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Annual federal stock assessment surveys for Alaskan sablefish also attempt to measure sperm whale
depredation by quantifying visual evidence of depredation, including lip remains and damaged fish.
A complementary passive acoustic method for quantifying depredation was investigated during the
2011 and 2012 survey hauls. A combination of machine-aided and human analysis counted the
number of distinct “creak” sounds detected on autonomous recorders deployed during the survey,
emphasizing sounds that are followed by silence (“creak-pauses”), a possible indication of
prey capture. These raw counts were then adjusted for variations in background noise levels
between deployments. Both a randomized Pearson correlation analysis and a generalized linear
model found that noise-adjusted counts of “creak-pauses” were highly correlated with survey
counts of lip remains during both years (2012: r(10) =0.89, p = 1e-3; 2011: r(39) =0.72, p =4e-3)
and somewhat correlated with observed sablefish damage in 2011 [r(39)=0.37, p =0.03], but
uncorrelated with other species depredation. The acoustic depredation count was anywhere from
10% to 80% higher than the visual counts, depending on the survey year and assumptions
employed. The results suggest that passive acoustics can provide upper bounds on depredation

rates; however, the observed correlation breaks down whenever three or more whales are present.
© 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4869853]

PACS number(s): 43.80.Nd [ANP]

. INTRODUCTION AND BACKGROUND
A. Sperm whale depredation and SEASWAP

In the eastern Gulf of Alaska (GOA) a demersal longline
fishery for sablefish (Anoplopoma fimbria) occurs about 8.5
months a year. Sablefish (also called blackcod and butterfish)
reside on the continental slope, and most commercial long-
liners operate in water depths between 400 and 1000 m.

Sperm whales (Physeter macrocephalus) are a cosmopoli-
tan species distributed throughout the world’s oceans
(Whitehead, 2003; Barlow et al., 2008; Gosho et al., 1984,
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Rice, 1989). While females and immature individuals generally
reside at low latitudes, adult males also travel and forage at
higher latitudes (Jaquet, 1996; Whitehead et al., 1992; Teloni
et al., 2008). In the U.S., these whales are listed as an endan-
gered species, and are also “vulnerable” on the International
Union for the Conservation of Species (IUCN) red list, but their
current population in the North Pacific is unknown.

Sperm whales are known to take fish from fishing gear,
a behavior known as “depredation.” Although quantitative
data are limited, sperm whale depredation appears to be
increasing worldwide (Ashford et al., 1996; Capdeville,
1997; Nolan and Liddle, 2000; Purves et al., 2004). Perez
(2006) estimated that marine mammal depredation on the
combined longline fisheries in Alaska caused a loss of about
2.29% of the total fishery groundfish catch during 1998-2004,
based on visual evidence of torn or partial fish.

Since 1987 the Alaska Fisheries Science Center has con-
ducted annual longline surveys of the upper continental
slope, referred to as domestic longline surveys (Sigler and
Zenger, 1989). The domestic longline survey began annual
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sampling of the Gulf of Alaska in 1987, biennial sampling of
the Aleutian Islands in 1996, and biennial sampling of the
eastern Bering Sea in 1997. The domestic survey also sam-
ples major gullies of the Gulf of Alaska in addition to sam-
pling the upper continental slope. At present the survey is
divided into five “legs” that cover five distinct geographic
regions in the Gulf of Alaska. Along with the stock assess-
ment data, the survey also gathers data related to depreda-
tion: Counts of lips or other unidentifiable remains, as well
as counts of damaged fish, identified to species. A previous
study reviewed data from the domestic surveys from 1999 to
2001 for all sets with sperm whales present; they compared
sets with and without physical evidence of depredation and
found a 5% lower catch rate in sets with depredation evi-
dence (Sigler et al., 2008).

B. Background on sperm whale foraging and acoustic
behavior

A deep-diving species, sperm whales regularly descend
to depths greater than 400 m for periods ranging between 30
and 45min and rest at the surface for periods ranging
between 5 and 10 min (Mullins et al., 1988; Watkins et al.,
1993; Jaquet et al., 2000; Wahlberg, 2002; Drouot et al.,
2004; Watwood et al., 2006). The few data available from
higher latitudes indicate shallower dive depths than what is
measured in temperate or tropical latitudes (Whitehead
et al., 1992; Teloni et al., 2008).

Sperm whales are vocally active underwater, and during
a single dive, an individual can generate thousands of impul-
sive sounds, called clicks (Goold and Jones, 1995;
Worthington and Schevill, 1957; Madsen et al., 2002;
Wahlberg, 2002). In the Gulf of Alaska (GOA), click sounds
from sperm whales have been detected throughout the year
on bottom-mounted recorders, revealing a year-long pres-
ence in the region (Mellinger et al., 2004).

Another distinctive acoustic feature of sperm whales is
the existence of “creak” (or “buzz”) sounds, a sequence of
pulses produced at a rate of 10 per second or faster (Madsen
et al., 2002), and often characterized by a decrease in the
pulse interval and (occasionally) amplitude over the 5-to-
10 s duration of the sound (Whitehead and Weilgart, 1990;
Whitehead, 2003). A typical creak rate during dives is about
10 creaks per hour per animal (Miller et al., 2004). Previous
bioacoustic tagging work on sperm whales has shown that
most creaks are associated with prey capture attempts
(Miller et al., 2004; Watwood et al., 2006). Creaks are often
followed by a few seconds of silence before the animal
resumes “usual” clicking, defined here as a “creak-pause”
event.

C. Observations leading to present study

In 2003, the Southeast Alaska Sperm Whale Avoidance
Project (SEASWAP) was created to investigate this issue
with the long-term goal of reducing depredation. A collabo-
rative study between fishermen, scientists, and managers,
SEASWAP works with both the coastal fishing fleet and the
federal sablefish survey to collect various quantitative data
on longline depredation. Using the shape of the flukes as a
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unique identifier, SEASWAP has found that at least 106
individual sperm whales have been involved in depredation.

In May 2006, SEASWAP deployed an underwater vid-
eocamera on a longline during an active haul, with the coop-
eration of the F/V Cobra. The resulting video and audio
(Mathias et al., 2009) revealed that a sperm whale was mak-
ing creak sounds while depredating fish, even under good
visual conditions. The whale managed to remove the fish
from the hook without leaving behind any visual evidence.
Thus, the idea arose that acoustic monitoring for creak
sounds might provide a metric of depredation activity, com-
plementing standard methods of estimating depredation rate,
which involve counting fish remains on a hook, a time-
intensive and expensive process that may undercount depre-
dation rates if fish are removed from a hook completely.

A more recent SEASWAP study used bioacoustic tags
to confirm that creak rates produced by individual sperm
whales during depredation conditions could exceed creak
rates during natural foraging conditions, sometimes by as
much as a factor of 3 (Mathias er al., 2012). Furthermore,
the tagging study found that the relative fraction of creaks
that were followed by pauses (a “creak-pause fraction”) was
quite low in the Gulf of Alaska tagging sample, when com-
pared with published reports from the Gulf of Mexico and
Ligurian Sea.

