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ABSTRACT: Descriptions of seasonal occurrence and behaviour of Antarctic blue and fin whales
in the Southern Ocean are of pivotal importance for the effective conservation and management
of these endangered species. We used an autonomous acoustic recorder to collect bioacoustic data
from January through September 2014 to describe the seasonal occurrence, behaviour and detec-
tion ranges of Antarctic blue and fin whale calls off the Maud Rise, Antarctica. From 2479 h of
recordings, we detected D- and Z-calls plus the 27 Hz chorus of blue whales, the 20 and 99 Hz
pulses of fin whales and the 18-28 Hz chorus of blue and fin whales. Blue whale calls were
detected throughout the hydrophone deployment period with a peak occurrence in February,
indicating continuous presence of whales in a broad Southern Ocean area (given the modelled
detection ranges). Fin whale calls were detected from January through July when sea ice was
present on the latter dates. No temporal segregation in peaks of diel calling rates of blue and fin
whales was observed in autumn, but a clear temporal segregation was apparent in summer.
Acoustic propagation models suggest that blue and fin whale calls can be heard as far as 1700 km
from the hydrophone position in spring. Random forest models ranked month of the year as the
most important predictor of call occurrence and call rates (i.e. behaviour) for these whales. Our
work highlights areas around the Maud Rise as important habitats for blue and fin whales in the
Southern Ocean.
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1. INTRODUCTION

The Southern Ocean ecosystem is an important
habitat for large baleen whales, including Antarctic
blue whales Balaenoptera musculus intermedia and
fin whales B. physalus, as productivity in this region
supports high biomass of the whales' prey, Antarctic
krill Euphausia superba (Everson 2000, Knox 2006).
Modern whaling in the Southern Ocean was respon-
sible for the loss of numerous baleen whales (around
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360000 blue whales and 725000 fin whales) during
the austral summer between 1904 and the early
1970s (IWC 1995, Clapham & Baker 2002), which
reduced most large baleen whale populations to very
low numbers (e.g. Branch et al. 2007). After feeding
throughout the austral summer in the Southern
Ocean (e.g. Mackintosh 1942, Branch et al. 2007),
most animals migrate to the low latitudes in winter
where they are assumed to mate and calve (Best
1998). While some animals overwinter in the South-
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ern Ocean, others overwinter at low latitudes (Sirovi¢
et al. 2004, Best 2007, Thomisch et al. 2016, 2019,
Buchan et al. 2018, Samaran et al. 2019, Shabangu et
al. 2019). The International Union for the Conserva-
tion of Nature Red List of Threatened Species classi-
fies Antarctic blue whales as Critically Endangered
(Cooke 2018) and fin whales as Endangered (Reilly
et al. 2013). Low abundances of these species after
the extensive whaling pressure means that visual
surveys are generally not cost-effective for monitor-
ing population distributions or seasonal abundances,
and automated acoustic methodologies are being
increasingly used (e.g. Branch et al. 2007, Thomas &
Marques 2012, Miller et al. 2015, Balcazar et al. 2017,
Shabangu et al. 2019). Effects of environmental con-
ditions on the seasonal call occurrence and call rates
of Antarctic blue and fin whales in the Southern and
Atlantic Oceans have recently been documented
(Shabangu et al. 2017, 2019).

Antarctic blue whales produce D- and Z-calls (Ljung-
blad et al. 1998, Rankin et al. 2005, Oleson et al.
2007a). D-calls are slightly higher in frequency than
Z-calls, are frequency modulated (FM) and down-
sweep from 106-22 Hz (e.g. Rankin et al. 2005, Sad-
dler et al. 2017). D-calls are believed to be used for
short-range communication, last about 2-6 s and
might be produced by males and females during feed-
ing (Oleson et al. 2007a, Saddler et al. 2017). A recent
study has shown that blue whale males also produce
D-calls at high call rates (60-200 calls h™!) as an ago-
nistic mating display during reproductive competition;
females produce this call type as a receipt of the
males' acoustic displays and might also be involved in
the agonistic display (Schall et al. 2020). Z-calls are
low frequency tonal sounds consisting of stereotyped
3-unit sequences; the duration of a complete Z-call
can range from 18-26 s (Ljungblad et al. 1998, Rankin
et al. 2005). The first unit (Unit A) of the Z-call is 8-12
s long (Rankin et al. 2005, Miller et al. 2015) and is
constant in frequency at ~27 Hz (McDonald et al.
2009, Gavrilov et al. 2012, Leroy et al. 2016, Ward et
al. 2017). The second unit (Unit B) is short (2 s) and
downsweeps from ~27-20 Hz, and the third unit (Unit
C) is 8-12 s in length with a slight modulation from 20
to ~18 Hz (Rankin et al. 2005). Z-calls can be detected
in any of the following combinations: (1) all 3 unit
calls, (2) 2 unit calls consisting of Units A and B or (3)
just as 1 unit calls consisting only of Unit A.

Only male Antarctic blue whales are presumed to
produce Z-calls, likely as a long-distance contact call
for sexual advertisement or other social interactions,
similar to the function of other blue whale calls
(McDonald et al. 2001, Oleson et al. 2007a). These

calls are sometimes produced in repeated, stereo-
typed sequences at regular intervals, termed songs
(Payne & McVay 1971, McDonald et al. 2001, 2006,
Oleson et al. 2007b, Leroy et al. 2016, Thomisch et al.
2016). Songs are call phrases uttered in a recogniza-
ble and repeated sequence and used chiefly for at-
tracting mates (Janik 2009). They can last from min-
utes to days or weeks with slight pauses as the animals
surface to breathe (Cummings & Thompson 1971,
Payne & McVay 1971, McDonald et al. 2001, 2006).

