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The fin whale is listed as globally vulnerable, with ongoing threats to their population, yet little is known about the distribution and movements of the Southern Hemisphere sub-species, Balaenoptera physalus quoyi. This study assesses fin whale distribution in the Southern Hemisphere analysing acoustic recordings from 15 locations in Antarctic and Australian waters from 2002 to 2019. A seasonal acoustic presence of fin whales in Antarctic waters from late austral summer to autumn (February to June) with long-term, consistent annual usage areas was identified at the Southern Kerguelen Plateau and Dumont d’Urville sites. In comparison, limited vocal presence of fin whales was observed at the Casey site. In Australian waters, fin whales were seasonally present from austral autumn to mid-spring (May to October) on east and west coasts, with a decadal pattern of acoustic presence observed at Cape Leeuwin, WA. Two migratory pathways are identified, from the Indian sector of Antarctica to the west coast of Australia and from the Pacific sector of Antarctica to the east coast of Australia. The identified seasonal distributions and migratory pathways provide valuable information to aid in monitoring the recovery of this vulnerable sub-species. We suggest the identified distribution and dispersal from the Southern Kerguelen Plateau and Dumont d’Urville sites to the west and east coasts of Australia respectively, as well as the spatial separation between Antarctic sites, provide preliminary evidence of separate sub-populations of the Southern Hemisphere sub-species of fin whale.
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Introduction

The Southern Hemisphere sub-species of fin whale (Balaenoptera physalus quoyi) is listed as vulnerable on the IUCN red list (Cooke, 2018) after devastating population decline during the industrial whaling era, with approximately 700,000 fin whales caught (Rocha et al., 2014). This sub-species is under further ongoing threat of population decline due to climate change (Tulloch et al., 2019) and habitat disturbance (Castellote et al., 2012). Like other migratory baleen whale species, the fin whale is thought to occupy high-latitude, polar regions in the summer months and low-latitude, temperate regions in the winter months (Mizroch et al., 1984). Suggested reasons for this seasonal migration include the exploitation of highly productive feeding grounds in polar waters (Lockyer and Brown, 1981) and avoidance of increasing sea-ice (Širović et al., 2004; Simon et al., 2010; Delarue et al., 2013). Calving and breeding are also thought to take place in warmer, lower-latitude waters (Lockyer and Brown, 1981). Identifying the distribution and seasonal presence of the Southern Hemisphere sub-species of fin whale could provide novel insights into the sub-species’ ecology and be useful to aid in monitoring of this vulnerable species at a national and international level.

Passive Acoustic Monitoring (PAM) is a cost effective tool in identifying temporal distribution of cetacean species, as sampling can be conducted over long time periods, in non-optimal habitat and weather conditions such as those found in polar waters (Mellinger et al., 2007). The vocalisations of the fin whale are ideal for PAM as the animals produce highly stereotyped, repetitive sequences of calls (Watkins et al., 1987). The most widely identified and commonly used call type of the fin whale is referred to as the “20 Hz” pulse (Watkins et al., 1987). This 20 Hz call type is characterised by short ~1 s down-sweeping pulses (Watkins et al., 1987), ranging in frequency from 42 to 18 Hz (Watkins et al., 1987; Thompson et al., 1992) and are produced at repeated intervals every 7-26 seconds (Watkins et al., 1987). The fin whale produces bouts of these 20 Hz pulses which can last up to 32 hours (Watkins et al., 1987). Observed variation in the characteristics of the 20 Hz call (Watkins et al., 1987) aligning with the copulation stage of the fin whale (Lockyer and Brown, 1981) and observations of only male fin whales singing (Croll et al., 2002) have led to the hypothesis that this call type is a breeding display produced only by males (Watkins et al., 1987; Croll et al., 2002). Less commonly reported call types of the fin whale include the lower-frequency “back-beat” pulses (13 to 23 Hz) (Thompson et al., 1992; Brodie and Dunn, 2015) which accompany the 20 Hz pulse, 20 Hz pulses that contain a higher-frequency component (89 to 99 Hz) (Širović et al., 2009) and “40 Hz” pulses (Širović et al., 2013) which have also been referred to as higher-frequency “downsweeps” (Gedamke and Robinson, 2010).

Using PAM, the seasonal distribution of fin whales has been widely reported in the Northern Hemisphere over the last two decades. The literature outlines a seasonal migration of fin whales out of high-latitude, polar waters (Stafford et al., 2007; Simon et al., 2010; Delarue et al., 2013; Davis et al., 2020) to lower-latitude, temperate waters for the winter months along the east and west coasts of the North Atlantic (Morano et al., 2012; Harris et al., 2013; Davis et al., 2020) and North Pacific Oceans (Širović et al., 2013; Iwase, 2015). Acoustic studies of fin whales have also reported the presence of fin whales in the winter season in the Bering Sea (Stafford et al., 2007; Oleson et al., 2014; Širović et al., 2015) and in waters off Greenland (Simon et al., 2010), suggesting that not all fin whales may migrate. In addition, populations of non-migratory, resident fin whales have been reported in lower-latitude regions of the North Pacific and Atlantic Oceans (Morano et al., 2012; Širović et al., 2013).

