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ABSTRACT: To date, the majority of studies investigating marine mammal distribution and
behavior take a single-species perspective, which is often driven by the logistic difficulties of
collecting appropriate data at sea. Passive acoustic monitoring, provided recording tools exhibit
sufficient bandwidth, has the potential to provide insights into community structure as devices
operate autonomously simultaneously collecting data on baleen, pinniped and toothed whale
acoustic presence. Data can provide information on local species diversity, residency times and
co-occurrence. Here, we used multi-year passive acoustic data from 6 sites in the Weddell Sea,
Southern Ocean, to explore how local marine mammal community compositions develop over
time and in relation to sea-ice. Diversity peaked in austral late spring and early summer, shortly
before seasonal sea-ice break-up. The effective number of species exhibited little variation over
time, reflecting that species remain in Antarctic waters throughout austral winter. Community
composition showed almost complete seasonal overturn, indicating that species replace each
other throughout the year. For all 6 sites, community dissimilarity increased with increasing tem-
poral distance, reflecting temporal trends in community composition beyond seasonality. Several
species exhibited significant positive or negative co-occurrence patterns over time. These sea-
sonal associations were consistent across all 5 oceanic sites, but partly inversed at the Western
Antarctic Peninsula recording site. This study shows that the application of biodiversity metrics to
passive acoustic monitoring data can foster insights into the timing of behaviors and community
composition, which can boost the interpretation of responses in the light of ongoing environmental
changes.

KEY WORDS: Biodiversity change - Species composition - Richness - Passive acoustic monitoring -
Marine mammals - Southern Ocean

1. INTRODUCTION

In many regions of the world, inventory studies
aiming to understand the role and functioning of
community composition are facing a race against the
clock as direct and indirect effects of human-induced
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global changes are causing rapid and extreme shifts
in animal and plant communities across ecosystems
(Sala et al. 2000, Lotze et al. 2006, Sorte et al. 2017).
In the marine realm, ecosystems are experiencing a
multitude of human pressures, comprising chemical
pollution, climate-induced changes (e.g. sea-level
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rise, ocean acidification, sea-ice melt), fishing, mar-
ine debris and increasing underwater noise levels
(Halpern et al. 2015). In many marine regions, these
stressors have or are expected to have severe con-
sequences for ecosystem health and biodiversity
(Worm et al. 2006, Hillebrand et al. 2018a). Assessing
patterns of richness and composition of marine ani-
mal communities through ecological gradients such
as latitude and depth and over time are of primary
importance in conservation biology as these can
provide important warning signs of environmental
change for management and conservation measures
to respond to. Fast and reliable methods are required
for biodiversity assessments to determine and com-
pare species richness patterns that can be applied in
both accessible and remote habitats.

Rapid acoustic surveys, relying on acoustic analy-
ses of sound produced by animal communities, have
proved a fast, reliable and non-invasive method to
collect information on biological diversity in terres-
trial realms (Sueur et al. 2008, Andreassen et al.
2014, Darras et al. 2017). In marine environments,
passive acoustic methods have become an estab-
lished method to acquire information on the occur-
rence and behaviour of sound-producing species
(e.g. Van Parijs et al. 2009). In contrast to visual sight-
ings, passive acoustic data collection in marine
underwater environments can occur with autono-
mous recording units that are relatively independent
of weather and light conditions, securing data acqui-
sition on a year-round basis. For polar environments,
the collection of passive acoustic data offers the most
reliable tool of choice to obtain year-round informa-
tion on species distribution (e.g. Van Opzeeland et al.
2008, 2013b, Van Parijs et al. 2009). Visual sighting
data on marine mammals in polar waters are season-
ally biased to the summer period as the access of
ships is often too restricted to carry out surveys dur-
ing winter due to adverse weather and light condi-
tions and heavy ice cover in large areas. Auto-
nomously operating acoustic recording devices are
deployed year-round throughout the world's oceans
and, provided sufficient recording bandwidth, have
the potential to provide a wealth of information re-
lating to acoustic communities and local species
compositions. To date, however, most marine passive
acoustic studies have taken a single-species perspec-
tive (most often marine mammals), only rarely con-
solidating contextual acoustic data in analyses and
interpretation providing information on acoustic
environments, biodiversity or species association
patterns (for a review, see Risch & Parks 2017, also
see Roca & Van Opzeeland 2019).

Marine mammals dominate large parts of the natu-
ral acoustic environment in most polar waters and
their sounds are generally well known, in contrast to
many fishes, crustaceans and invertebrates for which
information on acoustic behavior is much sparser, if
existent at all. Due to the fact that marine mammals
are often migratory, apex predators, exhibiting long
life spans, they integrate ecological variation across
large spatial and temporal scales and have been de-
scribed as sentinels of various marine ecosystems (e.g.
Aguirre & Tabor 2004, Moore & Huntington 2008).
Monitoring of sentinel species can play an important
role in detecting first warning signals and under-
standing the effects of environmental change for im-
pacted regions (Moore 2008). In contrast to physical
measurements of the environment, sentinel species,
particularly when studied as part of a(n acoustic) com-
munity, can allow assessment of the integrated re-
sponse of organisms to environmental pertubations
(Milnes & Guillette 2008, Templeton et al. 2016).

