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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 
beha vioural studies ha v e been laboratory e xperiments, while beha viour in situ has often been inferred indirectly. A dv ancements 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 e v aluate traditional fisheries sampling gears. We e xamine 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. 
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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 in situ . 

Experiments conducted in controlled settings have led to 

important advancements contributing to the growing com- 
Received: 9 June 2023; Revised: 1 October 2023; Accepted: 17 October 2023 
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
rehension of patterns in fish behaviour (Magurran, 1986 ; 
itcher et al., 1988 ; Brown et al., 2006 ; Rieucau et al., 2016 ;
unnelly et al., 2021 ). A contemporary challenge to further

he understanding of the mechanisms and functions of be- 
aviour under natural conditions is to acquire reliable quan- 
itative measurements of aquatic organisms’ behaviour in situ 

Rieucau et al., 2015 ; Reeves et al., 2018 ). The most common
echniques for sampling aquatic organisms have tradition- 
lly used extractive gears, such as traps, nets, trawls, dredges,
ooked gear, piscicides, or stunning by electric shock. While 
ffective, these techniques can only be used to infer certain
ehaviours, such as habitat use, or predator–prey interactions 
ndirectly. In addition, some non-extractive techniques, such 

s diver surveys or remote video arrays, intrude upon the nat-
ral setting and can alter behaviours of the organisms present.
ontinued development of non-extractive and minimally in- 

rusive data collection techniques (e.g. visual methods, hy- 
roacoustics, and genetics) and analytical approaches have 
nabled behavioural research within environments not pre- 
iously possible (Frias-Torres and Luo, 2009 ; Handegard et 
l. , 2012 ; J ůza et al. , 2013 ; Staines et al. , 2022 ). In particu-
ar, sonars are non-extractive and are often minimally intru- 
ive to the targeted organisms and study area while addition-
lly providing high spatial resolution. These features help to 
tional Council for the Exploration of the Sea. This is an Open Access 
( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
is properly cited. 
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eveal detailed fine-scale associations that can greatly influ-
nce broad-scale distribution patterns throughout the ecosys-
em. 

Among recent innovations allowing non-extractive sam-
ling technologies, the use of imaging sonar, developed by
ound Metrics Corporation in 1999, was first recognized as
 fisheries survey tool by Belcher et al. ( 2001 , 2002 ) and
oursund et al. (2003) , and the first applied use of imaging

onar in an ecological study was published by Tiffan et al.
2004) . Imaging sonars such as the dual-frequency identifi-
ation sonar (DIDSON) and the adaptive resolution imaging
onar (ARIS; Sound Metrics Corp.), the BlueView (Teledyne

arine Technologies Inc.), Oculus (Blueprint Subsea), Gem-
ni (Tritech International Ltd), Flexview (Kongsberg Maritime
nc.), Imagenex (Imagenex Technology Corp.), and the Echo-
cope (Coda Octopus Inc.) use multi-beam high-frequency
0.7–3.0 MHz) sound waves (also known as ultrasound) to
roduce near video-quality images while requiring relatively
ow power consumption. Like other hydroacoustic equip-
ent, these so-called “acoustic cameras” are not limited by

urbidity (Belcher et al., 1999 ) or light-related visibility con-
traints, and the relatively high sampling rate and volume of
maging sonar facilitates its use for rapidly surveying large ar-
as of variable bathymetry and habitat complexity without
mpacting the environment (Pavlov et al., 2009 ; Becker et al.,
011a ; Grabowski et al., 2012 ; Able et al., 2014 ; Rakowitz
t al., 2014 , 2017 ; Lankowicz et al., 2020 ; Henderson et al.,
023 ; Olson et al., 2023 ). In addition, as most species cannot
etect the echoed frequencies (Narins et al., 2013 and refer-
nces therein, Velez, 2015 ), community-level quantitative and
ehavioural information can be obtained without the built-
n selectivity biases of traditional sampling gears, or the ef-
ects of attracting or deterring some species. The high oper-
ting frequencies of imaging sonars produces imagery with a
xed number of samples, allowing for high spatial resolution
t the cost of range (Mueller et al., 2010 ). The increased pixel
esolution results in an improved ability to resolve numerous
argets along the X and Z polar plains (the range and the az-
muth) simultaneously (Kupilik and Petersen, 2014 ) and the
bility to detect fine morphometric and behavioural details,
uch as body length, shape, and orientation (Burwen et al.,
010 ; Tušer et al., 2014 ; Lin et al., 2016 ; Cook et al., 2019 ;
aroux et al., 2019 ; Helminen et al., 2020 ), and well-defined

ail-beat patterns (Mueller et al. , 2010 ; T iffan et al., 2010 ;
ang et al., 2011 ; Kirk et al., 2015 ; Helminen et al., 2021 ).
hus, imaging sonars can provide a powerful means to accu-
ately sample fish, and other nekton density at short range (al-
eit from a 2-dimensional field of view), including information
hat can help identify animals to lower taxonomic levels and
llow tracking of fine-scale swimming patterns. Other models
ave recently been developed for use by recreational fishermen
o target game fish, including the LiveScope (Garmin Ltd),

EGA Live Imaging (Johnson Outdoors Inc.), and the Active-
arget (Lowrance), which require proprietary chart-plotter in-
erfaces, but could provide cost-effective alternatives for some
esearch applications (Gutiérrez-Estrada et al., 2022 ; Neeley
t al., 2023 ). 

Many non-extractive sampling methods, such as underwa-
er video and hydroacoustics, allow for the collection of a
arge amount of observational behavioural data and share the
ommon prohibitive aspect that data processing is labour in-
ensive. Recently, automated tracking procedures have been
sed to reduce the processing effort required to extract met-
ics of fish behaviour from video (Rieucau et al., 2018 ),
chosounder (Handegard et al ., 2017b ), and imaging sonar
ydroacoustics data (Handegard et al., 2012 ; Shahrestani
t al., 2017 ; Tsao et al., 2019 ; Lankowicz et al., 2020 ; Shen
t al., 2023 ). For instance, background removal and threshold
ltering techniques that are not available for video are use-
ul methods in automated processing of sonar imagery. Auto-
ated procedures have also been developed to classify ensoni-
ed “objects” based on shape or movement pattern recogni-
ion algorithms (Mueller et al., 2008 ; Tong et al., 2009 ; Han
t al., 2009a , b ; Mizuno et al., 2016 ; Jing et al., 2018a ; Shen
t al., 2023 ) and machine learning techniques (Redmon and
arhadi, 2018 ; Kandimalla et al., 2022 ; Feng et al., 2023 ).
dditionally, inter- and intra-species behavioural interactions
an be assessed within high-density shoals where individual
sh tracking becomes impossible by using techniques that
rack net movement across pixel cells (Handegard et al., 2012 ,
017b , Rieucau et al., 2016 ). However, from the information
rocessing perspective, the current imaging sonars available
ave major limitations compared with other sensors, such as
ameras and hydrophones, including the lack of a common
ata format and difficulty acquiring raw data files, which adds
ifficulty to sensor integration (Cotter et al., 2017 ; Polagye
t al., 2020 ; Cotter and Polagye, 2020a ), and real-time data
rocessing to avoid collecting burdensome volumes of low-
nformation data (Cotter and Polagye, 2020a , b ). In many in-
tances, manual processing remains necessary to extract infor-
ation from imaging sonar footage (Han and Uye, 2009 ). In

