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Passive acoustic monitoring is an important tool in marine mammal studies. However, logistics and

finances frequently constrain the number and servicing schedules of acoustic recorders, requiring a

trade-off between deployment periods and sampling continuity, i.e., the implementation of a

subsampling scheme. Optimizing such schemes to each project’s specific research questions is

desirable. This study investigates the impact of subsampling on the accuracy of two common

metrics, acoustic presence and call rate, for different vocalization patterns (regimes) of baleen

whales: (1) variable vocal activity, (2) vocalizations organized in song bouts, and (3) vocal activity

with diel patterns. To this end, above metrics are compared for continuous and subsampled data

subject to different sampling strategies, covering duty cycles between 50% and 2%. The results

show that a reduction of the duty cycle impacts negatively on the accuracy of both acoustic

presence and call rate estimates. For a given duty cycle, frequent short listening periods improve

accuracy of daily acoustic presence estimates over few long listening periods. Overall, subsampling

effects are most pronounced for low and/or temporally clustered vocal activity. These findings

illustrate the importance of informed decisions when applying subsampling strategies to passive

acoustic recordings or analyses for a given target species. VC 2015 Author(s). All article content,

except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported

License. [http://dx.doi.org/10.1121/1.4922703]

[JFL] Pages: 267–278

I. INTRODUCTION

Passive acoustic monitoring (PAM) is a widely used tool

in marine mammal research concerning primarily spatio-

temporal distribution patterns and behavior of vocalizing spe-

cies (e.g., Mellinger et al., 2007; Van Parijs et al., 2009; Van

Opzeeland et al., 2010). Recent methodological advances

have broadened the field of PAM applications to also include

abundance estimations for some marine mammals (K€usel

et al., 2011; Marques et al., 2011; Ward et al., 2012; Harris

et al., 2013). While dependent on vocalizations from the tar-

get species, PAM exhibits several advantages over traditional

visual surveys, such as the possibility to collect data under

poor weather conditions, during darkness and in areas with

dense ice cover, allowing marine mammal monitoring in

regions and at times otherwise inaccessible (both logistically

and financially) (e.g., Mellinger et al., 2007). In particular,

autonomous passive acoustic recorders are the tool of choice

for collecting long-term data series in remote areas that are

inaccessible to ships during much of the year, such as the

Arctic and Southern Oceans (e.g., �Sirović et al., 2009;

Samaran et al., 2010; Stafford et al., 2012; Sousa-Lima et al.,

2013; Van Opzeeland et al., 2013). In many cases, logistic

and financial constraints determine the frequency at which

recorders are serviced, resulting in time spans of up to two to

three years between recorder deployment and retrieval (e.g.,
�Sirović et al., 2004; Miksis-Olds et al., 2010; Rettig et al.,

2013). However, to date, the majority of autonomous record-

ing instruments do not quite feature sufficient capacity in

terms of battery life and/or data storage to record continu-

ously for such prolonged deployment periods at high sam-

pling rates (e.g., Rettig et al., 2013).

Nevertheless, as multi-year data are indispensable to

capture long-term trends in temporal and seasonal occur-

rences of species, full coverage of the period between

recorder deployment and retrieval is highly desirable.

This often requires recordings to be subsampled (e.g.,

Burtenshaw et al., 2004; Gedamke et al., 2007; Stafford

et al., 2012; Rettig et al., 2013), i.e., to be collected at a re-

petitive pattern of sampling periods and non-sampling

periods at a given repetition cycle. Likewise, for humana)Electronic mail: Karolin.Thomisch@awi.de
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screening of comprehensive, continuous data sets, research-

ers may resort to analyzing subsets of the data to accelerate

the analysis process (e.g., Oleson et al., 2007; Van

Opzeeland et al., 2010).

Subsampling of a given percentage of time might, how-

ever, be implemented in different ways, with the extremes

being either many short listening periods (sampling bouts) or

few long listening periods. This option immediately gives

rise to the question of potential impacts of the subsampling

scheme on ecological inferences drawn from the ensuing

data which, in turn, leads to the question for the most suita-

ble sampling scheme for a given species. Simply put, if the

recording period is limited, for example, to 1 h during a day,

one wonders whether sampling once daily for an hour, twice

daily for half an hour, or four times a day for 15min repre-

sents the vocal behavior of a given species best.

The choice of a specific subsampling scheme will be

driven by the research question, power and storage capacity

of the recording equipment and most importantly the desire

not to introduce any biases to the data which can be achieved

by seeking an optimal sampling scheme based on pre-

existing knowledge on vocalization patterns (e.g., Sousa-

Lima et al., 2013). Impacts of subsampling are likely to

depend strongly on the characteristics of the focal species’

vocal behavior: In case of frequent, regular calls, results

from subsampled data may remain representative of the

respective period. However, if vocal activity occurs rarely or

exhibits a distinct diurnal pattern, sampling exclusively at

off-periods would result in substantial misrepresentations of

the focal species’ acoustic presence. Consequently, suitable

subsampling requires tuning to the acoustic behavior of

the focal species, such as rate and temporal structure of call

production.

Acoustic presence (a binary parameter) and call rate

(a continuous numeric parameter) are two frequently used

metrics to investigate various aspects of marine mammal

ecology (e.g., Mellinger et al., 2007; �Sirović et al., 2007;

Van Opzeeland et al., 2013), such as spatio-temporal pat-

terns in occurrence and distribution, locations of feeding or

overwintering habitats as well as density estimations (see

also Table I and references therein). In turn, an unbiased

assessment of a focal species’ acoustic presence is essential

for descriptions of its occurrence and distribution on spatial

and/or temporal scales (Table I).

Continuous passive acoustic recordings of North

Atlantic right whales (NARW, Eubalaena glacialis) and

Antarctic blue whales (ABW, Balaenoptera musculus inter-

media) were used in this study to investigate the potential

impacts of different subsampling schemes on acoustic pres-

ence and call rates by comparing the ensuing results with

regard to their representativeness.

II. MATERIALS AND METHODS

A. Passive acoustic data acquisition

Continuous passive acoustic data were collected at three

different locations. On the Ekstr€om ice shelf at 70� 310 S, 8�

130 W, the PerenniAL Acoustic Observatory in the Antarctic

Ocean (PALAOA) collects continuous underwater record-

ings from a coastal Antarctic environment since 2005 with a

Reson TC4032 hydrophone, deployed at approximately

160m depth (Boebel et al., 2006; Kindermann et al., 2008).

In the Indian Ocean, southwest of Amsterdam Island

(‘SWAMS’, 42� 590 S, 74� 350 E), continuous acoustic record-

ings were collected from October 2006 to April 2008 with an

ITC-1032 hydrophone moored at 1000m depth (see Samaran

et al., 2013 for further details). In Massachusetts Bay, MA,

continuous acoustic data were recorded from January 2006 to

February 2007 by means of marine autonomous recording

units (MARUs) deployed at depths ranging from 41 to 76m

TABLE I. Acoustic parameters used in the present case study and possible inferences on the focal species’ ecology based on these parameters as reported by

previous studies.

Parameter Direct and further inferences References (exemplary)a

Acoustic presence Occurrence of a focal species at recording location(s)

with potential indications on suitability of habitat for

overwintering/breeding/feeding/etc.

(Mussoline et al., 2012; Rankin et al., 2005; Samaran et al.,

2013; �Sirović et al., 2009; Stafford et al., 2004)

Spatial and temporal patterns in distribution of focal species

in certain area

(Gedamke et al., 2007;b Matthews et al., 2014; Mussoline

et al., 2012; Samaran et al., 2013; �Sirović et al., 2004)

Diel vocalization patterns (Mussoline et al., 2012)

Associations with abiotic or biotic factors (Burtenshaw et al., 2004)b

Vocalization rate Abundance and density estimations of animals at recording

location/in study area

(Marques et al., 2013; �Sirović et al., 2004)

Estimation of historical catch numbers of different blue

whale populations from calling patterns

(Monnahan et al., 2014)

Movement/migration patterns of animals (Samaran et al., 2013; �Sirović et al., 2004; �Sirović et al.,

2009)

Diel vocalization patterns (Matthews et al., 2014; Stafford et al., 2005; Wiggins et al.,

2005)

Associations with abiotic or biotic factors (�Sirović et al., 2004; �Sirović and Hildebrand, 2011)

Effects of anthropogenic noise on focal species (Di Iorio and Clark, 2010; McDonald et al., 1995; Melc�on

et al., 2012)

aReferences were selected exemplarily, mainly representing passive acoustic research on the focal species of this study, i.e., blue whale (Balaenoptera muscu-

lus) and North Atlantic right whale (Eubalaena glacialis).
bStudies based on subsampled acoustic data.
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at 10 separate locations throughout the Stellwagen Bank

National Marine Sanctuary (see Mussoline et al., 2012 for

further details).

B. Focal species and vocalizations

The continuous passive acoustic recordings used in this

study contained a variety of marine mammal sounds, yet

only ABW Z-calls and NARW up-calls are examined herein.

ABW Z-calls (Fig. 1) consist of three components, starting

with a constant frequency tone at 27Hz which lasts for about

8–12 s, followed by a short downsweep to 19Hz of about

1–2 s duration and a longer (8–12 s) slightly frequency

modulated tone at about 18–19Hz (e.g., Ljungblad et al.,

1998; Rankin et al., 2005). The NARW’s up-call is a fre-

quency modulated call lasting approximately 1 s with an

increasing frequency from 50 to 200Hz (Fig. 1), which is

considered to serve as contact call (Clark, 1982; Parks and

Clark, 2007).

C. Passive acoustic data sets

Five data subsets, each comprising seven days, were

extracted from the three continuous data sets described in

Sec. II A. Each subset is representative of a different pattern

of calling behavior including: (1) variable acoustic activity,

(2) clear song sequences, and (3) vocal activity featuring a

clear diel pattern.

1. Variable, temporally unstructured acoustic activity
with both high and low calling rates

To explore how subsampling may affect data featuring

variable acoustic activity, i.e., without any clear song pattern

or diurnal trend, two sets from the PALAOA data were cho-

sen on the basis of results from previous analyses of seasonal

vocal activity of Antarctic blue whales (Van Opzeeland,

2010) (Fig. 2). Generally, Z-calls are considered to be

repeated every 60 to 65 s in patterned sequences (“song”)

(e.g., Ljungblad et al., 1998; �Sirović et al., 2004), however,

clear song sequences were not present in this selection of

PALAOA data. Instead, the acoustic activity was variable

with periods of higher and lower calling activity. The

selected data were resampled at 6 kHz and ABW Z-call

detection was performed visually by manually screening 1-

min spectrograms (FFT 8,192 points, Hanning window,

time, and frequency resolution 1.3 s, 0.75Hz) with Adobe

Audition 2.0, resulting in call count data at 1-min resolution.

“Regime A–high call rate” represented high vocal activity of

an average of 556 18 (standard deviation) Z-calls per hour,

whereas “regime B–low call rate” represented data with me-

dium vocal activity of 206 8Z-calls per hour on average.

FIG. 1. Spectrogram of Antarctic blue

whale Z-call (left panel) and North
Atlantic right whale up-call vocal-

ization (right panel). Sound file of

NARW up-call was downloaded
from http://www.nefsc.noaa.gov/psb/

acoustics/sounds.html.

FIG. 2. Passive acoustic data sets used for exploring the effects of different subsampling schemes on call rate and acoustic presence estimation.
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No diurnal patterns were evident in these data. Data sets

comprised four consecutive days from January and three

consecutive days from February (1–4 January 2012 and 1–3

February 2012) for regime A and three consecutive days

from June and four consecutive days from July (9–11 June

2012 and 1–4 July 2012) for regime B (Fig. 2). The number

of consecutive days was constrained by the presence of noisy

periods on some days, caused, for example, by glacier calv-

ing. Noisy days were excluded as these potentially affected

the reliability of call counts.

2. Structured acoustic activity with clear song
sequences by single and multiple individuals

The Indian Ocean data contained sequences of ABW

Z-call vocalizations organized in regular song structures.