There are several possible interpretations of creak-pause
events. One is that these intervals are used to recycle air
within the sound production system (Wahlberg, 2002).
Because creaks generally have lower received levels on
hydrophones than the usual clicks, it may also be possible
that some clicks at the end of a creak become masked by
noise, creating a false impression of silence. Still another
interpretation is that certain individuals are more likely to be
silent after generating creaks. Finally, the silences may be in-
dicative of prey capture. A substantial literature has argued
that sperm whale creaks are echolocation signals (Gordon,
1987; Jaquet et al., 2001; Wahlberg, 2002; Madsen et al.,
2002), and periods of time where creaks are detected have
been described as prey capture attempts (Miller et al., 2004;
Watwood et al., 2006). Miller et al. (2004) found that the
majority of creaks produced by sperm whales in the Ligurian
Sea and the Gulf of Mexico are followed by pauses of about
5. Analogous signals, with pauses, have been observed in
other species. For example, laboratory studies on bat echolo-
cation have found that post-buzz pause durations were lon-
ger after successful captures (e.g., Surlykke et al., 2003).
Beaked whales and porpoises often pause for less than a sec-
ond when creaking or buzzing (Johnson et al., 2009,
DeRuiter ez al., 2009).

If the presence of extended silences following creaks is
a valid indication of prey capture, then perhaps successful
prey capture attempts can be distinguished from unsuccess-
ful ones on the basis of acoustic data. The lower creak-pause
fraction measured from Alaskan sperm whales may suggest
that these animals generally had lower prey acquisition suc-
cess rates than whales in the Gulf of Mexico or Ligurian Sea
(Watwood et al., 2006); i.e., the Alaskan whales required
more creaks per capture, since they include fish as a natural
part of their diet. Thus, as the current research began it was
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recognized that distinguishing these so-called “creak-pause”
sounds from creak events may be an important step in quan-
tifying an acoustic depredation metric.

This paper describes how passive acoustic measure-
ments of creak and creak-pause rates around the NOAA
sablefish survey can be adjusted for variations in background
noise levels between sets to yield acoustic metrics of depre-
dation that can be highly correlated with certain visual esti-
mates of depredation. Section II describes the logistics of the
sablefish survey, the passive acoustic equipment, deploy-
ment configurations, acoustic signal processing methods,
and statistical analysis procedures for both the survey depre-
dation databases and acoustic measurements. The section
focuses on the use of correlograms to facilitate rapid review
of creak signals in the acoustic data, as well as the use of
randomized correlation trials and a simple generalized linear
model to conduct statistical comparisons between the visual
and acoustic depredation metrics. Section III evaluates the
performance of correlogram-based processing and displays
the results of the correlative statistical analysis for field data
collected in 2011 and 2012. Section IV discusses the find-
ings, examines the implications, and suggests future work
and further improvements for both the data collection and
analysis.

Il. DATA COLLECTION AND ANALYSIS PROCEDURE
A. Relevant facts about the sablefish survey

The NOAA sablefish survey takes place annually. In
2011 the F/V Ocean Prowler and in 2012 the F/V Alaskan
leader were chartered to deploy demersal longline sets at a
total of 65 stations, or geographic locations. At each station
two “sets” of gear were deployed, roughly in tandem. Each
set consisted of 80 “skates” of gear, with a skate being 100 m
long with 45 hooks spaced 2 m apart. Each set was 8 km long,
with 1km or less separation between the end of the first set
and beginning of the second set. The sets were hauled on a
regular schedule, with the first set generally hauled beginning
at around 09:30 local time and the second starting around
13:00. Retrieval times generally lasted between 3 and 4.5h
per set. Each set of gear was attached to varying lengths of
running line, dependent on the bottom depth, and a flag and
buoy array on the surface, providing useful deployment loca-
tions for autonomous acoustic recorders (Fig. 1). For every
hauled skate, a 100% hook census records the number of
baited hooks, damaged hooks, and the number of undamaged
and depredated fish, enumerated by species.

B. Passive acoustic recorders and deployment
strategy

Several custom-built autonomous acoustic recorders
were used to obtain the acoustic data from the NOAA federal
sablefish survey. The recorders could be programmed with
an internal duty cycle, which was used to minimize the
amount of time a given recorder would be acquiring data
while not deployed.

In 2011, these “ADIOS” recorders used a Persistor CF2
data acquisition system and a HTI-96min hydrophone
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Recorder

(2012)
Recorder

(20m1)

FIG. 1. (Color online) Schematic of how autonomous acoustic recorders are
attached to buoy lines of longline fishing gear over a 2-year period. In 2011
arecorder was deployed independently next to each set; in 2012 the recorder
was deployed on a buoyline of the set itself.

(High-Tech Inc.) with a sensitivity of —172dB re 1 V/uPa.
The calibration values were obtained from High Tech Inc.
measurements of the individual sensors before shipping.
These laboratory values were checked in the field by com-
paring the received level of a FM sweep of known source
level at known range in deep water with theoretical predic-
tions during previous field seasons (Thode er al., 2010).
After a 26-fold analog voltage amplification (i.e., 28 dB
gain) the data were written to a 0-2.5 V range A/D converter
as 16-bit samples. Thus, the system could record peak-to-
peak impulses of 153 dB re 1 yPa (pp) without clipping. The
Persistor system would log data at 50 kHz sampling rate to a
4 Gb flash memory card for 10h, then stop sampling for 2h
to transfer the data to a hard disk.

In 2012, a new type of custom-built recorder
(“ADIOS2”) eliminated the hard disk and wrote the data
directly and continuously to four 32 Gb flash memory cards,
using a 100 kHz sampling rate and an internal amplification
of 20 (26 dB).

In 2011, two recorders were deployed at each station,
one for each set, during three legs of the sablefish survey.
Each recorder was deployed on an extra anchored buoyline
deployed roughly 1.6 km off to the side of the midpoint of a
given set (Fig. 1). In 2012, each recorder was deployed
directly on a buoy line connected to the end of each set, dur-
ing the same three legs as in 2011. The deployment depths
during both years were standardized at 100 fathoms (182 m).

C. Machine-aided creak detection

Before this project began, SEASWAP acoustic data were
traditionally reviewed for creak sounds by listening to 30's of
data at a time while simultaneously viewing spectrograms of
the data. The spectrogram was useful for noting times when a
whale’s “usual” click rate started to segue into a creak, but a
spectrogram would generally not reveal a creak’s presence
over a minute timescale [Fig. 2(a)]. A review of a 3-h haul
generally took 6 to 12h, depending on the quality of the re-
cording and the number of whales present.

The current study conducted 57 deployments that col-
lected acoustic data during times of sperm whale depreda-
tion, yielding over 170h of raw data to review. In 2011, the
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data were analyzed manually by listening to the entire data
record, but in order to expedite this analysis stage, a new
“correlogram” method for displaying the acoustic data was
developed, and this machine-aided procedure was used to
analyze the acoustic data in 2012.

A spectrogram provides a poor way for visually detect-
ing a rapid series of pulses, even when the time window
used for an individual Fourier Transform (FFT) is smaller
than the timing between pulses. In order to see the individual
pulses, a spectrogram would have to show only a few sec-
onds of data at a time, a daunting procedure when reviewing
days of data.

Over a time window of a second or less, the echoloca-
tion pulses in a creak are relatively evenly spaced in time,
which suggests that if the spectrogram is autocorrelated
along the time axis, and then integrated along a set of fre-
quency bins where creaks are most likely to be detected, a
new type of image of the acoustic data can be created, called
a “correlogram.” Specifically, a spectrogram is first created
from 1 min of data, using an FFT length of 256 samples for
50kHz data (2011) or 512 samples for 100 kHz data (2012),
using 50% overlap between subsequent FFT samples. The
FFT size was chosen to be longer than the duration of a sin-
gle creak click but shorter than the minimum possible inter-
val (~1/30 of a second) between creaks. FFT frequency
bins above 12 kHz are rejected, as creaks have a low proba-
bility of being detected above that frequency whenever
sperm whales are more than a few hundred meters away
from a moored autonomous recorder.

