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For many aquatic animals, distributional patterns, trophodynamic relationships, and reproductive activity are driven by complex biotic and abiotic
ecosystem interactions that influence behaviour. Linking behavioural information to environmental stimuli and stressors can, therefore, help to
anticipate population and ecosystem responses to changing conditions and inform management. However, behavioural information is challenging
to obtain because many sampling gears do not provide adequate spatial or temporal resolution, or potentially alter behaviours. Traditionally, most
behavioural studies have been laboratory experiments, while behaviour in situ has often been inferred indirectly. Advancements in imaging sonar
technology enable the study of in situ behaviours with the potential to address many understudied relationships. In this review we discuss
applications of imaging sonar among a meta-analysis of 155 studies of aquatic organisms in their environments. \We evaluate the performance of
imaging sonar for studying inter- and intra-specific interactions, associations with complex and sensitive habitats and low-visibility environments,
and to evaluate traditional fisheries sampling gears. We examine the data processing and analytical methods used to refine taxonomic resolution,
manage time use and autocorrelation through sub-sampling, extract behavioural metrics applied to ecological processes, and for automating

abundance estimates and image classification with the goal of providing a resource for researchers.
Keywords: acoustics, adaptive resolution imaging sonar (ARIS), behaviour, dual-frequency identification sonar (DIDSON), fish, meta-analysis review.

Introduction

Understanding the behavioural responses of organisms to
their social environment or abiotic factors is a fundamen-
tal objective of many aquatic ecological studies and can pro-
vide important information for fisheries and protected species
management. Habitat selection based on suitability or prefer-
ence, social structure, reproduction, and predator—prey inter-
actions are integral to linking populations and communities
at the ecosystem level (Baltz et al., 1998). Studies that relate
aquatic animal behaviours to ecosystem processes can help
to determine how organisms respond and adapt to change
with implications for resiliency to stressors, ability to compete,
and evolution. Additionally, information about animal inter-
actions collected using different harvest or sampling gears is
important for population or stock assessments (Rose et al.,
2005; Rakowitz et al., 2012; Handegard et al., 2017a; Kang
et al., 2020; Smith et al., 2021a). Behavioural information
can, however, be a challenge to obtain because many sampling
methods do not provide the necessary spatial or temporal res-
olution, or potentially alter natural behaviours during sam-
pling. Here, we address the utility of imaging sonar as a tool
for studying aquatic animal behaviour iz situ.

Experiments conducted in controlled settings have led to
important advancements contributing to the growing com-

prehension of patterns in fish behaviour (Magurran, 1986;
Pitcher et al., 1988; Brown et al., 2006; Rieucau et al., 2016;
Munnelly et al., 2021). A contemporary challenge to further
the understanding of the mechanisms and functions of be-
haviour under natural conditions is to acquire reliable quan-
titative measurements of aquatic organisms’ behaviour i situ
(Rieucau et al., 2015; Reeves et al., 2018). The most common
techniques for sampling aquatic organisms have tradition-
ally used extractive gears, such as traps, nets, trawls, dredges,
hooked gear, piscicides, or stunning by electric shock. While
effective, these techniques can only be used to infer certain
behaviours, such as habitat use, or predator—prey interactions
indirectly. In addition, some non-extractive techniques, such
as diver surveys or remote video arrays, intrude upon the nat-
ural setting and can alter behaviours of the organisms present.
Continued development of non-extractive and minimally in-
trusive data collection techniques (e.g. visual methods, hy-
droacoustics, and genetics) and analytical approaches have
enabled behavioural research within environments not pre-
viously possible (Frias-Torres and Luo, 2009; Handegard et
al., 2012; Jaza et al., 2013; Staines et al., 2022). In particu-
lar, sonars are non-extractive and are often minimally intru-
sive to the targeted organisms and study area while addition-
ally providing high spatial resolution. These features help to
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reveal detailed fine-scale associations that can greatly influ-
ence broad-scale distribution patterns throughout the ecosys-
tem.

Among recent innovations allowing non-extractive sam-
pling technologies, the use of imaging sonar, developed by
Sound Metrics Corporation in 1999, was first recognized as
a fisheries survey tool by Belcher et al. (2001, 2002) and
Moursund et al. (2003), and the first applied use of imaging
sonar in an ecological study was published by Tiffan et al.
(2004). Imaging sonars such as the dual-frequency identifi-
cation sonar (DIDSON) and the adaptive resolution imaging
sonar (ARIS; Sound Metrics Corp.), the BlueView (Teledyne
Marine Technologies Inc.), Oculus (Blueprint Subsea), Gem-
ini (Tritech International Ltd), Flexview (Kongsberg Maritime
Inc.), Imagenex (Imagenex Technology Corp.), and the Echo-
scope (Coda Octopus Inc.) use multi-beam high-frequency
(0.7-3.0 MHz) sound waves (also known as ultrasound) to
produce near video-quality images while requiring relatively
low power consumption. Like other hydroacoustic equip-
ment, these so-called “acoustic cameras” are not limited by
turbidity (Belcher ez al., 1999) or light-related visibility con-
straints, and the relatively high sampling rate and volume of
imaging sonar facilitates its use for rapidly surveying large ar-
eas of variable bathymetry and habitat complexity without
impacting the environment (Pavlov ef al., 2009; Becker et al.,
2011a; Grabowski et al., 2012; Able et al., 2014; Rakowitz
et al., 2014, 2017; Lankowicz et al., 2020; Henderson et al.,
2023; Olson et al., 2023). In addition, as most species cannot
detect the echoed frequencies (Narins et al., 2013 and refer-
ences therein, Velez, 2015), community-level quantitative and
behavioural information can be obtained without the built-
in selectivity biases of traditional sampling gears, or the ef-
fects of attracting or deterring some species. The high oper-
ating frequencies of imaging sonars produces imagery with a
fixed number of samples, allowing for high spatial resolution
at the cost of range (Mueller ez al., 2010). The increased pixel
resolution results in an improved ability to resolve numerous
targets along the X and Z polar plains (the range and the az-
imuth) simultaneously (Kupilik and Petersen, 2014) and the
ability to detect fine morphometric and behavioural details,
such as body length, shape, and orientation (Burwen et al.,
2010; Tuser et al., 2014; Lin et al., 2016; Cook et al., 2019;
Daroux et al., 2019; Helminen et al., 2020), and well-defined
tail-beat patterns (Mueller et al., 2010; Tiffan et al., 2010;
Kang et al., 2011; Kirk et al., 2015; Helminen et al., 2021).
Thus, imaging sonars can provide a powerful means to accu-
rately sample fish, and other nekton density at short range (al-
beit from a 2-dimensional field of view), including information
that can help identify animals to lower taxonomic levels and
allow tracking of fine-scale swimming patterns. Other models
have recently been developed for use by recreational fishermen
to target game fish, including the LiveScope (Garmin Ltd),
MEGA Live Imaging (Johnson Outdoors Inc.), and the Active-
Target (Lowrance), which require proprietary chart-plotter in-
terfaces, but could provide cost-effective alternatives for some
research applications (Gutiérrez-Estrada er al., 2022; Neeley
et al., 2023).

Many non-extractive sampling methods, such as underwa-
ter video and hydroacoustics, allow for the collection of a
large amount of observational behavioural data and share the
common prohibitive aspect that data processing is labour in-
tensive. Recently, automated tracking procedures have been
used to reduce the processing effort required to extract met-
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rics of fish behaviour from video (Rieucau et al., 2018),
echosounder (Handegard et al., 2017b), and imaging sonar
hydroacoustics data (Handegard et al., 2012; Shahrestani
et al., 2017; Tsao et al., 2019; Lankowicz et al., 2020; Shen
et al.,2023). For instance, background removal and threshold
filtering techniques that are not available for video are use-
ful methods in automated processing of sonar imagery. Auto-
mated procedures have also been developed to classify ensoni-
fied “objects” based on shape or movement pattern recogni-
tion algorithms (Mueller et al., 2008; Tong et al., 2009; Han
et al., 2009a, b; Mizuno et al., 2016; Jing et al., 2018a; Shen
et al., 2023) and machine learning techniques (Redmon and
Farhadi, 2018; Kandimalla ef al., 2022; Feng et al., 2023).
Additionally, inter- and intra-species behavioural interactions
can be assessed within high-density shoals where individual
fish tracking becomes impossible by using techniques that
track net movement across pixel cells (Handegard ez al., 2012,
2017b, Rieucau et al., 2016). However, from the information
processing perspective, the current imaging sonars available
have major limitations compared with other sensors, such as
cameras and hydrophones, including the lack of a common
data format and difficulty acquiring raw data files, which adds
difficulty to sensor integration (Cotter et al., 2017; Polagye
et al., 2020; Cotter and Polagye, 2020a), and real-time data
processing to avoid collecting burdensome volumes of low-
information data (Cotter and Polagye, 2020a, b). In many in-
stances, manual processing remains necessary to extract infor-
mation from imaging sonar footage (Han and Uye, 2009). In
such cases data sub-sampling is often the most practical solu-
tion to reducing the processing effort and often does not re-
duce the precision in representing the elements of the data with
high spatial correlation, such as abundance (Xie and Martens,
2014; Boswell et al., 2019).

There are other limitations of imaging sonar in addi-
tion to labour intensive processing. Taxonomic resolution
and biomass estimates rely on image quality and cannot
be improved using methods commonly used for processing
echosounder data, such as differences in backscatter across
varying frequencies (e.g. decibel differencing and broadband
scattering), or target strength of highly reflective internal tis-
sues such as swim bladders (Burwen et al., 2007; Mueller et al.,
2008; Frias-Torres and Luo, 2009; Han et al., 2009a, b; Jones
et al., 2021). Further, imaging sonar resolution is limited by
several factors, including the inability to differentiate multiple
targets occurring at the same range (the X polar plane) within
the same beam (the Z polar plane along the azimuth) but oc-
cupying different elevations (the Y polar plane), which are
combined into a flat surface during the 2-dimensional imaging
process (Belcher et al., 2002; Christ and Wernli, 2013; Capoc-
cioni et al., 2019). An exception to this is the Ecoscope by
Coda Octopus Inc., which is currently the only 3-dimensional
imaging sonar. Related to this issue, organisms on substrate
can blend in unless the sonar is carefully oriented with a shal-
low grazing angle to the bottom or other structure to pro-
duce acoustic shadows of organisms present, or if the organ-
isms are moving (Belcher er al., 2002; Langkau et al., 2012;
Connolly et al., 2022). This can reduce detection of organ-
isms associated with complex bottom features if they occur
at the same range, as well as by producing the added compli-
cation of acoustic sidelobe interference. Sidelobe interference
occurs when beams intercept high-density objects that gen-
erate strong returns from the outer edges of adjacent beams
within the array to create noise that can mask lower return
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features or organisms. This is particularly common along the
bottom, resulting in the acoustic “dead zone” that is more pro-
nounced in single- and split-beam echosounders, but still af-
fects imaging sonar (Holmes et al.,2006). In addition, imaging
sonars are impaired by bubbles and suspended, high-density
sediments like sand which reduces the utility of imagery col-
lected in rough conditions, particularly in the upper water col-
umn (Maxwell and Gove, 2007). Bubbles and suspended sand
can act as unwanted sources of reverberation within the sam-
pled water volume or within the water that floods the imaging
sonar between the transducer and the lens despite the other-
wise high performance of imaging sonar in turbid conditions
(Dahl et al., 2001; Maxwell and Gove, 2007). Motion arte-
facts can also obscure resolution in part because individual
frames are constructed of a series of transmit-receive cycles,
leading to slight temporal differences within a single image
(Helminen and Linnansaari, 2021). As a result, fast-moving
targets can produce fragmented returns, and stationary ob-
jects can appear fragmented if the sonar is operated from a
moving platform. All of these factors influencing resolution
require experience to recognize by image annotators and are
subjective.

Also of note are some limitations that can be mitigated
through survey design. The high frequencies used by imaging
sonar and the negative effects of geometric spreading on range
resolution reduce the intensity at range and, therefore, the ef-
fective maximum detection range (Mueller et al., 2008), while
the narrow origin of the beam, and inability to fully ensonify
targets within ~1 m (where the beam array is not fully formed)
impairs nearfield detection (Rose et al., 2005; Han and Uye,
2009). Accessory lenses available for some models can be used
to refine the field of view (FOV; e.g. the telephoto, concentra-
tion, and spreader lenses by Sound Metrics Corp.), although
these general effects are inherent, and footage within 1-2 m of
the sonar is often not useful (Maxwell and Gove, 2007). Cor-
rect positioning of the sonar is essential for optimizing its per-
formance to meet the study objectives (Martignac et al., 2015),
and readily adjustable or remotely operated rotating mounts
are other helpful accessories in this regard. The most widely
used orientation involves positioning the sonar horizontally
to provide a forward X- by lateral Z-dimension view of either
the bottom or a cross-section of the water column that lacks
resolution in the vertical Y dimension. Another useful orienta-
tion is positioning the sonar between 30 and 60° downward to
provide a vertical X by lateral Z 2-dimensional view of the wa-
ter column that lacks resolution in the forward, Y dimension.
A third option is to rotate a horizontally positioned imaging
sonar 90° to either side so that the Z polar plane of the beam
array produces a vertical FOV, lacking resolution in the lateral,
Y dimension. Finally, it is worth mentioning that the imaging
sonars available are non-autonomous and remote deployment
requires integration with a computer system and power supply
(Francisco et al., 2022). In this regard, remote imaging sonar
deployment has the same logistic challenges of remote video
using traditional light-focusing cameras, but at a higher start-
ing expense. These considerations must be carefully weighed
by the researcher in the context of the study objectives and
environmental conditions.

Through a meta-analysis, we surmise, to the best of
our knowledge, 155 peer-reviewed publications (published
through 2022) that have used imaging sonars to study fresh-
water (91 studies), estuarine, or marine (65 studies) aquatic
animal behaviours in situ (Figure 1). We review the primary

findings or novel aspects of 13 studies published in 2023 that
were not included in the meta-analysis and discuss an addi-
tional 57 papers related to technical aspects of imaging sonar
without ecological applications that were also excluded from
the formal meta-analysis. Finally, we acknowledge, but do
not consider 14 additional papers that used imaging sonar to
study the behaviour of aquatic organisms i sifu for which
no English translation was available (Tong et al., 2009; Yang
et al., 2010; Lee et al., 2014; Zhou et al., 2014; Guo et al.,
2015; Mo et al., 2015; Zhang et al., 2017, 2018; Shen et al.,
2018; Jing et al., 2018b, 2019; Huang et al., 2020; Schmidt
and Schletterer, 2020, 2020). Considered together, all of the
above studies have had a wide reach, having been published
across 68 peer-reviewed scientific journals, the top five being
the Journal of North American Fisheries Management, Fish-
eries Research, Transactions of the American Fisheries Soci-
ety, Estuaries and Coasts, and the Journal of Great Lakes Re-
search. These studies have collectively accumulated 4785 ci-
tations, an indication of the impact this technology has had to
date.

Relevant literature was searched in Google Scholar (https:
/Ischolar.google.com/first access: 16 March 2020; final ac-
cess: 24 September 2023) using combinations of the fol-
lowing search terms: (A) “acoustic camera”, “acoustic
lens sonar”, “multibeam forward-looking sonar”, “forward-
looking sonar”, or “imaging sonar”; (B) “abundance”, “be-
haviour”, “behaviour”, “biomass”, “fish”, or “target”; and
(C) the specific sonar model names listed above. Full-text re-
views were carried out to identify studies with an in situ eco-
logical component for inclusion in the meta-analysis. Stud-
ies of organisms within net pens or tanks were considered
in situ if the organisms were monitored within the artificial
environment or they included interactions with the natural
environment, but purely experimental studies were excluded.
Studies using mechanical-scanning sonars, which are some-
times referred to as imaging sonars, such as Tsao et al. (2019)
were also excluded. We cross-referenced the literature cited,
and the subsequent literature citing each study to find addi-
tional papers (the number of papers identified through cross-
referencing was not tracked). Other references using imag-
ing sonar were included to support those relevant topics dis-
cussed. Our main objective was to show not only how imag-
ing sonar can be used, but how this methodology has been
employed to further the current knowledge in fisheries science
and aquatic ecology. The information provided here will high-
light the existing research gaps and help to guide future study
design and data processing strategies to quantify relevant met-
rics of fish and other aquatic animal behaviours.

To our knowledge, three known existing reviews of imag-
ing sonar applications for studying wildlife include Martignac
et al. (2015), Wei et al. (2022), and Sibley et al. (2023a). Mar-
tignac et al. (2015) presented imaging sonar as an excellent
fish counting tool in river and stream studies, compared imag-
ing sonar among other sampling gears, and provided a sum-
mary of technical specifications, including applied operational
guidelines. Wei et al. (2022) reviewed the uses of imaging- and
side-scan sonar, the analytical challenges of processing sonar
data manually, and automated processing approaches. Sib-
ley et al. (2023a) discussed abundance quantification, capac-
ity for measuring species richness, and size information with
an emphasis on high species diversity and habitat complex-
ity applications. All three prior reviews thoroughly compared
the studies evaluating the accuracy and precision of length
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Figure 1. The number and distribution of in situ studies using imaging sonar to study aquatic organisms in freshwater (black bars) and estuarine or
marine environments (blue bars). Locations of studies are indicated by black and blue circles on the global map. The timeline shows the number of
ecological studies using imaging sonar published by year since the technology was first developed in 1999.

measurements from imaging sonar. Our review builds upon
Martignac et al. (2015) with references to 226 additional stud-
ies that have used imaging sonar since 2015, or which have
occurred in ponds, lakes, estuaries, and marine environments
outside the scope of their work. We also build upon the work
of Wei et al. (2022) and Sibley et al. (2023a) through inclusion
of a quantitative meta-analysis detailing how imaging sonar
data has been used, including references to 125, and 114 ad-
ditional studies published within peer-reviewed scientific jour-
nals, respectively. Herein, we first address the auspicious eco-
logical and fisheries applications of imaging sonar and em-
phasize the utility of imaging sonar for providing quantifiable
behavioural information, which can be used to address a num-
ber of ecological questions. Finally, we discuss the challenges
of and approaches for processing imaging sonar data to ex-
tract this kind of information.

Applications of imaging sonar to address
research gaps

The study of inter- and intra-species interactions

Foremost among the sampling advantages provided by imag-
ing sonar is the high resolution of the acquired acoustic data
(see Table 1 for a comparison of technical specifications). The
frame rate can be configured between 2 and 21 frames s~! (de-
pending upon the sonar model and distance from the sonar
transducer), with a downrange resolution of 2-160 mm. This
allows for the detection of multiple small targets along the
same bearing to provide a 29-130° horizontal by 14-20° ver-
tical cone-shaped FOV to a distance of 5-120 m from the

sonar (depending upon the frequency). Size and spatial infor-
mation, such as object length, distance from the sonar trans-
ducers, and proximity to other objects for all ensonified tar-
gets are additionally extractable. The image quality depends
on the sound frequency and the number of acoustic beams
emitted by the imaging sonar for a specific operational mode,
as well as physicochemical properties (e.g. salinity, temper-
ature, and pressure) of the water through which the signal
is being propagated due to their effects on sound velocity.
The shorter wavelength or pulse duration at higher frequen-
cies produces higher quality images that can depict details
such as fins, but at the cost of a decreased effective range,
with downrange resolution decreasing with increasing dis-
tance and frame rate (Parsons et al., 2017). Lower frequen-
cies rely increasingly upon tissues with more highly reflective
properties, such as swimbladders (Foote, 1980). To date, at
least five studies have used 0.7 MHz DIDSON, one has used
0.72 MHz Gemini, six have used 0.9 MHz BlueView, one
has used 1.0 MHz Simsonar, 29 have used 1.1 MHz DID-
SON, three have used 1.1 MHz ARIS, one has used 1.1 MHz
LiveScope, seven have used 1.2 MHz DIDSON, 93 have used
1.8 MHz DIDSON, 18 have used 1.8 MHz ARIS, and 12
have used 3.0 MHz ARIS (Table 2; “Sonar” column, keyword:
“MHz”).