Here, we used multi-year passive acoustic record-
ings from 6 sites throughout the Antarctic Weddell
Sea, comprising data on acoustic presence from 9 mar-
ine mammal species, of which some exhibit migratory
behavior (e.g. fin and Antarctic blue whales) and some
are resident species of which at least part of the popu-
lation is associated with the sea-ice environment year-
round (e.g. the 4 pinniped species and Antarctic minke
whales). We applied multiple biodiversity measures to
explore trends in marine mammal community compo-
sition over various spatial and temporal scales and in
relation to local sea-ice concentrations.

2. MATERIALS AND METHODS

Passive acoustic records were collected with a suite
of autonomous passive acoustic recording device
types attached to deep-sea moorings of the Hybrid
Antarctic Float Observation System (HAFOS; Reeve
et al. 2016); see Table 1 for a summary of recording
and deployment specifications for sites 1-6 (Fig. 1).
The sample rate of all recording devices allowed reli-
able identification of baleen whales and pinnipeds,
but excluded (reliable) identification of all odonto-
cete species except killer whales. In addition to
clicks, killer whales also produce pulsed calls and
whistles, which fell within our recording range and
were used for species identification.

For all passive acoustic data, daily presence infor-
mation for marine mammal species was extracted
during manual analyses of the data using RAVEN Pro
1.5 (Bioacoustics Research Program 2019). Spectro-
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Table 1. Locations and recording parameters of passive acoustic recorders. Recording sites are assigned IDs representing geographic location by a combination of site

number and a Roman numeral indicating deployment period. Hydrophone sensitivity information is as provided by the manufacturer
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Recor-

period

ment
depth

period
(mm/yyyy)

ding

(mo)

PHO@250Hz
(dB re. 1V/pPa)

(kHz)

site ID

12

-168
-193
-193
-165
-193
-164
-193
-164
-164

6/60

Continuous

2.00
5.

4838
1007

12/2008-12/2009

MARU

AWI227-11_SV002

59°10.03'S 000°00.17'E

Site 1-1

33

12/2010-08/2011

AWI229-9_SV1000

59°03.02'S 000°06.63'E

Site 1-1I

5.33 Continuous

32.77

12/2010-06/2011
03/2008-12/2010

000°02.65'W
000°04.77'E

63°59.56'S

Site 2-1

AWI230-6_AU0085

34
21

5/240
Continuous

189

66°01.13'S

Site 3-1

AWI230-7_SV1001

5.33
32.77

12/2010-09/2012
03/2008-12/2010

66°01.90'S 000°03.25'E

Site 3-1I

AWI232-9_AU0086

34

5/240
Continuous

206

68°59.74'S 000°00.18'E

Site 4-1

AWI232-11_SV1011

11
24
37

5.33
32.77

12/2012-11/2013

000°06.51'W

68°59.86'S

Site 4-11

AWI209-6_AU0086

4.5/180

207
210

12/2010-01/2013
01/2013-05/2016

027°07.31'W

66°36.70'S

Site 5-1

AWI251-1_AU0231

5/60

32.77

055°58.53'W

61°00.88'S

Site 6-1

180" E

Fig. 1. Map showing the 6 locations (red dots) in the South-

ern Ocean, section Weddell Sea, bordered to the west by the

Western Antarctic Peninsula (WAP), where passive acoustic
records were collected

grams were visually and aurally scanned for vocal-
izations of marine mammals and anthropogenic noise
(originating from seismic investigations and vessels).
Spectogram settings (Hanning window, overlap:
50 %; fast Fourier transform: 512 points for sites 1-5,
16 000 points for site 6, in both cases resulting in a
time resolution of 2 s and a frequency resolution of
0.5 Hz) were kept constant throughout the analysis
procedure. Overall, 9 marine mammal species were
found present, although not all species were present
at all sites. The marine mammal species that were
acoustically identified in the recordings comprised 4
pinniped species (Weddell seal Leptonychotes wed-
dellii, leopard seal Hydrurga leptonyx, crabeater seal
Lobodon carcinophaga and Ross seal Ommatophoca
rossii) and 5 cetacean species (Antarctic blue whale
Balaenoptera musculus intermedia, fin whale Balae-
noptera physalus, Antarctic minke whale Balae-
noptera bonaerensis, Killer whale Orcinus orca and
humpback whale Megaptera novaeangliae).

Acoustic signatures were identified to species based
on previous work (e.g. Sirovi¢ et al. 2004, Rankin et
al. 2005, Van Opzeeland 2010, Risch et al. 2014,
Schall & Van Opzeeland 2017).

Given that the data were collected with different
recorders and recording parameters (Table 1), we
used a subset of the data that was recorded at the
same site during the same period, but with 2 different
recorder types to assess the effect of recorder type
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and recording duty cycle on the daily acoustic pres-
ence assessments. On the level of daily acoustic pres-
ence, both recorders produced identical data for Ant-
arctic blue, fin and Antarctic minke whales and Ross
seals. For the other species, accordance between both
data sets was >77 % (see Text Al in the Appendix).