The resulting spectrogram is divided into 1 kHz frequency
bands, overlapped by 500 Hz. The lowest-frequency band cov-
ers 2000-3000 Hz, the next band covers 2500-3500 Hz, etc.
This frequency division was chosen because the minimum
bandwidth of a weak creak is about 1 kHz.
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FIG. 2. (Color online) (a) 60s from
Unit 3, July 28, 2011, starting at
15:06:01. FFT length is 256, overlap is
75%. (b) Correlogram of same data
shown in Fig. 2, using parameters
described in text, and a frequency
range of 8-9 kHz. The figure shows an
echolocation creak taking place
between 15 and 20 s with a pulse inter-
val of 60 msec.

50 55

Each bandlimited spectrogram is then split into 0.25s
time segments, an interval over which the pulse rate of a
creak is expected to remain relatively constant. Each spec-
trogram segment thus contains 97 time bins (2.56 msec per
bin) and five frequency bins (or 485 time/frequency
“pixels”). For each of the five frequency bins in a given seg-
ment, the autocorrelation function of the 97 time bins is
computed. Each autocorrelation is normalized to have a
value of 1 for a O time lag. The total autocorrelation function
for the spectrogram segment is then chosen to be the median
value of the five autocorrelation functions (computed for the
five frequency bins).

The next spectrogram time segment begins 24 time bins
(62.5 msec) after the start of the previous time segment, cre-
ating 75% overlap between spectrogram segments. When the
median autocorrelation values from these overlapping spec-
trogram segments are combined, a “correlogram” for a par-
ticular frequency band can be constructed [Fig. 2(b)], with
one axis representing time (with 62.5 msec resolution), and
the other representing time lag. A pixel at row i and column
Jj represents the median correlation between a bandlimited
spectrogram power spectral density at time #; and the power
spectral density i time bins earlier. Each correlogram gener-
ated by each frequency band can be sub-plotted into a single
figure, allowing a complete minute of data to be viewed as a
single image. As Fig. 2(b) suggests, a 1-min correlogram
instantly reveals the presence of a creak that is otherwise in-
visible in a 1 min spectrogram, and the value of the correla-
tion lag time yields the creak pulse interval. Even a
relatively inexperienced manual analyst can review hundreds
of such images in a relatively short time, and then confirm
via listening that the time points in question are creaks.

In order to evaluate whether correlograms “captured” all
viable creaks, three complete manual reviews that had been

Thode et al.: Acoustic depredation metrics
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conducted on three fishing hauls during the 2011 season
were reanalyzed with the correlogram method: both sets on
July 14, and the second set from July 28. The first two sets
had one or two whales present and were known to contain
fairly low numbers of creaks (a fairly typical situation),
while the last set had three whales present and had large
numbers of creaks. The second set also had large amounts of
engine noise. A second analyst then conducted a second
review using the correlogram plots, without prior knowledge
of the earlier manual analysis detection times. All potential
creak detections and durations were noted and then the data
were reviewed aurally to confirm creak presence. Thus, the
analyst only needed to listen to a small fraction of the acous-
tic data. The full manual review was then compared with the
expedited review. If two creaks lay within three seconds of
each other, they were counted as a single creak, and two
detection times that were within three seconds of each other
were counted as the same detection.

All acoustic analyses, whether with or without correlo-
grams, would use human analysts to confirm the presence
and duration of creak events, and to classify the creak as ei-
ther a “creak only” or a “creak-pause.” The latter was
defined as a creak event, subsequently followed by 3—4 s of
silence from that particular whale. Creak-pauses could be
reliably identified in the data only when three or fewer
whales were present; when more whales were present and
vocalizing simultaneously a human listener had difficulty
recognizing whether a pause was present after a given creak,
a restriction with implications for later analysis.

D. Correcting raw acoustic detection rates for
background noise variations

In addition to the raw counts of creak and creak-pause
events discussed in Sec. IIC, measurements of the back-
ground noise levels were needed for all hauls, because the
raw creak detection rate is a function not only of depredation
activity but also of detection range, which is a function of
background noise level. Therefore, in order to compare rela-
tive depredation rates between any two hauls, the raw creak
detection rates need to be adjusted for differences between
background noise levels between those two hauls. To esti-
mate a background noise level appropriate for depredation
analysis, the integrated acoustic power between 3 and 9 kHz
was computed every 40 msec, for every acoustic recorder
deployment. This bandwidth was chosen because the vast
majority (over 95%) of sperm whale creaks are detectable
over this band, and so the correlogram review is conducted
over this band as well.

Instinctively, one wishes to convert this series of instan-
taneous measurements into a longer-term “average” back-
ground noise level, measured over 1-min intervals.
However, taking a simple average of these measurements
over a 1-min window yields an inappropriate measure of
background noise, because the impulsive clicks of sperm
whales are generally quite intense, and so the spectral prop-
erties (and received levels) of sperm whale sounds would
dominate a simple average of background noise levels. This
result would be inappropriate, because creak sounds can be
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detected during the intervals between sperm whale clicks, so
the intensity and spectral characteristics of the sperm whale
clicks is irrelevant to the detectability of the creaks. A more
appropriate measure of this diffuse background noise is the
10th percentile of the cumulative distribution of instantane-
ous background levels, accumulated over 1-min intervals,
since this percentile excludes all sperm whale signals (which
exist in the higher percentiles) while rejecting artificially
low values generated by potential acoustic dropouts caused
by banging hydrophones. Using the 10th percentile is equiv-
alent to stating that sperm whale clicks and creaks never
occupy more than 90% of the monitoring period; at least 6s
of acoustic data in every minute is generally free from sperm
whale sound contamination.

Figure 3 plots the values of this 10th percentile over a
3-week period during 2011, as obtained from both instru-
ments. Since the instruments were on a fixed duty cycle,
sometimes they recorded data during days when they were
not deployed. Figure 3 shows examples of such spurious
recordings between August 7 and August 10. The double
line visible during such times arises from the fact that one re-
corder is being stored in a slightly noisier environment than
the other.

Note that background noise levels in the water varied
between 87 and roughly 96dB re 1 uPa. In particular,
between July 28 and 30 background noise levels were sev-
eral dB lower (88 dB) than the other deployments (92 dB).
Under such low-noise conditions, one would expect the
detection range of the instruments to be greater than under
the typical (92 dB) conditions. Therefore, all other circum-
stances being equal, the instruments would be expected to
detect more creak activity under low noise conditions. Thus
an essential final task in creating an acoustic depredation
metric is adjusting the raw creak detection rates for varia-
tions in background noise level (and thus detection range).
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FIG. 3. The 10th percentile of RMS integrated background noise levels
between 3 and 9 kHz, for all deployments between July 21 and August 14,
2011. Percentiles are computed over 1-min intervals. Data includes both au-
tonomous recorders deployed simultaneously. Values shown between
August 7 and 10 are examples of measurements that arise when the instru-
ments are recording while being stored on the vessel and not deployed in the
water.
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This adjustment requires two steps: (1) defining a
“reference” background noise level, and (2) selecting a
model for how sound attenuates with distance in the survey
environment (a propagation model).