Calls were automatically detected using a template detec-

tor in XBAT (Figueroa and Robbins, 2008; see Samaran

et al., 2013 for further details). ABW Z-call song featuring

inter-call intervals of 60–65 s typically stem from a single

calling individual (e.g., �Sirović et al., 2004) and such

events were hence considered as representing single sing-

ers. Periods with shorter inter-call intervals are representa-

tive of the presence of multiple singers. Seven consecutive

recording days from June 2007 (18–24 June 2007) con-

taining individual song were selected to form “regime

C–single song,” with 176 8 Z-calls per hour on average

(Fig. 2). “Regime D–multiple song” comprised a second

set of seven consecutive days (23–29 August 2007, Fig. 2)

of continuous recordings with 356 22 Z-calls per hour on

average, containing ABW song sequences with shorter

inter-call intervals (with �30% of inter-call intervals rang-

ing between 15 and 45 s). No diurnal patterns were evident

in these data.

3. Call activities exhibiting strong diel patterns

The Stellwagen Bank acoustic data, containing NARW

vocalizations, were analyzed in XBAT, using a custom-

written automated call detection algorithm to detect NARW

up-calls (see Mussoline et al., 2012 for further details).

Seven consecutive recording days (6–12 April 2006, repre-

senting pooled call detections from nine different locations)

with distinct diel fluctuations [i.e., increased NARW vocal

activity during twilight and at night (Mussoline et al., 2012)]

were selected to comprise “regime E–diel patterns” (Fig. 2).

Hourly call rates ranged from 0 to 137 up-calls per hour

(mean 126 6 up-calls per hour).

D. Subsampling schemes

Subsampling schemes are defined by their cycle periods

(sc, “sampling intervals”) and duty cycles D, commonly

given in percent but as a fractional number hereinafter

(Table II and Fig. 3) The corresponding listening period sl

(i.e., length of a sampling bout) is then given by sl ¼ D � sc.
In the course of a day, the cycle is repeated 24 h=sc ¼ N

times (number of cycles per day), with sc usually chosen

such that N 2 N (Fig. 3).

The potential repercussions of different sampling

schemes are explored in this publication by varying (a) the

cycle period (sc) (or correspondingly the number of cycles

per day N) and (b) the duty cycle D. Table III lists the ana-

lyzed combinations of cycling periods and duty cycles that

result in full minute listening periods. A given duty cycle D

may be realized differently in terms of cycle period and

corresponding listening period (rows of Table III), resulting

in different sampling strategies (e.g., a single long listening

period versus multiple shorter windows distributed evenly

over the course of a day).

In PAM studies, commonly little consideration is given

to when exactly a cycle period commences within a day,

while the start of a listening period mostly matches that of

the corresponding cycle period. However, (phase) shifts

of either are feasible. Within a cycle period (sc) the number

of independent (non-overlapping) listening periods equals

1/D, called the number or realizations r hereinafter (Fig. 3).

For our statistical analysis of the effects of data subsampling,

all possible 1/D realizations were processed to estimate the

variability of call rates and acoustic presence estimations

(Table II). This procedure provided 7=D (1/D realizations

times seven days) independent estimates of acoustic pres-

ence and call rates per regime, respectively.

1. Daily acoustic presence estimations
from subsampled data

For continuous data, a species was considered present if

at least one call was evident during a day. For subsampled

data, a focal species was considered acoustically present if at

TABLE II. Index of abbreviations and symbols.

Symbol Definition

sc Cycle period [h], i.e., the interval at which data collection is repeated

N Number of cycles per day

sl Duration of listening period [min], i.e., the period over which data are acquired continuously

D ¼ sl / sc; duty cycle

1/D ¼ sc / sl; number of independent realizations of a given sampling scheme, i.e., number of listening periods per cycle

d Metric depicting correctness of acoustic presence determination in subsampled data compared to true acoustic presence in continuous data;

d¼ 1 representing correct acoustic presence estimation and d¼ 0 representing incorrect acoustic presence estimation

pp Probability to correctly assess acoustic presence of a focal species during the day

pc Probability to assess call rate of a focal species within a certain range (i.e., 10%, 50%, and 100%, respectively) of the true call rate
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least one call was detected in any of the N listening periods

of that day (Table III). Daily acoustic presence was esti-

mated from the call counts in the rth realization in all N

cycles of the jth day. If the assessments of acoustic presence

from subsampled data and from continuous data matched,

the decision was considered correct (d¼ 1), and incorrect

otherwise (d¼ 0).

To evaluate the probability pp of having properly deter-

mined the acoustic presence during that day, d was deter-

mined for each of the 1/D independent realizations r of the

listening period per day (Table II). This procedure resulted

in 1/D independent estimates dr,j of correctness of presence

assessment per day. The probability pp was calculated from

all 7=D independent dr,j estimates in each acoustic regime,

permitting to establish an average probability of correct

acoustic presence determination and its standard deviation

(n ¼ 7=D) for each sampling scheme:

pp ¼
D

7
�
X7

j¼1

X1=D

r¼1

dr;j: (1)

Between-regime comparisons of the results were conducted

for selected duty cycles (1
2
; 1
4
; 1
10
; 1
20
; and 1

60
Þ.

2. Daily call rate estimations from subsampled data

Continuous call count data were subsampled according

to the schemes listed in Table III, and hourly call rates �c

were estimated from the call rates ci of the rth realization in

all N cycles of the jth day:

cr;j ¼
1

N

XN

i¼1

ci;r;j: (2)

This estimation was accomplished for all possible realiza-

tions r of listening periods within a cycle providing 1/D in-

dependent daily call rates cr;j per day (Fig. 4).

To assess the variability of call rate estimates within a

given sampling scheme, the ratios of call rates from sub-

sampled data and true call rates from continuous data were

calculated for all cr;j :

ratior;j ¼
cr;j � ytrue

ytrue
: (3)

This procedure was repeated for all 1/D ratiosr,j at each day

and resulted in 7=D independent estimates per regime pro-

viding average and standard deviation of call rate estima-

tions at a given subsampling scheme. As animal abundance

estimates from acoustic data strongly depend on the accu-

racy of call rate assessments, the probability pc of estimating

the actual call rate within a range of 10%, 50%, and 100%,

respectively, was calculated (Table II). Results from selected

duty cycles (1
2
; 1
4
; 1
10
; 1
20
; and 1

60
Þ were used for between-

regime comparisons.

III. RESULTS

Impacts of different subsampling schemes on daily

acoustic presence were evaluated by determining the proba-

bility of a correct decision regarding acoustic presence.

TABLE III. Listening periods for tested subsampling schemes (i.e., listening period [min] per cycle [h]), representing different duty cycles. Duty cycles high-

lighted in bold indicate subsampling schemes that were used for comparative analyses and interpretation of subsampling effects on passive acoustic data in the

present study.

Duty cycle Cycle period sc

D D [%] 1 h 2 h 3 h 4 h 6 h 8 h 1/D

No. of independent realizations

per regime

1/2 50.0 30min 60min 90min 120min 180min 240min 2 14

1/3 33.0 20min 40min 60min 80min 120min 160min 3 21

1/4 25.0 15min 30min 45min 60min 90min 120 min 4 28

1/5 20.0 12min 24min 36min 48min 72min 96min 5 35

1/6 16.7 10min 20min 30min 40min 60min 80min 6 42

1/8 12.5 15min 30min 45min 60min 8 56

1/9 11.1 20min 40min 9 63

1/10 10.0 6min 12min 18min 24min 36min 48min 10 70

1/12 8.3 5min 10min 15min 20min 30min 40min 12 84

1/15 6.7 4min 8min 12min 16min 24min 32min 15 105

1/16 6.3 15min 30min 16 112

1/18 5.6 10min 20min 18 126

1/20 5.0 3min 6min 9min 12min 18min 24min 20 140

1/24 4.2 5min 10min 15min 20min 24 168

1/30 3.3 2min 4min 6min 8min 12min 16min 30 210

1/32 3.1 15min 32 224

1/36 2.8 5min 10min 36 252

1/40 2.5 3min 6min 9min 12min 40 280

1/45 2.2 4min 8min 45 315

1/48 2.1 5min 10min 48 336

1/60 1.7 1min 2min 3min 4min 6min 8min 60 420

cycles per day N 24 12 8 6 4 3
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Subsampling effects on call rate estimates were assessed by

considering the probability of call rate estimates better than

10%, 50%, and 100% of the true call rate.

A. Acoustic presence

Analyses of the continuous data sets reveal that ABWs

were acoustically present on all days in regimes A, B, C, and

D, while NARW up-calls were detected during all days of

regime E. The average time-span of hourly acoustic presence

varied between regimes, with 246 0 h of acoustic presence

per day for regime A and B, 19.436 5.77 h of acoustic pres-

ence per day for regime C, 236 2.24 h of acoustic presence

per day for regime D and 19.146 2.41 h of acoustic presence

per day for regime E.

The probability pp to correctly assess daily acoustic

presence of ABWs and NARWs on the basis of subsampled

data was dependent on duty cycle, cycle period and acoustic

regime (Fig. 5). While acoustic presence was always

assessed correctly for high duty cycles (D > 1
4
), small duty

cycles (D � 1
10
) underestimated the acoustic presence for

some regimes (Fig. 5). Similarly, for a given duty cycle, the

probability of estimating presence correctly was smaller for

long cycles sc (>6 h), i.e., few cycles per day. The repercus-

sions of subsampling also depended strongly on the acoustic

regime, i.e., on the vocalization pattern of the focal species.

For regimes A, B, and D, subsampling had no or only minor

effects on the likelihood of correct presence estimation, even

at small duty cycles (Fig. 5). In regime A, acoustic presence

was always assessed correctly, regardless of the duty cycle,

while in regime B and D presence assessment was correct in

at least 97% of cases for all duty cycles (Fig. 5).

Contrastingly, effects of subsampling were more pronounced

for regimes C and E. While duty cycles of D > 1
4
did not

affect the probability to correctly estimate acoustic presence,

this probability decreased at smaller duty cycles for both

regimes (Fig. 5). For example, acoustic presence was cor-

rectly assessed with a probability of 73% to 90% at D ¼ 1
60

for regime E, with probabilities decreasing with increasing

cycle periods (Fig. 5).

FIG. 3. Exemplary scheme of terms used in the context of subsampling of passive acoustic data.

FIG. 4. Exemplary scheme of analysis algorithm to estimate hourly call rates from subsampled passive acoustic data assuming a subsampling scheme of
15min per hour (DC¼ [1/4]). Upper panel: first run of algorithm estimating hourly call rates in the first 15min per hour, lower panel: second run of algorithm

estimating hourly call rates in the second 15min per hour.
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B. Call rate estimations

The total number of ABW calls detected in the original

data sets varied between regimes with 9183 calls in regime

A (54.646 17.73 calls per hour), 3353 calls in regime B

(19.956 7.96 calls per hour), and 2830 (16.856 8.81 calls

per hour) and 5823 calls (34.676 21.65 calls per hour) in

regimes C and D, respectively. For regime E, 1945 NARW

calls (11.586 6.14 calls per hour) were detected.

Call rates based on subsampled data varied significantly

depending on the sampling scheme applied (Fig. 6).

Generally, the variability of call rate estimates increased

with decreasing duty cycle, i.e., call rates based on subsam-

pling with large duty cycles (D > 1
4
) differed less from the

true call rate than call rates based on small duty cycles

(D < 1
20
) (Fig. 6). For a given duty cycle, increasing cycle

periods sc resulted in a higher variability within the call rate

estimates, i.e., a more widely spread data distribution and

potentially higher deviations from the true call rate (Fig. 6).

While this effect was clearly detectable in regime C, D, and

E, it was less evident in regimes A and B. In turn, effects of

subsampling on call rate estimations also depended strongly

on the vocal behavior of the focal species, i.e., the data

regime analyzed.

In order to quantify the validity of the call rate estimates

from subsampled data, the probability pc that the call rate

estimated from a given subsampling scheme is within a

specified range X (with X being 10%, 50%, and 100%,

respectively) of the true call rate was assessed (Fig. 7). As

expected, the probability to obtain call rate estimates within

a certain range of the true call rate depended on the subsam-

pling scheme chosen (i.e., pc decreased as duty cycle

decreased and/or cycle period increased) as well as on the

acoustic regime analyzed (Fig. 7). However, effects of

subsampling scheme and acoustic regime were much more

pronounced at 10% accepted deviation between estimated

and true call rates compared to a deviation range of 100%.