uch cases data sub-sampling is often the most practical solu-
ion to reducing the processing effort and often does not re-
uce the precision in representing the elements of the data with
igh spatial correlation, such as abundance (Xie and Martens,
014 ; Boswell et al., 2019 ). 
There are other limitations of imaging sonar in addi-

ion to labour intensive processing. Taxonomic resolution
nd biomass estimates rely on image quality and cannot
e improved using methods commonly used for processing
chosounder data, such as differences in backscatter across
arying frequencies (e.g. decibel differencing and broadband
cattering), or target strength of highly reflective internal tis-
ues such as swim bladders (Burwen et al., 2007 ; Mueller et al.,
008 ; Frias-Torres and Luo, 2009 ; Han et al., 2009a , b ; Jones
t al., 2021 ). Further, imaging sonar resolution is limited by
everal factors, including the inability to differentiate multiple
argets occurring at the same range (the X polar plane) within
he same beam (the Z polar plane along the azimuth) but oc-
upying different elevations (the Y polar plane), which are
ombined into a flat surface during the 2-dimensional imaging
rocess (Belcher et al., 2002 ; Christ and Wernli, 2013 ; Capoc-
ioni et al., 2019 ). An exception to this is the Ecoscope by
oda Octopus Inc., which is currently the only 3-dimensional

maging sonar. Related to this issue, organisms on substrate
an blend in unless the sonar is carefully oriented with a shal-
ow grazing angle to the bottom or other structure to pro-
uce acoustic shadows of organisms present, or if the organ-
sms are moving (Belcher et al., 2002 ; Langkau et al., 2012 ;
onnolly et al., 2022 ). This can reduce detection of organ-

sms associated with complex bottom features if they occur
t the same range, as well as by producing the added compli-
ation of acoustic sidelobe interference. Sidelobe interference
ccurs when beams intercept high-density objects that gen-
rate strong returns from the outer edges of adjacent beams
ithin 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 
ndings or novel aspects of 13 studies published in 2023 that
ere not included in the meta-analysis and discuss an addi-

ional 57 papers related to technical aspects of imaging sonar
ithout ecological applications that were also excluded from 

he formal meta-analysis. Finally, we acknowledge, but do 

ot consider 14 additional papers that used imaging sonar to
tudy the behaviour of aquatic organisms in situ for which
o English translation was available (Tong et al., 2009 ; Yang
t al., 2010 ; Lee et al., 2014 ; Zhou et al., 2014 ; Guo et al.,
015 ; Mo et al., 2015 ; Zhang et al., 2017 , 2018 ; Shen et al.,
018 ; Jing et al., 2018b , 2019 ; Huang et al., 2020 ; Schmidt
nd Schletterer, 2020 , 2020 ). Considered together, all of the
bove studies have had a wide reach, having been published
cross 68 peer-reviewed scientific journals, the top five being 
he Journal of North American Fisheries Management , Fish- 
ries Research , Transactions of the American Fisheries Soci- 
ty , Estuaries and Coasts , and the Journal of Great Lakes Re-
earch . These studies have collectively accumulated 4785 ci- 
ations, an indication of the impact this technology has had to
ate. 
Relevant literature was searched in Google Scholar ( https: 

/ scholar.google.com/ first access: 16 March 2020; final ac- 
ess: 24 September 2023) using combinations of the fol- 
owing search terms: (A) “acoustic camera”, “acoustic 
ens sonar”, “multibeam forward-looking sonar”, “forward- 
ooking sonar”, or “imaging sonar”; (B) “abundance”, “be- 
aviour”, “behaviour”, “biomass”, “fish”, or “target”; and 

C) the specific sonar model names listed above. Full-text re-
iews were carried out to identify studies with an in situ eco-
ogical component for inclusion in the meta-analysis. Stud- 
es of organisms within net pens or tanks were considered
n situ if the organisms were monitored within the artificial
nvironment or they included interactions with the natural 
nvironment, but purely experimental studies were excluded.
tudies using mechanical-scanning sonars, which are some- 
imes referred to as imaging sonars, such as Tsao et al. (2019)
ere also excluded. We cross-referenced the literature cited,

nd the subsequent literature citing each study to find addi-
ional papers (the number of papers identified through cross- 
eferencing was not tracked). Other references using imag- 
ng sonar were included to support those relevant topics dis-
ussed. Our main objective was to show not only how imag-
ng sonar can be used, but how this methodology has been
mployed to further the current knowledge in fisheries science 
nd aquatic ecology. The information provided here will high- 
ight the existing research gaps and help to guide future study
esign and data processing strategies to quantify relevant met- 
ics of fish and other aquatic animal behaviours. 

To our knowledge, three known existing reviews of imag-
ng sonar applications for studying wildlife include Martignac 
t al. (2015) , Wei et al. (2022) , and Sibley et al. (2023a) . Mar-
ignac et al. (2015) presented imaging sonar as an excellent
sh counting tool in river and stream studies, compared imag-
ng sonar among other sampling gears, and provided a sum-
ary of technical specifications, including applied operational 

uidelines. Wei et al. (2022) reviewed the uses of imaging- and
ide-scan sonar, the analytical challenges of processing sonar 
ata manually, and automated processing approaches. Sib- 
ey et al. (2023a) discussed abundance quantification, capac- 
ty for measuring species richness, and size information with 

n emphasis on high species diversity and habitat complex- 
ty applications. All three prior reviews thoroughly compared 

he studies evaluating the accuracy and precision of length 

https://scholar.google.com/
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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. 
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easurements from imaging sonar. Our review builds upon
artignac et al. (2015) with references to 226 additional stud-

es that have used imaging sonar since 2015, or which have
ccurred in ponds, lakes, estuaries, and marine environments
utside the scope of their work. We also build upon the work
f Wei et al. (2022) and Sibley et al. (2023a) through inclusion
f a quantitative meta-analysis detailing how imaging sonar
ata has been used, including references to 125, and 114 ad-
itional studies published within peer-reviewed scientific jour-
als, respectively. Herein, we first address the auspicious eco-

ogical and fisheries applications of imaging sonar and em-
hasize the utility of imaging sonar for providing quantifiable
ehavioural information, which can be used to address a num-
er of ecological questions. Finally, we discuss the challenges
f and approaches for processing imaging sonar data to ex-
ract this kind of information. 

