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Contributions and effects of anthropogenic activities on the
underwater soundscape of the sub-Antarctic regions remain
poorly studied. Over a 21-month period (April 2021 to
December 2022), we recorded underwater noise levels amid
two sub-Antarctic Prince Edward Islands (PEIs) within an
offshore marine protected area with the aim to quantitatively
investigate the sources of underwater noise and the impact
of such noise on the detectability of marine mammal
vocalizations. We measured underwater noise levels within
the low (20-120 and 121-800 Hz), medium (801-25000 Hz)
and high (2500148000 Hz) frequency bands. Wind speed
was the primary predictor of low and medium frequency
underwater noise levels, whereas iceberg volume was the
primary predictor at the high frequency band. Probabilities
of detecting vocalizations of Antarctic blue, fin, humpback,
Antarctic minke and killer whales decreased with increasing
noise levels. On the contrary, probabilities of detecting sei
and Madagascan pygmy blue whale vocalizations increased
with noise levels. Overall, these novel results indicate that
geophonic noise dominates the underwater soundscape of the
PEIs in the absence of intense anthropogenic activities such as
marine traffic, and that the detectability of marine mammal
underwater vocalizations is species-specific.

© 2025 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Underwater passive acoustic monitoring is a powerful, non-lethal and non-invasive tool for investigat-
ing relationships between marine organisms and their underwater environment, including anthro-
pogenic activities. To naturally achieve the above goal, information from in situ passive acoustic
research is required to provide representative and defensible estimates of underwater sound levels and
indications of how marine organisms respond to those sound levels [1-5]. Acoustic modelling can be
used in the absence of in situ acoustic data, but this does not always represent actual acoustic condi-
tions [6]. Underwater sounds are generated by three sources: anthrophony (e.g. sounds from vessel
traffic, sonar, wind energy, and operations related to gas and oil exploration), geophony (e.g. sounds
from wind and wave actions, rain, sea ice, volcanoes and earthquakes) and biophony (e.g. sounds from
marine mammals, molluscs, crustaceans and fish) [4,7,8]. A combination of ambient sounds (which
might include anthrophony, geophony and/or biophony) over frequency, time and space is termed
soundscape [9]. Specifically, this study refers to distal soundscape which is defined by Grinfeder et
al. [9] as ‘the spatial and temporal distribution of sounds in a prespecified area, in relation to sound
propagation effects’.

Marine mammals and other marine organisms need suitable areas with relatively good quality
soundscapes in order for them to perform important biological processes. For example, marine
mammals utilize sound to communicate with conspecifics at long ranges and under low-light
conditions [10,11], to echolocate [12], to find mates [13,14], to fight off mating competitors [13,14],
to avoid ship strike [3] and to avoid predators [12]. Elevated underwater noise levels can have varying
effects on marine organisms’ behaviour, including inducing avoidance from the sound source [15], stop
feeding [12], increase their sound level to counter the increasing noise level, i.e. Lombard response
[16], or they may become habituated [17]. In extreme cases, hearing loss [1] and even death can
occur [1,3]. Thus, it is imperative to understand the role of underwater noise in the context of the
acoustic environment of various species in order for us to implement conservation practices, policies,
regulations, mitigation measures and management strategies that will protect or reduce impacts of
at-sea human activities on these animals [1,3,4].

The Prince Edward Islands (PEIs) marine protected area (MPA) was declared in 2013 [18] and was
established with the sole intention to significantly contribute towards global initiatives to protect and
conserve offshore and deep ocean areas from anthropogenic activities. The PEIs are located in the
sub-Antarctic, Indian Ocean sector of the Southern Ocean and are approximately 2000 km southeast of
Cape Town, South Africa, and 2300 km from Antarctica (figure 1). South Africa has been the sovereign
state of these islands since 1948, and the PEIs MPA represents South Africa’s first offshore MPA.
The PEIs MPA is a multi-use zone MPA that consists of a sanctuary zone, four restricted zones and
controlled zones between restricted zones (figure 1) [20]. Due to their remoteness and isolation, the
PEIs represent one of the few remaining near-pristine sub-Antarctic regions. The close proximity of
the PEIs to the biologically productive sub-Antarctic Front and Antarctic Polar Front [21] makes these
islands important breeding and feeding area for seabirds, seals and killer whales [22,23] and a relevant
habitat for baleen whales [24].

Following that there is only one study [25] measuring underwater noise levels in the sub-Antarctic
region (off Crozet Island and Kerguelen Plateau), a big knowledge gap on underwater noise levels and
their impacts on marine organisms exists in this important area of the Southern Ocean. Therefore, the
objectives of this study were to (i) measure the PEIs” underwater noise levels, (ii) determine sources
of underwater noise and their contribution to the soundscape of the PEls, and (iii) determine how the
acoustic detectability of marine mammals is influenced by noise level variabilities.

