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tuna fisheries, while their adverse impacts on threatened marine species have re-
ceived relatively little attention. In tuna fisheries, bycatch is the major anthropogenic

threat to marine megafauna in general, particularly sharks. Research on the devel-
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opment of gear technology for bycatch reduction and potential mitigation measures
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USA management measures. After reviewing past research on the development of mitiga-
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tion measures for pelagic longline and tropical purse seine fisheries based on pelagic

species' behaviours, we describe promising new approaches integrating recent tech-
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nological breakthroughs. New innovations include autonomous underwater vehicles
carrying cameras along with miniaturized sensors, aerial drones, computer simula-
tion of fishing gear geometry, environmental DNA assays, computer visualizations
and deep learning. The successful application of such tools and methods promises

to improve our understanding of factors that influence capture, escape and stress
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of caught species. Moreover, results emerging from recent ethological research ex-
plaining the power of social connection and learning in the “fish world” such as social
learning from congeners, habituation to deterrents, and how past fishery interactions
affect responses to fishing gear should be taken into account when developing techni-

cal mitigation measures.
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1 | INTRODUCTION

fishing in the late 1960s primarily targeting tunas for canning and
by the 1970s were the major competitors to Japanese longlining for
Industrial tuna fishing was initiated in the 1950s by the Japanese dis- albacore (Thunnus alalunga, Scombridae; Gillet, 2007). For all these

tant water longline fleet (Suda & Schaefer, 1965) after an explora- vessels, because the value of sharks was relatively small when oper-

tory phase of offshore longline fishing to locate productive grounds
(Shapiro, 1950). In the 1960s, Japanese longliners were equipped to
deep freeze catches to —-55°C and this new technology allowed high-
quality tuna and billfish exploitation from distant fishing grounds.
Taiwan and the Republic of Korea started long-distance longline

ating at such long distances from port, it was not profitable to retain
them as the hold space was more valuable for the tunas and billfishes.
Therefore, pelagic sharks were generally discarded and not recorded
(Okamoto & Bayliff, 2003; Suda & Schaefer, 1965). Eventually, the
demand for shark fins emerged in the late 80s and various sharks
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species were finned at sea, but the carcasses were usually discarded
at sea and not reported (Clarke, 2008) and shark fin exports became a
valuable source of revenue for many countries (Dent & Clarke, 2015).
To partially address these concerns, effective logbook systems and
observer programmes have been gradually implemented in major
Asian long-distance commercial longline fleets. Thus, the activity and
the catches of the major longline fleets have been partly documented
from the mid-1990s onwards (Huang, 1995; Matsumoto & Miyabe,
1998; Moon et al., 2007). During the expansion of these fisheries,
however, most of the information on incidental catches has been lost,
and therefore, the lack of historical catch statistics has hampered
shark stock assessments worldwide (Clarke, 2008).

Most offshore tuna were caught by longline vessels and bait
boats until technical evolution in gear technology (e.g. invention of
the power-block, development of nylon net webbing and progress
of refrigeration technology using ammonia) led to the feasibility of
using purse seine gear in the early 1960s for capturing tuna far from
their bases during extended periods of time (Gillet, 2007; McNeely,
1961). The number of tropical purse seine vessels operating in the
Pacific Islands increased rapidly during the early 1980s (Gillet, 2007).

Capture of non-targeted species was an acknowledged compo-
nent of fishery management for many years, but it was not until the
early 1990s that some scientists started addressing this issue in in-
dustrial fisheries (Alverson, 1992; Alverson et al., 1994; Murawski,
1991). A global review of the magnitude of the issue by gear and re-
gions was conducted, and the operational definitions used to identify
bycatch or discards were initiated (Alverson et al., 1994). Bycatch was
defined by Hall (1996) as “the portion of the capture that is discarded
at sea dead (or injured to an extent that death is the most likely out-
come) because it has little or no economic value or because its re-
tention is prohibited by law.” Bycatch in tuna fisheries is the major
anthropogenic threat facing endangered, threatened and protected
(ETP) species (Swimmer et al., 2020; Thorne et al., 2019; Zhou et al.,
2019). The discard ratios by weight or by numbers were estimated for
various gears and regions by Alverson et al. (1994). Global tuna fish-
eries are estimated to annually discard 265,279 t (95% Cl: 52,283~
478,275 t), which is about 5% of the weight of the total catch. Purse
seine and large pelagic longline fisheries contribute about 36% and
64% of global discards, respectively (Gilman et al., 2017).

