, bowhead whales (Balaena mysticetus) in the Bearing Sea
use their large heads to break holes into areas of thin ice (Ellison et al.,
1987; Zapetis and Szesciorka, 2018) and the Antarctic minke whales
(Balaenoptera bonaerensis) use the rostrum for breaking through newly
formed sea ice to breathe (Thiele et al., 2000; Ainley et al., 2003).
Weddell seals are known to be able to chew through sea ice to create
their own breathing holes which allows them year-round occupancy of
the extreme southern part of the Ross Sea (Harcourt et al., 2021). None
of these opportunities are likely to apply to sperm whale in the Ross Sea
region where winter sea-ice is likely to be 1–2 m thick (Worby et al.,
2008). Antarctic killer whales have bodies small enough that they can
exploit narrow passages in the ice to breath (Pitman and Ensor, 2003)
but much larger gaps will be needed for sperm whale.

Wehence examined the role of sea-ice concentrationon the probability
of detecting sperm whale in an hour and the average number of detections
per hour (detection rate) at A1 and A3. Simple estimates of click intensity,
sound attenuation, background noise and detector sensitivity led us to
estimate that we may detect sperm whale vocalizations from a maximum

FIGURE 10
Effect of sea-ice concentration (30 km range) on (A) Mean
probability of detection in an hour; (B)Mean hourly detection rate. Key
months are labeled (see colour for site). Coloured lines connect
months in date order as shown by the arrows.

FIGURE 11
Effect of distance to open water (<15% ice concentration) on (A)
Mean probability of detection in an hour; (B) Mean hourly detection
rate. Key months are labelled (see colour for site). Coloured lines
connect months in date order as shown by the arrows.
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possible distance of about 30 km, comparable with previous studies (e.g.,
Poupard et al., 2022). We hence used mean satellite estimates of ice
concentration within 30 km of each hydrophone in our analysis. We also
estimated the shortest distance from the hydrophone to open water (taken
as less than 15% ice concentration).

Our data at A1 (Iselin Bank) was consistent with the hypothesis
that high concentrations (>80%) of sea-ice April to November
provided a barrier between the atmosphere and the underwater
habitat which restricted the ability of sperm whales to breathe and
largely kept them out of the area. When the shortest distance to open
water was greater than about 50 km, sperm whale acoustic
detections were always low. There were however scarce and
sporadic detections of sperm whales at station A1 even when
mean sea-ice concentration within 30 km of the site was >80%
and the distance to open water was 50 km. These detections suggest
that sperm whale can find leads in sea-ice which are big enough to
allow them access to air breathe, but it is not a favoured or common
situation.

At our A3 station, ice-cover only sporadically reached
percentages higher than 50% (mainly in July and August), and
sperm whale would have access to air through most of the year. The
much higher occurrence of sperm whale at A3 compared to A1 is
hence consistent with sea-ice cover being the major determinant of
sperm whale occurrence. However, this does not explain why so
many whales were present at A1 in February and yet there were no
acoustic detections in December or January when ice concentrations
were low. Abundances of Antarctic toothfish at A1 are not expected
to show high seasonal variability (Hanchet et al, 2015a) and so
seasonal variation in prey availability is not a likely explanation for
the absence of acoustics detections of sperm whale at A1 in
December and January. As mentioned in the introduction,
despite sperm whales being present in the Ross Sea region year-
round, they are rarely sighted by fishing or research vessels.

A preference for night-time foraging in sperm whales would be
consistent with few visual sightings. Data from eastern Antarctica
shows that sperm whales foraged mainly during day-time (Miller
and Miller, 2018). Consistent with this, our data confirmed a
preference for day-time foraging at A1, but, in contrast to Miller
and Miller (2018), we found no evidence of a difference in sperm
whale occurrence between day, twilight and night at A3. Our result
at A1 was driven by the much higher probability of detection and
mean detection rate in day rather than night/twilight in February. A
similar preference for day foraging at A1 was seen in some other
months (March, May, September) but not in all; in April and
October, detections were higher in the twilight periods than
during the day. There seems no clear pattern to this preference
for foraging in day, dusk, night and dawn at A1 and further data will
be required to understand this.

At A1, the absence of visual sightings of sperm whale from vessels is
consistent with zero acoustic detections in December and January when
most research and fishing activity near the Iselin Bank is usually present.
The Ross Sea region toothfish fishery currently opens each year on
1 December and fishing starts in the north of the region including
potentially around A3 (depending on ice conditions).With the break-up
of the sea-ice barrier, fishing vessels usually move south to access the
Iselin Bank (A1) in late December/early January. All fishing vessels leave
the Ross Sea region when the toothfish catch limit is reached and this
typically occurs around the end of January or early February. It is

speculated therefore that spermwhales actively avoid vessels as a learned
behaviour from the whaling era, noting that behaviour in cetaceans can
be passed down through generations (Rendell and Whitehead, 2001).
Testing this hypothesis will be the focus of futurework using longer-term
data from the acoustic moorings in the Ross Sea region.

4.1 Final comments

Our study cannot confirm the extent to which sperm whales are
preying on toothfish. Given the much higher trophic level of
toothfish compared to Antarctic squid (Pinkerton et al., 2010),
stable isotope analysis of biopsy samples from sperm whales in
the Ross Sea region would potentially be an effective way of gaining
insight into the relative consumption of toothfish and squid by the
whales. Unfortunately, there are no known biopsy samples of sperm
whales in the Ross Sea region with which to investigate diet of this
species in the region but we recommend that this should be a target
of research in the future.

To date, still much uncertainty exists on abundance,
distribution and trophic connections of sperm whale in the
Ross Sea region, and the importance of this knowledge gap has
been heightened by the development of the fishery for Antarctic
toothfish in the region. The Ross Sea region MPA was established
in December 2017 by international agreement (CCAMLR, 2020)
with the objective of protecting the unique environment and fauna
of the Ross Sea region and improving understanding the effects of
fishing and climate change on the Ross Sea region. Reduction of
Antarctic toothfish abundance in the Ross Sea region due to fishing
is likely to be highest on the Ross Sea slope and seamounts of the
Pacific-Antarctic ridge where fishing effort is concentrated.
Continued monitoring of the occurrence of sperm whale in
areas like the Iselin Bank and Pacific-Antarctic ridge in the
Ross Sea region remains crucial and our study demonstrates
that long-term acoustic moorings can be a powerful approach
to observation.
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