The ability to resolve multiple targets at a fine spatial scale
is important for differentiating various groups within ensoni-
fied assemblages or communities and for observing and quan-
tifying individual, or collective behavioural patterns in gre-
garious species (Handegard er al., 2012; Rieucau et al., 20135,
2016, 2017b). The relatively high downrange resolution not

£20Z Jaquiaoa( /0 uo 1sanb Aq 9Z09G1//28 L pesl/swisaol/ce0 ] 01 /10p/aonie-adueApe/swisaol/wod dno olwapeoe//:sdny wolj papeojumoq



Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

01-$"¢C 000 ¥ 10000 T
S1-9 10 0—6C ‘00S ‘0T 10 0 09 10 0€1 91°0 10 ST°0 L0 0t 010 9°0 45 I'ciot POOTIIA SnndQO
000 0081
¥ pue ‘00€ ‘001 198640/ pue aro[dxyg
SI-8 10 §T—L ¥T—¢ 10 0¢—¢ ‘00€ ‘ST 1o 6¢ 6¢C €0 4! €010%°0 96 811071 Jopudyo( STIV
0T-$'C 000 ¥ PUe ‘00¢
1TV 10 08-01 ‘00T *ST 10 6¢ 6¢C €0109°0 4! €010%°0 96 10 8¢ 8'TI0OT'] (dO0) PIS-NOSAIa
90°0
10 71°0 pue
0E—LYy SI-0T ‘S1°0 70 67°0
10 0¢-¢°¢ 10 °0€-01 00¢€ *0¢ Sy 10 L7010 6670 8T §§'0 10 ¥'1 10
‘0e-T 0+ ‘0€-0T “09-01 10 °0S ‘0L ‘00T SLOVT ‘0pT ‘L7070 6670 1017 LT 0¢ §9'08°0°0°T CIS 1096T ‘TTS6°0°L0 UH €N
90°0
10 7T°0 pue
0E—LYy SI-0T S1°0 10 67°0
10 ‘0€=¢°¢ 10 ‘0601 00¢€ *0¢ Sy 10 L7010 660 8T §§0 1o ¥'1 10
‘06T ‘0¢+ ‘0€-0T “09-01 10 °0S ‘0L ‘00T SLOVT ‘0pT L7070 6670 1017 °LT0¢ §9'08°0 °0°T TLS 10 96T ‘TTS6°0°L0 JH MIIAXI[]
0S¢ 000 0000 1
S1-9 10 0CI—+ ‘00S ‘0¥ 10 0TT 0€T §T0 0¢ 9'0100°1 459 110620 POSLIA sR[d0O
SNN—¥'C
SNN 10 SNN—+ 0§€ ‘0§ 10 071 0ct SNN 10 81°0 L0 0t [ANECEYA ¥C0 110 TIS T110°7L0 A100TT uren
0t=S 000 ¥ PUe ‘00¢
1T 10 17-¢ 10 091-0T ‘00T *S€ 70 08 6T 90 14! #0409°0 8t L0 L0 (d00) ¥T-NOSAId
000 € 10 ‘009
0S-§ SNN-91 ‘05T ‘0% 0T St IT°0 X 11°0 St St 6 X ¥8€ X 8¢ ST'1-6°0 SAID d4dId 2dossodg
wﬁﬁﬂwh—oaﬂjm
SNN SNN jo0u f¢] ger SNN 0¢C SNN SNN 'L adoogaary xndoueg
0oy—¢ 09-1 00€ *0€ 08 91°0 ST ST 08¥ T xauagew]
00¢CT
000 ¥ Pue ‘00¢ 198840/ pue ‘torojdxy
SI-8 10 §1—-¢ ¥T—¢ 10 0€—¢ ‘001 *S€ 10 08 6¢C 9010 €0 4! +°0 10 9°0 8 1110270 J9puR( SNV
SNN SNN—+ 0§ ‘SNN 0¢t SNN 0¢C SNN 96 0T (dOO) reuosuIg
§T-SNN SNN—€T 000 T 00T o€t 81°0 4! 0’1 89L 6°0 CIN-MITARN[G
ST-SNN SNN—-¢T 000 T 00T 06 81°0 0¢ 0’1 45 6°0 IN-MIIARNG
o[qIsIomIqns 9AIT
SNN SNN j0u ‘8¢ 134 SNN §T SNN SNN 8°0 VOTN piiqsurungy
o[qIsIomqns
SNN SNN 10U (SNIN SNN SNN SNN SNN SNN 8°0 108181 2410y
SNN SNN—+ 00¢ ‘0TI 09¢ SNN 0¢C 0T 9¢S 1 L0 009¢€ AI0TL U
SNN SNN—-8 00€ *0S 06 SNN 0¢C L0 8¢C1 L0 s oI
(S sourexy) () (ur) o8uex yadop (o) AOA (o) (o) (o) Rqunu weayg (zHIN) [opow 1eUOS
oI dwel] uonnjosax fo8uel [eurwoN [eIU0ZLIOH Sueds weag AOHA 8117 IpIM wesq Aouanbarg
J8uey [e1u0zZLIO

. d00., paxiew ale uononpold Jo IN0 s|epow pue , SN, Se Palsi| ale sanjea palyvadsun "seles 1961e| 8AlOY pue ‘BAIT YOI PIgBuiwng ‘9dooSaAl]
xirdoued 8y} 8pnjoul yoleasal 104 [NoSn aq piNod YOIYM ING ‘SISAI90SURI] 8|qISIaWgNsS-UoU aARY pue ‘sedepialul Jeno|d-1eyd Aleysiidoid alinbai 1eyl Buipuly Ysij [eUOIIRI08I 181BM-MO|[BYS 10} PEdOjoAsp S|9pPOIA|
‘uondeoxa ue si SA|D Jd|d ©d0os007 |euoISUBWIP-E 8| ‘SOSuUs| A10Ss800e Buisn paisnipe 8g UBD pue SIeUOS [RUOISUBWIP-Z 8S8Y} 10} 8inlade [BOILSA 8Y} Se awes syl I ‘AQ4 10 ‘Aelle weaq a8yl JO YIPIM [eD11I8A
8y U9Yl0UE BUO 0} SAIIR[OI POXI} USHO 818 ABYl OS ‘18ulayle Jeno AseBew 8y} Hwsuel} pue [eubis 01}SN0DE 81 SAI8I8] PUB Puas 0} Palinbal swi} [BUOIHPPE By} O} 8NP 8oURISIP pue 81kl swely BUISESIOUl YHM
SOSE8I08pP UOIINj0sal abuey "sauo mau Buiuueld 1o saipnis }sed Wouj sisyouleled uoisinboe Asy Buowe sousiajal 10} ZH|A /0 1SES| 1B JO Sieuos BuiBewl 104 SUOIEDIHOadS [e21UYD8} BY} JO AlBLIWNS v L d|qeL



R. T. Munnelly et al.

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

000 000€
¥ Pue ‘00€ ‘00T 193eA0A pue garo[dxy
S1-9 61-¢ f00€ ‘S 10 6T 0¢ §T0 ST T0I0¢0 8¢CI 0°¢1081 IIpUR( STV
000 ¥ 10 ‘000
S1-9 §=CI00v—=S"C 1 ‘00§ *S 10 0¢ 0¥ 10 0€1 1°0 10 §T°0 0¢ +°0 10 9°0 45 0'c10CT1 POOOEIN SO
SNN-9 000
§T-SNN 10 SNN—€T 10110001 Sy 10 0€1 81°0 0ctotl 01 96T 10 892 §TTI06°0 I S¥/0€ 1-mataan|q
SNN-9 000
§T-SNN 10 SNN—€T 10110001 0€T 81°0 octotl 0’1 89L §TTI06°0 TIN 0€ [-mataon|g
SNN-9 000
§T-SNN 10 SNN-0€T 10110001 06 10 0€1 81°0 0¢ 0’1 89L §TTI06°0 N O€ T-MITAM[q
(s sowrexy) (wru) (w) a8ues yadop (o) AOHA (o) (o) (o) Jpquinu weag (ZHIN) [opouw 1euos
91eI JWeI] uonnjosar fa8uer [eUTION [eruoZLIOH Sumeds wreag AOA [8d1I9A YIpIm weaq Aouoanbar]
J3uey [e3uoZLIOH

panunuoy °L alqeL



Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yInn
punoid ou ‘Gurdwes-qns

(MSN) erensny ur £1en3ss
ue ul pue suroned [euinip

uonisodwod

{0t = u) ;_pouad urw-(¢ JO ddUdNJUT SUOINIIISTP Aunwwod ‘sisAjeue NOSdIa
S[eAI9IUI UIW-¢ WOpUel yadap ‘uostredwod [euoseas p[ing-az1s sassed Yasuo| ZHIN 8'1 (¥107)
¢ JO NUBIJA ‘[enuejAl 10 [enuue pue JeliqeH wuw ()] pue aduepunqe ysij yor 4ot Areuonelg SIYING pue 19Y29g
yanay punois (ON) vsn
ou ‘Burjdwes-qns (09 = u) ay1 ur saxe| 7 ul uostieduwiod
-duowkordop sowresy [eUOsSEas 10 [enuue NOSaId
WOPUEI § JO $39S pawiwuns pue (3131 [01U0d € pue ZHIN 8'1T (9107)
T JO NUBSJA SIUNOD [ENUBIA sjelIqey [eynIe) 1elqey aduepunqe ysrj uru | ys Areuonelg ‘|p 72 uueWNEY
(vo)
ynan punoid VSN ay2 jo mwam [eIudUnUOd uonrsodurod
O9PIA PUE UOLIBAIISQO ay3 uo ‘uonepaid ‘9oueproae Arunwwoo ‘sis[eue NOSdId
[ensia {(91 = u) ;_pouad Je211) ‘UonNqIIISIP p[ns-9z1s fuonnquisip ZHIN 8T
urw-z ] NUBSJA ‘[enuejy [eneds ‘vostredwod jelqey [eonIaA fyI3ud) ysiy nv yze Areuonelg (€107) ‘17 12 19380y
euem
ynn punoid Youai] Jo Jjays Wu:u:ﬁag MIIAdN[g
1838-payyooy {(9¢ = u) 33 uo uonNqLISIp ZHIN 6°0
-duswfordop urw-¢p [eneds ‘uostredwod [euoseas y18ud] pue a[iqowt pue
SIOUALINDIO [[B S[enUBIA 10 [enuue pue Jelqey sduepunqe 12dnoid yerjon nv Yy Kreuonelg (1707) ‘1v 12 01011y
(V)
VSN Y3 ul £1eniss ue ul
1431y pue suroned [euinip jo
yinn punoid souanjjur fuonnqrusip yadap NOSAIda
ouf(gly =u) [-o9suen pue ‘vostredwod [euoseas ZHIN §'T (q7207)
SIOUDIINDIO [[B {[enuely 10 [enuue pue JeIqeH aduUEBpUNgE UOW]ES dJYIOR] v S100SUBI) 7TH 3[IqOIN ‘P 12 €[020Y
(VA vsn
ynn punoid a3 ur A1en3sa ue ul 1y3i| Jo NOSAId
09p1A £(9€¢ = ) |_103suely douanyur fuonnqrusip yidap ZHIN 8'1 (e7207)
S9JULINIIO [[B {[enuely pue uostredwod 1eiqe dduBpUNgE UOUI[ES JYIOE] v $109SUBI) 9€ ¢ 3[IqOIN ‘1P 12 ©[020Y
yIna punoig
den pue ‘uoneardssqo SLIQap Yaim
[ensIA 39U U0 BIYIIUIPI suonerosse ‘uonisodurod
paseq-1noiaeyaq Aunwwod ‘sisfjeue
107 sisAjeue syjuouodwod pying-azis ¢L11anoe Jurjiu
Jedound (p11 = u) (AN) vsn pue yadop ‘uondap wims
|-309SUEI] $3OUIIINIO0 9y ur £1BN1S3 U UI SUI[2IOYS £19p10 Jo 92189p pue ‘Surdeds NOSdId
[[e fs3unod [enuew ueqin ue SuUoJe UOINLIISIP ‘az1s “Aouanbauy jooyds sjoasuen ZHIN §°T
Juapuadapur ¢~ woly ueajy yadop pue fenedg fI8Ud] pue duepUNqE YL v S0E=S ¥1IT O ($107) 1 92 219V
(AN) VSN
ay3 ur A1en3so ue ur 1y3i|
yIna punois 1ou pue ‘opn ‘suroned [euinip
pue 1e33-padooy {(y7H = u) JO sadUANJUT fUOLINGLIISIP uonisodwod AJrunuwwod
|—109SUEBI] SIOUILINII0 yadap pue [eneds fsiskJeue prng-azis ‘Surdeds NOSdId
[[e s3Unod [enuew ‘uostredwod [enuue pue pue ‘azis “Aouanbaiy jooyds sjoasuen ZHIN §°T
judpuadopur ¢~ woxy uLay (s01d 01 2ouEISTP) JEIqEH ‘a8ud] ‘Dourpunqe yst nv wgeT $Th IO (€107) 17 12 919V
SPOYIdIA SIUSWIUOIIAUD PUE SI103J3 P910BIIXD UOHBULIOJU] Passad0i] ele(q Ieuog Apmig

.SNN, ‘podewW

SI uonewIoUl palyioadsun ueuos BuiBewr Buisn INOIABYSQ YSI} JO SBIPNIS NS Ul WO} SO10N 'Z dlqeL



R. T. Munnelly et al.

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

ynn
punoid (men pue guidden
(91 = u) |_porrad unu-ogy
SIOUALINDIO [[B ‘[enUBN
yinn punoid
ou {(¢¢ = u) [-109suen
S[BAI2IUL DUBISIP W-(() ]
weansumop ¢ pue weansdn
€ JO NUBIJA {SIUNOD [ENUBIA
ying punois ou
(0T = u) ;—pomad urw-o9
S9JULINIIO [[B {[enuely

yinn punois ou (g = u)
—yuswifordap urw-ogy
SIOUIIINIDO [[E {[enuep

yini punois

ou Burdwes-qns (/7 = u)

—pouad urw-(¢ sjearul

ulw-| WOopuel 9 Jo NUBIA

(0 = u) _pomad uru-og
S[eAI9IUI UIW-] WOpuel
€ WOIJ NUBIJA [enuey

yInn
punoi3 ou ‘Burjdwes-qns
HOTT = #) {_potsad urw-9
S[eAIdIUI UIW-¢ WOpuel
§ JO NUBIJA ‘[enuepy

ynn
punoigd 1ou Gurjdwes-qns
(0T1 = #) y—potsad urw-9
STEAIOIUT UTWI- ‘9 ISITJ
a1 JO NUBIA ¢ _juowSas
Urur-()9 [eAIIUI UTW ()¢
151 93 JO NIXBJA {[enUejy

ynn
punoisd 1ou ‘Gurdwes-qns
(9 = u) _powrad urw-o9
S[eAIdIUI UIW-¢ WOpuel
0T JO NUBdIN ‘[enuejy

(MSN) erfensny pueput
ur opn pue suraned [eumnip
30 douanpjur fa3essed 1Ay

EILY (00§
ur A1en1s3 ue ul uonNqLISIp
yadap pue [enedg
BOLIJY YINOG ul £1eN1sd ue ul
9p1 JO ddUAN[JUI fUONINLIISIP
yadoap pue o8essed 197ug
(MSN) erensny ur £1en3ss
ue Je Sop1l qqd pue pooy}
Surogino pue Jurwoout
pue suroned [ewrnip
Jo 2ouanpjur fa8essed 1a[ug

B}V {Inog
ur £1en3s3 UB Ul 90UBGINISIP

oyjen 1eoq (pouad Aep
Y-QT) wi3-8uo pue (urw g
UIYIIM) WLId3-110YS JO
QJUIN[JUT £9OUBPTIOAE 18I ],

BOLIJY [INOG UT AI18N1S9
UE Ul JUBINEISII IPISHO0P
® 3e 1y31] Jo duanpuy

BOLIJY YINOS UT ATBNISI Ue UT
sutoned [euinip pue 3[40
[o1p Jo dduanyyul ‘wonepaid

pue uostredwod JelqeH

BOLIJY YINOG ul £1en1ss
ue ur £31p1qIn3 Jo duanjyur
fuonnquuisip [eneds
pue uostredwod 1enqey

Luwﬁuﬁ pue souepunqe ysij

uonrsoduod Ayrunuwurod
fsisA[eue p[ing-ozis
¢Arenysa ur uonisod
‘y18us| pue 2ouEpUNQE YSI]
uondAIp
wims ‘£ouanbaijy jooyos
fyasuo| pue aduBpUNqE YSI]

¢Aren1sa
341 JO INO 10 OIUT JUIUIAOW
¢Aouanbaiy jooyds fsasse|d
y13us] pue sduBpUN]E YSI]

uonisoduwod
Aunwwod ‘sisAjeue
p[ing-az1s sassed Yasuo|
wuw ()] pue aduepunqe ysij
uonisodwod
Aunwwod ‘sisdjeue
P[INS-9ZIs {$asSED SUIUWIMS
pides pue ‘Areuoneis
¢(Surju) SurrepueaW-MO[s
£59ssB[D YIgua] W ()|
pue soduepunqe ysij
uonisodwod AJrunuwuod
‘sisA[eue p[ing-ozis
£59ssB[> SUIPIDY puk ‘S[OOYDS
MO[S 10 1SB]J ‘S|enpIaiput
MO[S 10 ISBJ (A31A10R
Surjiu pue Aousnbaiy
€971 J0OYDS sasSE[d YIZu9|
wuw ()] pue duepunqe ysij
uonisoduwros Ayrunurmod
fsisAJeue p[ing-azis
£59ssB[D> 3UIPII puk ‘S[OOYDS
MOIS 10 ISBJ ‘S[enpIaIpul
MO[S 10 1sBJ ‘A11A1IOE
Surpiu pue ‘4ousnbaiy
€971S J0OYDS $3sSE[D YISU|
ww ()] pue aduepunqe ysij

v

v

nv

w4 e

Yy

SJUNOd uLaW
q 9¢ syunod
Xew g 09

yce

YyLe

umw 9y 9

4yoc

409

uw oz Yy el

Yyort

yoct

49

NOSdId
ZHIN 8°1
Areuonelg

NOSdIa
ZHIN 8°'T
IIqOIN
NOSdIa
ZHN T'T
Areuonelg

NOSdId
ZHW 11
A1euonelg

NOSsdId
ZH 8°1
Areuonelg

NOSsdId
ZHW 81
Areuonelg

NOSdId
ZHIN 8°L
Areuonelg

NOSsdId
ZHW 81
Areuonelg

(1207) v 12 1dULdg

(£107) v 12 333

(q9107)
‘v 12 19)29g

(e9107)
‘v 12 19)29g

(qg107)
‘v 12 1)20g

(e€107)
‘v 72 1)d0g

(qr107)
.NQ 12 uoxuwm

(e1107)
‘v 12 1)d0g

SPOYIRIN

SJUSWIUOIIAUS PUE S139JJq

Ppa3deaIxo uonjewriojuy

Ppassasolq

ereq

IeU0G

Apnig

panunuo) g a|qeL



Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yInay
punoig ou ‘Gurdures-qns

fuonen|ead sisd[eue NOSdId
00 8 = ) _powad unwu-¢ (D) [rzeag ur 1AL ZHN 81
$9JULINII0 [[B {[enueiy B UI ‘S9[04d [aIp JO doudnjjup dduepunqe ysij uiw 9¢ 4y ¢ Yoy Kreuonelg (T207) ‘17 12 €deag
ynan punoid (MSN) erensny
JUSWUIRIIUD PUB ‘QUIIS Ul J9ALI B UI JUILIND JO
‘Burysgyomndopd (Surdues-qns 90UIN[JUI £(SAYSIUW UIIS ¢ uonisodwod Ayrunwurod
{77 =u) ;_porrad pue spaads [euonerado 7 e fsisAJeue pring-oazis NOSdIa
uiw-() S[eAI93Ul UlW-| uda10s dund uoneduin yim £59SSB[D SIXBIOYI ¢ ZHIN 8°'1T
Ul S9OULINDI0 [[E {[enuey 10BIUOD) 9DUBPIOAL 1BIIY ] fyaSua] pue aduBpUNGE YSI] ur gy u O 4 € Areuonelg (€107) ‘17 12 shog
(DS) VSN 9y ur Areniss
yinn ue ul A1nSIuayd 191em (s Q1 urar ¢
punoig ou Gurdwes-qns pue ‘opn ‘suroned [euinip uonisodwod y S pue
{841 = u) ;_porrad JO ddudnyuI fuONNIIISIP Aunwiwiod f1euos Wolj S ¢ U ¢~)
UIW ()¢ | _[BATIUT UTW-G ] [eneds pue ‘(3e3iqey 23pa 9JUBISIP £$3s8B[D 9ZIS (£21d) sowrey NOSAIa
Sowiely wopuer () Jo NXEN pue [suueyd) uostredwod wuw ()¢ > 10 (103epaid) 000 0L1 ZHIN §'T (6107)
{pareWIoINe pue [BNUEBA 1ea1qey ‘98essed 1o7uy < pue A11suap ysi pue 084 1 Y/ Areuonelg ‘v 12 [[omsog
mnn
punoid o:c_ww::mammb:m
fJuswaInseaw Yigua|
uo 28Ul JRUOS JO dUIN[JUI
pue uostredwod gurssadoxd
pajewoIne pue [enuew £(()9) (A]9am300dsax ‘sish[eue
|—pouad utw- 047 s[easorur V1 pue MV “1v) pring-azis ‘yigus| pue
ulw-() ¢ paInqrusip -A[uoas 4 VS 2Y3 Ul 9101d013S [01IU0D dduBpUNgE WEIIq UGMO[[o4A NOSdId
JO NUBIJA pajewioine-1wos I91em pue TIALI ‘A1eNnIsd pue ‘sasseim ‘Guomiowr par ZHIN 8'T (8007)
pue [enuey ue ur uostredwod jeqeH Yorurapny ‘sjoxdel1ayiea| y9 yzl Kreuonelg ‘v 12 [[9msog
(MSN) erensny
ur £1en3ss ue Ul JIBYM € Je
yIna punoid oapia suonipuod supydsoune pue uonisoduwod NOSdId
{17 =wu) ;_porrad uru-g| ‘suroned [euanip ‘sa[o£d [a1p Anunwwod ¢sasse[d Yigua| ZHIN 8°T
$IUNOd NIXBIN [enuey IYS1] JO duAN[UT FUOLEPII] wur )7 puE duepunqe ysty v u O¢ 4 14 Areuonels (£107) "|p 12 voyjOg
(puejSug) S Y2 Ul IOALL suonels
e ur uonels dund 1omod dwnd 1a30werp-s3ie|
yinn punoid £nawajal © 1e $9]240 [a1p pue sutaned pue -[ews ySnoiyl s3essed
J1ISNOJE PUE ‘JUIWUTBIIUD [ewinip pue aseyd teuny jo 10 3891301 pue ‘sasuodsax
9ou 4y (¢ = u) | _Aep OUIN[FUT IOUBPIOAE JBITY}Y 9[130EBl-UOU pUE I[1IOE} STV (6107)
S9JUDLINIIO [[B [enueiy pue d3essed Sutumedg ©ouepunge 99 ueadoinyg uiw 81 Y Sp¢ y€g¢ Kreuonelg ‘|v 12 puejjog
yina punois ou (S| = u) (puelSuy) MN
1-3YSIu $90UTIM0 3y Ul J9ALI B ul uostredwod NOSAIda
[[e ‘parewoIne-rwas [BUOSEdS 1O [enuueIAIul y33ud] pue sdouEBpUNqE (Y 9cs1~) ZHIN 8'1
pue [enuey pue a8essed Sutumedg [99 ueadoanyg awmysiN B1Ep YSIU [y Y7L €~ Areuonelg (1T07) 17 12 BNIOTI
(AN) VSN Y3 ur £1en1ss
ue ul suiqiny amod-apn
© 3 sasA[eue pajewone uonisodwod
yina punoid ou opow pue [enuew jo uostredwod Ayrunurwod ¢431s0n310)
Sunerado 1ad Te301 93 pue ‘sasse[d AI1D0[oA JUILIND ‘9[3ue £poq ‘9duer ur
01 pazI[ewIou pue (707 = 4) € ‘Op1 pooJj pue qqp ‘sasse[d S3ueyd ‘UonNNqLIISIP [BI1IIIA NOSAIa
1—porad urw-()9 $30U21M200 uonerado auiqiny 931y3 Jo ‘uondaap ‘paads wms urw ZHIN 8°'T (£102)
[[e fpa3ewoIne pue [enuejy 9JUIN[JUI £9JUBPIOAE JBIIY ], fqadus pue duEpUNqQY nv S YT +Y70T Areuonelg ‘[P 12 IWIY[oAdg
SPOYIIN SIUSWUOIIAUS PUE SI9JJ] Pa10B1IXd UOTIBWLIOJU] Passad0i1g eleq TRUOS Apnag

panuRuo) 'z 9|qeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

qnn

ﬁESOhw UONBAISISqO [ensiA

‘(88§ = u) y_pord urw-g
SOUIIINIIO [[E {[enuep

R. T. Munnelly et al.

yiniy
punoid sinidedar-pue-yiew
pue 1au (¢ = u) Surjdures
19U 158D SUIMO[[O] dwred)
S[3uIs B JO NIXEJN ‘[enuejy

ying punois ou

{(96 = u) |_pouad uru-9
SA2UIINDI0 :N m_wﬁﬂmz

yinn punoid 1ead payooy

(SN = #) {_pouad urw-(9
SOUIIINIIO [[E {[enuep

yinn punois ou

(007 = #) ,_pouad urw-o¢
SOUIIINIIO [[E {[enuep

yinn punois ou

{081 =u) ;_porod urw-09
S32UIINIDD0 :N JNSGNE

ying punois ou
(€8¢ = u) y_potsxd urw-9
$9JUAIINII0 [[B OBEWOINY
yInn
punoid SurysyoaIdo (g0t
7 =) _pownd urw-09
SIOUALINDIO [[B ‘[eNUBN