In parallel to the development of tuna fishing, fisheries scientists
tried to improve the understanding of the distribution and behaviour
of target fishes to improve economic efficiency by reducing the time
and fuel expended while seeking optimal fishing grounds. Researchers
were embracing fisheries oceanography using catch statistics linked
to remote sensing and satellite imagery to better understand the ecol-
ogy of tuna and tuna-like species, and this information was transmit-
ted to fishers via radio facsimile charts containing oceanographic and
weather information to support their fishing campaigns (Laurs, 1971,
1977; Tomczak, 1977). Gradually, satellite imagery helped fishers lo-
cate ocean areas and habitats suitable for fish aggregation (e.g. fron-
tal areas, cold core eddies and gyres; Laurs & Brucks, 1985; Laurs &
Fiedler, 1985). Moreover, the natural tendency for pelagic fishes to
concentrate under floating objects (FOBs) became a source of interest
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and enabled the development of new fisheries. Fish aggregating de-
vices (FADs) were traditionally used by Southeast Asian coastal fish-
eries, particularly in the Philippines (bamboo rafts named “payaos”;
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Armstrong & Oliver, 1996; De Jesus, 1982; Mitsunaga et al., 2012;
Shomura & Matsumoto, 1982), in Japan and Indonesia (Chagoma,
1960; Soemarto, 1960). FADs were used by Japanese commercial fish-
ing operations in the central and western Pacific Ocean in the mid-
1970s (Armstrong & Oliver, 1996). FADs indirectly contributed to the
massive development of industrial offshore fisheries worldwide (Hall
& Roman, 2013). The optimization and instrumentation of drifting
fish aggregating devices (DFADs), tracked via satellites, resulted in
successful tropical tuna purse seine fisheries. Remote sensing tools
and sophisticated DFADs became widely used to increase yields at a
time when the resource seemed inexhaustible and increasing catches
prevailed (Butler et al., 1988; Klemas, 2013; Torres-Irineo et al., 2014;
Wang et al., 2014). Modern FAD designs were also linked to adverse
impacts on non-targeted species. As tuna landings increased, the re-
moval of sharks from the ecosystem and the incidental mortality of
other unwanted species and under-sized target species increased. For
tropical purse seiners, the shark bycatch to tuna catch ratio is low, for
example, 0.10 in the Indian Ocean for European fleets (Amandé et al.,
2010), but is substantial when considering the global magnitude of the
catch by these fleets. The percentage of the catch comprised of sharks
is on average much higher for pelagic longliners relative to tuna purse
seiners and is highly variable by fishery, ranging between 1% and 50%
of the total number of the catch (Gilman et al., 2008).

