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Acoustic capture-recapture method for towed acoustic surveys
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Passive acoustic monitoring for cetaceans mainly employ fixed-location methods or point transect
samplings; an acoustic survey from a moving platform to conduct line transects is less common. In
this study, acoustic capture—recapture by combining a double-observer method with line transect
sampling was performed to observe Yangtze finless porpoises. Two acoustic devices were
towed with the distance between them varying 0.5 to 89.5 m. The conditional probabilities that both
devices would detect the porpoises within the same time window were calculated. In a 1-s time
window, it became smaller as the distance between the devices increased, approaching zero when
the distance between them was more than 50m. It was considered that the devices with less
than 50 m distance detected the same signals from the same animals, which means the identical
detection. When the distance between them is too great, the recapture rate is reduced and the
incidence of false matching may increase. Thus, a separation distance of around 50 m between two
devices in acoustic capture—recapture of Yangtze finless porpoises was recommended. Note that the
performance of the double detections can change depending on the particular device used and on
animal behaviors such as vocalizing interval, ship avoidance.

© 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4875710]

PACS number(s): 43.30.5f, 43.80.Ka, 43.30.Wi [MS]

. INTRODUCTION

Effective conservation and management of animal
populations requires knowledge of the animals’ absolute
density or abundance. Strip or line transect sampling
(Buckland et al., 2001) is a common method of estimating
population size in a relatively large area for both terrestrial
(e.g., Marques et al., 2001; Buckland et al., 2007) and
aquatic animals (e.g., Hammond et al., 2002; Innes et al.,
2002; Slooten et al., 2004). The animal density or abun-
dance of cetaceans can be estimated using passive acoustic
monitoring (reviewed by Marques et al., 2013). However,
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density estimates surveys mainly employ fixed-location
method or point transect samplings; acoustic survey from
a moving platform to conduct line transects is less
common.

One of the key assumptions of strip or line transect
sampling is that animals within the strip or on the line are
certain to be detected (Buckland et al., 2001), described as
2(0) =1. Marine mammals may engage in long dives that
result in missed detections even on the transect line. If ani-
mals on the survey line are not always detected, i.e.,
g(0) < 1, the abundance is underestimated. In this situation,
it is helpful to use double-observer or double-platform sam-
pling (e.g., Borchers et al., 1998; Chen, 2000; Buckland
et al., 2010; Walsh et al., 2010). To date, the validity of the
acoustic capture—recapture method for phonating animals
has not been confirmed.

Akamatsu et al. (2008) applied an acoustic and visual
capture—recapture method for Yangtze finless porpoises
(Neophocaena asiaeorientalis asiaeorientalis) to strip-
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transect sampling. They used an acoustic sensor with multi-
ple hydrophones that could identify individual sound sources
(i.e., count the number of porpoises) using the bearing angle
of the recorded sounds (Kimura et al., 2009; Akamatsu
et al., 2008), which was calculated from the time difference
of their arrival in the system. The difference in position
between visual observers (in the bow of the boat) and acous-
tic sensors (being towed 120 m behind the boat), as well as
the difference in their detection times, could result in false
matching of individual animals. To compensate the distance
between them, Akamatsu et al. (2008) considered the detec-
tions to be matched when a porpoise was detected by both
visual observers and acoustic detectors within a certain time
window.

However, there was a fundamental problem with this
technique. It is that visual and acoustic methods detect com-
pletely different cues. A visual observer detects the animals
only when they approach the surface, whereas the acoustic
method detects them only when they produce sounds. The
rate of cue production is very different for visual and acous-
tic cues. The surfacing intervals in two individual Yangtze
finless porpoises were 15.4 or 28.7 s on average (Akamatsu
et al., 2002), as monitored by biologging systems, and click
train phonation intervals were 5-6s on average for click
train production in six individuals (Akamatsuer al., 2005a;
Akamatsu et al., 2007).