2. Material and methods

2.1. Collection of passive acoustic data and whale presence determination

Passive acoustic data were collected between two sub-Antarctic islands, Marion Island and Prince
Edward Island, Southern Ocean (figure 1), from April 2021 through May 2023 (table 1). A SoundTrap
ST500 STD acoustic recorder manufactured by Ocean Instruments NZ, New Zealand, was installed
on an oceanographic mooring (details of the oceanographic mooring setup are provided in Shabangu
et al [24]). The acoustic recorder was serviced and redeployed once per year. The SoundTrap was
set to sample for 14 min on half the hour of every hour of each day to avoid interference with the
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Figure 1. The position of Prince Edward Islands (PEls) in the Southern Ocean showing the bigger Marion Island (M) and smaller Prince
Edward Island (PEI), the PEIs’ exclusive economic zone (big open circle), marine protected area (MPA) zones (divisions within the circle)
and 12 nautical mile territory waters (figure-of-eight polygon) around the PEls. Within internal divisions, C indicates the controlled
zones and R indicates restricted zones. Position of the oceanographic mooring with the acoustic recorder is indicated by closed blue
circle between PEI and MI. Inset map shows the position of the PEIs (small red box) in relation to South Africa’s mainland (green
shading in the African map) and Antarctica. Bathymetry data were downloaded from General Bathymetric Chart of the Oceans (GEBCO)
[19].

acoustic Doppler current profiler (ADCP) that sampled on the clock of every hour. We used hourly
occurrence (i.e. presence/absence) of seven marine mammal species from two previous studies [23,24]
to define acoustic detectability of marine mammals around the PEls. Acoustic detectability refers
to the probability of marine mammal vocalizations to be detected under various noise levels at the
acoustic receiver location. The seven marine mammals studied here are Antarctic blue (Balaenoptera
musculus intermedia), Madagascan pygmy blue (B. m. brevicauda; mainly found across the southwestern
Indian Ocean), Antarctic minke (B. bonaerensis), Southern Hemisphere fin (B. physalus), sei (B. borealis),
humpback (Megaptera novaeangliae) and killer (Orcinus orca) whales. As reported in Shabangu et al.
[23,24], the following vocalization types are used in this study to represent different behavioural
states of marine mammals: Z-calls for Antarctic blue whale communication; D-calls for blue whale
foraging; unit 1 and 2 of Madagascan pygmy blue whale calls for communication; fin whale 20 Hz
pulses for communication; fin whale 40 Hz pulses for foraging; Antarctic minke whale bioduck calls
for communication; sei whale upsweep calls for communication; humpback whale songs for communi-
cation; killer whale social calls for communication; killer whale echolocation clicks for foraging and
navigation.

2.2. Oceanographic data

The below oceanographic variables were considered to determine the effect of oceanographic
conditions on levels of ambient noise around the PEIs. Oceanographic conditions data were extracted
from a 2° (222 km latitude) x 2° (156 km longitude) quadrant centred over the mooring location.
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Table 1. Passive acoustic data collection details including the SoundTrap (ST) autonomous acoustic recorder settings. Sensitivity value [ 4|
is from factory calibrations of the HTI-96-MIN (High Tech Inc.) hydrophone.

latitude longitude water ST sampling sampling duty hydro- start end
°s) (°E) depth depth rate (kHz) protocol cyde phone recording recording

(m) (m) (minh™) (%) sensitivity date date
(dBre1V  (dd/mm/ (dd/mm/
pPa”) yyyy) yyyy)
46.77 37.91 167 162 96 14 23 26/04/2021  06/05/2022

4 1 023

sosy/jewnol/Bio Burysigndigaposiedos

This spatial resolution was used because some of the satellite-derived and reanalysis oceanographic
variables, particularly total precipitation and wind speed, were only available at a 0.25° (28 km) spatial
resolution which is too coarse to detect fine local shelf dynamics to avoid land contamination [26].
Furthermore, there is a good correlation between in situ data from Marion Island and 2°x2° block
[27], which makes these satellite-derived and reanalysis data indicative of the environment around
the PEIs. Ocean current speed was measured locally via an ADCP deployed on the mooring. All
the oceanographic data listed below were read and analysed using ‘raster’ [28] and ‘tidyverse’ [29]
packages in R statistical software [30].

£190ST TL DS uadp 20s°Y

2.2.1. Wind and precipitation

Meridional (v) and zonal (#) wind speeds (m s™) and total precipitation (m) provided on an
hourly scale by the fifth generation of European Centre for Medium-Range Weather Forecasts
(ECMWEFE) reanalyses (ERA5) [31] were downloaded from https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-era5-single-levels?tab=form. Total precipitation consists of accumulated liquid and
frozen water from rain and snow that falls to the ocean’s surface, and a spatial resolution of 0.25° x
0.25° was used to collect the obtained data [31]. Global grids with 0.25° x 0.25° spatial resolution at 10
m above the surface of the Earth were used to collect the ERA5 wind speed data [31]. Absolute wind
speed and wind direction were calculated from u and v vectors as follows:

ws = \/uz +07, (2.1)

_ u v
wdt = atan2(%, ), 2.2)
wdd = wdt x 180/, (2.3)
wdn = wdd + 180, (2.4)

where ws is the absolute wind speed, u is zonal wind speed, v is meridional wind speed, wdt is wind
direction trigonometry, wdd is wind direction trigonometry to degrees and wdn is meteorological wind
direction angle (degrees north).