For many years, tremendous effort has been dedicated to the de-
velopment of new industrial fisheries while their adverse impacts on
threatened marine fishes received relatively little attention (Roberson
et al.,, 2020). Legal instruments establishing international responsibility
to conserve associated and dependent species are relatively recent,
first becoming an obligation under the 1982 Law of the Sea Convention,
and elaborated further in subsequent instruments and guidance from
multilateral organizations such as the United Nations (CBD, 2010; FAO,
1995, 1999a, 1999b, 2010, 2011; United Nations, 1982, 1995). These
new instruments and international guidance broadened the mandate
of pre-existing Regional Fisheries Management Organizations (RFMO).
There has been increasing recognition of the need for RFMOs to im-
prove their governance of fisheries and conservation and management
of fishery resources, including for older RFMOs by expanding their
mandates from a target species focus to meet broadened expecta-
tions, including to monitor and manage vulnerable bycatch (Gilman
et al., 2014). In 1997, the Inter-American Tropical Tuna Commission
established the first working group to address problematic bycatch in
the tuna purse seine fishery of the Eastern Pacific Ocean. One of the
terms of reference for this group was to develop gear technology for
bycatch reduction. Other tuna RFMOs (t-RFMOs) have gradually in-
cluded bycatch issues in their mandate and established working groups
on bycatch and ecosystems. For instance, the first Indian Ocean Tuna
Commission (IOTC) Working Party on Ecosystems and Bycatch took
place in 2005. Research on the development of gear technology for by-
catch reduction and potential mitigation measures influenced t-RFMOs'
adoption of conservation and management measures on bycatch.

Nonetheless, the challenges, promulgation and adoption of mit-
igation measures represent only the first step to critically evaluate
implementation and effectiveness of each mitigation measure. For it
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to be economically viable as well as meet conservation objectives,
the mitigation measures should eliminate or reduce shark fishing
mortalities, maintain target species catch rates and not increase the
catch risk of other vulnerable bycatch species.

In the case of tropical purse seine fisheries, recent innovations
in the development of technical bycatch mitigation measures were
conceptualized, designed and disseminated from large-scale interna-
tional research projects (e.g. ABNJ Tuna Project (http://www.fao.org/
in-action/commonoceans/en/; International Seafood Sustainability
Foundation; https://iss-foundation.org/). The development of techni-
cal mitigation measures over the last two decades has also focused
on longline gears, which have relatively high bycatch levels (Dent &
Clarke, 2015; Roda et al., 2019). While substantial progress was made
in various tuna fisheries in reducing bycatch and mortality of sea tur-
tles (e.g. finfish instead of squid for bait; Watson et al., 2005), seabirds
(e.g. night setting; Brothers et al., 1999) and marine mammals (e.g.
Medina panel; Barham et al., 1977), there has been relatively limited
development of technical approaches to reduce shark bycatch and
catch of under-sized or juveniles of target species in longline fisheries.

The number of mitigation measures to reduce the fishing mortal-
ity of sharks that involve gear modifications is limited and not always
transferable from one region to another without adequate trials
on commercial vessels (Poisson et al., 2016; Swimmer et al., 2020).
Finally, in some cases, methods to mitigate certain bycatch species
could result in adverse cross-taxa conflicts, where, for example, the
use of circle-shaped hooks to mitigate marine turtle bycatch exacer-
bates catch rates of pelagic sharks (Gilman et al., 2019).

Despite the urgency in investigating and implementing mitiga-
tion measures in fisheries, there are still a number of burgeoning
questions inherent in the process: (1) Do we know enough about the
capture process? (2) How can approaches for the assessment of the
efficacy of mitigation measures in practice be improved? (3) Why
are mitigation measures not always transferable? (4) What should
we study to innovate effective mitigation measures? And, (5) which
tools should we develop in the future?

This study presents a history of the development of techniques
and research facilities for studying the behaviour of tunas and other
marine megafauna and reviews research on the development of mit-
igation measures for pelagic longline and tropical purse seine fisher-
ies. The study also presents new perspectives for integrating recent
technological breakthroughs based on investigations on bycatch
behaviours, especially related to sharks and fishing gear dynamics.
Lastly, this study highlights new discoveries on fish sentience and

the implications of these capabilities.