Acoustic capture-recapture using two identical acous-
tic detectors (i.e., hydrophones) from the same survey plat-
form is an ideal solution that avoids the issues described
above. The advantages of passive acoustic observation for
small odontocetes have been addressed extensively (e.g.,
reviewed by Mellinger et al., 2007; Marques et al., 2013).
The signal-to-noise ratio of their echolocation signals is
high. Source levels of those sounds can be up to approxi-
mately 200dB for small porpoises (Li et al., 2009;
Villadsgaard et al., 2007) and over 220 dB for Delphinidae
species (e.g., bottlenose dolphins Turshiops truncatus; Au,
1993). Moreover, acoustic surveys can be completed using
fewer people and avoid human observation bias due to
inexperience or fatigue. The same detectors (i.e., hydro-
phones) have identical detection sensitivity, so leading less
observational bias.

One concern regarding the use of two acoustic detectors
is that the detections should not be identical. If two detectors
are towed in very close proximity to each another, they may
obtain identical data. This situation is analogous to fixing
two video cameras at the same location and directing them
at the same angle. To avoid this problem, it is necessary to
place the detectors with a large distance between them.
However, when the distance between them is too great, the
recapture rate is reduced and the incidence of false matching
may increase, like two independent ships cruising on the
same line for baleen whale visual observations. It needs to
estimate a distance that minimizes detection of identical
sounds and allows recapture of same animals.

In this study, we demonstrated acoustic capture—recap-
ture by towing recording systems with different distances
between them. We deployed devices called A-tags to record
the echolocation signals of Yangtze finless porpoises and
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calculated the probability that both A-tags would detect the
individual within a given time window. First, we compared
visual and acoustic detection with different distances of the
A-tags as a reference to Akamatsu et al. (2008). Then, we
compared detection by two acoustic devices in order to
determine the best distance between the acoustic systems.

Il. MATERIALS AND METHODS
A. Acoustic observations

The A-tags, acoustic data loggers manufactured by
Marine Micro Technology, Saitama, Japan (Akamatsu et al.,
2005b), were towed as passive acoustic observations around
the junction between the middle reaches of the Yangtze River
and Poyang Lake (N 29°35'-53', E 116°02'-24") in August
and November 2010, February, May, and December 2011,
and May 2012. In the survey area, the water level was highest
in August (summer), lowest in February (winter), and mid-
level in May (spring) and November (autumn). The survey
boat (~12m in length) was operated at a distance of about
300m from the bank. We chose this distance because the A-
tag detection distance was approximately 300 m (Akamatsu
et al., 2008), although sometimes we had to change the boat’s
position to avoid ship traffic and shoals. The river width was
1-2 km, which was larger than the observable range of the A-
tags. Therefore, the detection range of the system is always
within the river. To prevent counting the same animal more
than once, we ran the boat at 4.5-6km/h upstream and
10-15km/h downstream, which was faster than the average
swimming speed of the porpoises, 1.2-1.4m/s (Akamatsu
et al.,2002), i.e., 4.5 km/h approximately.

The A-tag consists of two ultrasonic hydrophones
approximately 170 mm apart, with a passive band-pass filter
circuit (—3dB, range 55-235kHz), a high-gain amplifier
(+60dB), a CPU (PIC18F6620; Microchip, Detroit, MI,
USA), flash memory (128 MB), and a lithium battery (CR2),
all housed in a waterproof aluminum case. This system uses
a pulse-event recorder to measure the sound pressure level
and the difference in sound arrival time between the two
hydrophones. It does not record the waveform of the
received sound. A band-pass filter of 55-235kHz was used
to eliminate background noise. This filter received the fre-
quency band of Yangtze finless porpoise sonar signals,
which are in the 87-145kHz range and average
125 £ 6.92kHz (Li et al., 2005).