In contrast, in the Southern Hemisphere, an ocean-wide picture of fin whale distribution and migration is not available in the literature. Historical whaling data are nearly a century old, and heavily biased by the behaviour of the fleet (de la Mare, 2014). Visual survey effort in the Southern Hemisphere consists primarily of the IDCR-SOWER circumpolar voyages, with most effort focused almost entirely on Jan-Feb, with heavy emphasis on covering areas near high-latitudes and the ice-edge, so do not provide a full picture (Edwards et al., 2015). Acoustic studies of fin whales in Antarctic waters were limited and largely focused on regions of the Western Antarctic Peninsula, where the animals were found to have a seasonal presence from February to July (Širović et al., 2004; Širović et al., 2007; Širović et al., 2009; Burkhardt et al., 2021). In other regions of Antarctica, identification of fin whale distribution is far more limited. In 2009 the Southern Ocean Research Partnership of the International Whaling Commission (IWC-SORP) commenced a working group to coordinate a long-term acoustic research program to better understand the distribution of this top predator throughout their feeding grounds (Van Opzeeland et al., 2014). While the early efforts of this project focused predominantly on Antarctic blue whales (Balaenoptera musculus), in recent years fin whales have started to become a major focus as well (Bell et al., 2019; Miller et al., 2021a). Vocalisations of the fin whale have been recorded at the Balleny Islands, in the Pacific Sector of Antarctica (Dziak et al., 2017), a low presence of fin whale calls has been observed in deep waters off East Antarctica, in the Indian sector (Širović et al., 2009) and no fin whale presence has been detected in the Ross Sea (Širović et al., 2009). At lower latitudes, a seasonal acoustic presence of fin whale calls has been observed in Australia from as early as April to October (Aulich et al., 2019) and in New Zealand from May to October (McDonald, 2006; Brodie and Dunn, 2015; Constaratas et al., 2021). Fin whale vocalisations have also been observed in regions of the Indian Ocean from April to November (Leroy et al., 2018; Dréo et al., 2019). Off South America, fin whales were acoustically detected in subtropical waters off Chile throughout the austral winter, while vocalisations were rare in summer (Buchan et al., 2019).

There remains a gap in the literature as to how these animals are distributed in Antarctic waters, and whether the low latitude observations are of animals that have migrated out of different areas of Antarctica. The aims of this study are to identify the long-term, broad-scale spatial distribution of the fin whale in regions of Antarctica and the seasonal migration of animals to Australian waters.



Methods

Underwater sound recordings were obtained from 15 locations off Antarctica and Australia between the years 2002 and 2019 (Table 1 and Figure 1) from a range of PAM systems:

	Moored Acoustic Recorders (MARs) designed and manufactured by the Science Technical Support group of the Australian Antarctic Division (AAD) were deployed at five locations off Eastern Antarctica during the years 2013-2019 (Miller et al., 2021b). These datasets were collected under the International Whaling Commission’s Southern Ocean Research Partnership (IWC-SORP). The MARs had a sampling frequency of 12 kHz and a continuous, year-round recording scheme (duty cycle DC = 1).

	Customised Underwater Sound Recorders (USRs) (McCauley et al., 2017) developed by Curtin University were deployed in collaboration with the AAD at three locations between Australia and Antarctica. USRs were deployed in the years 2005-2009, had a sampling frequency of 6 kHz and recorded for 13 minutes every hour (DC = 0.22) from start date of deployment to end date.

	USRs of the Australian Integrated Marine Observing System (IMOS), deployed by Curtin University, recorded at five locations off Australia between 2009 and 2017, with a sampling frequency of 6 kHz and a duty cycle of five minutes every 15 minutes (DC = 0.33).

	The Comprehensive Test Ban Treaty Organisation (CTBTO) nuclear test monitoring station operates a hydro-acoustic station, HA01, off Cape Leeuwin, WA, Australia. Recordings from this station were obtained from CTBTO through Geoscience Australia, the Australian operator of station HA01, for the years 2002-2011. The recordings had a sampling frequency of 250 Hz and were obtained continuously, year-round (DC = 1).

	The New Zealand National Institute of Water and Atmospheric Research (NIWA) deployed two Autonomous Multichannel Acoustic Recorders (AMARs, JASCO Applied Sciences Pty Ltd) in the Ross Sea for the year 2018. The AMARs had a sampling frequency of 48 kHz and recorded for 5.7 minutes every 13.3 minutes (DC = 0.43).




Table 1 | Deployment details of the passive acoustic monitoring systems.






Figure 1 | Deployment locations of the passive acoustic monitoring systems used to obtain underwater sounds. Colours indicate sites. Circles indicate Moored Acoustic Recorders (MARs) of the Australian Antarctic Division (AAD). Crosses indicate Customised Underwater Sound Recorders (USRs) of Curtin University and the AAD. Dots indicate USRs of the Australian Integrated Marine Observing System (IMOS). Triangles indicate the hydroacoustic station (HA01) of the Comprehensive Test Ban Treaty Organisation (CTBTO). Squares indicate Autonomous Multichannel Acoustic Recorders (AMARs) of the New Zealand National Institute of Water and Atmospheric Research (NIWA). Equidistant Conic Projection used.



A total of 284,992 hours of recording was collected from 2002 to 2019 across all 15 sites (Table 1). Due to the large quantity of acoustic recordings and the expected large number of fin whale pulses, a process of combined automatic and manual detection was implemented in order to detect all fin whale 20 Hz pulses at each sample site. A brief summary of this detection method is outlined below and more detail is provided in Aulich et al. (2019).

Two automatic detection algorithms were implemented in MATLAB (Version 2019b, The MathWorks Inc, Natick, MA, USA). The first detection algorithm was based on spectrogram cross-correlation (Mellinger and Clark, 2000), using a template of a pre-defined fin whale 20 Hz pulse. The algorithm was run across all recordings (sample lengths:1 hour for AAD recordings, 13 minutes for Curtin/AAD USR recordings, 5 minutes for IMOS USR recordings, 1 hour for CTBTO recordings and 5.7 minutes for NIWA recordings). Automated detections were saved with a time stamp (corresponding to maximum intensity within the pulse). The first algorithm was used to locate time periods (samples) that had fin whale 20 Hz pulses, but did not attempt to precisely identify all pulses. Once the first detection algorithm had been applied, the time periods that contained automated detections were displayed in spectrogram form (maximum display length 300 s) in order to manually verify the sample contained a fin whale 20 Hz pulse (correct detection; true positive) or did not contain a fin whale 20 Hz pulse (false alarm; false positive). Ambient noise in the fin whale call frequency band such as Antarctic blue whale calls and/or sea-ice noise may result in false positive detections. This process of manual verification was carried out across all time periods (samples) containing automated detections, ensuring these false positives were removed. In order to check surrounding time periods (samples) for missed detections (false negatives), a process of ‘bracketing’ was iterated, whereby three samples surrounding verified pulses were manually checked until all surrounding samples were found to not contain fin whale pulses.