InI3 punoid oapIa ¢(sjuaad
§7 = u) ;_Juawkordop
SIOUDIINIIO J[E {[eNUBIA

pue[eIZ MIN
Ul (InowW I9ALI B 38 9p1 pue
¢s91240 Ja1p ‘saseyd 1euny jo
9OUINTJUT S1TIATND paredun
pue pa1es e JudwIAOW
pue o8essed Sutumedg
(10 vsn
ur 1oA11 & ut sdeS uonoun|
931eq UIYIIM SOLIIRq
[B211393]9 y3noays ysy
Jo 110dsuen pue ‘uonualal
JUOWIUTBIIUD IOUBPIOAE
18212 pue a3essed 1oATy
(1)

VS 9Y2 UI IOALI B UL 9SBI[a1
200 4q ddud11939p pue
A1ns1wayd 191EM 931BYISIP
JO 9oUAN[JU ‘2dUBPIOAEL
Jea1y) pue agessed 191U
(09) epeue)
9U3 Ul 19ALI & Ul 281eydSIp
J0 douanpjur ‘uostredwod
[eUOSEaS 10 [enuUUEBIAIUI
pue o8essed Sutumedg
(V) VS 2y3 ut axef e ut
uonepaid ‘@dueploe 1ea1y)
‘suranied JeuInip jo souanjyur
fuonepaid pue ‘dueprose
18211 ‘vosiredwod 1e3qey
(dH)

BUIYD) UI IOALI B UI ATISTWIAYD
193eMm pue 931eydSIp
‘quaxind ‘susanied [eurnip
JO dUAN[JUT UOTINQTLIISTP
yadap pue uostredwod
[BUOSBIS 10 [eNUUBIAIUL
‘oZessed Surumedg
Aea ur £1eniso ue
ur A13SIURYD I193eM pue apiy
Jo douanpjur ‘uostredwod
[EUOSEDS 1O [enuUUEIAIUI
pue a3essed 191u]

(Vd) vsn ays
ur 1oAL1 & ul porradoloyd pue
‘suroned [euanIp jo aoudnpjuI
¢{(uonerdiua) oessed 1Ay
(TO) eI[EAISY UI SI[IPOJ0ID
JIajemifes pagrowqns
JO UO1IDANP 0IPIA
SUIsSasse UONEBN[BAD 1B

UOIIDAIIP WIMS fduepunqe
31BQR3IYM JTudANn[

dduepunqe yoyedkq
pue 1aurys uap[od payIeJA

uondAIIp
wiIms dduepunqe ysig

TBUOS WOIJ 9DUEISIP pUL
UONOAIP WiMs SyaSud| pue
2duEpUNqE U0aSIMIS ATY A\

UOTIDQIIP WIIMS S[ISuo]
pue aduEpUNqE UOW[ES
2493208 pue o1 [ng

UONNQLIISTP [BI1ITIA
fs|enpIAIpul Suowe JUEBISIP
pue ‘Surrred ‘y13us| pue
dduepunge uoagmis asAuIYD)

sauanbaiy
(4sg 0T < pue 6-5) [oOyds
931e| pue [[ews {ISuUd| pue
dduepunqge ysy awmysiN

UondAIIP Suruwims yigus|
pue 2duEpUNqE UOW|es
Ppeay[aais d[iuaAn( paxo01g

A31A130€ Ul pue UONIIIIP
Surwims foduepunqe
9[TPO20ID T21EMIES

nv

(s 1~)
sowrery ¢

nv

Y e8¢

v

nv

Yev

ur g~

Y96

SN

001

yost

yely

Yy80cTt

yc

NOSsdId
ZHW 81
Areuonelg

SV
ZH 0°€
Areuonelg

SV
ZHIN 0°¢
Areuonelg

NOSsdId
ZHW 1T
A1euonelig

NOSsdId
ZHIN 8°1 pue
1 TA1eUONRIG

SV
ZHIN 8°L
A1reuonelg

MITARN[Y
ZHIN 6°0
Areuonelg

NOSdId
ZHIN 8°L
Areuonelg

a0

ZHIN TL0
Areuonelg

(1107)
‘v 32 Sulryaoq

(9107) "7 12 staeq

(8107) 77 72 ddnpy

(T107)
‘|p 12 UBWSSOID)

(2207) 17 12 Buay)

(L107) v 12 Suey)

(6107)
‘v 12 1uod0den)

(£107)
Iour\ pue yrupng

(T207) 17 12 udLIg

SPOYIIN

10

SIUDWIUOIIAUD PUB S109JJ7

P210BI1IX2 UOBULIOJU]

Passadorg

ereq

IeUOG

\A@Ew

panunuo) g ajqeL



"

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

ynn punoid
ou ‘sdnoig orwouoxe)
peOIq JO UOIBIYISSED
JBWOINE 10 UOLIBN[BAD
sisk[eue (047 = )
-duowo[dap $90u21IM0
[[e ‘palewoIne pue [enuejy
[In11 punoisd uoneArdsqo
[ensia (Surdures-qns
{(g81 = u) ;_pouad
urw-()9 | _[eAI2)Ul UTW-()|
Ul $9JUILINDIO0 [[B {[enuejy
yini punois
ou ‘urjdwes-qns ‘sjunod
pajewoIne pue [enuew
Surredwod uonen[ead
siskeue {(9¢T = u) |_porrad
uIw-9 | _JeAI2)Ul UlU-7
SOUIIINIIO [[€ pue (¢¢ = )
|—potrad urw-()9 sa5UIIMNI0
[[e ‘paewoIne pue [enuejy

i1 punois ou {(9¢ = u)
_potrad urwi-¢ | $90U1Ind00
[[e ‘pajewroine-Twag
yIni punoid oapia pue
19U MO3S {6 = u) |_potiad
utw-¢4 suroned 1eaq-[rel
S[QISIA YIIM SIOULINIIO [[B
PUE S90UI1INDD0 [[B [ENUBIA

1

yInn punois ou {19 = u)
|—pouiad urw-¢ 1 $a0ULM20
[1e s1unod Juspuadaput
¥ JO ueow f[enUBN
yinn punoid ou {sjunod
pajewoIne pue [enuewW
Surredwod uonen[esd
sisk[eue {(£67 = u)
| —9UWEIJ SIOUILINIO0
[[e ‘pajewoine pue [enuey

uapaIMmg
ur uonels ramod-oaem
J10oysieau e je uonepaid pue
91245 [a1p ‘suraned [eurniq
(3Iv) vsn ays
Ul JOALI B Ul 9p13 pue s34
[o1p JO dduanyyul ‘uosiredwod
[BUOSEIS 1O [ENUUBIANIUI pUE
1eqey ‘Ofessed Surumedg

(HO) VSN 2y3 ur 21mionas
[01IU0D 12JEM B JB UOHIBN[BAD
sisA[eue ‘98essed 1oAYy

Auewrony ur uonels gurdund
IYIp © e AI1511109]9 JO
$309JJ9 9JUILIIIP {OIUBPIOAE
peaaya pue agessed 1oAry

AUBWLIIN) UI JOALT

B Ul TBUOS 01 OIPIA PUE S1DU
mo03s Surtedwod uonen[ead

1833 pue oFessed 1oAry

Aururron)

ul J9ALI B Ul 91e8 201ns Jued
d11399[20IPAY B Jopun yIpim
Sutuado pue ‘mofy 10 3ua1INDd
‘opn y8i| ‘sutened [eurnip

‘oseyd reuny jo aduanfjur

fuostredwon 1e1iqey
pue o8essed Suiumedg

(S4) [rzeag ur 1aAry

uonrsoduod Ayrunuwurod
fuondaIp ‘paads wims

¢Aouanbaiy pue az1s [00Yds
fya8us] pue adUBpPUNE
UBIILIID PUE [BIS “YST,]

UondAIP wims SyaSus| pue
2dUBpUNgE TOWES 249208

£31a130€ ZuI[[IW ‘UonIAIIP
Wwims ‘duepunge ysry
uonsodwod AJrunwwod
fsisk[eue pring-ozis
fs1u0A9 pue sydwone adessed
[SY SUOLIIIIP WIIMS {SISSE[D
Apoq ysy paurjueans
‘[[ewss pue ‘paurjurears
a81e[ ‘parpoq-daap
[rews ‘parpoq-daap a8re|
fyasuo[ pue aduBpUNE YSI]

uonisodwod
Aunwwod ‘sisAjeue
P[INS-9z1s {UOLIIIIP WIMS
fyaSua| pue aduBpUNGE YSI]

uonisodwod
Amunuwwod uondAIIP WIMS
oouepunge 99 ueadoinyg

duepunge ysij

stl
uw ey $81

133

nv

nv

w0z Yy 69

s
crua 2y /ot

81

Ye

uw ¢ Yy oy

uw gy 4 LS1

un €470

MIIARD[]
ZHIN 60
A1euonelig

NOSsdId
ZHN 81
pue ‘111
¢/ 0AreUONIRIg

NOsdld

ZHN
8’1 Areuonelg

SV
ZHW 81
A1euonelig

SV
ZHW 0°€
Areuonelg

SIIV
ZHIN 8°L
Areuonelg

MIIAdN[G
ZHIN 60
F['ON

(ze0?)
‘[P 32 03SOURI]

(0707) TremxelN
pue 1ouy[nej

(0207)

‘v 12 U01S9[33Y

(6107) ‘v 12 389

(8107) 77 12 334

(L107) ‘v 12 389

(£107)
.NQ 12 wonmm mOQ

SPOYIRIN

SIUDWIUOIIAUD PUB S109JJ7

Pa10BIIXd UOIBULIOJU]

Passadorq

ereq

IeU0G

\A@Em

panunuo) g ajqeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

ynn punoid
den pue 3urysgyor1ds)d

R. T. Munnelly et al.

(FIN) VSN 23 Ul J9ALT ©
Ul Wep JINOJ[0IPAY B Iedu
Ansrwayd 193eM puE 9[04

uonisodwod Arunwuod

‘Burdwes-qns {(008 L = u) [21p jo ddouanpjur ‘uostreduwod fsuraned Juswosow fYISU| NOSAId
—pouad urw-Q | |_[easolul [BUOSEIS 1O [EnUUEIAIUI pue sduEBpUNGE UOW]ES ZHIN 8'1
S-()€ $9OUALINIIO [[B [enUBIN pue o8essed Sutumedg pue ‘peys ‘SuLLIdy 19ATY 49 Y 10€T Areuonelg ($107) ‘17 12 21015)
PUEB[D] JO J[9YS [BIUSUIUOD
9y uo suonedaidde uonnqLISIp [BI1I9A
yInn punoid oapia Surumeds pod onuepy pue ‘paads wims Gurdeds NOSAId
pue 3ou [[13 (¢ = u) sas ¢ jo uonnquusip yadop pue az1s [0oYyds ‘yIdud] S 66 U | ZHIN 8°'1 (Z102)
€ JO yoBa 3B NXBIN ‘[enuely pue uostredwod 1enqe pue dsdouepUNE POd dNUBY v + U o 4 £ 3[IqOIN ‘P 12 {SMOqRID)
(yd) [1zeag ur 1AL € uonisodwos LArunwwod
yinn punoid suoydoipAy Ul [9A3] Jo1BM pUE 28IBYISIP fuondaaIp wims ‘guroeds NOSdId
¢ —4&9Aams urw-()f Jo s1oeduwi fuonnqLuisip pue az1s [ooyds ‘y3dud| ZHIN 81T (£102)
S9JULINIIO [[B {[enuely [eneds pue Sutumedg pue souepunge e3a[nyz nv uru ()4 S[IqON ‘|p 72 OyuIpOD)
(IH) VSN ‘uead0 uado ay3 ur
susoned [euinip jo sduonjjul
yinn punois ou (g, = u) ¢(104e] Sur1anieds vas-doap
j-yuawifordap urw-og jo) uonnqrusip yidap NOsaid
S9OUILINII0 [BUONIIIPIUN pue ‘uostiedwiod [euoseas y13u9] pue sduEBpUNQE ZHIN §'T
[[e ‘parewoIne-1wag 10 [enuUEBIAIUI PUE JBIQRE] 91EI(21IdAUI pUB YsI] nv y st Kreuonelg (8107) ‘17 12 113015
(1H) vsn ‘ueado uado
9y3 Ul $adUAIPIP [erodway
A[qiuow pue ‘uwnjod 1a1em
ur yadap “saxs Surderoy
yinn punoid 19£e] 3uL1a11eds Bas-doop
suoydoipdy {(o¢ = u) sreym wirads fuonnqrusip uonNqLISIp [BI11I9A NOSAId
| —3uswfordap urw-og [BUOSEIS 1O [ENUUEBIAIUI pUE fyaSua] pue adUBpPUNE ZHIN 8'1 (9£107)
S9JUDIINDIO [[B {[enuely ‘qadap ‘uosuredwod 1eiqe £a1d opeym wradg nmv yor A1euonelg ny pue 111015
(IH) VSN ‘uead0 uado ay3 ur
uwnjod 1a3em ut yadap ¢sa1is
ynn punoid [o1u0d pue Suideroj 1o4e|
suoydoipAy (7] = u) Sur1a13e0s ©Is-daap apeym uonnqLISIp [B21119A NOSAId
-3uswfordap urw-(7 wirads fuonnqrusip yadap fadua] pue aduBpUN]E ZHIN §'T (8£107)
$9JULINIIO [[B {[enueiy pue uostredwod jeyqey £31d oreym wadg nv y+t A1reuonelg ny pue 1j1015)
uede[ jo s1o1EM
yinn punoid oapia [BISEOD J10YSILIU UI J9U 39S poaads NOSsald
{0t = u) ;_pouad urw-¢| B (3IM SUOIIBINUI [3S JO wims {yI3ud| pue duEpUNgR ZHIN 8'T pue (8107)
SIOUALINDIO [[B ‘[enUBN uonen|ead 1ead ‘uonepaiq [B9s 10qIeY [LINY] AWINYSIN v ys+g¢ 1'1 A1euonels ‘v 72 Lowi(n,g
(1d) Vs 2y3 jo
saurpaIoys 3uofe £31piqan jo
douanpjul freuos Surdew pue
ynn punoid 09p1a Surredwod uonenjesd
O9PIA PUB UOIIBAIISO [ENSIA 1838 pue (syeliqey NOSaId
{41 = u) ;_pouad urw-g SuiSuey10A0 pue dA0I3uBW 13ud] pue sdouEpUNqE ZHIN §8°1 (6007) on'T
SIOUALINDIO [[B ‘[enuBN [e3se0d) uostredwod Jeaqe] 19dnoi3 yierjo3 onuepy spcul 4 | spE U cy Yy [ Kreuonelg pue Sa1I10] -SBLI]
SPOYIDIN SIUQWIUOIIAUD PUE S109J3] Pa10BIIX0 UOBWLIOJU] Passad01] eleq IeUOS Apnag

12

panunuo) g a|qeL



13

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yinn punoid
19U 9YAJ pUE JUIAS {SAIDOIA
[ooyds moyj [eonndo
pajewoine mTEuE%oEu_u
s[enpIArpul pue

(V1) vsn oy ur Lreniso
ue urym st uonepaid uo
Huwwﬁmb EOS.&E.HOwC_ ﬁwuzﬁvu

sjooyds £axd uapeyuow
J[ND) 01 9AIB[OI UOLIBIUILIO
pue Sumeds 1noneas panods
fuonepaid noness panods
01 S[0OYDs UIpBYUIW
JIno urym ssuodsax
9ATIOI[[0D puE ‘Id)sues)
UONBULIOJUI fUONINLIISIP
[E91319A “UOLIIIIIP
‘paads wims Burdeds
[ooyds pue Aouanbaiy

S[OOYDS [[B JO UOLIBIYNIUIPL pue 9z1s [00YyDs SuIseaIddp €az1s J00YyDs ‘YI3u9] NOSAId
[enuEW {pIIBWOINE-TWIS Jo 2ouanpjur fuonepaid puE 2duBpUNQE INOIIBIS ZHIN §°T (21027)
pue [enuey pue 9douBpIOAL JBAIY ] panods pue uopeyuaw o) nv yt Areuonelg ‘v 12 piedopuey
Aysonii03 9O[3ue
Apoq ‘uonnqLuisip [ed1119A
ynn punoid ‘uondalrp pue paads uonoear
[Me1) fS$3UNOd pajewoIne Oo1V) ‘uondap ‘paads wims
pue [enuew Surredwod VSN Y2 JO J[oYs [eIUUNUOD ‘3uroeds pue “4ouanbaiy (s 8¢) sowey
uonen[ead sisk[eue (¢ = u) oY} UO [MEI} B UIJIIM €9z1s J00Yy2s ‘yIgud] 60 + (S 22) NOSAIa
1—39SEIEP $DUILIMII0 JUSWAAOUW JO UOIIBN[BAD pue duBpUN(E INOIILIS sowel /1 + ZHIN §'1 pue (8007) Swerim
[[e fpa3ewoIne pue [enuey 1833 fodouBpIOAR JBAIY] panods pue uopeyuaw o nv (s 1¢) soweyy 81 1°1 9[IqON pue piedopuey
[ina punoid oapia NOSdId
Y01 = ) |_[earoyur urw-| uede[ ur ZHIN 8'T
$9JULINII0 [[B {pajewoIny 10411 ® ur 93essed Surumedg y38ud] pue sdouEpUNE NAY nv uru (| Areuoneig (96007) ‘v 12 uey
ynn punoid
09PIA SJUNOD pajewoIne
pue [enuew Surredwod
uonen[eAd sisk[eue (4 = u) NOSdId
—3uswfordap sadua1mad0 uede[ y13ud] pue sdouEpUNqE ZHIN §8°T
[[e ‘parewoIne pue [enuejy ur uad 10u arnyynoenbe uy yoelroquie asouede( v uru ()4 Areuonelg (e6007) ‘v 12 uey
yinn uede[ ur aye[ ysppdeiq
punois 19u pamol (O = u) B Ul A13S1WDYD 191eMm NOSAId
j—potsad urw- sjeAsayur JO QdUINjUI fUONNGLIISIP YIp1a pue sduepunqe ZHIN 8'1 (6007)
S-01 9 JO NUBIJA ‘[enuejn yadop pue [enedg sesnpaw ysyA[[al uoojy v ur ()4 SIqON 24 pue uey
yina punoid puod payoois 9d02gaArT
(8, = u) ,_pouad-urw-¢ uredg 13ud] pue sdouEpUNqE ZHIN T°T (zT07) v 12
NUEBSIA {[enuejy ur puod 3jes aanynoenbe uy WeaIqess peay-i[in nv ur 0¢ 4 9 Kreuonelg BPEIIST-Zo1I91INg)
yinn punoid
1eag-payyooy ‘porrad £pnis uonrsodurod
ay3 10} pazijewtou weansdn £unwwIod UondAIP WIMS NOSdId
Juraour $95UIINDO0 puepaa] ut fyadua] pue 2duUBpUN]E INOI) ZHIN §'T
[[€ ‘parewoIne-Twag 10411 & ur 93essed Sutumedg UMOIq pPuE uowW|es dULIY nv 4096 6 Areuonelg ($107) ‘17 12 ASuinny
yina punoid 1eas-payooy
pue 3ou [[13 Jou uonisodwod
188 £(617 = u) |_309suen (AN) Aunwwod ‘sisdjeue
S9OUIINDD0 PIZI[eULIOU VSN Y2 ul A1en1sd ue ut plm3s-azis ‘yadua| pue NOSAIda
[1e fs3unod juspuadaput sutoned [eurnip jo sduonjjul duEpunqe ysy (ww gy <) ZHIN 81T (9107)
7 WOIJ UBIW {[eNUBIA] fuostredwod 1e11qeH a81e[ pue (Ww (g7 >) [[BWS nv urur ¢ 4 81 S[IqOIN ‘1Y 12 sany1oIn)
SPOYIRIN SIUSWIUOIIAUD PUE SID9J3] Pa10E1IXd UOIIBWLIOU] Passad01] eleqg Ieuog Apnag

panunuo) g ajqeL



R. T. Munnelly et al.

14

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

ynn
PUNoI3 UONBAIISAO [ENSIA
(08t = ) ;—potsad urw-o¢
SIOUDIINIIO J[E {[eNUBIA
yinn punoid
uad Jou QuomwRINSEIW
38ud] pajewoine
pue [enuew Surredwod
uonenjeaa siskjeue
¢ _3uow£o[dop saouarmad0
[Te ‘parewoINE pue [enuej
sutoned 1eaq-[res
Sursn uoneoynuapI sa10ads
pue syuswaInseaw YISud]
parewoIne pue [enuewt
Surredwod uonen[ead
sisk[eue (OGS = u)
[—309SULI] $2OUIIINID0
[[e ‘parewioIne pue [enuejy
Inn punoid ou {s;unod
pajewoIne pue [enuew
Surredwod uonen[ead
sisk[eue {7 = u) |_potrad
UTW-G ] SAOUILINIO0
[[e ‘parewoIne pue [enuejy

ynn punoid
IAIP 1P £(L = u) _porrad
UTW-()9 SIOUILINIO0
[[e fs3unod [enuew
Juapuadapur ¢—7 WoIJ UL

yIng
punoid uad 19u sa1D0A
[ooyds moyj [eonndo
peaiewioine mwwmm.m—u asuodsarx
[enuew Juapuadopur
€ {(9¢ = u) ;_porrad uruw-T
S[eAIIUL S-O § JO NUBIIA
{paiewioIne pue [enuBA

(O9)

EPEUER)) Ul J9ALI B ul syutod
UOTIBATISCO PAUTRIISTOD
pue paulessuodun e
S1UNOJ paseq-Ieuos-gurdew
pue -p[oy
[ensia Sutredwod uonen[ead
spoyzow ‘93essed Surumedg

(3 vsn
ay3 ut puod ainymoenbe uy

(dN) epeue)
u1 puod [eauowrodxs uy

(AN)
epeue) ul 93essed 1oAry

PUB[BIZ MIN] UI JOALI
® UT SJUNOD JBUOS 01 SIUNO0D
A9AINS IOAIP pUB 09PIA
Surredwod uonen[eAd I89r)
OlJJeI) [9SSIA 01 RUBPIOAE
1ea1) pue o3essed Surumedg
AemION UI £1BNISI UB UT
suras asand e uryaim [ppouwr
103epaid € 03 asuodsar
PUE $199JJ UIZAXO PIA[OSSIP
Ppaseardap pue Aisuap
Suissasse uonen[ead 1ead
¢A1STUIdYD 191BM JO ddUIN[JUL
fuonepaid pue sdoueproae
1211 ‘uostredwod 1e3qey