The probability pc to estimate the call rate within 10%

of the true call rate was highest for regime A and consider-

ably decreased with duty cycle and cycle period in all

regimes (Fig. 7). In regime E, the lowest probability

was observed with pc< 0.5 at D ¼ 1
2
and pc< 0.2 at D � 1

10

(Fig. 7). For estimating the call rates within a 50% range

from the true call rate, the probability was highest for regime

A with a probability of 1 for all D � 1
10

and of minimally

0.95 at D � 1
20

(Fig. 7). Except for at D ¼ 1
2
where all call

rate estimates were within a 50% range of the true call rate,

smaller probabilities were observed for regimes B, C, and D

with minimal pc values of 0.8, 0.55, and 0.76, respectively,

at D ¼ 1
60
(Fig. 7). Regime E exhibited the smallest probabil-

ities at all subsampling schemes analyzed with pc falling

below 0.5 at large cycle periods of duty cycles D � 1
10

(Fig. 7). Finally, the probability to estimate the true call rate

FIG. 5. Between-regime comparisons

of probabilities to correctly assess
acoustic presence of ABWs and

NARWs from subsampled data at dif-
ferent sampling schemes. Letters indi-

cate acoustic regimes with (A) regime

A (high ABW call rates), (B) regime B
(lower ABW call rates), (C) regime C

(single ABW singer), (D) regime D
(multiple ABW singers), and (E) re-

gime E (NARW vocalizations with dis-
tinct diel pattern). Within a given duty

cycle, bars represent different cycle

periods sc (from left to right: 1, 2, 3, 4,
6, and 8 h, respectively).

J. Acoust. Soc. Am. 138 (1), July 2015 Thomisch et al. 273

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  134.1.1.10 On: Tue, 21 Jul 2015 09:24:01



within 100% deviation from the true call rate ranged from

0.97 to 1 for all sampling schemes tested for regimes A,

B, and D with little effects of duty cycle and cycle period

(Fig. 7). For regime C and E, this probability was smaller for

all D < 1
2
with minimal values of 0.92 and 0.85, respectively

(Fig. 7).

IV. DISCUSSION

The present case study shows that subsampling of

passive acoustic data can substantially bias acoustic presence

estimates or affect the accuracy with which call rates of a

focal species are determined, respectively. However, the

extent of this effect depends on the subsampling strategy

that is applied and the acoustic behavior of the focal species.

A. Overall effect of subsampling acoustic data

Unsurprisingly, large duty cycles generally represented

acoustic presence and call rates more accurately than small

duty cycles. The acoustic presence of the focal species was

increasingly underestimated with decreasing duty cycles.

These findings match the trends observed by Riera et al.

(2013), showing that a duty cycle of 1
3
resulted in a 24%

decline in encounter detections of killer whale calls and a

consequent underestimation of the time whales were acousti-

cally present in the data set compared to a larger duty cycle

of 2
3
. In the present study, medium to small duty cycles

(D � 1
10
) resulted in acoustic presence underestimations of

up to 26% for regime E, especially for large cycle periods.

These results indicate that temporal clustering of vocal activ-

ity is a decisive factor determining the reliability of acoustic

presence estimation from subsampled data. In turn, selecting

many short samples at short cycle periods may increase the

chance of correctly assessing daily acoustic presence, partic-

ularly for acoustic data exhibiting strong temporal fluctua-

tion in calling activity.

The accuracy of call rate estimates varied widely across

different subsampling schemes without any consistent under-

or overestimation of call rates. Deviations from the true call

rate were highly variable between regimes and ranged from

100% underestimation to up to 900% overestimation.

Generally, the deviation of call rate estimates from the true

call rate increased with decreasing duty cycle and increasing

cycle periods. This effect was most pronounced in regimes C

and E, indicating that the high variability may be a conse-

quence of the (irregular) temporal clustering of calls and/or

low calling rates in these regimes.

B. Data regimes

The present study indicates that the organization of

vocal activity, i.e., regular (song, regime C and D) or irregu-

lar (regime A and B) organization, does not considerably

FIG. 6. Between-regime comparisons

of ratios of estimated call rates from

subsampled data to true call rates at
different subsampling schemes. Letters

indicate acoustic regimes with (A) re-
gime A (high ABW call rates), (B) re-

gime B (lower ABW call rates), (C)
regime C (single ABW singer), (D) re-

gime D (multiple ABW singers), and
(E) regime E (NARW vocalizations

with distinct diel pattern). Within a

given duty cycle, boxplots represent
different cycle periods sc (from left to

right: 1, 2, 3, 4, 6, and 8 h, respec-
tively). Note that regimes C and E are

differently scaled.
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impact the effects of subsampling. Instead, the calling activ-

ity level and potential temporal clustering of the focal spe-

cies’ vocal behavior determine the accuracy with which

subsampled data can represent the actual patterns in acoustic

behavior. Generally, species with high vocalization rates that

call throughout the day are more likely to be detected even

with small duty cycles compared to irregularly and/or rarely

calling species (Miksis-Olds et al., 2010). This is also

reflected in differences in the accuracies of call rate esti-

mates when regime pairs A and B as well as C and D are

compared; both basically exhibit the same temporal structure

but differ in the frequency of occurrence of calls, showing

the more calls, the higher the accuracy of call rate estimates.

Highest deviations between estimated and true call rates

were observed in regime E, representing vocal behavior with

a comparatively low vocalization rate and a distinct diel

pattern.

In the context of using passive acoustic data for density

estimation of calling animals, highly accurate call rate esti-

mates and/or knowledge on the potential uncertainty of these

estimates is crucial, as call rate linearly enters the density

estimates (Marques et al., 2013). Under subsampling, most

reliable results may be obtained by employing a subsampling

strategy that collects short samples at short cycle periods.

This will positively affect the accuracy with which cue rates

can be assessed as more of the natural variability can be cov-

ered by the sampling scheme.

However, subsampling acoustic recordings is not suita-

ble for species vocalizing rarely or to reliably capture unpre-

dictable temporal clusters of acoustic activity, for example,

when the species of interest passes the recorder’s acoustic

range only sporadically. Existing knowledge on the fre-

quency and timing of occurrences of temporal clusters in

vocal activity may aid the choice of a subsampling scheme,

provided that the patterns in vocal behavior of the focal spe-

cies are sufficiently well understood.

C. Subsampling strategies

Before deciding on a subsampling strategy, several

aspects concerning the research goal need consideration,

such as: What is the main purpose of the recording? What is

the temporal scale relevant to the investigation (e.g., is col-

lecting multi-year data worth the cost of subsampling to

cover the entire deployment period)? What knowledge on

acoustic behavior of the focal species is already available,

and is this representative for the study area and/or recording

season?

Single species studies, for example, investigating acous-

tic animal density in a given area, might benefit from adjust-

ing the recording parameters as much as possible to the

target species. When data storage is the limiting factor, stud-

ies investigating low-frequency baleen whale species may

decide to lower the sample rate to the minimum required to

FIG. 7. Between-regime comparisons of probabilities to estimate call rates from subsampled data within a specified range X [with X being 10% (upper panel),
50% (middle panel), and 100% (lower panel), respectively] of the true call rate at different subsampling schemes. Regimes A–E (indicated by different colors)

represent different vocal characteristics of the focal species as given in Fig. 6. Within a given duty cycle, markers indicate different cycle periods sc (from left
to right: 1, 2, 3, 4, 6, and 8 h, respectively).
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capture only the calls of interest to maximize the time span

over which acoustic data can be collected. Alternatively,

adaptive subsampling may be considered to selectively cap-

ture only the events or species of interest throughout the

entire period, although this method is not appropriate to re-

cord rarely calling species or short events (e.g., Miksis-Olds

et al., 2010; Sousa-Lima et al., 2013). Furthermore, pilot

studies during which continuous records are collected in or

near the area of interest or information from previous inves-

tigations may provide a basis to decide on if and/or which

duty cycles are suitable to reliably capture the vocalizations

of interest. Recording in a Matryoshka mode may provide a

solution to collect detailed “snapshots” that can be used to,

for example, gauge acoustic animal densities during specific

parts of the year. Matryoshka mode, referring to the Russian

nested dolls, employs continuous or large duty cycles that

are again set to cycle over a larger time scale.

For studies aiming to explore acoustic biodiversity or

soundscape ecology in an area for which no acoustic records

exist yet, it may be inevitable to collect continuous records

given that principally all events are of interest. By, for exam-

ple, continuously collecting a week of data each month, a

relatively reliable overview of the event types and species

that are (substantially) acoustically present in the vicinity of

the recorder may be gained throughout the entire recording

time span, depending on the storage and battery capacity of

the recording instrument. To reliably capture transiting spe-

cies or species that frequent the region only sporadically,

truly continuous records are the only possibility to collect

reliable information. When logistically and financially possi-

ble, multiple recorders programmed to record subsequently

after the previous one has stopped may allow covering

the entire period that the devices are in the water with

(near-)continuous acoustic data.

Alongside maximizing the probability of capturing the

species of interest, requirements on the acoustic data to

answer specific research questions should also be taken

into account. For example, humpback whale (Megaptera

novaeangliae) acoustic presence may be reliably estimated

from short samples at short cycle periods data with relatively

small duty cycles, however assessing the number of singers

and in-detail analyses of song structure require substantially

longer samples.

The decision on a certain subsampling strategy is often

not primarily (or not at all) driven by biological parameters

or considerations. The only recording parameter that in most

cases is adapted to meet the specific research objectives is the

sample rate, which (when too low) may result in missed call

events or species misidentification due to, for example, alias-

ing (Oswald et al., 2004). The fact that other vocal character-

istics of the focal species are not evaluated when deciding on

sampling strategies is in most cases not an active decision but

rather the result of lacking knowledge on the acoustic behav-

ior for many species (e.g., Mellinger et al., 2007). However,

informed decisions on subsampling strategies can only be

based on a solid understanding of vocal behavior for which,

ironically, a representative acoustic sampling strategy is

fundamental. If such information is not available, it may be

preferable to collect continuous samples of limited duration

across the year.

Technological developments may sooner or later allow

autonomous collection of continuous acoustic records over

long time scales with high sample rates, relaxing the need to

record in subsampling mode due to instrument limitations.

Nevertheless, these extensive data sets also need to be

analyzed and stored which are other aspects where subsam-

pling again may come into play. However, in contrast to sub-

sampled recordings, subsampled analyses allow evaluation

of the representativeness of the selected sampling strategy

by comparisons to the continuous data records, according to

the principle applied in the present case study.

V. CONCLUSION

The present case study demonstrates that subsampling

acoustic data might have substantial effects on the assess-

ment of acoustic presence and call rate, depending on the

vocal characteristics of the focal species. If subsampling at a

given duty cycle is mandatory due to logistic constraints,

data collection in many short listening periods is preferable.

Such sampling scheme results in many sampling cycles per

day and hence, enables optimal representation of potential

variability in the vocal behavior throughout the day and is

best suited for assessments of both acoustic presence and

call rate of the focal species.

Vocal characteristics as represented by different acous-

tic regimes in this study partly affected the accuracy of

acoustic presence and call rate estimates from subsampled

data. The organization of vocal activity (i.e., in terms of reg-

ular or irregular structure of vocalizations) did not markedly

affect the results from subsampled data. Contrastingly,

differences in vocalization rates had considerable impact on

acoustic presence and call rate estimates from subsampled

data, with accuracy improving with increasing call rates (in

the continuous data). Furthermore, temporal clustering of

vocal activity (i.e., diel vocalization pattern) considerably

decreased the accuracy with which acoustic presence and

call rates were assessed in the present study.

Subsampling during data collection may not be neces-

sary in studies on species vocalizing at low frequencies as

the sampling rate may be adjusted to a comparatively low

level and in turn, recording continuously during the entire

deployment period may be possible. However, subsampling

may increasingly become necessary when shifting the focus

towards species with high-frequency vocalizations as well as

in multi-species studies covering a broad frequency range to

investigate an area’s acoustic biodiversity or soundscape.

While technological advancements concerning power supply

and data storage capacities will likely allow acquisition of

large (near-)continuous data sets in the near future, human

screening of the data will in many cases still be necessary to

a certain degree, for example, for verification of automatic

detection outcomes, and in turn, may still require subsam-

pling of the total data to be manageable.

Polar oceans are areas where subsampling of acoustic

recordings occurs relatively frequently as a consequence of

the logistic difficulties of accessing the area. For many
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species inhabiting the polar oceans, relatively little is known

on acoustic diversity, interactions, and acoustics-based ani-

mal densities, whereas gaining insights as to how climate-

induced ecosystem changes affect the species in these areas

is particularly crucial in the context of monitoring and

managing potential changes. Optimizing passive acoustic

data collection procedures in terms of sampling strategies

lies at the heart of improving the current status of knowledge

and providing fundamental information for future manage-

ment and conservation strategies.
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ABSTRACT 

During the RV Polarstern PS 89 (ANT-XXX/2) expedition from Cape Town to Atka Bay and  back, 
20 sightings of 26 individual blue whales (Balaenoptera musculus) were recorded in Antarctic waters 
west of the Greenwich Meridian between 16-20  January 2015. These observations suggest a more 
westerly extension of a reported hot spot between the Greenwich Meridian and 20°E.  