2.2.2. Ocean waves

Hourly significant height of combined wind waves and swell (m; henceforth wave height) and peak
wave period (s; henceforth wave period) data sampled at 0.5° x 0.5° spatial resolution were obtained
from ERA5. Wave height indicates the at-sea observed total wave field formed by combining shorter
wind waves that are influenced by wind and longer swell waves produced by distant winds and
waves moving across the ocean basins. Wave period represents the time when the majority of the
wave energy is concentrated. Wave period was used for this study to determine the amount of noise
generated by breaking waves as they interact with the seabed.

2.2.3. Iceberg volume

Icebergs generate distinct loud underwater sounds as their volumes change due to various physical

processes such as movement, grinding, crunching, shattering, cracking and melting [7,8]. To capture

the influence of iceberg volume change on the PEIs’ soundscape, we used level 3 merged Antarctic
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polar stereographic bi-weekly iceberg (less than 3 km in length) volume (total gigatons (Gt)) data. n
These iceberg volume data sampled at 50 km resolution grids were obtained from the Centre de
Recherche et d'Exploitation Satellitaire (CERSAT), at IFREMER, Plouzané (France), Altiberg data-
base [32]: ftp:/ftp.ifremer.fr/ifremer/cersat/projects/altiberg/v3.2/data/antarctic/merged/grid/2-weekly/
50km/polar-stereographic/netcdf. We extracted the data between 20° and 60° E (i.e. 20° flanking the
PEIs) and calculated the total bi-weekly iceberg volume by summing the corresponding data from
all grid cells from Antarctica to the PEIs. The European Petroleum Survey Group (EPSG) projection
code for converting polar stereographic projection to project into the Southern Hemisphere Projec-
tion geographic coordinate system was obtained from https://nsidc.org/data/user-resources/help-cen-
ter/guide-nsidcs-polar-stereographic-projection.

2.2.4. Current speed data collection

sosy/jewnol/Bio Burysigndigaposiedos

Hourly speeds of ocean current (cm s™) were used as frontal activities proxy around the mooring
location, and these were collected by an upward looking Teledyne RDI 150 kHz QuarterMaster ADCP
that was suspended 5 m off the sea bottom on the oceanographic mooring [33,34]. Ocean current speed
data were collected on the clock of every hour, and these were used to represent the hourly current
speed. ADCP current speeds were measured throughout the water column (18.88-150.96 m); however,
we considered only hourly values with >75% good beam data, and data from the ADCP beam closer to
the acoustic recorder’s depth.

£190ST TL DS uadp 20s°Y

2.3. Vessel traffic

Maritime traffic from fishing, supply, research and tourism vessels exposes the most isolated and
remote sub-Antarctic regions to human impacts. Hourly vessel traffic data derived from automatic
identification system (AIS), which is used to track ships, were attained from Clarksons Platou (H.
Clarksons & Company Limited). These AIS data contained information on the date, hour, number
of vessels, unique ID number for each vessel, vessel speed over ground, vessel type and distance of
vessels from acoustic station within four sections (described below) around the PEIs identified from
acoustic propagation modelling of baleen whale calls (electronic supplementary material, figure S1)
[24]. Hourly vessel traffic information for statistical data analysis was extracted to a maximum distance
of 53 km (and then weighted below according to the four sections), a distance after which vessel traffic
contribution to the local soundscape becomes negligible [5]. The 53 km range also corresponds to
the Madagascan pygmy blue whale maximum detection range of 53 km around the PEIs in summer,
autumn and winter [24]. To account for acoustic shadowing by the PEIs as found by Shabangu et al.
[24], four azimuthal sections were created around the PEIs where section 3 was largely blocked by
Marion Island (electronic supplementary material, figure S1) and had an average maximum detection
range of 10 km. As a result, vessel traffic from sections 1, 2 and 4 were weighted more to 53 km than
those from section 3 that were weighted to 10 km.

To estimate monthly vessel traffic around the PEIs, the AIS data were processed to the spring
average maximum detection range of Antarctic blue whale Z-call of 730 km [24]. To determine the
distance of AIS tracked vessels from the acoustic recorder location, monthly unweighted number of
vessels was calculated at different distance categories: 0-5, 6-10, 11-20, 21-50, 51-110, 111-200, 201-500
and 501-730 km. Due to the sparsity of vessel presence within the 53 km grid, data on weighted vessel
speed over ground, vessel type and distance of vessels from acoustic station were available for 5% h
and 7% days of the whole study period. Therefore, weighted vessel speed over ground, vessel type
and distance of vessels from acoustic station were excluded from further analysis while hours without
information for number of vessels were filled with zeros to represent absence of vessels.

2.4. Estimation of noise levels

Passive acoustic data analysis to estimate noise levels around the PEIs was performed using a custom
MATLAB program [35]. To capture the contribution of different sound sources to the underwater
soundscape of the PEIs, noise levels were measured within four frequency bands: 20-120, 121-800,
80125000 and 25001-48 000 Hz. These frequency bands represent low (20-120 and 121-800 Hz),
medium (801-25000 Hz) and high (25001-48 000 Hz) frequency groups. We did not consider data