Once this process of manual verification and bracketing had been completed, a second, more sensitive detection algorithm was run across all samples with verified fin whale 20 Hz pulses to detect every pulse. This detector was based on cross-correlation in the time domain. The template was the absolute value of the Hilbert transform of an undistorted fin whale pulse at high signal-to-noise ratio (i.e., the positive envelope of the waveform). The template was correlated across the absolute of the Hilbert transform of each recorded sample (after bandpass filtering the recording to the frequency band of interest, 8-45 Hz). The resulting time series of correlation coefficients was thresholded. For times with high correlation, spectral power ratios were computed between the fin whale in-band power (18-25 Hz) and out-of-band power (10-15 Hz and 35-40 Hz). If in-band power was >3 dB above out-of-band power (in each band below and above the fin whale frequency bands), then the detector reported a detection; otherwise the time of high correlation was ignored. This removed non-fin whale broadband pulses. Once this had been completed, samples containing detections were displayed in spectrogram form for final manual verification (accept or reject) and any missed detections were manually added.

In order to evaluate the efficacy of this combined automatic and manual detection process, we calculated the combined error rate of pulse detections (Mellinger and Clark, 2000). The combined error rate is defined as the sum of the false-negative and false-positive error rates (Mellinger and Clark, 2000).The Southern Kerguelen Plateau 2019 dataset (AAS 4102 long term acoustic recordings Kerguelen 2019) was chosen for this analysis as it had strong fin whale vocalisations amid strong confounding ambient noise. A randomised subsample of 200 audio recordings (1 hour each) were analysed and yielded a false positive rate of 0.27% and a false negative rate of 1.62%, with a combined error rate of 1.89%.

Fin whale calling activity was analysed by site and year (site-year), which required splitting some of the datasets (that recorded over New Year’s) into two years at the same site, and merging two datasets that recorded in the same year, albeit with a gap between deployments. The duration of the fin whale season was defined as the number of days between the first and last detection dates at any one site-year. As an indicator of occupancy, the number of days which had fin whale pulses (pulse-days) was divided by the number of days that the recorder was on (recording-days) for each month, season, and calendar year, and presented as a percentage. As an indicator of behaviour and site usage, fin whale pulse rate was computed as the number of pulses detected over a certain period of time (24 h, 1 month, 1 fin whale season and 1 year). To account for the different duty cycles, the number of pulses detected in 1 day (1 month, 1 fin whale season or 1 year) was divided by the cumulative number of recording-seconds during that period. Pulse rates were multiplied by 3600 s/h, yielding pulse rate with a unit of 1/h, which is more meaningful than 1/s, given fin whale pulse duration is >1 s. In addition, the number of pulses detected each month was normalised by DC to allow comparison of the ‘continuous’ number of pulses across sites, as if all recorders had been recording continuously (calculations accounted for different month lengths and leap years). In detail, the number of pulses detected within a month was divided by the recording-seconds that month and multiplied by the number of seconds within that calendar month. A Kruskal-Wallis statistical analysis and post hoc Dunn test using the Bonferroni correction were used to compare mean percentage of call days per year and mean pulse rates per year across Australian sites and across Antarctic sites to discern regional differences within these two areas.



Results

A total of 812,144 fin whale pulses were detected across all deployment site-years, with Iselin Bank the only site to record no fin whale 20 Hz vocalisations. Though quantifying the proportion of the different call types was beyond the scope of this work, we can report that the 20 Hz pulse was the most commonly observed fin whale call type at every site by a large margin (Figure 2). Other types of fin whale calls that were occasionally observed included the back-beat pulse and higher-frequency components, accompanying 20 Hz pulses (Figure 2).




Figure 2 | Spectrogram of example vocalisations of the fin whale. The 20 Hz pulse (red box), the back-beat pulse (white box) and the higher-frequency components accompanying both the back-beat and 20 Hz pulses (green boxes). Image was taken from Cape Leeuwin, (06-Aug-2011, 19:00). Spectrograms were calculated in 256-point Hann windows with 0.49 frequency resolution; sampling frequency 250 Hz.



In the Antarctic, fin whales are present early in the year (Feb-Jun) with the earliest detection of a vocalising fin whale occurring in the Indian sector, at Prydz in late January of 2013. At the Southern Kerguelen Plateau, a long-term seasonal pattern of vocal presence was identified from February to June (Figure 3 and Table 2). At the Casey site, an inconsistent pattern of vocal presence was identified over the five years of recording, with no detections in 2018. There was a much greater vocal presence of fin whales in 2019 at Casey, compared to other recording years (Figure 3 and Table 2). In the Pacific sector of Antarctica at Dumont d’Urville, a seasonal pattern of fin whale vocal presence was identified from early February to June (Figure 3 and Table 2). The Pacific Antarctic Ridge site recorded the latest vocalisation of a fin whale across all Antarctic sites, in August 2018 and thereby had the longest season out of all Antarctic sites.




Figure 3 | Line-graphs of the fin whale pulse rate [1/h] by day. I.e., number of pulses counted every 24 h, divided by the cumulative number of recording-seconds that day, × 3600 s/h) for all sites and years. Grey-shaded boxes indicate periods with no recording.




Table 2 | Fin whale detection data for all recording site-years.



Sub-Antarctic waters exhibited two seasons: At Heard Island, seasons of vocal presence were very short, with vocalisations identified in October and from February to March, although recording was only conducted from September to April (Figure 3 and Table 2). In comparison, at the other Sub-Antarctic site, 53S, vocal presence was recorded throughout the year, with March being the only month without vocalisations. Therefore, this site had the longest season of 366 days over 2008 and 2009 (Figure 3 and Table 2). Limited vocal presence was detected in January, February and April at 53S, making detections harder to visualise in these months in Figure 3.