2.1. Pseudo-abundance data

Our data recorded daily presence and absence for
each of the 9 target species, without information on
abundance. However, we were able to calculate a
relative abundance using the sum of days in a month
on which a species was recorded. A larger population
size is assumed to lead to more consistent recording,
hence more days during which the species is rec-
orded, whereas small populations are more likely to
produce lower acoustic presences per month. We
used this to calculate the monthly effective number
of species (ENS), which has been shown to be the
most robust diversity measure in relation to sampling
effort and rank-abundance distributions (Chase &
Knight 2013). ENS refers to the true species diversity
entailing the number of species in a community if all
were equally common. In contrast to raw species
richness, it is mainly influenced by dominant species
and does not reflect the fluctuation of rare species
around detection limits, which makes it less sensitive
to detection probabilities.

To assess how species richness develops over time,
we used the species exchange ratio (SER; see Hille-
brand et al. 2018b for equations), which measures the
proportional exchange of species between an earlier
and a later sample in a time series. The richness-based
species exchange ratio SER,; is the Jaccard index,
which is based on presence—absence only and quanti-
fies changes in species identity. The abundance-
based SER, is a measure of turnover that also takes
into account changes in species proportional abun-
dances . It is derived from Wishart's dissimilarity ratio
(Hillebrand et al. 2018b), which, like ENS, is based on
Simpson's index of dominance. Both SER, and SER,
approach 0 if species identity and dominance struc-
ture do not change, and approach 1 if all species are
replaced or shifted in their dominance. SER, reduces
to SER; when all species are equally common.

2.2. Ice concentration data

The sea-ice concentration data used for this study
were extracted from satellite images with a resolution

of 6.25 x 6.25 km from the Advanced Microwave
Scanning Radiometer for EOS (AMSR-E) satellite
sensor (Spreen et al. 2008). Monthly sea-ice concen-
tration values were calculated in a radius of 30 km
around each mooring. A 30 km radius was chosen
based on a previous conservative detection range es-
timate for the Weddell Sea for a RAFOS sound source
(emitting at 260 Hz), an oceanographic instrument
(see Spiesecke 2017 for details). Antarctic pinnipeds,
humpback whales and Antarctic minke whales all
produce sound in the same frequency range. For
killer whales, producing sounds at higher frequen-
cies, maximum detection ranges were reported to be
30 km based on studies from other areas (e.g. Burham
et al. 2016). For the large baleen whales, detection
ranges are known to be larger (i.e. 100 km; Thomisch
et al. 2016). However, comparison between data from
both radii revealed ice concentration for 30 and
100 km to be highly similar for all 6 sites (Fig. Al). A
30 km radius was therefore selected to best fit the
range over which all species included in the analyses
were acoustically detected.

2.3. Species co-occurrences

The co-occurrence analysis was performed using
the R package co-occur (Griffith et al. 2016), which is
based on the probabilistic model by Veech (2013).
This method does not require randomizations, but
compares the observed number of co-occurrences of
any species pair to the prediction based on the occu-
pancy of each single species.

3. RESULTS

All sites showed clear seasonal variation in relative
abundance (i.e. the proportion of days a species was
acoustically present per month) of marine mammal
species (Fig. 2). Furthermore, all sites where record-
ing time was >1 yr showed clear seasonal variation in
the ENS (Fig. 3a). Diversity peaked in austral late
spring and early summer, shortly before seasonal
sea-ice break-up for sites 3, 4 and 5. ENS was lowest
during austral summer, when ice cover was low at
these locations. At site 6, ice cover was substantially
lower throughout the year, reaching maximum con-
centrations of 40 % during austral winter. Diversity
nevertheless followed the same cycle as at the sites
with more extensive sea-ice cover. In austral winter,
species relative abundance did not decrease below 1,
supporting all-year presence of at least some of the
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Fig. 2. Relative abundance of 9 marine mammal species for the 6 recording sites, given as the proportion of days in a month a

species was recorded (1 = all days, 0 = no days). Grey vertical lines indicate the start of each year, times without data points

equal the times without recording at this site. B: Antarctic blue whale; F: fin whale, M: Antarctic minke whale; O: killer whale;
H: humpback whale; W: Weddell seal; C: crabeater seal; R: Ross seal; L: leopard seal

study species (Fig. 2). At site 6, species richness was
generally higher, fluctuating between 6 and 3 during
austral summer and winter, respectively. At site 4,
after resuming measurements in 2013 after a 2-yr
pause, we found on average greater species diversity
than before.

Consequently, the net change in species richness
was rather neutral over time (Fig. 3b). The number of
species gained or lost compared to previous sampling
points followed a recurring seasonal cycle, with most
increases in species richness occurring when sea-ice
concentrations started to decline, and peak de-

creases in species richness often occurring during
low ice cover periods and prior to sea-ice formation.