For the first step the background reference level, inte-
grated between 3-9kHz, was chosen to be 93dB re luPa.
There were two reasons for selecting this value as a refer-
ence level. First, it was roughly the median level encoun-
tered by the deployments shown in Fig. 3. Second, this
reference level corresponds to sea state 3 (Wenz, 1962).
Previously supported NOAA research used a vertical array
to track sperm whales in the Gulf of Alaska, and estimated
that the detection range of creak sounds should be 5-6km
during this sea state (Mathias et al., 2013). During 2011, the
recording instruments were deployed about 1.8 km from the
midpoint of a 8§ km set, so a detection range of 5-6 km (back-
ground noise level of 93dB re 1uPa) would be optimal, in
the sense that the recorder would be able to detect creaks
along the entire set, but would not be able to detect potential
creaks generated by unrelated foraging activity at greater
ranges. The 2012 deployments, which attached recorders at
the end of a set instead of the middle, would still cover the
last 3/4 of a haul under sea state 3.

The propagation model for the noise adjustment was
chosen to be the so-called “spherical spreading model”
(Richardson et al., 1995), where the square-pressure of a dis-
crete acoustic signal from a compact source is assumed to
fall off with slant range r as 2. Detailed simulations of
acoustic propagation in this region indicate that this simple
model is valid to a 2 km range, and is roughly applicable at
greater ranges, where the intensity falls off as 7' (Mathias
etal.,2013).

From these assumptions the following expression can be
derived (Ponce et al., 2012) for adjusting the raw creak count
at set j, Cj 4, t0 a noise-adjusted (NA) creak count C; 4

N'.med 32
Claaj = C_/,raw( ]Q'.f ) :

eY)

Here N;,..q is the median value of the 10th percentile
noise encountered during the set (i.e., the median of the val-
ues in Fig. 3 over 3-h windows).

There are several important points regarding Eq. (1).
First, it assumes that depredation behavior (and thus creak
generation) is evenly distributed over a volume surround-
ing the sensor, when averaged over the time of the haul. In
reality depredation behavior may be restricted to certain
depths, which means that the factor of 3 in the exponent of
Eq. (1) should be replaced by a 2, as was the case in
(Ponce et al., 2012). Second, note that the practical effect
of the formula is to reduce the creak count on quiet days
(Ilow N; ,,.q) and increase the creak count on noisier days
(high Nj ..q). Third, note that N is expressed in linear
units, and not dB units, so the adjusted creak count is
a sensitive function of background noise. For example, a
3dB change in background noise levels corresponds to a
factor of 2 change in absolute noise level, which would
change the raw creak count by a factor of 2.8. Clearly, this
adjustment has limits; if one detects a single creak in the
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midst of a typhoon, one cannot conclude 1000 creaks were
actually present. However, the relatively small variations
in the background noise environment shown in Fig. 4 allow
the multiplicative factor Eq. (1) to be restrained to reasona-
ble limits.

Finally, note that the selection of a different noise refer-
ence level will change all the noise-adjusted creak counts for
all sets by the same multiplicative factor, regardless of the
actual ambient noise levels measured at each set. The rele-
vance of this fact is that if a time series of these noise-
adjusted counts is correlated with another time series, the
normalized correlation coefficient will not depend on the
choice of reference noise level in Eq. (1). Thus, the overall
conclusions of the statistical tests discussed in the next sec-
tion are not affected by the choice of the reference noise
level. However, the magnitude of the depredation count on a
set, as measured by acoustics, will be a function of the refer-
ence background level chosen.

E. Visual survey database analysis

During the federal sablefish survey detailed records
were kept of what was captured by each 45-hook skate in a
set. A subset of a database of these records, which covered
90 hauls across 45 geographic stations, was provided to
SEASWAP. The database consolidated all the counts by
skate and species caught; however, the time at which each
individual skate was hauled was not available. Therefore, in
order to facilitate a reasonable comparison between the
acoustic and visual estimates of depredation, the total depre-
dation rates per skate were combined to yield the depreda-
tion count per set.

Every set of the visual survey was assigned a unique
haul number, and the analysis of the survey database began
by flagging all records associated with a given haul number.
Each line in the database was associated with a particular
species on a particular skate. Each line also had a
“nondepredated frequency” (the number of hooks per skate
that had a particular species present) and “depredated
frequency” (the number of hooks per skate that showed vis-
ual evidence of depredation for a given species). By adding
together (across all skates) the combined catch frequencies
for all species, plus “ineffective” and “baited” (untouched)
hooks, the number of empty hooks could be deduced per set.

The visual records were used to generate four categories
of survey depredation counts.

1. “Lips (L)”

For a given haul, database lines with a species code of
“Lips or Jaws - Whale Predation” had their ‘depredation fre-
quencies’ added together to yield the number of shredded
lips observed per haul. These remains could be from any fish
species.

2. “Sablefish (S)”

Similar to “L,” but using the species code for
“Sablefish.” This category included visual evidence of dam-
age to sablefish.

Thode et al.: Acoustic depredation metrics
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FIG. 4. (Color online) Summary of acoustic deployments along sablefish survey route in 2011 (top) and 2012 (bottom). Light flags indicate survey stations
where acoustic data was collected, while dark flags are stations without acoustic data. A light dot at the base of the flag indicates that whales were present at
least one of the two hauls conducted at the station; the size of the dot is proportional to the number of whales sighted. (top) The 2011 survey. (bottom) The

2012 survey.

3. “Halibut & Grenadier (H, G)”

Similar to “S,” but using the species codes for “Giant
grenadier,” “Pacific grenadier,” and “Pacific Halibut.”

4. “Other—Excluding L, H, S, G”

The depredation frequencies of all species on all skates
of a given haul were added together, and then the counts
associated with the previous three species categories were
removed.

Thus for each year of interest (2011 and 2012), four sur-
vey depredation time series could be constructed from the
database.
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F. Statistical comparisons between visual and
acoustic depredation counts

The acoustic and survey depredation counts are com-
pared in several ways. First, to determine the degree of cor-
relation between the two types of depredation estimates, the
normalized (Pearson’s) correlation coefficient between
counts is computed across a group of hauls for a given year

r= E Ci,acousticci,visual/
i
~2 ~2
(2 :Ci,acoustic) (E :Ci,visual) )
i i

1

2
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where i is summed over the hauls used, and all sequences
have had their means subtracted: C =C . —C. The correla-
tions were conducted using both the raw and noise-adjusted
(labeled “NA” in subsequent tables) counts. The acoustic
counts may include all creaks counted (labeled “CA” in sub-
sequent tables) or may be restricted to creak-pause events
only (“CP”). Correlations were also computed for situations
where only one or two whales were sighted during a haul (la-
beled as “whale-restricted,” or WR in the tables). The rea-
soning behind the WR restriction will be presented in the
Results section.

An autocorrelation analysis of sperm whale click counts
around the vessel found that autocorrelation of click detec-
tion rates (in terms of detected clicks per minute) was negli-
gible at lags of more than ten minutes. The creak counts
presented here are measured over 3-h intervals. These acous-
tic counts were arranged chronologically and autocorrelated
to see whether acoustic counts conducted in adjacent geo-
graphic regions were correlated with each other. We found
that the normalized autocorrelation coefficient between adja-
cent hauls (hauls conducted the same day) was only —0.2,
and then fell to O for hauls conducted on different days. We
thus concluded that the acoustic counts were uncorrelated
between hauls.