Fin whale calls consist of short FM downsweeps
from ~28-15 Hz (hereafter called 20 Hz pulse) that
last for less than 1 s, which are sometimes accompa-
nied by a concurrent higher frequency pulse (Sirovié
et al. 2004, 2009). Two regional differences in the fin
whale higher frequency pulses have been described:
pulses from the Eastern Antarctica Peninsula had a
secondary frequency peak in the pressure spectrum
at 99 Hz, whereas pulses from the Western Antarctic
Peninsula had a frequency peak at 89 Hz (Sirovi¢ et
al. 2009). Only male fin whales are believed to pro-
duce the 20 Hz pulses, which can be uttered as either
a unit or song (Croll et al. 2002). Fin whales also pro-
duce another short (usually under 1 s) pulse that
downsweeps from 70-40 Hz (Sirovi¢ et al. 2013);
hereafter termed the 40 Hz pulse. The 40 Hz pulses
are irreqularly produced, like blue whale D-calls
(Rankin et al. 2005, Sirovi¢ et al. 2013), thus they can
sometimes be mistaken for D-calls because they both
extend over parallel frequency bands. The distin-
guishing feature between the 2 call types is the call
duration; D-calls have extended durations compared
to the 40 Hz pulses (Rankin et al. 2005, Sirovi¢ et al.
2013). The 20 Hz pulse is used for social contacts
(McDonald et al. 1995, Edds-Walton 1997), while the
40 Hz pulse might be used for foraging purposes
(Sirovié et al. 2013).

The Maud Rise is a seamount or plateau centred at
65°S, 2.5°E in the Weddell Sea of the Southern
Ocean (see Fig. 1). Its peak rises almost 3000 m from
the seafloor and its summit is positioned just less than
1000 m beneath the sea surface (Brandt et al. 2011).
The flow of deep circumpolar waters is disturbed by
the rise, which causes relatively warm (>1°C), nutri-
ent-rich deep waters to rise up (upwell) to the sea
surface resulting in significant phytoplankton growth
(Comiso & Gordon 1987, Gordon & Huber 1995,
Hellmer 2007). The newly upwelled warm waters
fragment the sea ice cover in winter, resulting in the
formation of polynyas (areas of open water sur-
rounded by sea ice) and initiates the spring melt of
sea ice to benefit the biological ecosystem of the area
(Comiso & Gordon 1987, Hellmer 2007, Gordon 2009,
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Martin 2009). The presence of large swarms of Ant-
arctic krill around the Maud Rise has been associated
with the upwelling-driven phytoplankton blooms as
well as the presence of sea ice algae for krill to feed
off (Everson 2000, Hellmer 2007). This, consequently,
also drives the seasonal occurrence of marine top
predators in the area such as whales, seabirds, seals
and fish (e.g. Everson 2000, Sirovi¢ et al. 2004, Knox
2006).

To date, only short-term acoustic research on Ant-
arctic blue and fin whales has been conducted, dur-
ing the Southern Ocean Whale and Ecosystem Re-
search programme of the International Whaling
Commission (IWC SOWER) between 1996 and 2009
in the vicinity of the Maud Rise (Shabangu et al.
2017, in press). A study on Antarctic minke whales is
the single long-term acoustic study that has been
conducted off the Maud Rise (Shabangu et al. 2020).
Findlay et al. (2014) conducted a 10 d blue whale
sighting survey around the Maud Rise and sighted 24
Antarctic blue whales and 33 fin whales. Here, we
present the first study of seasonal detection ranges,
call occurrence, call rates and diel calling patterns of
Antarctic blue and fin whales off the Maud Rise, east-
ern Weddell Sea, recorded through passive acoustic
monitoring. Such information is pivotal for improving
our understanding and knowledge of the acoustic
behaviour and ecology of recovering Antarctic blue
and fin whale populations in the Southern Ocean.

2. MATERIALS AND METHODS
2.1. Acoustic data collection

Passive acoustic recordings of Antarctic blue and
fin whale calls were collected at 65°S, 2.5°E on the
Maud Rise in the eastern Weddell Sea region of the
Southern Ocean (Fig. 1). An autonomous underwater
recorder for acoustic listening (AURAL model 2,
v.04.1.3, Multi-Electronique; hereafter termed re-
corder), rated to 300 m depth, was used to passively
record acoustic data. The recorder was equipped
with a HTI-96-MIN (High Technology) hydrophone
with a factory-calibrated sensitivity of —-164.10 dBV
pPa!. The recorder was positioned 250 m below the
sea surface, which corresponds to the sound fixing
and ranging (SOFAR) channel at 65° S (Garner 1967),
and secured on a dedicated mooring fixed at a water
depth of approximately 1260 m. The recorder was
deployed from 12 January 2014 to 17 January 2015
but stopped recording on 17 September 2014 due to
battery depletion, so that only 8 mo of acoustic data
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Fig. 1. Position of the recorder mooring (@) off the Maud
Rise, eastern Weddell Sea

were recorded. During this time, the recorder sam-
pled the acoustic environment at a rate of 2048 Hz
and recording 1 block of 25 min h™ throughout the
day to preserve the battery life.