Comparing each pair of time points within a site,
we found clear seasonality in the temporal trends of
ENS (Fig. 4a). This seasonal pattern was visible at all
sites with time series >1 yr, where the change in ENS
was minimal over a time period of 1 yr and maximal
(both increases and decreases) over a time period of
0.5 yr. The longest data sets (sites 3 and 4) showed
accumulating changes in ENS over time, indicating a
temporal trend, whereas site 6 showed little variation
over seasons and over years.
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Fig. 3. Temporal trends in monthly species diversity for recording sites 1-6 in the Weddell Sea in relation to sea-ice concentra-
tion in a 30 km radius. Light blue shaded areas represent ice concentration in % (right y-axis) and also denote the time frame
of recording at each site. (a) Effective number of species (ENS) over time calculated from relative abundances of all species (as
in Fig. 2) in a given month (black symbols). (b) Changes in species richness for each recording site over time. Data points show
the net change in species richness from any month to the next month (open triangles) and to the same month next year (closed
circles). Net richness change is the difference in species newly recorded in the next month (orange line) or the same month
next year (red line) and species no longer recorded next month (aquamarine line) or same month next year (blue line)

Taking species identity into account, the richness-
based species exchange ratio (SER,; Fig. 4b)
revealed substantial seasonal variability in species
composition at all 6 sites and —again for the longest
time series—a trend of increasing compositional
difference over longer time scales (site 4). The pat-
tern became even more evident when relative domi-
nance was included in the abundance-based SER,
(Fig. 4c). Thus, the change in composition over time
was partly caused by changing dominance in addi-

L.
-

Fig. 4. Changes in mammal species diversity with increasing
temporal distance. Data points indicate comparison between
each time point to each subsequent time point at a site;
blue lines indicate a LOESS function (span = 0.25) for visu-
alization. Vertical lines indicate exact yearly distances.
(a) Change in monthly ENS with temporal distance. (b) Rich-
ness-based species exchange ratio (SER,) showing identity
turnover with temporal distance. (c) Abundance-based spe-
cies exchange ratio (SER,) with temporal distance account-
ing for the relative abundances of species, i.e. the pro-
portion of days in a month a species was recorded
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tion to changes in species identity, especially at sites
1, 3, 4, and 6. The sites with the longest time series
(sites 3 and 4) exhibited a pattern that is remarkable
in 3 aspects. First, species turnover between seasons
is almost complete, i.e. over a time period of 0.5 yr we
observe complete changes in community composi-
tion (dissimilarity = 1). Second, for some years (e.g.
years 1 and 2), the community composition com-
pletely recovers annually, i.e. the same species with
the same dominance structure appeared again (dis-
similarity = 0). Third, over longer time scales (3 or
more years), this annual pattern becomes weaker,
indicating a compositional drift over years, where
dominance patterns change (Fig. 4c).

Comparing species co-occurrence at each site for
all realized pairs (Fig. 5), some of these showed con-
sistently negative relationships in their acoustic oc-
currence: Antarctic minke whales versus Ross seals,
killer whales versus Antarctic blue whales, fin versus
Antarctic minke whales as well as crabeater vesus
Ross seals. Consistently positive relationships existed
between leopard and Ross seals as well as between
leopard and crabeater seals. Some species relation-
ships were reversed when comparing the 5 oceanic
sites versus site 6: Antarctic minke whales and Ant-
arctic blue whales, Antarctic minke whales and

Site 1 F Site 2

[ Negative H
[T Random
M Positive

Not present (0]

w w

humpback whales as well as humpback whales and
leopard seals all showed a positive association at the
Western Antarctic Peninsula (WAP), whereas their
association was negative or random at the oceanic
recording sites.

4. DISCUSSION

The still relatively new research field of ecoa-
coustics (Sueur & Farina 2015), has developed a large
variety of metrics and tools to assess biodiversity
from terrestrial acoustic remote sensing data (e.g.
Pijanowski et al. 2011, Sueur et al. 2014). Neverthe-
less, successful applications of passive acoustic meth-
ods to characterize communities and species richness
in aquatic environments have, in some cases, proved
not to be straightforward (e.g. Parks et al. 2014,
Desjonqueres et al. 2015, Buxton et al. 2018). Appli-
cation of these metrics to aquatic passive acoustic
data requires re-evaluation of existing metrics and
potentially developing new approaches before they
can be reliably used for underwater biodiversity as-
sessments (see Risch & Parks 2017 for a review, Roca
& Van Opzeeland 2019). Here, we applied biodiver-
sity metrics normally used for count data to hand-

F i Site 3 F

Site 4 Site 5

| Site6

Fig. 5. Species co-occurrence showing significant negative (orange), positive (blue) and random (grey) associations between
species for each of the 6 sites. White squares indicate that one or both species were not present at this site (hence no inter-
action). For species abbreviations, see legend of Fig. 2
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browsed audio data to explore spatio-temporal pat-
terns in species composition of marine mammals.
Although hand-browsing passive acoustic data can
be relatively time-consuming, the daily presence
data used in this study were performed in the context
of standard data quality checks as part of ongoing
work. Hand-browsed data have the advantage that
they provide highly reliable information on the pres-
ence of vocalizing marine mammals and information
can be collected for all species simultaneously. Daily
species presence information suffices to explore
large-scale patterns in community composition while
still ensuring feasible processing times when using
multi-site and multi-year data. Furthermore, for fu-
ture applications, this combination of methods also
allows inclusion of archived passive acoustic record-
ings from which daily presence information can be
extracted in retrospect to explore how communities
have developed when, for example, composition is
compared over even longer time frames.