Given this lack of correlation between acoustic samples,
randomization tests became a viable approach for estimating
the significance of each correlation value. 10000 random-
ized trials were conducted for each correlation coefficient in
Eq. (2), where the order of the acoustic counts was random-
ized for each trial. A p-value could then be computed by not-
ing the number of randomized trial correlation values that
exceed the measured value. Note again that Eq. (2) indicates
that the choice of a reference noise level in Eq. (1) will have
no impact on the correlation r.

Equation (2) is technically only valid for data that fol-
low Gaussian statistics; as the data collected here have both
non-Gaussian distributions and are expressed in terms of a
rate (either visual evidence per haul or creaks per haul), a
Poisson regression model may provide a more appropriate
statistical comparison. Thus, a generalized linear model
(GLM) in the form of a Poisson regression was conducted,
where the dependent variable was one of four potential
acoustic metrics (creak count, creak-pause count, noise-
adjusted creak count, and noise-adjusted creak-pause count).
The six predictor variables were the four survey depredation
metrics discussed in Sec. II E, the number of whales present
during the haul, and a categorical variable representing the
year of the measurement. The Poisson regression thus had
the form of

6
i=1

Here p; is the expected value of a given acoustic metric j,
and f; is the linear regression coefficient of predictor vari-
able x;. The logarithms of the non-categorical predictor var-
iables were also tested, to test whether a power-law
relationship existed between the visual and acoustic
metrics.
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One thousand bootstrap fits to the data were conducted to
determine the standard error of 5. The data were overdis-
persed, when compared with the theoretical variance of a
Poisson model, so the standard error of the coefficient esti-
mates was scaled by the measured variance of the data to pro-
vide a conservative estimate of the standard error. A Student’s
t-test was then applied to determine the probability that a pre-
dictor with a true f§ coefficient of 0 could yield the actual esti-
mated value. The resulting p-values for each coefficient were
used to determine which of the six predictor variables (includ-
ing interaction terms) could be excluded from the final model.

The final comparison between acoustic and visual dep-
redation counts is simply the total number of depredation
events observed, summed across all hauls. This value is de-
pendent on the choice of a reference background noise level.
The lower the reference level chosen, the higher the number
of acoustic depredation events will be.

lll. RESULTS

A. Summary of acoustic deployments during 2011 and
2012

Figure 4 plots where acoustic recorders were deployed
along the sablefish survey stations during 2011 and 2012. Table
I summarizes the number of deployments, the number of
deployments with depredation present, and the number of
deployments analyzed. For the rest of this paper, the terms
“haul,” “set,” and “deployment” are used interchangeably, since
one recorder was deployed for every hauled set at a station.

Table I shows that the analyzable acoustic data collected
in 2012 was only 1/4 of the viable 2011 data. The reasons for
this were that the number of days the survey encountered
whales was lower in 2012 (18 days) vs 2011 (38). In addition,
the mean number of whales present during 2012 (3) was
greater than during 2011 (1.8). There were several encounters
during 2012 where 4 or more whales were present. The result-
ing acoustic “chatter” on the hydrophone was so intense, that
while identifying the presence of creaks was still viable, the
manual analysts’ ability to separate creak-pause echolocation
events from creak-only events was compromised. Thus, 8 out
of the remaining 18 sets in 2012 could not distinguish creak
from creak-pause sounds, and so were excluded from the final
acoustic analysis. The 2012 statistical analysis is thus implic-
itly restricted to cases where relatively few numbers of whales

TABLE I. Summary of acoustic deployments and analysis for 2011 and
2012.

2011 2012
Sets (hauls) 60 60
Acoustic deployments 43 45
Acoustic deployments 38 (1.8) 18 (3)
with whales present
(median whales per set)

1 killer whale

Acoustic deployments analyzed 42 18
Acoustic deployments 42 10

that could distinguish
between creak and
creak-pause sounds

Thode et al.: Acoustic depredation metrics
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are present (an implicit WR restriction). Thus, the impact of a
enforcing a similar restriction (two or fewer whales present
during a haul) on the 2011 data was examined.

B. Evaluation of machine-aided creak detection
software

Table IT shows the results of the evaluation of the correlo-
gram analysis, described in Sec. IIC. For the two hauls with
relatively typical levels of depredation activity, the correlo-
gram method missed only one creak that the initial manual
review had uncovered but found four creaks that the initial
review had missed. However, the correlograms also flagged
24 “false alarms,” that is, correlogram images that prompted a
review that yielded no audible creaks. Thus the correlogram
review required 49 reviews of the audio data across the two
hauls, of which only 50% were actual creaks. However, to put
this in perspective, the far right column of Table II computes
what fraction of the acoustic record needed detailed aural
review, assuming 20s of review per correlogram detection.
Even with the 50% false alarm rate, the correlogram method
only required a review of 4%—-8% of the data record, com-
pared with the 100% required by the initial manual review.

During the one haul with substantial depredation (81
creaks over 3 hours), the initial manual review detected only
64 of these creaks, missing 17 that were later picked up by
the correlogram analysis. The correlogram analysis had only
ten false hits, and missed four creaks that were detected dur-
ing the manual review. The large numbers of creaks detected
meant that the correlogram method required that 21% of the
acoustic record needed follow-on analysis.

In summary, out of all three hauls examined in detail, the
correlogram method missed 5 out of 107 creaks present,
caught 21 creaks that had been missed by the manual analysts,
and flagged 34 detections that eventually turned out to be false
alarms. Thus in principle, a correlogram review followed by
an aural review to strip away false alarms could cut down the
amount of time reviewed by nearly 90%. In actuality, the
manual analysts reported that the correlogram analysis
reduced the review times by about 50%, from 6-12h to 3—4 h.
The reason the actual review took longer than Table II would
predict is that the correlogram would often flag weak creaks,

TABLE II. Comparisons of manual analyses of acoustic data collected from
three hauls. One analysis used correlograms, the other did not. The “Total
creaks” column lists the total number of unique creaks uncovered by both
analyses. The “Manual detected/missed” column shows the number of
creaks detected by the initial manual analysis, as well as creaks missed by
the analysis but which were detected by the correlogram analysis. The
“Correlogram” column shows the number of image-based detections that
did not turn out to be creaks, and the number of true creaks that were
missed. The “% time” column shows the percentage of the acoustic data that
needed to be reviewed by a manual analyst when using correlograms.

Total Manual: Correlogram: %Time
Date, Unit creaks detected/missed false/missed requiring review
July 14, Unit 1 12 12/0 16/1 8
July 14, Unit 3 14 10/4 8/0
July 28, Unit3 81 64/17 10/4 21
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which an analyst would often play aurally several times and
inspect on a spectrogram to be certain it was a creak.

C. Randomized correlation coefficient analyses of
visual and acoustic depredation metrics

Table III displays the cumulative depredation counts for
all methods, visual and acoustic, for 2011 and 2012. The ta-
ble only includes survey hauls where whales were sighted,
an acoustic creak analysis was conducted, and where creak-
pause events could clearly be identified by a human listener
during review. The four independent survey counts of depre-
dation (Lips, Sablefish, Halibut, and Grenadier, and all other
depredation) are shown. Also shown are the results of apply-
ing the whale-restricted (WR) conditions to both years.

