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Abstract
Two of the Antarctic pack ice seals, Ross, Ommatophoca rossii, and leopard, Hydrurga leptonyx, seals, are extremely dif-
ficult to study via traditional visual survey techniques, yet are ideal for an acoustic survey as they are highly vociferous and 
produce an array of underwater sounds during the austral summer. To determine their acoustic occurrence in the Antarctic 
pack ice, we use their calls, detected within 680 acoustic recordings made between 1999 and 2009 as part of two multinational 
programmes. Siren calls of Ross seals were detected mainly in January, and 9.88 calls per minute from low siren calls was 
the highest call rate for this species. High numbers of Ross seal calls were detected close to the ice edge in areas between 
0° and 20° E and 60° and 130° E, suggesting these are important summer habitats. Leopard seal calls were detected mainly 
in December and January, and December had the highest percentage of calls. Call rate of 11.93 calls per minute from low 
double trills was the highest call rate for leopard seals. Leopard seal calls were detected throughout the Southern Ocean with 
more calls detected throughout the pack ice. There was little spatio-temporal overlap in call occurrence of Ross and leopard 
seals, but both species were more vocally active during the day. Longitude and latitude were the most important predictors 
of Ross seal occurrence, and month of the year highly predicted leopard seal occurrence. This is the first study to examine 
the circumpolar acoustic occurrence of Ross and leopard seals in the Southern Ocean pack ice.

Keywords Antarctic pack ice seals · Diel calling behaviour · Animal calls · Antarctic · Passive acoustic survey · 
Circumpolar occurrence

Introduction

Ross, Ommatophoca rossii, and leopard, Hydrurga lep-
tonyx, seals have a circumpolar distribution in the Southern 
Ocean, with Ross seals being the least studied of all the 
ice-inhabiting phocid seals (i.e. earless seals) due to their 
dispersed and isolated distribution (Thomas and Rogers 
2009; Rogers 2009; Arcalís-Planas et al. 2015). There are 
four phocid seals in the Southern Ocean: the Ross seal, the 
leopard seal, the Weddell seal, Leptonychotes weddellii, and 
the crabeater seal, Lobodon carcinophaga (Siniff et al. 2008; 
Southwell et al. 2012). The Ross and leopard seal are par-
ticularly difficult to study via traditional visual survey tech-
niques (Southwell et al. 2008a, b, 2012). This was evident 
from the outcome of the internationally coordinated research 
programme, the Antarctic Pack Ice Seal (APIS) project, that 
embarked to determine the distribution and abundance of the 
Ross (Southwell et al. 2008a, 2012) and leopard seal (South-
well et al. 2008b) by conducting circumpolar aerial and 
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shipboard surveys, along with quantifying how many seals 
were missed from the survey by deploying satellite-linked 
dive recorders to study their haul-out behaviour (Southwell 
2003). The authors from the APIS surveys’ recognized that 
the visual surveys likely underestimated the population for 
the Ross and leopard seals relative to their true populations 
due to the uncommon or very cryptic nature of these seals 
(Southwell et al. 2008a, b, 2012). For example, where the 
Ross seal estimate was ~ 78,500 animals (Southwell et al. 
2008a, 2012), genetic studies show that the effective popula-
tion is likely much larger (i.e. ~ 254,500 individuals; Curtis 
et al. 2009, 2011). The Ross seal remains one of the least 
numerous and least studied of the Antarctic seals.

Ross seals are unavailable to traditional surveys because 
they tend to haul out in areas of dense pack ice during their 
breeding season (October and November) and these are 
areas not easily accessed by ships to survey (Southwell et al. 
2008b, 2012). Leopard seals, during the austral summer, 
spend long periods underwater calling (Rogers and Bryden 
1997; van Opzeeland et al. 2010; Rogers et al. 2013); while 
in the water they are unavailable to visual surveys (South-
well et al. 2008b; Rogers et al. 2013). However, as Ross 
and leopard seals vocalise for many hours underwater (van 
Opzeeland et al. 2010; Rogers et al. 2013), passive acous-
tic monitoring (i.e. seal vocalisations as a cue for acoustic 
presence) is a cost-effective method to identify their spatial 
distribution and habitat use (Rogers et al. 2013). The use of 
passive acoustic recording units to survey cryptic animals is 
an important tool for ecology and conservation biology, and 
ideal for these two pack ice seal species. Indeed, van Opzee-
land et al. (2010), via continuous hydro-acoustic recordings, 
showed that Ross seals were seasonally present in the Wed-
dell Sea between December 2006 and February 2007, which 
aligns with the migratory behaviour of satellite-tagged ani-
mals (Blix and Nordøy 2007).

Seals are important in the Southern Ocean ecosystem as 
they transfer nutrients from the primary consumers, at the 
base of the food chain, to their predator, killer whales, Orci-
nus orca, at the highest trophic level (Trites 1997; Pitman 
and Ensor 2003; Cherel and Hobson 2007; McMahon et al. 
2013; Brault et al. 2019). While Ross seals feed for most 
of the year north of the pack ice (i.e. in the open ocean) on 
squid and fish, but also on krill, in low proportions (Rau 
et al. 1992; Skinner and Klages 1994; Thomas and Rog-
ers 2009; Brault et al. 2019), most leopard seals remain 
within the Antarctic pack ice (Rogers et al. 2005; Meade 
et al. 2015). Leopard seals use a wide range of prey, includ-
ing penguins and other seabirds (Rogers and Bryden 1995; 
Lowry et al. 1988), Antarctic krill, Euphausia superba, 
fish, squid and juveniles of other seal species (i.e. the Wed-
dell, crabeater, southern elephant, Mirounga leonina, and 
fur seals, Arctocephalus gazella) (Hall-Aspland and Rogers 
2004; Krause and Rogers 2019). Leopard seals may even 

switch their diet in response to seasonal and local changes in 
prey abundance and distribution (Hall-Aspland and Rogers 
2004; Guerrero et al. 2016; Botta et al. 2018).

Ross seals, for most of the year, are pelagic and inhabit 
the open ocean north of the pack ice, but move south into 
the dense pack ice to pup, breed and moult (Blix and Nor-
døy 2007; Thomas and Rogers 2009; Southwell et al. 2012) 
whereas, leopard seals inhabit the Antarctic pack ice year-
round (Rogers et al. 2005; Southwell et al. 2008b; Rogers 
2009; Meade et al. 2015; Staniland et al. 2018). Compared 
to leopard seals, Ross seals are more vulnerable to sea ice 
loss due to climate change, since they are more dependent on 
the dense consolidated pack ice to rest, pup and avoid preda-
tors (Learmonth et al. 2006; Siniff et al. 2008; Bengtson 
et al. 2011). Although most leopard seals inhabit the Ant-
arctic pack ice year-round (Rogers et al. 2005; Rogers 2009; 
Meade et al. 2015) some animals move north, out of the pack 
ice, to sub-Antarctic islands (Rogers 2009; Staniland et al. 
2018). Leopard seals are more plastic in their substrate use; 
where they typically haul-out on the ice floes in the pack ice, 
they will also use sandy beaches of the sub-Antarctic islands 
and the southern continents (Rogers 2009).