Around Australia, fin whale vocal presence occurs in the middle of the year (~May-Oct), with the earliest detection occurring on Australia’s west coast at Cape Leeuwin in April (Table 2). Whale vocalisations at this site were recorded over the decade from 2002 to 2011 with a seasonal presence from April to October with the latest presence in November of 2009 (Figure 3 and Table 2). Cape Leeuwin had the longest Australian season (210 days in 2009). Perth Canyon had long seasons (169 days in 2011) with a general pattern of fin whale vocal presence from May to October, over eight years of recording (Figure 3). Further north of the Perth Canyon, at Dampier, a much later vocal presence was identified from August to late October (Figure 3 and Table 2). On Australia’s east coast the earliest detection of a vocalising fin whale occurred at Tasmania in late May of 2006. A seasonal pattern of presence was identified at Tuncurry from June to October over four years of recording from 2010 to 2016 (Figure 3 and Table 2). On Australia’s south-east coast, an inconsistent and intermittent pattern of vocal presence was identified at Portland and Kangaroo Island, with some years with no vocalisations. Portland had the shortest season (1-25 days) with vocalisations recorded between July and October (Figure 3 and Table 2). In contrast, vocalisations were recorded earlier at Kangaroo Island from May to August with seasons varying in length between 1 and 73 days, depending on year.

The longest season does not imply the greatest pulse rate or pulse-days, as the Perth Canyon featured the greatest pulse rate by season, followed by Southern Kerguelen Plateau (Table 2). Cape Leeuwin has long seasons but lower pulse counts and fewer pulse-days. Pulse counts by season varied greatly at the Southern Kerguelen Plateau between site-years, declining to lowest pulse rates by season and pulse-days by season in 2017 (Table 2). Those sites with 100% pulse-days by season reflects seasons of one calling day (Table 2).

The vocal presence at each site, whether pulse rates or pulse-days varies between years but also on a monthly basis (Figures 4A, B). There are different patterns in pulse rates and percentage of pulse-days by month at Antarctic compared to Australian sites. Peak pulse rates and percentage of pulse-days occur in March and April at Prydz and Southern Kerguelen Plateau respectively. In contrast, peaks in Australia occur in July at the Perth Canyon. Both Antarctic and Australian sites have some overlap with the Sub-Antarctic sites. This is particularly evident at 53S which has a sudden increase in May and remains consistently high before declining in September and throughout the later months (Figures 4A, B).




Figure 4 | Monthly boxplots of fin whale acoustic presence. (A) The percentage of fin whale pulse-days to recording-days by month at each sample site, combined over sample years and (B) the fin whale pulse rate (i.e., pulses detected per recording-hour) by month at each sample site, combined over sample years. Boxplots display the median, interquartile range, minimum and maximum values. Scatter points display values at sites with only one recording year.



Off Antarctica, the Southern Kerguelen Plateau had the longest dataset (six years) and the greatest inter-annual variability in percentage of pulse-days by month (Figure 4A). Dumont d’Urville also had high inter-annual variability (Figure 4A). In the Sub-Antarctic region, 53S had great inter-annual variability (Figure 4A). In Australian waters, the greatest inter-annual variability in percentage of pulse-days by month occurred at Tuncurry in August (Figure 4A). Perth Canyon and Cape Leeuwin had comparatively less inter-annual variability (Figure 4A).

In Antarctic waters, inter-annual variability of pulse rates by month was greatest at Dumont d’Urville and the Southern Kerguelen Plateau (Figure 4B). In Sub-Antarctic waters, at 53S, inter-annual variability was higher than at the Antarctic sites (Figure 4B). In Australian waters, the Perth Canyon had by far the greatest inter-annual variability in pulse rates by month (Figure 4B).

Kruskal-Wallis and post-hoc Dunn’s tests indicated that most areas were statistically similar to one another in terms of the pulse rates and percentage of pulse-days across all Australian and Antarctic sites (Tables 3, 4). Off Antarctica, Southern Kerguelen Plateau had a greater pulse rate and greater percentage of pulse-days than Casey, while Dumont d’Urville was statistically similar to both of these locations in terms of pulse rate and pulse-days (Table 4 and Figures 4A, B). Off Australia, Perth Canyon, had a greater pulse rate than Kangaroo Island, Portland and Tuncurry (Table 3 and Figure 4B), and a greater percentage of pulse-days than Portland and Tuncurry (Table 3 and Figure 4A).


Table 3 | Kruskal-Wallis and post hoc Dunn test comparisons for differences in pulse rates per year (KW Chi-squared=28.79, df=5 and p= >0.01) and pulse-days per year (KW Chi-squared=21.76, df = 5, p = >0.01) between Australian sites with p value displayed.




Table 4 | Kruskal-Wallis and post hoc Dunn test comparisons for differences in pulse rates per year (KW Chi-squared=8.53, df = 2 and p = 0.01) and pulse-days per year (KW Chi-squared=7.32, df=2, p = 0.02) between Antarctic sites with p value displayed.



Figure 5 shows the monthly calling activity of fin whales at each site on a chart. Fin whale migration between sites is thus easily visualised and compared. Fin whales that are present in the Indian sector of Antarctica at the beginning of the year likely migrate to Western Australia later in the year, while fin whales present in the Pacific sector of Antarctica likely migrate to south-eastern Australia (Figure 5).