pplications of imaging sonar to address 

esear c h g aps 

he study of inter- and intra-species interactions 

oremost among the sampling advantages provided by imag-
ng sonar is the high resolution of the acquired acoustic data
see Table 1 for a comparison of technical specifications). The
rame rate can be configured between 2 and 21 frames s −1 (de-
ending upon the sonar model and distance from the sonar
ransducer), with a downrange resolution of 2–160 mm. This
llows for the detection of multiple small targets along the
ame bearing to provide a 29–130 

◦ horizontal by 14–20 

◦ ver-
ical cone-shaped FOV to a distance of 5–120 m from the
onar (depending upon the frequency). Size and spatial infor-
ation, such as object length, distance from the sonar trans-
ucers, and proximity to other objects for all ensonified tar-
ets are additionally extractable. The image quality depends
n the sound frequency and the number of acoustic beams
mitted by the imaging sonar for a specific operational mode,
s well as physicochemical properties (e.g. salinity, temper-
ture, and pressure) of the water through which the signal
s being propagated due to their effects on sound velocity.
he shorter wavelength or pulse duration at higher frequen-
ies produces higher quality images that can depict details
uch as fins, but at the cost of a decreased effective range,
ith downrange resolution decreasing with increasing dis-

ance and frame rate (Parsons et al., 2017 ). Lower frequen-
ies rely increasingly upon tissues with more highly reflective
roperties, such as swimbladders (Foote, 1980 ). To date, at
east five studies have used 0.7 MHz DIDSON, one has used
.72 MHz Gemini, six have used 0.9 MHz BlueView, one
as used 1.0 MHz Simsonar, 29 have used 1.1 MHz DID-
ON, three have used 1.1 MHz ARIS, one has used 1.1 MHz
iveScope, seven have used 1.2 MHz DIDSON, 93 have used
.8 MHz DIDSON, 18 have used 1.8 MHz ARIS, and 12
ave used 3.0 MHz ARIS ( Table 2 ; “Sonar”column, keyword:
MHz”). 
The ability to resolve multiple targets at a fine spatial scale

s important for differentiating various groups within ensoni-
ed assemblages or communities and for observing and quan-
ifying individual, or collective behavioural patterns in gre-
arious species (Handegard et al., 2012 ; Rieucau et al., 2015 ,
016 , 2017b ). The relatively high downrange resolution not
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nly makes imaging sonars excellent counting and measure-
ent tools for abundance quantification, but also provides the
ecessary detail for fine-scale behavioural studies by increas-

ng the probability of observing subtle movements. Abun-
ance estimates of migrating diadromous spawners have ben-
fited from improved accuracy provided by imaging sonar
hat allowed collection of continuous data over long dura-
ions irrespective of underwater light conditions (e.g. through
ight and day) or water quality (e.g. turbidity) (see Table
 for specific studies). In addition, the behavioural informa-
ion availed by imaging sonar can improve understanding
f ecosystem connectivity and inform management based on
ow aquatic organisms move and interact with each other
r react to natural or anthropogenic environmental stimuli
r disturbances. Species-level, size-guild, or community-wide
omparisons have been made to study inter- or intra-species
nteractions undetectable by other gears such as predator-
rey engagements and collective reactions (Handegard et al.,
012 ; Price et al., 2013 ; Marras et al., 2015 ; Kruusmaa et
l. , 2016 ; Rieucau et al. , 2016 ; Cheng et al. , 2022 ; Fran-
isco et al., 2022 ), shifts in predation response across habi-
ats (Rodriguez-Pinto et al., 2020 , 2022 ), or environmen-
al conditions (Nelson et al., 2021 , 2022 ), Pacific lamprey
arasitic attachment events (Kirk et al., 2015 ; Keefer et al.,
017 ), spawning-related digging activity and spawning events
T iffan et al. , 2010 ; Langkau et al. , 2016 ), spawning school
tructure (Godinho et al., 2017 ), spawner habitat associa-
ions (Grabowski et al., 2012 ), environmental effects on be-
aviour on spawning grounds (Crossman et al., 2011 ; Jiang
t al., 2012 ; Chang et al., 2017 ), environmental variables af-
ecting juvenile emigration (Budnik and Miner, 2017 ), and
onitoring fish in aquaculture or aquarium systems (Han et

l., 2009b ; Hightower et al., 2013 ; Zhang et al., 2014 ; Ter-
yama et al., 2019 ; Jones et al., 2021 ; Gutiérrez-Estrada et al.,
022 ). 
A particularly complex property of animal aggregations

ike fish schools is the ability to execute highly coordinated
ovements in unison when confronted with environmental
erturbations or predators. Recent research in the field of col-
ective animal behaviour in general, and fish schooling in par-
icular, has shifted focus from the importance of global proper-
ies (i.e. group size and frequency of occurrence) to local prop-
rties (e.g. individual spacing, speed, angle, displacement, and
o on) as well as considering rules of interactions among indi-
iduals to give a mechanistic basis for how groups are formed,
ove, and react as a unit in the face of biotic (i.e. predators)

nd abiotic factors (i.e. hydrodynamic properties of the envi-
onment) (Handegard et al., 2012 ; Strandburg-Peshkin et al.,
013 ; Tunstrøm et al., 2013 ; Rosenthal et al., 2015 ). Despite
he growing interest to ascertain the mechanisms that under-
ie the capability of aggregations to perform coordinated col-
ective reactions and the hydrodynamic benefit of swimming
n schools, knowledge of these processes has been impaired
y the methodological approaches available to quantify fine-
cale swimming dynamics in natural settings. Imaging sonar
as provided researchers with an effective means to observe
nd explore dynamic behaviours of individuals and collective
atterns of schooling fish in various ecological contexts (e.g.
ntipredator responses and social attraction) without disturb-
ng the focal organisms. The ability of imaging sonar technol-
gy to collect high-resolution data describing fine-scale swim-
ing kinematics, and group or school topology and organiza-

ion under natural conditions will, therefore, advance research
nderlying how aquatic organisms interact within their envi-
onments and reach the energetic and safety benefits of group
rganization. 