These seal species produce loud underwater sounds (Stir-
ling and Siniff 1979), with source levels of leopard seals 
ranging from 153 to 177 dB re 1µPa rms at 1 m (Rogers 
2014) while the source levels of Ross seal calls are unknown 
(Erbe et al. 2017). Passive acoustic monitoring may be used 
as a cost-effective method to study the acoustic ecology and 
vocalizing behaviour of seals even in adverse weather con-
ditions and in remote and sometimes inaccessible locations 
such as Antarctica (Kindermann et al. 2008; van Opzeeland 
et al. 2010; Rogers et al. 2013). The call detection ranges of 
both species remain unknown. There are currently 14 defined 
call types of leopard seals, but we report eight call types 
that were detected from our datasets: “high double trill”, 
“medium single trill”, “medium double trill”, “low descend-
ing trill”, “low ascending trill”, “low double trill”, “hoot 
with a single trill” and “hoot” (Stirling and Siniff 1979; Rog-
ers and Bryden 1995; Rogers et al. 1996; van Opzeeland 
et al. 2010). Trills range in frequency from 150 Hz to 6 kHz 
and are 2 to 8.1 s in duration (Stirling and Siniff 1979; Rog-
ers and Bryden 1995; Rogers et al. 1996); and lower-fre-
quency burst-pulse sounds range in frequency from 50 Hz to 
6 kHz and lasting 0.5–4.3 s (Rogers and Bryden 1995; Rog-
ers et al. 1996). Sounds of leopard seals have been recorded 
from October through January in the Antarctic (Kindermann 
et al. 2008; van Opzeeland et al. 2010).

Some of the Ross seals’ calls are termed siren calls as 
they sound like the police siren, and these call types are pro-
duced both in air and underwater (Watkins and Ray 1985). 
To date, five call types have been documented for Ross seals: 
“high siren call”, “mid siren call”, “low siren call”, “tonal 
element call”, “broadband element call” or “whoosh call” 
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(Watkins and Ray 1985; Kindermann et al. 2008; van Opzee-
land et al. 2010). Very brief downsweeping pulses that range 
in frequency from 100 Hz to 1 kHz are produced both in air 
and underwater and can be 0.05–0.1 s per pulse in duration 
with 5–12 pulses in a sequence (Watkins and Ray 1985). 
Siren calls range from 100 to 800 Hz and last 1–1.5 s in air 
(Watkins and Ray 1985), but range from 100 Hz to 8 kHz 
and last 2–4 s underwater (Seibert 2007). In Antarctica, Ross 
seal sounds have been detected from December through Feb-
ruary (Kindermann et al. 2008; van Opzeeland et al. 2010).

The enormous scale of the Antarctic pack ice makes sur-
veying logistically difficult and expensive to identify the spa-
tial distribution of the cryptic Ross and leopard seals. Here 
we identify the environmental drivers that best predict the 
summer acoustic occurrence (as a proxy of seal presence) 
of Ross and leopard seals across the circumpolar pack ice. 
We use seal vocalisations detected at up to 680 underwater 
recording sites, made over nine austral summers, throughout 
the Southern Ocean and environmental predictors: region 
(i.e. latitude, longitude, distance to the continent and the 
ice edge) and the time of day (i.e. diurnal changes in calling 
rates). We provide the first circumpolar description of the 
summer acoustic occurrence of the Ross and leopard seal 
in the Southern Ocean, and this information might be use-
ful towards the establishment of marine protected areas to 
conserve and protect these species.

Methods

Acoustic data collection

Acoustic data were collected from two multinational pro-
grammes, International Whaling Commission’s Southern 
Ocean Whale and Ecosystem Research (IWC-SOWER) 
Programme and the Scientific Committee on Antarctic 

Research’s Antarctic Pack Ice Seal (SCAR-APIS) Pro-
gramme, in the Southern Ocean:

IWC‑SOWER Cruises

Acoustic datasets from the IWC-SOWER Programme were 
collected during the austral summer (i.e. December through 
February) between 1998/1999 and 2008/2009 (Table 1) in 
the Southern Ocean from 55° S to the ice edge (Table 1; 
Fig. 1). About 541 Direction Finding and Ranging sono-
buoys and 27 towed or deployed hydrophones were used to 
record the acoustic data, and a total of 1458 h of acoustic 
files were recorded (Table 1). Ranges of latitudes and lon-
gitudes surveyed by each IWC-SOWER cruise are provided 
in Table 1. Information about hydrophone sensitivities is 
not available for recorders deployed during IWC-SOWER 
cruises, as sensitivities of these hydrophones were not pro-
vided by their donors. Acoustic data were recorded at a 
sampling rate of 48 kHz. The sonobuoy system consisted of 
an antenna, antenna cable, radio receiver, analog-to-digital 
converter and a recording system; no anti-alias filters were 
included. Acoustic data were recorded continuously until 
batteries of sonobuoys were depleted, or until it was time to 
resume the IWC-SOWER cetacean sighting surveys in the 
case of towed or deployed hydrophones. Acoustic data were 
collected at any time of the day (day and night time) but 
predominantly at night when IWC-SOWER sighting surveys 
were suspended; acoustic station lasted continuously from 
few minutes to 15 h.