2.2. Autonomous call detections

The whole acoustic data set was reviewed visually
through spectrograms, and aurally when Antarctic
blue and fin whale calls were visually identified
using Raven Pro (Bioacoustics Research Program
2017). The autonomous detection of fin whale 20 Hz
pulses and Z- and D-calls of blue whales was per-
formed using a detection template method devel-
oped and implemented in eXtensible Bio-Acoustic
Tool (XBAT) software (Figueroa 2006) as a MATLAB
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routine (MathWorks 2014). No detector was imple-
mented for fin whale 40 Hz pulses since this call type
was not detected during the visual review of the
acoustic data. Whale calls were recognized auto-
nomously from spectrograms by cross-correlating with
the detection template kernel (Mellinger & Clark
2000) based on a similarity level above the set thresh-
old (the lowest detectable similarity percentage
between a template and call within the metric pro-
duced for each detection by the detection algorithm).
Unit A of the Z-call (Fig. 2a) was used as a detection
template since our data did not contain any complete
3-unit or 2-unit Z-calls. A single template of D-calls
(Fig. 2c) downsweeping from 75-40 Hz was used as a
detection template, since similar calls were present
in our similar data set— hence there was no need for
multiple detectors to accommodate the high variabil-
ity of this FM call type. A fin whale 20 Hz pulse (Fig.
2b) was used as a template for detecting other similar
calls in our acoustic data set. Some individual Unit A
Z-calls were not discernible in bands of continuous
calling (chorusing) when the call rate of the species
was very high (Fig. 2b,c); thus, such calling periods
were poorly quantified in this analysis due to the dif-
ficulty in delineating calls. Z-call chorus (hereafter
called the 27 Hz chorus) is produced by distant

60 120 180 240
80 T T
70l (@)
60 -
I i
50+ i 180 f
AT A Unit A of Z-calls '
40- | | , ) ; I
! ; “ ,pA gy "|’I."'
I,, h*n l Q !r" "' ql 'F” w. "!d : ‘1 f u&l m ' m .'{,ml i \q“
H | I|.| \\ ] hd ’ “ﬁ \
~ i il p. ‘ »’5
T w© "Aw«\ll'f fﬂ l‘1" '“ |€ i |9 ,”: ,'b‘ tr\ ‘Ih[;ﬁ‘\'ml“ %*J\L‘“ ;"'m
; PR LT ERY !wl ! \illuh #ui 'Iqum M,yl Sy mu}u MY u.ri-r. T
S 120
S'_ (c) 99 Hz pulse chorus
8 100 *
w
D-calls
80 ‘ \
ll ll :‘ b ,'l‘ }
i 1 ® e \‘ ! 1
i i iR !  REE
(308 | K y 1 l i
40 5 §

VRN e

IR

0 LR AT AR . 7 e e .:«Mﬁﬁm Ldsaoarg movs wawwnwwa‘w\vﬂ

60 120 180 240
Time (s)

Wl"ll ! "l 3 ' e
& ‘ ) ‘. .:; "I ‘,,. : (Y
,%l" i - "‘ R

Antarctic blue whales (Thomisch et al. 2016), and its
detection range is currently unknown. The presence
of the continuous calling band of the Antarctic blue
whale and fin whale chorus between 18 and 28 Hz
(the 18-28 Hz chorus) was noted, as it could have
possibly masked some of the fin whale 20 Hz pulses
and blue whale Z-calls. The presence of a chorus
around 99 Hz (Fig. 2c) was noted as it possibly repre-
sented 99 Hz pulses from distant fin whales.

Seven different thresholds from 15-75% in incre-
ments of 10% were tested to determine optimal
thresholds for the detection of blue and fin whale
calls (Fig. 3). From preliminary testing on 5% of the
acoustic data, the 15% detection threshold was best
suited for detections of the fin whale 20 Hz pulses, D-
and Z-calls as it produced the fewest missed calls
compared to other thresholds. We visually assessed
the whole acoustic data set in XBAT to estimate the
number of false positive (detections that were not
real blue or fin whale calls) and false negative (missed
blue and fin whale calls) calls. The true positive rate
(also called sensitivity or recall) was used to measure
the percentage of blue and fin whale calls that were
automatically detected, and was calculated as the
number of true positives divided by the total number
of calls detected (number of true positives plus num-
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Fig. 2. Sequence of (a) blue whale Z-calls; (b) fin
whale 20 Hz pulses (zoomed in green rectangles)
with an aggregation of songs at ~27 Hz from mul-
tiple blue whale singers; (c) 75—40 Hz D-calls, fin
whale 99 Hz chorus, and the 18-28 Hz chorus
(black rectangle) from blue and fin whales
recorded off the Maud Rise, Antarctica. Note dif-
ferent scales on y-axis. Spectrogram parameters:
frame size 1.28 s, 25% overlap, Fast Fourier
Transform size 4 096 points, Hanning window
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Fig. 3. False negative rates at different thresholds for the fin
whale 20 Hz pulses and blue whale D- and Z-calls recorded
off the Maud Rise, Antarctica. Used thresholds are circled

ber of missed detections). Visually identified false
positive detections (<2% of the detected calls) were
manually excluded from further acoustic analyses,
while visually identified false negatives were manu-
ally incorporated into the total call number counts.
Detection templates produced false negative rates of
17 and 0% for D- and Z-calls respectively, and true
positive rates of 83 and 100% for D- and Z-calls re-
spectively. The fin whale detection template produced
0% false negative and 100% true positive rates
(Fig. 3).

2.3. Determination of call occurrence and rates

Acoustic presence refers to instances when a whale
call type was detected in a sampling interval, whereas
acoustic absence refers to the lack of any call detec-
tion within a sampling interval. A sampling interval
was defined as the time between which data was re-
corded, which was 25 min. Proportion of species oc-
currence was calculated as the number of sampling
intervals with presence of Z-calls for blue whales,
and 20 and 99 Hz pulses for fin whales, divided by
the total number of sampling intervals per month. We
did not use the presence of the 18-28 Hz chorus to
establish occurrence of either species since the cho-
rus consists of calls from both species and it is cur-
rently impossible to separate the source of the calls.
Call rates were determined as the number of calls in
a sampling interval divided by the duration of the
sampling interval (0.42 h), which described how
often animals were calling. We used austral seasons
of the year to define our data: summer (December—

February), autumn (March-May), winter (June—
August) and spring (September—November). Differ-
ent light regimes for plots were defined over different
seasons according to the altitude of the sun (nautical
twilight [dawn and dusk], daytime and nighttime)
based on averages of hourly sun altitudes over aus-
tral seasons. Sun altitudes were obtained from the
United States Naval Observatory Astronomical Ap-
plications Department (http://aa.usno.navy.mil). We
defined the nautical dawn hours as periods when the
centre of the sun was geometrically between 0 and
12° below the horizon before sunrise. Daytime hours
were between sunrise and sunset and nautical dusk
hours were between sunset and the evening (defined
as when the sun was <12° below the horizon). Night-
time hours were when the geometric centre of the
sun was >12° below the horizon between dusk and
dawn. Given that time of day is a circular variable,
diel mean values of call rates per season were
smoothed through penalized cyclic cubic regression
splines (Wood 2017) in generalized additive models
(GAMs; Guisan et al. 2002).