tudying complex and sensitive habitats 

abitat complexity is important for many species but adds
ampling challenges to the study of fish associated with a lot
f productive aquatic habitats. For instance, high rugosity or
nterstitial spaces among submerged timber or aquatic vege-
ation in ponds, lakes, or reservoirs (Mizuno et al., 2013 ; Jing
t al., 2017 ; Brien et al., 2021 ), marsh grasses (Rodriguez-
into et al., 2020 ), seagrass (Olson et al., 2023 ), mangrove
orests (Frias-Torres and Luo, 2009 ; Olson et al., 2023 ), or
ocky outcroppings and reefs (Grabowski et al., 2012 ; Auster
t al., 2013 ; Artero et al., 2021 ; Dunn et al., 2023 ; Olson et
l., 2023 ), provide abundant sources of gear snags and places
or fish to hide undetected but can be studied using imag-
ng sonar. While resolution of organisms at similar distances
o objects or debris can be obscured, imaging sonar provides
ne of the best tools for conducting studies in these environ-
ents. Small, shallow-water marsh or intertidal pools (Hande-

ard et al., 2012 ; Rieucau et al., 2015 ; Rodriguez-Pinto et al.,
020 , 2022 ), tributaries (Becker et al., 2011a ; Magowan et al.,
012 ; Lankowicz et al., 2020 ; Shahrestani et al., 2020 ; Swan-
on et al., 2021 ), inlets (Becker et al., 2016a , b ; Lagarde et al.,
020 , 2021 ) or coastal lagoons (McCauley et al., 2014 , 2016 ;
apoccioni et al., 2019 ) are difficult to survey due to depth re-

trictions and large ranges in tidal and current amplitude and
irection but can also support high densities of fish and are
 highly understudied ecosystem component where imaging
onar is well suited for use (Lankowicz et al., 2020 ). Many
maging sonars can also resist high pressure and have been
eployed to the seafloor off the continental shelf (Rose et al.,
005 ; Purser et al., 2022 ). Including the examples listed above,
maging sonar has thus far been used in no fewer than 46
tudies within complex natural habitats, most of which have
een steep-banked rivers with rapid depth transitions ( Table 2 ;
Effects and Environment” column, providing the study loca-
ion and environment). At least 33 studies have incorporated
atural habitat comparisons, and 18 have incorporated one
r more complex natural habitats. To our knowledge, Auster
t al. (2013) , Dunn et al. (2023) , and Olson et al. (2023) are
he only studies to have utilized the non-interactive aspect of
maging sonar to study fish associations with, or map delicate
nd slow-growing live-bottom habitats, including a subtropi-
al ledge (Auster et al., 2013 ), polychaetae reefs (Griffin et al.,
020 ), fringing oyster reefs (Dunn et al., 2023 ; Olson et al.,
023 ), coral reefs (Olson et al., 2023 ), and seagrass beds (Ol-
on et al., 2023 ). These and other biogenic reefs can be dam-
ged by extractive sampling gears, representing another area
f field research that imaging sonar is well suited to expand. 
Anthropogenic features pose similar sampling challenges to

omplex natural habitats. Incidental or planned artificial reefs
Baumann et al., 2016 ; van Hal et al., 2017 ; Zeng et al., 2018 ;
lumlee et al., 2020 ; Sibley et al., 2023b ), urbanized shore-
ines (Able et al., 2013 ; Becker et al., 2013a , 2014 ; Accola et
l., 2022a , b ), industrial-cooling, hydrocarbon, hydroelectric,
ave, tidal, or wind energy stations (Viehman and Zydlewski,
015 ; Egg et al., 2017 ; van Hal et al., 2017 ; Francisco and
undberg, 2019 ; Zhang et al., 2020 ; Braga et al., 2022 ; Fran-
isco et al., 2022 ; Staines et al., 2022 ; Bender et al., 2023 ;
otter 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 et 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 ; V iehman 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 et 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 et 
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 et al., 2012 ; 
Able et 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 et 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 
onar presents the best option for sampling in most turbid
nvironments. Imaging sonar has since been used in at least
2 studies in turbid environments, and 90 studies that incor-
orated nighttime sampling that would preclude the use of 
ptical methods (53 with both high turbidity and night sam-
ling). Of these studies, we identified 50 that used imaging
onars to compare diurnal patterns or assess abundance trends 
hroughout entire diel cycles. The effects of anthropogenic 
ight were evaluated in 12 studies, and just five studies re-
iewed here (Maxwell and Gove, 2007 ; Frias-Torres and Luo,
009 ; Becker et al., 2011a ; Terayama et al., 2019 ; Smith et
l., 2021b ) have employed this technology to directly evalu-
te the effects of turbidity. Visibility effects are undoubtably 
ighly influential to many species or life-history stages. Many 
sh species greatly depend upon their vision to forage or
unt effectively (Utne-Palm, 2002 ). Conversely, many preda- 
ory aquatic animals rely on other sensory modalities to ex-
loit their prey in low-visibility conditions (Dehnhardt et al.,
001 ). This factor may be one major contributor of the diel
pecies-distribution cycles that are ubiquitous to nearly every 
quatic environment. This additionally contributes to refuge- 
eeking behaviours observed by juveniles of some species asso- 
iated with high turbidity (Blabber and Blabber, 1980 ). Imag-
ng sonar permits the investigator to examine behaviours of 
quatic organisms when effects of turbidity would render 
ther remotely-sensed sampling gear ineffective. 

valuation of traditional fishing gears 

n addition to enabling many new research opportunities,
maging sonar offers an effective means for evaluating the per-
ormance of traditional sampling methods. We reviewed 26 

ehavioural studies that have used imaging sonar to evaluate 
he efficiency of various fishing gears or survey techniques.
n particular, imaging sonars have been employed to assess
pecies interactions with, and escapement from, hooked gear 
nd trapping surveys (Rose et al., 2005 ; Stuart et al., 2008 ;
mith et al., 2021a ), trawls (Handegard and Williams, 2008 ;
akowitz et al., 2012 ; J ůza et al. , 2013 ; Williams et al. , 2013 ),
urse seines (Handegard et al., 2017a ), set nets (McCarthy
t al., 2014 ; Nichols et al., 2014 ; Egg et al., 2018 ; Fujimori
t al., 2018 ; Kang et al., 2020 ; Helminen and Linnansaari,
023 ), video arrays (Tiffan et al., 2004 ; Maxwell and Gove,
007 ; Frias-Torres and Luo, 2009 ; Hays et al., 2015 ; Egg et
l. , 2018 ; Brien et al. , 2021 ; Sibley et al. , 2023b ), trained ob-
ervers (Holmes et al., 2006 ; Maxwell and Gove, 2007 ; Tong
t al., 2009 ; Pipal et al., 2012 ; O’Connell et al., 2014 ; Hayes
t al., 2015 ), and electrofishing (Kerschbaumer et al., 2020 ).
n addition, this technology has been used to assess sampling
ias and accuracy of echosounder hydroacoustic equipment,

ncluding effects of low-frequency sound avoidance (Maxwell 
nd Gove, 2007 ; Velez, 2015 ), target detection (Pratt et al.,
021 ), length measurements (Lin et. al., 2016 ), and varia-
ion in species-specific target strength at different swim angles 
Hwang et al., 2017 ). 

