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To better understand spawning vocalizations of Norwegian coastal cod (Gadus morhua), a prototype eight-element coherent hydrophone array
was deployed in stationary vertical and towed horizontal modes to monitor cod sounds during an experiment in spring 2019. Depth distribution of
cod aggregations was monitored concurrently with an ultrasonic echosounder. Cod vocalizations recorded on the hydrophone array are analysed
to provide time–frequency characteristics, and source level distribution after correcting for one-way transmission losses from cod locations to
the hydrophone array. The recorded cod vocalization frequencies range from ∼20 to 600 Hz with a peak power frequency of ∼60 Hz, average
duration of 300 ms, and mean source level of 163.5 ± 7.9 dB re 1 μPa at 1 m. Spatial dependence of received cod vocalization rates is estimated
using hydrophone array measurements as the array is towed horizontally from deeper surrounding waters to shallow water inlet areas of the
experimental site. The bathymetric-dependent probability of detection regions for cod vocalizations are quantified and are found to be significantly
reduced in shallow-water areas of the inlet. We show that the towable hydrophone array deployed from a moving vessel is invaluable because it
can survey cod vocalization activity at multiple locations, providing continuous spatial coverage that is complementary to fixed sensor systems
that provide continuous temporal coverage at a given location.
Keywords: cod, detection range, fish grunts, fish knocks, hydrophone array and probability of detection, passive ocean acoustic waveguide remote sensing,
source level, time–frequency characterization, vocalization rates.
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Introduction

Coastal cod (Gadus morhua) is a commercially valuable fish
species and an important constituent of Norwegian coastal
ecosystems (Vølstad et al., 2011; Kleiven et al., 2016). Under-
standing cod behaviour, including sound production and com-
munication, especially during the spawning season is essential
to species management (Sund, 1935). During the spawning
season, cod gather in large spawning aggregations that have
been mapped locally over the water-column depth for decades
using conventional ultrasonic fisheries echosounder across the
Norwegian coast (Morgan et al., 1997; Nordeide and Båmst-
edt, 1998; Ermolchev, 2009; Ingvaldsen et al., 2017). More
recently, cod shoals have been imaged over instantaneous
wide areas using waveguide-based acoustic imaging technol-
ogy (Makris et al., 2019) to reveal large-scale distributions in
the Norwegian and Barents Seas.

Previous passive acoustic studies of Atlantic cod vocal-
izations have been based on observations with a single hy-
drophone either fixed (Finstad and Nordeide, 2004; Caiger
et al., 2020) or deployed from autonomous gliders (Zemeckis
et al., 2019). Some studies have also been based on captured
cod housed in a tank (Brawn, 1961; Wilson et al., 2014) or
in large net enclosures (Vester et al., 2004). It was found that
cod grunts are produced either due to aggressive behaviour by
both sexes or during the spawning period by males (Brawn,
1961). It was observed that males with larger drumming mus-
cles produce louder sounds (Rowe and Hutchings, 2004). The
lack of an in-depth description of cod sounds in these ear-
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ier studies prompted further work, which expanded upon the
eproductive behaviour of cod. Several studies of tagged cod
Cote et al., 2004; Robichaud and Rose, 2004; Lindholm et al.,
007; Skjæraasen et al., 2011) have been conducted to reveal
od behaviour, movement, and migration patterns over time,
ncluding wide sections of the North Atlantic range of cod fish.

Here, the observation and analysis approach for cod vo-
alizations follows the passive ocean acoustic waveguide re-
ote sensing (POAWRS) technique (Ratilal et al., 2022), but

or measurements made using a short eight-element proto-
ype coherent hydrophone array (Schinault et al., 2019). The
OAWRS technique was previously developed and imple-
ented for a much larger 160-element coherent hydrophone

rray system where POAWRS was applied to detect, charac-
erize, and localize acoustic signals from various underwa-
er sound producers, such as marine mammal vocalization
ignals from both baleen and toothed whale species (Gong
t al., 2014; Tran et al., 2014; Huang et al., 2016; Wang
t al., 2016a; Garcia et al., 2018), as well as tonal and broad-
and amplitude modulated cyclostationary signals generated
y surface ships (Huang et al., 2017; Zhu et al., 2018). Here,
e demonstrate that the POAWRS approach can be useful for
assive acoustic monitoring of fish spawning activities by pas-
ive acoustic detection of fish sounds.

The coastal cod vocalizations analysed here were recorded
n a coastal spawning habitat at Austevoll, western Norway.
he area is a known spawning ground where cod fish have
een tagged, tracked, and studied over multiple years (e.g.
tional Council for the Exploration of the Sea. This is an Open Access
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
is properly cited.
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Figure 1. (a, b) Observation region of the experiment deploying an eight-element hydrophone array from 6 to 8 March 2019. (c) The survey data analysis
is subdivided into six distinct segments corresponding to different days and times, as well as mode of array deployment. Stationary (light blue star)
represents the GPS location of the vertically deployed hydrophone array on 7 March 2019. Track details for the horizontally towed hydrophone array are
provided in Table 1.

Table 1. Overview of the survey conducted in the Austevoll region from 6 to 8 March 2019.

Date Time start Time stop Single hydrophone or array Type (towed, stationary)

6 March 2019 17:07 18:32 B&K hydrophone pair Stationary vertical
7 March 2019 14:29 14:46 B&K hydrophone pair and

array deployed simultaneously
Stationary vertical

7 March 2019 12:54 13:02 Array Towed—track 1
7 March 2019 13:07 14:09 Array Towed—track 2
7 March 2019 14:57 17:02 Array Towed—track 3
8 March 2019 13:27 14:27 Array Towed—track 4
8 March 2019 15:51 16:47 Array Towed—track 5
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kjæraasen et al., 2011; McQueen et al., 2022, 2023). Us-
ng an acoustic telemetry locating system, McQueen et al.
2023) investigated the potential effects of seismic airgun sur-
eys on cod behaviour during spawning, examining swimming
epth, swimming acceleration, displacement, and area. Mea-
er et al. (2012) investigated the influence of environmental
actors, such as temperature and wind, on the depth-related
ehaviour of cod at a spawning site. Passive acoustic monitor-
ng, as opposed to tagged studies, will be important in identi-
ying how external factors impact cod communication during
pawning, since acoustic communication is a potential method
or cod mate assessment (Nordeide and Kjellsby, 1999; Rowe
nd Hutchings, 2006).

Here, analysis is conducted for acoustic data from the
ight-element coherent hydrophone array, as well as a pair of
rüel & Kjær (B&K) hydrophones, deployed to monitor cod
ounds at Austevoll in spring 2019. The observations were
ade to coincide with the cod spawning season for that re-

ion. The eight-element array was deployed in both station-
ry vertical and towed horizontal modes. Depth distributions
f coastal cod aggregations were monitored concurrently
sing a hull-mounted ultrasonic echosounder. Concurrent



Characterizing coastal cod vocalization using a towed hydrophone array 1729

Figure 2. (a) Power spectrogram density of measured coastal cod
vocalizations in units of dB re 1 V2/Hz obtained after coherent
beamforming in broadside direction (relative bearing, rb = 0) of a
vertically deployed eight-element hydrophone array. (b) Output after
time-differencing of the beamformed spectrogram, significantly reduced
the intensity of ship tonal signals, thus enhancing detection of impulsive
cod grunt signals.
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positioning information for tagged cod in the shallow-water
bay at Austevoll further confirms the presence of cod fish dur-
ing this study.