2.4. Seaice extent

Monthly sea ice extensions were downloaded from
the G02135 data set (Fetterer et al. 2016) at the Na-
tional Snow and Ice Data Centre data pool server:
(ftp://sidads.colorado.edu/DATASETS/NOAA/G02135/
south/monthly/shapefiles/shp_extent/). From the
monthly sea ice extensions, we measured the distance
of the nearest sea ice edge to the recorder mooring
position. Processed daily sea ice concentrations (%)
were obtained from the satellite sea ice concentration
product of the Advanced Microwave Scanning Ra-
diometer-2 (AMSR-2) with a 3.125 km grid resolution
(Spreen et al. 2008, Beitsch et al. 2014).

2.5. Detection range estimation

The communication space is the region around a
cetacean throughout which the detectability of calls
from distant conspecifics is generally good. A detec-
tion range can roughly quantify the size of this space.
Detectability (D) itself is a geographically specific
function that depends on complex acoustical propa-
gation. D will be defined as a binary metric, with
value unity if the signal-to-noise ratio (SNR) is above
a detection threshold (DT) value, zero otherwise:

D=0for SNR<DTorD=1for SNR>DT (1)
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Using the passive sonar equation (where all quan-
tities are in decibels), the SNR for a listener (recorder)
at location Y and for a call from location X is:

SNRXY =SL - TLx(y— NLy (2)

where SL is the source level, TL is the transmission
loss and NL is the noise level. Eqgs. (1) & (2) were
used to define the detection range of low frequency
(18-28 Hz) Antarctic blue and fin whale vocalizations
near the Maud Rise off Antarctica for 4 time periods:
January, April, July and September.

The average SL was assumed to be 189 dB re 1 pPa
@ 1 m for both blue and fin whales (Sirovi¢ et al. 2007).
TL was computed using the BELLHOP beam tracing
model (Porter 2011) at 20 Hz. The BELLHOP model re-
quires several environmental parameters to estimate
TL. The bathymetry in the region was extracted from
the Smith-Sandwell database (Smith & Sandwell
1997). Sound speed profiles for the region were built
by extracting monthly averaged temperature and
salinity profiles (for the appropriate months) from the
World Ocean Atlas 2013 (Locarnini et al. 2013, Zweng
et al. 2013), then converting temperature and salinity
to sound speed using routines from the Thermody-
namic Equation of Seawater-2010 (http://www.teos-
10.0rg). Sound-speed attenuation was obtained from
the Thorp model (Thorp 1967). The sound-speed pro-
file at the Maud Rise only extends to 2400 m; profiles
for the surrounding deeper regions were made by lin-
early extrapolating the values at 2300 and 2400 m. The
vocalizing whale was assumed to be at a depth of 30 m
(Oleson et al. 2007b); the receiver was at 250 m (to co-
incide with the actual deployment depth of the hy-
drophone). TL curves were computed every 18 km
along 16 radials starting at the receiver location and
spaced every 22.5° in azimuth. Reciprocity was used to
assume that the loss from the receiver to the whale (the
direction the BELLHOP model used) was equivalent to
the loss from a distant vocalizing whale to the receiver.

‘Background’ ambient NLs were taken from four
25 min recordings captured in January, April, July
and September. NL had the most significant effect on
detection range in this analysis. In general, the noise,
especially at these low frequencies, is considerably
quieter when the sea surface is covered by pack ice
in austral winter and spring. During these times (par-
ticularly for the July and September scenarios), the
‘background’ level at the hydrophone in the blue and
fin whale vocalization frequency band is dominated
by conspecific chatter (the 18-28 Hz chorus), which
can be as much as 10 dB over levels that would exist
in the absence of all marine mammal vocalizations.
NLs rise across the band for the January (sea ice

Spectral level (dB re 1 pPa2/Hz)

break-up) and April (open ocean) scenarios, as the
ocean surface becomes more active. There is no
noticeable chatter dominance in the January record,
but it is strong in the April record, even though levels
across adjacent bands are also higher (Fig. 4).

Since there is no definitive understanding of detec-
tion threshold for these species, we assumed that the
conspecific chatter acts like noise for the single point-
to-point communication effort of a distant whale to
this receiver. Accordingly, the operational NL was
chosen as roughly the average level near the peak of
the band as follows: 92 dB for January; 99 dB for
April; 95 dB for July; 87 dB for September (Fig. 4). DT
was assumed to be 0 dB (Miller et al. 1951); this
threshold is consistent with Sirovié et al. (2007). An
alternative definition might define the ‘background’
noise as the value interpolated between the NLs
lacking dominant biophony at the nearest lower and
higher frequencies, in which case a positive DT
would be chosen. For example, Stafford et al. (2007)
chose a threshold of 8 dB. For the April, July and
September scenarios, these 2 definitions are similar.
Complicated BELLHOP TL curves yield complex
detectability throughout the region. There is rarely
an abrupt change in detectability at a range that
would define a unique detection range. Detection
range, therefore, is at best a qualitative metric, and
may depend on azimuth.