In this study, we included data from recorders that
collected data continuously as well as from recorders
that were programmed to record on a duty cycle. De-
pending on vocal behavior of the study species, duty
cycling recordings can affect the likelihood of detection
(Thomisch et al. 2015). Evaluations of a subset of the
data collected by 2 different, but simultaneously recor-
ding devices (see Text Al) showed that duty cycling
affected daily presence for some species, but that ac-
cordance on daily acoustic presence was still >77 %
between both devices for all species. Nevertheless,
care should be taken when using duty cycled record-
ings for community studies, as, for example, strong
diel patterns in vocal activity of a species may strongly
affect the detectability and thereby bias acoustic and
species diversity results (Thomisch et al. 2015).

A further methodological aspect that may affect the
likelihood of detecting calling animals concerns the
underwater ambient noise conditions. Menze et al.
(2017) showed for the Weddell Sea that with increasing
sea-ice concentration, area and thickness, sound levels
decreased while the contribution of distant sources in-
creased. For future applications, the vocalizations that
exceed a certain amplitude threshold could be in-
cluded in analyses, thereby automatically ‘filtering’ to
include only the calls from animals within a certain ra-
dius of the recorder that are less susceptible to mas-
king by fluctuations in environmental sound levels.
This approach would have the additional advantage
that data are more likely to represent ‘actual acoustic
communities’, i.e. species that are likely to acoustically
interact as they occur within each other's acoustic
space (Van Opzeeland & Boebel 2018).

4.1. Application of biodiversity measures

Although multi-year passive acoustic data sets
from the Southern Ocean are becoming increasingly
available (see Van Opzeeland et al. 2013b for an
overview), information on spatio-temporal patterns
in multi-species acoustic assemblages from this
region are still relatively rare (Sirovié¢ et al. 2009, Van
Opzeeland et al. 2010). Alongside presenting a first-
time application of biodiversity metrics to marine
mammal passive acoustic monitoring data, the out-
comes of the present study represent a unique bird's
eye perspective on the spatio-temporal dynamics of
multi-species acoustic assemblages. At the same
time, the analyses of biodiversity change often de-
pend on active assessments (field observations),
whereas passive methods add the dimension of col-
lecting continuous records, which makes the assess-
ment of species presences much more reliable.
Thereby, the overestimation or underestimation of
biodiversity change becomes much less likely.

The assessment of temporal and spatial turnover in
biodiversity has gained much interest in recent years,
as major synthesis efforts showed that the global
erosion of biodiversity does not necessarily lead to
local species loss, but to accelerated turnover (Dor-
nelas et al. 2014, Blowes et al. 2019). Passive acoustic
monitoring data thus open an opportunity for long-
term observation, especially as hydrophone net-
works allow the collection of both spatially and tem-
porally highly resolved data. Most time series are
analysed in isolation, but a recent analysis of plant
data highlighted that the strongest constraint on tem-
poral change in composition can be the lack of spatial
heterogeneity (Hodapp et al. 2018).

4.2. Acoustic presence-absence data

When using passive acoustic data to derive species
presence information, it is important to keep in mind
that the information is restricted to acoustic pres-
ences. In the situation where an animal is physically
present, but not producing sound, it will be logged
as acoustically absent. The representativeness of
acoustic presence for physical presence therefore is
strongly dependent on the likelihood of an animal
producing sound, and physical and acoustic pres-
ence should not, by definition, be assumed equal.
Some species are known to produce sound virtually
year-round (e.g. Weddell seals: Van Opzeeland et al.
2010; Antarctic blue whales: Thomisch et al. 2016),
whereas for other species, acoustic activity is re-
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stricted to the breeding season (see Van Parijs 2003
for a review). For these species, patterns in species
richness, to a large part, reflect the seasonal fluctua-
tions in reproductive activity, not excluding that the
species remains present (but is silent) in the area
beyond the breeding season (e.g. Ross seals). For
other species, acoustic presence or absence reflects
migratory movements, i.e. the absence of sounds re-
flects ‘true’ absences, albeit periodic (e.g. fin whales,
killer whales). Furthermore, the likelihood of a spe-
cies to produce sound may also depend on local fac-
tors such as foraging conditions, habitat type and
behavioral state, and may therefore also differ
between sites.

In spite of the above-mentioned caution that needs
to be taken when interpreting the acoustic pres-
ence—absence data, the current approach allows a
new perspective on the dynamics of acoustic commu-
nities over time and between localities. This in turn,
allows addressing ecological and conservation ques-
tions on the community level which hitherto has been
little studied in marine mammals. In the light of
ongoing environmental changes occurring virtually
worldwide, an improved understanding of the shifts
and irregularities in the timing of behaviors and com-
munity composition can boost interpretation of res-
ponses to changing environmental processes.