Figure 5 | Map of the seasons of the fin whale in Antarctic, Sub-Antarctic and Australian waters. Polar histograms display the mean ‘continuous’ pulse count by month (i.e., number of pulses counted every month, normalised by the DC, and averaged over multiple recording years). Concentric circles correspond to pulse count on a logarithmic scale (10, 100, 1000, 10 000 counts). Polar segments correspond to the months of a year, with January pointing upwards and the following months arranged clock-wise. Grey segments identify months when no recorders were deployed. White segments identify months with recordings but no fin whale pulses. Green arrows highlight the suggested northern migration pathways fin whales take between Antarctic and Australian waters and we assume same paths for the southern migration. For better legibility, polar plots are not positioned right on top of all recorder sites, but have been moved and represent regional trends; see Figure 1 for exact site locations. Equidistant Conic Projection used.





Discussion

Our study identifies the long-term, seasonal vocal presence of the fin whale in Antarctic waters from late austral summer to early winter and in Australian waters from austral autumn to mid-spring. In Sub-Antarctic waters we identified intermediate seasons. Our findings are based on a cumulative 59 years of passive acoustic recordings made over 2002-2019 across 15 locations.

The observed differential seasonality across sites may imply different ecological needs in the different regions. For example, the late austral-winter presence recorded at the Pacific Antarctic Ridge is anomalous in comparison to all other Antarctic sites. Such a late seasonal vocal presence of the animals in high-latitude waters in winter has led to the suggestion of a behavioural change of the Northern Hemisphere sub-species, with breeding taking place in these high-latitude waters (Simon et al., 2010). Similarly, fin whales may be breeding at the Pacific Antarctic Ridge. However, this needs further targeted research. Another important ecological requirement is feeding. In the Antarctic, the Kerguelen Plateau is an integral location for primary production in the Indian sector, supporting dense aggregations of krill, which act as a productive feeding location for many marine species (Tynan, 1997; Nicol et al., 2000; Hindell et al., 2011). Dense aggregations of krill have also been reported in the Prydz region (Higginbottam and Hosie, 1989). In the Pacific sector of Antarctica, the region of Dumont d’Urville is of high krill density and is a productive feeding location for many cetaceans (Nicol et al., 2000). This high primary productivity may be the motivation for long-term, consistent fin whale seasonal presence in the Indian and Pacific sectors of Antarctica, with the animals feeding at these locations. In Australian waters, the Perth Canyon is a probable feeding zone for migratory fin whales (Aulich et al., 2019) due to the high zooplankton density in this region (Rennie et al., 2009).

Further, this defined differential seasonality of fin whales observed between Antarctic, Sub-Antarctic and Australian sites implies that these animals are migratory and not resident in these areas. No sample location observed year-round fin whale calls, giving no evidence of resident, non-migratory fin whales, in contrast to those reported in the Northern Hemisphere. Migratory pathways for the humpback whale (Megaptera novaeangliae) have been identified between Antarctic and Australian waters, from the Kerguelen Plateau to the west coast of Australia (Bestley et al., 2019) and from the Pacific sector of Antarctica to the east coast of Australia (Andrews-Goff et al., 2018). We suggest the defined seasonality of fin whale vocal presence across these regions implies migratory pathways for the species between Antarctic and Australian waters, similar to those of the humpback whale.

The long-term and high seasonal vocal presence of fin whales recorded at the Southern Kerguelen Plateau and Prydz sites indicates that these areas and the Indian sector of Antarctica are a key usage area for the fin whale as it migrates out of Antarctic waters. In comparison, the limited vocal presence of fin whales recorded at the Casey site, indicates this area may be of limited habitat use for the animals as they migrate. The limited vocal presence of fin whales recorded at the Heard Island site may be indicative of a limited number of animals migrating through the Northern Kerguelen Plateau during both their northward and southward migrations. Those fin whales present in the Indian sector of Antarctica may be migrating north to regions of the western Indian Ocean where fin whale seasonal acoustic presence has been reported (Leroy et al., 2018; Dréo et al., 2019) or to Australian waters. The long-term, seasonal presence of fin whales on the west coast of Australia at Cape Leeuwin and the Perth Canyon implies a migratory pathway between Antarctic and Australian waters, with the animals travelling north between the Kerguelen Plateau and the west coast of Australia. The animals first reach Cape Leeuwin which is suggested as a travelling zone (Aulich et al., 2019) due to the pattern of long seasonal vocal presence and limited pulse rates also observed in our study. The animals do not linger at this location, rather travel north to the Perth Canyon for feeding. The limited seasonal presence of fin whales at Dampier may indicate that this region is at or close to the extreme northern extent of their migration on the west coast of Australia.

Due to the identified seasonal vocal presence of fin whales in the Pacific sector of Antarctica, we propose that the Dumont d’Urville and Pacific Antarctic Ridge sites are utilised as migratory pathways for the animals out of Antarctic waters. Those fin whales present at the Pacific Antarctic Ridge may be migrating north to waters around New Zealand, where fin whale seasonal acoustic presence has been reported (McDonald, 2006; Brodie and Dunn, 2015; Constaratas et al., 2021) or to Australian waters. The vocal presence of fin whales recorded at the Sub-Antarctic 53S site supports our suggestion of a migratory pathway between Dumont d’Urville and the east coast of Australia. The long, extended season observed at this site hints at fin whale migration as a slow dispersal, rather than a mass movement (Širović et al., 2004; Širović et al., 2009; Aulich et al., 2019) as they travel through this area on their north and south journey between Antarctic and Australian waters. Migratory fin whales first arrive on the east coast of Australia at Tasmania, travelling through this region as they disperse north to Tuncurry. The Tuncurry site observed significantly lower vocal presence of fin whales to its west coast equivalent, the Perth Canyon. This indicates that this may not be a key habitat usage area, unlike the Perth Canyon. More likely, due to the long season and low pulse rates observed at both these sites, similar to Cape Leeuwin, the Tuncurry and Tasmania sites likely are travelling zones, with the animals not lingering. The low vocal presence recorded at the Portland and Kangaroo Island sites may indicate fewer animals are migrating to the southern coastline of Australia.