The passive acoustic data recordings are analysed to pro-
vide detection, time–frequency characterization, and spatial
and source level distributions of received cod vocalizations.
The source level distribution of received cod vocalizations,
back-projected to a distance of 1 m from the fish, is es-
timated by correcting for transmission losses in the water
column. The spatial dependence of cod vocalization detec-
tion rate along designated tracks in the region traversing the
shallow-water bay inlet and deeper surrounding areas is de-
termined from measurements of the towed hydrophone ar-
ray. Further insights into cod spatial distribution are pro-
vided by the probability of detection (PoD) region calcula-
tion for Norwegian coastal cod vocalizations in both the
shallow-water bay inlet and deeper surrounding areas at
Austevoll with the hydrophone array as receiver. The PoD
region for a given percentage, P%, is a region of space sur-
rounding the receiver where the probability of detecting a
given source, in this case, vocalizing cod, is ≥ P/100. The
PoD region is calculated via the passive sonar equation tak-
ing into account the measured statistical source level distribu-
tion, ambient noise level distribution, potential beamforming
array gain enhancement, detection threshold, and range- and
azimuth-dependent transmission loss modelling in an ocean
waveguide.

An eight-element hydrophone array is used here to passively
detect and understand the baseline behaviour of cod vocaliza-
tions. Since cod is highly vocal during spawning (Rowe and
Hutchings, 2006; Caiger et al., 2020; Hawkins, 2022), pas-
sive acoustic monitoring of their vocalizations can be used
to infer their temporo-spatial distributions, dynamics, and be-
haviour. Here, we demonstrate that a short eight-element hy-
drophone array towed from a mobile platform provides an
efficient and versatile approach for studying the spatial de-
pendence of fish vocalizations in near real time at various lo-
cations with bathymetric variations, such as shallow bay in-
lets areas where water depths are typically <30 m, as well
as surrounding slope and deeper water areas roughly 300 m
eep. This study is not intended to survey the entire spawning
abitat for cod, but to examine the methods and possibility
or mapping spawning habitats with a towable hydrophone
rray.

aterial and methods

xperiment, instrumentation, and acoustic data
ollection

he cod vocalizations analysed here were recorded during an
xperiment from 6 to 9 March 2019 in a bay in Austevoll,
estern Norway (Figure 1). This experiment is part of a re-

earch project (SpawnSeis, NFR grant number 280367) by
he Institute of Marine Research (IMR), Norway. The project
oal is to understand how seismic surveys with airgun sound
ources affect the spawning behaviour of cod, and to do so,
good understanding of their natural behaviour, hereunder

ocal behaviour, is needed. The prototype eight-element co-
erent hydrophone array (Schinault et al., 2019) developed
y Northeastern University was included as part of this study
o record and survey cod vocalizations in a shallow bay in
ustevoll and deeper surrounding waters. The array provides
n efficient approach for surveying a larger area via towed
ensors on a mobile platform than observations made with a
ingle stationary hydrophone.

The experimental site in Austevoll, which is outside
ergen, Norway (see Figure 1), includes the shallow inlet
f Kalsøyvika and deeper waters around Storakalsøy and
arsteinen. In this experiment, recordings of underwater

ound were acquired using three different set-ups deployed
rom RV Hans Brattstrøm: (a) a pair of vertically deployed
&K hydrophones spaced 1 m apart with the shallowest at
4 m depth on 6 March 2019, (b) a vertically deployed eight-
lement hydrophone array with the shallowest hydrophone at
0 m depth alongside the pair of B&K hydrophones with si-
ultaneous acquisition on 7 March 2019, and (c) the horizon-

ally deployed eight-element hydrophone array towed along
esignated tracks (see Figure 1) at an average speed of 4
nots (roughly 2 m s-1) on 7 and 8 March 2019. A sum-
ary of the sensors deployed is provided in Table 1, in-

luding date, time, and type of deployment. The data ac-
uired by the horizontally towed hydrophone array are di-
ided into five different segments (or tracks) over 2 d. To min-
mize the effect of tow ship noise on the recorded acous-
ic data, the hydrophone array was towed ∼60–80 m behind
he research vessel, given a maximum tow cable length of
00 m.
The eight-element coherent hydrophone array has 0.75 m

pacing for spatially unaliased beamforming up to 1000 Hz
or narrowband signals. The array gain is dependent on the
ignal frequency and bearing with up to 10log10(N) = 9 dB,
here N is the number of hydrophones. The actual array

ain, which may be <9 dB theoretical array gain, is depen-
ent on noise coherence and cod vocalization wavelength rel-
tive to array aperture length. The sampling frequency for
he array is adjustable and can be set at either 8, 30, or
00 kHz per channel. The data analysed here were recorded at
kHz sampling frequency, which is sufficient for cod sounds.
he B&K hydrophone type 8106 is a wide-range, general-
urpose transducer for making sound measurements over a
requency range from 7 Hz to 80 kHz with a receiving sensitiv-
ty of -174 dB re 1 V/μPa. It features a built-in, thick-film, and
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Figure 3. Time domain and spectrogram of (a) coastal cod grunt, (b) coastal cod knock, and (c) a series of coastal cod vocalizations. The above
vocalizations were recorded on both B&K hydrophones deployed vertically on 6 March 2019, and shown here for one of the hydrophones.
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Figure 4. Results of one-way ANOVA analysis to compare the frequency characteristics of all 388 shortlisted detections received on a B&K hydrophone.
Time–frequency characteristics of four sub-classes “cod grunts”, “cod knocks”, “cod unclassified”, and “false detections” were considered. The blue and
red circles indicate the mean of respective classes. The blue and red bars represent the confidence intervals for those classes. Classes that do not have
significantly different means appear in blue. From (a) minimum frequencies and (b) power amplitude weighted frequencies, it can be observed that false
detections have significantly different characteristics.
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t
a
s
3

C
c

E
s
q
H

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/6/1727/7218794 by H
avforskningsinstituttet user on 26 Septem

ber 2023
low-noise 10 dB preamplifier for signal conditioning (Types,
1992). The eight-element hydrophone array measurements
are compared to the B&K hydrophone measurements for
calibration.