Table IV shows the Pearson’s correlation coefficient
between the various survey and acoustic estimates (along
with the p-value from the randomized permutation trials).
Correlations with p-values under 0.05 are shown in bold, and
correlations with p-values under 1.5e-3 (a conservative
Bonferroni correction for 32 trials) are shown in bold-italics.

In 2011 both the lips and sablefish survey records signif-
icantly correlate with noise-adjusted creak-pause (CPNA)
measurements, with p values of 0.05 or less. In 2012, only
the Lips category was significantly correlated with several
acoustic metrics, but the correlation was high and statisti-
cally significant, with both the noise-adjusted creak and
creak-pause counts correlating with values of 0.85 and 0.89
and randomized p-values reaching a respective 4e-3 and le-
3. Survey counts of halibut and grenadier (H&G) only
obtained a p value of 0.11, and survey depredation counts
that excluded lips, sablefish, halibut, and grenadier became

TABLE III. Total depredation counts from various types of visual and
acoustic measurements during the 2011 and 2012 federal surveys, collected
from all hauls where sperm whales were visually sighted and where creak-
pause events could be discerned from the data by a human listener.”

Depredation Depredation Depredation Depredation

Count Count Count Count
Year (2011) (2012) (2011) WR  (2012) WR
Total Sets 43 10 39 8
Survey Database
L 68 25 50 17
S 27 23 24 12
H&G 158 5 136 3
Excluding L,S,H,G 62 12 61 12
Acoustic analysis
All Creaks (CA) 466 233 291 192
Creak-Pause (CP) 290 177 184 141
All Creaks, 254 86 164 68
noise-adj. (CANA)
Creak-Pause, 147 65 101 49

noise-adj. (CPNA)

“Survey definitions: L: Unidentified Lips; S: Sablefish damage, H&G:
Halibut and Grenadier damage; Excluding L,S,H,G: All other depredation
on other species.

®Acoustic definitions: NA: noise-adjusted; CA: All creaks counted; CP:
creak-pause counts only; CANA: all creak counts, noise adjusted; CPNA:
creak-pause counts, noise adjusted.

“Column definitions: WR: datasets restricted to hauls with two or fewer
whales present.
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TABLE IV. Pearson’s correlation coefficient (p-value) between various combinations of survey and acoustic counts of sperm whale depredation behavior dur-
ing the 2011 and 2012 federal surveys, collected from all deployments where sperm whales were visually sighted, and where creak-pause events could be dis-
cerned from the acoustic data by a human listener. Bold numbers indicate p-values less than 0.05; bold-italic indicates p-values less than 1.5e-3, the
Bonferroni correction for 32 independent statistical tests. N: sets analyzed. See Table III for other definitions.

Visual Depredation Category

Acoustic Category N L S H&G Excluding S, H, G
2011

All Creaks (CA) 43 0.09 (0.19) 0.09 (0.26) 0.21 (0.1) 0.04 (0.35)
Creak-Pause (CP) 43 0.16 (0.11) 0.10 (0.25) 0.20 (0.1) 0.006 (0.39)
All Creaks (CANA) 43 0.26 (0.06) 0.23 (0.08) 0.13 (0.19) 0.07 (0.25)
Creak-Pause (CPNA) 43 0.49 (0.03) 0.29 (0.05) 0.18 (0.11) 0.07 (0.28)
2012

All Creaks (CA) 10 0.75 (0.01) 0.004 (0.41) 0.08 (0.36) —0.16 (0.63)
Creak-Pause (CP) 10 0.78 (8e-3) 0.07 (0.36) 0.15 (0.30) —0.18 (0.65)
All Creaks (CANA) 10 0.85 (de-3) 0.27 (0.22) 0.26 (0.22) —0.10 (0.52)
Creak-Pause (CPNA) 10 0.89 (1e-3) 0.35(0.17) 0.33(0.19) —0.11 (0.53)
2011, WR

All Creaks (CA) 39 0.09 (0.16) 0.22 (0.10) 0.16 (0.17) 0.22 (0.12)
Creak-Pause (CP) 39 0.22 (0.06) 0.30 (0.06) 0.14 (0.19) 0.20 (0.13)
All Creaks (CANA) 39 0.46 (0.04) 0.33 (0.03) 0.11(0.23) 0.20 (0.12)
Creak-Pause (CPNA) 39 0.72 (4e-3) 0.37 (0.03) 0.15 (0.17) 0.17 (0.16)
2012, WR

All Creaks (CA) 8 0.82 (0.02) —0.09 (0.52) 0.02 (0.40) —0.20 (0.64)
Creak-Pause (CP) 8 0.82 (0.02) —0.09 (0.51) 0.04 (0.40) —0.19 (0.64)
All Creaks (CANA) 8 0.85 (0.02) 0.07 (0.39) 0.08 (0.42) —0.09 (0.50)
Creak-Pause (CPNA) 8 0.87 (0.02) 0.07 (0.40) 0.09 (0.43) —0.09 (0.50)

effectively uncorrelated from the acoustic counts (e.g., 0.07,
p =0.28 for the CPNA count).

To test whether the number of empty hooks was correlated
with acoustic depredation measurements, the empty and ineffec-
tive (damaged) hook count from the survey data was correlated
with the acoustic data, and the resulting correlations were close
to zero with non-significant p values greater than 0.3.

100 T T

While the relationship between the survey lip count and 741
the CPNA in Table IV is highly significant in 2012 (p = le-3), 742
the correlation drops in 2011 (0.49, p =0.03), when all 43 sta- 743
tions are used. To understand this pattern, Figs. 5 and 6 plot 744
the 2011 and 2012 survey lip count and acoustic counts as a 745
function of haul number. Both figures show the haul number 746
as the time unit, instead of the date and time, in order to avoid 747
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FIG. 5. (Color online) Plots of 2011
time series of “lips” depredation count
from federal survey database, vs four
candidature  acoustic  depredation

130 140 measurements. (top) Raw acoustic
counts of creak and creak-pause events
vs lips records. (bottom) Noise-
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60 - —=— noise adj all creaks

~— noise adj creak pause only
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Counts
8
T

T ! adjusted acoustic counts vs lips
records. Note the substantial deviation
between the acoustic and survey counts
at hauls 128-130, which lowers the
2011 lips/CPNA correlation coefficient
to 0.49.
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FIG. 6. (Color online) Same format as

60 70 80 90 100 110 120 130 140 Fig. 5, but displaying the ten samples
Haul of the 2012 deployment. (top) Raw
acoustic counts of creak and creak-
30 ! ! ‘ ! ! pause events vs lips records. (bottom)
—=—noise adj all creaks Noise-adjusted acoustic counts vs lips
251 noise adj creak pause only ] records.
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plotting the 24 h gaps between hauls. The top subplot for each
figure shows the raw acoustic counts (CA and CP), and the
bottom subplot displays the noise-adjusted acoustic counts
(CANA and CACP). In Fig. 6 (2012 data), the correlation
between the CPNA and survey lip counts is visually apparent,
although the CPNA has 2.5 more counts than the survey lip
count (Table III). Figure 5 seems to tell a slightly more com-
plex story. Hauls 103 through 105 took place during relatively
quiet background noise conditions on July 28 and 29 (see
Fig. 3 and Sec. IID), so the impact of the noise adjustment is
especially noticeable between the top and bottom subplots.
The real puzzle, however, is the substantial deviation between
the acoustic and survey lip counts during three particular
hauls: 128, 129, and 130, which correspond to sets conducted
on August 12 and 13 at Stations 84 and 85, at the far western
edge of the survey, near Kodiak Island (Fig. 4).