Do the Indian Ocean and Pacific Ocean migratory pathways correspond to two separate sub-populations? In the Northern Hemisphere, evidence of limited mixing between fin whales along different migratory pathways has led to suggestions of separate sub-populations of the species (Bérubé et al., 2002; IWC, 2009). The Southern Kerguelen Plateau and Dumont d’Urville deployment sites are separated approximately by 2,600 km. The limited number of calls recorded at the Casey site might indicate that few animals are present or travelling in this region between the Southern Kerguelen Plateau and Dumont d’Urville sites. In Australian waters, fin whales are seasonally present on both the west and east coasts, separated by continental Australia. The limited fin whale vocal presence at the Portland and Kangaroo Island sites might indicate that few animals are present or travelling in this region between west and east coasts of Australia. We propose that the spatial separation between fin whales in the Indian and Pacific sector Antarctic sites (with limited regional overlap) and the seasonal presence of the animals on both east and west coasts of Australia (with limited regional overlap), provides preliminary evidence of two separate sub-populations of fin whale: a population of fin whales in the Indian sector of Antarctica, migrating to the west coast of Australia, and a population of fin whales in the Pacific sector of Antarctica, migrating to the east coast of Australia.

The lack of fin whale vocalisations detected at the Iselin Bank site in 2018 matches that of Širović et al. (2009) who recorded no 20 Hz pulses in 2003 and 2004 at a site in close proximity to Iselin Bank and Miller et al. (2021a) who found no fin whale sounds at a nearby site in the Ross Sea. Distribution of the fin whale in Antarctic waters may be affected by the presence of sea-ice, with the animals absent from areas covered by sea-ice (Širović et al., 2004). The lack of calls detected at these sites may be due to the year-round, perennial sea-ice coverage in the Ross Sea (Comiso et al., 2011) and may be indicative of long-term absence of fin whales in this region. Ongoing acoustic recording at this location would be useful.

Detection range limits of the acoustic receivers, due to the sound propagation environment, are likely an important contributor to the lack of and/or variation in detected fin whale calls across all site-years. The ambient noise in an area may include natural, abiotic noise (e.g., from wind and ice-cracking), biotic noise (e.g., fish and whale choruses), and anthropogenic noise (mostly from vessels) and affect the fin whale signal-to-noise ratio and therefore may reduce detection range (Erbe et al., 2015). Other factors, such as the bathymetry, seafloor geology, water temperature and salinity, also affect propagation loss and thus the received levels of fin whales and (masking) noise, and ultimately detection range (Erbe et al., 2021). The deployment depth of the acoustic receiver may greatly affect fin whale detection, in particular with respect to sound channels, such as the deep sound channel off Australia and the surface duct off Antarctica (e.g., Gavrilov (2018)). Considerations of the deployment depth of acoustic systems in Antarctic waters suggested depth to be greater than 1000 m for consistent sound propagation of fin whale calls (Van Opzeeland et al., 2014). Recorder depths varied greatly across the 15 deployment sites. Detection range of fin whale vocalisations at these Australian sites is likely to range from several 10’s kms to approximately 100 kms (Aulich et al., 2019). In Antarctic waters, Shabangu et al. (2020) estimated a maximum fin whale detection range of 1,700 kms. Another possibility for the variation in detected fin whale calls across site-years is altered acoustic behaviour, such as when the animals are foraging or engaging in breeding displays (Watkins, 1981). Additionally, seasonal vocal presence of fin whales may have been cut short at some sites such as the Perth Canyon in 2017 and the Southern Kerguelen Plateau in 2018 due to deployment times of acoustic systems. Some seasonal presence may have also been missed as not all of the recorders covered a full 365 days/year (e.g. Heard Island 2017). It is important to note that the detection of fin whales at each location only represents vocalising fin whales and a lack of calls does not confirm an absence of animals, rather that there are no vocalising fin whales. Additionally, these findings may represent only male fin whales, as only males are thought to produce the 20 Hz pulse and no information is currently available on the sexes or ages of those fin whales producing the back-beat or higher frequency component call types.

Further studies combining this long-term data analysis with analysis of the call characteristics of these fin whales and genetic sampling may help to define these suggested sub-populations. Additional research investigating environmental variability in these regions may also ascertain drivers for fin whale vocal presence in these regions and the inter-annual variability observed in our study.

Identifying the spatio-temporal pattern of movement of this Southern Hemisphere sub-species of fin whale is vital to inform conservation management of this vulnerable species at a national (Australian) and international level. This study identifies the long-term, seasonal presence of the fin whale in Antarctic waters from late austral summer to early winter and in Australian waters from autumn to mid-spring. We propose two migratory pathways between Antarctic and Australian waters: from the Indian sector of Antarctica to the west coast of Australia and from the Pacific sector of Antarctica to the east coast of Australia. The limited regional mixing and spatial separation of fin whales in Antarctic and Australian waters is preliminary evidence for separate sub-populations between the Indian and Pacific sectors.
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Location Year First Last Recording Fin whale Total Total Pulse rate (1/h) by Percentage of pulse-days by