The research vessel Hans Brattstrøm was also equipped
with a Simrad EK60 echo sounder configured with a
split-beam transducer (ES38—12) having a nominal 12◦

beamwidth for surveying the water column directly under-
neath the research vessel. The water-column temperature and
conductivity were sampled using a conductivity–temperature–
depth (CTD) sensor (SAIV sonde SD208) at the shallow-water
inlet Kalsøyvik and deeper Marstein area. The water depth at
 p
he shallow-inlet Kalsøyvik site ranged from 16 to 78 m with
n average of ∼50 m, while the water depth in the outer region
urrounding Storakalsøy and Marstein ranged from ∼100 to
00 m.

od vocalization detection and temporal–spectral
haracterization

ach beam-time series was converted to a beamformed
pectrogram by short-time Fourier transform (sampling fre-
uency = 8000 Hz, frame = 2048 samples, overlap = 3/4,
ann window). For the pair of B&K hydrophones, the raw
ressure–time series data were converted to spectrograms by
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Figure 6. Vocalization rate of detected cod sounds in Austevoll, by B&K
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vocalizations could not be detected because of the significantly high
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hort-time Fourier transform. The spectrogram images from
oth the B&K hydrophones and the hydrophone array were
verwhelmed with long-duration tonal sounds at discrete fre-
uencies radiated from RV Hans Brattstrøm due to close prox-
mity of the ship’s engines to the sensors (Figure 2a). The
od vocalizations received on the hydrophones were com-
aratively impulsive with short time durations of <0.3 s. To
istinguish cod vocalizations from own ship-radiated tonal
ounds, we calculated the horizontal time derivative of spec-
rogram intensity images (Oppenheim, 1997). This proce-
ure significantly reduced the intensity of ship tonal signals
n the resulting time-differenced spectrogram intensity out-
ut, thus enhancing the detection of impulsive cod grunt sig-
als (Figure 2b). Significant signals present in time-differenced
pectrogram intensity images, such as cod grunts, were auto-
atically detected by first applying a pixel intensity threshold
etector (Sezan, 1990; Huang et al., 2017; Garcia et al., 2018),
ollowed by pixel clustering, and verified by visual inspection.
ime-differenced spectrogram pixels with local values that are
2 dB above the background were grouped using a clustering
lgorithm according to a nearest-neighbour criterion that de-
ermines if the pixels can be grouped into one or more sig-
ificant sound signals. Time–frequency bounding boxes for
ignificant signals present in the time-differenced spectrogram
ntensity outputs were noted. The significant signals detected
sing this approach were predominantly fish-produced sounds

n the frequency range from 10 Hz to 1 kHz. The other strong
ignals from non-fish sources in this frequency range were
hip-generated transients, which were removed from the set
f fish sounds analysed here by visual inspection.
These time–frequency bounding boxes were then applied

o the original spectrogram intensity data to derive cod grunt
ignal features. For each signal, the frequency, time, and mean
quare pressure per Hz are first extracted from each pixel (i,
) that exceeds the detection threshold, f(i, j), t(i, j), and W(i,
) = P2(i, j). Next, the following features are calculated for
ach detected cod signal: (i) minimum frequency fmin (Hz), (ii)
aximum frequency fmax (Hz), (iii) power amplitude weighted

verage frequency f̄w (Hz), (iv) peak power frequency fp (Hz),
v) bandwidth BW (Hz), and (vi) duration of detected vocal-
zation τ (s), which is the threshold exceedance signal dura-
ion.

(i) fmin = min
i, j

f (i, j), ∀i, j (1)

c

(ii) fmax = max
i, j

f (i, j), ∀i, j (2)

(iii) f w =
∑

i, j

f (i, j)W (i, j)/
∑

i, j

W (i, j) (3)

(iv) Wm(k, l ) = max
i, j

W (i, j), ∀i, j

fp = f (i = k, j = l ) (4)

(v) BW = fmax − fmin (5)

(vi) τ = max
i, j

t(i, j) − min
i, j

t(i, j), ∀i, j (6)

In addition, from the detected signal time series [examples
hown in Figure 3(a) and (b)], the (vii) number of amplitude
eaks occurring in each time series was also extracted.

ource level distribution estimation for cod
ocalizations

he source level Ls(r0) of each cod vocalization in units of
B re 1 μPa at 1 m was estimated from its received pressure
evel Lp(r) by accounting for propagation loss via (in the sec-
ion “Material and methods” of the Kinsler et al., 1999 Inter-
ational Organization for Standardization, 2017, with simi-

ar concepts in Urick, 1983; Kinsler et al., 1999; Garcia et al.,
018),

Ls(r0) = Lp(r) + NPL(| r − r0 |). (7)

here r is the location of the coherent hydrophone array cen-
re, r0 is the mean location of the cod fish aggregation, NPL(|r

r0|) is the acoustic transmission loss in units of dB re 1 m
rom the estimated location of cod vocalization to the cen-
re of the coherent hydrophone array, and Lp(r) is the re-
eived cod mean-square sound pressure level in units of dB

e 1 μPa. Here, Lp(r) = 10 log10
P2(r)

P2
o

, where P2 is the mean-

quare sound pressure of the cod vocalization signal and P2
o

s the reference mean-square sound pressure of 1 μPa2. Time-
omain signal of cod vocalization is bandpass filtered between
pper fU and lower fL frequencies and beamformed to the az-
muthal bearing of the received cod vocalizations, over a time
indow encompassing >90% of the total signal energy.

oD regions for coastal cod vocalizations

he POAWRS PoD PD(r) for cod vocalizations, as a function
f range r from the coherent hydrophone array, is modelled
sing the approach provided in Appendix 1 of Garcia et al.,
2018) and in the online supporting material of Wang et al.
2016a). The calculations are centred at cod vocalization peak
requency of 60 Hz received on the coherent hydrophone ar-
ay after spatial beamforming. The experimentally determined
oastal cod vocalization source level distribution Ls along
ith stochastically modelled (Andrews et al., 2009) range- and
epth-dependent transmission loss (Collins, 1993; Collins and
iegmann, 2019) intensities for the area is applied as inputs in
he PoD calculations. We model the PoD regions at four dis-
inct array locations in Austevoll, including both shallow inlet
nd deeper surrounding areas. The PoD modelling approach
mployed here for cod vocalizations with a receiver array had
een previously developed and applied to estimate PoD re-
ions for humpback whale vocalizations (Gong et al., 2014;
ang et al., 2016b) in the Gulf of Maine, and fin whale vo-

alizations in the Norwegian and Barents Seas (Garcia et al.,
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Figure 7. Automatic grouping of 388 shortlisted unlabelled detections measured on the B&K hydrophone on 6 March 2019. (a) Principal component
coefficients for each feature variable and the principal component scores for each detected fish sound in a single plot. From this, we can derive that
bandwidth and maximum frequency features contribute highest to component 1 and power amplitude weighted average mean frequency and minimum
frequency contribute more to component 2. (b) Silhouette criterion values for each number of clusters tested. Highest silhouette value occurs at three
clusters, suggesting that the optimal number of clusters is three. (c) Scatter plot showing the three different clusters on applying the k-means clustering
algorithm.
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2018) received on a larger coherent hydrophone array with
multiple 64-element nested sub-apertures (see Supplementary
Information section I and Supplementary Information Figure
1(b) of Wang et al. 2016b).

Results

First calculations of the statistical time–frequency feature pa-
rameters of observed cod vocalizations in Austevoll are pre-
sented for measurements based on a B&K hydrophone. For
the eight-element hydrophone array, these parameters are pre-
sented separately in the stationary vertical and horizontal tow
modes.