110+ —— January-break-up:92dB

=== April-open:99dB
July-packice:95dB
September-packice:87dB

100", N

10 100

Frequency (Hz)

Fig. 4. Observed ocean sound spectra for the 4 scenarios.
Vocalizing energy is dominant for April, July and September
between 18 and 28 Hz chorus frequency band. The legend
provides the ‘background’ level chosen for modelling with
the associated data month and nominal sea surface condi-
tions, where January-break-up:92dB is 92 dB for January
when ice breaks up; April-open:99dB is 99 dB for April dur-
ing open ocean; July—packice:95dB is 95 dB for July during
pack ice conditions; September—packice:87dB is 87 dB for
September during pack ice conditions
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2.6. Modelling occurrence and behaviour

We used random forest (RF) models (Ho 1995, Brei-
man 2001) to investigate the influence of different
predictor variables (time of day [h], distance to the
sea ice extent [km] and month of the year) on the
acoustic occurrence and call rates of Antarctic blue
and fin whales. RF models are an ensemble model-
ling approach for classification (for factor variables
such as call occurrence), regression (for continuous
variables such as call rates) and other functions with
non-parametric inferential properties (Breiman 2001,
Hastie et al. 2009). As a machine learning method,
RF models provide higher performances and have
considerable benefits over standard regression meth-
ods such as GAMs (Elith et al. 2008, James et al.
2013). RF models have also been found to perform
better in terms of prediction accuracies than GAM
and generalised boosted regression models (Fried-
man et al. 2000) for modelling blue and fin whale oc-
currence and call rates in the Southern and Atlantic
Oceans (Shabangu et al. 2017, 2019). The advan-
tages and rationale of using RF models for this kind
of data are provided in Shabangu et al. (2017, 2019).
The relative importance of each of the variables in
the model was determined by measuring the Gini
index (used as goodness-of-fit for the RF model),
which measures homogeneity from 0 (homogeneous)
to 1 (heterogeneous) from the total decrease in node
impurities (Hastie et al. 2009). Gini coefficients de-
crease drastically across every tree of the forest for
variables that produce nodes with higher purity, then
are summed for each variable and divided by the
number of trees in the forest to provide an average
importance.

Before fitting the RF models, we investigated multi-
collinearity between different predictor variables
(time of day, distance to the sea ice extent and month
of the year) using generalised variance inflation fac-
tors (GVIFs; Fox & Monette 1992) implemented
through the ‘car’ package (Fox and Weisberg 2011)
in R v.3.6.0 (R Core Team 2019). Our GVIF values
indicated no collinearities, as they were around one
(Fox & Monette 1992, O'Brien 2007, Hair et al. 2009),
and no variable was excluded due to multi-collinear-
ity. RF models were fitted using the optimal configu-
ration values (best settings): tree node of one for all
models, splitting minimum size of terminal nodes of
trees of one, and 500 growing trees for all models
except for the D-call's RF model, which was 2000.
The ‘randomForest’ package (Liaw & Wiener 2002)
was used to perform RF modelling in R, whereas the
‘ranger’ package was used to determine the RF

model optimal parameter settings as a computational-
time-saving method (Wright & Ziegler 2017) to imple-
ment the RF models. To improve interpretability of
RF model output, we calculated p-values for the fea-
ture importance metric via permutation, whereby
features/variables were permuted, and changes in
feature importance after permuting were used to
measure significance. Altmann et al.’s (2010) method
was used to compute the significance (p-value) of the
feature importance value.

3. RESULTS
3.1. Whale acoustic occurrence

A total of 2479 h of audio files were recorded within
the 8 mo of the recorder deployment. Blue whale Z-
calls were present in 94% of the recorded time
(2330 h of audio files), and fin whale 20 Hz pulses
were present in 0.7% of the recorded time (17 h of
audio files). We detected a total number of 50407
blue whale Z-calls, 475 blue whale D-calls and 5381
fin whale 20 Hz pulses. Fin whale 40 Hz pulses were
not detected in our data set. Z-calls were present
throughout the entire period of the recorder deploy-
ment (January—September); the monthly proportion
was above 81% for each month, with the highest pro-
portion (100%) in February (Fig. 5). The blue whale
27 Hz chorus was present throughout the recorder
deployment, and the 18-28 Hz chorus was present
from February through September (Fig. 5). D-calls
were detected in small proportions during February
(5.1%), March (4%) and April (0.6%) (Fig. 5).
Monthly proportions of the fin whale 20 Hz pulse
occurrence were 2 and 4% for January and March
respectively, and the 99 Hz chorus was present from
March until July (Fig. 5).

3.2. Seasonal diel calling rates

During winter, Z-call rates increased from immedi-
ately after sunset to early morning and then sharply
decreased from dawn to dusk (Fig. 6a). In spring, Z-
call rates increased from dawn until 09:00 h but
slightly decreased from 10:00-12:00 h before stabilis-
ing and then increased again from 17:00 h until mid-
night (Fig. 6b). Z-call rates increased from 13:00-
18:00 h in summer (Fig. 6¢) and from dawn to 16:00 h
in autumn (Fig. 6d). D-call rates increased from
08:00-10:00 h and sharply decreased until 12:00 h in
summer (Fig. 6e). In autumn, D-call rates increased
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dramatically between 12:00 and 16:00 h and dropped
towards midnight (Fig. 6f); there were no calls re-
corded in winter and spring. Fin whale 20 Hz pulse
rates increased from 04:00-10:00 h in summer and
decreased sharply thereafter (Fig. 6g). In autumn, the
fin whale 20 Hz pulses increased from 05:00-08:00 h
and stabilised until 14:00 h, when there was a slight
drop until 17:00 h, and then sharply increased from
18:00-22:00 h (Fig. 6h). There was no temporal seg-
regation in the peaks of diel calling rates of blue
whale Z-calls and fin whale 20 Hz pulses in autumn
but clear temporal segregation in peaks of diel call-
ing rates during summer (Fig. 6). D-call rates had a
similar diel pattern to the 20 Hz pulses but the oppo-
site pattern of Z-calls in summer (Fig. 6¢,e,qg).