detection detection days/year season (d) days pulses season season (%)
Prydz 2013 26-Jan-13  20-May-13 301 116 38 42,367 16.35 33.0
S. Kerguelen 2014 13-Mar-14  08-Jun-14 325 79 74 64,732 34.14 93.7
Plateau 2015 16-Mar-15 12-May-15 325 58 49 24,815 17.83 84.5
2016 26-Feb-16 18-May-16 330 83 38 18,744 9.40 45.8
2017 i-iii i 27-May-17 188 106 44 17,670 6.97 419
2018 5-May-18 313 93 74 43,336 19.42 79.6
2019 22-Feb-19  15-Jun-19 327 114 98 54,062 19.75 86.0
Casey 2014 28-Feb-14 31-Mar-14 345 32 8 1,360 AT 25.0
2016 09-Mar-16  03-Apr-16 198 26 4 822 1.32 15.4
2017 21-Mar-17  05-May-17 311 46 5 958 0.87 10.9
2018 0 0 300 0 0 0 0.00 0.0
2019 22-Mar-19  31-May-19 353 71 27 11,753 6.89 38.0
Dumont 2006 3-Feb-06  28-May-06 345 115 25 6,006 2.18 217
d’Urville 2018 5-Feb-18  10-Jun-18 243 124 59 11,727 3.94 47.6
2019 2-Feb-19 12-May-19 344 100 57 20,077 8.36 57.0
P. Antarctic 2018 16-Mar-18 22-Aug-18 295 160 73 7,076 4.30 45.6
Ridge
Iselin Bank 2018 0 0 313 0 0 0 0.00 0.0
Heard Island 2017 3-Oct-17 16-Oct-17 107 13 3 744 2.38 231
2018 12-Feb-18 28-Mar-18 91 45 4 832 0.77 8.9
53S 2006 17-Feb-06 25-Sep-06 277 221 27 1,687 1.47 12.2
2008 12-Jan-08  31-Dec-08 366 355 138 28,003 16.17 38.9
2009 2-Jan-09  2-Jan-09 23 1 1 17 3.27 100.0
Cape Leeuwin, 2002 4-May-02  17-Oct-02 365 167 41 13,580 3.39 24.6
WA 2003 13-Jun-03  6-Oct-03 365 116 49 17,216 6.18 422
2004 4-Jun-04 12-Oct-04 366 131 36 14,682 4.64 27.5
2005 11-May-05 16-Sep-05 365 129 30 12,432 4.02 23.3
2006 1-May-06  5-Oct-06 365 158 39 18,279 3.50 24.7
2007 24-May-07 20-Oct-07 365 150 55 19,946 5.54 36.7
2008 12-Apr-08  10-Oct-08 366 182 61 33,064 7.57 33.5
2009 04-May-09 29-Nov-09 365 210 73 31,822 6.31 34.8
2010 1-May-10  21-Oct-10 365 174 52 11,125 2.66 29.9
2011 18-Apr-11  05-Oct-11 365 171 81 41,511 10.11 47.4
Perth Canyon, 2009 24-Apr-09 02-Oct-09 279 158 91 57,660 45.62 57.6
WA 2010 24-May-10 01-Nov-10 351 162 51 29,708 22.92 315
2011 08-May-11  18-Oct-11 299 169 43 16,045 11.87 254
2012 15-May-12  23-Oct-12 316 162 38 15,471 11.94 235
2013 17-May-13  13-Jun-13 199 28 14 4,788 21.38 50.0
2014 16-May-14 05-Oct-14 308 143 75 45,500 39.77 525
2016 04-May-16 -Oct- 365 163 66 22,063 16.92 40.5
2017 01-Jun-17 “ 238 87 65 41,375 59.45 74.7
Dampier, WA 2013 13-Aug-13  17-Aug-13 270 5 5 760 19.00 100.0
2014 4-Sep-14  25-Oct-14 143 52 15 1,705 4.10 28.9
Tasmania 2006 21-May-06 29-Oct-06 295 162 40 2,387 2.83 24.7
Tuncurry, NSW 2010 29-Jun-10  25-Sep-10 237 89 10 543 0.76 11.2
2011 30-May-11  18-Oct-11 270 142 52 1,843 1.62 36.6
2012 09-Jun-12  23-Oct-12 210 137 35 1,700 1.55 256
2016 07-Ju-16  15-Sep-16 315 71 45 3,937 6.93 63.4
Portland, VIC ~ 2009 03-Sep-09 27-Sep-09 231 25 2 27 0.14 8.0
2010 27-Aug-10  27-Aug-10 233 1 1 162 20.25 100.0
2011 11-Jul-11 25-Jul-11 337 15 3 47 0.39 20.0
2012 27-Jul-12  9-Aug-12 321 14 2 142 1.27 14.3
2013 0 0 139 0 0 0 0.00 0.0
2014 11-Aug-14  11-Aug-14 331 1 1 66 8.25 100.0
2015 0 0 332 0 0 0 0.00 0.0
2016 9-Sep-16  9-Sep-16 332 1 1 37 4.63 100.0
2017 26-Oct-17  27-Oct-17 363 2 2 45 2.81 100.0
Kangaroo 2015 28-May-15 28-May-15 321 1 1 52 6.50 100.0
Island, SA 2016 6-Jun-16  17-Aug-16 314 73 5 836 1.43 6.9
2017 0O 0 308 0 0 0 0.00 0.0