The cod sound time–frequency characteristics are presented
separately based on sensor system and deployment mode be-
cause the received cod vocalization maximum and minimum
frequencies, as well as bandwidth are dependent on the mea-
surement scenario, depending on whether array gain is appli-
cable or tow-induced flow noise is present. Next, the source
evel distribution for cod vocalizations estimated from verti-
ally deployed hydrophone array measurements is provided.
his distribution is then applied as an input to calculate the
oD regions for cod vocalizations with a hydrophone array
s a receiver at multiple locations in Austevoll, including both
hallow inlets and deeper surrounding slope waters. Finally,
he spatial distribution of Norwegian coastal cod vocalization
ates in Austevoll along the tow tracks of the hydrophone ar-
ay is mapped.

ertically deployed single B&K hydrophone

n 6 March 2019, the Norwegian coastal cod vocalizations
ere measured on a pair of B&K hydrophones deployed ver-

ically between 17:00 and 18:32 GMT. The cod vocaliza-
ions consist of a series of individual transient sound pulses
Figure 3c), similar to observations of previous studies (Fudge
nd Rose, 2009; Hernandez et al., 2013; Wilson et al., 2014;
artijn, 2021). Based on automatic detection and verified by
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Figure 8. The mean spectra and standard deviation of detected cod
vocalizations and ambient noise segments measured by a vertically
deployed eight-element hydrophone array on 7 March 2019. The cod
vocalization mean level stands clearly above the ambient noise mean
level (>5.6 dB apart) at low frequencies till ∼600 Hz, after which the error
bars overlap.
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Figure 9. The vocalization rate of detected cod sound based on
eight-element hydrophone array measurements while vertically deployed
on 7 March 2019.
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isual inspection, 388 detections were shortlisted to be cod vo-
alizations. Cod has been observed to produce multiple types
f sounds, such as grunts, knocks, and a series of knocks,
s observed by Midling et al. (2002). Example of cod grunt
nd knock signals received on a B&K hydrophone are shown
n Figure 3(a) and (b), respectively. Classification of the 388
hortlisted signal detections was done both manually and au-
omatically. A visual comparison of pulse shape and rate in
ignal time series, as well as signal duration was used in the
anual classification of fish sounds. For automatic classifica-

ion, all seven time–frequency features extracted from signal
etections were employed.

anual classification
he 388 shortlisted signals from the stationary B&K hy-
rophone were manually classified into four groups based on
isual comparison of pulse rate and call duration to recorded
ounds from net pens with spawning cod sampled from the
ame population. The four groups re “presumed cod grunt”,
presumed cod knock”, “unconfirmed”, and “presumed false
etections”. After careful analysis perusing the time-series
ata and listening to the audio sound file of each short-
isted signal, 194 detections were considered to be presumed
od grunts, 119 presumed cod knocks, 45 unconfirmed, and
he remaining 30 detections were found to be from some
ther source. The “unconfirmed” were later renamed as “cod
nclassified” after statistical analysis and further examina-
ion of signal time series and sound playback. These find-
ngs are consistent with ANOVA (ANalysis Of VAriance) on
requency characteristics shown in Figure 4a and b and tab-
lated in Table 2. The one-way ANOVA (Figure 4a and b)
hows there are significant differences in the minimum fre-
uencies and power amplitude weighted frequencies of the
hree cod sound groups from the single non-cod sound “false
etections” group. The small pairwise p-values of the multi-
le ANOVA analysis (in Table 2) between “false detections”
ith each of the other three cod sound groups suggest that

he characteristics of minimum frequency and power ampli-
ude weighted frequency for the “presumed false” detection
ategory are significantly different from those of the presumed
cod grunt”, “cod knock”, and “cod unclassified” detection
ategories. These two characteristics are highly similar for the
etections in the three cod sound categories based on their
arge pairwise ANOVA probabilities (p-values). Since knocks
ere observed in association with grunts (Figure 5), and given

he large ANOVA p-values for the two frequency characteris-
ics analysed, we assumed them to be from the same source
ype, the cod fish. The “cod unclassified” sounds are vocal-
zations that could not be clearly distinguished as grunts or
nocks. These were sounds that could be classified as grunts,
ut had fewer than three clear consecutive pulses, which made
t impossible to quantify pulse rate. The ANOVA analysis
ndicates the “cod unclassified” sound minimum frequency
nd power amplitude weighted frequency characteristics are
ighly similar to those for the “cod knock” sound.
Occasionally, we also observed grunt pulses that sounded

everberant, probably as a result of interference due to reflec-
ions off our ship hull or the sea surface. Analysis of these re-
erberant cod sounds is provided in the Appendix. The time–
requency parameters calculated from signal detections on one
f the two B&K hydrophones are provided in Table 3 sepa-
ately for each of the four groups.

Based on the B&K hydrophone measurement, the broad-
and frequency of cod grunts range from 21 ± 15 Hz (mini-
um frequency) to 119 ± 36 Hz (maximum frequency), with
mean peak power frequency ∼69 ± 32 Hz. The average time
uration of the cod grunts is found to be 0.3 ± 0.18 s. Knocks
roduced by coastal cod are in a similar frequency range ex-
ept for the shorter time duration, 0.22±0.16 s. The mean rate
f all vocalizations measured on a single B&K hydrophone is
ound to be ∼8 ± 5 sounds min-1. Figure 6 shows the varia-
ion of vocalization rates measured between 17:07 and 18:32
MT. Between 16:23 and 16:37 GMT, cod sounds could not
e detected because of the significantly high noise level caused
y a passing boat.

utomatic classification
he previously defined seven features extracted from each
etected signal, which are (i) minimum frequency (Hz), (ii)
aximum frequency (Hz), (iii) power amplitude weighted av-

rage frequency (Hz), (iv) peak power frequency (Hz), (v)
andwidth (Hz), (vi) duration of detected vocalization, and
vii) number of peaks, are applied for automatic grouping of
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Figure 10. Echograms (38 kHz Sv vs. depth and time) showing the volume back-scattering strength (Sv [dB re 1 m-1]) of individual echoes of fish (likely to
be cod) in the Austevoll region. During the time interval from 14:28 to 14:46 P.M. of 7 March 2019, both the eight-element hydrophone array and B&K
hydrophone pair were simultaneously acquiring data in vertical deployment mode.