below 20 Hz for our analysis due to high internal acoustic recorder noise below that frequency. To
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calculate noise levels, acoustic data were processed using a Hann window with zero overlap (to n
simplify calculations and reduce computational load), and a fast Fourier transform with 1 s and 1 Hz
resolution. Equivalent continuous sound pressure level (Leq), in dB re 1 pPa, is the average sound level
over a specified period. Leq is used in this study to represent the average unweighted sound pressure
of a continuous time-varying signal, with an averaging time of 14 min to represent noise levels for the
hour in which the data were collected. Leq can also be used to represent the sound energy that can
potentially cause hearing damage to marine mammals due to cumulative exposure. Noise statistics are
visually represented using long-term spectrograms, 1/3-octave spectrograms, root-mean-square sound
pressure level (SPLrys) and percentiles of power spectral density (PSD) plots. Broadband noise from
the SoundTrap calibration tone (approx. 2.75 s long) at the beginning of every recording and ADCP
tones (occurring every 72 s and about 1 s in duration; examples of these ADCP tones are given in fig. 2
of Shabangu et al. [24]) were removed from the processed data using a custom function in R. Acoustic
data from January to April 2023 were found to be contaminated by high (>110-150 dB re 1 uPa SPL)
wideband internal noise (electronic supplementary material, figures S2 and S3) from the hydrophone
(John Atkins, Ocean Instruments), and such data were excluded from further noise data analysis.
Consequently, acoustic occurrence data from April 2021 to May 2022 and April 2021 to December 2022
were used for killer whales [23] and baleen whales [24], respectively.

sosy/jewnol/Bio Burysigndigaposiedos

2.5. Quantitative data analysis

£190ST TL DS uadp 20s°Y

The influence of oceanographic conditions on the ambient Leq around the PEIs was evaluated using
random forest (RF) models [36]. As a machine learning technique, RF models allow for non-parametric
inferences; inherent inclusion of interactions among predictors; reasonably good predictive perform-
ance; and return estimated variable importance as part of model fits and they can handle large and
small sample sizes with high dimensional data [36,37]. Vessel traffic was the least important variable
across all four frequency bands; this might have to do largely with the low vessel traffic within 53 km
around the PEIs (see §3.1). Thus, it was excluded from the below final model. The results from the
initial model that included vessel effect are presented in complementary RF model results presented
in the electronic supplementary material. Final RF models for modelling predictors of ambient noise
levels (Leq) at different frequency bands were fitted using equation (2.5):

Leg ~ m+h+ws+wd+tp+wh+uwp+wad +ibv +cs, (2.5)

where m is month, & is hour in Universal Coordinated Time zone, ws is wind speed, wd is wind
direction, tp is total precipitation, wh is wave height, wp is wave period, wad is wave direction, ibv is
iceberg volume and cs is current speed.

The influence of ambient Leq on the acoustic detectability (affected by masking, whale vocalizing
behavioural change and distance of vocalizing whales to acoustic recorder) of six baleen whale species
(Antarctic blue, Madagascan pygmy blue, fin, Antarctic minke, sei and humpback whales) and one
dolphin species (killer whales) was modelled using generalized linear model (GLM) regression [38].
GLM allows, through the use of link function, to model response variable generated by multiple
generating processes (e.g. binomial distribution) that will represent the number of successes in a fixed
number of independent trials, each with the same probability of success. GLM also allows count
processes other than a Gaussian processes and expresses the relationship as a linear function/combi-
nation of all the predictors. The underlying relationship between predictor and response variables
is assumed by this model to be linear; however, nonlinearity can be explicitly specified in multiple
ways including polynomial function and B-spline. To get rid of the previously observed correlation
between frequency bands [5], the low (20-120 Hz) and high (25001-48 000 Hz) frequency bands
were used to model the acoustic detectability of marine mammals. Probability of detecting marine
mammal vocalizations at the recording location was quantified at different Leq to a point of 0.5 at
which a species probability of detection would decrease or increase considerably. The GLMs for marine
mammal detectability were fitted using equation (2.6):

SD ~ LFB+ HFB, (2.6)

where SD is species detectability, LFB is low frequency band and HFB is high frequency band.
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Figure 2. Sectional (a—h) unweighted number of vessels tracked at different distances from the acoustic recorder location, and (i—
p) number of each vessel type tracked at different distances from the acoustic recorder location derived from automatic identification
system (AIS) data for April 2021 to December 2022. Key for distance colours for (a—h) is in (d), distance colour key for (i—p) barplot
borderlines is in (p), and key for vessel type is provided in the bottom panel.

2.5.1. Tuning and testing models

Before modelling the influence of oceanographic variables on ambient Leq at different frequencies
and the influence of ambient Leq on acoustic marine mammal detectability, variance inflation
factors (VIFs) were determined among predictor variables and no to low multicollinearities were
found as the highest VIF value was 2.17. Four different methods to account for clear class
imbalance of marine mammal acoustic occurrence were used: adaptive synthetic (ADASYN) [39],
downsampling and upsampling [40] and synthetic minority over-sampling technique (SMOTE)
[41]. All sample balancing methods were used because all sample balancing methods performed
similarly, and none was better than the other (electronic supplementary material, figure S4). For
training, 70% of the sample balanced data were used for tuning all models and the remaining 30%
were used for testing. The rest of the tuning and testing were performed using the same method
as that described in Shabangu et al. [5].
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2.5.2. Relative importance

Improvement response variance and the firm approach [42,43] were used to evaluate the relative
importance of predictor variables for RF models and GLMs respectively. Partial effect relative flatness
of a variable measured the variables” importance for the GLMs. For each model, feature importance
of all variables was scaled to the maximum and outputted as percentage. Each feature importance
value significance (p-value) was checked using the Altmann ef al. [44] permutation method to enable
straightforward interpretation of our RF model results. The ‘randomForest’ package [45] was used to
perform the above RF modelling, and the RF model tuning was implemented through the ‘ranger’
package [46] in R. GLMs were fitted using the ‘tidymodels” R package [47]. The “tidyverse’ R package
was used to process, analyse, visualize and summarize all data and results.