B. Visual observations

Detections by visual observation during August 2010
were used as ground truth data and compared with results
obtained by the acoustic detectors towed from the same boat.
Two observers in the bow of the boat searched for animals
without binoculars to cover the 90° on his side, with essen-
tially no overlap. After being on duty for 1h, they rested for
30min; eye height was fixed approximately 2m above the
water surface. All visual observers estimated distances to
objects were in good agreement with true distance measured
by a laser range finder (Elite 1500 7 mm x 26 mm, Bushnell,
Overland Park, KS).
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C. Signal processing

Before we counted the number of animals acoustically,
we eliminated noise contaminating by using a custom-made
program developed IGOR PRO 6.03 (Wave Metrics, Lake
Oswego, OR). The detection threshold level of the data log-
ger was set to 132.5dB re 1 yPa (peak to peak). Because the
A-tags differ slightly in sensitivity, we employed the maxi-
mum detection threshold level among the different A-tags
used in this experiment to standardize the data set for com-
parison. Pulses within 1 ms after the direct path pulse were
possible surface or bottom reflections and were eliminated
by the offline noise filter (Kimura et al., 2010).

Cleaned data (Fig. 1) illustrate the sound pressure level
and the bearing angle calculated by the difference in the
time of the sound’s arrival as measured by the two hydro-
phones, and the inter-click interval (ICI) of the detected por-
poise clicks. ICIs and sound pressure levels changed
smoothly, whereas background or boat noise caused ran-
domly changing patterns in ICI and sound pressure (Li et al.,
2010). The bearing angle for porpoise vocalizations always
changed from positive to negative (see Fig. 1, middle), indi-
cating that the survey boat always passed the animals from
bow to stern because it was moving faster than they could
swim (see above). Although the clocks in the A-tags were
synchronized before the survey was performed, we
synchronized the clocks between loggers using characteris-
tics ICI (Fig. 1) as a signal for data matching.

D. Number of porpoises detected in a given time
window

Animals were counted when they passed abeam (Fig. 1). If
a sound was not detected at that point, they were counted as
they passed at the closest angle to abeam. When more than two
animals were swimming in synchrony, the sound source direc-
tions were similar and could not be separated. When more than
two animals were swimming in synchrony, the sound source
directions were similar and could be identified through the dou-
ble different cyclic characteristics of the sound pressure and/or
ICIs within a single trace (Kimura et al., 2009). In Yangtze

finless porpoises, it was confirmed that the sound production
rate did not differ as group size increased (Kimura et al., 2010),
which implies independent use of the signals and means that
the signals can still be used to count the number of individuals
(Akamatsu et al., 2008, Kimura et al., 2009).

We applied the method of Akamatsu et al. (2008) to
estimate the probability of detecting the same animal. When
one or more porpoises were detected by both A-tags in the
same time window, the detections were considered to be
matched. Because this species does not form large groups
and the population density is low (e.g., Akamatsu et al.,
2008; Kimura et al., 2010), it was likely that the A-tags were
detecting the same animals. The time window was changed
from 55 to 600 s every 5 s in order to provide visual-acoustic
comparison and from 1s to 200s every 1s in order to pro-
vide two acoustic detections.

The probability that observer 1 detected the animals was
defined as the ratio between the number of the time windows
in which the animal was detected by observer 1 (IV;) and the
total number of animals in the strip transect (N). N could not
be measured directly. Additionally, the detection probability
cannot be modeled without detailed information about sound
source characteristics such as phonation rate, source level, and
beam pattern, which are not available for many species and
circumstances. Instead, we calculated the conditional proba-
bility to detect the same animals by examining changes in the
number of porpoises detected in a given time window. If we
assume that the number of animals detected by observer 2
(Ny) is another sampling population, we can estimate
P(2I1)from the number of both positive detections (V,,) over
the total number of detections by observer 2 (N,) and vice
versa, as shown in Eq. (1) and (2). Matched detections (N,,)
were defined as detection of the porpoises by both observers
during a particular time window; see details in Akamatsu
et al. (2008). Note that the physical detection performance of
the acoustic system remained the same at all times by using
the same detection threshold level of sound pressure.