4.3. Species richness and diversity
4.3.1. Overall patterns

A total number of 9 marine mammal species were
identified in the passive acoustic data sets included
in this study. This comprises 45 % of the total species
richness known to occur in Antarctic waters (i.e.
Southern Ocean, >60°S), where 6 pinniped, 7 mys-
ticete and 7 odontocete species are known to occur
(e.g. Boyd 2002, Gill & Evans 2002). It is important to
acknowledge that the limited bandwidth of the
recordings (i.e. 5 and 16 kHz for the SonoVault and
the AURAL, respectively) only allowed inclusion of
only one of the odontocete species (killer whale), as
reliable species identification in the higher frequen-
cy bands—where many of the odontocetes produce
sounds — was not possible. Furthermore, of the 6 pin-
niped species, only the 4 species identified here ex-
hibit an aquatic mating system and produce under-
water sounds (see Van Parijs 2003 for a review). The
other 2 species, southern elephant seals Mirounga
leonina and Antarctic fur seals Arctocephalus gazel-
la, breed on land and produce sound in air only

(Rogers 2003). The absence of 3 of the Antarctic mys-
ticete species in the recordings is likely explained by
their distribution, which does not extend as far south
as the other species, making acoustic detections of
these species less likely at the positions where data
were collected during this study (e.g. Boyd 2002, Gill
& Evans 2002).

4.3.2. Spatial patterns

Species diversity was largest at sites 4 and 6 (9 and
7 species present, respectively). Of the 6 sites, sites 4
and 6 are closest to shore. Recordings from PALAOA,
a shelf-ice-based passive acoustic observatory
(70°31'S, 8°13"W; Boebel et al. 2006), also revealed a
similarly high species richness (10 species; Van Op-
zeeland 2010). These relatively high local species
diversities at sites in proximity to shore may be
explained by the regular occurrence of open water or
polynyas (i.e. areas with open water within ice cover;
Wendler et al. 1997) caused by catabatic and west-
erly winds pushing the ice in northern directions.
Polynyas provide food resources year-round and per-
sistent open water, where marine mammals can sur-
face to breathe (Malpress et al. 2017). For site 6, off
the WAP, ice cover is less persistent and the presence
of polynyas may therefore not be as significant for
marine mammals as at other sites. The area off the
WAP is known to be biologically rich due to unique
physical forcing mechanisms (i.e. local upwelling of
the Upper Circumpolar Deep Water; Prézelin et al.
2004) enhancing primary production and thereby
supporting a persistent and large standing stock of
Antarctic krill Euphausia superba (Siegel et al. 1998,
Lascara et al. 1999). Large populations of marine top
predators are known to depend entirely or to a large
extent on Antarctic krill as a food source (Costa &
Crocker 1996, Fraser & Trivelpiece 1996). The rela-
tively persistent and reliable local availability of food
sources in this area and other areas off the WAP has
also been related to the occurrence of cetacean
super-aggregations (Nowacek et al. 2011, Burkhardt
& Lanfredi 2012) and may furthermore explain the
comparably large species diversity, also outside the
austral summer season, observed here. It cannot be
excluded that these different ecological conditions
off the WAP also result in differences in vocal behav-
ior of species, e.g. resulting in greater acoustic pres-
ence of species than at other sites. However, compar-
isons of community data over time within this site will
not suffer from this potential bias, and it may be of
particular interest to monitor trends over time in light
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of the rapid climate-induced changes in the WAP
area (e.g. Gutt et al. 2015).

4.3.3. Seasonal patterns

Community composition dynamics followed a high-
ly similar seasonal cycle, coupled with the sea-ice
concentration, virtually independent of the spatial
distance between recording sites. Despite local dif-
ferences in (acoustic) abundance of species, commu-
nity composition was highly similar between even
the most distant site pairs. This observation tenta-
tively suggests that at the level of top predators, the
Weddell Sea may be regarded as one ecoregion,
comprising similar environmental conditions (e.g.
Bailey 2004) and an assemblage of species that is
similar within the ecoregion but different from sur-
rounding ecoregions.

Species richness exhibited a strong seasonal pattern
and generally peaked at all sites in late austral spring
and early summer, shortly before sea-ice break-up.
This period coincides with the mating period of the 4
ice-breeding pinniped species, during which species-
specific peaks in calling activity are known to occur
(Van Opzeeland et al. 2010), and hence these species
acoustically dominate the recordings in this period.
Furthermore, for humpback, fin and Antarctic blue
whales, their spring/summer acoustic presence at the
recording sites reflects animals migrating southbound
from their respective breeding areas towards the
Antarctic continent in the course of austral summer,
following the highly productive marginal ice-edge
zone associated with the receding sea-ice edge (Feb—-
Mar; Bombosch et al. 2014, Thomisch et al. 2016). The
tight connection between the timing of sea-ice break-
up and peak species diversity most likely reflects the
increased light availability in the water column,
which results in a bloom of pelagic phytoplankton, at-
tracting large grazing populations that are in turn tar-
geted by baleen whales and Ross, leopard and
crabeater seals. The purpose of the sounds produced
by marine mammal species on their Antarctic feeding
grounds and during migration is poorly known. Given
that part of the vocalizations is known to play a role in
breeding contexts, calling has been suggested to be
related to en-route opportunistic mating between
(non-dominant) males and females that failed to con-
ceive on the breeding grounds (e.g. Clapham 1996,
Thomisch et al. 2016). Other sounds may be produced
in social contexts or function to coordinate foraging
behavior among conspecifics (Rekdahl et al. 2015,
Lewis et al. 2018).