UOTIDQIIP WIMS
£oouBpUNQE UOUW[ES 9495005

uonisodwod
Aunwwod fyadua|
pue sduepunge yorad ayym
pue ‘sseq padins ‘ysyied
[ouueyd ‘U033INIS SNUB[Y

£3150N1103 puE ‘UOIIAIIP 10
paads uonoeas fodouepunqe
sseq padis pue ‘uowes
Juuepy ‘peys uedLwy

£yisonizol pue
£131A1108€ SUI[[IW ‘UOndIAIIP
10 paads uondeII ‘UONIIIP
‘paads wims ‘y18ud| pue
aduEpunge uow|es dULIy

UONOIIP WIIMS ¢yISua|
pue 2dUEpUN|E INOT) UMOIG

(+—0)
sasse[d asuodsar 1o3epaid

©9[3ue Apoq pue ‘uondaIp
‘paads wims ‘Suroeds pue
9ZIS [0OT]DS [2IIBW dNUEB[IY

NOSdId
ZHIN 8°1
Areuonelg

NOSdId
ZHIN 8°1
Areuonelg

NOSdId
ZHIN 8°L
Areuonelg

SV
ZHW 1T
Areuonelg

NOSsdId
ZHIN T'T
S[IqOIN

SV
ZHW 8°1
A1euonelig

(9002)
‘1P 72 SSW[OH

(€107)
‘1D 12 39MO0IYSIH

(1207)
‘v 12 USUIW[OH

(1707) [eesueUUI]
puE usUIWIIL]

(ST0T) 17 12 sakey

(e£107)
‘v 12 piedopuey

SPOYIRIN

SJUSWIUOIIAUS PUE 13911

Ppa3denxo uoneuIojuy

v Y ovC pue Cl
v SeE U QL
S IV SNN
v Y8y
v YysL
ura ¢ e
passasoig ere(q

IBU0G

Apnig

panunuo) g sjqeL



15

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yina punoid oapia
£10119 J03BIOUUE-IAIUI JO

uonisodwod LA runwuod
fyadua] pue aduBpUNqE
Ke1 yoRqUIOYI pUE J9[NW
paddip-yorys yreysied
panods-{ews 123sqo|

uonen[eaa sis[eue (O = u) Auids ueadoiny ‘sseqeas SNV
(-dudwdordap urw-(9 ueadoany ‘oorerd ueadoinyg ZHIN 0°€
S9JULINIIO [[B {[enueiy (pue3uy) N 2ys ut Leq y ‘pUnNoY-y1o00ws uowwoy) nv yor A1euonelg (1707) ‘1v 12 ssuof
mnn
punoig ou MEO%«E Jiqow
B WOIJ SIUNOD PAIBUIOINE
pue [enuew Surredwod
uonen|ead siskjeue (008 (HS) euryd d[8ue £poq ‘uonnqrnsip SV
$ = 1) |_SOWEJ S9UIIINID0 Ul JIOAJISII B UI UOBNQLIISIP [B21319A UOIIAIIP ZHIN 8°T
[[e “parewoIne pue [enuej yadop pue [enedg ‘paads wims tadUTPUNGE YSI] 10°0 S 8 U 01 4 § IO (e8107) ‘1v 92 Surf
nn
punoid ocsmmc:mEmm.@:m
£5JuUNo0d pajewoine
pue [enuew Suriedwod
uonenyead sisjeue {(ge = u) (HS) euryd (s 1S~) (S ¥ Nosaia
[—309SUEI] $OUIIINID0 Ul JI0AJ9S3T B Ul UONNQLIISIP sowey u O] Yy g~) ZHIN 8°T
[ “parewoIne pue [enuejy yadop pue [enedg aduepunqe ysty Y1T+ bl sawrely /01 90T IO (L107) v 12 Suif
(H) BuIyD Ut 1AL
e ur Juswpunodwi wep jo
109JJ0 PUB ATSTWAYD To1BM
yina punoid 1ead payooy J0 douanpjul fuostredwod NOSdId
pue ou I8 {(¢ = u) |_1ea4 [BUOSEIS 10 [EnUUBIAIUL ZHIN 8°'T
$9JULINIIO [[B {[enueiy pue d3essed Surumedg dduepunqe uod3Inis IsAUIYD) nv 4y 9¢ AIqON (2107) 17 12 Suelf
(LA) VS
911 UI T9ATI € UT UOTIEN[BAD
yina punoid £1swofal sis[eue ‘931eydsIp
S1ISNOOE {UONEN[BAD 0 douanpjur ‘uostredurod NOSAId
siskjeue {(¢g = u) |_Lep [BUOSEAS JO [ENUULINUL UONOAIIP WIMS ‘IZud] pue ZHIN 1°T
S9OUDIINIIO [[B {[enueiy ‘o8essed Gurumedg aduBpunge uoasInis axe] v 4 9+0T Areuonelg (TT07) "IV 12 0Z7]
©210Y] YIN0og
JO J[2US [EIUAUNTOD 23 UO
[33ua13s 19311 J9PUNOSOYID £3150N3101
yinn uo d[3ue urwiIms pue pue ‘9[3ue £poq ‘uondaIp NOSAIda
punoi§ ou ¢;_juawoldop 1SUd] [relITey JO 109739 Y1 wims ‘qISus] pue aduepuUNqe ZHIN §'1 pue
SIOUILINDIO [[B S[enUBIA BuIssasse UOIBN[BAD 1BIL) [re3arey awIYSIN nv ye¢ 1'1 Areuoneig (£L107) 17 12 Suempy
yinn punoid 1au [[i8
pue SuIysgoIIddd {s3unod
palewoIne pue [enuew uonisoduwrod Ayrunurwod
Surredwod uonen[ead (ON) VSN fyasu9| pue aduepunqge yorod
sisA[eue {917 C1 = u) 3y3 Ul 19ALI & ur uostredwod anym ‘sseq padins ‘peys NOSdId
|—potrad urw-¢ $aOUILIND0 [BUOSEDS 1O [enuUUEIAIUI A10301y “‘GuT1Iay YoeqIN|q ZHIN 8°T (STOT) TomO01ySTH
[[e ‘pa3ewoIne pue [enuejy pue o3essed Sutumedg ‘PBYS UBDLIDWY DJIMI[Y nv 489zl Areuonelg pue soysSnpy
SPOYIAA SIUOWUOIIATD PUE S109JJ7 Pa10B1IX UONBULIOFU] passado1g ele( IeUOG Apnig

panuiuo) 'z a|qeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

y3na punoid 39u [[13 pue 19U
1sed ‘Burdwes-qns (47 = u)
sage1s apn 9 Jo Yord
10y ;_pouad urw-¢ sjeasul
WIOPUET §, UT SIOUIIINII0
[[e fparewoIne-rwog

R. T. Munnelly et al.

y3na3 punoid Surysyosddo
fuonen|ead sisd[eue
{1 = u) ;_3uswiordsp
$9JULINIIO [[B {[enueiy
ynan punoid
ou ‘Burdwes-qns 10119
101BI0UUE-I9IUI JO UOIIBN[BAD
sis[eue (g9 = u) |_potrad
UIW-() $9J0UILINII0 [[8
fSIOMIIART 9 WOIJ [BNUBIA
y3na punoid ou
‘(z§ = u) ;_pomrad urw-(9
SIOUALINDIO [[B pAjewoIny
yina punois ou
fUOIIBOYISSE[D [BINOIARYD]
puE JUSWaINSEIW
y33u9] pajewoine
pue [enuew Suriedwod
UONBN[BAD SISA[eU®
{PIZI[BULIOU SIOUILINII0
[[e ‘parewroine-Twag

{3ina punois [mes
{071 = u) ;_pourad urw-|
SIOUDIINIIO [[B {[enuely

yinn punoid ou (910
7 =) _pord unu-g|
SIOUDIINIIO [[E {PAIBWOINY

(V1) VSN Y3 ur 21n3dnas
[013U0D 197eM ATBN1Sd

ue ‘punoie INOIABYI(]
pue ‘4Snoryl JuswLAoW ysy
UO YIpIM JO[S pUB ‘9pn 9[04
[o1p jo douanpjur ‘uostreduwod
[BUOSBIS 10 [EnUUBIAIUL
pue oSessed 19[ug
eLsny
Ul I9ALI B Ul SUIYSyo1Id9d
JO SSOUIAIIDRJJA 93 SUISSIsSe
UOnEN[BAd 1833 Ua1INd
pue ‘uonnquisip [eneds
Jo ouanpjur fuostredwod
[euoseas pue jeiiqeH

(VM) vsn
31 UI J9ALI B UI SABMYSY
pue asnoyromod wep
E JO 9PIS JOYIID JUIWAAOW
pue a8essed 1Ay
©210Y] YInog

Ul 19U J2S € JO UOLIEN[BAD
1833 ©9[240 [a1p JO dUIN[u]

pUB[edZ MIN] UI UOLIN]LIISIP
yadap pue ‘vostredwod
1ea1qey ‘98essed 1oAry
eLsny
ul 9e[ B Ul S9pow £310113099
€ 10} £31A1309[3S [MED
PAYL1Id9d JO UOLIBN[BAD
1838 f90UBPIOAE 1BAIY],
(NO) epeue)
ur 1oALr SunyeadorpAy
B Ul JU91IND pue
a8xeydsIp Ansrwayd 191eM
€$91245 [a1p ‘suzonzed [eurnip
Jo doudnpjur ‘uostredurod
[eneds 10 [enuuelalul
pue o3essed Suiumedg

Aanoe Surpiu
‘y18us| pue 2ouEpUNQE YSI]

uonrsodurod Ayrunuwurod
‘y18us| pue 2ouEpUNqE YSI]

SIUQAD JUOWIYDLIIE
onisered fL1anoe
Sul[[IW puE UODAIIP WIMS
foouepunqe Asxdwre] ogioeg
9[8ue Apoq ‘uonnqLuisip
[BO13I9A “UOTIDAIIP WIMS
fyasu9| pue aduBpUNE YSI]

Kouanbaiy
J83q-[Iel puE ‘uonNqLISIP
[BO11I9A “UOTIdIIIP
‘paads wims ‘yidua| pue
aduEpuUNgE UOUI[Es JeuuIng)

INOTABY2( DUEPIOAE
pUE UOTIOEIIE (MBI
fuondAIIp WIMS ‘yI3ud| pue
souepunqe ysy awmySIN

Ieuos
WI0I] JUBISIP PUEB ‘UONIIIP
‘paads wims ‘yadua|
pue 2duEpUNqE PIUOW[ES

yc

wwoeyrr

v

nv

nv

q08y +4+9t

Y¥P9T + Y ¥y91

NOSdId
ZHIN 8°L
yi¢ Areuonelg

SIAV
ZHIN T'T
Ye RIS

NOSsdId
ZHIN 8°L
Y 8¢¢C Lrevonelg
MITAIN[]
ZHIN 6°0
yzs Areuonelg

NOSsd1d
ZHIN 8°L

SSEwW S Y €T Areuonerg

NOSAId
ZHIN §'1
yz GO

NOSdId
ZHIN T'1 pue
/0 Areuoneig

(0107)
TP 32 requuiny

(0207)
‘[P 32 IWNRqUISIY

(£107) "[P 12 325993

(0207) 77 12 Suey

(1107) Suey

(€107) 17 42 e[

(ST07)
UBWIIPJ pUB sauo[

SPOYIN

SjuowuoJIAUL pue wuuowwm

Ppa3denxo EOU.NE.HOMEH

PassadoIq

vle Ieuog

Apnag

16

panuRuo) 'z 9|qeL



17

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yIn punoid 3au 39s PUEB[RI] UI JOALT £31s0n3103 ‘uondap ‘paads NOSaId
{719 = u) |_pouad urw-(9 © Ul JU21IND pue 281eYdSIp JO wims {yI3ud| pue duUEpUNgE ZHIN T°T (6107)
$9JUDIINIIO [[B {[enueiy douanpjur ‘odessed Jurumedg 99 ueadoinyg swmySIN nv y7L9 Areuonelg ‘v 72 uBYIUY |
(aw) vsn
oy ur £1eN3S9 U UI (W 77 <
0} 7 > woiy eyens yidop
w-7) uonnquusip yidop pue
yinn punoid ou {((0g [eneds ‘uostredwod [euoseas uonisodwod STV
STT = u) |_[eAI2IUI 2DULISIP JO [enuUUEBINUI pUE ([dUUeyd Aunwwod fyadua| ZHIN 0°€ pue (0202)
w-¢°/ NUBSJA :[ENUBIA I9ALI PUE 9210) JeIIqRE] pue sduepunqe ysy a8eIo,] v yze 8'T 9[IqOIN ‘P 72 Zo1MONUuE]
yinn punoid suoydoipAy NOSAId
g =u) -powad ur-o¢ OOUEBL UL IOALL ZHIN 8°1 pue (9107)
SIOUILINDIO [[B S[enUBIA e u1 moiaeyaq Surumedg souepunqe peys sy nv yzr 1°1 A1euoneig ‘|p 12 neydue]
QoueI] UT
391Ul £1BNIS3 UE UI SUOBIPUOD
Sueydsoune pue ‘Ansiuoyd
I9JEM JUDLIND AZIeYISIP
924> [arp ‘suroned
i1 punois 19u {(go¢ = u) [euinip ‘uostredwod STIV
|—[BAIOIUT WOPUE [UIW-()9¢ [BUOSE3S 10 [enuueIAul UONIAIIP WIMS SIZu| ZHIN 8'1 (1202)
SIJUDIINIIO [[B {[enuely pue a8essed Sutumedg pue aduepunge [99 ueadoiny Y80y € yzss Tl Areuonelg ‘|v 12 opIede]
mnn
punoid uo%mma:mﬁ:mmbsm
£10119 J03BIOUUE-IAIUI JO
uonen[ead sisk[eue {(g¢ = u) SIIV
|—[EAIOIUI WOPUET UIW-C oueI] UONDAIIP WIMS ‘YIZua] ZHIN §°T (02027)
$9JULINII0 [[B {[enueiy ur Aren1ss ue ut o3essed 197Uy pue sduepunqe [99 ueadoiny uu O¢ 4y 1 yeesge Areuonelig ‘v 12 op1ede]
AemION UT £T€N1SD
ue ut uad 1ou sanmynoenbe
ue ul ysy d1oqor e jo
yinn punoid £31A1308 JB3Q-[1B] pUE ‘pIads uondAIIP I0 STV
uad 3ou (0] = u) |_[emn ‘az1s 01 asuodsai fuonepaid paads uonoear pue UONIAIIP ZHIN 0'€ (9107)
SIOUILINDIO [[B ‘[enUBN pUE 9OUEBPIOAE JBAIY ], WIMS [919)0BW dUBY s (¢ urw 7| s € Ut 7| Areuonelg ‘v 72 eRWISOINIY]
Aouanbaig 1e9q-[1es
(V) vsn ‘15013103 ‘vONNqLISTP
oY} Ul AeMUSY WEP IOALI B 1B [Bo1319A ‘UOLIDAIIP
yinn punois ou uonepaid ‘vonnquusip yadap 10 paads uondLAI ‘UONIAIIP
Gurdwes-qns (720 [ = #) fuonepaid pue ‘uostredwod ‘paads wims ‘yIdu9| NOSdIa
|—[BAIIIUT WOPUET UIW-() | [BUOSEIS 10 [ENUUBIAIUL pue dsdouepuUNqE UOIZINIS ZHIN §'T
SIOUALINDIO [[B ‘[enUBN ‘pue jelqey ‘9dessed 1Ay anym pue £aaduwre| ogioeg uw gy Y §LT uiu ¢ 4 87§ Areuonelg (ST0T) 17 12 qay]
(V1) VSN 2y ut amyonais
ynn [013U0D 197eM ATen1sd
punoid 1ou [[1S pue 10U 15ED UE 1B JUSLIND puk A13S1Wayd
‘Surdwes-qns {917 = u) Io1em ‘suranied [ewinip Aanoe NOSald
|—[eAIIUI WOpPUET UIW-§ J0 douanpjul fuosuredwod Sul[[IW puE UODAIIP WIMS ZHIN 8'1 ($107)
S9JUDIINIIO [[B {[enuely 1e31qRYy pue oFessed 197uf fyaSua| pue aduEpUNE YSI] yzr Y 8¢ Areuonelg ‘v 12 [reqUIDY]
SPOYIAN SIUSWIUOIIAUD PUE SID9J3H Pa10E1IXd UOIIBWIOU] Passad01] ele(q Ieuog Apnag

panunuo) -z s|qeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yinn punoid ou ‘uissadord
pajewoIne 01 J¢ILuos
Sunen[ead uonenyead

R. T. Munnelly et al.

J[8ue

sisd[eue {91 = u) |_pourad Apoq pue “Sy1ande Surfru NOSdId
UIW-()¢ SAUIILINID0 ‘uondap ‘paads wims ZHIN 8’1 (1702)
[[e ‘parewoIne pue [enueyy douer] ur a8essed T0ATy fyaSud] pue aduBpUNGE YSI] v ys Areuonelg ‘v 72 dRUSIIRIA
yniy punois
O3pTA PUE UOTIBAIISQO [ENSTA Aouanbaiy 1eaqrel pue paads NOSAId
{81 = u) ;_pound urw-9¢ ODIXIIA] JO SI9IBM J[9US wims ‘qa3ud] pue duUEpUN|E ZHIN §°1 pue
SIOUDIINIIO [[E S[ENUBIA! [BIUSUNIUOD UT UONBPII] B[[UIPIES PUNOI pUE YSY[Teg nv 80T 11 9['qON (ST0T) "1v 12 sexre]y
yIna punoig
3ou uopueld Burdwes-qns uede[ ur aye[ ysppoeiq
¢Anpiqedes uonosalep B Ul A13STWLYyD 193eM JO
JO JuawWISsasse (717 douanpjut fuonnquisip yidop uonnqLISIp [eINIIA (st1 NOSAId
¥ = u) _pouad swen-(Q71 pue ‘Teneds ‘uostreduiod {I9JoWeRIp pue duUEpUNge (s ¢p urw £~) urw e gy gr~) ZHIN 8'T (2102)
|—PWEL-T NXEJN ‘[enuejy [BUOSEDS 1O [enuuEBIAIU] sesnpaw ysy£[[af uoopy sowed} 0/L1 sowely 000 L1 S[IqOIN ‘1P 12 3qe RN
ynan punoid
UONBAIISCO [BNSIA fSIUNOD
paJewolne pue [enuewt
Surredwod uonen[ead
sisk[eue {(7g7 = u) |_potrad PUB[QI] UI 19ALI B Ul [4D UuOIdAIIP WIMs {yigus| pue NOSAId
UTW-() T SAOUIINII0 [o1p pue ‘suroned [euinip sduepunqe ysy I9ylo pue ZHIN §'T (Z102)
[[€ ‘parewioIne pue [enuey fo8essed Surumeds 1Ay ‘3ULLI9Y J9ALI ‘[99 UBdLIDOWY nv Yy Areuonelg ‘|p 12 uBMOSERIN
yinn punoid ainadesar pue
yiew pue 3au ‘Gurdwes-qns pueaI]
{77 = u) _porrad ur 1911 & ut uostreduod uondIIp NOSdId
UIW-()9 |_[BAISIUI UIW-()T [EUOSEDS 1O [enuUEIAIUI wims ‘qa3uad] pue duUEpUNqE ZHN T'T ($107) AyareDdN
S9JULINIIO [[B {[enueiy pue o8essed Sutumedg [99 ueadoiny swmysiN uu 04 4 £ Yy 7T Areuonelg pue BIBWENDEIN
Arsonyioy
(DS) euIyD) Ur I9ALI € Ul pue ‘9[3ue £poq ‘reuos woij
yinn punoid 1ou SIUQWIDINSBIW I9PUNOSOYDI 9duBISIp ‘UOndAIIP ‘paads NOSAId
118 5(1 = u) ;_3udwiordap 09A4 Sutredwod uonen[ead WIms TBUOS WOIJ 9JUBISIP ZHIN £°0
S9JULINIIO [[B {[enuely 1838 9[040 [a1p JO ddUIN[JUL fyaSuo| pue aduBpUNE YSI] nv Yy Areuonelg (9107) 1v 12 ury
yIng punoid 19A19sqo
[ensia ¢oyer urjdwes [ewndo (DY) epeue)
JO uonen[eAd sis[eue Ul JOATT & ur Juowadedsa
{807 = u) ;_y utw 0 a1nseaur 03 paimbaz NOSAId
381y a3 10§ | _pouad urw-( 110339 Surjdures wnuwuTw UOTIDAIIP WIMS ZHIN §'T
$9JULINIIO [[B [enuBN pue a8essed Suiumedg fouepunqge uowes 9433209 nv Y401 Areuonelg (8007) ‘1v 12 elry
(T1) VSN 2y3 ut 1o11req
yIna punoig a3essed-ysy d11309]9 ue uo
Suysyond9p (gL = u) 931BYDSIp pue [9sS9A 93IE[ JO
| —309SUEI] $30ULINID0 9JUINTJUT $9OUBPIOAL 1BITYD NOSdId
[[e fs3unod fenuew pue ‘uostredwod [enuueIaIuIl uondIIp _Sw gy ZHIN T°T
€ WOIJ UBIW ‘[ENUBIA pue Jeaqey ‘oSessed 10aTy wims $duepunqge ysiy v 1€ $100sUen ¢/ Areuonelg (6107) ‘1 12 Ko go]
SPOYIRIN SIUDWIUOIIAUD PUEB S109JJ7 Pa10BIIXd UOBULIOU] Passad01] eleq IeUO0G Apnag

18

panunuo) g ajqeL



19

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yinn punois ou (g = u)
;—potiad urw-(9 $OUIIINI0
[[e ‘pa3ewoIne-ruog
yinn punoid
O9PIA PUB UOBAIISCO
[ensiA (] = u) ;_£sains
SIOUIIINIIO [[B [eNUBA

yina punois ou

¢y = u) |_pouad utw-9
SIOUIIINIIO [[E {[enuep

yina punoid oapia

“(epp = u) ,_porad uru-09
SIOUDLINIIO [[E {[BNUBIA

ynn punoid
A13owopa ousnode pue ‘den
‘s10u snotrea ‘Gurjdwes-qns
(089 1 = u) |_[easonur
urw-() [ Suneurlfe
SIOUALINDIO [[B ‘[enUBN
yIng
punoig £139wo[a)3 d1IsSnode
pue oui8 ‘urjdues-qns
(SN = #) {_potsad
UIW-()9 |_[BAISIUI UIW-()]
SIOUIIINIOO [[E {[enueBA

yIna punoig
09pIA PUE UONBAIISO [ENSIA
oy = u) ;-potad urw-g
SIOUDIINIIO [[E {[BNUBIA

uede[ ur puod e ur 924>
[o1p o douanpur fuonepard
pue ‘uonnquisip [eneds
‘(ea1e [eanieU ‘sa pajueld)
uosuredwod jenqey

uede[ ur puod e ur uonepaid
pue uonnqunsip yadoqg
(foay exdwred) ysn
3y ur uooS3e| [BISLOD B Ul
apn pue 91240 Ja1p ‘suroned
[eunip aSessed Jouy
(lTo3y exfwreq) ysn 9y ur
u003e[ [BISEOD B UI 9p11 puE
“9[24d [a1p ‘suranied [ewinip
jo douanpjur ©d3essed 191Uy
puefaI]
ur I9ALI B Ul T1om Surysy
e 18 £Aoua1dyJe aanided jo
uonen|ead 1ead oueIsisse
110dsuen-pue-den
[1m SUIysy 3au pue suoneIs
Jomod o11199[9-01pAYy 7
woiy Juswadedss 93reydsip
Jo douanpjur ‘uostredurod
[eUOSEIS 10 [enUUBIAIUI pUB
“elqey ‘9fessed urumeds