2 | FISHING GEARS
2.1 | Pelagiclongline
A pelagic longline is a passive fishing gear consisting of a mainline

stretched horizontally, immersed to a desired depth by using floats
regularly spaced and with adapted snoods (also called gangions
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and branchlines; Beverly et al., 2003). Pelagic longline gear and
labour conditions have evolved thanks to the improvements in
materials used for fishing gear components (e.g. nylon mainline,
branchlines and floatlines, floats and hooks) and vessel equipment
such as hydraulic line haulers, setters and reels. This allowed for
the development of various strategies to increase the selectiv-
ity for many target species (Ward & Hindmarsh, 2007; Watson &
Kerstetter, 2006). Baited hooks are attached at regular intervals
on the mainline to achieve desired depths. The fishing operation
can be divided into four stages: setting, sinking, soaking and re-
trieval. The fishing gear and baited hooks are presented in a way
that is attractive to fish. Myriad physical and chemical factors
can influence the degree of species-specific attraction towards
pelagic longline gear, including (1) environmental factors such as
temperature, current speed and direction, water clarity, bright-
ness, time of day and lunar phase; (2) operational factors related
to the gear design and fishing strategy, bait (type and size), main-
line (monofilament or multifilament), hook type and model, snood
and snood attachment, sag, the distance between two successive
hooks (“hook-spacing”), depth of line, number of fishing vessels in
the area and associated sounds and harmonics; (3) intrinsic factors
such as satiety of individuals, sexual maturation, body size, food
deprivation; (4) interactions with other surrounding fauna: pres-
ence of other prey and/or predators and dominant animals within
the same guild; and (5) factors such as hormonal/chemical signals
and odour plumes (Bjordal & Lokkeborg, 1996; Jordan et al., 2013;
Lgkkeborg & Pina, 1997; Monnahan & Stewart, 2018; Mourier
et al., 2017; Myrberg et al., 1978).

2.2 | Tropical purse seine

A tropical purse seine is an active fishing gear that obstructs the
path of the fish and encloses a free swimming school, or encircles
tuna schools that aggregate either under a FOB (natural or man-
made) or large marine species (whales and whale sharks or dolphins
shoals; Escalle et al., 2019; Hall & Roman, 2013). Sea conditions and
fishing operations make gear movements complex, and external
stimuli provided by the dynamic movement of fishing gear during
operation can drastically change fish behaviour over fine spatiotem-
poral scales. FAD technology is often used in conjunction with purse
seines and has evolved rapidly worldwide, and their characteristics
and efficiency vary according to different locations (Fonteneau
et al., 2000). The operational procedure consists of six routine steps:
setting, pursing, net hauling, preparation of the bunt, brailing, sort-

ing and preparing the gear (Ben-Yami, 1994; Poisson et al., 2014).

3 | BEHAVIOURAL OBSERVATIONS AND
DEVELOPMENT OF MITIGATION MEASURES

It is inspirational to study and appreciate how the first naturalists,
from Aristotle (4th BCE) and Pliny the Elder (I1th A.C.), who described

seasonal migration of bluefin tuna (Thunnus thynnus, Scombridae) in
the Mediterranean Sea in their writings “History of Animals” and the
encyclopaedia Naturalis Historia ("Natural History"), respectively,
to Guillaume Rondelet (16th century), Carl Linnaeus (18th century)
and Pierre-Paul Grassé (19th century) who learned about species
biology, ecology and behaviours by carefully making direct observa-
tions and cross-referencing information. This critical observational
and comparative approach was able to penetrate the intimate se-
crets of many living organisms. The observation of marine animals,
however, has always been challenging, with much of the knowledge
from surface observations and concomitant catch sampling linked to
environmental conditions. Despite the limitations and lack of instru-
ments, these scientists were able to documented fundamental life-
history traits and biology of marine animals.

Modern studies on fish initially concentrated on the physiol-
ogy, biology and behaviour of commercial species and also dealt
directly with the reactions of tunas to assorted stimuli in both
the laboratory and the field. For the first time, in the early 1950s,
experiments on reactions to chemical, light and sound were con-
ducted on tunas maintained in captivity. Studies reported that
yellowfin tuna (Thunnus albacares, Scombridae) were attracted by
particular protein-infused attractants rather than by saturated fats
(Van Weel, 1952) and by moderate intensity of white light but were
repelled when flashing light (Hsiao, 1952). The research discovered
that sudden movements of yellowfin tuna's tails can produce low-
frequency sounds which could have a role in school formation
(Miyake, 1952).