KEYWORDS: ANTARCTIC, BLUE WHALE, SHIP-BASED SURVEY, OPPORTUNISTIC DATA  

 

INTRODUCTION  

Three subspecies of blue whale (Balaenoptera musculus) are recognized; the Northern blue 
whale (B.m.musculus) inhabits the Northern hemisphere, while the Antarctic blue whale (B.m. 
intermedia) and the pygmy blue whale (B.m.brevicauda) occur in the Southern Hemisphere 
(Rice, 1998). Both subspecies differ acoustically (Ljungblad et al., 1998) and show slight 
differences in morphology (Attard et al., 2012; Branch et al., 2007a, Omura et al., 1970). The 
Pygmy blue whale is distributed in lower latitudes and occurs mainly in the southern Indian 
Ocean and the south-western Pacific Ocean (Rice, 1998). Antarctic blue whales are known to 
have a circumpolar distribution in Antarctic waters during austral summer and early autumn 
(e.g., Branch et al., 2007b). Contrasting with  traditional migration hypotheses,  the  year-
round presence of Antarctic blue whales in Antarctic waters south of 55°S was revealed by 
acoustic detections off the western Antarctic Peninsula (Sirovic et al., 2009), in the southern 
Indian Ocean (Samaran et al., 2010, 2013) and in eastern Antarctica (Gedamke et al., 2007; 
Sirovic et al., 2009). To estimate population sizes of Antarctic blue whales annual sighting 
surveys compiling three circumpolar cruises were conducted under the auspices of the IWC's 
International Decade of Cetacean Research (IDCR) and Southern Ocean Whale Ecosystem 
Research (SOWER) programmes in 1978/79-1983/84, 1985/86-1991/92 and 1991/92-2003/04 
(Branch et al., 2007b; Branch &  Butterworth, 2001). Despite the enormous effort of these 
surveys, information on the abundance and distribution of blue whales in Antarctic waters 
remains scarce due to the species reduced density caused by commercial whaling as well as 
the area’s remoteness.  In this paper we document a series of sightings of blue whales in the 
Antarctic waters west of the Greenwich meridian made on board the multidisciplinary 
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expedition by the German research vessel Polarstern (PS 89 ANT-XXX/2) following Cape 
Town-Atka Bay-Cape Town in December 2014-February 2015. 

 

 

Figure 1. Cruise track from RV Polarstern during PS 89 (ANT-XXX/2) expedition Cape 
Town-Atka Bay-Cape Town, 2 December 2014 – 1 February 2015. Dots represent sampling 
stations, moorings and deployment sites for oceanographic research. 
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METHODS  

During PS 89 (ANT-XXX/2) expedition on board RV Polarstern from Cape Town to Atka 
Bay, located off the Ekström ice shelf in the Weddell Sea, and back (2 Dec 2014-1 Feb 2015, 
Fig 1), marine mammals were recorded by three different teams from different platforms, as 
well as opportunistically, adding up to 5 different sources for collected marine mammal 
sightings: 1) dedicated marine mammal survey using line transect distance sampling from the 
crow’s nest, 2) dedicated marine mammal survey using line transect distance sampling from a 
helicopter, 3) dedicated top predator (birds and marine mammals) strip transect survey from 
the monkey deck, 4) non-dedicated observations from the bridge, and 5) non-dedicated 
opportunistic observations. 

Platforms 1-3 use standardized methods during survey effort. Platform 1-2 use line-transect 
distance sampling. The track from the crow’s nest 29.5 meters above sea level was linked to 
the ship course, whereas the helicopter survey design was created ad hoc depending on 
weather and ice conditions. On both platforms two independent observers searched for and 
collected data on marine mammals along the track line using the naked eye. In the crow's nest 
binoculars were used to aid identification. Sighting details such as date, time, species, number 
and behaviour were recorded. If possible pictures were taken to document observations of 
scarce species and help with species ID. Coordinates were directly recorded by means of a 
handheld GPS connected to a computer running the sightings recording software VOR (Hiby 
& Lovell, 1998). Additional information (cue, distance perpendicular to the transect line, 
sighting conditions, environmental data) was recorded by a third person acting as data 
recorder.  

Line-transect surveys of top predators were made from open observation posts installed on the  
monkey deck. Standard strip band transect methods are used, with snapshot methodology for 
birds in flight, and additional distance sampling line-transect methods for marine mammals. 
One observer searched for and collected data on seabirds and marine mammals along the 
track line using the naked eye. Binoculars were used to aid identification. Sighting details 
such as date, time, species, number and behaviour, and environmental data were recorded. If 
possible pictures were taken to document observations of scarce species and help with species 
ID. Coordinates were directly recorded by means of a handheld GPS The surveyed bandwidth 
was 300 m, that is 150 m to both sides. Marine mammals outside the surveyed bandwidth 
were recorded as well. The angle and distance from the ship were measured additionally to 
calculate the perpendicular distance to the transect line.  

From the non-dedicated platforms 4 and 5 opportunistic observations were made. Observers 
searched for animals with the naked eye or with binoculars. Date, time, species, number and 
behaviour were recorded. If possible pictures were taken to document observations of scarce 
species. Coordinates were either directly recorded or derived from the observation time. 
Additional information on sighting and other environmental conditions was collected on an 
ad-hoc basis. The number of observers for the non-dedicated platforms 4 and 5 varied 
between one and five; observations from the bridge were primarily collected by the bridge 
officers. Other cruise participants and observers that were off effort from their dedicated 
surveys made all non-dedicated observations on platform 5. 

Observation effort varied per day and is impossible to quantify for the non-dedicated 
observations. Especially the effort from the bridge is non-homogenous, since officers are 
primarily tasked with other duties and collect sighting data in addition to other tasks. During 
the time period 16-20 January dedicated survey effort amounted to a total of 7.9 hrs from the 
crow’s nest and 51.5 hrs from the monkey deck (table 1). Helicopter-based surveys were not 
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conducted. All surveys from the crow’s nest were conducted simultaneously with the 
observations from the monkey deck.  

Table 1. Observation effort per platform, 16-20 January 2015. No helicopter surveys (2) were 
conducted. Effort from the bridge (4) and from non-dedicated opportunistic observations (5) 
cannot be quantified. 

Date Effort (hrs) 
 1 2 3 4 5 
16-1-2015 3.2 - 11.8 NA  NA 
17-1-2015 1.7 - 12.3 NA  NA 
18-1-2015 - - 6.2 NA  NA 
19-1-2015 - - 11.3 NA  NA 
20-1-2015 2.7 - 9.8 NA  NA 
Total 7.9 - 51.5 NA  NA 
 

Sightings were validated and checked for double counts by the authors. Only sightings that 
were documented with pictures or that were based on a combination of several distinctive 
characteristics (e.g. surfacing pattern, colouration, shape and size of dorsal fin) were qualified 
as certain blue whale. Other sightings were qualified as uncertain blue whale or no blue 
whale. Double counts were excluded by comparing times, and other collected sighting data 
(e.g. group size, distance to the ship, swim direction). Communication between the observers 
shortly after sightings were made filtered out most double counts. In case of doubt only one 
sighting was entered in the database. 

Weather and sighting conditions ranged from very poor to excellent, with strong winds and 
heavy snowfall on 17-18 January 2015. Those days observations were carried out under very 
poor sighting conditions. The weather and ice conditions made some alterations to the 
proposed ship track necessary and did not permit helicopter surveys. 

 

RESULTS AND DISCUSSION 

From 16-20 January 2015, 20 unique sightings of 26 blue whales were made (table 2, fig 2). 
Despite survey effort no blue whales were seen outside this period. The majority of the 
sightings was made during non-dedicated opportunistic observations (n = 14). No calves were 
observed.  Most sightings were of single animals, but some groups of two individuals were 
recorded. The average group size was 1.3 animals. Sightings were unevenly distributed with 
two ‘concentrations’; north of the ice edge around 69°S (16 Jan 2015, 12 individuals and 
along the north-western slope of the Lichtner Seamount (18 Jan 2015, 7 individuals). It should 
be noted, however, that the sighting conditions on 17-18 January were poor. 

Though information on the subspecies-level of the sighted individuals could not be 
ascertained in the field we assume all animals were Antarctic blue whales. This is supported 
by an observed geographic variation of the subspecies with Antarctic blue whales mainly 
occurring in high-latitude waters south of 55°S during summer (Kato et al., 1995). In contrast, 
pygmy blue whales were rarely sighted south of 55°S (Kato et al., 1995), therefore, it seems 
reasonable to assume that most of the blue whale sightings in high-latitude water represent 
Antarctic blue whales. Further evidence is provided by studies reporting acoustic presence of 
Antarctic blue whales all around Antarctica during austral summer (Gedamke et al., 2007, 
2010; Ljungblad et al., 1998; Rankin et al., 2005; Sirovic et al., 2004, 2009).  
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Figure 2. Blue whale sightings in Antarctica west of the Greenwich meridian, during the 
PS89 (ANT XXX-2) expedition, 16-20 January 2015. 
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Table 2. Blue whale sightings in Antarctica west of the Greenwich meridian, 16-20 January 
2015. Platform numbers refer to 1) dedicated marine mammal survey using line transect 
distance sampling from the crow’s nest, 2) dedicated marine mammal survey using line 
transect distance sampling from a helicopter, 3) dedicated top predator (birds and marine 
mammals) strip transect survey from the Monkey Island,  4) non-dedicated observations from 
the bridge, and 5) non-dedicated opportunistic observations. 

Date Time Number Lon (W) Lat (S) Platform 
16-1-2015 5:40 1 7.449 69.0016 3 
16-1-2015 5:57 1 7.33249 69.0031 1 
16-1-2015 6:53 2 6.98731 69.0062 5 
16-1-2015 6:57 1 6.98731 69.0062 5 
16-1-2015 7:32 1 6.98731 69.0062 5 
16-1-2015 9:00 2 6.98731 69.0062 5 
16-1-2015 14:40 2 6.9767 69.0074 3 
16-1-2015 16:26 2 6.8453 69.023 5 
16-1-2015 17:17 1 6.8453 69.023 5 
17-1-2015 14:30 1 3.9793 68.2567 3 
17-1-2015 15:32 1 3.8758 68.2251 5 
18-1-2015 8:00 1 1.3147 67.4888 3 
18-1-2015 9:05 1 1.0473 67.3798 5 
18-1-2015 10:19 1 0.7638 67.273 5 
18-1-2015 10:40 1 0.6760 67.2417 5 
18-1-2015 11:08 2 0.5602 67.2004 5 
18-1-2015 11:24 1 0.4965 67.1778 5 
20-1-2015 15:03 2 0.0050 63.8 4 & 5 
20-1-2015 16:30 1 0.0001 63.6795 3 
20-1-2015 17:16 1 0.0288 63.5708 5 
 

Worldwide exploitation depleted the population(s) of blue whales, with Antarctic blue whales 
being the preferred target of commercial whaling (Branch et al., 2004). The pre-whaling 
population of estimated 239,000 individuals has been decimated to a minimum in 1973 
(Branch et al., 2004). After implementation of protection measures, commercial whaling on 
blue whales was banned in the 1960’s. Reported population estimates of Antarctic blue 
whales are based on three circumpolar surveys carried out under the auspices of the IWC's 
International Decade of Cetacean Research (IDCR) and Southern Ocean Whale Ecosystem 
Research (SOWER) programmes in 1978/79-1983/84, 1985/86-1991/92 and 1991/92- 
2003/04 (Branch et al, 2007b; Branch &  Butterworth, 2001). These surveys were conducted 
south of 60°S till the ice edge and yielded population estimates of 453 (CV = 0.40), 559 (CV 
= 0.47) and 2,280 (CV = 0.36), respectively (Branch, 2007).  Based on data from these 
surveys, the rate of Antarctic blue whale population increase was estimated to be 8.2% per 
year (95% CI 1.6-14.8%) (Branch 2007) and the minimum abundance of Antarctic blue 
whales to be as low as 395 (CI 235-804) in the early 1970’s, less than 2% of the pre-
exploitation level (Branch, 2008). At present, Antarctic blue whales are listed as ‘critically 
endangered’ by the International Union for Conservation of Nature (Reilly et al., 2013). 
Circumpolar SOWER surveys were not continued after the 2003/04 season and no new 
abundance estimates are available. The stated numbers nowadays are at least ten years out of 
date. For generating a new circumpolar abundance estimate of Antarctic Blue whales, today 
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the Antarctic Blue whale project, an international collaboration led by the Australian 
Antarctic Division, employs mark-recapture techniques rather than conventional sighting 
surveys. Over a number of seasons genetic as well as photo-ID sampling will collect data on 
individual blue whales around Antarctica, to ultimately contribute to a new abundance 
estimate. For this purpose, high encounter rates of blue whales are of utmost importance to 
increase the sampling size. Information on areas of high blue whale densities are thus of great 
interest to the project. 