OIv) vsn
31 UI J9ALI B UT UONNQLIISIP
yadap pue ‘uostredwod
pue ‘o8essed Surumedg
(VA V) VSN 2y3 Jo
SIOALI UI UOIIBAIISCO [BNSIA
pue ‘09pIA TOpUNOSOYID
JO uonEN[eAd SpoyIaw
pue 1ead {Aypiqans jo
douanpjur fo8essed Jurumedg

Aanoe
Suidetoj ‘paads Juswosow
fouepunqe [reusf1sAw
asouede([ pue ysydei)

SNJO] PIIdES UO SYTBU
uonepaid uems Surdooyy

uonIAIIP Wims {yISua|
pue 2duepunqe yIeys

UONIDAIIP WIMS {IZUI]
pue sdouepunqe Ael eIuej

UOTIOQIIP WIMS f9duepunge
199 ueadoany swmySiN

uonNqLISIp [BJ11I2A pue
UONOAIIP WIMS IZud] pue
aduBpUNgE UOUI[BS JOOUIyD)

uondaIIp wims ‘Suroeds
“Aouanbaiy az1s [00yds
fouepunqge uowjes 9£3320¢

nv

nv

Y 08¢

%L1

v

40t

sruw ey |

Y vy

Yevy

Yy 09¢

SNN

yor

NOSdId
ZHIN 8°L
Areuonelg

NOSaId
ZHIN 8'1
GO

NOSsdId
ZHW 8°1
A1euonelg

NOSdId
ZHIN 8°1
Areuonelg

NOSdId
ZHIN T'L
Areuonelg

NOSsdId
ZHI 8°1 pue
1'T A1eUONIEIG

NOSdId
ZHIN 8°1
Areuonelg

(9107)
‘v 12 ounziN

(€102)
.NG 12 OESN_E

(9107)
‘v 12 £9[EDIIN

(¥107)
‘v 12 £9[nEDOIN

(#107)
‘v 12 A43IeDON

(6107)
‘1P 72 [[PMXEIN

(£007)
9A0D) PUE [[OMXEJA

SPOYIN

SjuowuoIIAUL pue quOmwm

Pa3denxo EOUNEMOMEH

PassadoIq

eleq

IBU0G

Apnag

panuiuo) 'z 9|qeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yina punoid SuLay3al
PUE ‘09pIA UOTIBATISO
[ensia ‘read-pazyooy
(957 = u) j_pord urnu-o¢
SIOUALINDIO [[B pAjewoIny
yina punoid 19y3al
pue 1893-payooy (950
T =u) ;_porrad urw-(|
S9OUDIINIIO J[E {PaIewoINy

R. T. Munnelly et al.

ynan
PuUnoI3d uonEBAIISqoO [Eensia
(604 = u) ;_porrad urw-QT
$9JULINIIO [[B {[enueiy
yinn punoid
[238d [299yMm ysy Aouanbaiy
189q-[Ie1 pUE GnolAeyaq
Surjooyas ‘yrduay Suisn
UOLIBOYIIUIPI [9A3]-$310ads
¢Aouanbaiy 1eaq-ea
JO uonen[ead sis[eue
{(s1u2Ad £ = u) |_1oseIep
S9JUDIINIIO [[B {[enuey
Ina punois ou {sjunod
pajewoIne pue enuew
Surredwod uonen[ead
SISA[BUE £(SIUAAD £ QT = u)
|—19SBIEP SIOUILINDIIO
[[e ‘paewoIne pue [enuejy
yIna punoig
A119W9[a1 d1ISNOdE puk
09pIA (0§, = u) [_Iddsuen)
S9JUDLINIIO [[B [enUBN
ynn
punoid sinidedas-pue-yiew
pue Ge1 11d
9au 18 {(0f = u) ;_porrad
Ul ()¢ SIOUILINIIO [[B
£5JUNOD [ENUEBW ¢ JO UBIA

(VD) vsn 2ya

ur Aren1sa ue ut uonepard

qua1Ind Qy31| 91245 [a1p
‘sutoned JewInIp Jo sduINFUT

tuostredwod jeyqey
(VD) vsn oy

ur 19AL1 & Ul uonepaid pue

“1y81| ‘suroned [euinip jo
sduanpur ‘uonnqrusip Ydag

(4@) VSN 2y2 ur £1eN389 UE
ul (waey 193s£0 Uk Jo a1oysul

pue Je) uostredwod 1earqey
pue anoraeyaq Jurumedg

(1v)
VSN 243 Ul SI9ALL 7 Ul ophy JO
douanpjur o3essed Jurumedg

(AN) VSN

U UT TOATI € UT [RUED dYBIUT
uoneIs 1mod d11309[201pAY
e 1sed a8essed Surumedg
(VD) vsn
3y3 Ul 19ALI & ur uostredwod
[BUOSEAS 1O [ENUUEIANUT
pue o8essed Sutumedg

(4O) vsn oy ut
JI9ALI B UT uONNqLISIp [eneds
pue d3essed Surumedg

y18ud] pue
aduBpuUNgE IN0I3 MOquIBY

aduepunqe ysrj
£yisoniiol pue
93ue Apoq ‘uondaiip ‘paads
WIms SyIpIim pue dduepunde
qel1d 20ysasioy (uneu)
snxa[dwe pue J3ulg

uonisoduwod
Aunuwwod ¢Aouanbaiy
189q-[1e1 pue A11s0N1101
‘uondaIp 10 paads
UONOBAI ‘UONdAIIP ‘paads
wims fyI3ud| pue duUEpUNqE

[99 uBdLIOWY pue uowes
9493008 ‘uowyes yooury)

UOTIDQIIP WIMS
foouepunqe sLiqap Suneoyy
PUE 99 uBdLIUIY SWIIYSIN

Qduepunge uoadinis U315)

UUEN@G.Dn_N u093Inis U39.1r)

v

v

v

nv

v

YyoLl

Y87l

sQc U gl
+u9e Iy

SN

Yyee

S109sueIl

SN 052

ww e 4 81

SIAV
ZHIN 0°¢
Areuonelg

SV
ZHIN 0°€

Areuonelg

NOSsdld
SN
s[iqow pue
Areuonelg

NOSdId
ZHI 8°1 pue
7’1 Areuonelg

NOSdId
ZHW 81
A1euonelg

NOSdId
ZHIN T'T
RIS

NOSsdId
ZHN 1T
SO

(T207) v 42 UosPN

1207) ‘v 12 UOSDN

(0207)
.Nw 12 uOuE.DE

(01027)
.NQ 12 uu:@Dz

(8007)

‘Iv 72 I[N

(8107) '1v 42 BION

(§107) v 42 BION

SPOYIIN

SIUDUIUOIIATD PUE S109JJ7

P210BIIX2 UOTIBUIIOJU]

Ppassadorg

ereq

Teuog

Apnag

20

penunuo) g ajqeL



21

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

y3na3 punoid Surysyosddd
{09 = u) ;_porrad
UlW-()] $90UIIINII0 [[B
£51UN0d 7 JO UBdW {[enUBN

y3na3 punoid ysy pased
pue ‘0apIA ‘19U (O] = u)
1—[BL13 $90UALIND0 [[E
£5JUN0D 7 JO UBIW ‘[enUBIA

yina punoid den
pue Surysyo1nddd (yH¢ = u)
—potrad urw—(9
[—[EAIIUI UIW-( | WOpUEL
SIOUDIINIIO J[E [[ENUBIA

yinn
PUNoI3 UONBAIISqO [ENSIA
pue 09pIa (7] = ) [
UIW-()€ SAUIIINIIO [[B
£$JUNOD ¢ JO UBIW [BNUEIA

yiniy
punoid £139wo[a1 d1IsNode
pUE 19U {(SIUAD (¢ = U)
S9JULINII0 [[B {[enueiy
ynan
punoid oapia ‘Surjdures-qns
(b1 = u) ;_porrad
Ur-(¢ | _[BAIIUT UTW-G
S9JUDLINIIO [[B [enuBN

(10 vSn
ay1 ut Jeued diys e ul 1aireq

[esa9dsIp d11399]9 ue uIyIm
uonnqLISIp ‘90UBPIOAE
1B3IY} pUE ‘UOnNqLIISIP

[eneds ‘uostredwod
[BUOSBIS 10 [eNUUBIAIUL
pue 1eaqey 9gessed 1o7uf
(T0) vsn oy
ur [eued diys e ur uoseas pue

WRISAS I211TEq D11199[ OJUT

2dURISIP (A1ISTWIAYD JoIEM
Jo doudnpjur ‘uostredurod
[BUOSBIS 10 [enUUBIAIUL
pue elqey 9gessed 3o[uf
(AW) vsn a3 ut
WIBd11s [BISLOD B Ul A1ISIWaYD
191eM pue 931eYSIp ‘924D
[21p Jo @duanpjur fuostredwod
[BUOSEIS 10 [enUUEIAIUI
pue a8essed Surumedg
seweyeq 2yl
ur 1o1d [e1se0d 1B AIsuaiul
y31| mo[ pue y3ry jo
$109]J9 pue Idliieq dnausew
JE SJUJAD 9JULIDIIP
JO S1UNOJ 19A198qO
[ensiA SUISSISSE UOIIBN[BAD
spoyzaw ySI| Jo duANjjuUI
fuonepaid pue ‘dueprose
Jea1y) ‘uostredwod
1eaqey ‘98essed 1o7uy
UIPIIMG UI JOALL
B 1B 9UIQIN] B 1B 9DUBPIOAE
Jeary) pue suroned
[ewanip jo ddouonpjur ‘suraned
[BUOSBIS 10 [enUUBIAIUL
pue o3essed Suiumedg
(VIN) VS0 2y jo s1orem
J[9YS [BIUSULIUOD 2I0YSIEIU
ur 1om Sutysy e ur uonepaid
pue ‘quarand Y3y 9p24d [aIp
‘suroned [euinip jo sduanpjul

(Surqrur Surpnyour) sasse|d
£31A1108 §, puE ‘UoNIIIP
10 paads TONILAT ‘WONIAITP
‘paads wims ‘yIdug]
ueaw pue £ouanbaiy jooyds
‘y18us| pue 2ouBpUNQE YSI]

UOTIDQIIP WIMS
‘uonesdedesur peys piezzio)

UONIAIIP WIMS ‘YIZua|
pue sdouepunqe ULy
orqREn[q pue oMy

IeUOoS
WOJJ JUBISIP PUB UONIAIIP
wims {yI3ud| pue duUEpUNgE
Ae1duns moja£ pue “yieys
uowo[ ‘epnoerieq 1eaId
Sreys asinu YIeys [ng

uonNqLISIp [BJ11I0A pUE
UONDRIIP WIMS ‘yIZus| pue
dduepunge uow|es dULy

sduepunqe
pbs a1oysur ugSuof
pue ‘Teas Le13 ‘ysyon|g

v

nv

yce

uroc y €§
+ U Oz y es

uw el 44

Yvye

49

yoce

Y8y ++C

NOSdId
ZHIN 8°L
Areuonelg

NOSsdId
ZHIN 8°1
RIS

NOSdId
ZHIN 8°1
Areuonelg

SV
ZH 81
Areuonelg

JeuoswIg

ZHIN 0'T
Areuonelg

NOSsdId
ZHW 81
A1euonelig

(9107) 17 #2 3y1eg

(§107) 17 #2 31eg

(£107)
‘v 12 Eznwo

(+107)
19 92 [[PUU0D,0

(£107)
‘1p 12 3s1AbAN

(¥102)
17 10 S|OYPIN

SPOYIIN

SJIUSWIUOIIAUS PUE S139J1H

Ppo3denXxo uoneuwIojuy

possadolq

ereq

IBU0G

Apnag

panunuo) g sjqeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yina punoid Se1 JJ pue
O1ISNOJE ‘UOTIBAIISCO [ENSIA
9ou 234y (00¢ = u) |_porrad
UIW $32UILINDIO0 [[€ {[eNUBIA
ynn
punoid sinidedas-pue-yiew
pue UONEBAIISqO
[ensIA ‘Ju {(ECT = u)
—porad £ep sadua1mad0
[[e ‘paewoIne-rwog
yIng
punoig ou Gurdwes-qns
paisisse-uonewoIne
pue ‘oneuralsAs
‘wopuer utredwod {s3unod
palewoIne pue [enuew
Surredwod uonen[ead
sisk[eue (0] = u) |_porrad
UIW-G T S9IUILINIO0
[[e ‘pa3ewoIne pue [enuejy

R. T. Munnelly et al.

yinn
punois 1ou suras ¢(a[iqour)
(-UR-1 10 (£69 = )
(Areuoness) | _pouad urw-(9
SIOUALINDIO [[B ‘[enUBN

yinn punoid 1ou pue
JUAWIUIBIIUD ‘SUOTIBAIISCO
payifenb fenuepy

qInn punord oapra
pue 3ou [[13 JuawUIRIUD
‘Surdwes-qns (16 = u)
—Aep |_[eAsalul UuIW-()9
SUOIIBATISO [[E {[enue

(puelSuy) M Y3 UT I9ALT
e ur uonels romodoipLy
MITIS-SIPAUTYDIY
ue jo uonesado faoueploae
Jea1y) pue uostredwod
[BUOSEIS 1O [ENUUBIAIUI pUE
‘renqey ‘o8essed Sutumedg
(VD) vsn oy
Ul Y2215 B UT SIUNOD J9AIISqO
[ensTA Surssosse WONEN[BAd
spoyow ‘uostredwod
[eUOSES 1O [enuUERIANUT
pue d3essed Sutumedg

(NO) epreued
Ul J9ALI B ul uosiredwod

[EUOSEDS 1O [enuUEIAIUI
‘o8essed Surumedg
(1)

BISSNY] UT JOALT B UT 9[04
[2Tp JO 2dUAN[JUT fHONINIISIP
[eneds pue uosuredwod
[BUOSES 1O [ENUUBINUI pUE
“elqey ‘9dessed uiumedg
(HO) VSN dy3 ut o3¢
B Ul 9ye3ul 1a3em UIjood
J11199[2 UE I SUOTIBAIISO
payienb fooueproae
18213 pue uostredwod
[eUOSES 1O [enuuEeIAIU]
(NO) epeue) ut oyey e
ur 9[BIUl UOTIRIS UONBIUIS
Jeagppnu e le wIISAS
UOISIOAIP YsY JO 9pIsINo
pue apisut sasuodsay
suroiied [euanip jo douanpjul
fuonepaid pue adueprose
12113 ‘uosiredwod [euOseas
10 [enuueIAIUl pUE JBIqRH

(sasse[d asuodsar 1)
sayoeordde suiqiny 1o yueq
¢£31A130€ Sulf[iw ‘uondAIIp
10 paads uondeaI ‘UONIAIIP
wims fyI3ud| pue duUEpUNgE
[99 ueadoanyg awmysiN
suroned
SuIwwIMS 9AIIOUNSIP
pue Sutied ¢£1anoe Surju
pue uondaap wims Juroeds
‘fouanbaiy jooyds ‘ya8ua|
pue sduEpUNGE PBIY[IIS

uondAIp
pue ‘paads wims yadud|
pue 2duUEpUNQE PIUOW[ES

uondaIp
wims ‘ISud] pue aduEpUNqe
PEaY[eaIs BYIRYOWEY]

suondeIAIUI AR BII[END
pUE TOTIOITP WIIMS ST,

uonisodwod
Amunuwurod ¢sassed
uondAIIp 10 paads uondear
puE ‘UOTIdIIIP WIMS {SISSE[D
33ud] pue sduEBpUNqE
101epaid 9318 puE SJIMIlY

v uw oy 4 ¢
v YyeL €
Y€ 4
SNN+Y°¢ 886 T+ U886 T

v qSer+y9cLy

2ATIBII[ENY) p ¢ 105 pojdureg

yie yestt

SV
ZHW 81
A1euonelig

NOSsdId
ZHN 81
Areuonelg

NOSdId
ZHIN T'1 pue
/0 Areuoneig

NOSsdId
ZHNT'L
d[IGOIN pue
/0 Areuonelg

NOSdId
ZHW 1T
A1euonelg

NOSsdId
ZHW 8°1
A1euonelig

(8107) v 12 12d1q

(Tr07) 77 12 TRdIq

(¥107)
‘[ 72 UBWAIRJ

(6007) v 12 s0|aEq

(ST0T) v 12 o1

(¥107) “1v 12 Yo1m3Eq

SPOYIRIN

SJUSWIUOIIAUS PUE 13911

Ppa3denxo uoneuIojuy

passadoig eleq

IBU0G

Apnig

22

panunuo) g sjqeL



23

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yina punoid oapia (971
7 = u) y_porsd urw-o¢
SIOUILINDIO [[B S[eNUBIA

yina punoid surjsuof

(961 = u) |_porsad urwr-o9
S32UIINDD0 :.m m_wdmmz

yina punoid [men
‘Buridwes-qns ‘uonisodwod
Arunuwod Sunewnsd
10J sisA[eue 121sn]d
(¢ = u) y_porxd urw-o¢
SOUIIINIIO [[E {[enuep
yiniy
punoId 1euos ueds-apis pue
09pIA ([T = u) |_109suen
$9JULINII0 [[B {[enueiy

y3ina punoid oapia
(91 = u) |_powad un-g|
SIOUDIINDIO [[B {[enuely
yInI punoid ou syons
woij s[23 Surysmsunsip
UONBOYISSE[D pajewoIne
NND Suidojaasp uonenjead
sisk[eue £(SJUdAd 7 = u)
SIOUILINDIO [[B PAIBWOINY

yinn punoid
den pue 1893 payooy
‘Gurdwes-qns {(g¢ = u)
[-109SUEI] UIW-§ oWy
0S JO NUBSJN :[enuely

uede[ ur 1oA11 B
ur A13sIuayd 193eM pue 3y3I|
J0 douanpjur ‘uostredwod
[BUOSEAS 1O [ENUUEIANUT
pue o3essed Suiumedg
BLISTY Ul
JaALr & ul sjood peay-urossd
10 [[8J19A0 1€ A1ISTUIAYD
193EM pue 931BYISIP 924
[2Tp JO PdUAN[JUT fHONINLIISIP
yadop pue ‘uostredwod
[enuueIAIUI PUE JBIQEE]

orqnday
[292) Y3 Ul JIOAIISII
B Ul [MEI] B JO $S9001S
amdeo pue suonoear
JdueploAe dy1ads-saroads
Bu1ssasse UOIEN[BAD
1833 9y8i| pue suroned
[eWINIp £90UBPIOAE 1BIIY ],
NPy
JO £10311193 d1IdIRIUY ysnLIg
9y ur punoid Surumeds
B 1B UOINQLIISIP ISIN]

(vD)

SN 212 JO J[oYS [BIUAUNTOD
3Y3 UO SUOLIBIdIUL
£31d-1038pa1d ‘uonepaid
PUE 9OUBPIOAE 1BIIY ],

(AN) VSO 243 ut 1oALt
B Ul WEP JLIIdI[90IPAY E I
$91BWINSI 19318] 19PUNOSOYDd
3uIssasse uonen[eAd
1833 ‘o8essed 1oAY
(X1) vsn
9Y3 JO J]9YS [BIUDUIIUOD Y}
uo s3aa1 [eynIe yoaimdiys
pue ‘uropze|d [10 ©91910U00
1e uostredwod [euoseas
10 [enuueIalul pue jeliqey

UOTOAIIP WIMS ‘33U pue
dduepunqge uowlel uley>es

uonisodwod Ayrunwuod
fsisd[eue pring-oazis
fyasuo| pue aduBpUNqE YSI]
uonrsodurod
Lunwuwiod fsInoIAeyaq
9JUBPIOAE-[MEI) [] pUE
€$30'11 9OUBPIOAE [€103 YOoBN
9JUEBpIOAR 1S1Y 1€ J[3uE
oeI} 9OUBPIOAE [€10} “Yorn)
90UEBPIOAE 1511 ££11S0N1I0]
pue ‘9[3ue £poq ‘[men
WO1J 9DUBISIP ‘UOHIIIIP
‘paads wims ‘yrduay
pue sduepunqe died I9A[ls
pue ‘wrearq uowrwod yes[q

souepunqe
189U Ysyadl PIOIUIYIOION
uonrsodurod
Aunwwod ‘sisdjeue
P[In8-9z1s {s1U2Ad JO UOnBIND
pue ‘sosuodsar £a1d ‘sypene
103epaid fuondaIIp 10
paads uonoear pue UONRIAIIP
wims {yI3ud| pue duEpUNge
ysy 4a1d pue 103epaig

duepunge (99 uedLRWy

duepunge ysij

s
0 U 7Ty €%8

SRV
ZHIN 0°¢
puE NOSdId
ZHIN 8°L
Areuonelg

NOSdId

ZHWN
1'1 Areuoneig

NOsdld
ZHIN T'L
S[IqOIN

MAIAIN[G
ZHIN 6°0
dIqo N

NOSdId
ZH 81
Areuonelg

SV
ZHW 81
A1euonelig

SIAV
ZHIN 8°L
RIS

($107) BWIysnNg
pue puey

($107)
‘I 32 ZIMONEY

(t107)
‘I 32 ZIMONeY

(TT07) v 12 19s1mg

(€107) 1v 42 21

(1207) "1v 12 weiq

(0207)
.NQ 12 uEESE

SPOYIA

SIUDUIUOIIATD PUE $199JJ7

pa315enxs uonewrojuy

v + U ¢y 4 61§
v Yoel
yrt Sy Ul 9¢ 4 0¢
v SN
v uwerye
1\4 ¥9¢C
S g uu ¢ uer y e
passadoig ele(q