3.3. Detection range output

In general, a high-latitude sound-speed profile
channels sound away from the bottom, providing
enhanced propagation ranges (Fig. 7). The combina-
tion of ducted propagation and lower noise can dic-
tate potential detection ranges in excess of 1000 km
(Fig. 7) in the sea-ice covered months of spring but
were significantly lower at 250-500 km for other
times of the year. In the late austral summer a near-
surface duct can form, again providing enhanced
ducting, and hence, propagation range, as seen for
mid-autumn in the April simulation (Fig. 7a). Addi-
tionally, this is particularly evident for the September
scenario, for propagation under full pack ice condi-

Fig. 5. Monthly proportion of
Antarctic blue and fin whale call
occurrence off the Maud Rise
from January-September 2014

Jul

Hz pulses D D-calls Z-calls

tions where background levels aside from biophony
were very quiet (Fig. 7d). In both these simulations,
the major range restriction is the bathymetry to the
south (123.75-213.75°), where the seafloor slopes up
to the Antarctic continent. In the other 2 scenarios,
the maximum range is <500 km, with evidence of

convergence zone influence in all directions but no
bathymetric restrictions (Fig. 7).

3.4. Predictors of whale occurrence and behaviour

From 12 January-20 April, the sea ice concentra-
tion was 0% before increasing to 50% by the end of
April. The recorder mooring was submerged under
sea ice from the beginning of May through mid-
September; sea ice concentrations were around 80%
at the start of May but increased to 100% from mid-
May through mid-September. We observed a nega-
tive Pearson correlation between distance to the sea
ice edge and acoustic occurrence of blue (r = -0.58)
and fin (r = -0.55) whales. Negative distances to the

sea ice edge were when the recorder deployment
position was not immersed under sea ice, and posi-
tive distances to the sea ice edge were when the
recorder deployment position was immersed under
sea ice (Figs. 8 & 9). The following factors had the
largest effects on Antarctic blue whale Z-call occur-

rence: the months of February and March (Fig. 8a);

distances before and after (between -200 and

800 km) the recorder position was fully submerged
under sea ice (Fig. 8b); and nighttime and daytime
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hours (Fig. 8c). For fin whales, the months of January
and March had the highest effect on the 20 Hz pulse
occurrence (Fig. 8d); negative distances to the sea ice

Fig. 6. Seasonal circular smoothed mean + SE (black lines with grey shading) diel call rates for (a—d) Z-calls, (e,f) D-calls, (g,h)
fin whale 20 Hz pulses. No D-calls or 20 Hz pulses were detected in winter and spring. Note different scales on y-axis. Hori-
zontal diel bar shading: black: average nighttime hours; grey: average twilight hours; white: average daytime hours; no dawn

edge (Fig. 8e); and nighttime and daytime hours

(Fig. 8f). Month of the year was the most important
predictor of Antarctic blue and fin whale occurrence
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180°

(Fig. 8g,h). Distance to the sea ice edge was a moder-
ately important predictor, while time of the day was
the least of important predictor of both Antarctic blue
and fin whale call occurrence (Fig. 8g,h). All vari-
ables were significant predictors for blue whale
occurrence, whereas month of the year and distance
to sea ice edge were significant predictors of fin
whale occurrence and time of day was an insignifi-
cant predictor (Fig. 8g,h).

February and March, daytime (early and late
morning) and nighttime hours (midday to midnight)
and distance to the sea ice edge <200 km had the
highest effect on D-call rates (Fig. 9a—c). February
and negative distance to the sea ice edge had the
highest effect on Z-call rates (Fig. 9d,e); no visible
effect of a particular hour was observed on Z-call
rates (Fig. 9f). January and March, daytime and
nighttime hours and distance to the sea ice edge
<250 km had the highest effect on the fin whale
20 Hz pulse rates (Fig. 9g-i). Month of the year was
the most important predictor, time of day was a mod-
erate predictor and distance to the sea ice edge was
the least important of D-call and fin whale 20 Hz
pulse rates (Fig. 9j,1). Month of the year was the most

00

Fig. 7. Polar plots of BELLHOP
model estimates for seasonal de-
tection ranges of Antarctic blue
and fin whale calls at different
bearings in (a) summer, (b) au-
tumn, (c) winter and (d) spring.
Grey patches: regions from which
calls would be detectable at the hy-
drophone location (centre of plot)

180°

important predictor of Z-call rates, followed by dis-
tance to the sea ice edge as a moderate predictor and
time of day as the least important predictor (Fig. 9k).
Month of the year, distance to the sea ice edge and
time of day were significant predictors of Z- and D-
call rates (Fig. 9j,k). Month of the year and distance
to the sea ice edge were significant predictors of fin
whale 20 Hz pulse rates, whereas time of day was an
insignificant predictor of this call type (Fig. 91).