Figure 11. Echograms (38 kHz Sv vs. depth and time) showing the volume back-scattering strength (Sv [dB re m-1]) of individual echoes of presumed
coastal cod in the Austevoll region along the tow tracks of the eight-element hydrophone array on 7–8 March 2019.

f
c
(
t
d
t
w
a
i
3
f
t
d
b
M
2
g
t

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/6/1727/7218794 by H
avforskningsinstituttet user on 26 Septem

ber 2023
sounds via cluster analysis. First, the extracted features are
normalized and re-scaled into standardized form with a zero
mean and unity standard deviation. Feature scaling is neces-
sary to ensure that all the features receive the same weigh-
tage or importance in the clustering analysis. The vector of
normalized features from each detection that constitutes a set
of potentially correlated variables is then transformed into a
set of linearly uncorrelated variables using principal compo-
nent analysis (PCA). The PCA technique is often used for fea-
ture selection and dimension reduction. The dominant com-
ponents are next used to classify the different groups of signal
detections via k-means clustering method. Figure 7(a) shows
the bandwidth and max frequency are the most contributing
features for the first principal component, whereas mean fre-
quency and minimum frequency are the most contributing fea-
tures for the second principal component. The k-means clus-
tering algorithm, a recursive approach that determines dis-
tinct clusters by minimizing the distance of each feature vector
rom the cluster centre, is used here. The optimal number of
lusters is determined by evaluating the silhouette criterion
Rousseeuw, 1987) values. From Figure 7(b), it was found
hat the highest silhouette value occurs at three clusters, in-
icating the optimal number of clusters. Figure 7(c) shows
hree distinct clusters using the first two principal components
ith 246 detections in cluster 1115 detections in cluster 2,

nd 27 detections in cluster 3. The time–frequency character-
stics of each cluster type are quantified in Table 4. Cluster
’s minimum frequency, power amplitude weighted average
requency, and peak frequency are found to be distinct from
he other clusters. This suggests that cluster 3 contains false
etections, that is, non-cod sounds. Table 5 shows the distri-
ution of manually labelled fish sounds in different clusters.
anually labelled grunts account for around 66% of cluster
detections. Cluster 1 contains a mix of manually labelled

runts (45%) and knocks (38%). Given the clear difference in
he number of peaks between clusters 1 and 2 (mean 2.3 vs.



1736 S. G. Seri et al.

Figure 12. Rates of detected coastal cod vocalizations measured by hydrophone array while horizontally towed (along tracks 1, 2, and 3) in Austevoll on
7 March 2019. Size of the circle is proportional to cod vocalization rate. Note that vocalizations probably emerge from cod fish located within an ∼1 km
radius of the array (see Figure 15a and d) for the hydrophone array in deeper slope areas and within a 0.25 km radius of the array in shallow inlet areas.
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.75), it is clear that cluster 2 is important for grunts, whereas
luster 1 is likely a mixture of knocks and shorter-duration
runts.

Both the manual and automatic classification indicate that
ver 93% of the shortlisted detections are consistent with cod
ounds and that the non-cod (false) sounds comprise <7%
f the shortlisted detections (see confusion matrix, Table 5).
or the remaining analysis, we do not further sub-classify the
hortlisted signals after automatic detection and visual inspec-
ion, since further sub-classification can be laborious and the
on-cod sounds are expected to be <7% of the shortlisted
etections. We refer to the shortlisted detections as cod detec-
ions in the rest of the paper.

ertically deployed hydrophone array

he eight-element hydrophone array was deployed vertically
n 7 and 8 March 2019 in Austevoll. The raw pressure–time
eries data from eight hydrophones is beamformed to enhance
he signal-to-noise ratio (SNR) of detected cod sounds by re-
ecting noise outside of the signal beam. We can observe from
igure 2 that beamforming helps to enhance higher frequency
omponents making cod vocalization energy detectable up
o 600 Hz (see Figure 8) due to higher array gain at those
requencies when compared to single hydrophone measure-
ents. Time–frequency parameters calculated from cod vocal-

zation detections of the vertically deployed hydrophone array
re tabulated in Table 6. The minimum frequency and power
mplitude weighted frequency of detections in the vertically
eployed array measurements are in good agreement with
hose from cod sound detections with the B&K hydrophone.
he maximum frequency and bandwidth from analysis of
ertical hydrophone array measurements are roughly double
hose calculated from B&K hydrophone measurements due
o a higher SNR enhancement gain at upper end of the cod
ound spectrum from beamforming. Figure 9 shows the cod
ocalization rates measured by the hydrophone array when
eployed vertically on 7 March 2019.
Echosounder measurements reveal the depth distribution

nd abundance of fish before, during, and after the vertical
ydrophone array deployment. As shown in Figure 10, a fish
hoal, likely to be cod, is present in the immediate vicinity at
30–60 m water depth.
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Figure 13. Vocalization rates as a function of time (a, c, and e) and space (b, d, and f) of detected coastal cod measured by a hydrophone array while
horizontally towed (along tracks 4 and 5) in the Austevoll region on 8 March 2019. Size of the circle is proportional to cod vocalization rate. Note that
vocalizations probably emerge from cod fish located within a roughly 1 km radius of the array (see Figure 15a and d) for the hydrophone array in deeper
slope areas and within a 0.25 km radius of the array in shallow inlet areas.

Figure 14. Histogram of back-projected source level estimates of 124
detections of Austevoll cod vocalizations. The estimated back-projected
source levels range from 150 to 172 dB re 1 μPa at 1 m with a mean and
standard deviation of 163.5 ± 7.9 dB re 1 μPa at 1 m.
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Horizontally towed hydrophone array

Data acquired by the horizontally towed eight-element hy-
drophone array are divided into five distinct segments (or
tracks) over 2 d. The time frequency characteristics of detected
cod vocalizations based on analysis of towed hydrophone ar-
ray data are listed in Table 7. The minimum detectable fre-
quency has increased from 22 Hz in stationary vertical mode
to roughly 36 Hz in horizontal tow mode likely due to in-
creased flow noise on the array at low frequencies from tow-
ng. The array has a simple design consisting of a tow cable
onnected directly to an eight-element hydrophone acoustic
perture, with no vibration isolation module in between to
ampen the flow noise.
Cod sound detection rates were higher along tracks 1 and 2

ompared to the other tracks. Furthermore, larger measured
od sound rates are associated with a higher maximum fre-
uency parameter of 300 ± 100 Hz for track 1 and 238 ±
4 Hz for track 2, whereas the maximum frequency parame-
er obtained from tracks 3, 4, and 5 was ∼186 ± 33 Hz. The
ean durations of the detected cod vocalizations are approxi-
ately equivalent over the five tracks (∼0.3 s). The simultane-
usly acquired echo-sounder output for each track is shown in
igure 11, confirming the presence of fish in the vicinity. Based
n the target strength, depth distribution, and knowledge of
pecies abundance in the area from local fishermen, these are
ost likely cod.
Measured cod vocalization rates in units of sounds/min

ere calculated from the towed hydrophone array measure-
ents along its five tracks and mapped in geographic space.
n 7 March 2019, the hydrophone was towed at different

imes of the day with measurements grouped into three dis-
inct tracks (Figure 12). Mean detected cod vocalization rate
long track 1 in the slope water region where water depths
re deeper than 100 m is observed to be 18 ± 3 sounds min-1.
he detected cod vocalization rate of track 2, which goes

rom deeper slope water into shallow inlet water, varied from
oughly 25 calls min-1 initially to 8 per minute calls in the inlet
rea, with overall mean of 17 ± 7 sounds min-1. Coastal cod
ocalization rate for track 3 varied from 18 to 0 sounds min-1

ith a mean of 6.2 ± 4. On 8 March 2019, two tow tracks
f the horizontal hydrophone array are available (Figure 13).
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Figure 15. The PoD region for coastal cod vocalization centred at 60 Hz received on eight-element hydrophone array at various locations, both deeper
slopes and shallow inlet areas, in Austevoll. The blue solid contours in (a)–(d) provide the 50% PoD areas after beamforming. Examples of received
pressure level as a function of range calculated by a calibrated parabolic equation-based range-dependent acoustic propagation model (Collins, 1993;
Collins and Siegmann, 2019) along two propagation paths with the following directions: 88◦ from true north [deeper channel area in (a)] and 268◦ from
true north [shallow inlet area in (d)] are shown in (e). The transmission losses for the corresponding directions are plotted in (f–g), as a function of
propagation range and depth.
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Tracks 4 and 5 are in the shallow inlet area with small detected
call rates and a mean of ∼3 calls min-1 for both tracks.