Teuog

Apnag

panunuoy ‘g 9|qeL



R. T. Munnelly et al.

24

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yina punoid oapia
Surysgyonoapd Surjdures-qns
(16 = u) ;_porrad
UIW-()9 |_[BAIOIUI UIW-C]
SIOUILINDIO [[B [eNUBN

yini punois
09p1A pue Ieas payooy ‘den
1 = u) y_pourad urw-g
SOUIIINIIO [[E {[enuep

ynn punoid
39U £$0UIIINID0 [[B S[eNUEA

ynn punoid
39U £$0USIINIIO [[B [eNUEIA

yiniy
punoig 1ou pue 1893 payooy
£$90UIINDI0 [[E {[enuey

y3na3 punoid uad 3ou padydols
‘Surdwes-qns (97 = u)
| —[ELI} S[EAIDIUL $-f WOy
SIMID0[A [00YDS A1IDWIO0[IA
a8euut oponred joxid-ze x 7¢
‘pajewroIne-ruag
ynn punoid
3ou suras ‘Burdwes-qns
{(g = u) ,_pouad
UIW-C [ SAWEI} Wopuel
0T JO NUBIJA ‘[enuejy

BLIsny
ul Yokl YSe) OLIIOI[0IPAY
& Suofe uonisod
[BIUOZ1IOY PUE [BINIIA UO
Mmo[j pue suraijed [eurnip jo
9dUAN[JU] 9OUEBPIOAE JBIIYD
pue ‘uonnquusip yadap
pue [eneds ‘vostredwod
1e31qey ‘98essed roary
(40)

VSN fueado doap ay3 ur swin
EOS JO 2UIN[JUI PUE SHOOY
pue sdexny pajieq pagipouwt
'sA paepueis Jo aouewiojrad
a3 SuIsSsasse uoneNn[eAd
1898 fuostredwod jelqey

(V1) VSN Y3 ur Areniss
ue ul uonepaid ‘@dueproae
a1y} ‘uostredwod Je3qey

(V1) VSN 9y ur £1eniss ue
ur wonepard pue aduepIoAe
182113 ‘uostredwod 1e3iqe

(VIN)
VS Y2 Ul S1I9A[ND A18Nn1s9

ul A1SIWRYD 193eM QUa1IND
‘apn 9[04d [a1p ‘agessed 3ou]

AemION UT £1€N1SI
ue ut uad 19U e ul IseNUOD
19U AIYM pUB UMOI]

JO 309Jj2 pue [spouwr 103epaid
© 03 9suodsar 9A1309[0d
fuonepaid pue adueproAe
182113 ‘uostredwod elqe

(0S) vsn
a3 ur £1eN3S9 UB Ul 9PN} puUE
suroed [eumnip jo souanyjuy

yoer1 ysenn romodoipLy
B 314 S1OBIUOD JO Joquinu
fyasuo| pue aduBpUNqE YSI]
Ieuos 3unelol palreq
© pue s1edd aurguo] pue jod
puUnoIE UONOBIANUI YOO 10
Anuo 30d 351y 03 SdueIEadde
11 03 dW} SWONIIIP
wims fyI3ud| pue duUEpUNqE
nqley ShIded pue ysys[qes
£3150N1103 pUE TRUOS
WOIJ SUBISIP “UONIIIP
10 paads uonOLAI ‘UONIAIIP
‘paads wims Budeds
pue 9z1s [ooyds ‘yI3us| pue
dduEpUNqE UIPBYUIW J|no)
£3150M1101 ‘TRUOS
W01} IDUBISIP ‘UONIIIP
10 paads uondeas ‘uondAIp
‘paads wims Burdeds
[0Oyds uspeyuUIW JNL)
uonrsodurod
Aunwwod £31anoe Surjjiu
pUB UONJIIP WIMS YISud|
pue sduepunqe sseq padiis
pue ‘uriay yoeqan|q
[99 UBDLIUIY ‘9JIMI[Y
paads uonegedoid-aaem
[eanoiaeyaq pue 1a10uwered
I9PIO0 [EUOIBIOI ‘YISUIIIS
UONB[1I0D pjeidaul
“Ason1103 ‘9[3ue £poq
“f11an0€ Sulf[Iw ‘UonNgLISIP
[B21219A UOIAIIP
10 paads uondeas ‘uondIp
‘paads wims Burdeds
[ooyds SuLLay dnuEPy

Suroeds
pue “Aoudnbauy ‘az1s [00yds
fyasuo| pue aduBpUNE YSI]

uwocy s

v

S pp U |

(son)
sowej (g

YyeLl

u ¢
YL+Uy+Y9vC

Y8y

ysotr

Y Syl

ulze

(urur 4 1)
SOWEL 076 6+

SV
PUE NOSAIA
ZHW 81
A1euonelig

NOSsdId
ZHW 81
A1euonelig

NOSdId
ZHIN 8°L
Areuonelg

NOSdId
ZHIN 8°1
Areuonelg

SV
ZHIN 8°1
Areuonelg

NOSdId
ZHIN 8°T
Areuonelg

SV
ZHW 0°€
A1euonelig

(8102)
1 32 3pruIydg

(§007) 1v #2 950y

(czoT) v 12
03u1J-Zan3LIpoy

(0c0T) 17 72
03Ul J-Zan3LIpoy

(1207)
‘Iv 32 ueye[ry

(9107)
‘I 72 nedNAry

(§107)
‘v 72 nedNAry

SPOYIN

SJIUSWIUOIIAUS PUE 13911

Pa10B1IX UONBULIOFU]

Ppossadolq

ereq

IBU0G

Apng

panunuo) g sjqeL



25

Applications and analytical approaches using imaging sonar

Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

ynan
punoig suoydoipAy pue
BUIYSO1109[d {SUOIIBAIISO
pagienb f{fenuey

yiniy
punoid ou ‘uonisodwod
Amunuod Sunewns?
10§ sIsA[eue JUBUIWLIOSIP
£$9JUDIINDIO0 [[B f[enuejA
yinn punois 19u

‘(z6 = u) -powad urw-01
SIOUILINDIO [[B ‘[enUBN

yinn punois ou

(pg¢ = u) |_pouad urw-(9
$OUIIINIIO [[E {[enuep

ying punoid ou
(918 = ) ;_potsad urw-9
SIOUILINDIO [[B pAIBWOINY
ynan
punoig den ‘Gurdwes-qns
HT1 = u) _[earaur
urw-¢ Wopuels sawesy
7 JO NUBIIN ‘[enuejy
ynn punoid
10U (] = u) [ _309suen
SIOUDIINIIO [[B {[enUBIA

y3na3 punoid ou
H1S = u) |_[BAIUI-OUBISIP
W-¢ SIDUILINIIO [[B {[BNUBIA
[Ina punoid ou {sjunod
parewoIne pue [enuew
Surredwod uonen[ead
sisA[eue ‘Gurdwes-qns
Lty =u) (_porrad
ulW-¢ S[BAI2IUI S-G WOIJ
(s 07) seurexy 09 jo NUBIA
{pajewione pue [enuejy

(SN) erpensny
UT 97N1ONIIS JUdU e

191eM B JE ssaukys aged
Suissasse uonen[ead 1ead
aanelenb o3essed 1Ay
(HO) vsn ay
Ul 197UT e[ € 18 ATISTWAYD
193eMm pue 98reydsIp ‘9[4d
[o1p JO dduanyyul ‘uosiredwod
[BUOSEAS JO [ENUUBINUL
pue a8essed Sutumedg

(HN) vsQ oy ut
JI9ALI B UI 9OUBPIOAE JBIIY ],
(AN
VS0 243 3O F[2YS [eIuauzuod
93 U0 JU21IND pue 9pn
‘suroned JeuInip jo souanfyur
‘uostredwod [euoseas
10 [enuueIAIUI pUE JBIqRH
(J0) vsn oy ut Lprqrm
pue ‘quormd ‘931eyodsip
‘sutoned JewInIp Jo sdudNFUI
fuonepaid pue o8essed 1oary
(ON) vsn 2y3
ur peayy[nq ysiew e e sden
Suissasse uonen[ead 1ead
fsutanied JeuInIp jo aduanfjuI
fuostredwon 1e1qe

(HS) eUIyD) UT JTOATISII
& Ul uonnquusip enedg
(@) vsn
oy ur £1eN3S9 U Ul £1BNISI
Ue uIyiim £1smuayd 193em jo
douanpjur ‘uonnquusip yidop
pue [eneds ‘vostredwod
[eUOSEIS 1O [enuuLIAUI
pue 1e3qey 93essed 19Uy

(@A) VSN Y3 ur L1eniss ue
ur 1a1d e 1€ wiols e uunp

AnsSIuayd 193eM puE ‘Opn
‘suroned [euanip jo sduanpjjul

uondAIIp 10 paads
uonoeal aanelfenb fqadus|
pue aouepunge yorad 19A[Ig

uonisodwod
Lunwwod uondIP WIMS
fya8ua) pue aduepunqe ayid
uIdyliou pue 4esd asouduo|
‘dred> uowwod ‘ugmog

a3ud] pue duEpUNqE YSI]

uondaIIp 10 paads uonoear
fya8ua] pue sdUBpPUNE
yaeys pue ‘astodiod ‘ysig

UONDAIIP WIMS ‘YIZua]

pue aduepunge pruouwijeg

y13us] pue duEpUNgE YSI]

ﬂuwﬁuﬁ pue aduepunge ysi

uonnquisp

[eonea ¢Aouanbaiy pue ozis
[OOYds faduBpUNJE 11U BIG

sis[eue
prm$-az1s sdouepunqe
ysy 931e[ pue [[ews

aaneIEny) SNN
nv Y1091
nv ur ¢ g 6
nv U $8¢
nv 4918
S 9¢~ qr
v Y91
v 9 e
(urw 96 Y ¢) (4 69)

soweld} 08% ¢ Sowel} 00T L€9

NOSdId
ZHIN T'T
Areuonelg

NOSdIa
ZHIN 81
Areuonelg
SV
ZHIN 8°'T
Areuonelg

NOsdld
ZHIN 8°L
S[IqOIN

SRV
ZHIN 8°1
Areuonelg

NOSdIa
ZHIN 81
Areuonelg
NOSdId
ZHIN T'T
I[IqOIN

SIIv
ZHIN 0°€
GO

SV
ZHIN 0°¢
Areuonelg

(8007) v 12 31EMIS

(te0?)
Iourjy pue 103§

(TT07) 1v 42 saureag

(0207) ‘1v 12 saurerg

(q1202) *P 12 Yarwg

(e1207) 17 12 Yuwg

(€T07) ‘17 72 BSYS

(0707)
.NQ 19 qﬂmuwuuﬂmﬁ—m

(£107)
‘v 12 TUBISIIYRYS

SPOYIN

SjuowuoIIAUL pue quOmwm

Pa3denxo EOUNEMOMEH

PassadoIq vleq

IBU0G

Apnag

panuiuo) 'z a|qeL



Downloaded from https://academic.oup.com/icesjms/advance-article/doi/10.1093/icesjms/fsad182/7456026 by guest on 07 December 2023

yinn punoid
09PIA PUB UOLIBAIISQO
[ensiA (¢ = u) ;_pouad

R. T. Munnelly et al.

("INI) epeUEB)) Ul JOALX
e ur sap1jod juswaseurw
JUIIRJJTP JOPUN 1I0JJ0 ITUN
1ad yores pue ‘uonnqruisip
[eneds pue ‘uostredwod
[BUOSEDS 1O [enUUEBIANIUI

UOMDIIP WIMS

NOSsd1d
ZHIN 8°1 pue

1894 S9OULINDI0 [[B {[enuely ‘o8essed Surumedg fduBpUNgE UOW]ES JIUB[IY nmv SNN 1'1 A1eUONIEIG (8107) ‘Iv 12 noUIA
SISSE[D IdUBPIOAE
puB SISSE[D SIXBIOYI
SpPUB[IaYIaN Y3 Ul TIALT ¢Ay1sonii03 pue a[3ue £poq
B Ul OB YSBI) YIIM UOIEBIS “f1ano® Sulf[Iur ‘uonnqLIsIp
Surdwnd e reau JuarInd [B21219A ‘UONIAIIP
yinn punoid JO 2dUIN[JUI £90UBPIOAE 10 paads uondeaI ‘UONIIIP NOSAId
OU £$DUIIINIDO [[E SIUN0d 1ea1) pue ‘uostiedwod wims {qI3ud] pue duEpUNgR ZHIN 8'T pue (0202)
€—7 JO ueaW f[enuey Jeqey ‘98essed Surumedg 99 ueadoanyg swmySIN v S T Ul 0¢ 4 7t 1°1 Areuoneig ‘1D 12 U] UBA
SPUB[IIYIIN]
3Y3 JO J[9YS [BIUSUNUOD 3}
Uo ULIej puim € Je s1elqey
JUAUNAAT uondA0I1d
pue ‘Quoz uonisuen
garem uado Suowre sasse[d
Surjooyds ysi ‘uonnquuisip uonnqLISIp [BI11I9A
yina punoid 1oud yadap pue ‘[eneds ¢Aouanbaiy pue az1s [00Yds NOSdId
H£L1 =u) (_porrad (w 0T ~) pue ‘uostredwod [euoseas fy33uo pue duBpUNqE ZHIN 1'T (£102)
-0 SPIUILINIIO [[B [ENUBIN 10 [enuueIaIUl pue JBIqeH [eWIwEW duLIBW puk ysij nv ui ¢ 4 67 S[IqOIN ‘v 12 [eH ueA
Ananoe 3uidSip pue
yinn punoid s1u9A9 Surumeds ‘£ouanbaig
A115W19[91 D1ISNODE PUE JUIAS (MO) VSN 2y3 ut 1e9Q-[rel pue ‘uUondIp NOSdIa
(887 = u) ;_pousad urw-¢y I9ALI B U MO[J JO JULIND JO ‘paads wims oouepunqe ZHIN 81
S9JUDLINDIO [[B {[enuely douanpjur ‘a8essed Jurumedg ared urumeds uowes wny) v yL Areuonelg (0107) v 12 UCHIL
(4O) VSN dy3 ut 1941
ynn punoid B UI SJUNOD PISBq-03PIA JO
O3PIA PUB UOIBAIISAO uonen|eAd 1ead Oyjer) [9ssaA NOSAIda
[ensia {( = u) |_309suen pue uonnquusip jeneds pue uonnqLISIp [B21119A sjoasuen 4 ZHIN 8'1
SIOUDIINIIO [[B {[enUBIA yadop ‘o8essed Jurumedg foouepuNqe uow|es JoouryD v Suowre wr 670 ¢ 3[IqOIN (#007) “Iv 22 uegL],
uede[ ur waisAs ainynoenbe
ue ul uone[suen
93ewWI 09PIA-03-1BUOS
[Inil punois oapia ‘eiep 11 e dojaasp 031 1euos Suideur UOISIOAUOD SNV
urw-g ‘eep Sururen urw-g ui pue 03pIA paired ¢Apiqiny INOJ0d puE ‘UONIN[0SI ZHIN §°T (6107)
$9JUDLINII0 [[B {pajewoIny pue 1ySI| Jo aduanuy ‘ssoudreys aSew ysig nv uru ()| Areuonelg ‘v 12 ewede1q]
(IN) vsn
ay3 ut e[ & ul uontsodwod
yinn punoid Se1 J1J pue Amunuwurod ‘Ansruayd 191em
Surysyos1doo Burjdwres-qns a8xeydsip ‘suroned [euinip
€000 €ST = u) ;_porrad Jo douanpjur ‘uostredwod uonisodurod Ayrunurwod NOSAId
UIw-()9¢ | _[BAIDIUL UIW-7 [BUOSEIS 1O [EnuULIdIUL ‘sisk[eue prng-azis ZHIN §°T (1700
SIOUILINDIO [[B :[ENUBA pue a8essed weang fyasuo| pue aduBpUNE YSI] yis 4oLl Areuonelg ‘D 12 UOSUBMS
SPOYIIN SIUSWUOIIAUD PUEB SI09JJF] PaI0BIIX3 UOBULIOU] Passad01] eleq IBU0G Apnig

26

panunuo) g sjqeL



27

Applications and analytical approaches using imaging sonar
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only makes imaging sonars excellent counting and measure-
ment tools for abundance quantification, but also provides the
necessary detail for fine-scale behavioural studies by increas-
ing the probability of observing subtle movements. Abun-
dance estimates of migrating diadromous spawners have ben-
efited from improved accuracy provided by imaging sonar
that allowed collection of continuous data over long dura-
tions irrespective of underwater light conditions (e.g. through
night and day) or water quality (e.g. turbidity) (see Table
2 for specific studies). In addition, the behavioural informa-
tion availed by imaging sonar can improve understanding
of ecosystem connectivity and inform management based on
how aquatic organisms move and interact with each other
or react to natural or anthropogenic environmental stimuli
or disturbances. Species-level, size-guild, or community-wide
comparisons have been made to study inter- or intra-species
interactions undetectable by other gears such as predator-
prey engagements and collective reactions (Handegard et al.,
2012; Price et al., 2013; Marras et al., 2015; Kruusmaa et
al., 2016; Rieucau et al., 2016; Cheng et al., 2022; Fran-
cisco et al., 2022), shifts in predation response across habi-
tats (Rodriguez-Pinto et al., 2020, 2022), or environmen-
tal conditions (Nelson et al., 2021, 2022), Pacific lamprey
parasitic attachment events (Kirk et al., 2015; Keefer et al.,
2017), spawning-related digging activity and spawning events
(Tiffan ef al., 2010; Langkau et al., 2016), spawning school
structure (Godinho et al., 2017), spawner habitat associa-
tions (Grabowski et al., 2012), environmental effects on be-
haviour on spawning grounds (Crossman et al., 2011; Jiang
et al., 2012; Chang et al., 2017), environmental variables af-
fecting juvenile emigration (Budnik and Miner, 2017), and
monitoring fish in aquaculture or aquarium systems (Han ez
al., 2009b; Hightower et al., 2013; Zhang et al., 2014; Ter-
ayama et al.,2019; Jones et al., 2021; Gutiérrez-Estrada et al.,
2022).

A particularly complex property of animal aggregations
like fish schools is the ability to execute highly coordinated
movements in unison when confronted with environmental
perturbations or predators. Recent research in the field of col-
lective animal behaviour in general, and fish schooling in par-
ticular, has shifted focus from the importance of global proper-
ties (i.e. group size and frequency of occurrence) to local prop-
erties (e.g. individual spacing, speed, angle, displacement, and
so on) as well as considering rules of interactions among indi-
viduals to give a mechanistic basis for how groups are formed,
move, and react as a unit in the face of biotic (i.e. predators)
and abiotic factors (i.e. hydrodynamic properties of the envi-
ronment) (Handegard et al., 2012; Strandburg-Peshkin et al.,
2013; Tunstrem et al., 2013; Rosenthal et al., 2015). Despite
the growing interest to ascertain the mechanisms that under-
lie the capability of aggregations to perform coordinated col-
lective reactions and the hydrodynamic benefit of swimming
in schools, knowledge of these processes has been impaired
by the methodological approaches available to quantify fine-
scale swimming dynamics in natural settings. Imaging sonar
has provided researchers with an effective means to observe
and explore dynamic behaviours of individuals and collective
patterns of schooling fish in various ecological contexts (e.g.
antipredator responses and social attraction) without disturb-
ing the focal organisms. The ability of imaging sonar technol-
ogy to collect high-resolution data describing fine-scale swim-
ming kinematics, and group or school topology and organiza-
tion under natural conditions will, therefore, advance research
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underlying how aquatic organisms interact within their envi-
ronments and reach the energetic and safety benefits of group
organization.

Studying complex and sensitive habitats

Habitat complexity is important for many species but adds
sampling challenges to the study of fish associated with a lot
of productive aquatic habitats. For instance, high rugosity or
interstitial spaces among submerged timber or aquatic vege-
tation in ponds, lakes, or reservoirs (Mizuno et al., 2013; Jing
et al., 2017; Brien et al., 2021), marsh grasses (Rodriguez-
Pinto et al., 2020), seagrass (Olson et al., 2023), mangrove
forests (Frias-Torres and Luo, 2009; Olson et al., 2023), or
rocky outcroppings and reefs (Grabowski et al., 2012; Auster
et al., 2013; Artero et al., 2021; Dunn et al., 2023; Olson et
al., 2023), provide abundant sources of gear snags and places
for fish to hide undetected but can be studied using imag-
ing sonar. While resolution of organisms at similar distances
to objects or debris can be obscured, imaging sonar provides
one of the best tools for conducting studies in these environ-
ments. Small, shallow-water marsh or intertidal pools (Hande-
gard et al., 2012; Rieucau et al., 2015; Rodriguez-Pinto et al.,
2020,2022), tributaries (Becker et al., 2011a; Magowan et al.,
2012; Lankowicz et al., 2020; Shahrestani et al., 2020; Swan-
son et al.,2021), inlets (Becker et al., 2016a, b; Lagarde et al.,
2020,2021) or coastal lagoons (McCauley et al., 2014, 2016;
Capoccioni et al., 2019) are difficult to survey due to depth re-
strictions and large ranges in tidal and current amplitude and
direction but can also support high densities of fish and are
a highly understudied ecosystem component where imaging
sonar is well suited for use (Lankowicz et al., 2020). Many
imaging sonars can also resist high pressure and have been
deployed to the seafloor off the continental shelf (Rose et al.,
2005; Purser et al., 2022). Including the examples listed above,
imaging sonar has thus far been used in no fewer than 46
studies within complex natural habitats, most of which have
been steep-banked rivers with rapid depth transitions (Table 2;
“Effects and Environment” column, providing the study loca-
tion and environment). At least 33 studies have incorporated
natural habitat comparisons, and 18 have incorporated one
or more complex natural habitats. To our knowledge, Auster
et al. (2013), Dunn et al. (2023), and Olson et al. (2023) are
the only studies to have utilized the non-interactive aspect of
imaging sonar to study fish associations with, or map delicate
and slow-growing live-bottom habitats, including a subtropi-
cal ledge (Auster et al., 2013), polychaetae reefs (Griffin et al.,
2020), fringing oyster reefs (Dunn et al., 2023; Olson et al.,
2023), coral reefs (Olson et al., 2023), and seagrass beds (Ol-
son et al., 2023). These and other biogenic reefs can be dam-
aged by extractive sampling gears, representing another area
of field research that imaging sonar is well suited to expand.
Anthropogenic features pose similar sampling challenges to
complex natural habitats. Incidental or planned artificial reefs
(Baumann et al., 2016; van Hal et al., 2017; Zeng et al., 2018;
Plumlee et al., 2020; Sibley et al., 2023b), urbanized shore-
lines (Able et al., 2013; Becker et al., 2013a, 2014; Accola et
al., 2022a, b), industrial-cooling, hydrocarbon, hydroelectric,
wave, tidal, or wind energy stations (Viehman and Zydlewski,
2015; Egg et al., 2017; van Hal er al., 2017; Francisco and
Sundberg, 2019; Zhang et al., 2020; Braga et al., 2022; Fran-
cisco et al., 2022; Staines et al., 2022; Bender et al., 2023;
Cotter and Staines, 2023), water control structures (Kimball
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et al., 2010; Bilotta et al., 2011; Doehring et al., 2011, 2015;
Bennett et al., 2021; Rillahan et al., 2021; Rodriguez-Pinto et
al.,2022), and an assortment of other man-made features are
widely distributed throughout aquatic environments. These
features often provide substrate for different assemblages of
organisms relative to their natural surroundings, stand as ob-
stacles for fish attempting passage (O’Connell ef al., 2014;
Cupp et al., 2018; Egg et al., 2019), alter natural responses to
current flow (Jones and Petreman, 2015) or pose a threat to
unwary individuals that may become impinged or entrained
(Boys et al., 2013; Patrick et al., 2015; Viehman and Zydle-
waski et al.,2015; Bevelhimer et al., 2017, Bolland et al., 2019;
Piper et al., 2018; Egg et al., 2019; van Keeken et al., 2020;
Staines ef al., 2022). Imaging sonar has been used to study
biotic associations with complex anthropogenic habitats in at
least 69 studies. At least 34 studies have used imaging sonar to
classify situational avoidance behaviours related to fish pas-
sage barriers, or industrial water intake impingement or en-
trainment. Future studies using imaging sonar around com-
plex anthropogenic features would benefit from incorporation
of nearby natural habitats to take advantage of the ability to
sample consistently across large changes in benthic complex-
ity to provide insight into microhabitat partitioning, ontologi-
cal (life stage) differences, and other ways in which communi-
ties share resources throughout the environment. At the time
of this review, at least 51 studies have incorporated a habi-
tat comparison, including 29 comparing one or more anthro-
pogenic habitats, and 12 studies that have directly compared
natural and anthropogenic habitats.