Further details about the data collection and overview of 
the IWC-SOWER acoustic data can be found in Shabangu 
et al. (In press). Data from the 1996/1997 and 1997/1998 
IWC-SOWER cruises were not considered in this study as 
no seal sounds were reported in the cruise reports (Fig. 1; 
Ensor et al. 1997, 1998). The acoustic component of the 
IWC-SOWER Programme was introduced to differentiate at 
sea between the morphological indistinguishable subspecies 

Table 1  Summary of acoustic 
effort from IWC-SOWER 
cruises

Time of deployment Latitude range (° S) Longitude range (° E) Number of 
deployments

Number 
of hours 
recorded

Jan–Feb 1999  − 65.23 to − 60.28 46.15 to 129.82 109 220.63
Dec 1999–Jan 2000  − 70.47 to − 60.36  − 80.20 to − 57.21 60 198.32
Dec 2001–Jan 2002  − 66.39 to − 60.22 129.95 to 151.88 20 64.30
Dec 2002–Feb 2003  − 68.73 to − 60.02 150.88 to − 170.01 56 165.12
Dec 2003–Feb 2004  − 78.30 to − 60.52 159.78 to − 161.22 63 210.23
Dec 2005–Feb 2006  − 69.66 to − 55.12 0.32 to 19.89 127 231.40
Dec 2006–Feb 2007  − 69.88 to − 55.99 0.03 to 11.62 51 76.32
Dec 2007–Feb 2008  − 65.43 to − 61.09 105.06 to 118.72 59 251.77
Jan–Feb 2009  − 64.98 to − 63.53 82.10 to 92.10 23 40
Total  −  − 568 1458.09
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of blue whales (Donovan et al. 1996), the Antarctic and 
pygmy blue whales, Balaenoptera musculus. Sonobuoys 
were deployed either in the presence of whales during the 
day or blindly without knowledge of the presence of whales 
at night. Seal calls were incidentally recorded whilst listen-
ing for these large baleen whales, and no efforts were made 
at sea to identify the seal calls to a species level. No acoustic 
data were collected during the 2000/2001, 2004/2005 and 
2009/2010 IWC-SOWER cruises (Ensor et al. 2001, 2005; 
Sekiguchi et al. 2010).

SCAR‑APIS cruise

The acoustic dataset from the SCAR-APIS Programme con-
sisted of 112 underwater passive acoustic recordings made 
remotely at fixed points using sonobuoys [Sparton Elec-
tronics AN/SSQ-57A, mean sensitivity: − 155.20 (range: 
− 158.50 to − 151.00) dB re 1 V µPa−1)] in the Southern 
Ocean from 4 December 1999 to 12 January 2000 within the 
pack ice between 64° 31′ S; 62° 42′ E and 67° 17′ S; 149° 31′ 
E (Rogers et al. 2013; Fig. 1). Sonobuoys sampled over 10 
Hz to 22 kHz and had omni-directional hydrophone that had 
been deployed to a depth of 18 m below the water’s surface. 
Signals were received on the survey platform, the mast of 
the RSV Aurora Australis, using two, 9-element custom-
built stainless steel Yaggi antennas (YH09, RF Industries 

Pty Ltd) with a series of AR2001 receivers (AOR Ltd, AR 
2001). Antennas were secured at a height of 30 m above the 
sea level. The ship was on survey mode during sonobuoy 
deployment and kept steaming through the sea ice conduct-
ing visual search for seals until the radio signal was lost 
(Rogers et al. 2013). No anti-aliasing filters were used dur-
ing data collection. The acoustic signal was recorded using 
a Sony Digital Audio Tape recorder (DAT TCD-D8) with a 
frequency response from 10 Hz to 22 kHz ± 3 dB. Record-
ings were randomly made throughout the day and were from 
at least 30-min to 2 h in duration depending on the amount 
of time the ship remained within range of detecting the sig-
nal from sonobuoys.

Identification of seal calls

Call occurrence and call rates

Analyses of the acoustic data for calls of Ross and leop-
ard seals were performed on IWC-SOWER cruises from 
1998/1999 through 2008/2009, and information on all 
acoustic stations was derived from cruise reports (Ensor 
et al. 1999, 2000, 2002, 2003, 2004, 2006, 2007, 2008, 
2009). Calls of Ross and leopard seals were visually detected 
using spectrograms and scrutinized aurally when calls were 
visually identified in Raven Pro (version 1.5; Bioacoustics 

Fig. 1  Acoustic absence and presence of Ross and leopard seals from 
the IWC-SOWER and SCAR-APIS cruises in the Southern Ocean. 
The black line represents the Southern Boundary of the Antarctic Cir-
cumpolar Current as defined by Orsi et  al. (1995). SCRoss is Ross 
seal presence from the SCAR-APIS cruise, SCLeopard is leopard seal 
presence from the SCAR-APIS cruise, SWAbsent is acoustic absence 
of seals from IWC-SOWER cruises, SWLeopard is leopard seal pres-
ence from IWC-SOWER cruises, and SWRoss is Ross seal presence 

from IWC-SOWER cruises. All sonobuoys from the SCAR-APIS 
cruise produced presence of either species, therefore no SCAbsent. 
SCRoss indicating acoustic presence of Ross seals are overlaid on 
top of leopard seal circles where the two species were concurrently 
detected on the same sonobuoy deployment. Sonobuoy deployments 
between 16° and 56° W are from 1996/1997 and 1997/1998 IWC-
SOWER cruises
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Research Program 2017). For analyses of acoustic data for 
calls of Ross and leopard seals performed on SCAR-APIS 
data, the number of calls within at least 30-min recording 
period was counted by a manual observer using Signal 3.1 
(Engineering Design, Belmont, USA) and SpectraPRO 3.32 
(Sound Technology Inc., USA). The first 10-15 min of the 
SCAR-APIS recordings were ignored, as ship noise (propel-
ler cavitation) masked the signal. IWC-SOWER acoustic 
data collected from 1998/1999 through 2002/2003 cruises 
were downsampled (i.e. reduce the sample rate) from 48 
to 1 kHz to improve the frequency resolution and the fast 
Fourier transform (FFT) length for the studying of low-fre-
quency sounds of baleen whales, and the non-downsampled 
acoustic data could not be reconciled as they are likely lost 
(Shabangu et al. In press). Thus, only sounds below 500 Hz 

were detected for those earlier years of the IWC-SOWER 
Programme. As a result of the above Nyquist frequency in 
earlier years of the IWC-SOWER Programme, high double 
trills, low ascending trills and medium trills were not detect-
able while the lower components of the frequency content of 
low descending trills, low double trills, hoots and hoots with 
single trills were detected for leopard seals (Fig. 2a). All call 
types of Ross seals were not detected during IWC-SOWER 
cruises prior to 2003/2004.