Tank studies became possible thanks to the development of
more sophisticated instruments and facilities to observe tunas' un-
derwater behavioural patterns. Significant knowledge on the be-
haviour of tunas was gained after the 1950s (e.g. feeding, schooling,
swimming, reaction to stimuli, behaviour in relation to environmen-
tal features and associations with other organisms and objects) by
observations from the decks of tuna pole-and-line fishing vessels
(Nakamura, 1972). The use of a caisson immersed below the surface
or from a stern chamber permitted scientists to observe the be-
haviour of tuna under varying fishing conditions (Strasburg & Yuen,
1960). Catch rates, rates of attack on bait and numbers of tunas
attracted to the vessel during experimental fishing were collected.
Schooling behaviour and swimming speeds were analysed by movie
cameras (Nakamura, 1972). A raft with underwater observational
facilities was also built to conduct observations of animals which
visited and aggregated under and around structures (Gooding,
1965). These first attempts at bait stations highlighted some limita-
tions such as observations were relatively short, impossible to make
at night and at depths exceeding 25 m. The use of submersible ve-
hicles and acoustic devices was considered and tested to overcome
these limitations (Strasburg, 1965). This research gave the scientific
community the first understanding of the capture process in detail
and helped to open up new lines of research to prevent or reduce
unwanted catch.

Direct visual observation on drifting FADs and when encircled
by purse seine gear and acoustic tagging studies on FADs provided
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new insights to behavioural patterns of non-target and unwanted
species. Nevertheless, additional research is needed for the devel-
opment of options to selectively release or sort animals from the net
before they sustain lethal injuries (Forget et al., 2015; Muir et al,,
2012). Statistical analyses demonstrated that fishers could avoid
unwanted species by modifying the depth of the material hanging
from FADs and the fishing depth of the purse seine gear but also by
moving to other fishing areas (Lennert-Cody et al., 2008).

By reviewing the literature on the development of mitigation mea-
sures, it appears that effective methods or promising concepts to avoid
capture of unwanted species and methods to reduce bycatch mortality
arose from four main types of approach: (1) shark biology and sensory
physiology, (2) aggregating behaviour of various species under natural
or man-made FADs, (3) fishing gear behaviour and marine animals in-

teractions during the fishing process and (4) habitat use.

3.1 | Shark biology and sensory physiology
3.1.1 | Chemical deterrents and attractants

An understanding of the sensory cues that attract sharks could help
guide efforts to adapt gear and bait to make them less attractive,
repellent or non-detectable. Chemical signals have been reported
to be major sensory modalities at different various stages of their
life cycle (Johnsen, 1986; Rigg et al., 2009). As sharks are consid-
ered a threat to humans, there has been a particular interest to study
their biology and sensory physiology since the 1950s to discover ef-
ficacious shark repellents (Gilbert & Springer, 1963; Springer, 1955;
Tuve, 1963) but none of the chemical substances tested were found
to produce a quick and effective repellent response in the field
(Sisneros & Nelson, 2001). After 70 years of research on shark repel-
lents, no effective solution to reduce shark bycatch and depredation
in commercial fisheries has been developed (Hart & Collin, 2015).

As a possible mitigation method, the deployment of “bait sta-
tions” using natural “chemical attractants” was suggested as a way to
attract sharks away from purse seines (Kondel & Rusin, 2007; Scott,
2007). This technique was tested with limited success (Restrepo
et al., 2018). Meanwhile, Hall and Roman (2013) estimated that 24%
of FADs in the eastern Pacific included a bait container hung under
the FAD.