Additional fishing effects such as invasion of set nets by
eals (Nichols et al., 2014 ; Fujimori et al., 2018 ) and stress
nd injury levels induced by crowding during purse seine fish-
ng (Handegard et al., 2017a ) have also been studied using
maging sonars. In total, six other studies relied on the uti-
ization of imaging sonar to assess avoidance responses of fish
o survey vessels (Xie et al. , 2008 ; T iffan et al. , 2010 ; Becker
t al., 2013b ; Hayes et al., 2015 ; Davis et al., 2016 ; LeRoy
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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, se v en studies identified organisms to genus, 
and 88 studies ha v e identified organisms to the species le v el. Organisms 
identified to species le v el 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 ha v e been identified to species le v el 
using imaging sonar. 
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t al., 2019 ), with ecological implications for high vessel traf-
c areas, as well as providing useful information for mobile
urveys. Imaging sonar is also useful for making qualitative
bservations supporting and helping to explain results from
ther methods, such as passive integrated transponder (PIT)
ags (Stuart et al., 2008 ), trapping of entrained individuals
Patrick et al., 2015 ), and side-scan sonar surveys (Purser et
l., 2022 ). The versatility of this non-intrusive gear has re-
ently been used to compare multiple methods of fish herding
echniques (Ridgway et al., 2023 ). Finally, imaging sonar has
een employed to assess non-biological gear interactions, such
s general bottom mapping (Maxwell and Smith, 2007 ; van
iddlesworth et al., 2015 ; Pyo et al., 2017 ), trawl interactions
ith benthic environments (Lomeli et al., 2019 ), object detec-

ion (Cho et al., 2015 ), detection of submerged aquatic vegeta-
ion (Mizuno et al., 2013 ), and as a robust visual ground truth
ption for side-scan sonar observations (Griffin et al., 2020 ).
he particularly high-performance of imaging sonar in river
nd stream passage applications has led to its supplementa-
ion or replacement of existing monitoring strategies, such as
isual observation (Maxwell and Gove, 2007 ; Magowan et
l., 2012 ), capture (Lenihan et al., 2019 ), or tag and recap-
ure (MacNamara and McCarthy 2014 ; Mora et al., 2015 ),
lthough the expense of the equipment and the processing ef-
ort required has prevented a wider adoption (Faulkner and

axwell, 2020 ). 

 ata pr ocessing and analytical appr oaches 

axonomic resolution of imaging sonar data 

pecies-level taxonomic resolution remains one of the promi-
ent challenges when using imaging sonar due to an over-
ll lower resolution than optical methods and an inability
o reproduce pigments. Interpreting sonar imagery, therefore,
argely relies upon the researcher’s knowledge of the study
nvironment or system in which the imaging sonar is being
sed. Despite this, imaging sonar has been used to study the
ehaviours of at least 89 species, belonging to 40 orders, and
1 classes of aquatic organisms in situ ( Figure 2 ) ( Table 2 ;
Information Extracted” column, providing the taxonomic
esolution). This includes studies of at least 15 protected
pecies. Qualified differences in body size, shape, and swim
tyle make separations of major functional groups apparent
nd can help to effectively discriminate between distinct ho-
ogenous species groups (Grote et al., 2014 ; Ogburn et al.,
017 ), as has been used in 144, 83, and 65 studies ( Figure
 ) (Able et al., 2014 ; Becker and Suthers, 2014 ; Egg et al.,
017 ; Giorli et al., 2018 ). Related to the visual signatures of
he echogram, acoustic shadows provide additional morpho-
etric information for relatively robust organisms within the
iddle to lower portions of the ensonified area (Langkau et al.,
012 ; Parsons et al., 2014 ; Connolly et al., 2022 ). Using this
pproach, the orientation of the sonar relative to the target
rganisms is critical to providing resolution on key morpho-
etric characteristics needed to identify species or separate

uilds (Martignac et al., 2015 ). This is substantiated by the
on-intuitive way that imaging sonar depicts objects. The 2-
imensional imagery produced along the X and Z polar planes
enders more of a downward, overhead viewpoint for objects
ppearing straight in front of the beam (Brahim et al., 2010 ;
ggleston et al. , 2020 ). V isually discerning morphometrics is
oth easier and more consistent for larger animals, making
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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 

et al., 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 
ay (cownose ray, Rhinoptera bonasus ) recorded by a vessel-
ounted 1.8-MHz ARIS (Rieucau and Munnelly, unpublished 

ata), demonstrates that the distinctive pectoral fin motion 

f these animals can help to refine taxonomic resolution as
ail beats can, even when recorded from a mobile platform
 Figure 4 ). 

Despite the limitations of taxonomic resolution of imag- 
ng sonar used to observe diverse aquatic communities, com- 
unity composition has been assessed in no fewer than 34

tudies. In addition to using discernable morphometrics, be- 
aviours themselves can be used to enhance taxonomic res- 
lution. As with other sonar data, species-specific biomass 
an be approximated by dividing the number of sonar targets
y relative species abundances sampled with another survey 
ear (Kerschbaumer et al., 2020 ; Helminen and Linnansaari,
023 ). Finer resolution can be obtained by using size guilds
eparated based on length frequency (Becker et al., 2011a , b ;
ecker and Suthers, 2014 ; Gurney et al., 2014 ; Veinott et al.,
018 ; Swanson et al., 2021 ; Francisco et al., 2022 ) and aspect–
atio distributions (Francisco and Sundberg, 2019 ; Francisco 

t al., 2022 ) that are compared with those obtained through
irect capture or stereo-video ground truthing, as has been 

one in at least 19 studies. Transiting versus milling behaviour,
osition in the water column, school size or organization, and
ther behavioural metrics can be used in multivariate analyses
o probabilistically determine likely assemblage species com- 
ositions. Examples of this include Rakowitz et al. (2012) ,
ble et al. (2014) , Bevelhimer et al. (2017) , and Stott and
iner (2022) who used cluster analysis, principal components 

nalysis, and canonical discriminant analysis to separate taxa 
nd compare species distributions and interactions around an- 
hropogenic features. 