Ross and leopard seal calls were evaluated to a maximum 
frequency of 5 kHz (Fig. 2) in later years (i.e. 2003/2004 
onwards) of the IWC-SOWER Programme, and detected 
calls were used to determine the acoustic presence of seals. 
To determine the acoustic presence of Ross seals, we used 
the low, mid and high siren calls (Fig. 2b), as characterised 

Fig. 2  Exemplary spectrograms showing low descending trills with 
harmonics (LDST + H), low double trills with harmonics (LDT + H), 
medium double trill (MDT), medium single trill (MST) and high 
double trills (HDT) of leopard seals in rectangles (a); low, mid and 

high siren calls of Ross seals (b). Note difference in the x- and y-axes 
scales. Spectrogram parameters: a frame size 0.11  s, 50% overlap, 
FFT size 8192 points, Hann window; b frame size 0.07 s, 50% over-
lap, FFT size 4096 points, Hann window
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by Seibert (2007). Low ascending and descending trills, 
medium single and double trills, hoot and hoot with a sin-
gle trill, low and high double trills (Fig. 2a) were used to 
determine the acoustic presence of leopard seals. Overlap-
ping Ross seal siren calls, likely from multiple seals, were 
sometimes observed (Fig. 2b) and where possible they were 
differentiated. Thus, it is possible that call numbers were 
underestimated during periods of call overlap. Likewise, the 
same issue was faced during instances when there were high 
rates of leopard seal low double trill calls. Calls of Ross and 
leopard seals were manually counted to estimate call rates.

Acoustic presence of each seal species was defined as 
the detection of at least one call type within an acoustic 
station. Acoustic station refers to the deployment of a sono-
buoy at a particular location for a given amount of time, 
where station duration ranged from minutes to hours. Loca-
tions of acoustic stations were used as a proxy for calling 
seals, taking into account available detection ranges of other 
phocid seals (see the “Discussion” section for more details). 
Acoustic absence refers to instances when seal calls were not 
detected within an acoustic station. Acoustic occurrence of 
seals was defined by acoustic absence and presence. Per-
centages of acoustic occurrence of each seal species were 
calculated as the number of acoustic stations with seal call 
presences divided by the total number of acoustic stations 
recorded per month. Call rates were calculated as the num-
ber of calls detected in an acoustic station divided by the 
duration (in minutes) of the acoustic station, to produce call 
rates as calls per minute.

Digital artefacts

Spurious harmonics together with inverted “reflections” of 
harmonics of all call types of both leopard and Ross seals 
were observed in the high-frequency bands of most IWC-
SOWER acoustic files (Electronic Supplementary Material 
Fig. 1), and those were not counted for the calculation of 
call rates. The frequency band of the spurious harmonics 
varied between different IWC-SOWER cruises. Spurious 
harmonics are due to clipped waveform of individual digital 
sample points that were visible in the amplitude plot where 
the crests and troughs of waveforms were clipped (Elec-
tronic Supplementary Material Fig. 1). Waveform clipping 
of sound amplitudes occurs when the magnitude of the origi-
nal waveform from a received sound exceeds the maximum 
magnitude that a hydrophone digitizer can characterize and 
record within its bit depth (Charif et al. 2010). Aliasing was 
observed in IWC-SOWER acoustic files that were downsam-
pled from 48 kHz sample rate to 1 kHz, which resulted in 
the erroneous appearance of calls at a lower frequency than 
the frequencies at which those sounds originally occurred 
(Electronic Supplementary Material Fig. 2). Aliased calls 

were discounted during the count of calls and calculations 
of call rates.

Environmental variables

Distance to the sea ice edge and coastline

Distance (km) of sonobuoy locations to the sea ice edge (the 
outer pack ice sea ice edge) was computed to determine the 
dependence of seals on sea ice. Shapefiles of positions of 
monthly averaged sea ice extent from December to February 
of 1997 through 2009 were obtained from National Snow 
and Ice Data Center (ftp://sidad s.color ado.edu/DATAS ETS/
NOAA/G0213 5/south /month ly/shape files /shp_exten t/). We 
used the “lwgeom” package (Pebesma 2020) in R (version 
4.0.1; R Core Team 2020) to calculate the distance (km) of 
each sonobuoy position to the monthly sea ice edge position 
for that month and year. We calculated the distance (km) to 
the nearest Antarctic coastline using custom-developed func-
tions in R to measure the shortest distance to the Antarctic 
coastline from each sonobuoy deployment location.

Water depth

Water depth (m) for each sonobuoy station was used to indi-
cate how ocean circulation (direction of major ocean cur-
rents, bathymetry-induced upwelling and climate change) 
in the Southern Ocean (Rintoul 2009) might influence the 
acoustic occurrence of seals. Bathymetry data were attained 
from the ETOPO1 global relief model (Amante and Eak-
ins 2009) using the “marmap” package (Pante and Simon-
Bouhet 2013) in R. Functions of “marmap” were used to 
process the acquired water depth and merge with the acous-
tic data.

Daylight regime

Daylight regimes for diel call rate plots and for describing 
the predictors of acoustic occurrence were obtained from 
the United States Naval Observatory Astronomical Appli-
cations Department (http://aa.usno.navy.mil) for the austral 
summer (December–February) in the Southern Ocean. Day-
light regimes were defined according to the altitude of the 
sun (day and night time) based on averages of hourly alti-
tudes over the austral summer. Nautical twilight (dawn and 
dusk) does not exist in the Southern Ocean during summer. 
Daytime hours were defined as when the geometric centre of 
the sun was less than 12° below the horizon, and night-time 
hours were when the centre of the sun was greater than 12° 
below the horizon. Diel mean call rates for each month were 
smoothed through penalized cyclic cubic regression splines 
(Wood 2017) in generalized additive model (GAM; Guisan 
et al. 2002), since time of day is a circular variable.

ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/south/monthly/shapefiles/shp_extent/
ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/south/monthly/shapefiles/shp_extent/
http://aa.usno.navy.mil
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Modelling the acoustic occurrence

Random forest (RF) modelling approach (Ho 1995; Breiman 
2001) was used to investigate the influence of predictor vari-
ables (i.e. distance to the sea ice edge, time of day, month 
of the year, longitude, latitude, distance to nearest Antarctic 
coastline and water depth) on the summer acoustic occur-
rence of Ross and leopard seals. We chose the RF model for 
this study due to its nonparametric inferential parameters 
(meaning the model does not assume any distribution of 
the data) and its ability to perform classification functions 
(Breiman 2001; Hastie et al. 2009). Additionally, previous 
studies of Shabangu et al. (2017, 2019) found RF models to 
have higher predictive capabilities than GAM and general-
ised boosted regression trees model (Ridgeway 1999) for 
modelling the acoustic occurrence of other marine mam-
mals. Using generalized variance inflation factors (GVIFs; 
Fox and Monette 1992) to test for multicollinearity between 
the above predictor variables, we did not eliminate any of 
our predictor variables as no collinearity was found between 
our predictor variables prior to fitting the RF models as the 
highest calculated GVIF value was 1.83 (indicating no or 
weak correlation).