P(2|1) = N,,/Ny, (1)
P(1[2) = N,u/N>. @)
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TABLE I. Summary of visual (V) and acoustic observations (A1l to A24).

lll. RESULTS

Aug. 2010 VAl A2 A3 A4 A. Comparison between visual and acoustical
number of porpoises detected 77 104 96 107 110 observations
km surveyed 161 161 161 161 161 . .
porpoises detected/km 0478 0.646 0.596 0.665 0.683 The A-tags were towed with the distance of 0.5 to
distance from the boat stern . 355 40 57 125 89.5 m (Te'lble I). Simultaneous visual observatlor'l note'd 77
porpoises in August 2010 (Table I). The average time differ-
Nov. 2019 ) A5 A6 AT ence between visual detections of two animals was 1617s
Eumber of pdorpmses detected 16227 16287 16267 (483-2571's, 95% C.L); by acoustic observation, it was 378 s
pz;;‘_r::sygmcte dm 0488 0535 0.5 (218-538s, 95% C.I) in August 2010, 618s (199-1038s,
1 . ik .. . .
distance from the boat stern 40 435 445 95% C.1.) in November 2010, 624 s (367-880 s, 95% C.1.) in
February 2011, 533s (246-820s, 95% C.I.) in May 2011,
Feb. 2011 A8 A9 AI0 All 521s (398-645s, 95% C.1.) in December 2011, and 781s
number of porpoises detected 78 81 73 75 (555-1008 s, 95% C.I.) in May 2012. The conditional proba-
km Su.rveygd " 01(3;9 0162:3 olszgg 016235 bility of acoustic detection was about twice that of visual
ses detect : : ) : . . . .
p_ommbes ctected/km detection, regardless of the time windows and distances
distance from the boat stern 345 355 365 39 . .
between the visual observer and the acoustic detector
May 2011 Al2  Al3 (Fig. 2). On the other hand, the number of porpoises sighted
number of porpoises detected 82 84 by visual observation in a given time window showed about
km Sufveyed 126 126 twice that of acoustic method (Fig. 3). The numbers of por-
porpoises detected/km 0-6510.667 poises detected acoustically within a given time window did
distance from the boat stern 38.5 39 .. .. .
not exhibit any seasonal variation (Fig. 3).
Dec. 2011 Al4 Al5S Al6  Al7 Al
number of porpoises detected 71— 80 86 89 96 B. Comparison between two acoustic observations
km surveyed 126 126 126 126 126
porpoises detected/km 0.563 0.635 0.683 0.706 0.762 The probability of detecting the same animals calculated
distance from the boat stern 45 65 75 43 58 from acoustic observations was very similar between the
May 2012 A9 A20 A21  A22  A23  A24 .detectors [Figs. 4(.'?1)—4(d)]. When they were in cl.o.se proxim-
number of porpoises detected 75 69 68 74 48 71 ity, the two acoustic detectors showed high conditional prob-
km surveyed 172 172 172 172 119 119 abilities, even within very short time windows [Figs. 4(a)
porpoises detected/km 0.436 0.401 0.395 0.430 0.403 0.597 and 5]. When the A-tags were deployed 0.5m apart, the
distance from the boatstern 30 40 50 90 35 65 probability that they would detect the animals within the
same time window was approximately 0.7 even in the Os
time window. The conditional probabilities during a 1-s time
window reduced as the distance between the A-tags
increased and approached zero, less than 0.05, when the
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FIG. 3. Number of porpoises detected in a given time window. Although
there was no difference in the number of porpoises detected by acoustic
observations during four different seasons, there were about twice as many
visual detections as acoustic observations. This fact highlights the difficulty
of sighting a single animal by visual observation as mentioned in previous
studies (Akamatsu et al., 2008; Kimura et al., 2009).

distance between the A-tags exceeded 50 m [Fig. 5(a)]. The
rear A-tags tended to detect more porpoises than the front A-
tags (Figs. 4 and 5).