Highest encounter rates of blue whales (0.17-0.52 sighting/1000 km) were found close to the 
sea ice edge in the area between 20°W-50°E during the IWC IDCR/SOWER surveys (Branch 
et al., 2007b). Recently, a survey was conducted in the area 0- 20°E along zigzag transect 

, within the period 13-23 January 2014 (Findlay et al., 2014). 
During 82 hours of dedicated survey effort covering almost 1000 nm (ca 1800 km), 14 
observations of 20 blue whales were recorded, corresponding to an encounter rate of almost 
0.78 sighting/1000 km. Findlay et al. (2014) concluded that the relatively high number of 
Antarctic blue whale individuals sighted supports previous findings by the IDCR/SOWER 
cruises reporting the waters from 0-to 20°E off the Queen Maud Land coast as a hotspot area 
for Antarctic blue whales.  

Our results are well in line with the hotspot areas identified from historical whaling records, 
SOWER and IDCR surveys, more recent surveys and acoustic detections, but they suggest a 
more westerly extension of the reported hot spot between the Greenwich Meridian and 20°E 
(Findlay et al., 2014). 

In addition to the six sightings during dedicated survey effort fourteen sightings were made 
during opportunistic observations. Since information on the abundance and distribution of 
blue whales in Antarctic waters remains scarce, opportunistically collected data can be an 
important additional source of information, preferably made available to the Southern Ocean 
Research Partnership (SORP) and the Antarctic Blue Whale Project. Photos that qualify for 
photo-ID purposes and have geographical information can be added to the Antarctic Blue 
Whale catalogue and the collection of identified individuals. Thus contributing to the ultimate 
goal of a new circumpolar abundance estimate. In this regard, opportunistically collected data 
are of the same value as data from dedicated surveys – every blue whale sighting and 
especially every identified individual counts.   
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INTRODUCTION

For most baleen whales, seasonal long-distance
migrations between cold, productive, high-latitude
feeding areas and warmer, low-latitude breeding
grounds are considered a fundamental life cycle fea-

ture (Kellogg 1929, Mackintosh 1942, 1966). The fac-
tors driving baleen whale migration are still under
debate and have been suggested to involve a higher
survival rate for calves due to calmer waters and a
decreased risk of predation by killer whales at low
latitudes (Corkeron & Connor 1999, Ford & Reeves
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ABSTRACT: Distribution and movement patterns of Antarctic blue whales Balaenoptera musculus

intermedia at large temporal and spatial scales are still poorly understood. The objective of this
study was to explore spatio-temporal distribution patterns of Antarctic blue whales in the Atlantic
sector of the Southern Ocean, using passive acoustic monitoring data. Multi-year data were col-
lected between 2008 and 2013 by 11 recorders deployed in the Weddell Sea and along the Green-
wich meridian. Antarctic blue whale Z-calls were detected via spectrogram cross-correlation. A
Blue Whale Index was developed to quantify the proportion of time during which acoustic energy
from Antarctic blue whales dominated over background noise. Our results show that Antarctic
blue whales were acoustically present year-round, with most call detections between January and
April. During austral summer, the number of detected calls peaked synchronously throughout the
study area in most years, and hence, no directed meridional movement pattern was detectable.
During austral winter, vocalizations were recorded at latitudes as high as 69° S, with sea ice cover
exceeding 90%, suggesting that some Antarctic blue whales overwinter in Antarctic waters.
Polynyas likely serve as an important habitat for baleen whales during austral winter, providing
food and reliable access to open water for breathing. Overall, our results support increasing evi-
dence of a complex and non-obligatory migratory behavior of Antarctic blue whales, potentially
involving temporally and spatially dynamic migration routes and destinations, as well as variable
timing of migration to and from the feeding grounds.

KEY WORDS:  Passive acoustic monitoring · Antarctic blue whale · Balaenoptera musculus 

intermedia · Baleen whale migration · Southern Ocean
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2008), as well as energetic advantages which in -
crease the future reproductive success of calves born
in warm waters (Clapham 2001). Nevertheless, evi-
dence is accumulating that the concept of a complete
annual migration in baleen whales is unlikely to hold
true for many baleen whale species (e.g. Ingebrig-
sten 1929, Kellogg 1929, Brown et al. 1995, Dawbin
1997, Širović et al. 2004, Branch et al. 2007). Instead
of migrating to lower latitudes after the feeding sea-
son, part of the population remains in polar and sub-
polar waters  during winter, indicating partial migra-
tion (see also Dingle & Drake 2007) in many species
(e.g. Bockstoce et al. 2005, Moore et al. 2006, Stafford
et al. 2007, Acevedo et al. 2011, Van Opzeeland et al.
2013b).

For blue whales Balaenoptera musculus in the
Southern Ocean, historical catch data suggest that
migration is not obligatory and that timing of migra-
tion may vary between individuals (e.g. Mackintosh
& Wheeler 1929, Harmer 1931, Hjort et al. 1932).
Blue whales were caught off South Georgia year-
round (Harmer 1931, Hjort et al. 1932, Branch et al.
2007), suggesting this species exhibits partial or dif-
ferential migration (i.e. part of the population either
does not migrate or delays migration based on age,
sex or reproductive stage). Furthermore, the compo-
sition of the blue whale population on the Southern
Ocean whaling grounds changed considerably over
austral summer, further supporting the hypothesis of
a differential migratory behavior (Mackintosh &
Wheeler 1929). While adult whales were predomi-
nant in the population during austral spring, imma-
ture whales and lactating females did not arrive on
the feeding grounds until February (Mackintosh &
Wheeler 1929, Harmer 1931, Hjort et al. 1932). Blue
whale migratory behavior is therefore likely to be
complex and staggered, resulting in a continuous,
procession-like movement to and from feeding
grounds (Mackintosh & Wheeler 1929, Harmer 1931).
Although both Antarctic blue whales (ABWs) Bal-

aenoptera musculus intermedia and pygmy blue
whales B. m. brevicauda inhabit the Southern Hemi-
sphere, the latter were rarely sighted south of 55° S
(Kato et al. 1995); therefore, most inferences on blue
whale sightings from high-latitude waters are likely
to represent ABWs.

After commercial whaling was banned, extensive
visual sighting surveys were conducted in the
Southern Ocean to monitor population abundance
and behavior of ABWs, amongst other species (e.g.
Kasamatsu et al. 1988, Branch & Butterworth 2001,
Branch et al. 2007). However, the species’ low en -
counter rate, elusive character and low abundance,

as well as the area’s seasonal inaccessibility large -
ly impede year-round data collection on ABW
occurrence. But to explore patterns in the spatial
dis tribution and — potentially staggered — migra-
tion of ABWs, year-round data are nevertheless a
pre requisite.

Passive acoustic monitoring allows investigation of
the large-scale spatio-temporal distribution of vocal-
izing individuals and, when applied in an array or
network, provides information on movement pat-
terns of vocalizing whales (e.g. Širović et al. 2004,
Samaran et al. 2013, Risch et al. 2014). Furthermore,
passive acoustic monitoring has the potential to yield
seasonally unbiased information on marine mammal
acoustic presence, hence being particularly valuable
in remote areas which are not accessible year-round
for visual surveys (e.g. Širović et al. 2004, Mellinger
et al. 2007, Rettig et al. 2013, Van Opzeeland et al.
2013b). ABWs are particularly eligible for passive
acoustic studies due to the repetitive production of
different types of distinctive low-frequency vocaliza-
tion (e.g. Ljungblad et al. 1998, Rankin et al. 2005)
and the large propagation distances of these vocal-
izations (e.g. Širović et al. 2007, Miller et al. 2015).
Consequently, passive acoustic monitoring has been
increasingly used to study ABWs in the Southern
Ocean, e.g. off the western Antarctic Peninsula, off
eastern Antarctica and in the Ross Sea (Širović et al.
2004, 2009, Gedamke & Robinson 2010, Miller et al.
2015). Similar to findings from blue whale popula-
tions inhabiting the North Atlantic and North Pacific
Oceans (e.g. Clark & Gagnon 2002, Charif & Clark
2009, Stafford et al. 2009), the acoustic presence of
ABWs exhibits a clear seasonal pattern in the South-
ern Ocean (Širović et al. 2004, 2009, Gedamke et al.
2007), often with a peak in call numbers during the
respective summer season. Nevertheless, off the
western Antarctic Pe nin sula, ABWs are acoustically
present year-round, implying either a time-lagged
migration or that some individuals omit migration to
lower latitudes (Širović et al. 2004). However, to our
knowledge, previous passive acoustic studies in the
Southern Ocean have not been based on large-scale
multi-year recorder networks in the open ocean, and
hence little is known about distribution and move-
ment patterns of ABWs in pelagic zones.

Here, we use multi-year data, recorded between
2008 and 2013 in the Weddell Sea and along the
Greenwich meridian in the Atlantic sector of the
Southern Ocean, to study the year-round distribution
of vocalizing ABWs. One objective of our study was
to investigate spatio-temporal patterns in the acous -
tic presence and distribution of ABWs within the
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study area, both intra- and inter-annually. Further-
more, we examined whether large-scale movement
patterns can be detected from passive acoustic data
in order to gain insight into the migratory behavior of
ABWs. In this context, we explored the relation
between the number of detected calls and the sea ice
concentration within the study area to identify poten-
tial determinants and drivers of ABW distribution
and migration patterns.

MATERIALS AND METHODS

Acoustic data

Between March 2008 and November 2013, pas-
sive acoustic recordings were collected by 14
moored devices, which were deployed in the
 Weddell Sea and along the Greenwich meridian for
differing periods (Fig. 1, Table 1). The study area
ranged from 59 to 69° S and from 0 to 27° W
(Fig. 1). The study period comprised 3 consecutive
periods of recorder deployment: March 2008–
December 2010; December 2010–December 2012;
and December 2012–December 2014 (hereafter
referred to as deployment periods I, II and III, res -
pectively; see also Table 1). Most of the recording
sites were monitored for at least 2 de ployment pe -

riods (for nomenclature of recording sites and de -
ployment periods see Table 1).

The acoustic recorders were either a self-contained
lander or attached to oceanographic deep-sea moor-
ings of the Hybrid Antarctic Float Observation Sys-
tem (HAFOS) (Rettig et al. 2013). A total of 3 types of
acoustic recording device were utilized: SonoVaults
(Develogic GmbH) (Rettig et al. 2013); Autonomous
Underwater Recorder for Acoustic Listening (AURAL;
Model 2, Multi-Électronique) (e.g. Simard et al. 2008);
and a Marine Acoustic Recording Unit (MARU;
 contributed by the Bioacoustic Research Program,
Cornell University, NY) (e.g. Parks et al. 2009). The
acoustic recorders were moored at different depths
and set to different duty cycles due to recorder-
 specific depth ratings and constraints of battery life
and data storage capacities (see Table 1 for details
of recorder specifications) (Rettig et al. 2013). Passive
acoustic data were stored in 5 and 4.5 min files
for the AURAL recorders, in 6 min files for the
MARU device and in 10 min files for the SonoVault
systems.

After retrieval, data quality of the recordings was
inspected using long-term spectrograms of the re -
cordings (calculating power spectral densities using
Welch, fast Fourier transform [FFT] 16 384, Hamming
window, 50% overlap). The AURAL recorders oper-
ated flawlessly for the entire period of their deploy-

ment. The SonoVault recorders
stopped recording prior to their
recovery due to battery exhaustion.
Electronic noise was observed in
both MARU and SonoVaults. In 2
SonoVaults (SV1002 and SV1005),
persistent broadband noise masked
parts of the acoustic signal. For this
reason, these 2 recorders were
excluded from further analyses. In
the MARU, tonal noise occurred,
which did not affect our analyses.
Nonetheless, data recorded by
MARU were excluded from all
amplitude-related analyses due to
the occasional occurrence of broad-
band noise. Further, 1 So noVault
(SV0001) failed to re cord underwa-
ter sound altogether, presumably
due to a defective hydro phone or
hydrophone connection.