Optimal parameter settings for each RF model used to 
investigate the effect and importance of predictors on Ross 
and leopard seal acoustic occurrence were estimated using 
the ‘ranger’ package (Wright and Ziegler 2017) as a compu-
tational time-saving method for implementing RF models.

The area under the receiver operating characteristic curve 
was used to measure the predictive accuracy of each RF 
model with different combinations of parameter configura-
tions as detailed in Shabangu and Andrew (2020). Optimal 
parameter configurations for each RF model used in this 
study are given in Table 2. The ‘randomForest’ package 
(Liaw and Wiener 2002) was used to accomplish the RF 
modelling in R while applying the above estimated opti-
mal parameters. We estimated the relative importance of 
each of the variables in RF models using the method of per-
muting the out-of-the-bag data as described in Shabangu 
et al. (2017, 2019). To allow easier interpretation of our RF 
models, we tested for significance (p-value) of each feature 
importance values using the permutation method of Altmann 
et al. (2010).

Results

Observed acoustic occurrence of seals

Detection results of seal sounds from IWC-SOWER 
cruises are presented together with those of the 1999/2000 
SCAR-APIS cruise since both cruises used similar sam-
pling methods. Sounds of leopard seals were detected from 
the ice edge to the open ocean at 60° S in close association 
with sub-Antarctic Circumpolar Current, whereas Ross 
seals were detected more close to the ice edge to the open 
ocean at 63.35° S and mainly in areas between 0°–20° 
E and 60°–30° E (Fig. 3). Quantitatively, there was very 
little spatio-temporal overlap in the acoustic occurrences 
of Ross and leopard seals as both species were simultane-
ously recorded only in 46 acoustic stations (out of 680 
acoustic stations) in December 1999, and January 2000 
and 2006, between 0°–20° E and 60°–130° E (Figs. 3 
and Fig. 4). Percentage of acoustic occurrence of leopard 
seals was highest in December 1999 and 2003; January 
2006 had the lowest acoustic occurrence of leopard seals 
(Fig. 4). Ross seal sounds were detected in December 
1999 and Januaries of 2000, 2006, 2007 and 2008; Janu-
ary 2000 had the highest percentage of acoustic occur-
rence (Fig. 4). Sounds of Ross seals were not detected in 
February, whereas few leopard seal sounds were detected 
in February 2000 (Fig. 4). No sounds of both seal species 
were detected from the 2008/2009 IWC-SOWER cruise 
(Fig. 4), and this cruise will be excluded in future discus-
sions. There was a poor correlation [Pearson’s correlation 
coefficient (r) = 0.36] between the presence and absence 
reported in the cruise reports and those found during this 
study’s acoustic data analyses. There is a gap in the acous-
tic data collected between 85° and 160° W (Figs. 1 and 3).

Call numbers and monthly call rates

A total of 44,789 calls of Ross seals were counted, where 
18,836 calls were low siren calls, 10,181 calls were mid siren 
calls, and 15,772 calls were high siren calls (Table 3). For 
Ross seals, high siren calls were detected in slightly more 
hours than mid siren calls; low siren calls were detected 
in slightly fewer hours (Table 3). For December 1999 and 
January 2000, high siren calls were detected in high per-
centages > 50% of acoustic occurrence, mid siren calls had 
the second highest percentage of occurrence in December 
1999 while low and mid siren calls had equal percentages 
in January 2000 (Fig. 5). Low, mid and high siren calls were 
detected in equal proportions for January 2006 through 2008 
(Fig. 5). No Ross seal sounds were detected from earlier 
years of the IWC-SOWER Programme (Fig. 5).

Table 2  Optimal RF model settings used for predicting the acoustic 
occurrence of Ross and leopard seals

Mtry is the number of acoustic occurrence randomly selected at each 
tree node; ntree is the number of growing trees; node size is the split-
ting minimum size of terminal nodes of trees

RF model for acoustic occurrence Mtry Ntree Node size

Leopard seal occurrence 1 1000 1
Ross seal occurrence 1 500 1
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A total of 108,245 calls of leopard seals were detected, 
where low double trills contributed the highest number 
of calls and medium double trills had the lowest number 

of calls (Table 3). For leopard seals, low double trills 
were detected in more hours, low descending trills were 
detected in the second highest hours, and medium double 

Fig. 3  Acoustic presence only of Ross and leopard seals from IWC-SOWER and SCAR-APIS cruises in the Southern Ocean. Definitions of 
sound keys in the plot are the same as provided in Fig. 1 caption

Fig. 4  Percentage of acoustic occurrence of Ross and leopard and seals during summer in the Southern Ocean from 1999 to 2009
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trills were detected in fewer hours (Table 3). Low double 
trills were the most commonly detected call type for leop-
ard seals in most surveys and medium double trills were 
the least detected (Fig. 5).

For Ross seals, the median call rate of 2.78 calls per min-
ute for low siren calls from January 2006 was the highest 
median call rate for this species (Fig. 6). Low siren calls 
yielded the highest call rate of 9.88 calls per minute in Janu-
ary 2006 for Ross seals (Fig. 6). No Ross seal calls were 
detected from the 2001/2002 through 2003/2004 cruises, 
thus the median call rate is zero (Fig. 6). For leopard seals, 
the highest median call rate was 5.21 calls per minute 
observed for low double trills in January 2007 (Fig. 6). The 
call rate of 11.93 calls per minute from low double trills in 
January 1999 was the highest observed call rate for leopard 
seals (Fig. 6).

Diel calling patterns

Call rates of Ross seal low, mid and high siren calls did not 
change throughout the day in December (Fig. 7a). During 
December, call rates of leopard seal low descending trills, 

Table 3  Total number of detected calls and hours of acoustic data 
with calls of Ross and leopard seals

A total of 1458  h of recordings are from the IWC-SOWER cruises 
and 79 h of recordings from the 1999/2000 SCAR cruise