Species richness dropped substantially at all sites
during austral winter, but never dropped below 1.
When species identity and dominance were taken
into account, complete species turnover was ob-
served followed by full annual compositional recov-
ery. This full community replacement is remarkable
and stronger than that observed for other organism
groups at temperate or even lower latitudes (see e.g.
Hillebrand et al. 2018b). We propose that this turn-
over reflects the very strong seasonal fluctuation in
environmental conditions in polar regions. Antarctic
minke whales, for example, exhibited an almost
opposite seasonal pattern in acoustic presence com-
pared to the other species, producing sounds almost
exclusively during austral winter (Dominello & Siro-
vi¢ 2016). This ice-adapted species has a strong ros-
trum with which it is known to create its own breath-
ing holes in ice-covered areas (Leatherwood et al.
1981). This adaptation likely enables the species to
exploit under-ice krill resources during winter that
are not available to other species (Williams et al.
2015). At some sites, dissimilarities in richness and
composition between seasons were not that extreme,
e.g. caused by the presence of polynyas, creating
persistent areas with open water throughout winter.
This also supports the findings of previous studies
that certain species are pervasively present in Antarc-
tic waters (e.g. humpback whales: Van Opzeeland et
al. 2013a; Antarctic blue whales: Thomisch et al.
2016).

At site 6, the number of species did not drop below
3 for the majority of the time, and Antarctic blue, fin
and killer whales remained acoustically present
throughout the year. The latter 2 species exhibited
atypical seasonal patterns when site 6 was compared
to the other recording locations. For fin whales, the
area off the WAP close to the recording location, as
mentioned earlier, is known for its annually reoccur-
ring large fin whale feeding aggregations, most
likely due the exceptional productivity of this area
(Prézelin et al. 2004, Burkhardt & Lanfredi 2012).

For killer whales, the aberrant pattern in occur-
rence at site 6 (Fig. 2) possibly reflects ecological dif-
ferences at this site, such as the fact that sea-ice
cover is lower here compared to the oceanic sites. In
killer whales, different ecotypes are known to occur
in the Southern Ocean (types A, B, C and D: Pitman
& Ensor 2003, Pitman et al. 2011), each with type-
specific morphology, feeding strategies and distribu-
tion. Type Bs are thought to occur mainly off the
WAP, whereas type Cs have mainly been observed in
pack-ice areas and off the Antarctic continent (Pit-
man & Ensor 2003). In northern hemisphere Kkiller
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whale populations, differences in dietary specaliza-
tions between different killer whale ecotypes are
known to have led to behavioral specializations,
leading to substantial differences in acoustic behav-
ior as well (Deecke et al. 2011, Riesch et al. 2012).
Although for Southern Ocean populations, data on
ecotype-specific acoustic behavior to date are too
limited for such conclusions (see Schall & Van Op-
zeeland 2017), it cannot be excluded that the ob-
served patterns may be explained by diverging
ecotype-specific behavior between the recording
sites.

4.4. Species co-occurrence

The co-occurrence analysis revealed a number of
consistently positive and consistently negative asso-
ciations in the occurrence of species across sites.
Interestingly, for some species pairs, the relationship
was reversed at the WAP when compared to the
other sites.

Part of the association patterns can likely be attrib-
uted to persistent coincidences or discordances in the
timing of acoustic behavior. The consistently positive
association between Ross and leopard seals is likely
attributed to the overlap in timing of acoustic behav-
ior (Van Opzeeland et al. 2010), which persistently
follows the same pattern across all study sites where
both species are present. Similarly, the consistently
negative association in the occurrence of Antarctic
minke whales and Ross seals as well as between
crabeater and Ross seals is a consequence of the
strong seasonality in the respective acoustic activity
of these species, precluding the occurrence of tempo-
ral acoustic overlap.

The positive association between leopard and
crabeater seals across sites potentially reflects the
predator—prey relationship between the 2 species.
Leopard seals are generalist apex predators capable
of adjusting their foraging behavior to available food
sources (Siniff & Stone 1985, Lowry et al. 1988, Ca-
saux et al. 2009). Preferred prey differs between sea-
sons and regions, but is known to seasonally also
include weaned crabeater seal pups (Gilbert & Erick-
son 1977). The consistently positive association in
leopard and crabeater seal acoustic occurrence
across sites suggests that leopard seals may antici-
pate their presence to coincide with the period dur-
ing which most crabeater seal pups are weaned. A
further association between the 2 species may be
based on the fact that both forage on the same size of
Antarctic krill and may therefore in some areas, e.g.

the WAP, target the same regions (Siniff & Bengtson
1977, Lowry et al. 1988).