In summary, the operational pe -
riod of acoustic devices with utiliz-
able recordings ranged from 6 to
34 mo (Table 1). Prior to further
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Fig. 1. Locations of autonomous recording devices, deployed between March 2008
and January 2013, in the Weddell Sea and Atlantic sector of the Southern Ocean.
Positions of the acoustic recorders analyzed in this study (red dots), positions of
recorders excluded from the analyses due to electronic noise (white dots) and
locations of recorders not yet recovered (grey dots) are shown. Recorder IDs are
shown in white (see also ‘Materials and methods’; Table 1); (Q) indicates the loca-
tion of the Perennial Acoustic Observatory in the Antarctic Ocean (PALAO).
Dashed circles indicate the area (radius of 100 km from the respective recording 

sites) used to calculate sea ice concentration
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analyses, for all recorder types, passive acoustic
data were downsampled (including an anti -
aliasing FIR [finite impulse response] lowpass
filter) to a uniform sampling rate of 250 Hz to
obtain standardized data covering the fre-
quency range of interest, i.e. below 125 Hz.

Sea ice data

Sea ice cover in the study area was calcu-
lated using satellite data collected from 2008
to 2013 with a resolution of 6.25 × 6.25 km
(Spreen et al. 2008). Daily ice concentrations
were calculated for an area of 3.1 × 104 km2

(representing a radius of 100 km) around each
recording site, including all data points located
at a distance ≤100 km from the recording loca-
tion. Given the large propagation ranges of
ABW vocalizations and, hence, the potentially
widespread spatial distribution of the recorded
individuals around a respective recording loca-
tion, we consider a radius of 100 km to be rep-
resentative of sea ice conditions that ABWs are
exposed to during their transit through or stay
in the study area.

Acoustic data analysis

ABW vocalizations

One well-known ABW vocalization is the
stereotyped, high-energy Z-call (named after
its Z-shaped spectrographic signature) (Fig. 2)
that is often produced in repetitive song pat-
terns at regular intervals of about 62 ± 5 s
(Ljungblad et al. 1998, Širović et al. 2004,
McDonald et al. 2006). A Z-call is composed of
3 units, starting with a constant frequency tone
within the range of 26 to 28 Hz lasting about 9 s
(Unit A), which is followed by a short down-
sweep (ca. 1 s) to about 19 Hz (Unit B) and a
slightly frequency-modulated tone of 18 to
19 Hz lasting 8 to 12 s (Unit C) (Ljungblad et al.
1998, Širović et al. 2004, Rankin et al. 2005).
Long-term declines in vocalization frequency
are evident in blue whale populations world-
wide (McDonald et al. 2009, Ga vri lov et al.
2012), and were also evident in the current
data set. However, in-depth analyses of the
decline pattern were beyond the scope of the
present study.
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Automated detection of single ABW Z-calls

ABW Z-calls were detected by cross-correlating
spectrograms with a pre-defined spectrogram tem-
plate (e.g. Mellinger & Clark 2000). Spectrograms
were calculated for each audio file (FFT 1024, 500
point Hamming window, 75% overlap; resulting in
frequency resolution of ca. 0.25 Hz and time resolu-
tion of ca. 0.5 s). The template was created by aver-
aging 100 temporally aligned spectrogram snippets
of high-quality Z-calls (i.e. with all 3 call units being
present) from 6 recorders and distributed over an
overall period of 39 mo from December 2008 to Feb-
ruary 2012 to ensure representativeness. This set of
snippets also includes 12 Z-calls from recorder
SV1002 (which was excluded from further analyses),
which were recorded during a brief period without
broadband noise. The final template had a frequency
range of 18.5 to 28 Hz and was of 12 s duration (i.e.
shorter than a 3-unit Z-call), containing 8 s of Unit A,
Unit B (=1 s) and 3 s of Unit C. These settings avoided
biasing the detection results towards complete 3-unit
Z-calls, because recorded ABW calls did not always
comprise all 3 units, but most comprised (part of) Unit
A or Units A + B (see also Rankin et al. 2005, Miller et
al. 2015). Spectrogram cross-correlation was per-
formed in time/frequency space for each audio file
and in a frequency band from 17.5 to 29 Hz. Inter-
and intra-annual variations in the ABW Z-call fre-
quency, e.g. the long-term decline in vocalization
frequency, can affect the performance of a detector
operating in a fixed frequency range. Therefore, the
bandwidth of the frequency range to be analyzed
(= 11.5 Hz) was intentionally set broader than the
Z-call template’s bandwidth (= 9.5 Hz) to allow cross-
correlation in both time and frequency space,
accounting for a potential frequency shift of ABW

Z-calls over time. A minimum separation of 15 s
between detected events was preset to prevent bias-
ing the results by detecting multipath arrivals of the
same call, as exploratory manual analyses showed
occurring in the MARU recordings.

Selection of a suitable detection threshold, which
defines whether calls are considered present or not,
is likely subject to biological, physical and method-
ological factors. The whales’ calling behavior, loca-
tion- and recorder-specific ambient noise levels, and
the detector’s performance all affect the number of
effectively detected calls. To nevertheless allow com-
parisons of detection rates between the acoustic data
sets recorded by different devices, at least to a cer-
tain extent, recorder-specific detection thresholds
were adjusted to achieve a constant false alert rate
for all recorders. Thresholds were calculated by cor-
relating the Z-call template with a ‘noise band’ (29.5
to 39 Hz), which does not contain any ABW Z-call
units. Any detection within the noise band would
therefore represent a false alert. Previous ex plo ra -
tory manual analyses showed that a correlation coef-
ficient of 0.3 was the threshold at which all manually
perceivable (true positive) Z-calls were detected. To
determine the recorder-specific thresholds, a set of
false positive detections was generated for each re -
corder by running the detector over the noise band
with a threshold of 0.3. From these false alerts, 1000
events were selected randomly and ranked accord-
ing to their associated correlation coefficients. The
minimum correlation coefficient associated with the
best correlated 1% of false detections was selected.
This procedure was repeated 1000 times per recorder
and the respective minimum correlation coefficients
were averaged (n = 1000) to obtain a recorder-
 specific threshold (Table 2). While this approach is
not sufficient to provide resilient data for abundance

Fig. 2. Spectrogram of Antarctic blue whale song sequence of Z-calls (left panel) and chorus (right panel) recorded on 12
December 2010 at 59° 03’ S, 0° 07’ E and 10 March 2011 at 66° 37’ S, 27° 08’ W, respectively (sample rate 250 Hz [after down-

sampling]; spectrogram settings: FFT 512 points, Hanning window, 50% overlap)
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estimates or determining ABW call rates, relative and
recorder-specific threshold setting provided a means
to reliably compare detections between re corders for
exploring spatio-temporal patterns in acoustic pres-
ence throughout our study area.

ABW Z-call detection was performed based on
these thresholds representing a 1% false alert level,
and numbers of calls detected per week (7 d bins)
were calculated and used to correlate numbers of
detected calls with sea ice concentration over time at
the different recording sites. Assuming a uniform
ABW call distribution without a diel pattern in our
study area (see also Thomisch et al. 2015), weekly
detection numbers from subsampled recordings
were extrapolated to an assumed continuous record-
ing period for direct comparability among data sets,
using a recorder-specific factor that corrects for the
respective duty cycle (Table 1). In addition, daily
mean numbers of Z-call detections per minute were
calculated. Time series of these daily mean detection
rates were filtered to reduce variability in detected
call numbers between days in order to focus on
large-scale patterns in Z-call detections (Savitzky-
Golay filtering, window length = 31, step size = 1,
regression based on polynomial order 2). In contrast
to smoothing approaches using linear regressions,
the Savitzky-Golay filter (based on polynomial
regression) keeps the actual data distribution intact
in terms of small-scale patterns, such as local minima
and maxima.

Quantification of ABW chorus: 
Blue Whale Index (BWI)

Z-calls (or, more explicitly, Unit A of the Z-calls)
produced by distant ABWs create a tonal ‘chorus’
within the 26 to 28 Hz frequency band (Gedamke et
al. 2007). Hence, detections of only single Z-calls
may underestimate the acoustic presence of ABWs
(Fig. 2). A Blue Whale Index (BWI) was designed to
quantify the proportion of time during which the
ABW chorus was more energetic than background
noise, taking into account acoustic energy from both
nearby and distant ABWs. The BWI is based on com-
paring energy levels in 3 different frequency bands,
representing acoustic power in the signal band (S)

and in 2 adjacent noise bands. The signal band, with
26 ≤ frequency ≤ 28 Hz, comprises the ABW Z-call
Unit A. The 2 noise bands, Nl with 23 ≤ frequency ≤
24 Hz and Nu with 29 ≤ frequency ≤ 30 Hz, contain no
spectral energy from ABW Z-call Unit A’s, yet possi-
bly negli gible amounts of energy from Z-call Unit B’s.

Band energy of the signal band was calculated by
averaging power spectral densities (PSD; temporal
resolution 0.5 s, frequency resolution 0.25 Hz) be -
tween 26 and 28 Hz. Combined noise band (Nc)
energy was obtained by averaging PSD values be -
tween 23 and 24 Hz, and 29 and 30 Hz. This process
results in time series of the signal band ε(S) and the
combined noise band ε(Nc) between 4.5 and 10 min
length, corresponding to the respective file length.

From these, moving averages of band
energy of ε(S) and ε(Nc) were calcu-
lated using a 5.5 s long averaging
window in 0.5 s steps ti (i.e. over k =
11 samples) to obtain mean energy
levels of signal band S⎯ and combined
noise band N⎯ c, respectively:

(1)

and

(2)

Standard deviation of the combined
noise band ε(Nc) was calculated ac -
cordingly.

For each data point (i.e. every 0.5 s),
we tested whether the mean signal
band energy level was larger than the
sum of the mean plus twice the stan-
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Recording Recorder ID Detection threshold Total no. detected 
site for FAR 1% ABW Z-calls 

at FAR 1%

W66 AWI209-06 AU0086 0.4573 ± 0.0084 18 180
G59 MARU01 0.4939 ± 0.0075 7553

AWI227-11 SV0002 0.4725 ± 0.0078 147 964
AWI227-12 SV1025 0.4729 ± 0.0077 112 004

G64 AWI229-09 SV1000 0.4704 ± 0.0088 159 336
AWI229-10 SV1010 0.4748 ± 0.0088 132 847

G66 AWI230-06 AU0085 0.4709 ± 0.0101 9398
AWI230-07 SV1001 0.4680 ± 0.0085 611 580
AWI230-08 SV1009 0.4679 ± 0.0082 206 335

G69 AWI232-09 AU0086 0.4693 ± 0.0071 9287
AWI232-11 SV1011 0.4647 ± 0.0083 211 724

Table 2. Thresholds for Z-call detection using spectrogram cross-correlation
and total number of detected Antarctic blue whale (ABW) Z-calls in passive
acoustic data sets from the Weddell Sea and Atlantic sector of the Southern
Ocean. Detection was based on a false-alert rate (FAR) of 1% as determined
from detector performance within a frequency band (29.5–39 Hz) not contain-
ing any Z-calls. Determined detection thresholds (representing minimally
required correlation coefficients) are given as mean (used for detection pro-
cess) ± SD. For a detailed description of detection threshold determination, 

see ‘Materials and methods’
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dard deviation of the energy level in the combined
noise band, i.e. if

(3)

The BWI was defined as the ratio of occurrences
when this criterion was met versus the total number
of data points per file. For each file, this provides the
percentage of time dominated by ABW acoustic
energy in the signal band. Given that the BWI test
criterion continuously adjusts to local ambient noise
levels, it prevents interpreting (broadband) noise as
ABW chorus. Accordingly, acoustic signatures such
as fin whale pulses that contribute energy to both the
signal and noise band will not meet the BWI criterion
and, hence, do not bias the BWI.

Similar to the single Z-call data, time series of daily
mean BWIs were calculated and smoothed using
Savitzky-Golay filtering (window length = 31, step
size = 1, regression based on polynomial order 2).