Species Call types Number of calls Hours 
with 
calls

Leopard seals Low ascending trills 1616 79
Low descending trills 7669 491
Low double trills 81,517 627
Medium single trills 1156 109
Medium double trills 231 53
Hoot 339 219
Hoot with a low single 

trill
9292 270

High double trills 6425 104
Ross seals Low siren calls 18,836 99

Mid siren calls 10,181 101
High siren calls 15,772 112

Fig. 5  Monthly percentage of call type occurrence of leopard (left 
panel) and Ross (right panel) seals per year. The red vertical line indi-
cates the end of years with calls below 500  Hz prior to 2003/2004 
due to downsampling of acoustic files to 1 kHz sampling rate, and * 
represents percentages of call types from the non-downsampled data 
of the SCAR-APIS cruise. Bar colour shading represents leopard seal 

call types: LowAT are low ascending trills; Low DT are low double 
trills; Low DN are low descending trills; Medium ST are medium sin-
gle trills; Medium DT are medium double trills; Hoot LST are hoot 
with a low single trill; High DT are high double trills; names of Ross 
seal call types are given in full on the legend
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high double trills and medium single trills were high at 
midday, whereas call rates of low ascending trills, medium 
double trills, hoots, and hoot with single trills were low at 
midday but high before or at night-time (Fig. 7b). Mean 
call rates of low double trills were around 1 and remained 
at that level throughout the day (Fig. 7b). Low descending 
trills had the highest call rate in December, followed by 
high double trills and low double trills (Fig. 7b). Low, mid 
and high siren calls had the same diel calling patterns in 
January, where they increased from 05:00 to 17:00 (high-
est call rate) and then decreased until midnight (Fig. 7c). 
Overall, low siren calls had the highest call rates, followed 
by high siren calls with the second highest and then mid 
siren calls with the lowest call rates (Fig. 7c). No diel 
calling patterns were seen in February for Ross seals, due 
to little to no samples of calls from that month. In Janu-
ary, low double trills had the highest call rate that was 
slightly elevated around 17:00, and low descending trills 
were slightly high during the day (Fig. 7d). Call rates for 
the other leopard seal call types did not change throughout 
the day (Fig. 7d). No diel calling patterns were seen in 
February for leopard seals, due to little to no samples of 
calls from that month.

Predictors of acoustic occurrence

January and December, longitudes between ~ 15° and 130° 
E, and latitudes around 68° S, water depth of ~ 2200 m, 
daytime hours, distances less than 500 km to the nearest 
coastline and distances less than 200 km to the sea ice edge 
had the highest effects on Ross sea acoustic occurrence 
(Fig. 8a–g). Longitude and latitude were the most important 
predictors of Ross seal acoustic occurrence; water depth and 
month of the year were moderately important predictors; 
time of day, distance to the nearest coastline and distance to 
the sea ice edge were the least important predictors (Fig. 8o). 
December, latitudes between 64° and 68° S, and longitudes 
around ~ 50° E and 140° E, distances < 200 km to the sea ice 
edge, water depths deeper than 4000 m, distances farther 
than 1000 km from the nearest coastline and daytime hours 
had the highest effects on leopard seal acoustic occurrence 
(Fig. 8h–n). Month of the year was the most important pre-
dictor of leopard seal acoustic occurrence, whereas latitude, 
longitude, distance to the sea ice edge, water depth and dis-
tance to the nearest coastline were moderately important 
predictors, and time of day was the least important predictor 
(Fig. 8p). Contributions of the above variables at predicting 

Fig. 6  Box and whisker plots of call rates of leopard (upper panel) 
and Ross (lower panel) seals per month in summer. Definitions of call 
type acronyms are the same as in the caption of Fig. 5. Boxes in the 
box and whisker plot represent the first quartile to the third quartile 

(the interquartile range), and the black line inside the boxes are medi-
ans. Whiskers outline 1.50 times the interquartile width and closed 
circles are observations that are outside the range covered by the 
whiskers
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acoustic occurrence were significant (Fig. 8o and p), indicat-
ing that they are informative predictors of Ross and leopard 
seal acoustic ecology.

Discussion

Acoustic occurrence

Our results indicate little spatio-temporal overlap in the 
acoustic occurrence of Ross and leopard seals in the cir-
cumpolar Antarctic pack ice using 9 years of bioacoustic 
data collected in austral summers. Ross seal calls were 
concentrated within restricted regions in the pack ice with 
high call numbers detected close to the sea ice edge in areas 
between 0° and 20° E, and between 60° and 130° E. There 
are more Ross seals seen, particularly off the eastern Wed-
dell Sea, compared to any other region of the Antarctic pack 
ice, except for the Ross Sea (Bester et al. 2017). From previ-
ous visual surveys, Ross seals were abundant in the eastern 
Weddell Sea, particularly off Dronning Maud Land, dur-
ing the austral summer/autumn; the seals are generally seen 
east of 30° W, and rarely venture further south than ~ 73° S 
(Bester et al. 2019, 2020). This may be why we get more 
acoustic detections in those later surveys. Similarly, high 

numbers of Antarctic blue whale calls were detected in 
those areas of the Southern Ocean (Shabangu et al. 2017). 
Specifically, areas around the Maud Rise (65° S; 2.5° E), 
eastern Weddell Sea, were found to be important for other 
marine mammals such as Antarctic blue and fin, B. physalus, 
whales (Shabangu et al. 2020a), Antarctic minke whales, B. 
bonaerensis (Shabangu et al. 2020b), and crabeater seals 
(Shabangu and Charif 2020). The acoustic occurrence of 
these seals and krill-feeding whales in that area suggests that 
this area is biologically productive enough to support the 
high concentrations of prey items and has suitable environ-
mental conditions that attract these animals to return to the 
same area annually (Testa et al. 1991; Learmonth et al. 2006; 
Arcalís-Planas et al. 2015). RF models indicate that Ross 
seals inhabit regions characterized by shallow water depths 
and tend to be closer to the sea ice edge and the Antarctic 
coastline, whereas leopard seal occurred more offshore, in 
deep water slightly farther from the sea ice edge and Ant-
arctic coastline.

Locations of acoustic stations were used as proxies of 
calling animals based on available detection ranges for 
other phocid seals since there are currently no detection 
range estimates available for these seals. Detection ranges 
of underwater trills of Weddell and bearded seals, Erigna-
thus barbatus, are estimated to be up to 30 km when using 

Fig. 7  Monthly circular smoothed mean ± standard error (SE) (lines 
with different shading colours) diel call rates (calls per minute) for 
leopard (a, c) and Ross (b, d) seals from all years. Definitions of call 
type acronyms are given in the caption of Fig. 5. Horizontal diel bar 

shading: black represents average night-time hours; white represents 
average daytime hours; no twilight hours for summer in Antarctica. 
Universal Coordinated Time (UTC) zone is used
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source levels of 148–193 dB re 1 µPa at 1 m (Thomas and 
Kuechle 1982) and 100 dB re 1 µPa at 1 m (Cleator et al. 
1989), respectively. Given that Ross seals are smaller than 
Weddell seals in size but comparable to bearded seals in 
size and that their calls cover overlapping frequency bands; 
it is conceivable that our sonobuoy detection ranges of siren 
calls of Ross seals might be similar to detection ranges of 

those seal species. Since source levels of Ross seal calls are 
currently unknown, the above detection range is our best 
approximation of the distance travelled by these calls based 
on other phocid sound characteristics and anticipated source 
levels. Source levels of leopard seal calls are estimated to 
range from 153 to 177 dB re 1 µPa at 1 m (Rogers 2014) 
and will also likely have a comparable detection range to 

Fig. 8  Relative effects and importance of predictor variables on the 
acoustic occurrence of Ross (a–g, o) and leopard (h–n, p) seals. 
Y-axes of a–n are relative effects of predictor variables on call occur-
rence (Scales are different between plots.). X-axes of (o) and (p) are 
relative importance of predictor variables on acoustic occurrence. 