A review of the circumstances at Stations 84 and 85
indicated no unusual conditions, other than the fact that

Station 84 experienced the largest number of whales (4)
present during a single haul for the entire 2011 survey (me-
dian whales per set: 1.8). Given that the 2012 surveys effec-
tively excluded whale encounters with three or more whales
present (due to the difficulties with manual analysis), a sus-
picion arose that the degree of correlation between the
acoustic and visual depredation counts may change with the
number of whales present. Thus a WR (whales restricted to
less than three) analysis was performed for both years (39
hauls in 2011, 8 in 2012), with the results shown in Tables
IIT and IV. The Lips/CPNA WR correlation increases from
the unrestricted analysis, from 0.49 (p=0.03) to 0.72

(p =4e-3).

D. Poisson regression analysis

Of the six predictor variables tested in the Poisson regres-
sion, Table V shows that only three (the Lips metric, the

TABLE V. Results of GLM analysis using a Poisson regression [Eq. (3)]. Of the six predictor variables used (four survey metrics, number of animals sighted,
and survey year), only those shown in this table were found to be significantly different from zero.”

Predictor Variable

Acoustic metric u L S Number whales

All Creaks (CA) 0.026 [—0.05; 0.10], 0.48 0.085 [—0.08; 0.25], 0.30 0.73 [0.53; 0.93], Ie-9

Creak-Pause (CP) 0.047 [-0.01; 0.11], 0.15 0.11[-0.03; 0.26],0.12 0.76 [0.40; 1.11], 7.5e-5
All Creaks (CANA) 0.063 [2e-3; 0.12], 0.04 0.13 [-0.01; 0.28], 0.07 0.67 [0.45; 0.88], Ie-7

Creak-Pause (CPNA)

0.16 [0.04; 0.27], 9e-3

0.09 [0.05; 0.14], Ie-4

0.69 [0.36; 1.02], Ie-4

Log(S)
0.54[0.11; 0.971, 0.01

Log(Number whales)
1.5[0.55; 2.5], 3e-3

Predictor Variable —

Creak-Pause (CPNA)

Log(L)
0.51[0.20; 0.82], 2e-3

“Table cell format: estimate of coefficient B [confidence intervals], p-value of t-test for non-zero value. p-values less than 0.05 are highlighted in bold italic.
Predictor definitions: L: Lips survey metric; S: Sablefish survey metric; Number whales: number of individuals sighted by survey observers; See Table III for
acoustic metric definitions.
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Sablefish metric, and the number of whales sighted during a
haul) were found to have a significant probability of having
non-zero predictor coefficients (i.e., yielding a r-test p-value
under 0.05). The year of the survey, and the halibut and gen-
eral depredation metrics were never significant, regardless
of the particular acoustic metric tested. Also not significant
were interaction terms, or whether the linear or log values of
the predictors were used. In Table V, it is clear that the num-
ber of whales sighted during a haul was a significant predic-
tor for all acoustic counts, whether noise-corrected or not.
By contrast, the lips and sablefish visual metrics are only
valid predictors of acoustic activity when the noise-
correction factor of Eq. (1) is included; furthermore, only
the noise-adjusted creak-pause metric (CPNA) yields p-val-
ues that remain significant after a Bonferroni correction of
0.05/12 = 5e-3 is applied.

Figure 7 plots the performance of the best-fit GLM
model (three predictors of Lips count, Sablefish count, and
number of whales sighted) against the measured CPNA
counts across both years. Both 2011 and 2012 are plotted on
the figure, with haul numbers 1-43 indicating 2011 data, and
43-61 indicating 2012 data. “Haul number” in this figure is
simply an index that is unrelated to the “Haul” axis labels in
Figs. 5 and 6. For example, haul numbers 37-39 correspond
to hauls 128-130 in Fig. 5.

IV. DISCUSSION

A. Statistical correlations between standard and
acoustic depredation measures

Several trends emerge when the reviewing the correla-
tions between the various acoustic and survey depredation
metrics in Table IV, and the GLMs in Table V. First, both
analyses indicate that halibut and grenadier damage seemed
uncorrelated with sperm whale acoustic activity, as was

Predictors: visual, Data Transformation: linear
35 T T T

; T ;
—©— NA Creak Pause measurements
- GLM: Lip: ish+Whale Count

Noise-adjusted creak-pause count

70

Haul number

FIG. 7. (Color online) Performance of best-fit GLM (Poisson regression) in
predicting CPNA acoustic metric. Circle, CPNA measurements; square,
combined GLM with three predictors (shown in Table V). The ‘“haul
numbers” shown on this figure are not related to the haul indices shown in
Figs. 5 and 6. The 2011 survey results are displayed in haul numbers 1-42,
while the 2012 measurements are displayed in hauls 42 to 61.
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generic depredation. Counts of empty hooks also showed no
significant correlations. The lack of correlation with empty
hooks was expected, because many factors besides depreda-
tion are responsible for the number of empty hooks on a set,
including bottom composition, benthic predation, and cur-
rents that shake or “spin off” fish from the line during the
haul to the surface.

By contrast, both the correlation and GLM analyses
found strong links between unidentifiable fish remains stuck
to the line, such as lips and jaws, and certain acoustic met-
rics. The GLM also found evidence that sablefish damage
was related to acoustic activity, a conclusion partially sup-
ported by Table IV, which found significant correlations in
the 2011 survey data but not in the 2012 data.

However, a second observation from both tables is that
simple raw counts of all creaks detected are not related to sur-
vey depredation measures; instead, adjusting raw acoustic
creak detection rates for variations in background noise levels
is critical in obtaining associations. In almost every situation,
this adjustment doubled or tripled the correlation value and
reduced the p-value by a similar factor. For example, the 2011
correlations for (Lips/all-creaks) and (Lips/creak-pauses only)
jumped from 0.09/0.16 to 0.26/0.49, respectively. A similar,
but smaller, improvement was also observed in the 2012
results. The GLM only obtained significant values for the vis-
ual survey predictor coefficients when noise-adjusted metrics
were used.

Finally, both analyses (particularly the GLM results in
Table V) provide significant support for the idea that counting
creak-pauses (CP), instead of all creaks (CA), is a better
acoustic metric of depredation activity, and that noise-
adjusted creak-pause counts (CPNA) are the best overall
acoustic depredation metric. For example, if all hauls that
took place in the presence of whales were analyzed, the num-
ber of noise-adjusted “creak-pauses,” or CPNA, was found to
be significantly correlated with survey counts of lips
[r(43)=0.49 p=0.03] and sablefish damage [r(43)=0.29,
p=0.05] in 2011, and significantly correlated with lip counts
in 2012 [r(10) =0.89, p = 1e-3]. If one assumes that a p-value
of 0.05 is significant for a single test, and that 32 of the tests
in Table IV are actually statistically independent (the WR
cases are not independent datasets from the unrestricted sets),
then a conservative Bonferroni-corrected p-value is 1.5e-3,
and the CPNA/survey-lip correlations still remain significant.
The CPNA metric in Table V also provides the only statisti-
cally significant result after a similar Bonferroni correction.
These results provide circumstantial evidence that creak-
pause events are associated with successful prey-capture
attempts.