4. DISCUSSION

The reduced detection of calls by our automated
call detection method, due to the difficulty of delin-
eating individual Z-calls from the 27 Hz chorus dur-
ing periods with intense calling, potentially induced
a negative bias in the total number of detected blue
whale calls in our data during those periods. Thomisch
et al. (2016) used the blue whale index (BWI) to
quantify the proportion of time when the chorus had
higher energy levels than ambient noise, and Leroy
et al. (2016) used a similar technique but termed it
the ‘chorus to noise-without-chorus ratio’ (CNR). The
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BWI and CNR time series generally followed the
same trend as the seasonal variations of call numbers
(Leroy et al. 2016, Thomisch et al. 2016); we found
the same trend with the 27 Hz chorus but less so with
the 18-28 Hz chorus. Consequently, the automated
template detector method routinely underestimated
Z-call numbers during chorus presence (as noted by
Thomisch et al. 2016) but was effective in assessing
and providing an indication of whale call occurrence
and acoustic behaviour (Shabangu et al. 2017, 2019).
The sole detection of Unit A of Z-calls suggests that
vocalizing whales were distant from the recorder.
The recent increase in the number of researchers
recording the 27 Hz chorus of Antarctic blue whales
might indicate an increase in the Antarctic blue
whale population since the chorus is assumed to
comprise songs from multiple distant whales. For
example, there were no 27 Hz choruses recorded

during circumpolar cruises conducted by the IWC
SOWER programme (Shabangu et al. 2017), but this
27 Hz chorus is now commonly recorded in low lati-
tude areas such as Namibia (Thomisch et al. 2019)
and around the Equator in the Atlantic Ocean (Sama-
ran et al. 2019).

February and March had the highest proportion of
blue whale call occurrence and rates, suggesting that
most animals were more vocally active during those
months or that most migratory whales had arrived in
the eastern Antarctic waters from their overwintering
grounds after most of the sea ice extent had retracted,
as determined from acoustic research (Sirovi¢ et al.
2004) and seasonal catch data (Mackintosh & Wheeler
1929). February and March is also the period when
the sea ice edge was farthest from our recorder loca-
tion and krill biomass was high at the end of summer
(Hewitt et al. 2004). Furthermore, such detection dif-
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ferences could have been caused by changes in de-
tection ranges in relation to changing NLs and sound
propagation over seasons as indicated by our BELL-
HOP model results. The fin whale 20 Hz pulse was
only recorded in January and March, a phenomenon
that was unexpected as fin whales usually occur
simultaneously and to some extent sympatrically with
blue whales (Sirovi(: et al. 2004, 2009, Shabangu et al.
2019). The only calls of the fin whale occurring in
eastern Antarctica were detected off the Maud Rise,
suggesting longitudinal isolation between fin whales
occurring in the eastern and western Antarctic (Sirovié
et al. 2009).

The highest fin whale call rates in March could be
from departing whales socializing as they move out
of the Maud Rise region. Sirovi¢ et al. (2004, 2009)
also observed peaks in calling around that time of the
year from circumpolar locations. Since the 99 Hz cho-
rus of fin whales was present in periods when the
20 Hz pulses were not detected, it is likely that the
18-28 Hz chorus overshadowed the 20 Hz pulse, sug-
gesting that fin whales could have been present from

January through September. Furthermore, the pres-
ence of the fin whale 99 Hz chorus from March
through July suggests that a portion of the fin whale
population might be in Antarctica during periods of
high seaice concentrations. The absence of the 40 Hz
pulses of fin whales in our acoustic data set suggest
that fin whales around the Maud Rise might not have
produced the call when feeding, since this call type is
associated with a foraging function (e.g. Sirovi¢ et al.
2013). Aulich et al. (2019) also detected no 40 Hz
pulses in Australian waters, but did not provide a rea-
son for the lack of this fin whale call type in that area.

D-calls were only detected from February through
April, which is towards the end of summer through
mid-autumn, but not throughout the summer season
as expected for Antarctic blue whale feeding distri-
butions (Mackintosh 1942, Branch et al. 2007). D-call
occurrence (lowest sample size of the 3 call types de-
scribed here) was rather low with an average of 0.2
calls h™! (range: 0-119 calls h™!). It should be noted
that this was based on a data set in which 98.5% of all
data were characterised by zero D-calls. The average
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D-call rates from this study are drastically lower than
the average of 16 calls h™! (range: 0-451, with 77.2%
of all data characterised by zero D-calls) estimated in
summer during the IWC SOWER cruises (Shabangu
et al. 2017). The above difference in D-call rates could
be because blue whales rarely produce this call type
at this latitude; they could have been feeding further
south of the Maud Rise at the sea ice edge, as de-
tected during the circumpolar IWC SOWER cruises
(Shabangu et al. 2017). Oleson et al. (2007a) also re-
ported low call rates (4 + 3.7 D-calls h™!) during feed-
ing activities off the California coast. Call rates in the
present study are very low compared to Shabangu et
al. (2017) and Schall et al. (2020), which could
indicate that whales were not mating in this region.
Additionally, low D-call detections might be due to
propagation effects; this call type could be travelling
shorter distances than Z-calls since they have been
observed to function for short-range communication
(Oleson et al. 2007b) and likely have lower SLs than
Z-calls given their slightly high frequency.

The negative correlation that we observed between
distance to the sea ice edge and blue and fin whale
occurrence agrees with a negative correlation ob-
served by Sirovié et al. (2004) between sea ice con-
centration and the acoustic presence of blue and fin
whales in the Southern Ocean. Our RF model results
suggest that month of the year and distance to the
sea ice edge are important predictors of call occur-
rence and call rates of blue and fin whales in the
Southern Ocean. The continuous presence of Antarc-
tic blue and fin whales observed here could indicate
that areas around the Maud Rise have year-round
favourable environmental conditions and prey avail-
ability for these whales (Sirovi¢ et al. 2004, 2009,
Thomisch et al. 2016). Areas around the Maud Rise
are known to have recurring large polynyas (gener-
ally referred to as the Weddell Polynyas) over the
deep ocean during the winter (Comiso & Gordon 1987,
Hellmer 2007), which might provide suitable habitats
for blue and fin whales during winter. Shorter dis-
tance of the sea ice edge to the recorder mooring
position was a moderately important predictor of Z-
call occurrence and rates, probably reflecting that
blue whales were calling closer to the sea ice extent
where sea conditions are calm (Shabangu et al. 2017)
and krill is abundant (Everson 2000). Although we
estimated 100% sea ice concentrations around the
mooring location during late autumn through spring,
it is likely that polynyas were present around Maud
Rise. Alternatively, the detections of blue whale Z-
calls and fin whale 99 Hz chorus in months when the
recorder was fully submerged under sea ice reflect

that these low frequency sounds could have been
produced by whales in open waters at the sea ice
edge; these sounds can travel long distances—over
1000 km as depicted by our BELLHOP model results
at this time of the year.