Recorder independence and distance estimations

For reliable interpretation of single Z-call detections
at different recording sites, it is essential to know
whether recording sites are independent in terms of
the recorded signals. For 2 recorder pairs, we tested
whether the same ABW Z-call sequences were de-
tectable at 2 recording sites quasi-simultaneously (see
the Supplement at www.int-res. com/ articles/ suppl/
n030p239_supp.pdf). Furthermore, rough estimates of
distances of ABWs from recording sites were calcu-
lated for each Z-call detection, assuming a source
level of 189 dB (Širović et al. 2007) and using different
reported transmission loss models (Širović et al. 2007,
Breitzke & Bohlen 2010, Van Opzeeland et al. 2013b)
(see the Supplement for detailed information on am-
plitude measurements and distance estimation).

RESULTS

Recorder independence

The estimated distances of vocalizing ABWs from
the recorders ranged from less than 2 km to more
than 700 km. However, for all recording sites, the
majority of calls were estimated to have come from
whales within a 200 km range of the recorder (see
Fig. S1 in the Supplement at www.int-res.com/

articles/ suppl/n030p239_supp.pdf). Consistent with
this finding, Z-call sequences were rarely de tected
on more than one recorder at a time (Table S4 in the
Supplement). Although a little overlap in the recor -
ded signals may occur between adjacent recorders,
this is unlikely to bias the results substantially. For
further data interpretation, we therefore considered
data sets from different recorders to be acoustically
independent of each other.

Acoustic presence

ABWs were acoustically present at all recording
sites in all years covered by this study. The total num-
ber of detected ABW Z-calls varied highly among
recorders, depending on the sampling scheme as
well as on the respective overall operational period of
recorders, and ranged from 7553 detections at
Site G59 (MARU) to 611 580 at G66 (SV1001) at a
detection threshold level accepting 1% false alerts
(Table 2). Of all recording days at a respective site,
99% showed acoustic presence of ABWs at W66,
81% at G59, 100% at G64, 94% at G66 and 83% at
G69, based on detections of single Z-calls.

Manual perusal of the data revealed that song
bouts with Z-calls repeated at regular intervals were
present occasionally in our passive acoustic record-
ings. For the larger part, vocal activity was variable
and temporally unstructured (i.e. occurring in irregu-
lar bouts).

Spatio-temporal patterns in ABW Z-call 
detections and acoustic energy

Single Z-calls

The number of detected calls was lower in the
AURAL and MARU recordings than in SonoVault
data during austral winter, presumably for a combi-
nation of reasons, including sampling scheme (see
also Thomisch et al. 2015), occurrence of broadband
noise and deployment depth.

A clear seasonal pattern in the number of detected
ABW Z-calls was evident at all locations and in all
years (Fig. 3). At most sites, detected call numbers
showed a steep increase starting between December
and January (except for G66-II and W66, where
detection numbers started to increase in October), a
peak between January and March (austral summer),
and a decrease from April to September. ABWs
remained acoustically present year-round with small
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numbers of Z-calls also detected during austral win-
ter at all locations. At G59-II and -III, G66 and W66,
the number of detected calls showed a secondary
peak during winter (see also Table 1 for information
on IDs). Only at G59-I were very few ABW vocaliza-
tions detected from July to October. Visual screening
of winter recordings (July to October) from G59-I,
however, revealed the presence of some faint Unit
A’s of Z-calls in July and August, which were dis-
carded during automatic detection as these failed to
meet the threshold requirements. ABW vocalizations
were not detected visually in September and October
at G59-I either.

At W66, G66 and G69, the timing of the peak in
call detections during austral summer was rela-
tively stable over time, while it varied between
years at G59 (with most calls detected between
No vember and April) and at G64 (most calls de -
tected between December and April) (Fig. 4).
Interestingly, in austral summer 2010/2011, most
calls were detected in early April at G59, G64 and

G66, which was markedly delayed compared to all
other recording years.

No, or only small, temporal shifts in the timing of
the peak in call detections were discernable between
recording locations in a meridional direction, i.e.
north−south along the Greenwich meridian (Fig. 4).
Only during austral summer 2008/2009 was a succes-
sion in the timing of the peaks in call detections evi-
dent, with numbers of detections peaking first at G59
at the end of December, followed by peaks at G66 at
the end of February and at G69 at the beginning of
March (Figs. 3 & 4). In mid-March 2009, a secondary
peak in detections was evident at G59. During all
other years, the number of Z-call detections peaked
synchronously at all recording sites along the Green-
wich meridian. In a zonal direction, peaks in ABW
call numbers showed temporal differences between
W66 and G66. In the 2010/2011 season, the number
of de tected ABW calls was highest in mid-March at
W66, which was about 3 wk earlier compared to the
peak at G66. By contrast, in the following year, the
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Fig. 3. Time series of Antarctic blue whale call detections and blue whale index (BWI) at different recording locations in the
Weddell Sea and along the Greenwich meridian. Upper panel: daily mean number of detected Z-calls per minute, based on
detections at a threshold level of 1% false alerts. Lower panel: BWI based on spectral energy in 26 to 28 Hz frequency band.
Time series were smoothed using Savitzky-Golay filter (window length = 31, polynomial order = 2); colors represent different 

recording locations; vertical grey lines indicate beginnings of quarters of the year
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number of detections peaked first at G66 in late Feb-
ruary 2012 (occurring about 5 wk earlier in 2012 than
in 2011) and about 1 mo later (i.e. late March) at W66.
Secondary peaks during austral winter were discern-
able at both re cording sites during July.

BWI

For all sites and in all years, the mean BWI exhib-
ited values above zero throughout the year, indica-
ting that acoustic energy attributed to ABWs was
always present in the recordings from the study area
(Fig. 3). Similar to data from Z-calls, BWI data from
G59-I formed an exception, with the mean BWI rang-
ing close to zero from July through October. No clear
differences in BWI between northern and southern
recording sites were observed.

The BWI time series mirrored the seasonal varia-
tions in the number of Z-call detections at all record-
ing sites, except for a slower decrease in autumn fol-

lowing the BWI summer peak (Fig. 3). At most of the
recording locations (W66, G59, G64-II, G66-II and
G69-III), the BWI peak closely matched in time with
the peak in Z-call detections. At G64-III, G66-I and
G69-I, a delay of several weeks was observed be -
tween the timing of the BWI peak and the peak in
single Z-call detections.

Z-call detections in relation to sea ice 
concentration

There was a distinct negative relation between the
number of detected ABW Z-calls and ice coverage in
the study area (Fig. 5). Over the study period, sea ice
retreated between October and January, and started
to form between March and July, depending on the
recording site. Periods with open waters (defined
as sea ice concentration <15%) were considerably
longer at the northern recording sites (lasting up to
7 mo at G59) than at the southern recording sites (0 to
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Fig. 4. Timing of peaks in numbers of Antarctic blue whale (ABW) call detections at different recording sites located along the
Greenwich meridian (upper panel) and in the inner Weddell Sea (lower panel) over time. Recording sites were located at 59°,
64°, 66°, 66° 30’, 68° and 69° S, respectively (see Fig. 1, Table 1), but are depicted slightly shifted depending on recording sea-
son for clearer presentation. Different bands represent different years/seasons (with a season defined as starting in July and
ending in June of the next year) and are color-coded on the right. Colors of the bands themselves indicate the (normalized) 

level of ABW Z-call detections (numbers of detected calls per minute)
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2 mo at G69). In general, most vocalizations were
detected during periods with no (W66, G59, G64,
G66 and G69-I) or moderate (G69-III) sea ice concen-
trations, while considerably less calls were detected
during periods with high (>90%) sea ice coverage.
At most locations (G59, G64, G66-I and G69),
changes in the number of detections appeared to be
closely related to changing ice conditions, i.e. sea ice
retreat or formation. However, at W66, G66-II and

G66-III, Z-calls were also detected during periods of
high (>90%) sea ice concentration in winter. Further-
more, the number of detections already began to
increase weeks to months before the sea ice re -
treated. At G69, the sea ice did not fully retreat dur-
ing austral summer 2013; also at this location, many
ABW Z-call detections were associated with moder-
ate ice conditions (about 40% ice cover in  January
and February).
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Fig. 5. Antarctic blue whale Z-call detections per week (dark grey bars, 7 d bins), BWI (red line, daily means) and sea ice concen-
tration (black solid line, daily means within a 100 km radius) at different recording sites from 2008 to 2013. White areas indicate
sea ice coverage and blue areas indicate open water. Blue dotted line represents sea ice edge (15% ice cover). Hatched areas in-
dicate periods when no recordings are available. Vertical dashed grey lines indicate beginnings of years of the study period.
Z-call detections from subsampled recordings were normalized to weekly values for direct comparability between data sets
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DISCUSSION

ABW distribution in the Weddell Sea

The acoustic presence of ABWs along the Green-
wich meridian in the Southern Ocean and in the
inner Weddell Sea mirrors patterns in historic catch
data, indicating a wide meridional distribution of
ABWs in the Atlantic sector of the Southern Ocean
(see review of Branch et al. 2007). At each of the
recording sites, ABWs were acoustically present for
more than 80% of all recording days each year, indi-
cating that they are reliably present in Southern
Ocean waters during much of the year, irrespective
of ice conditions. Interestingly, in contrast to the
present study and the historic catch data, post-
 whaling visual surveys showed that ABWs predomi-
nantly occurred close to the pack ice edge and conti-
nental shelf in austral summer (Branch et al. 2007).
Although it cannot be excluded that the sighting
effort was biased to some extent towards the summer
months and the ice edge south of 60° S, the overall
reduced density of exploited ABW populations may
also have caused whales to concentrate at the ice
edge where krill is most abundant (Branch et al.
2007). Our data show ABW acoustic presence from
59 to 69°S, implying a distribution of ABWs similar to
that observed during the whaling era.

A recovery of the ABW population might have
caused individuals to disperse and return to their for-
mer, much wider, distribution range (Branch et al.
2004, 2007). Nevertheless, possibilities to infer (local)
abundances from our passive acoustic data are lim-
ited due to a detector artifact. Therefore, further in-
ferences on whether potential changes in distribution
could be reflective of increases in ABW abundance
are impeded. The detector enables a total maximum
of 4 vocalizations per minute to be de tected, given a
template duration of 12 s and a predefined minimum
separation of 15 s between detected events (i.e. be-
tween the same part of 2 adjacent vocalizations). As-
suming calls occur at regular intervals of about 1 min,
the maximum number of calling whales that it is
technically possible to detect with our algorithm is 4
individuals. The BWI measurements do not suffer
from these detector-specific limitations, as these de-
termine ABW energy on a continuous time basis.
However, inferences on the number of individuals
from the BWI are not possible without essential
knowledge of, for example, detection likelihood, the
individual cue rate and how this relates to the BWI,
information which is currently lacking for ABWs.
Furthermore, it is likely that song sequences of ABW

Z-calls represent a male reproductive display, analo-
gous to behavioral patterns in other baleen whale
species (e.g. Tyack 1981, Croll et al. 2002, Oleson et
al. 2007). Abundance estimates based on Z-call activ-
ity would therefore only account for the reproduc-
tively active male part of the population.

Acoustic presence in ice-covered areas

The present study found ABWs to be acoustically
present in ice-free waters as well as under moderate
ice concentrations during austral summer, and in
areas with >90% ice cover during winter. Off the
western Antarctic Peninsula, a negative correlation
between ABW Z-calls and sea ice concentration sug-
gested that ABWs are absent or scarce in ice-covered
areas (Širović et al. 2004, Širović & Hildebrand 2011,
Dziak et al. 2015). Nevertheless, Double et al. (2015)
also reported vocal aggregations of ABWs located in
areas with non-navigable ice conditions in the Ross
Sea during austral summer. Despite the fact that dif-
ferent metrics have been used by different studies to
determine ice concentration and ice edge location,
the results of Double et al. (2015), along with our
findings, indicate that ABW distribution in open
ocean environments, such as the Ross and Weddell
Sea, is not principally restricted to ice-free waters,
but that ABWs are capable of navigating (heavily)
ice-covered areas as well.