PA is presence/absence to indicate acoustic occurrence, DistIce is 
distance to the sea ice edge, and DistCoast is distance to the nearest 
coastline. *highlights variables with significant (p < 0.05) importance. 
Times are referenced to UTC 
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those of Weddell and bearded seals. Low-frequency calls 
of these seals potentially experienced less propagation loss 
in the water column and might consequently have higher 
detection ranges than high-frequency calls, as the former 
were detected in high percentages by our study and other 
studies (e.g. van Opzeeland et al. 2010; Rogers et al. 2013). 
Thus, the distance of 30 km to acoustic stations serves in 
this instance as conservative proxy of calling animals. In 
the future, detection ranges of seal calls derived using sound 
propagation models are recommended, as this will consider 
ambient noise levels, sound speeds, source levels, hydro-
phone depth and bathymetry of hydrophone deployment 
locations (e.g. Shabangu and Andrew 2020; Shabangu et al. 
2020b) to yield more accurate detection range values in rela-
tion to the environment around calling animals.

Ross seal siren calls were detected only in late December 
and January; this timing corresponds well with the detection 
of their calls in the eastern Weddell Sea (Kindermann et al. 
2008). In January, Ross seals haul out in the pack ice to 
moult on the ice floes (Thomas and Rogers 2009). Through 
most of the year, Ross seals forage in the open ocean in 
association with the Antarctic Polar Front (Blix and Nordøy 
2007) but in the austral spring (i.e. November), they move 
south into the pack ice to use the ice floes to give birth and 
to raise their pups. There is a peak in Ross seal pups born 
in early to mid-November (Southwell et al. 2003). Pups are 
weaned after about a month (i.e. in mid-December), at which 
time the seals mate (Thomas and Rogers 2009), although 
little is known about their breeding behaviour. Mating is 
assumed to occur in the water, nevertheless it has not been 
observed (Thomas and Rogers 2009). No Ross seal calls 
were detected in February since at this time the seals move 
north, out of the pack ice, and back into open water (Blix 
and Nordøy 2007). In comparison, we show that the leopard 
seal calls were detected widely throughout the pack ice. The 
acoustic presence of leopard seals from the sea ice edge to 
the open ocean, close to the polar fronts, is likely due to the 
their broad (i.e. catholic) diet, allowing them to prey on a 
wide variety of small to large prey species (i.e. from Antarc-
tic krill, fish, to larger vertebrates; Rogers and Bryden 1995; 
Hall-Aspland and Rogers 2004; Forcada et al. 2012; Krause 
and Rogers 2019). The close association of high numbers 
of leopard seal calls and the sub-Antarctic Circumpolar 
Current could indicate that these polar front waters provide 
suitable foraging habitats for this species (Staniland et al. 
2018). Such offshore detection of leopard seal sounds in 
summer could also suggest the southward migration of some 
seals from the sub-Antarctic islands to the Antarctic pack ice 
(Nordøy and Blix 2009; Rogers 2009; Staniland et al. 2018). 
Female southern elephant seals were observed to use the 
eddy fields of the Antarctic Circumpolar Current to reduce 
transport energy costs during foraging and migration (Mas-
sie et al. 2016), these seals might also follow suit.

Percentages of acoustic occurrence of leopard seals for 
this study were higher in December than in January, which 
corresponds with high call rates observed in December in 
the Davis Sea, eastern Antarctica (Rogers 2017; Rogers et al. 
2013) and in the eastern Weddell Sea during peak breeding 
season (Kindermann et al. 2008; van Opzeeland et al. 2010). 
Few leopard seal calls were detected in February, although 
leopard seals remain in the pack ice (Rogers et al. 2005; 
Meade et al. 2015), their calls are no longer recorded in large 
numbers. This is possibly due to behavioural changes with 
the end of the breeding season as captive leopard seals have 
been shown to cease calling with the drop in their reproduc-
tive hormones (Rogers et al. 1996). The acoustic absence 
of seals in the majority of IWC-SOWER survey locations 
maybe because sonobuoys were deployed in open water, 
as these recordings were aimed at detecting the sounds of 
baleen whales, which tend to use open water habitat. The 
SCAR-APIS recordings were targeting the detection of seal 
calls, so that the sonobuoys were deployed within the pack 
ice, the habitat of seals and not in the open water.

High call rates for leopard than Ross seals were detected 
in later years of the IWC-SOWER Programme; this is likely 
due to the difference in survey locations between years; 
where the earlier surveys were conducted in the south west-
ern Pacific sector of the Southern Ocean, in later years, the 
surveys were further west in the Atlantic and Indian Ocean 
sectors (Table 1; Fig. 1). This is why our RF models show 
that acoustic occurrence of the Ross seal was more likely 
to be within regions surveyed in later years, in the eastern 
Atlantic and the Indian Ocean sectors of the Southern Ocean 
(i.e. between longitudes ~ 15° and ~ 130° E).

It is unlikely that the downsampling of the recordings 
from earlier surveys removed Ross seal vocalisations and 
this is why they were not detected in the earlier years of 
the IWC-SOWER cruises. The downsampled acoustic data 
(i.e. IWC-SOWER recordings made prior to 2003/2004) 
had been downsampled (i.e. resampled by a factor of 10); 
thus, only every tenth sample within the signal was retained. 
Consequently, if the seal calls were very short, they may 
have been removed from the recordings via the subsampling. 
However, as the Ross seal siren calls are 2 to 4 s (Seibert 
2007) and the leopard seal trills and hoots are 4 to 6 s (Rog-
ers 2007), they are very long sounds so that the downsam-
pling process would have removed samples from within the 
calls, rather than removing entire calls. This meant that our 
ability to detect the calls was not impacted. Downsampling, 
however, has a second impact upon the recordings; the high-
est frequencies retained within the resampled recordings will 
be half the sampling rate; thus, for our study (i.e. resampled 
at 1 kHz), only energy below 500 Hz was retained in the 
subset of downsampled recordings. This meant that although 
none of the energy in the Ross seal high siren calls (i.e. 
between ~ 600 Hz and 8 kHz; Seibert 2007) remained in 
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the post-downsampled recordings, all the energy of the low 
siren calls (~ 130 and 450 Hz; Seibert 2007) and a significant 
proportion of the mid siren calls (~ 168.42 Hz to 2.01 kHz; 
Seibert 2007) were well within the frequency bandwidth 
retained in the resampled recordings. Thus, the absence of 
Ross seal calls in the downsampled recordings is not due 
to subsampling, as the frequency bandwidth of the Ross 
seals’ low siren calls was entirely within the downsampled 
recordings. In addition, leopard seal low-frequency calls 
were detected in these recordings and they have a similar 
frequency range as Ross seal calls. Instead, the absence of 
Ross seal calls in these recordings indicates that they were 
not calling, potentially absent, from these survey locations.