bundance estimates: metrics, autocorrelation, and 

ub-sampling 

everal approaches currently exist to calculate abundance esti- 
ates (e.g. fish counts) or to measure other metrics of interest.
ounting all occurrences through an entire time series or sur-
ey transect is the most basic method. However, this method
an be labour intensive, risks the potential to count the same
nimals repeatedly, and results in high autocorrelation be- 
ween successive intervals (Lilja et al., 2008 ; Petreman et al.,
014 ; Rand and Fukushima, 2014 ). This can limit the possible
nterpretations of the data unless there is something inherent 
bout the study site or subject that reduces the likelihood of
his occurring, or the goals of the study are focused on the
umber of interactions occurring at the site itself such as for-
ging or predation events (Mizuno et al., 2016 ; Bolton et al.,
017 ; Nelson et al., 2021 , 2022 ), the number of approaches to
arrier systems (O’Connell et al., 2014 ) or designed passage-
estricting methods (Parker et al., 2015 , 2016 ), or incapacita-
ion due to incidental entrainment (Boys et al., 2013 ; High-
ower et al., 2013 ; Patrich et al., 2014 , 2015 , Bolland et al .
019 ), and other circumstances of interest. In addition, due
o the narrow beam width of imaging sonar, this method can
rovide overly conservative estimates of small fish due to re-
uced detection of fish moving parallel to the sonar beam
Tušer et al., 2014 ), and the aforementioned 2-dimensional im-
gery can impair resolution of individuals within high-density 
ggregations in the Z polar plane (Capoccioni et al., 2019 ).
nterpretation of the imagery can be subjective, and compar- 
sons 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. 
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014 ; Petreman et al., 2014 ; Keefer et al., 2017 ), and the num-
ers and the variance are rarely reported. Despite these issues,
bundance estimates using imaging sonar are often higher
han those obtained using other methodologies, representing
 standard for comparison (Sibley et al., 2023a ). 

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

Autocorrelation is a relationship between a signal and a
opy of itself as a function of delay, which violates the as-
umption of independence common to many statistical mod-
ls (Bartlett, 1946 ). All imaging sonar data inherently con-
ain some temporal or spatial autocorrelation. Imagery col-
ected from a stationary point will be temporally autocorre-
ated, the extent of which depends on the speed of the ensoni-
ed organisms moving through the beam array, sampling rate,
nd the time scale of the analysis (Lilja et al., 2008 ). Addi-
ionally, temporal autocorrelation can follow rapid (Thomp-
on and Page 1989 ) or slow (Downton and Miller 1998 )
ime-scales, which should be treated differently depending on
he goals of the analysis. Rapid time scale autocorrelation
an be removed through data sub-sampling, or statistical cor-
ection techniques. Removal of autocorrelation through pre-
hitening or first-differencing methods that assume a unique

orrelation structure is important for preserving the assump-
ion of independence between samples for rapid time scales,
hen a parametric statistical analysis is to be used, but might

esult in an increased Type 2 error rate (i.e. failure to detect a
ignificant relationship) when the primary source of autocor-
elation is from slow time scales (Pyper and Peterman, 1998 ).
n this case, a smoothing approach that accounts for autocor-
elation (Pyper and Peterman, 1998 ; Rieucau et al., 2016 ) or
eostatistical approach (Pavlov et al., 2009 ; Shen et al., 2013 )
s more appropriate. Imagery collected from a mobile plat-
orm will be spatially autocorrelated, which is additionally
nfluenced by the speed that the sonar is moving through the
ater column (Lankowicz et al., 2020 ). This spatial autocor-

elation can be reduced by averaging information over a large
nough interval (Parker-Stetter et al., 2009 ), but is important
o retain in data when using geostatistical analyses (Rivoirard
t al., 2008 ). 

Counting the peak abundance that occurs within a single
rame across a time or spatial interval (MaxN) has the ad-
antage of not risking double counting and having reduced
utocorrelation among successive intervals (Ellis and DeMar-
ini, 1995 ). 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 −1 , showing another Myliobatoid ray ( R. bonasus ) recorded at 1.8 MHz. The image was recorded with a vessel-mounted ARIS moving at 1 m 

s −1 . 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 vie w ed as a video, swimming patterns and morphometrics become much 
more pronounced. 
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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 
e accurately represented by sub-sampling one-sixth to one- 
hird of the total. Despite the practicality of this approach,
nly 37 studies (less than one-quarter of those using imag-
ng sonar reviewed) have sub-sampled from the dataset ( Table
 ; “Methods” column, keyword: “sub-sampling”). Of these 
tudies, random- and fixed-interval sub-sampling have been 

sed to process < 1–50% of the dataset in 16 and 21 studies,
espectively with 3 s to 12 h of independence between succes-
ive samples ( Table 2 ; “Data” and “Processed” columns, pro- 
iding the amount of data processed relative to that collected).
ruly random sub-sampling is another option that generally 
erforms well when compared with systematic sub-sampling 
Petreman et al., 2014 ), and has been used in at least four
tudies. In order to assess how researchers have scaled sub-
ampling intervals to meet their research objectives, we com- 
ared the relative frequency of the total proportion of the data
rocessed and the systematic sub-sample intervals used to pro- 
ess imaging sonar data among these studies ( Figure 5 a and
). Most of the studies using this strategy used intervals within
 60-min period, and so we constrained our analysis accord-
ngly, although it is important to point out that daily, or larger
ub-sampling intervals can be appropriate for many analyses 
nd have also been used (Petreman et al., 2014 ). This analy-
is showed a positive correlation ( Figure 5 c), indicating that
he sub-sampling interval increases as the overall proportion 

f the data processed increases. Sub-sampling strategies that 
re carefully adapted to a specific dataset in the context of the
tudy environment and research objectives can be highly ef- 
ective at efficiently representing the metrics of interest (e.g.
oswell et al., 2019 ). While flexibility in determining the in-

erval and sampling intensity of metrics of interest is advanta-
eous 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. 
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one, there has so far been little consistency among analytical
ethods, as identified by Schmidt et al. (2018) , who rightly

tated that standardization of certain sonar output metrics is
 critical next step for cross-referencing results from studies. 

ehavioural metrics: from an individual’s reactions 

o collective patterns 

ish tracking methods using imaging sonar enable direct mea-
urement of behavioural metrics at the individual or shoal
evel, including: swimming speed, swimming direction, reac-
ion speed or direction, milling (large groups moving in no par-
icular direction), position in the water column, body angle or
lignment, tortuosity (a measure of the number of changes in
irection, or path efficiency), and tail-beat patterns (frequency
r motion), and at the school-level, including: school fre-
uency, school size, and spacing among individuals ( Figure 3 a)
 Table 2 ; “Information extracted” column, keywords: listed
bove). One or more of these variables have been measured
sing imaging sonar in at least 108 studies. The remaining 47
tudies have measured abundances and lengths only, which
hemselves have been extracted in 146 and 107 studies, re-
pectively. 