Many factors such as water depth, season, diel cycle, lunar
cycle (Thorsteinsson et al., 2012; Grabowski et al., 2015; Ze-
meckis et al., 2019; Caiger et al., 2020), and water temperature
affect the spawning activity of coastal cod. Here, the detected
coastal cod grunt rates were highest in the deeper slope wa-
ter areas, and lowest in the shallow inlet areas. The new moon
started after 6 March 2019 at 17:00, but our observation time
period was not wide or long enough to assess the full effect of
the lunar cycle.

Source level distribution and PoD regions for cod
vocalizations

The received pressure level (Lp) of the majority of cod vocal-
ization detections measured by the coherent hydrophone ar-
ray when vertically deployed is found to be in the range of 120
–140 dB re 1 μPa. The transmission loss is calculated by aver-
aging cod depths from 20 to 60 m with a mean of 40 m (the
one-way transmission loss for this mean depth is 32 dB re 1 m),
as can be deduced from Figure 10. The corresponding source
level distribution is derived from the received pressure levels
of the cod vocalization detections after correcting for trans-
mission losses, assumed to be geometrical spherical spreading
loss at these short ranges. The estimated source levels of 128
detected cod vocalization signals range from 150 to 172 dB re
1 μPa at 1 m (Figure 14). The mean and standard deviation
for cod vocalization source level distribution are found to be
163.5 ± 7.9 dB re 1 μPa at 1 m.

The estimated source level distribution of cod vocalizations
is applied as an input to calculate the PoD region for the co-
herent hydrophone array as a receiver. The array gain (Urick,
1983) values from Table 8 for cod vocalizations were used in
the PoD calculations to account for SNR enhancement after
beamforming with the eight-element hydrophone array. The
50% PoD region for cod detection with the hydrophone ar-
ray at four distinct locations is plotted in Figure 15(a)–(d).
The water depth for the array location shown in Figure 15(a)
is around 300 m, while the water depths for the array loca-
tions shown in Figure 15(b), (c), and (d) are ∼150–200, 100,
and 30 m, respectively.

The PoD areas for cod vocalization detection are quite
small, extending over an area of roughly 2 km in diameter for
the deeper slope water site and about 0.7 km in diameter at the
shallow inlet. These PoD areas are significantly impacted by
large bathymetric variations over the region and especially in
shoreward directions and the shallow-water inlet, where there
is substantial penetration and absorption of sound into the sea
bottom (Figure 15e–g).

Discussion

In this study, cod vocalizations in a shallow-water inlet and
deeper surrounding slope areas of a coastal bay at Austevoll,
western Norway have been studied and quantified in terms
of time–frequency characteristics, source level distribution,
and spatial dependencies from measurements with an eight-
element towable hydrophone array. Here we discuss and com-
pare our results with those in the published literature, includ-
ing implications for future fisheries research.

In terms of time–frequency characteristics, previous stud-
ies provide various frequency ranges for coastal cod vocaliza-
ions (typically below 1000 Hz). Stanley et al. (2017) showed
hat the frequency range for Atlantic cod vocalizations is 30–
00 Hz, recorded using Marine Autonomous Recording Units
MARU) sampled at a rate of 2 kHz. Similarly, Hernandez
t al. (2013) analysed US Atlantic cod vocalizations using
ARU recordings at a sampling rate of 5 kHz and found

heir frequency range to lie between 20 and 250 Hz. It was
hown that ambient sound levels in the Norwegian Lofoten
oast were increased by 7–18 dB between 50 and 500 Hz dur-
ng the cod spawning period, presumably due to cod vocaliza-
ions (Nordeide and Kjellsby, 1999). In our study, we were able
o detect coastal cod vocalizations up to 200 Hz with a sin-
le B&K hydrophone with 8 kHz sampling rate. Much higher
aximum frequencies of up to 600 Hz were detectable for

od vocalizations after coherent beamforming with the eight-
lement hydrophone array. This hydrophone array is designed
o provide unaliased beamforming for time harmonic signals
t frequencies up to 1 kHz, and provides better SNR enhance-
ent for broadband signals, almost 9 dB, near the hydrophone

rray design frequency of 1 kHz. However, at the cod sound
eak energy frequency of roughly 60 Hz, the array gain for the
ight-element hydrophone array is negligibly small with the
oD area nearly equivalent to that for a single hydrophone.
arger hydrophone arrays with a greater number of elements
ould be needed to increase array gain and hence PoD area

t the cod sound peak frequency of 60 Hz (see Table 8).
Previous studies (Brawn, 1961; Nordeide and Kjellsby,

999; Rowe and Hutchings, 2006) observed that sound pro-
uction occurs most frequently during the spawning period,
articularly after the onset of darkness. Caiger et al. (2020)

nvestigated spatio-temporal trends of cod vocalizing over 10
onsecutive winter spawning seasons using multiple fixed-
tation passive acoustic recorders to sample across Mas-
achusetts Bay. It was indicated that the highest grunting ac-
ivity was near sunset and at night. In contrast, Hernandez
t al. (2013) showed that cod grunts in Massachusetts Bay
ere most prevalent during daylight hours as opposed to twi-

ight and nighttime hours. In the current experiment, most of
he recordings were made during daylight hours between noon
o dusk. The cod grunts rates varied and included both high
nd low daytime levels depending on the location. On aver-
ge, higher grunt rates were observed in deeper surrounding
lope water than shallow inlet areas. This result may also be
ue to better propagation conditions and a larger PoD area
or cod grunt detection in slope areas than in shallow inlet
reas. Longer observation time periods covering multiple di-
rnal cycles in each of the areas investigated, both shallow
nlet and deeper slope areas, would be needed to ascertain po-
ential day-to-night variations of cod grunt rates and their de-
endence on location. An advantage of the hydrophone array
s that it is mobile and can readily traverse several distinct sites
ver multiple diurnal cycles to make the necessary measure-
ents, which is planned for future studies.
Spawning is an essential part of stock recruitment and un-

erstanding spawning behaviour and how disturbances such
s intense sound sources affect this behaviour is important
de Jong et al., 2020). By using a combination of acoustic
elemetry and archival data storage tags, Siceloff and Howell
2013) demonstrated that Atlantic cod in the western Gulf of

aine aggregate around fine-scale bathymetric features on the
pawning ground, utilize relatively small areas during spawn-
ng, are highly mobile within those areas, and tend to move
s a group. In contrast to most studies, Sund (1935) and
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Table 2. Multiple comparisons between detected cod sounds and non-cod sounds for minimum frequency and power amplitude-weighted frequency
characteristics.