3.1.2 | Magnetic, E+ metals, electrical deterrents

The idea to swamp sharks' electrical field detection system in the
perception of their environment and location of prey has been tried
(Jordan et al., 2013; Kalmijn, 1974) to reduce interactions with hooks
and other fishing gear types. Unfortunately, field tests of magnets,
lanthanide metals and battery-powered electric devices have failed
at significantly reducing shark catches (Godin et al., 2013; Hazin
et al., 2005; Rigg et al., 2009) likely because the range and magni-
tude of the devices and charge is too small.
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3.1.3 | Auditory deterrents and attractors

Investigation into the ethology of sharks and observations of reac-
tions to various wavelengths (Gruber & Myrberg, 2015; Myrberg,
2001; Myrberg et al., 1972; Nelson & Gruber, 1963) led to the de-
velopment of “auditory deterrents and attractors.” Diffusion of high
intensity sounds at close range can trigger quick withdrawal in both
silky (Carcharinus falciformis, Carcharhinidae) and oceanic whitetip
(Carcharinus. Longimanus, Carcharhinidae) sharks (Myrberg et al.,
1978). Studies of acoustic attraction in pelagic shark species support
the general conclusion that sharks, such as pelagic teleosts, are low-
frequency specialists (Myrberg, 2001). Silky and oceanic whitetip
sharks are attracted to low-frequency sound within the range of
25-1000 Hz, with attractiveness increasing as sound frequency de-
creases (Myrberg et al., 1972, 1978). Sharks can orient their course
towards a low-frequency signal from distances of 125 to over 400 m
away (Myrberg et al., 1969). Devices producing attractant sound
with a transducer have been manufactured (http://www.makom
agnet.com) for the big game sports fishing market and other fishing
gears (Scott, 2007). It has been tried in FAD trials with little success
(Restrepo et al., 2018).

3.1.4 | Lightattractors combined with sounds

Preliminary tests of strobe light combined with sound showed that
white sharks (Carcharodon carcharias, Lamnidae) spent significantly
less time in proximity to the bait. This approach can effectively
mitigate shark-human interactions (Ryan et al., 2017). It also holds
promise to reduce shark interactions with fishing gear and warrants

further investigation.

3.2 | Investigations and observations on the
aggregating behaviour of species under natural and
man-made FOBs

Purse instrument FADs with echo sounders for various reasons, but
mainly to obtain an index of biomass, indicating whether the FAD
has a large enough aggregation to warrant travelling to the FAD to
make a set. This information is not the sole determining factor for
fishers to set on the FAD but complements other sources of infor-
mation. Targeting bigger schools can reduce ecosystem impacts of
fisheries (Dagorn et al., 2012). DFADs are an integral part of todays'
fishing strategies in tropical tuna purse seiners. These DFADS at-
tract and aggregate multiple pelagic species that can potentially
be caught during fishing operations (Hallier & Gaertner, 2008). For
instance, the average continuous residence times at FADs have
been estimated at 6 days for silky sharks (Tolotti et al., 2020). New
DFAD designs could drastically reduce their capture from entan-
glement in the DFAD appendage (Filmalter et al., 2013; Schaefer
et al., 2021). The most promising mitigation measures are the use
of “non-entangling” designs of DFADs which drastically reduce
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sea turtle and shark entanglement (Moreno et al., 2018), and their
deployment, in limited numbers, is proposed in the section, “FAD
design and Management” (Gilman et al., 2018). Anchored FADs are
also used by tuna purse seine fisheries, and a majority of the catch
by tuna pole-and-line fisheries also comes from fishing on anchored
and DFADs (Adam et al., 2019; Defaux et al., 2018; ISSF, 2020; ISSF
& IPNLF, 2019; Sibisopere, 2000; Thai-Union, 2017; Widodo et al.,
2016). Underwater observations of pelagic fish swimming behav-
iours in purse seines during net hauling and pursing phases by divers
highlighted the clear segregation between tuna and non-target spe-
cies in the Western Pacific. For example, under certain conditions
(e.g. deep thermocline, low current), silky sharks tend to swim in
schools close to a particular location of the net called “the pocket”
and researchers investigated the feasibility of using an escape panel
installed on the net (Itano et al., 2012). However, when trialled, only
two sharks moved momentarily out of the net through the escape
panel, only to quickly return to inside the net where the group of
other sharks were.