There is also evidence that the strength of the correla-
tion between the acoustic and survey depredation counts
decreases if more than two depredating whales are present
during a haul. The Pearson correlation analyses in Table IV
are more convincing if the analyzed hauls are restricted to
circumstances when fewer than three whales are present (the
WR restriction). For example, the 2011 correlation between
the CPNA and survey lips count increases from r(43) =0.49,
p=0.03, to r(39)=0.72, p=4e-3, when four hauls that
have three or more whales are eliminated from the analysis.
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The 2012 correlations are relatively unaffected by the WR
restriction, a result that makes sense, since the 2012 analysis
was already restricted to encounters with fewer than three
whales present, given the difficulties of flagging a creak-
pause event when so many other animals are acoustically
active.

A review of Figs. 5 and 7 shows that implementing the
WR restriction effectively removes a clustered set of hauls
(128-130 at Stations 84 and 85) from the 2011 data. These
rejected hauls experienced extremely high amounts of whale
acoustic activity, while displaying little to no visual evidence
of lips or other depredation during the hauls. A review of
ship logs from those stations indicates no visual evidence of
offal feeding or other unusual situations; however, up to four
whales were present during these hauls, the largest number
of whales encountered at one time during the 2011 survey.
The removal of these data points raised the correlation
between the CPNA and the survey lips count to a level com-
parable to what was also observed in 2012 (0.72 in 2011 vs
0.87 in 2012).

Thus, roughly speaking, when more than two animals
are present the visual evidence for depredation changes rela-
tively little, but the CPNA count grows large, destroying the
linear correlation between the two depredation metrics.
Figure 7 and Table V illustrate how strongly CPNA meas-
urements are linked to the number of whales present. There
are several potential non-exclusive explanations for this ob-
servation. For example, human acoustic analysts have a
harder time counting creaks when more acoustically active
whales are present. In addition, if enough whales were com-
peting for the line resource, some animals may be forced to
dive deeper and start feeding on “spun-off” fish or dive shal-
low to feed off offal thrown overboard. Either situation
would not leave visual evidence but would increase the
CPNA count substantially. This is an important question,
because the consumption of “spin-off” fish would have as
much impact on future sablefish population growth as would
direct depredation from the line (both actions increase mor-
tality in the breeding population).

B. Comparison of absolute depredation rates
obtained from visual and acoustic methods

Acoustic measurements (specifically the noise-adjusted
creak-pause CPNA) predict a larger total depredation count
for the entire survey than what is currently shown by stand-
ard depredation measurements. The exact percentage
increase depends on the year, the background noise level
chosen for the noise adjustment, and whether one assumes
that the CPNA is a correlated only with the Lips category, or
is correlated with the Sablefish category as well.

For example, for the 2012 data year, which found strong
correlations between lip counts [r(10) =0.89, p = le-3] and
the CPNA, but not sablefish damage [r(10) =0.35, p=0.17],
a total of 25 lips and 23 sablefish damages were observed,
and a total CPNA count of 65 obtained. If one assumes that
the CPNA count should be substituted for the lips count (but
not the sablefish count), then the revised depredation count
(CPNA plus sablefish damage) is 1.8 times larger than the
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survey depredation count (lips plus sablefish damage). If one
assumes that the CPNA count represents the combined lips
plus sablefish count (despite the lower correlation observed
with sablefish damage) then the revised depredation count is
1.4 times larger than the survey count. These numbers only
cover periods when two or fewer whales are present.

The corresponding numbers for the entire 2011 survey
were 68 lips, 27 sablefish damages, and 147 CPNA counts,
yielding acoustic depredation rates that are 1.5 to 1.8 times
higher than standard counts. However, if the three anoma-
lous hauls at stations 84 and 85 are removed from the pic-
ture, the 2011 survey had 66 lips, 24 sablefish damages, and
only 99 CPNA counts, yielding acoustic depredation rates
that were 1.1 to 1.5 times higher than the survey count.

Thus, depending on the year and the assumptions relat-
ing the CPNA to sablefish damage, the acoustic depredation
count is anywhere from just 10% to over 80% higher than
the standard survey estimate. For haul sets where two or
fewer whales are present, the CPNA places an upper bound
on the bias of visual depredation counts (1.8 times the visu-
ally observed depredation rate). Unfortunately, these results
heavily depend on the reference background noise level cho-
sen for the call adjustments: An increase in the reference
background noise level by 3dB will decrease the CPNA
count by a factor of 3. In this study, the reference level cho-
sen was 93dB re 1 uPa, integrated between 3 and 9 kHz.
Previous work (Mathias er al., 2013) has shown that this
background level is expected to give a creak detection range
of 5km, enough to cover the entirety of a haul in 2011, and
the last 3/4 of a haul in 2012.

Whenever roughly three or more whales are present,
CPNA predicts a much higher depredation rate than
observed rates, but at present the inability to distinguish
creak-pauses from creaks during heavy whale acoustic activ-
ity limits the sample size available for analysis.

V. CONCLUSION

For most sablefish survey stations in 2011 and 2012, the
noise-adjusted count of a particular echolocation sound (a
“creak” followed by a few second “pause”) was highly cor-
related with survey counts of lip remains during both years
[2012: r(10)=0.89, p=1e-3; WR count in 2011:
r(39) =0.72, p =4e-3], provided that less than three whales
were present at a given haul (the WR case). The WR CPNA
is somewhat correlated with observed sablefish damage in
2011 [r(39)=0.37, p=0.03], but not correlated with other
species depredation or the number of empty hooks present.
The noise-adjusted creak-pause (CPNA) depredation count
was anywhere from 10% to 80% higher than the survey
counts, depending on the survey year and assumptions
employed. The observed linear correspondence between
CPNA and lip remains breaks down when three or more
whales are present: Under such circumstances the CPNA
greatly exceeds survey counts. The application of a general-
ized linear model in the form of a Poisson logistic regres-
sions support the contention that CPNA is predicted by (and
thus is a good predictor of) standard Lips and Sablefish dep-
redation counts.
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Even though both survey years used different acoustic
instruments, conducted different deployment strategies, and
used different styles of manual analysis, the results from
both years are consistent, a conclusion reflected by the fact
that the GLM did not find the survey year to be a significant
predictor.

This study suggests that passive acoustics can provide
upper bounds on the bias of survey depredation monitoring
efforts, if background noise effects are properly addressed,
and if fewer than three whales are present during a set. The
question of the relationship between acoustic and survey
depredation counts during times when three or more whales
are present remains an open question, requiring a larger sam-
ple size and additional development of automated means of
new approaches for processing the acoustic data.

There are several concrete steps than could be taken in
potential future work. The first is the development of a
computer-assisted method for recognizing creak-pause
events during circumstances when more than two whales are
acoustically active. The inability of human analysts to distin-
guish creaks from creak-pauses during substantial whale
presence substantially reduced the fraction of the 2012 data-
set available for analysis. The second step is the deployment
of simple vertical arrays (multi-hydrophone systems) on
buoylines, instead of a single autonomous recorder, in order
to add a localization capability to the system (e.g., Mathias
et al., 2013). There are two advantages to such a system:
First, the identification of offal (shallow-surface) feeding
behavior from conventional depredation behavior can be dis-
tinguished by measuring the elevation angle vs intensity of
measured creaks; and second, the detection range can be
doubled with a four-element system. Thus, the system could
be deployed on one end of a 8 km set, while still covering
the entire set, but not requiring the deployment of an extra
buoyline midway down the set.
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