Group A Group B p value for power amplitude p value for
Weighted frequency Minimum frequency

“Grunts” “Knocks” 0.43 0.84
“Grunts” “Unclassified” 0.14 0.29
“Grunts” “False” 6.01e-08 6.15e-09
“Knocks” “Unclassified” 0.74 0.69
“Knocks” “False” 1.93e-05 1.98e-07
“Unclassified” “False” 0.0061 0.00045

The first two columns show the pair of groups that are compared. The third and fourth columns show the p-value for a hypothesis that the true difference of
means for the corresponding groups is equal to zero.

Table 3. Time–frequency characteristics of “manually labelled” 388 detections received on a B&K hydrophone on 6 March 2019 in the Austevoll region.

Time–frequency characteristics Cod grunts Cod knocks Cod unclassified False

Min frequency (Hz) 21 ± 15 25 ± 19 28 ± 21 42 ± 32
Max frequency (Hz) 119 ± 36 115 ± 31 106 ± 34 136 ± 40
Power amplitude weighted
average frequency (Hz)

62 ± 14 63 ± 18 67 ± 21 83 ± 26

Peak power frequency (Hz) 69 ± 32 66 ± 30 66 ± 34 81 ± 38
Bandwidth (Hz) 98 ±39 90 ± 32 78 ± 35 94 ± 43
Duration (s) 0.3 ± 0.18 0.22 ± 0.16 0.26 ± 0.18 0.35 ± 0.24

The detections are divided into four sub-classes—cod grunts (194), cod knocks (119), unclassified (45), and presumed false detections (30).

Table 4. Time–frequency characteristics of 388 detections received on a B&K hydrophone using “clustering analysis”. The detections are divided into three
call types based on k-means clustering.

Time–frequency characteristics Cluster 1 (246) Cluster 2 (115) Cluster 3 (27)

Min frequency (Hz) 22 ± 9 17 ± 5 84 ± 28
Max frequency (Hz) 97 ± 19 152 ± 30 157 ± 23
Power amplitude weighted average
frequency (Hz)

59.39 ± 10 64 ± 14 112 ± 23

Peak power frequency (Hz) 64 ± 29 70 ± 32 108 ± 38
Bandwidth (Hz) 75 ± 22 135 ± 30 73 ± 30
Duration (s) 0.21 ± 0.11 0.42 ± 0.21 0.17 ± 0.12
Number of peaks 2.3 ± 2 7.75 ± 6.1 1.8 ± 3.1

Table 5. Distribution of manually labelled grunts, knocks, unclassified cod, and false detections in each cluster analysis grouping is shown.

Manually labelled class Cluster 1 (246) Cluster 2 (115) Cluster 3 (27)

Grunts (194) 45.1% (111) 66.1%(76) 26% (7)
Knocks (119) 38.2% (94) 16.5% (19) 22.2% (6)
Unclassified (45) 13% (32) 7.8% (9) 14.8% (4)
False (30) 3.7% (9) 9.6% (11) 37% (10)

Table 6. Time–frequency characteristics of 124 detected cod vocalizations based on on eight-element hydrophone array measurements when vertically
deployed on 7 March 2019.

Time–frequency Characteristics Cod vocalizations on hydrophone array (vertically deployed)

Min freq (Hz) 22.5 ± 13.6
Max freq (Hz) 199.1 ± 170.7
Power amplitude weighted average freq (Hz) 53.8 ± 31.4
Peak power freq (Hz) 41.8 ± 29.0
Bandwidth (Hz) 176.5 ± 169.0
Duration (s) 0.4 ± 0.3
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Table 7. Time–frequency characteristics of detected cod vocalizations based on horizontally towed eight-element hydrophone array measurements of 7–8
March 2019.

Time–frequency characteristics Track 1 (167) Track 2 (1061) Track 3 (779) Track 4 (217) Track 5 (173)

Min freq (Hz) 33.8 ± 19.8 38.6 ± 27.4 35.2 ± 13.6 38.6 ± 16.6 39.8 ± 19.2
Max freq (Hz) 308.5 ± 101.6 237.6 ± 94 187.4 ± 27.4 186.3 ± 30.7 183.6 ± 39.8
Power amplitude weighted average freq
(Hz)

54.3 ± 44 65.5 ± 57.6 57.7 ± 28.2 62.4 ± 27 66 ± 35.3

Peak power freq (Hz) 40 ± 31.5 53 ± 60 45.3 ± 28 50.8 ± 26.4 50.6 ± 32.2
Bandwidth (Hz) 274.6 ± 98 199 ± 89.2 152.2 ± 28 147.6 ± 33.3 143.7 ± 37.7
Duration (s) 0.3 ± 0.14 0.31 ± 0.15 0.32 ± 0.16 0.27 ± 0.13 0.3 ± 0.18

Table 8. The eight-element array parameters at 60 Hz with array element
spacing of 0.75 m are used in modelling the PoD areas for cod vocalizations
in the Norwegian Sea.

f̄ (Hz)
Number of array

elements
Array element spacing

(m) AG (dB)

60 8 0.75 0.27
60 64 0.75 4.02
60 64 1.5 7.02
500 8 0.75 6.19
500 64 0.75 13.22
500 64 1.5 16.23

They are the power amplitude-weighted average frequency, f̄ (Hz), and co-
herent beamforming gain of the passive receiver array, AG. Note that higher
array gains for fish sound detection can be achievable with a larger array
with a greater number of elements, and they are listed here for comparison.

Figure 16. GPS locations of tagged coastal cod fish in the Austevoll
region between 6 and 9 March 2019 are shown in blue.
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Ingvaldsen et al. (2017) detected Atlantic cod in mid-water
over deep-water basins using echosounding. Acoustic regis-
trations of fish from the northern Fram Strait portion revealed
that cod were present from ∼150 to >600 m above the conti-
nental slope, as well as in a 300–500 m deep layer off the slope
(Ingvaldsen et al., 2017).

Passive towed hydrophones consisting of eight sensors have
been previously used by Holt (2008) to determine the spawn-
ing sites of red drum fish. It was indicated that the spawning
activity of red drum is widespread and not concentrated at
inlets. Similarly, in our survey, we observed roughly six times
higher grunt rates (Figure 12) for cod in deeper slope water
when compared to shallow inlet areas. To take into account
the differences in PoD for cod sounds at these two locations
with the hydrophone array, we divide the mean cod sound de-
tection rate with the PoD area to derive a spatial vocalization
detection rate in units of vocalizations/(km2 min). The cod
sound mean spatial vocalization detection rate for deeper wa-
ter from Figure 15(a) is 10.75 ± 1.5 vocalizations/(km2 min)
and for shallow inlet area [in Figure 15(d) is 26 ± 30
vocalizations/(km2 min)]. These values are now closer with a
factor of 2.6 difference in favour of the shallow inlet area, as
opposed to the previous factor of 6 difference in favour of the
deeper site when the PoD areas were not taken into account.
This analysis indicates that further studies and measurements
may be needed to ascertain that (i) the cod call rates are truly
higher in the deeper slope water, perhaps due to more cod
abundance, or (ii) the detected call rates are higher due to the
larger PoD area there compared to the shallow inlet area.