3. Results

3.1. Vessel traffic around Prince Edward Islands

The AIS data revealed that a total of 58 unique vessels were present within the maximum range
of 730 km over the 21 months (for 601 days or 3401 h), and only three vessels were found within
the 53 km sector (figure 2a-h). Of the three vessels found within 53 km, one was a survey unit
(South African icebreaking polar supply and research ship, SA Agulhas II) in April and May of
2021 (for 11 days) and 2022 (for 26 days), one was a cruise liner (MSC Orchestra) with 2000-2999
berths in January 2022 (for 1 day), and the other was a fishing vessel found for 5 days in
November and December 2022 (figure 2). Most of the vessel traffic were detected from section 1
and 2 (figure 2) that face the South African and Australian mainland (electronic supplementary
material, figure S1). April had the highest vessel traffic per distance category for all sections over
the study period, and a total of 31 vessels over various distances was the highest number of
vessels found in April 2021 (figure 2). April also corresponds to the time when the SA Agulhas II
travels to the PEIs for scientific crew changeover and provide supplies to the research station at
Marion Island and also to conduct research around the PElIs.

In 2022, January, July, November and December had the second highest vessel traffic for section 1
and 2 (figure 2a,b,e,f). Fishing vessels were the dominant vessel type within the 730 km sector but were
mostly more than 200 km from the acoustic recorder location (figure 2i—0). However, a fishing vessel
was found within 53 km distance from the acoustic recorder location on three occasions in November
and December 2022 (figure 2m,n). Only one survey unit, SA Agulhas II, moved as close as 0.1 km to the
acoustic recorder location (figure 2j,n) to recover and redeploy the oceanographic mooring.

3.2. Underwater noise and oceanographic conditions trends

For all frequency bands, there were small increases in ambient Leq from February 2022 through August
2022 with minor decreases in Leq thereafter (figure 3a). Median Leq was around 98 dB re 1 pPa for
all frequency bands. The high frequency band (25 00148 000 Hz) had the lowest noise levels, whereas
the medium (801-25 000 Hz) band had the highest noise level. For brevity’s sake, only oceanographic
conditions that were found to be significantly important in §3.3 are presented here. Daily wind speeds
were high in the austral winter and spring but low in austral summer and autumn (figure 3b).
Bi-weekly iceberg volume increased from early August to early February and then decreased until
the end of July. Wave height was low in summer and high in winter (figure 3b). No seismic survey
signals were detected in these data; however, earthquake sounds were detected sporadically. There was
a constant band of noise in the low frequency band (figure 4a,b). SPLrps noise was higher for the
low frequency band than for the high frequency band and was mostly below 120 dB re 1 uPa (figure
4c). PSD percentile plots over the deployment period show sound pressure spectrum levels without
distinct peaks below 150 Hz but with some intermittent peaks above 200 Hz (figure 4d). Significant
PSD variabilities (10-30 dB re 1 uPa* Hz™") between the 5th and 95th percentiles were visible.
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Figure 3. (a) Monthly box and whisker plots of Leq (equivalent continuous sound pressure level) at different frequency bands, and
(b) daily wind speed, daily wave height and bi-weekly iceberg volume (colour coded). Boxes in (a) show the interquartile range
from the first to the third quartile, black horizontal lines inside boxes represent medians, closed circles represent Leq values that are
outside the range covered by whiskers, and whiskers indicate 1.50 times the interquartile width. Months are abbreviated on the x-axis.
December through February represent summer, March through May represent autumn, June through August represent winter, and
September through October represent spring.

3.3. Ambient noise predictors

The RF models indicated no notable change in ambient noise levels (Leq) for all frequency bands
relative to current speed and hour of day (figure 5a). The Leq for the 2500148000 Hz frequency
band increased with iceberg volume between 298 and 330 Gt and plateaued thereafter; however, there
were minor iceberg volume influences on other frequency bands. For the 20-120 Hz frequency band,
influence of month on Leq increased from January to April and then decreased at varying rates until
December. Slight increase in noise levels was observed in December for the 25 00148 000 Hz frequency
band (figure 5a). Minor influences of total precipitation on noise levels were found for the low and
medium frequency bands. A >2 dB re 1 pPa® Hz ™' noise increase was observed for the 25 001-48 000 Hz
frequency band when total precipitation increased from 0 to 0.0018 m.