3.3 | Investigation on longline fishing gear
behaviour and marine animals' interactions during the
fishing process

Concerning investigations into the interactions of pelagic fish and
fishing gear, notable experiments have been implemented with the
collection of data obtained with sophisticated electronic tools and
instruments. This research provided information which allowed the
direct observation of pelagic fish behaviours and to propose tech-
nical mitigation measures. Thus, during pelagic longline operation,
the use of “hook timers” coupled with “Time Depth Recorders”
helped to clarify the impact of capture time, soak time and depth
distribution of fishing gear on catch yield and haulback survival rates
(Boggs, 1992; Erickson et al.,2000; Peterson et al., 2017; Poisson
et al., 2010). The definition of preferred vertical habitat, for pelagic
species, can be confirmed by pop-up satellite archival tags (PSATs)
and other electronic tags (e.g. Musyl et al., 2011). This research pro-
vided justification to three technical mitigation measures (1). “Deep
setting” which consists of setting the line beneath the mixed-layer
to reduce vertical overlap between the fishing gear and epipelagic
sharks (Beverly et al., 2009; Musyl & Gilman, 2018; Musyl et al.,
2009), (2). “Reduced soak times” and (3). “Retention bans” which
could increase the survivorship of unwanted species (Dapp et al.,
2016; Marshall et al., 2015).

3.4 | Identification of habitat

The identification of shark spatially static “hot spots” (e.g. sub-
merged features, seamounts and banks) afforded by satellite
tagging led to restriction of fishing in these areas (“Time-area clo-
sure”; Calich et al.,, 2018; Chapman et al., 2015; Lucifora et al.,
2011). Moreover, combining information from satellite telemetry

from several ETP species, with fisheries observer and environ-
mental data, the ability to model and predict “dynamic closures”
that are spatially mobile and temporally variable became realistic
(Hazen et al., 2018).

4 | WHAT IS MISSING IN OUR
UNDERSTANDING OF FISH CAPTURE AND
ESCAPE PROCESSES?

The capture process is the final result of fishes' responses to multi-
ple and various stimuli. Fish react to odour plumes released by the
baited hooks of longline gear dispersed in the environment but also
to bait shape, size, texture, colour/light reflection and movements
which are thought to trigger (or not) the attack decision (Bjordal &
Lokkeborg, 1996). Sharks approach their prey on the surface, in mid-
water, or on the bottom, and they display a number of specializations
for feeding (grasping, sucking, crushing, gouging, cutting and filter-
ing systems; Jordan et al., 2013; Moss, 1977). The final attack deci-
sion and behaviour to take baited hooks could be dictated by other
factors which could be detected visually and acoustically as soon
as the gear is set (e.g. occurrence of various types of prey species,
ambient noise, propellers, boat harmonics, marine mammal signals,
physico-chemical characteristics) which could affect catch rates.
Social interactions between conspecifics could alter responses
towards baited hooks (Robbins et al., 2011). Patterns of four car-
charhinid shark movements and approach to food items, including
biting and eating, were filmed in detail in the laboratory (Frazzetta
& Prange, 1987). For pelagic sharks, the understanding of predatory
behaviour and foraging patterns of tiger sharks (Galeocerdo cuvier,
Carcharhinidae) was improved due to advanced telemetry studies
using cameras (“Critter Cams”) affixed to their bodies (Heithaus
et al., 2002). However, most of the information and observations on
fish behaviour towards bait in the wild come from demersal fisheries
(He, 1996; Lokkeborg & Bjordal, 1992; Lgkkeborg et al., 2014; Vabo
et al., 2004).