Figure 16 shows the locations of tagged cod in the shallow
inlet part of the study area between 6 and 8 March 2019. We
can observe that the tagged fish (26 different fish) are concen-
trated at inlets. However, since only this bay has been moni-
tored, there is no information about fish movement and con-
centrations in the deeper areas.
The use of a large-aperture (>100 hydrophones) tow-
ble hydrophone array can be a great asset for studying
he temporo-spatial distribution of cod via passive acoustics
n future studies. A large-aperture densely populated array
ith many more elements such as the newly developed 160-

lement Northeastern University coherent hydrophone array
Schinault et al., 2022; Radermacher et al., 2022; Mohebbi-
alkhoran et al., 2022) with roughly 194 m acoustic aper-

ure length, which provides a much higher array beamforming
ain, larger SNR enhancement, and hence has a larger instan-
aneous PoD region for detecting cod vocalizations, would be
dvantageous for future monitoring of cod sounds. The hy-
rophone array can be towed from a mobile platform to pro-
ide monitoring of many different regions of interest during
n experiment.

It should be noted that a limitation of passive acoustics is
hat detection requires fish to be vocally active, and also re-
uires the sensor to be in the vicinity of the fish, especially so
or single hydrophone measurements that have no array gain
or signal enhancement. Since it may be mainly the male cod
sh that produces sound (Rowe and Hutchings, 2006), as well
s the fact that males and females are potentially distributed
ifferently during spawning (Meager et al., 2009; Dean et al.,
014), the passive acoustic method should be used in combi-
ation with other methods, such as active acoustic echosound-
ng, tagging, or fishing, for a more complete picture of fish
istribution and behaviour.
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onclusion

od vocalizations have been detected and characterized based
n observations from 6 to 8 March 2019 in the Austevoll
egion of the Norwegian coast using an eight-element tow-
ble coherent hydrophone array. Coherent beamforming com-
ined with temporal differencing of spectrograms of the
ydrophone array data is shown to significantly enhance the
od vocalization SNR in the presence of strong long-duration
onal sounds of the research vessel. The time–frequency char-
cteristics of these vocalizations and their occurrence rate time
eries have been quantified from the deeper slope region to the
hallow inlet region. The received sound pressure levels of cod
ocalizations are quantified and applied to estimate the source
evel distribution. The detected coastal cod vocalization rate
s mapped spatially along the tow tracks of the hydrophone
rray. The PoD areas have been estimated for cod vocalization
etection with a hydrophone array receiver at multiple obser-
ation locations encompassing shallow inlet and deeper slope
aters.
It should be noted that this study did not intend to sur-

ey the entire spawning habitat, but rather to examine the
ethodology and possibility for mapping of spawning habi-

ats. The results of the spatial distribution of coastal cod
ocalizations suggest that vocalization activity is possibly
idespread to deeper water and is not concentrated at known

pawning grounds. It could also be that the cod regularly
tray away from the spawning ground and vocalize during
ther activities. This level of spatial resolution could not typ-
cally be obtained using traditional scientific data collection
pproaches. The use of a towed coherent hydrophone ar-
ay can be an efficient means to determine the full extent
f cod spawning areas provided that the relationship be-
ween vocalizations and spawning behaviour and other be-
aviours is more accurately described in future studies. Pas-
ive monitoring in additional areas with the help of a towed
ydrophone array can give a larger scale understanding of bi-
logical sound production in ocean ecosystems and provide

ong-term temporo-spatial information on the occurrence of
pawning events. The information gathered in this study can
erve as a valuable guide for future research and can help in-
orm future fisheries management actions.
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ppendix

ere we examine the time series and spectrogram of rever-
erant cod grunt pulses and account for their form via re-
ection modelling. The reverberant cod grunt pulses sound
ike cod grunts with a ringing coda. Figure A1(a) shows a
easured cod grunt with the B&K hydrophone that has a

ime series and spectrogram similar to typical cod grunts in
he published literature (Midling et al., 2002; Wilson et al.,
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igure A1. Measured time series and spectrogram of coastal cod grunt signals
7:16 PM, respectively, with the hydrophone deployed vertically 10 m below RV
onsistent with those of a typical cod grunt and displays a periodic structure in i

n subplot (b) sounds like a cod grunt but is reverberant.
014; Martijn, 2021). The cod grunt time series has a pe-
iodic pattern over the signal duration, with resultant spec-
ra that are relatively discrete with multiple harmonics, fol-
owing Fourier series theory (Oppenheim, 1997) for periodic
ignals. An example of a reverberant-sounding measured cod
runt signal is shown in Figure A1(b). It can be noticed that
he periodicity is no longer present in the spectrogram, even
hough the signal still sounds like a cod grunt, albeit ringing
ffect.

Here we account for the reverberant cod grunt signals by
odelling the time series and spectrogram that results when
typical cod grunt signal direct arrival undergoes coherent

nterference with reflected signals from the ship hull or the
ea surface. Here we model the ship hull as a rigid surface
ith a reflection coefficient of +1 (in-phase reflection), and

he sea surface as a pressure-release surface with a reflec-
ion coefficient of -1 (out-of-phase reflection). In our model,
he distance between the sea surface and hydrophone is as-
umed to be 10 m, and the distance between fish and hy-
rophone is varied from 15 to 60 m. We also take into ac-
ount the reduction in amplitude due to additional prop-
gation loss and time delay experienced by the reflected
ignals. Two typical results are shown: the first in Figure
2(a) for a modelled cod grunt signal, including ship hull

eflection, and the second in Figure A2(b) for a modelled
od grunt signal, including sea surface reflection. The mea-
ured reverberant cod grunt time series and spectra in Figure
1(b) show high similarity with the modelled reverberant
od grunt signal in Figure A2(a), where the periodicity in
he time series has been altered and only the dominant har-
onic is prominent in the spectrogram. This implies that

he reflections from the ship hull may be the most prob-
ble cause of the reverberant cod sounds. This would oc-
ur in grunt signals from cod directly underneath our survey
essel.

The analysis here provides an explanation for the observed
everberant cod grunt signals sometimes present in our mea-
ured dataset and clarification on the time series and spectro-
ram structure, as well as modifications to that structure that
an result when vocalizing fish are near the survey vessel or
ther boundaries.
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recorded on one of the pair of B&K hydrophones at (a) 17:22 PM and (b)
Hans Brattstrøm on 6 March 2019. The measured signal in subplot (a) is

ts time series with a resulting discretized spectrum. The measured signal
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Figure A2. Modelled reverberant cod grunt signal time series and spectrogram obtained when the original cod grunt direct arrival signal from Figure
A1(a) interferes coherently with reflections from (a) the ship hull and (b) the sea surface. The periodic structure present in the original time series and
spectrogram in Figure A1(a) is altered significantly by reflections from the ship hull, as shown in subplot (a) here. The modelled reverberant cod grunt
signal in subplot (a) here due to ship hull reflections is a good match to the measured reverberant cod grunt signal in Figure A1(b).
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