Low double trills were the most commonly detected call 
type for leopard seals and low siren calls were the most com-
monly detected call type for Ross seals. van Opzeeland et al. 
(2010) also reported similar proportion of seal call types off 
the Ekström Iceshelf, eastern Weddell Sea, further indicating 
the behavioural context of these breeding related sounds in 
summer. Furthermore, the detection of these low-frequency 
calls indicates that the downsampled data from earlier years 
of the IWC-SOWER Programme is effective at describing 
the low-frequency vocal repertoire and acoustic occurrence 
of these seals. The high call rates of low double trills for 
leopard and low siren calls for Ross seal may indicate the 
escalation of vocal sexual advertisement and/or territorial 
signalling between seals during the breeding season (Rog-
ers and Cato 2002; Rogers 2007, 2017; van Opzeeland et al. 
2010; Rogers et al. 1996, 2013). Alternatively, the increase 
in seal densities as the ice floe’s become concentrated with 
the contraction of the sea ice through the summer (Rogers 
et al. 2013). Diel call rates indicate that both Ross and leop-
ard seals are more vocally active during the day, suggesting 
that most acoustic interaction with conspecifics took place 
during the day. Off the Ekström Iceshelf, eastern Weddell 
Sea, van Opzeeland et al. (2010) detected less leopard seal 
calls during the day in December and January. Differences 
in the leopard seal behaviour between this study (offshore) 
and van Opzeeland et al. (2010; on the iceshelf) could be 
due to differences in region-specific behaviour, where most 
seals could have been resting in small groups on the pack 
ice during the day but vocalize at night to communicate with 
conspecifics underwater, whereas animals are likely scat-
tered on floating ice in the offshore regions, hence the need 
to vocalize more even during the day.

Diel calling pattern of Ross seals observed in this study is 
comparable to van Opzeeland et al. (2010), since both studies 
found increased vocal activity in the late afternoon, 16:00 for 
van Opzeeland et al. (2010) and 17:00 for this study. Further-
more, Ross seal call rates were low in December but higher in 
January for both studies (this study and van Opzeeland et al. 
2010). Our highest call rates for leopard and Ross seals were 
lower than those documented by van Opzeeland et al. (2010). 

Our recordings were made from sonobuoys deployed from 
ships; thus, a great deal of ship noise masked the signals in 
our recordings and reduced our survey range relative to that of 
the hydrophones recording under the iceshelf close to the sea 
floor in the van Opzeeland et al. (2010) study. Alternatively, 
there were fewer animals in our study area, as we conducted 
recordings offshore in the pack ice while van Opzeeland et al. 
(2010) were recording continuously on the iceshelf, potentially 
in the presence of a higher number of animals. Additionally, 
our results indicate that leopard seal sounds are detectable in 
February, as yet undocumented in previous studies (e.g. Kin-
dermann et al. 2008; van Opzeeland et al. 2010).

The weak correlation between the seal acoustic presences 
reported in the IWC-SOWER cruise reports and the ones 
observed in this study likely indicates that less effort was 
dedicated to observing seals as the IWC-SOWER Programme 
focussed on studying baleen whales. Thus, a relatively high 
correlation (r = 0.62) was found between the acoustic presence 
of Antarctic blue whales in the IWC-SOWER cruise reports 
and those in Shabangu et al. (2017, In press). Given that the 
SCAR-APIS cruise was a marine science cruise, it presented 
higher detections of seal sounds and allows for a fine resolu-
tion study of seal acoustic occurrence and behaviour.

Impact of clipping

The digital artefacts, due to waveform clipping and aliasing, 
did not hinder the detection of the seal calls in the record-
ings. Although spurious harmonics and erroneous signals 
were introduced into recordings, they were above and below 
the frequencies of the seal vocalisations. The likely cause 
of the waveform clipping was that the gain was too high on 
the preamplifier, which resulted in the maximum voltage of 
the digitizer being exceeded (Russell Charif, personal com-
munication). Stirling and Siniff (1979) noted that leopard 
seal sounds were very loud at close range and they had to set 
the record level control (i.e. preamplifier gain) to the lowest 
value to avoid the signal distortion due to waveform clip-
ping. Although the source levels of the Ross seal calls are 
yet to be measured, at close range to a vocalising individual, 
their vocalisations are very loud (TLR, unpublished data). 
Future pack ice acoustic surveys that use sonobuoys should 
ensure that the gain of the preamplifier is appropriately set 
to accommodate the loud vocalisations of the pack ice seals. 
In addition, we recommend that, in order to reduce aliasing 
issues, anti-aliasing filters should be incorporated.

Conclusion

Ross and leopard seal vocalisations collected during IWC-
SOWER whale surveys and SCAR-APIS seal survey were 
successfully used here to study the acoustic occurrence 
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and behaviour of these Antarctic pack ice seals during 
summer in the Southern Ocean. Little spatial overlap was 
found between the two species. Acoustic occurrence of 
Ross seals can be easily predicted by latitude and lon-
gitude, whereas leopard seals show complex but flexible 
acoustic occurrence must be predicted by a suit of vari-
ables. Ross seals were detected mainly in January with 
few calls in December, while leopard seals were detected 
in December and January with fewer calls in February. 
Predictors used in this study were informative given their 
significant importance at predicting acoustic occurrence of 
the Ross and leopard seals. Call types, acoustic occurrence 
and call rates of Ross and leopard seals were successfully 
documented in this study, supporting the use of opportun-
istic data to study other non-target animals. This passive 
acoustic monitoring study indicates the circumpolar areas 
inhabited by these two species in summer, which might 
be informative and useful for the establishment of marine 
protected areas for these species in the Southern Ocean. 
This study contributes knowledge important towards 
improving our understanding of the summer circumpolar 
acoustic occurrence and behaviour of Ross and leopard 
seals in the Southern Ocean.
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