Besides abundance and length, swimming speed and direc-
ion are the most straightforward metrics to measure by track-
ng a fish across its passage through the imaging sonar FOV
nd have been recorded in 34 and 90 and of the studies re-
iewed, respectively. Changes in swimming speed or direc-
ion in reaction to stimuli of interest are a particularly use-
ul application that have been used in 26 studies. Swimming
irection becomes more difficult to assess where milling ac-
ivity occurs and can inflate abundance estimates. It is, there-
ore, commonly acknowledged that milling individuals were
xcluded from analysis and milling behaviour has only been
ncorporated into the analysis of 18 studies. Individual swim-
ing depths or depth ranges of schools are also straightfor-
ard to extract using the distance from the bottom reported

nd the angle of the sonar unit when it is oriented vertically, or
otated horizontally (Able et al., 2014 ). Vertical distributions
an reflect important physico-chemical relationships when an-
lyzed alongside environmental data (Munnelly et al., 2019 )
nd have been measured in 18 imaging-sonar studies. Vari-
bles such as tortuosity, body angle, and tail-beat patterns,
re among the more subtle and labour-intensive metrics that
an be extracted from imaging sonar recordings, useful for
elping to identify subsets of groups engaged in unique be-
aviours (Egg et al., 2019 ), separating species of similar body
ize and shape (Mueller et al., 2010 ) or representing stress re-
ponses and energy expenditure (Tiffan et al., 2010 ; Kirk et
l., 2015 ). These behaviours have been documented in 17, 16,
nd 7 studies, respectively ( Figure 3 a). For example, Tiffan
t al. (2010) evaluated the energetic expenditure of chum
almon, Oncorhync hus k eta , required to maintain position
hen spawning using tail-beat frequency. 
In addition to the information these metrics can provide at

he individual level, they may also be applied to schooling dy-
amics that result from collective group responses. Schooling
s generally considered as a strategy that enhances fish safety
Pitcher and Parrish, 1993 ; Rieucau et al., 2015 ), facilitates
oraging and navigation (Quinn and Fresh, 1984 ; Makris et
l., 2009 ), or improves energetic and hydrodynamic efficiency
Domenici, 2001 , 2010 ; Hemelrijk et al., 2015 ). Variation in
chooling tendency and school topology in marine fish species
s commonly observed in response to environmental varia-
ion, predation risk, and anthropogenic disturbance (Fernö et
l., 1998 ; Soria et al., 2003 ; Makris et al., 2009 ; Paramo et
l., 2010 ), involving acute and rapid adjustments at the level
f their collective structure (e.g. swimming faster and being
ore aligned with their school mates). These reactions sup-
ort the idea that fish schools can display a high degree of be-
avioural and structural plasticity involving collective respon-
iveness that improve competence to cope with environmental
timuli (Makris et al., 2009 ; Paramo et al., 2010 ; Rieucau et
l., 2015 ). 

A broad range of metrics have been used to quantify the
ehavioural state of schools using optical survey techniques
Delcourt and Poncin, 2012 ). For instance, these metrics in-
lude the school’s cross-sectional area (Partridge et al., 1980 ),
wimming speed (Berdahl et al., 2013 ; Kent et al., 2019 ), in-
ividual’s polarization (Viscido et al., 2004 ; Cavagna et al.,
008 ), angular velocity (Tunstrøm et al., 2013 ), and rota-
ional 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 (Tunstrøm 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 3 b) ( 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 
hase”; and Table 2 ; “Methods” column, keyword: “analy- 
is evaluation”). Unfortunately, manually tracking objects di- 
ectly and extracting movement information is labour inten- 
ive, time consuming, and subjective (Braga et al., 2022 ). This
s among the most prohibitive aspects of using imaging sonar
o study fine-scale animal behaviours, requiring automated 

rocessing procedures for reasonable efficiency. 

utomated quantification approaches 

utomated or semi-automated approaches are objective 
trategies requiring less training and which save processing 
ime. Automating at least part of the data processing proce-
ure can be necessary to extract behavioural metrics with rea-
onable efficiency. Key steps involved in automating data pro- 
essing include background removal of all stationary objects,
hreshold filtering of objects greater than a desired size, and
bject tracking through the sonar FOV (Neupane and Seok,
020 ). Depending on the research objective, automated pro- 
essing can increase or reduce precision. For example, metrics 
elated to movement benefit from increased precision. Direct 
omparisons of automated and manual count methods have 
een included in 21 in situ studies ( Figure 6 ). Success of au-
omated fish detections has been variable, even among simi-
ar techniques that are applied across different study environ- 
ents (Boswell et al., 2008 ). Generally, automated methods 

end to underestimate counts in high-density settings and over- 
stimate counts in low-density settings and can vastly over- 
stimate counts when milling activity is common ( Figure 6 )
Hughes and Hightower, 2015 ). While automated procedures 
an be used to obtain length measurements, manual length 

easurements are currently preferred to ensure that fish align- 
ent is perpendicular to the beams and to assure consistency

n length metrics (i.e. standard or total length). This is because
he caudal fin is often not fully defined throughout the record-
ng, especially for smaller fish, for which the imagery is usu-
lly more similar to the standard length than the total length
Boswell et al., 2008 ; Burwen et al., 2010 ; Tušer et al., 2014 ;
ook et al., 2019 ). 
Despite the advantages of automated approaches, 113 stud- 

es have used a manual processing strategy, while just 42 have
sed an automated or semi-automated processing procedure 
 Table 2 ; “Methods” column, keywords: “manual”, “auto- 
ated”). The various imaging sonars available have specific 

haracteristics among manufacturers and so lack a common 

ata format allowing standardized access to the information.
his limitation has important implications that make it diffi- 
ult to use the sonar information from external software other
han those provided by the manufacturers. Although the im- 
gery can be exported to still frames or video files for anal-
sis external to manufacturer-specific software, the format in 

hich the data is exported is usually pre-processed rather than
aw, which can lead to a loss of data accuracy. This forces de-
elopers to look for unofficial solutions to interpret the raw
ata files, access the raw files captured by the sonar manually,
nalyze the information at a low level, or try to parse it to
void loss of information, and many of these solutions are spe-
ific to individual sonar models (Cotter and Polagye, 2020a )
nd complicated to integrate with other sensors (Cotter et al.,
017 ; Polagye et al., 2020 ). The data models manufacturers
se are often unavailable to the public, so manual access to
he data may also be incomplete. 