This includes the first and last detection, the number of days that the recorder was on, the total number of days between first and last detection dates (season (d)), the total number of days
with fin whale calls (total days), the total number of fin whale pulses detected (total pulses), the pulse rate (i.e., number of fin whale pulses normalised by recording-seconds x 3600 s/h
within that season), and the total number of fin whale pulse-days normalised by recording-days within that season (percentage of pulse-days by season(%)). Red cells identify first and last
detection dates that coincided with deployment and recovery dates.
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Southern Kerguelen Plateau
AAS 4102 long term acoustic recordings Kerguelen2014 AAD MARs 62 81°47.808' 10-Feb-14 21-Apr-15 10,383 1,980
22.806
AAS 4102 long term acoustic recordings Kerguelen2015 AAD MARs 62° 81°47.550' 10-Feb-15 10-Mar-16 9,448 1,980
22818
AAS 4102 long term acoustic recordings Kerguelen2016 AAD MARs 62° 81°41.730’ 06-Feb-16 28-Feb-17 9,292 1,802
22176
AAS 4102 long term acoustic recordings Kerguelen2017 AAD MARs 62° 81°42.318' 31-Jan-17 06-Aug-17 4,244 1,802
21.606
AAS 4102 long term acoustic recordings Kerguelen2018 AAD MARs 62° 81°42.588' _ 23-Jan-19 8,030 1,700
21.894
AAS 4102 long term acoustic recordings Kerguelen2019 AAD MARs 62° 81°47.178' 08-Feb-19 06-Feb-20 8,656 2,700
22.620
Casey
AAS 4102 long term acoustic recordings Casey2014 AAD MARs 63 11 25-Dec-13 11-Dec-14 8,442 2,700
47.730 47.226'
AAS 4102 long term acoustic recordings Casey2016 AAD MARs 63 11 10-Dec-15 16-Jul-16 4,512 2,700
48.456" 44.166'
AAS 4102 long term acoustic recordings Casey2017 AAD MARs 63 111 12-Dec-16 07-Nov-17 7,901 2,700
48.186" 45.642'
AAS 4102 long term acoustic recordings Casey2018 AAD MARs 63 11° 15-Dec-17 18-Oct-18 7,291 2,980
47.755 46.000’
AAS 4102 long term acoustic recordings Casey2019 AAD MARs 63 11 23-Dec-18 19-Dec-19 8,604 2,700
48.216" 45.030’
Prydz
AAS 4102 long term acoustic recordings Prydz2013 AAD MARs 66 77 39.009' 26-Jan-13 08-Nov-13 7177 1,787
34.484'
Dumont d’Urville
2732 Curtin USRs 65" 140° 21-Jan-06 24-Jan-07 1,962 2,078
33.033 32.100
AAS 4102 long term acoustic recordings DDU2018 AAD MARs 65 140° 05-Feb-18 05-Oct-18 5874 2,000
11.400 35.898'
AAS 4102 long term acoustic recordings DDU2019 AAD MARs 65" 140° 31-Dec-18 10-Dec-19 5,355 -

30.600" 34.896'

Pacific Antarctic Ridge
3653 NIWA AMARs 63 176° 12-Mar-18 14-Jan-19 339 1,500
40.060 06.823'

Iselin Bank
3652 NIWA AMARs 73 176° 22-Feb-18 27-Jan-19 2,429 1,115
04.793" 54.504'

Heard Island

HIMI2018 AAD MARs 53 76°8.793' 16-Sep-17 01-Apr-18 6,941 1,980
0.020
538
2716 Curtin USRs 53 141 18-Dec-05 04-Oct-06 1,511 1,100
44.400 46.200
2806 Curtin USRs 53" 141° 29-Dec-07 23-Jan-09 2,034 1,866

44.350" 46.140°

Cape Leeuwin, WA

CTBTO Hydroacoustic station HAO1 34 114°0.130’ 01-Jan-02 31-Dec-11 83,030 1,050
0.890
Perth Canyon, WA
2823 IMOS USRs 31 14 25-Feb-09 12-Oct-09 3,065 465
54.466" 59.080
2884 IMOS USRs 31 115°1.863' 13-Nov-09 22-Jul-10 2,487 -
55.039
2962 IMOS USRs 31 115°1.607" 06-Aug-10 08-May-11 2,997 -
54.139
3004 IMOS USRs 31 115°1.538' 14-Jul-11 20-Jun-12 2,788 -
54.350
3154 IMOS USRs 31 115°0.813' 10-Aug-12 14-Jun-13 2,540 =
53.053'
3376 IMOS USRs 31 115°0.824 28-Nov-13 04-Nov-14 2,786 =
50.530
3445 IMOS USRs 31 115°0.656" 17-Dec-15 30-Dec-16 2,954 =
52.656"
3444 IMOS USRs 31 115°1.800" 23-Sep-16 2,760 430
51.600"
Dampier, WA
3188 IMOS USRs 19 115 20-Nov-12 27-Sep-13 2,648 216
23.291" 54.896"
3334 IMOS USRs 19° 15° 11-Aug-14 13-Jun-15 2,507 -
22514' 56054’
Tasmania
2731 Curtin USRs 44 144 12-Mar-06 21-Feb-07 1,665 1,600
0.138’ 39.914’
Tuncurry, NSW
2947 IMOS USRs 32 152° 10-Feb-10 04-Oct-10 3,136 190
19.362' 56.672'
3142 IMOS USRs 32 152° 06-Apr-11 26-Apr-12 2,735 -
19.128’ 56.721"
3128 IMOS USRs 32 162 05-Jun-12 30-May-13 2,923 2
17.396 54,612
3428 IMOS USRs 32° 152 21-Feb-16 08-Feb-17 2,897 -
18.590 55.839'
Portland, VIC
2846 IMOS USRs 38 141° 06-May-09 22-Dec-09 3,127 168
32.981" 15.235'
2926 IMOS USRs 38 141° 07-Feb-10 25-Sep-10 3,116 -
33.031" 16.232
3102 IMOS USRs 38 141° 30-Dec-10 03-Dec-11 2,751 =
33.604' 16.125
3073 IMOS USRs 38 141° 15-Feb-12 06-Nov-12 2,682 -
32.559 13.047
3184 IMOS USRs 38 141 07-Nov-12 17-May-13 2,086 =
32.034' 14.589
3274 IMOS USRs 38 141 30-Dec-13 27-Nov-14 2,718 -
32.218' 14.854’
3381 IMOS USRs 38 141 03-Feb-15 26-Jan-16 2,925 =
32.521" 13.263
3446 IMOS USRs 38 141 01-Mar-16 21-Feb-17 2,925 =
32.749 13.269'
3505 IMOS USRs 38 141 24-Feb-17 11-Feb-18 2,881 =

32.033 14.168

Kangaroo Island, SA

3382 IMOS USRs 36" 135° 09-Dec-14 17-Nov-15 2,861 216
6.819' 52.952'

3441 IMOS USRs 36" 135° 17-Nov-15 08-Nov-16 2,995 96
7.069 53.607’

3501 IMOS USRs 36" 135° 22-Nov-16 04-Nov-17 2,846 95

7.023 53.631’

Effort is cumulative recording duration (h), accounting for duty cycles. Depth is receiver depth and “-" indicate approximate same depth. Red cells mark deployment or recovery dates with
fin whale pulses present (see Table 2).
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