Wave direction between 240° and 360° slightly influenced noise level increase for all frequency
bands (figure 5a). Noise levels increased with wave height for the 20-120, 121-800 and 801-25 000 Hz
frequency bands; however, for the 2500148 000 Hz frequency band, noise levels increased with wave
height up to 3 m and decreased thereafter. There were minor Leq increases with increasing weighted
total number of vessels for all frequency bands (electronic supplementary material, figure S5). Noise
levels decreased with increasing wave period up to 15 s and showed little difference to 17.5 s for the
20-120, 121-800 and 801-25 000 Hz frequency bands (figure 5a). No changes were observed for the 25
001-48 000 Hz frequency band relative to wave period. Noise levels fluctuated with changing wind
direction and did not show any pattern for all frequency bands. Leq for the 20-120, 121-800 and 801-25
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Figure 4. (a) Long-term spectrogram, (b) 1/3-octave band (TOB) spectrogram, (c) root mean square (RMS) sound pressure level
(SPLpys) at different frequency bands and (d) percentiles of power spectral density (PSD) for April 2021 through December 2022
period. Dark grey vertical lines in (a—c) represent periods without acoustics data. Freq. is for frequency.

000 Hz frequency bands increased with wind speed to a maximum of 25 m s™, while Leq for the 25
001-48 000 Hz frequency band increased with wind speed to 15 m s™ and decreased after that (figure
5a).

Wind speed was the most important predictor of noise levels for the 20-120, 121-800 and 801-25
000 Hz frequency bands, whereas iceberg volume was the most important predictor of noise levels for
the 25001-48 000 Hz frequency band (figure 5b). Wave height was a moderately important predictor
for the 20-120, 121-800 and 801-25000 Hz frequency bands noise levels, whilst wind speed, wave
direction and month were the moderately important predictors of noise levels in the 25 0014 80 000 Hz
frequency band. Other remaining variables were the least important predictors of ambient noise levels.
Wind speed, wave height, iceberg volume and month were significant and informative predictors
of noise levels in the 20-120 Hz frequency band. Wind speed and wave height were significantly
important predictors of noise levels in the 121-800 Hz frequency band (figure 5b). Only wind speed
and wave height were the significantly important predictors of noise levels in the 801-25000 Hz
frequency band. For the 25001-48 000 Hz frequency band, iceberg volume and month were the only
significantly important predictors of underwater noise levels (figure 5b).

3.4. Whale vocalizations and ambient noise

From different sample balancing methods, probabilities of detecting Antarctic blue whale Z-calls, blue
whale D-calls, fin whale 20 and 40 Hz pulses, humpback whale songs, Antarctic minke whale bioduck
calls, killer whale social calls and echolocation clicks decreased with increasing ambient noise levels in
the 20-120 Hz frequency band except for Madagascan pygmy blue and sei whale calls, which increased
with ambient noise levels (figure 6). Noise levels in the 25001-48 000 Hz frequency band did not
influence the detectability of the Antarctic blue whale Z-calls (figure 6a). Probabilities of detecting
blue whale D-calls, Madagascan pygmy blue whale calls, fin whale 20 Hz pulses, Antarctic minke
whale bioduck calls, killer whale social calls and echolocation clicks decreased with increased noise
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Figure 5. RF (random forest) model (a) partial effect and (b) ranked importance of predictor variables on the ambient Leq (equivalent
continuous sound pressure level) at different frequency bands. Asterisks indicate significantly important variables, and NS indicates
non-significantly important variables.

levels in the 25 001-48 000 Hz frequency band (figure 6b,c,d,g,i,j). By contrast, probabilities of detecting
fin whale 40 Hz pulses, humpback whale songs, and sei whale upsweep calls increased with noise
levels in the 2500148 000 Hz frequency band (figure 6e,fh). About 90% of acoustic detectability of
Antarctic blue whales, blue whale D-calls, fin whale 20 and 40 Hz pulses, humpback whales, Antarctic
minke whales, killer whale social calls and echolocation clicks was below the 50% point in the 20-120
Hz frequency band (figure 6a,b,d,e,f,g,i,j). Approximately 80% of acoustic detectability of Madagascan
pygmy blue and sei whales was above the 50% point in the 20-120 Hz frequency band (figure 6¢,h).
For killer whales, 80% of their acoustic detectability was below the 50% threshold for both the 20-120
and 25001-48 000 Hz frequency band noise but decreased at a faster rate for the 25001-48 000 Hz
frequency band than for the 20-120 Hz frequency band (figure 6i,j). The 50% point was passed at
slightly high ambient noise levels around 98 dB re 1 uPa at the low frequency band but at a lower noise
level around 80 dB re 1 pPa at the high frequency bands for all marine mammals (figure 6).

4. Discussion

This study provides the first quantitative and detailed description of the underwater soundscape of the
PEIs. Results of this study show that the soundscape of the PEIs at 20-120 to 801-25 000 Hz frequency
bands is dominated by geophonic noise from wind speed, and the 25001-48 000 Hz frequency band
soundscape is predicted by iceberg volume. Very few vessels were found within 53 km radius around
the PEIs on a seasonal basis, and their presence significantly contributed to the area soundscape. The
detectability of the focal marine mammal signals varied with underwater noise levels in the low and
high frequency bands in a species-specific manner.
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Figure 6. (a—j) GLM (generalized linear model) dose—response curves of ambient Leq (equivalent continuous sound pressure level)
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frequency bands for each marine mammal species according to different sample balancing methods. KW is for killer whale. The 50%
point for acoustic detection of marine mammals at a given noise level is represented by the dashed horizontal line at 0.5.