36 R. T. Munnelly et al. 

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 
o v er-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. 
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Also for consideration is that the applications allowed
y manufacturers are usually related to analyzing the
nformation offline rather than working in real-time. It is dif-
cult to access real-time imaging sonar data from external ap-
lications. Using drivers developed by the community outside
he manufacturers, it is still challenging to access the data files
nce the acquisition is finished. This problem is partially miti-
ated by the fact that some manufacturers allow their devices
o be connected via standard protocols, such as Ethernet (Po-
agye et al., 2020 ), but this relies upon the transmission of a
ideo feed provided by the sonar rather than the raw data.
his major limitation has prevented the widespread analysis
nd detection applications that can use real-time information,
lthough some promising progress to this end has been made
Cotter and Polagye, 2020a , b ). 

Software used to implement automated or semi-automated
ata processing include: Echoview, DIDSON, ARIS Fish,
onar5-Pro, and MetaMorph, (20, 5, 2, 1, and 1 study, respec-
ively), while programming environments such as C ++ , Mat-
ab, and Python have been used to develop specific automated
pplications in 11 studies. All of these software and program-
ing environments allow background removal and threshold
ltering options. The DIDSON and ARIS Fish software enable
he removal of footage of empty water from recordings using
he “convolved samples over threshold” tool. This option can
ondense data collected over long time periods, focus subse-
uent manual processing efforts, and reduce the amount of
torage space required. DIDSON, ARIS Fish, and MetaMorph
ll allow background removal and adjustments to threshold
nd intensity settings, however, these software are only useful
or tracking individuals manually. Li et al. (2017) developed a
imilar tool that additionally output images for the purpose of
raining machine-learning programs. Sonar5-Pro additionally
llows tracking of individuals, although the results need to be
anually supervised to avoid over-counting (Martignac et al.,
021 ). Of these methods, only Echoview, Matlab, and Python
ave been used to automate tracking individuals through suc-
essive frames. This key utility for fully automating the extrac-
ion of abundances and behavioural metrics also greatly sim-
lifies successive manual reviewing steps in a semi-automated
pproach. Unfortunately, the license costs for these programs
re high, which presents a barrier for researchers. Addition-
lly, the coding and algorithm development required to auto-
ate object tracking in Matlab and Python has traditionally

educed accessibility, although artificial intelligence interfaces
uch as the Chat Generated Pre-trained Transformer (Chat-
PT) are beginning to enable more researchers to develop or
iversify their use of these and other programming environ-
ents. More accessible options for automating object tracking

hrough the FOV are, therefore, anticipated to greatly progress
he use of imaging sonar for tracking abundance and fine-scale
ehaviours. 
Background removal of stationary objects within the sonar

OV becomes more complicated when imagery is surveyed
rom a mobile platform (see Figure 4 for an example of a

yliobatoid ray recorded by McCauley et al. (2014) using a
tationary 1.8 MHz DIDSON and another recorded by Rieu-
au and Munnelly (unpublished data) using a mobile, vessel-
ounted 1.8 MHz ARIS). Of the 36 studies using imaging

onar mounted to mobile platforms ( Table 2 ; “Sonar” col-
mn, keywords: “mobile”, and “stationary”), only six have
sed an automated data processing approach (Handegard and
illiams, 2008 ; Mizuno et al., 2013 ; Williams et al., 2013 ;
os Sanos et al., 2017 ; Jing et al., 2017 ; Jing, 2018a ). Of these,
nly Dos Sanos et al. (2017) and Jing et al. (2017) have re-
olved targets against a changing seafloor. These studies used
n edge-detection algorithm available in Echoview to sepa-
ate fish from the bottom based on contrast. Jing et al. (2017)
howed that abundance estimates obtained using this method
n a sand-bottomed reservoir closely tracked manual counts.
utomation of data processing from imaging sonar data col-

ected 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 et 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 (IMMJPDA) 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 et al. (2022) and 

Fernandez-Garcia et al. (2023) to automatically detect and 

classify fish to species level. Cui et al. (2020) developed an 

autonomous underwater vehicle, and address the challenge of 
erceiving the environmental information acquired from its 
ensors using a convolutional neural network (CNN) based 

ethod to detect and count fish. CNNs have also been used
o track and count fish in stationary settings where milling
ctivity is high (Feng et al., 2023 ), and to identify eels (Yin
t al., 2020 ; Pratt et al., 2021 ; Zang et al., 2021 ) and jellyfish
Gorpincenko et al., 2020 ). Schneider and Zhuang (2020) and
hristensen et al. (2020) developed approaches for calculat- 

ng fish abundance using deep learning able to calculate esti-
ates from sonar images acquired from the back of a trolling
oat, and remote-operated vehicle, respectively. The video- 
ike imagery is amenable to optical flow techniques devel- 
ped for video image processing (Perivolioti et al., 2021 ). An-
ther recent study described an image generation system that 
sed sonar and camera images to allow nighttime monitor- 
ng through an approach that used conditional generative ad- 
ersarial networks (cGAN), which learned the image-to-image 
ranslation between sonar and optical images (Terayama et al.,
019 ). As these and other techniques continue to be refined, it
s important that researchers make them available as tools for
he rest of the scientific community (Handegard and Williams,
008 ). 

onclusion 

maging sonar offers many unique properties compared to tra- 
itional extractive or remote sampling gears. The ability to 

on-intrusively survey complex habitats and obtain detailed 

ehavioural information, even where visibility is limited, make 
maging sonar suitable for addressing many research ques- 
ions that have been difficult or impossible to study otherwise.
hese features additionally make imaging sonar an effective 

ool for evaluating the performance of other sampling gears,
nd are best used in conjunction with other gears. Integra-
ion with optical systems is particularly useful for improv- 
ng the versatility of remote underwater video surveys. The 
mount of information that can be derived from the sonar
magery and the options to process the data can make sonar
ata overwhelming. There is no “one size fits all” method 

hen processing imaging sonar data. An efficient process- 
ng strategy appropriate to addressing the research question 

t hand must be developed which takes into consideration 

he auto-correlative nature of the data, sub-sampling inter- 
als, and environmental or behavioural aspects that might 
mpact the results. When bounded by a carefully framed re-
earch question, even datasets over large time periods, span- 
ing high spatial coverage, or those with high densities of tar-
ets can be processed efficiently. As imaging sonar becomes 
ncreasingly available to researchers, and automated process- 
ng procedures continue to develop, this technology will play 
n increasing role in demonstrating interconnectivity among 
rganisms and habitats in the aquatic sciences. 
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