Low-visibility environments

In many ecological contexts, video-based and other visual
methods are not viable. The most obvious cause of reduced
visibility is low light availability. Little or no natural light-
ing occurs in deep waters (Giorli and Au, 2017a, b; Giorli ez
al., 2018), overhanging environments such as piers (Able et
al., 2013; Becker et al., 2013a, 2014; Grothues et al., 2016;
Shahrestani et al., 2017), undercuts (Frias-Torres and Luo,
2009), caves, below ice (Mueller et al., 2006), under strati-
fied surface blooms, during periods of high cloud cover, and
of course, at night (Becker et al.,2011a; Rakowitz ef al., 2012;
Able er al., 2013; Rieucau et al., 2015). Turbidity is another
factor that mediates visibility, caused by the suspension of
sediments in the body of water, such as occurs in surf zones,
river mouths, benthic nepheloid layers, shallow environments
during storms (Shahrestani et al., 2017), by phytoplankton
blooms, and in the presence of high tannins, or other leached
solutions. While artificial lighting can be used when turbidity
is not limiting, fish behaviour is likely to be altered (Nelson
et al.,2021,2022). Imaging sonar offers an efficient means to
overcome the limitations of surveying aquatic organisms un-
der restricted visibility conditions by using sound- rather than
light-refraction to produce imagery. This is true not only for in
situ studies, but additionally applies to controlled laboratory
experiments (Amaral ef al., 2015), leading to a large data defi-
ciency in visibility-restricted settings that can now be studied.

The ability of imaging sonars to produce video-like pictures
under visibility-restricted conditions was certainly a top in-
centive for its development and has been touted as a primary
advantage over other sampling gears used to study aquatic
organisms. While suspension of high-density sediments like
sand can still obscure imagery due to reverberation, imaging
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sonar presents the best option for sampling in most turbid
environments. Imaging sonar has since been used in at least
92 studies in turbid environments, and 90 studies that incor-
porated nighttime sampling that would preclude the use of
optical methods (53 with both high turbidity and night sam-
pling). Of these studies, we identified 50 that used imaging
sonars to compare diurnal patterns or assess abundance trends
throughout entire diel cycles. The effects of anthropogenic
light were evaluated in 12 studies, and just five studies re-
viewed here (Maxwell and Gove, 2007; Frias-Torres and Luo,
2009; Becker et al., 2011a; Terayama et al., 2019; Smith et
al., 2021b) have employed this technology to directly evalu-
ate the effects of turbidity. Visibility effects are undoubtably
highly influential to many species or life-history stages. Many
fish species greatly depend upon their vision to forage or
hunt effectively (Utne-Palm, 2002). Conversely, many preda-
tory aquatic animals rely on other sensory modalities to ex-
ploit their prey in low-visibility conditions (Dehnhardt et al.,
2001). This factor may be one major contributor of the diel
species-distribution cycles that are ubiquitous to nearly every
aquatic environment. This additionally contributes to refuge-
seeking behaviours observed by juveniles of some species asso-
ciated with high turbidity (Blabber and Blabber, 1980). Imag-
ing sonar permits the investigator to examine behaviours of
aquatic organisms when effects of turbidity would render
other remotely-sensed sampling gear ineffective.

Evaluation of traditional fishing gears

In addition to enabling many new research opportunities,
imaging sonar offers an effective means for evaluating the per-
formance of traditional sampling methods. We reviewed 26
behavioural studies that have used imaging sonar to evaluate
the efficiency of various fishing gears or survey techniques.
In particular, imaging sonars have been employed to assess
species interactions with, and escapement from, hooked gear
and trapping surveys (Rose et al., 2005; Stuart et al., 2008;
Smith et al., 2021a), trawls (Handegard and Williams, 2008;
Rakowitz et al., 2012; Jtza et al., 2013; Williams et al., 2013),
purse seines (Handegard et al., 2017a), set nets (McCarthy
et al., 2014; Nichols et al., 2014; Egg et al., 2018; Fujimori
et al., 2018; Kang et al., 2020; Helminen and Linnansaari,
2023), video arrays (Tiffan ez al., 2004; Maxwell and Gove,
2007; Frias-Torres and Luo, 2009; Hays et al., 2015; Egg et
al., 2018; Brien et al., 2021; Sibley et al., 2023b), trained ob-
servers (Holmes et al., 2006; Maxwell and Gove, 2007; Tong
et al., 2009; Pipal et al., 2012; O’Connell et al., 2014; Hayes
et al., 2015), and electrofishing (Kerschbaumer et al., 2020).
In addition, this technology has been used to assess sampling
bias and accuracy of echosounder hydroacoustic equipment,
including effects of low-frequency sound avoidance (Maxwell
and Gove, 2007; Velez, 2015), target detection (Pratt et al.,
2021), length measurements (Lin et. al., 2016), and varia-
tion in species-specific target strength at different swim angles
(Hwang et al., 2017).

Additional fishing effects such as invasion of set nets by
seals (Nichols et al., 2014; Fujimori et al., 2018) and stress
and injury levels induced by crowding during purse seine fish-
ing (Handegard et al., 2017a) have also been studied using
imaging sonars. In total, six other studies relied on the uti-
lization of imaging sonar to assess avoidance responses of fish
to survey vessels (Xie et al., 2008; Tiffan et al., 2010; Becker
et al., 2013b; Hayes et al., 2015; Davis et al., 2016; LeRoy
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et al., 2019), with ecological implications for high vessel traf-
fic areas, as well as providing useful information for mobile
surveys. Imaging sonar is also useful for making qualitative
observations supporting and helping to explain results from
other methods, such as passive integrated transponder (PIT)
tags (Stuart et al., 2008), trapping of entrained individuals
(Patrick et al., 2015), and side-scan sonar surveys (Purser et
al., 2022). The versatility of this non-intrusive gear has re-
cently been used to compare multiple methods of fish herding
techniques (Ridgway et al., 2023). Finally, imaging sonar has
been employed to assess non-biological gear interactions, such
as general bottom mapping (Maxwell and Smith, 2007; van
Middlesworth et al., 2015; Pyo et al., 2017), trawl interactions
with benthic environments (Lomeli ef al., 2019), object detec-
tion (Cho et al.,2015), detection of submerged aquatic vegeta-
tion (Mizuno et al.,2013), and as a robust visual ground truth
option for side-scan sonar observations (Griffin et al., 2020).
The particularly high-performance of imaging sonar in river
and stream passage applications has led to its supplementa-
tion or replacement of existing monitoring strategies, such as
visual observation (Maxwell and Gove, 2007; Magowan et
al., 2012), capture (Lenihan et al., 2019), or tag and recap-
ture (MacNamara and McCarthy 2014; Mora et al., 2015),
although the expense of the equipment and the processing ef-
fort required has prevented a wider adoption (Faulkner and
Maxwell, 2020).

Data processing and analytical approaches

Taxonomic resolution of imaging sonar data

Species-level taxonomic resolution remains one of the promi-
nent challenges when using imaging sonar due to an over-
all lower resolution than optical methods and an inability
to reproduce pigments. Interpreting sonar imagery, therefore,
largely relies upon the researcher’s knowledge of the study
environment or system in which the imaging sonar is being
used. Despite this, imaging sonar has been used to study the
behaviours of at least 89 species, belonging to 40 orders, and
11 classes of aquatic organisms in situ (Figure 2) (Table 2;
“Information Extracted” column, providing the taxonomic
resolution). This includes studies of at least 15 protected
species. Qualified differences in body size, shape, and swim
style make separations of major functional groups apparent
and can help to effectively discriminate between distinct ho-
mogenous species groups (Grote et al., 2014; Ogburn et al.,
2017), as has been used in 144, 83, and 65 studies (Figure
2) (Able et al., 2014; Becker and Suthers, 2014; Egg et al.,
2017; Giorli et al., 2018). Related to the visual signatures of
the echogram, acoustic shadows provide additional morpho-
metric information for relatively robust organisms within the
middle to lower portions of the ensonified area (Langkau et al.,
2012; Parsons et al., 2014; Connolly et al., 2022). Using this
approach, the orientation of the sonar relative to the target
organisms is critical to providing resolution on key morpho-
metric characteristics needed to identify species or separate
guilds (Martignac et al., 2015). This is substantiated by the
non-intuitive way that imaging sonar depicts objects. The 2-
dimensional imagery produced along the X and Z polar planes
renders more of a downward, overhead viewpoint for objects
appearing straight in front of the beam (Brahim et al., 2010;
Eggleston et al., 2020). Visually discerning morphometrics is
both easier and more consistent for larger animals, making
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Figure 2. The taxonomic resolution of studies using imaging sonar. A
total of 41 studies identified ensonified targets as “fish” or “animals’ 19
studies separated the fish assemblages by size guilds to identify
separate functional groups, seven studies identified organisms to genus,
and 88 studies have identified organisms to the species level. Organisms
identified to species level are grouped by Class (or sub-phylum), and
family. Note that several studies involved more than one species-level
identification. A total of 89 animals have been identified to species level
using imaging sonar.
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this technology particularly well-suited for species-level iden-
tification of distinct organisms greater than 0.5 m in length
(Francisco and Sundberg, 2019; Staines et al., 2020; Francisco
etal.,2022).

Behavioural patterns, such as schooling tendencies, habi-
tat use, and known cyclical events that separate taxa of in-
terest (e.g. diurnal, tidal, or seasonal migrations) (Figure 3)
can also help to refine identifications to lower taxonomic lev-
els. This approach has been relied upon in at least 20 studies.
However, in most cases, ground-truthing remains necessary
for species-level assessments. One or more ground-truthing
methods have been used in 103 previous studies reviewed
here (Table 2; “Methods” column, keyword: “ground truth”).
Among those methods, traditional direct-capture techniques
using nets have been the most commonly used means to re-
late to imaging sonar observations (43 studies). Other ground
truth methods used include: video or trained observer ob-
servations (29 and 20 studies, respectively), hooked gear (12
studies), acoustic telemetry (seven studies), electrofishing (11
studies), traps (eight studies), stocking or tethering (eight stud-
ies), hydrophone recordings (five studies), trawling (five stud-
ies), mark-and-recapture, T-bar, and PIT tags (five studies),
and turbine or water intake-pump entrainment (four studies).

The higher image resolution produced by imaging sonars
when compared with echosounders comes at a compromise
of techniques available to refine taxonomic resolution with
echosounders. The higher echo frequencies used by imaging
sonars, where the wavelengths are typically much smaller than
the target organisms, have non-Rayleigh scattering proper-
ties, making them more reflective than echosounder signals
and, therefore, less reliant upon highly reflective tissues such
as swim bladders. A drawback to using higher frequencies
is a high sensitivity to the angle of ensonification, render-
ing traditional echo integration approaches less feasible, al-
though this is offset by the increased resolution and the abil-
ity to count the individual targets as opposed to echo integra-
tion. Another tradeoff is the inability to use multi-frequency
comparisons of backscatter (through decibel differencing or
broadband scattering), or swim bladder target strength val-
ues used to refine taxonomic resolution with echosounders.
Mueller et al. (2010) showed that tail-beat frequency patterns
can be distinguishable using imaging sonar and used this to
discriminate between two salmonid species with similar body
shapes, independent of size; a technique that has also been
developed using split-beam echosounders (Handegard et al.,
2009). However, some limitations emerge from this technique,
such as the challenge to resolve tail-beat frequencies of smaller
fish, or that the recording frame rate must be at least twice
the tail-beat frequency to avoid signal distortion by alias-
ing (Mueller et al., 2010). Despite these shortcomings, there
are situations where this technique could be applied to refine
taxonomic classifications, or to study bioenergetics (Tiffan et
al., 2010). For example, eels have been identified in 15 stud-
ies using imaging sonar largely based on their distinct move-
ment patterns (Table 2). Also, Helminen et al. (2021) were
able to separate Atlantic salmon, striped bass, and Ameri-
can shad using both manual and automated approaches. To
date, the studies using this method have employed DIDSON
sonars recording at 1.1-1.8 MHz. The current availability
of ARIS, BlueView, and Oculus imaging sonars, which use
a greater number of beams and are capable of operating at
2.1-3.0 MHz, might make species identification using tail-
beat patterns all the more viable. For instance, a Myliobatoid
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ray (cownose ray, Rhinoptera bonasus) recorded by a vessel-
mounted 1.8-MHz ARIS (Rieucau and Munnelly, unpublished
data), demonstrates that the distinctive pectoral fin motion
of these animals can help to refine taxonomic resolution as
tail beats can, even when recorded from a mobile platform
(Figure 4).

Despite the limitations of taxonomic resolution of imag-
ing sonar used to observe diverse aquatic communities, com-
munity composition has been assessed in no fewer than 34
studies. In addition to using discernable morphometrics, be-
haviours themselves can be used to enhance taxonomic res-
olution. As with other sonar data, species-specific biomass
can be approximated by dividing the number of sonar targets
by relative species abundances sampled with another survey
gear (Kerschbaumer et al., 2020; Helminen and Linnansaari,
2023). Finer resolution can be obtained by using size guilds
separated based on length frequency (Becker et al., 2011a, b;
Becker and Suthers, 2014; Gurney et al., 2014; Veinott et al.,
2018; Swanson et al.,2021; Francisco et al.,2022) and aspect—
ratio distributions (Francisco and Sundberg, 2019; Francisco
et al., 2022) that are compared with those obtained through
direct capture or stereo-video ground truthing, as has been
done in at least 19 studies. Transiting versus milling behaviour,
position in the water column, school size or organization, and
other behavioural metrics can be used in multivariate analyses
to probabilistically determine likely assemblage species com-
positions. Examples of this include Rakowitz et al. (2012),
Able et al. (2014), Bevelhimer et al. (2017), and Stott and
Miner (2022) who used cluster analysis, principal components
analysis, and canonical discriminant analysis to separate taxa
and compare species distributions and interactions around an-
thropogenic features.

Abundance estimates: metrics, autocorrelation, and
sub-sampling

Several approaches currently exist to calculate abundance esti-
mates (e.g. fish counts) or to measure other metrics of interest.
Counting all occurrences through an entire time series or sur-
vey transect is the most basic method. However, this method
can be labour intensive, risks the potential to count the same
animals repeatedly, and results in high autocorrelation be-
tween successive intervals (Lilja et al., 2008; Petreman et al.,
2014; Rand and Fukushima, 2014). This can limit the possible
interpretations of the data unless there is something inherent
about the study site or subject that reduces the likelihood of
this occurring, or the goals of the study are focused on the
number of interactions occurring at the site itself such as for-
aging or predation events (Mizuno et al., 2016; Bolton et al.,
2017; Nelson et al.,2021,2022), the number of approaches to
barrier systems (O’Connell et al., 2014) or designed passage-
restricting methods (Parker et al., 2015, 2016), or incapacita-
tion due to incidental entrainment (Boys et al., 2013; High-
tower et al., 2013; Patrich et al., 2014, 2015, Bolland et al.
2019), and other circumstances of interest. In addition, due
to the narrow beam width of imaging sonar, this method can
provide overly conservative estimates of small fish due to re-
duced detection of fish moving parallel to the sonar beam
(TuSer et al.,2014), and the aforementioned 2-dimensional im-
agery can impair resolution of individuals within high-density
aggregations in the Z polar plane (Capoccioni et al., 2019).
Interpretation of the imagery can be subjective, and compar-
isons of inter-reviewer error have been variable (Able et al.,
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Figure 3. The number of studies that have extracted abundance, length—-frequency, or behavioural information from imaging sonar recordings (a) and the
number of studies using behavioural information quantified using imaging sonar to study ecological topics (b). Note that several studies extracted more
than one abundance, length—frequency, or behavioural metric, and tested more than one effect.

2014; Petreman et al., 2014; Keefer et al., 2017), and the num-
bers and the variance are rarely reported. Despite these issues,
abundance estimates using imaging sonar are often higher
than those obtained using other methodologies, representing
a standard for comparison (Sibley et al., 2023a).

Migratory events where organisms are passing a sonar at
a fixed location are an ideal application of imaging sonar for
estimating abundance (Martignac et al., 2015). Tracking the
net number of events in one direction removes counts from
individuals repeatedly moving upstream and downstream.
This strategy has been used extensively to study diadromous
Salmonids, Clupeids, Anguillids, and Acipenserids in rivers
and streams where narrow, high-flow passage bottlenecks are
used to a sampling advantage as has been used in 58 studies in
rivers and streams and 18 studies in inlets, including 42 stud-
ies of spawning passage (Figure 3b). Surveys from mobile plat-
forms can also overcome this issue, especially for low-mobility
organisms like jellyfish (Han and Uye, 2009; Makabe et al.,
2012; Shahrestani et al., 2020) or horseshoe crabs (Munroe
et al., 2020), however, moving vessels can disrupt the routine
behaviour of many nektonic species. A direct approach to ac-
count for repeated detections of individuals can also be incor-
porated into imaging sonar surveys through use of acoustic
telemetry, which is particularly useful in unconstrained envi-
ronments (Tiffan et al., 2010; Nyqvist et al., 2017; Mora et
al., 2018; Maxwell et al., 2019; 1zzo et al., 2022).

Autocorrelation is a relationship between a signal and a
copy of itself as a function of delay, which violates the as-
sumption of independence common to many statistical mod-
els (Bartlett, 1946). All imaging sonar data inherently con-
tain some temporal or spatial autocorrelation. Imagery col-
lected from a stationary point will be temporally autocorre-

lated, the extent of which depends on the speed of the ensoni-
fied organisms moving through the beam array, sampling rate,
and the time scale of the analysis (Lilja et al., 2008). Addi-
tionally, temporal autocorrelation can follow rapid (Thomp-
son and Page 1989) or slow (Downton and Miller 1998)
time-scales, which should be treated differently depending on
the goals of the analysis. Rapid time scale autocorrelation
can be removed through data sub-sampling, or statistical cor-
rection techniques. Removal of autocorrelation through pre-
whitening or first-differencing methods that assume a unique
correlation structure is important for preserving the assump-
tion of independence between samples for rapid time scales,
when a parametric statistical analysis is to be used, but might
result in an increased Type 2 error rate (i.e. failure to detect a
significant relationship) when the primary source of autocor-
relation is from slow time scales (Pyper and Peterman, 1998).
In this case, a smoothing approach that accounts for autocor-
relation (Pyper and Peterman, 1998; Rieucau et al., 2016) or
geostatistical approach (Pavlov et al., 2009; Shen er al., 2013)
is more appropriate. Imagery collected from a mobile plat-
form will be spatially autocorrelated, which is additionally
influenced by the speed that the sonar is moving through the
water column (Lankowicz et al., 2020). This spatial autocor-
relation can be reduced by averaging information over a large
enough interval (Parker-Stetter ez al., 2009), but is important
to retain in data when using geostatistical analyses (Rivoirard
et al., 2008).

Counting the peak abundance that occurs within a single
frame across a time or spatial interval (MaxN) has the ad-
vantage of not risking double counting and having reduced
autocorrelation among successive intervals (Ellis and DeMar-
tini, 19935). This peak abundance does not, however, reflect
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Figure 4. The leftmost panel shows an image of a Myliobatoid ray (Manta alfredi) recorded by McCauley et al. (2014) using a stationary 1.8 MHz
DIDSON. The series of panels to the right recorded by Rieucau and Munnelly (unpublished data) represent ~1 s of sonar imagery recorded at 5.5

frames s~

, showing another Myliobatoid ray (R. bonasus) recorded at 1.8 MHz. The image was recorded with a vessel-mounted ARIS moving at T m

s~!. The rhomboid shape of the acoustic shadow on the seafloor helps to confirm the body shape produced by the signal return in the water column.
Note that the pectoral fin-beat pattern is discernible from the imagery. When viewed as a video, swimming patterns and morphometrics become much

more pronounced.

the number of individuals expected to occupy a given time or
spatial point within the chosen interval where large schools
periodically pass. Means of multiple peak abundance counts
within intervals (MeanN) more accurately represent the abun-
dance over the data collection period (Schobernd et al., 2014),
but are also the most labour-intensive method. Mean peak
abundance counts are most effective when derived from sub-
sampled intervals that reduce the amount of autocorrelation
with the added benefit of reducing processing effort (Petre-
man et al., 2014). Despite the wide application of these met-
rics for analyzing optical data, MaxN and MeanN methods
have only been used in 6 and 17 studies, respectively (Table 2;
“Methods” column, keywords: “all occurrences”, “MaxN”,
and “MeanN”). Among the studies using MeanN counts, the
number of samples, and independence between samples has
varied considerably, with between 2 and 60 samples, and no
independence in seven studies, randomized independence in
six studies, and sampling at set intervals of 5-42 min in five
studies.