Differences in krill distribution and hence food
availability between the western Antarctic Peninsula
and the Weddell and Ross Sea may explain the differ-
ential usage of ice-covered waters by ABWs. The
waters west of the Antarctic Peninsula are highly
productive in terms of phytoplankton and krill abun-
dance during austral summer, governed by the prox-
imity and seasonal convergence of the ice edge and
the southern boundary of the Antarctic Circumpolar
Current in this region (e.g. Tynan 1998, Atkinson et
al. 2008). During winter, krill overwinter at greater
depth on the shelf (Siegel 2005, Nicol 2006). ABWs in
the western Antarctic Peninsula area may therefore
primarily exploit high-density food patches coincid-
ing with the ice edge during austral summer, while
feeding in this area is possibly too inefficient during
winter. Conversely, in the Weddell Sea, postlarval
krill are less abundant and distributed over a wider
geographic range than off the western Antarctic
Peninsula (Tynan 1998). Nevertheless, an almost
year-round, close association of krill with the under-
ice-habitat persists in the Weddell/Lazarev Sea (Flo-
res et al. 2012) and may therefore provide a reliable
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food source for ABWs and other baleen whales that is
virtually continuously available in the ice-covered
waters of our study area.

Acoustic presence during austral winter

Our data provide the southernmost record of ABW
winter presence in the Southern Ocean. High ice
concentrations during winter most likely inhibit
large-scale movements of ABWs, particularly at the
southernmost recording sites. Hence, ABW winter
presence indicates that part of the population skips
the energy-costly migration to lower latitudes and
overwinters in cold, ice-covered waters of the Wed-
dell Sea. By thus reducing energy expenditure,
along with the opportunity for prolonged exploitation
of food sources, this may  primarily benefit female
whales, especially young barren individuals without
dependent calves (e.g. Brown et al. 1995). Further-
more, baleen whale mating is known not to be re -
stricted spatially and tem porally to low-latitude
breeding grounds, but also occurs at high latitudes
and outside the breeding season (Clark & Clapham
2004). The presence of (presumably exclusively
male) Z-calls therefore possibly indicates that a cer-
tain portion of ABW males also benefits from skip-
ping migration by opportunistically mating with
females that may have failed to conceive during sum-
mer and then overwinter in the Weddell Sea.

Besides the Weddell Sea, ABWs were also present
year-round off South Georgia (Harmer 1931, Hjort et
al. 1932), off the western Antarctic Peninsula (Širović
et al. 2004, Dziak et al. 2015), in the southern Indian
Ocean (Samaran et al. 2013) and in eastern Antarc-
tica (Gedamke et al. 2007, Širović et al. 2009). Our
study therefore adds to accumulating evidence that
annual migration is not obligatory for ABWs and
overwintering in the Southern Ocean may occur reg-
ularly and over large spatial scales. Local, potentially
recurring, polynyas may enable ABWs and other
marine mammals to overwinter in otherwise ice-
 covered areas (Ainley et al. 2010), but are likely to
spatially constrain animal movements to open water
areas during winter (see also Van Opzeeland et al.
2013b). Decreasing trends in the sea ice extent and
the length of the sea ice season (e.g. de la Mare 1997,
Parkinson 2002, Cotté & Guinet 2007) may poten-
tially enable more extensive animal movements in
the Weddell Sea during winter, but are likely to have
severe effects on the Weddell Sea ecosystem due to
an accompanying decline in krill densities (Atkinson
et al. 2004).

Inferring ABW migratory movements in the
 Weddell Sea from passive acoustic data

ABWs are thought to emit Z-calls while travelling
or migrating (Širović et al. 2009, Širović & Hildebrand
2011), hence spatio-temporal differences in the tim-
ing of peak call numbers might reveal migratory
movements of ABWs in our study area (see also
Širović et al. 2004). However, we observed a virtually
simultaneous gradual increase in vocal activity
from November onwards. Moreover, the number of
 de tected calls peaked synchronously along the
Greenwich meridian, and hence, no evidence for a
directed, meridional migration of vocalizing (pre-
sumably male) ABWs could be detected. Our data
thus contrast with the observations of Double et al.
(2015) that suggested a simultaneous onset of ABW
acoustic activity after vocal inactivity at the begin-
ning of the feeding season.

Our results possibly indicate that ABWs exhibit a
complex migratory behavior, featuring partial and
differential migration, as reported for many baleen
whale species (e.g. Kellogg 1929, Mackintosh &
Wheeler 1929, Brown et al. 1995, Dawbin 1997, Craig
et al. 2003, Širović et al. 2004). A (temporally or spa-
tially) segregated and dynamic migration may result
in a complex, staggered pattern of ABW movements
to and from the feeding grounds, involving continu-
ous arrivals and departures of individuals (see also
Mackintosh & Wheeler 1929, Harmer 1931, Širović et
al. 2004, Samaran et al. 2013). Future studies employ-
ing satellite and passive acoustic tags or visual obser-
vations of acoustically tracked individuals (Miller et
al. 2015) will be most valuable to further our under-
standing of the (vocal) behavior in different ABW sex
or age classes and, in turn, enable more comprehen-
sive inferences on the (acoustic) ecology of ABWs.

CONCLUSIONS

This study is the first to report year-round acoustic
presence of ABWs in the Weddell Sea and along the
Greenwich meridian based on multi-year passive
acoustic data. Our results suggest that the Weddell
Sea, and in particular coastal polynyas, serve as an
important habitat for ABWs and other baleen whales
throughout the year, most likely by supplying food
resources and reliable access to open water for
breathing (see also Van Opzeeland et al. 2013b).

The synchronous peak of call numbers and the vir-
tually continuous presence of calls are potentially
indicative of temporally and spatially dynamic mi -
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gration routes or destinations, as well as a temporally
segregated migration depending on sex, age and
reproductive status of the animals. Hence, our results
add to the increasing evidence that a complex and
dynamic migratory behavior, potentially including
both partial and differential migration, is the rule
rather than the exception for baleen whales. Further,
evidence is accumulating that baleen whale feeding
grounds are not static and confined locations, but
rather dynamic areas providing a suitable habitat in
terms of sea ice conditions, primary productivity and,
in turn, krill abundance (Tynan 1998, Van Opzeeland
et al. 2013b). Accordingly, blue whale feeding does
not appear to be restricted in time and space, but has
been observed to occur throughout the migration
cycle year-round (Mate et al. 1999, Hucke-Gaete et
al. 2004, Bailey et al. 2009, Silva et al. 2013). In turn,
intra- and inter-annually variable environmental
conditions that determine prey abundance and distri-
bution, such as sea ice or ocean dynamics, may sig-
nificantly influence the migratory behavior of baleen
whales in terms of timing, routes and destinations
(Mackintosh & Wheeler 1929, Reilly & Thayer 1990,
Bailey et al. 2009).

A detailed understanding of distribution and mi-
gration patterns of baleen whales is of particular im-
portance for assessing the effects of global change on
high trophic levels. Recently, humpback and fin
whales in the Gulf of Saint Lawrence were reported
to migrate to their feeding grounds 2 wk earlier than
3 decades ago, possibly representing an earlier onset
of primary production due to increased sea surface
temperature and earlier sea ice breakup caused by
global warming (Ramp et al. 2015). However, such
notions need to be viewed critically in light of the
overall variability of migratory patterns, or the direct
and indirect long-term effects of commercial whaling
on entire ecosystems. In this context, standardized
data collection is essential to guarantee an accurate
and integrative analysis of data, stemming from dif-
ferent areas, years and, in the case of passive acoustic
data, different recording devices. Currently, the
Southern Ocean Research Partnership (SORP) aims
to set up the Southern Ocean Hydrophone Network
(SOHN), a circumpolar hydrophone array intended to
collect standardized, synchronously recorded passive
acoustic data over multiple years with ABWs as a
focal species (Van Opzeeland et al. 2013a). Once im-
plemented, SOHN will provide detailed information
on ABW occurrence and distribution on a circum-
Antarctic scale, indispensable for the design of effec-
tive conservation measures such as the designation of
ecologically relevant marine protected areas.
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Recording 

site ID 
Latitude  Longitude  Recorder ID  

Deployment 

period 

Depl. 

depth 

[m] 

Sampl. 

freq. 

[kHz] 

Sampl. 

scheme 

[min]/[min] 

Corr. 

factor 

f  

Operat. 

period 

[months] 

G59 

I 59 10.03 S 000 00.17 E MARU01 12/2008-12/2009 4838 2.00 6/60 1 12 

II 59 03.02 S 000 06.63 E AWI227-11 SV0002 12/2010-12/2012 1007 5.33 continuous  - 8 

III 59 02.63 S 000 04.92 E AWI227-12 SV1025 12/2012-12/2014  1020 5.33 continuous - 7 

G64 
II 63 59.56 S 000 02.65 W AWI229-09 SV1000 12/2010-12/2012 969 5.33 continuous  - 6 

III 63 59.66 S 000 02.65 W AWI229-10 SV1010 12/2012-12/2014 969 5.33 continuous - 8 

G66 

I 66 01.13 S 000 04.77 E AWI230-06 AU0085 03/2008-12/2010 189 32.77 5/240 4 34 

II 66 01.90 S 000 03.25 E AWI230-07 SV1001 12/2010-12/2012 934 5.33 continuous  - 21 

III 66 02.12 S 000 02.98 E AWI230-08 SV1009 12/2012-12/2014 949 5.33 continuous - 9 

G69 
I 68 59.74 S 000 00.18 E AWI232-09 AU0086 03/2008-12/2010 206 32.77 5/240 4 34 

III 68 59.86 S 000 06.51 W AWI232-11 SV1011 12/2012-12/2014 958 5.33 continuous - 11 

W66 II 66 36.70 S 027 07.31 W AWI209-06 AU0086 12/2010-01/2013 207 32.77 4.5/180 3 24 

PALAOA   PALAOA 12/2005-ongoing 160 192 continuous - 67 



































 

 

 









 



 

Latitude Longitude 
Recorder 

ID 

Deployment 

period 

Recording 

period 

Deployment 

depth [m] 

Sampling 

freq. [Hz] 

Sampling 

scheme 

Operational 

period [d] 

20° 57,90' S 5° 58,82' E SV1008 11/2011-11/2012 11/2011-08/2012 741 5,333 continuous 274 

20° 58,54' S 5° 59,07' E SV1019 11/2012-11/2014 11/2012-05/2013 736 5,333 continuous 189 











 seismic signals vessel noise 

month 2011/12 2012/13 2011/12 2012/13 

November 100 % 100 % 100 % 100 % 

December 100 % 100 % 100 % 100 % 

January 100 % 100 % 100 % 97 % 

February 100 % 100 % 100 % 93 % 

March 100 % 100 % 94 % 100 % 

April 97 % 100 % 100 % 90 % 

May 100 % 100 % 100 % 97 % 

June 100 % no data 97 % no data 

July 100 % no data 100 % no data 

August 97 % no data 100 % no data 
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Recording 

site ID 
Latitude  Longitude  Recorder ID  

Deployment 

period 

Depl. 

depth 

[m] 

Sampl. 

freq. 

[kHz] 

Sampling 

scheme 

[min]/[min] 

Corr. 

factor 

f  

Analysed 

period 

[months] 

G59 

59 10.03 S 000 00.17 E MARU01 12/2008-12/2009 4838 2.00 6/60 1 12 

59 03.02 S 000 06.63 E AWI227-11 SV0002 12/2010-12/2012 1007 5.33 continuous  - 8 

59 02.63 S 000 04.92 E AWI227-12 SV1025 12/2012-12/2014  1020 5.33 continuous - 7 

G64 
63 59.56 S 000 02.65 W AWI229-09 SV1000 12/2010-12/2012 969 5.33 continuous  - 6 

63 59.66 S 000 02.65 W AWI229-10 SV1010 12/2012-12/2014 969 5.33 continuous - 8 

G66 

66 01.13 S 000 04.77 E AWI230-06 AU0085 03/2008-12/2010 189 32.77 5/240 4 34 

66 01.90 S 000 03.25 E AWI230-07 SV1001 12/2010-12/2012 934 5.33 continuous  - 21 

66 02.12 S 000 02.98 E AWI230-08 SV1009 12/2012-12/2014 949 5.33 continuous - 9 

G69 
68 59.74 S 000 00.18 E AWI232-09 AU0086 03/2008-12/2010 206 32.77 5/240 4 34 

68 59.86 S 000 06.51 W AWI232-11 SV1011 12/2012-12/2014 958 5.33 continuous - 11 

W66 66 36.70 S 027 07.31 W AWI209-06 AU0086 12/2010-01/2013 207 32.77 4.5/180 3 24 

PALAOA   PALAOA 12/2005-ongoing 160 192 continuous - 67 

NAM 
20 57.90' S 005 58.82' E AWI247-02 SV1008 11/2011-11/2012 741 5.33 continuous - 9 

20 58.54' S 005 59.07' E AWI247-03 SV1019 11/2012-11/2014 736 5.33 continuous - 6 











































 

 

 

 