4.1, Vessel traffic trend

The maximum of 31 vessels found in April 2021 within 730 km around the relatively pristine PEIs is
considerably lower than vessel traffic of up to 5000 or so vessels per month observed off the west coast
of South Africa [5]. Very few vessels transited through the PEIs on the way to Antarctica; however,
such ship traffic in the Southern Ocean might introduce invasive species to these remote and isolated
areas [48]. The SA Agulhas II was the only vessel that moved very close to the acoustic recorder
location, an encouraging sign that vessel traffic is very low in this region. However, the presence of
a fishing vessel within the 53 km sector from the acoustic recorder is concerning as this might be
indicative of illegal fishing [49] within the PEIs MPA if the vessel was not transiting through the area.
The second highest vessel presence for section 1 in July 2022 was due to the SA Agulhas II having to
go to the PEIs for a medical emergency. Observed increase in vessel traffic in January, November and
December for sections 1 and 2 corresponds to the austral summer movement of vessels to and from
Antarctica. Vessel traffic estimates presented in this study are likely conservative since AIS tracking is
known to sometimes underestimated vessel traffic especially for fishing vessels that interfere or turn
off their AIS transponders [50].
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4.2. Underwater soundscape predictors

Noise levels in this sub-Antarctic region did show minor monthly and seasonal patterns (figures 3
and 4), which is contrary to huge seasonal noise variations in the Antarctic [8,51,52]. The observed
little seasonal noise variation could be due to the PEIs being an open water environment year-round
and does not have sea ice cover that seasonally limits wind- and wave-induced underwater noise and
limits vessel traffic in some seasons. Whale vocalizing activities around the PEIs were not detected at
loud enough levels to increase sound levels above the ambient noise (figure 4), which is different from
Antarctica where baleen whales and geophonic noise equally contributed to the Antarctic soundscape
[8,52,53]. The received low contribution of marine mammal sounds to the PEIs soundscape may be due
to masking from strong geophonic noise in the low and medium frequency bands [5,7]. Alternatively,
this could be due to relatively fewer vocalizations detected in the low/mid latitudes compared with
Antarctica [51,54,55].

Hydrophone flow noise was not a problem for these acoustic recordings given the minor contribu-
tion (approx. 1.4 dB re 1 uPa) of current speed to the sound level, which is different from results from
the west coast of South Africa where comparable current speed created high flow noise contamination
[5]. The observed differences in flow noise between the two regions might be due to differences in
water depth where hydrophones were deployed and designs of acoustic recorders (SoundTrap versus
AURAL-M2) since current speeds are comparable between the two regions—hence, this topic requires
more special investigation. Time of day was not influential on ambient noise as there were no diel
variations of main noise producers. Contrary to previous studies [8,25,52,56], the influence of iceberg
volume on the low frequency noise (20-120 Hz) for this study decreased with increase in iceberg
volume which signifies that iceberg volume does not dominate the low frequency soundscape of this
open water region. However, iceberg volume had a high and significant influence on the 25 001-48 000
Hz frequency band when the volume was between 298 and 330 Gt, suggesting that iceberg volume can
contribute to higher frequency noise level as documented for ice noise by Wenz [7]. Additionally, this
result suggests that ice cracking noise is audible around the PEIs at greater distances from the sea ice
edge in Antarctica as observed by Tsang-Hin-Sun et al. [25] —although small icebergs are sometimes
observed floating pass the PEIs.

The high influence of January to April for the 20-120 Hz frequency band coincided with the
observed change in iceberg volume (figure 3), and the April increase in vessel presence around
the PEIs from the SA Agulhas II since that is the frequency band dominated by vessel noise [5,7].
December had the greatest influence on underwater noise from the 801-25000 and 25001-48 000
Hz frequency bands since this is the month that iceberg volume started to peak (figure 3). Total
precipitation had the highest influence on the noise levels in the 25001-48 000 Hz frequency band,
since precipitation sounds are prominent in that frequency band [7]. The rapid increase of ambient
noise at the first increase of total precipitation was also observed off the west coast of South
Africa [5].

Wave direction from the northwest (between 240° and 360°) resulted in increased noise levels at all
frequency bands as water would have been channelled between the PEIs in line with the northward
movement of the sub-Antarctic Front [23]. Noise levels decreased at all frequency bands with an
increase in wave period as observed off the west coast of South Africa [5] since sound intensity
decreases with increased wave period [57]. No pattern of wind direction influence was discernible
at all frequency bands, confirming that direction of wind does not influence underwater noise levels
[5]. The observed increase in ambient noise levels with wind speed is due to wind-induced sea
surface turbulence and agitation that generate underwater noise at wide frequencies [58]. Air bubbles
entrapped in the shallow water layer during sea wave action produce underwater noise as bubbles
dilate and burst due to pressure changes associated with surface water movement induced by the wind
[58]. Wave height showed similar influence (to that of wind speed) on the PEIs” soundscape due to
high positive correlation between the two variables [59]. The dome shaped influence of wave height
and wind speed on the high frequency band (25001-48 000 Hz) indicates dissipation of noise from
these two variables at high frequency.