Detection roses of the BELLHOP model showed a
loss of detection range in the southern direction,
which could be due to interruption by the Antarctic
continent. Sirovi¢ et al. (2007) estimated a maximum
detection range of 1300 km for blue and fin whales in
the Southern Ocean, whereas Thomisch et al. (2016)
estimated a maximum detection range of 700 km for
blue whales in the Southern Ocean. Samaran et al.
(2010) estimated a maximum detection range of
200 km for Antarctic blue whales in the Indian
Ocean. Our estimated maximum detection range of
1700 km for both blue and fin whales in spring is
comparable to Sirovi¢ et al.'s (2007) range of 1300 km.
Detection ranges >1000 km support the theory of
Payne & Webb (1971) that the low frequency sounds
produced by baleen whales can travel such long
ranges. The detection ranges of Thomisch et al.
(2016) and Samaran et al. (2010) are considerably
lower than the 1700 km detection range estimate in
spring but comparable to the 250-500 km estimates
in summer, autumn and winter. Differences in the esti-
mates of whale call detection ranges between our
study and previous studies could be due to different
TL in the ocean, sea state conditions, NLs, SLs used,
recorder types, recorder depths, sound propagation
models used, SNR thresholds and bathymetric prop-
erties of different regions (e.g. Lurton 2002, Sirovié et
al. 2007, Samaran et al. 2010, Thomisch et al. 2016).
For example, the recorder of Sirovié et al. (2007) was
deployed on the seafloor (3000 m water depth),
whereas our recorder was positioned closer on the
SOFAR channel. Propagation down to the deep
receiver (Sirovié et al. 2007) would be less than that
to the shallow receiver (present study), particularly at
longer range. Remarkably, using a 0 dB SNR thresh-
old (as in the present study) and BELLHOP to model
TL (as in the present study), Sirovi¢ et al. (2007)
found a maximum range that is very consistent with,
but slightly less than ours, which would follow for a
deeper receiver experiencing greater TL. In general,
there is no consistency in the computation of maxi-
mum detection range in the above studies. A useful
exercise would be to try to compare these approaches,
but that is beyond the scope of this paper.

Blue whale Z-call rates peaked between 05:00
and 17:00 h, suggesting that most blue whales are
vocally active during the day (Shabangu & Findlay
2014, Leroy et al. 2016, Shabangu et al. 2017, 2019).
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Early (~04:00 h) and late morning (09:00-11:00 h)
and midday to nighttime (15:00-23:00 h) were im-
portant for the D-call rates, suggesting that blue
whales could have been foraging on deep krill
swarms during the day and more on ascending Kkrill
at night (Piakowski 1985, Gaten et al. 2008, Shabangu
et al. 2019). According to our RF model results, time
of day was the least important predictor of blue
whale Z-calls but a moderately important predictor
of D-calls and fin whale 20 Hz pulses, reflecting that
call occurrence and rates vary over different times
of the day depending on the call type. However,
significance tests indicated that time of day was a
non-informative predictor of fin whale occurrence
and call rates, and cannot be reliably used to predict
those responses.

Seasonal variations in diel Z-call rates could be due
to changes in sound propagation properties or NLs
around the recorder location. Additionally, these ani-
mals could have adjusted their behaviour in response
to the different light regimes and environmental con-
ditions of the Antarctic. Z-call rates in summer and
autumn trended similarly since those seasons are
closer to each other, whereas winter call rates were
the opposite of summer and autumn. Spring (only the
first 2 wk of spring were sampled) Z-call rates
showed some similarity to summer and autumn call
rates as these seasons might have similar environ-
mental conditions. There was a clear difference in fin
whale 20 Hz pulse diel calling rates between autumn
and summer; this is possibly because the sample size
of fin whale calls from our study was too low to reli-
ably and accurately depict diel calling behaviour.
Absence of temporal segregation between the peaks
of diel calling rates of Z-calls and 20 Hz pulses in
autumn shows that blue and fin whales might not
vocally compete but vocalise at similar times during
certain seasons of the year, as found in the Benguela
ecosystem (Shabangu et al. 2019). Interestingly,
there was a strong temporal segregation between Z-
calls and 20 Hz pulse rates in summer—possibly
reflecting that these whales avoided vocal competi-
tion during that season when whales are present in
high numbers. Furthermore, D-calls had a similar
diel pattern to 20 Hz pulses in summer but had an
opposite diel pattern than Z-calls, likely reflecting a
slight frequency shift by blue whales to avoid conflict
with fin whales and that blue whales do not simulta-
neously produce these call types. Tripovich et al.
(2015) found Antarctic blue whales off Australia to be
more vocally active during nighttime, possibly to
avoid vocal competition with pygmy blue whales
during daytime.

Our current efforts to describe the diel calling be-
haviour, detection ranges and seasonal call occur-
rence of Antarctic blue and fin whales in the South-
ern Ocean provide useful information to better
understand the occurrence and behavioural ecology
of these endangered whale species. Based on detec-
tion ranges estimated by our BELLHOP model, Antarc-
tic blue and fin whale calls could be used for longer
range communication than previously documented if
environmental conditions (such as temperature, NLs,
wind speed, etc.) permit. Deployment of recorders on
oceanographic moorings (Shabangu et al. 2019)
could be a cost-effective way to collect future passive
acoustic data in the Southern Ocean.
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