The spatial correlation present in many fish distributions
makes sub-sampling a viable strategy to increase data process-
ing efficiency without reducing precision in estimates of abun-
dance, length frequency, or behavioural metrics quantified
(Levine and De Roberts, 2019). Systematic sub-sampling is
more consistent relative to the existing spatial correlation, but
often provides similar precision to random sub-sampling and
both can be a logistical solution when sampling over long time
series (Lilja, 2008; Petreman et al., 2014; Xie and Martens,
2014; Boswell et al., 2019). Sub-sampling routines can be opti-
mized to represent a series by increasing the sample frequency
rather than the length of time of each sub-sample (Xie and
Martens, 2014). Using this strategy, hourly time intervals can

be accurately represented by sub-sampling one-sixth to one-
third of the total. Despite the practicality of this approach,
only 37 studies (less than one-quarter of those using imag-
ing sonar reviewed) have sub-sampled from the dataset (Table
2; “Methods” column, keyword: “sub-sampling”). Of these
studies, random- and fixed-interval sub-sampling have been
used to process < 1-50% of the dataset in 16 and 21 studies,
respectively with 3 s to 12 h of independence between succes-
sive samples (Table 2; “Data” and “Processed” columns, pro-
viding the amount of data processed relative to that collected).
Truly random sub-sampling is another option that generally
performs well when compared with systematic sub-sampling
(Petreman et al., 2014), and has been used in at least four
studies. In order to assess how researchers have scaled sub-
sampling intervals to meet their research objectives, we com-
pared the relative frequency of the total proportion of the data
processed and the systematic sub-sample intervals used to pro-
cess imaging sonar data among these studies (Figure 5a and
b). Most of the studies using this strategy used intervals within
a 60-min period, and so we constrained our analysis accord-
ingly, although it is important to point out that daily, or larger
sub-sampling intervals can be appropriate for many analyses
and have also been used (Petreman et al., 2014). This analy-
sis showed a positive correlation (Figure 5c¢), indicating that
the sub-sampling interval increases as the overall proportion
of the data processed increases. Sub-sampling strategies that
are carefully adapted to a specific dataset in the context of the
study environment and research objectives can be highly ef-
fective at efficiently representing the metrics of interest (e.g.
Boswell et al., 2019). While flexibility in determining the in-
terval and sampling intensity of metrics of interest is advanta-
geous and diversifies the scope and scale of studies that can be
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Figure 5. The proportion of data sub-sampled (a), the sub-sampling interval used (b), and a regression of the sub-sampling interval by the proportion of
data sampled (c), for the 37 studies that sub-sampled data during post processing.

done, there has so far been little consistency among analytical
methods, as identified by Schmidt et al. (2018), who rightly
stated that standardization of certain sonar output metrics is
a critical next step for cross-referencing results from studies.

Behavioural metrics: from an individual’s reactions
to collective patterns

Fish tracking methods using imaging sonar enable direct mea-
surement of behavioural metrics at the individual or shoal
level, including: swimming speed, swimming direction, reac-
tion speed or direction, milling (large groups moving in no par-
ticular direction), position in the water column, body angle or
alignment, tortuosity (a measure of the number of changes in
direction, or path efficiency), and tail-beat patterns (frequency
or motion), and at the school-level, including: school fre-
quency, school size, and spacing among individuals (Figure 3a)
(Table 2; “Information extracted” column, keywords: listed
above). One or more of these variables have been measured
using imaging sonar in at least 108 studies. The remaining 47
studies have measured abundances and lengths only, which
themselves have been extracted in 146 and 107 studies, re-
spectively.

Besides abundance and length, swimming speed and direc-
tion are the most straightforward metrics to measure by track-
ing a fish across its passage through the imaging sonar FOV
and have been recorded in 34 and 90 and of the studies re-
viewed, respectively. Changes in swimming speed or direc-
tion in reaction to stimuli of interest are a particularly use-
ful application that have been used in 26 studies. Swimming
direction becomes more difficult to assess where milling ac-
tivity occurs and can inflate abundance estimates. It is, there-
fore, commonly acknowledged that milling individuals were
excluded from analysis and milling behaviour has only been
incorporated into the analysis of 18 studies. Individual swim-
ming depths or depth ranges of schools are also straightfor-
ward to extract using the distance from the bottom reported
and the angle of the sonar unit when it is oriented vertically, or
rotated horizontally (Able ef al., 2014). Vertical distributions
can reflect important physico-chemical relationships when an-
alyzed alongside environmental data (Munnelly et al., 2019)

and have been measured in 18 imaging-sonar studies. Vari-
ables such as tortuosity, body angle, and tail-beat patterns,
are among the more subtle and labour-intensive metrics that
can be extracted from imaging sonar recordings, useful for
helping to identify subsets of groups engaged in unique be-
haviours (Egg et al., 2019), separating species of similar body
size and shape (Mueller et al., 2010) or representing stress re-
sponses and energy expenditure (Tiffan et al., 2010; Kirk ez
al.,2015). These behaviours have been documented in 17, 16,
and 7 studies, respectively (Figure 3a). For example, Tiffan
et al. (2010) evaluated the energetic expenditure of chum
salmon, Oncorhynchus keta, required to maintain position
when spawning using tail-beat frequency.

In addition to the information these metrics can provide at
the individual level, they may also be applied to schooling dy-
namics that result from collective group responses. Schooling
is generally considered as a strategy that enhances fish safety
(Pitcher and Parrish, 1993; Rieucau et al., 2015), facilitates
foraging and navigation (Quinn and Fresh, 1984; Makris et
al., 2009), or improves energetic and hydrodynamic efficiency
(Domenici, 2001, 2010; Hemelrijk et al., 2015). Variation in
schooling tendency and school topology in marine fish species
is commonly observed in response to environmental varia-
tion, predation risk, and anthropogenic disturbance (Ferno et
al., 1998; Soria et al., 2003; Makris et al., 2009; Paramo et
al., 2010), involving acute and rapid adjustments at the level
of their collective structure (e.g. swimming faster and being
more aligned with their school mates). These reactions sup-
port the idea that fish schools can display a high degree of be-
havioural and structural plasticity involving collective respon-
siveness that improve competence to cope with environmental
stimuli (Makris et al., 2009; Paramo et al., 2010; Rieucau et
al., 2015).

A broad range of metrics have been used to quantify the
behavioural state of schools using optical survey techniques
(Delcourt and Poncin, 2012). For instance, these metrics in-
clude the school’s cross-sectional area (Partridge et al., 1980),
swimming speed (Berdahl et al., 2013; Kent et al., 2019), in-
dividual’s polarization (Viscido et al., 2004; Cavagna et al.,
2008), angular velocity (Tunstrem et al., 2013), and rota-
tional order and correlation strength providing a measure of
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information transfer rate between neighbouring fish (Han-
degard et al., 2012). Mainly, these metrics have been em-
ployed to characterize internal schooling states (Tunstrem et
al., 2013), quantify the behavioural responses to predator at-
tacks (Rieucau et al.,2016), and information propagation rate
(Strandburg-Peshkin et al., 2013; Rosenthal et al., 2015). Al-
though the collective behaviour of aggregated fish has been
well-studied in both simulation and laboratory settings, at
both the individual and group levels (for instance see Gau-
trais et al., 2012), remote observations in the field under nat-
ural conditions remain challenging and are required to pro-
vide a suitable representation of the underlying mechanisms in
schooling fish (Handegard et al., 2012; Rieucau et al., 2016).

In the study of schooling behaviour and dynamics, imaging
sonar has been used to extract group-level metrics to describe
dynamic fish schooling states influenced by several environ-
mental or biotic factors. To this end, 19 studies have tracked
school frequency and 17 have assessed school size. Distances
of fish to one another can be time consuming to measure but
provide fine-scale information on school structure and density
(Handegard et al., 2012; Rieucau et al., 2015; Kruusmaa et
al., 2016; Rodriguez-Pinto et al., 2020, 2022) and have been
measured in 13 studies. In general, indirect methods for mea-
suring many behavioural metrics are available for studying
high densities of fish (schooling or not) where individual
target tracking becomes impractical or impossible. Optical
flow or particle image velocimetry (PIV) (Handegard et al.,
2012; Rieucau et al., 2016, 2017b) can be used to measure
swim velocity within a group or a subset within the group, to
ascertain group polarization, rotational order, or correlation
strength by assessing the net fluid-dynamic flow properties
within the imagery. By allowing quantification of changes
in swimming velocities within a school, the PIV technique
has enabled the measurement of information transfer, or
wave of agitation within a school (Handegard et al., 2012;
Rieucau et al., 2016). School-level modifications are thought
to reflect changes in the way that fish in groups balance
fitness tradeoffs (e.g. feeding, survival, or reproduction). In an
aggregation, such as a fish school, each individual responds
to its local environment as well as to the behaviour of its
neighbours; a process which can elicit emergent collective
responses (Couzin et al., 2006; Herbert-Read et al., 2015).
Changes in group state over time are thought to reflect how
aggregated individuals in a group balance the trade-offs
between the benefits and costs of being in a group (Pitcher
and Parrish, 1993). Collecting high-resolution data about
school topology, organization, as well as fine-scale swimming
mechanisms (like tail-beat frequency) in situ will provide
critical information underlying how schooling fish organize
to extend their sensory ability and reach the energetic benefits
of moving in groups under natural conditions.

The high-precision metrics extractable from imaging sonar
recordings at the individual, shoal, or school-level have been
used to examine several environmental or biological processes
in addition to those already mentioned (Figure 3b) (Table
2; “Information Extracted” column, keyword: “community
composition”; Table 2; “Effects and Environments” column,
keywords: “passage”, “habitat comparison”, “spawning”,
“inter-annual or seasonal comparison”, “diurnal patterns”,
“threat avoidance”, “depth distribution”, “spatial distribu-
tion”, “gear evaluation”, “diel cycle”, “predation”, “wa-
ter chemistry”, “tide”, “current”, “discharge”, “light”, “ves-
sel traffic”, “turbidity”, “atmospheric conditions”, “lunar
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phase”; and Table 2; “Methods” column, keyword: “analy-
sis evaluation”). Unfortunately, manually tracking objects di-
rectly and extracting movement information is labour inten-
sive, time consuming, and subjective (Braga et al., 2022). This
is among the most prohibitive aspects of using imaging sonar
to study fine-scale animal behaviours, requiring automated
processing procedures for reasonable efficiency.

Automated quantification approaches

Automated or semi-automated approaches are objective
strategies requiring less training and which save processing
time. Automating at least part of the data processing proce-
dure can be necessary to extract behavioural metrics with rea-
sonable efficiency. Key steps involved in automating data pro-
cessing include background removal of all stationary objects,
threshold filtering of objects greater than a desired size, and
object tracking through the sonar FOV (Neupane and Seok,
2020). Depending on the research objective, automated pro-
cessing can increase or reduce precision. For example, metrics
related to movement benefit from increased precision. Direct
comparisons of automated and manual count methods have
been included in 21 in situ studies (Figure 6). Success of au-
tomated fish detections has been variable, even among simi-
lar techniques that are applied across different study environ-
ments (Boswell ef al., 2008). Generally, automated methods
tend to underestimate counts in high-density settings and over-
estimate counts in low-density settings and can vastly over-
estimate counts when milling activity is common (Figure 6)
(Hughes and Hightower, 2015). While automated procedures
can be used to obtain length measurements, manual length
measurements are currently preferred to ensure that fish align-
ment is perpendicular to the beams and to assure consistency
in length metrics (i.e. standard or total length). This is because
the caudal fin is often not fully defined throughout the record-
ing, especially for smaller fish, for which the imagery is usu-
ally more similar to the standard length than the total length
(Boswell et al., 2008; Burwen et al., 2010; Tuser et al., 2014;
Cook et al., 2019).

Despite the advantages of automated approaches, 113 stud-
ies have used a manual processing strategy, while just 42 have
used an automated or semi-automated processing procedure
(Table 2; “Methods” column, keywords: “manual”, “auto-
mated”). The various imaging sonars available have specific
characteristics among manufacturers and so lack a common
data format allowing standardized access to the information.
This limitation has important implications that make it diffi-
cult to use the sonar information from external software other
than those provided by the manufacturers. Although the im-
agery can be exported to still frames or video files for anal-
ysis external to manufacturer-specific software, the format in
which the data is exported is usually pre-processed rather than
raw, which can lead to a loss of data accuracy. This forces de-
velopers to look for unofficial solutions to interpret the raw
data files, access the raw files captured by the sonar manually,
analyze the information at a low level, or try to parse it to
avoid loss of information, and many of these solutions are spe-
cific to individual sonar models (Cotter and Polagye, 2020a)
and complicated to integrate with other sensors (Cotter et al.,
2017; Polagye et al., 2020). The data models manufacturers
use are often unavailable to the public, so manual access to
the data may also be incomplete.

£20Z Jaquiaoa( /0 uo 1sanb Aq 9Z09G1//28 L pesl/swisaol/ce0 ] 01 /10p/aonie-adueApe/swisaol/wod dno olwapeoe//:sdny wolj papeojumoq



36

Hughes & Hightower 20151

Eggleston et al. 2020iii

Martignac et al. 2021

Helminen & Linnansaari 202 1iii

Petreman et al. 2014 ]

Boswell et al. 2008ii ]

Helminen & Linnansaari 202 liv

Helminen & Linnansaari 20214 [ ]
Hughes & Hightower 2015ii [ ]

Handegard & Williams 2008i [T]

Mueller et al. 2008

Boswell et al. 2008iii

Boswell et al. 2008

Han et al. 2009

Hughes & Hightower 2015iii
Jing et al. 2018bi

Jing et al. 2018bii

Zhang et al. 2020

Kandimalla et al. 2022*
Kupilik & Perersen 2014

Jing et al. 2018biii

Cotter & Polagye 2020a*
Shahrestani et al. 2017
Connolly et al. 2022iii

Jing et al. 2017

Connolly et al. 2022ii
Eggleston et al. 2020i

Dos Sanos et al. 2017
Connolly et al. 20221
Bevelhimer et al. 2017
Helminen & Linnansaari 20211
Handegard & Williams 2008ii
Magowan et al. 2012
Eggleston et al. 2020ii

[ Gorpincenko et al. 2020%

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 02 04 06 08 1.0
Automatic-to-manual detection factor

HHHHHHHHHHHHHHHHH_

Figure 6. The automatic-to-manual detection factor for the 21 studies
that directly compared manual and automated or semi-automated
post-processing strategies, showing the proportional underestimation or
over-estimation of automated or semi-automated counts, relative to
manual counts. Multiple comparisons within individual studies are
presented separately. Studies that used automated approaches to
separate taxonomic groups are marked with asterisks. Cotter and
Polagye (2020a) compared several approaches among many taxonomic
groups, so we have limited our comparison to their best result for
quantifying fish abundance.

Also for consideration is that the applications allowed
by manufacturers are usually related to analyzing the
information offline rather than working in real-time. It is dif-
ficult to access real-time imaging sonar data from external ap-
plications. Using drivers developed by the community outside
the manufacturers, it is still challenging to access the data files
once the acquisition is finished. This problem is partially miti-
gated by the fact that some manufacturers allow their devices
to be connected via standard protocols, such as Ethernet (Po-

R. T. Munnelly et al.

lagye et al., 2020), but this relies upon the transmission of a
video feed provided by the sonar rather than the raw data.
This major limitation has prevented the widespread analysis
and detection applications that can use real-time information,
although some promising progress to this end has been made
(Cotter and Polagye, 2020a, b).

Software used to implement automated or semi-automated
data processing include: Echoview, DIDSON, ARIS Fish,
Sonar5-Pro, and MetaMorph, (20, 5,2, 1, and 1 study, respec-
tively), while programming environments such as C++, Mat-
lab, and Python have been used to develop specific automated
applications in 11 studies. All of these software and program-
ming environments allow background removal and threshold
filtering options. The DIDSON and ARIS Fish software enable
the removal of footage of empty water from recordings using
the “convolved samples over threshold” tool. This option can
condense data collected over long time periods, focus subse-
quent manual processing efforts, and reduce the amount of
storage space required. DIDSON, ARIS Fish, and MetaMorph
all allow background removal and adjustments to threshold
and intensity settings, however, these software are only useful
for tracking individuals manually. Li et al. (2017) developed a
similar tool that additionally output images for the purpose of
training machine-learning programs. Sonar5-Pro additionally
allows tracking of individuals, although the results need to be
manually supervised to avoid over-counting (Martignac et al.,
2021). Of these methods, only Echoview, Matlab, and Python
have been used to automate tracking individuals through suc-
cessive frames. This key utility for fully automating the extrac-
tion of abundances and behavioural metrics also greatly sim-
plifies successive manual reviewing steps in a semi-automated
approach. Unfortunately, the license costs for these programs
are high, which presents a barrier for researchers. Addition-
ally, the coding and algorithm development required to auto-
mate object tracking in Matlab and Python has traditionally
reduced accessibility, although artificial intelligence interfaces
such as the Chat Generated Pre-trained Transformer (Chat-
GPT) are beginning to enable more researchers to develop or
diversify their use of these and other programming environ-
ments. More accessible options for automating object tracking
through the FOV are, therefore, anticipated to greatly progress
the use of imaging sonar for tracking abundance and fine-scale
behaviours.

Background removal of stationary objects within the sonar
FOV becomes more complicated when imagery is surveyed
from a mobile platform (see Figure 4 for an example of a
Mpyliobatoid ray recorded by McCauley et al. (2014) using a
stationary 1.8 MHz DIDSON and another recorded by Rieu-
cau and Munnelly (unpublished data) using a mobile, vessel-
mounted 1.8 MHz ARIS). Of the 36 studies using imaging
sonar mounted to mobile platforms (Table 2; “Sonar” col-
umn, keywords: “mobile”, and “stationary”), only six have
used an automated data processing approach (Handegard and
Williams, 2008; Mizuno et al., 2013; Williams et al., 2013;
Dos Sanos et al., 2017; Jing et al., 2017; Jing, 2018a). Of these,
only Dos Sanos et al. (2017) and Jing et al. (2017) have re-
solved targets against a changing seafloor. These studies used
an edge-detection algorithm available in Echoview to sepa-
rate fish from the bottom based on contrast. Jing et al. (2017)
showed that abundance estimates obtained using this method
in a sand-bottomed reservoir closely tracked manual counts.
Automation of data processing from imaging sonar data col-
lected from mobile platforms greatly increases the utility of
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this technology and is important to continue to develop and
evaluate in other study environments. The main drawback
associated with acquiring data from a moving platform is that
sonar information must be aligned between frames in order to
allow automated processing. In this sense, exploring the use
of stabilization devices, such as gimbals, can bring benefits to
underwater sensor data processing. These devices have been
recently used in other related scenarios, such as aerial obser-
vation of marine species (Durban et al., 2022) or for the mon-
itoring of water resources (Rangel ez al., 2019). In addition,
sonars can be coupled to other sensors capable of measuring
the changes in pose (position and orientation) in real time.
Inertial sensors, such as accelerometers or gyroscopes, have
been used in underwater vehicle navigation tasks and are able
to sense unintentional movements (Shakuat, 2021; Xu et al.,
2022). Some of the principles integrated in these navigation
systems could be applied to compensating the movement of
sonar devices. As mentioned previously, the other limitation
for mobile surveys are motion artefacts. Objects can appear
fragmented or disappear entirely due to aliasing when the ob-
ject is moving faster than the image is created within the beam
array, which will be a function of the ping rate, the platform
speed, and the object velocity relative to the platform.

Several methods have been used to automate object de-
tection and classification from imaging sonar recordings.
Kalman filter automatic classification procedures are a com-
mon method when tracking individuals moving in a linear
path (Han et al., 2009a, b), which can be adapted to more
complex scenarios by incorporating discriminant function,
neural network, or nearest-neighbour analyses, to help distin-
guish fish from floating debris based on differences in patterns
of motion (Mueller et al., 2008; Tong et al., 2009). Hungar-
ian, DeepSORT, and Multiple Model Joint Probabilistic Data
Association (IMM]PDA) algorithms are other similar options
(Jing et al., 2018a; Shen et al., 2023). These techniques have
also been used to automate length measurements (Kupilik and
Petersen, 2014) and have been adapted to acquire compara-
ble results between ARIS and BlueView sonars across different
study sites (Le Quinio et al., 2023).

Recent studies propose the use of machine learning tech-
niques for fish detection and classification. Most of these tech-
niques have been adapted from traditional object detection
approaches for underwater surveying or navigational aids for
other survey equipment outside the scope of this review (Cho
et al., 2015), but may offer additional advancements applica-
ble to surveys of aquatic organisms, particularly from mobile
platforms. Some of these approaches have been customized to
recognize fish species using morphometric features (Bothmann
et al., 2016; Le Quinio et al., 2023) and behavioural patterns
such as body alignment and tail-beat patterns (Kang et al.,
2011; Helminen et al.,2021), and acoustic shadows (Connolly
et al.,2022). In this regard, the work of Jalal et al. (2020) used
a deep learning-based method complemented with temporal
information combined in a hybrid solution that uses optical
flow with Gaussian Mixture Models (GMM) and the “You
Only Look Once” (YOLO) technique (Redmon and Farhadi,
2018), a neural network developed originally for object detec-
tion, to detect and classify fish in unconstrained underwater
videos that is also useful for processing imaging sonar footage.
This approach has been used by Kandimalla ez al. (2022) and
Fernandez-Garcia et al. (2023) to automatically detect and
classify fish to species level. Cui ef al. (2020) developed an
autonomous underwater vehicle, and address the challenge of
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perceiving the environmental information acquired from its
sensors using a convolutional neural network (CNN) based
method to detect and count fish. CNNs have also been used
to track and count fish in stationary settings where milling
activity is high (Feng et al., 2023), and to identify eels (Yin
et al., 2020; Pratt et al., 2021; Zang et al., 2021) and jellyfish
(Gorpincenko et al., 2020). Schneider and Zhuang (2020) and
Christensen et al. (2020) developed approaches for calculat-
ing fish abundance using deep learning able to calculate esti-
mates from sonar images acquired from the back of a trolling
boat, and remote-operated vehicle, respectively. The video-
like imagery is amenable to optical flow techniques devel-
oped for video image processing (Perivolioti ef al., 2021). An-
other recent study described an image generation system that
used sonar and camera images to allow nighttime monitor-
ing through an approach that used conditional generative ad-
versarial networks (cGAN), which learned the image-to-image
translation between sonar and optical images (Terayama et al.,
2019). As these and other techniques continue to be refined, it
is important that researchers make them available as tools for
the rest of the scientific community (Handegard and Williams,
2008).

Conclusion

Imaging sonar offers many unique properties compared to tra-
ditional extractive or remote sampling gears. The ability to
non-intrusively survey complex habitats and obtain detailed
behavioural information, even where visibility is limited, make
imaging sonar suitable for addressing many research ques-
tions that have been difficult or impossible to study otherwise.
These features additionally make imaging sonar an effective
tool for evaluating the performance of other sampling gears,
and are best used in conjunction with other gears. Integra-
tion with optical systems is particularly useful for improv-
ing the versatility of remote underwater video surveys. The
amount of information that can be derived from the sonar
imagery and the options to process the data can make sonar
data overwhelming. There is no “one size fits all” method
when processing imaging sonar data. An efficient process-
ing strategy appropriate to addressing the research question
at hand must be developed which takes into consideration
the auto-correlative nature of the data, sub-sampling inter-
vals, and environmental or behavioural aspects that might
impact the results. When bounded by a carefully framed re-
search question, even datasets over large time periods, span-
ning high spatial coverage, or those with high densities of tar-
gets can be processed efficiently. As imaging sonar becomes
increasingly available to researchers, and automated process-
ing procedures continue to develop, this technology will play
an increasing role in demonstrating interconnectivity among
organisms and habitats in the aquatic sciences.
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