In this study, fin and Antarctic minke whales were
consistently negatively associated in occurrence.
Santora et al. (2010) found both species foraging on
Antarctic krill alongside humpback whales off the
WAP in January and showed that all 3 baleen whale
species co-occurred, targeting different krill sizes,
indicative of resource partitioning between species.
The negative co-occurrence pattern observed here
based on the passive acoustic data is likely the conse-
quence of the strong seasonality in Antarctic minke
whale sound production, occurring exclusively be-
tween April and December (Van Opzeeland 2010).
Instead, the negative association between fin and
Antarctic minke whales found in this study possibly
reflects contrasting habitat preferences during the
time both species are vocally active; opposite to
Antarctic minke whales, fin whales are known to
avoid ice-covered areas (Sirovi(’: et al. 2004, Williams
et al. 2015).

Another species pair that was consistently nega-
tively associated was Antarctic blue whales and kil-
ler whales. Predatory interactions with killer whales
have been documented for blue whales (see Ford &
Reeves 2008). Mammal-eating killer whales are the
only known natural predator of baleen whales. Al-
though not all killer whale ecotypes occurring in
Antarctic waters eat mammals, blue whales may
nevertheless associate killer whale calls in general
with predation threat and avoid areas where Kkiller
whales are present or remain silent in their presence
(Tyack et al. 2011).

Lastly, 3 species pairs exhibited a positive associa-
tion in occurrence only at the recording site off the
WAP. The fact that more species are found to co-
occur off the WAP compared to other sites may also
reflect that the higher abundance of prey off the
WAP attracts, alongside regular open-water species
such as humpback whales, ice-adapted species such
as leopard seals and Antarctic minke whales.
Through behavioral plasticity, some of these ice-
associated species may adapt behavior to effectively
exploit food resources in the absence of ice. For
example, the leopard seal summer population off the
WAP is known to seasonally haul out on land (instead
of on ice, as observed for all other leopard seal popu-
lations) and also differs in aspects of their diving
behavior, thought to reflect their krill foraging spe-
cialization off the WAP (Hall-Aspland & Rogers 2004,
Krause et al. 2015). Similarly, Antarctic minke and
humpback whales exhibited a positive association in
occurrence only at the recording site off the WAP, but
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did not exhibit an association in their distribution
based on acoustic data from the other sites or circum-
antarctic sightings data (Kasamatsu et al. 2000).
However, several smaller-scale visual surveys also
found both species to occur sympatrically off the
WAP, both foraging on Antarctic krill (Thiele et al.
2004, Friedlaender et al. 2006). Possibly to overcome
interference competition, both species were found to
exploit krill layers at different depth regimes, there-
by vertically partioning food resources (Friedlaender
et al. 2009). The fact that the marine mammal assem-
blage off the WAP is comparatively somewhat larger
and differently composed compared to the other sites
is therefore most likely explained by the higher local
krill abundances at this site.

4.5. Outlook

The present study has shown how a combination of
methods allows monitoring marine mammal commu-
nities, including information on co-occurrences and
potential implications for their interactions. By ex-
tending this to more recent and, where available,
archived recordings, long-term trends in marine
mammal seasonal behavior, space use and composi-
tion of multi-species assemblages can be explored.
For many basins, long-term passive acoustic data are
meanwhile available, allowing analyses over time
scales of a decade or more. Furthermore, including
information from other sound-producing species,
such as fish and invertebrates, as well as environ-
mental sound (e.g. anthropogenic noise), can provide
further (year-round) contextual information on the
ecological and acoustic quality of underwater marine
habitats. In light of ongoing environmental changes,
the potential of passive acoustic surveys and acoustic
indices in the context of biodiversity and habitat
quality monitoring is still heavily underexploited
(Sueur et al. 2019). Particularly for the marine realm,
these methods represent a source of untapped and
hidden potential to become vital players for efficient
large-scale environmental monitoring of the Earth's
natural soundscapes.
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Appendix.

Text Al. Subsampling analysis. The effects of subsampling were evaluated for a subset of 15 d (every other day between 1 and
29 September 2013) of simultaneously collected passive acoustic recordings from 2 devices. Recordings were collected with a
Sonovault (SV, sample rate 5.33 kHz; hydrophone sensitivity —193 dB re 1V/pPa) and an Aural (AU, see Table 1) recorder,
which were attached to the same mooring (61°0.88'S, 55°58.53"' W) at virtually the same depth (SV 212 m, AU 210 m), both
recording during the same period. Daily presence detection data of species were obtained by manual perusal of the acoustic
data using Raven Pro 1.5 (Bioacoustics Research Program 2019). Acoustic presence information was compared for 8 species
(Antarctic blue whale, fin whale, humpback whale, Antarctic minke whale, killer whale, leopard seal, crabeater seal and Ross
seal) between both devices on a daily basis and showed 100 % similarity for Antarctic blue, fin, Antarctic minke whales and
Ross seals between recorders. For humpback and killer whales, the subsampled AU data missed some events resulting in 89 %
and 92 % accordance, respectively, between both data sets. For leopard and crabeater seals, the AU also recorded fewer
events than the continuous SV, and accordance was 77 % for leopard seals and 83 % for crabeater seals.
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Fig. Al. Correlation scatterplot showing the relationship
between sea-ice cover for 30 and 100 km radii around
the recorder position for the 6 different sites
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