Wind speed was the most important predictor of ambient noise for the 20-120, 121-800 and 801-
25000 Hz frequency bands, indicating that wind speed dominated the soundscape of this region in
the absence of anthropogenic activities such as shipping [60]. For example, vessel noise dominated
the low frequency (10-500 Hz) in areas with high vessel traffic, such as the west coast of South
Africa [5]. Iceberg volume was the most important predictor of ambient noise for the 25001-48 000
Hz frequency band, which supports the finding of Wenz [7] that ice can contribute to noise higher
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than 10 kHz. Moderately and least important predictors contributed to the ambient noise but not as
high as the most important predictors. Ambient noise can be informatively predicted by significantly
important predictor variables, while ambient noise cannot be informatively predicted by all predictor
variables with non-significant importance. Thus, iceberg volume was informative at predicting low
frequency noise (20-120 Hz frequency band) even though it does not dominate the ambient noise at
that frequency band.

Previous open ocean noise studies in the sub-Antarctic region [25] and Antarctica [8,52,53,56,61] did
not consider vessel traffic as a potential source of underwater noise of those regions as they presumed
that low vessel traffic did not contribute or contributed negligibly to ambient noise. However, our
results demonstrate that the low vessel traffic does significantly contribute to the soundscape of
these regions (electronic supplementary material, figure S5) at least on a seasonal basis when vessels
are very close to the recorder location. Hence, vessel noise contributes to the soundscape of these
regions at least on a seasonal basis when ships visit the sub-Antarctic (this study) and Antarctic
regions [62]. This study’s approach of considering multiple variables analysed through RF models with
implicit interaction implemented between predictor variables allowed for a holistic and quantitative
understanding of the multiple predictors of ambient noise and drivers of the soundscape dynamics
around the PEIs. Overall, the remoteness and protected state of the PEIs might be maintaining the
soundscape of this region near-pristine with little anthropogenic influence.

sosy/jewnol/Bio Burysigndigaposiedos

4.3. Marine mammals and ambient noise

The detectability of Antarctic blue and fin whales around the PEIs decreased with increasing noise at
both the low and high frequency bands, reflecting masking of whale vocalizations by ambient noise
produced by geophonic sources (mainly wind speed). The acoustic detectability of Antarctic blue and
fin whales shows a different pattern from that observed off the west coast of South Africa where their
detectability increased with increasing underwater noise that was largely dominated by vessel noise
[5]. Detectability of blue whale foraging and mating call, D-call, also decreased with increasing noise
levels—a further testament that geophonic noise reduced the detectability of whale calls. Contrary
to Antarctic blue and fin whales, Madagascan pygmy blue whale acoustic detectability increased
with increasing noise in the low frequency band, perhaps demonstrating their acoustic behavioural
adaptation to the windy environment in their native southern Indian Ocean region [63] of Madagascar.
Furthermore, this increased detectability with increasing noise levels could indicate that Madagascan
pygmy blue whales were closer to the acoustic recorder location to enable call detection above the
ambient noise level. Decreased acoustic detectability of other whale vocalizations with increasing noise
could indicate that vocalizing whales were distant, masking of calls by noise [2] and attenuation of
the focal signals by wind-induced air bubbles on the shallow surface layer [58,64]. Both masking
and attenuation reduce marine mammal communication spaces and propagation ranges of marine
mammal sounds.

Probability of detecting Antarctic minke and humpback whales also decreased with increasing
noise level from the low frequency band, which is similar to results found off the west coast of South
Africa [5]. Just like off the west coast of South Africa, humpback whales had higher detectability when
the high frequency band noise (dominated by ice volume induced noise for this region) was high,
perhaps demonstrating a Lombard response. Likewise, humpback whales off eastern Australia showed
a Lombard response to wind noise but not to vessel noise [16]. Sei whales’ detectability increased
with noise levels in both the low and high frequency bands, indicating that vocalizing whales could
have been much closer to the PEIs for calls to have higher signal strength above the level of ambient
noise. Alternatively, these sei whales could be exhibiting a Lombard response to increasing noise. Killer
whale acoustic detectability for both social calls and echolocation clicks decreased with increasing
ambient noise levels, indicating that this killer whale population does not acoustically counteract
geophonic originating underwater noise. The reduced detectability of killer whale vocalizations likely
resulted in shortened communication ranges of these animals.
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5. Conclusion

Here, we provide the first measurements and description of predictors of underwater noise around

the PEIs, and first indication of how the acoustic detectabilities of six baleen whale species and one

delphinid species are influenced by ambient noise levels in this sub-Antarctic region. Geophonic noise
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from wind speed and iceberg volume dominated the soundscape around the PEIs; however, vessel m
noise significantly influenced the soundscape when vessels (mainly a research vessel) were seasonally
present in the area. Vessel traffic around the PEIs was very low, and no other anthropogenic activities
contributed to the underwater soundscape, which qualifies this area as near-pristine from vessel noise.
Continuation of this passive acoustic monitoring research is critical and fundamental at establishing
long-term changes in the ecosystem and conservation efforts of some of the endangered species in the
Southern Hemisphere. To conclude, it is encouraging that this region is less influenced by anthropo-
genic activities in the Anthropocene era, and marine mammals are still safe from anthropogenic noise
when in this region. However, special noise management and mitigation measures are required for
this critical region to keep anthropogenic noise low. Novel results of this study advocate for continued
protection and strengthened management to protect this important region and its biodiversity from
emerging threats and stressors. Lastly, this study provides baseline noise level measurements for this
PEIs MPA which is important for the conservation of the marine mammals studied here and for future
noise monitoring and management in this region.
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