IV. DISCUSSION

Not surprisingly, acoustic detectors in close proximity
to each other (such as 0.5m apart) exhibited a high rate of
detecting the same animals even with a very short 1-s time
window [Figs. 4(a) and 5]. Because of the high speed of
sound underwater (1500 m/s), it was likely that the A-tags
detected the same signals from the same animals. This was

considered as identical detection due to the close positioning
between the A-tags, which should not be used for mark-
recapture. However, even if two A-tags are very close to-
gether, such as only 0.5 m apart, they cannot detect all ani-
mals [Figs. 4(a) and 5]. Animal swimming behavior and a
narrow beam of directionality are possible reasons. The rope
beside the hydrophone that is used to tow the system also
might cast a sound propagation shadow.

At a long time window (Fig. 4), such as 100s [Fig.
5(b)], the probability of detecting the porpoises was as high
as 0.8-0.9 approximately when the A-tags were deployed
shorter than 50 m apart from each other (Fig. 5). When the
distance between the devices was too great, especially
longer than 50 m, the conditional probability was reduced
(Fig. 5) and the incidence of false matching may increase.
The identical detection was small and the recapture rate
was still high at a distance of 50 m (Fig. 5). Thus, we deter-
mined that the best separation distance between two A-tags
to detect Yangtze finless porpoises was around 50 m.

Porpoises swim at an average speed of 1.2-1.4m/s
(Akamatsu et al., 2002). Therefore, a porpoise can swim ei-
ther away from or into the detection range and can change
the sonar axis during a 40-70 s time window. The time win-
dow should be at least longer than the cue production rate,
i.e., phonating intervals for acoustic and surfacing intervals
for visual observation (Akamatsu et al., 2013). Kimura et al.
(2013) reported that the inter-click train interval of this spe-
cies is 6.3s on average. Additionally, the acoustic devices
were placed at a maximum distance of 89.5m in this study,
which needs approximately 90s to encounter the same ani-
mals with the minimum boat speed of 4.5km/h. Thus, at
least about 100 s was deemed necessary as time windows to
detect the same animals by two A-tags.
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FIG. 5. The association between conditional probability and distance
between A-tags in 1-s and 100-s time windows.

As suggested by Akamatsu er al. (2008), the passive
acoustic observation found Yangtze finless porpoises
approximately twice as often as visual observation at four
different distances between them (Fig. 2). The low condi-
tional probabilities of the visual method were attributed
mainly to a large ratio of missed single porpoises as
described in Akamatsu et al. (2008), as more than two por-
poises were detected visually (Fig. 3). In contrast, the num-
ber of porpoises detected by acoustics within a given time
window, which may be close to group size, was around one
during all four seasons of data collection (Fig. 3). This find-
ing would be beneficial for acoustic monitoring of this popu-
lation with less biased detections in different seasons.

With the exception of one case in which there was a
short distance between two A-tags, the rear A-tags had a
slightly higher probability of detecting the animals (Figs. 4
and 5). This finding indicates that more porpoises can be
detected further from the survey boat. Li et al. (2008) also
suggested that the porpoises might have been moving away
from the vessel initially. Furthermore, our results indicated
that they might come back toward the line after the boat
crossed it. To reduce the effect of responsive movement to
the survey boat (Palka and Hammond 2001), the acoustic de-
tector should be towed as far back as possible from the boat.

This study demonstrates that the acoustic capture—recapture
method is a viable alternative to visual observation. Although
animal density of cetaceans can be estimated using passive
acoustic monitoring (reviewed by Marques et al., 2013), to date,
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fixed-location surveys with a stationed sensor akin to the point
transect are mainly used. Acoustic observation from a moving
sensor platform (i.e., towed passive acoustic monitoring) akin to
the line transect expands the usefulness of passive acoustic mon-
itoring for estimating population abundance in a large territory.
Note that the performance of the systems can be affected by the
specific acoustic device used and by animal behaviors such as
their vocalizing interval, sound propagation, and ship avoidance.
Thus, the technique should be adapted to suit the individual tar-
get species, device, and platform.
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