Various factors are known to modify sharks' catchability. Hook
shape can significantly affect the catch risk of most pelagic shark
species. There is higher shark catch risk on circle as compared to
J-shaped hooks, presenting a conflict with marine turtles (Gilman
et al., 2016; Reinhardt et al., 2017).

The effect of hook shape on shark catch risk may be due, in part,
to the way sharks approach and capture their prey. Sharks bite their
prey (and baited hooks) repeatedly before swallowing, unlike tele-
osts who suck in and swallow their prey. While being repeatedly
bitten by sharks, due to their shape, circle hooks roll and slide more
so than J-shaped hooks, perhaps creating a higher probability that
circle hooks will become oriented so that it lodges. Factors such as
“hook-spacing” and “bait loss” have been investigated in demersal
longlines (Monnahan & Stewart, 2018; Skud, 1978) where catch
rates can be affected by the “hook-spacing” and thereby impact
catching efficiency in Pacific halibut fisheries (Bjordal & Lokkeborg,
1996). Moreover, it was reported that bait loss was correlated with
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soak time and loss was lower for firm-bodied bait, such as squid
(Shomura, 1955; Ward & Myers, 2007). Estimates of hooking ratios
showed that approximately 200 baits are spent to catch one tuna
(Januma et al., 2003). Capture on vertical longlines was approached
by estimating bait retention and by the number of fish/hook con-
tacts (Matsuoka et al., 1992). The prior study suggested that gear in-
teractions could induce cryptic mortality. In addition, depredation of
bait by “bait stealers” (small fish, pelagic fish, invertebrates) and sea
conditions is likely to affect bait retention during soaking and hauling
phases (Shomura, 1955) and other authors have demonstrated that
bait loss rates varied among bait species (Kumar et al., 2016). Events
including bait loss, twisted or broken hooks and depredation of bait
or captured fish have been documented (Gilman et al., 2006; Kumar
et al., 2016; Mitchell et al., 2018). These events can also bias exper-
iments aimed at demonstrating the effectiveness of a technical mit-
igation measures. For example, during a study assessing the effect
of bait type, unobserved cetacean depredation on one bait type can
bias observed bait-specific catch rates. Therefore, more research ef-
fortis needed in pelagic longline fisheries to determine the influence
and priority of proximate factors affecting baited hooks.

The efficiency of a measure is evaluated based on data col-
lected by scientists. However, various interactions with fishing
gear types other than captures are generally not observed and
remain cryptic. Moreover, no study has tested the responses of
sharks and other prey using the same experimental procedures.
In other words, results of the experiments were never fully dupli-
cated or extended to other species. This could be the reason why
the transfer of a successful mitigation measure from one region to
another did not always occur. Understanding species' behaviours
especially during capture is essential for formulating further by-
catch reduction approaches and to assess the effectiveness of

mitigation measures.

5 | NEW TOOLS TO INVESTIGATE
BYCATCH BEHAVIOUR AND FISHING GEAR
DYNAMICS

Aerial drones have provided new opportunities for biologists,
including the ability to identify biodiversity and environmental
patterns in hard-to-reach areas, counting animals in populations
and studying the behaviour of individuals in their environment;
ensuring that they are not disturbed (Anderson & Gaston, 2013;
Rimmler et al., 2016; Vas et al., 2015). This technology has been
used to monitor white shark movements and behaviours near surf
zones, where shark attacks have occurred (Colefax et al., 2020;
Gorkin et al., 2020). Aerial drones have been used to elucidate
shark behaviours, movements, social interactions and preda-
tion across multiple species (Butcher et al., 2021). Aerial drones
can increase fish detection and resolution contributing to fish-
ing efficiency of tuna fishing and the IOTC prohibited their use
(Resolution 16/08 On the prohibition of the use of aircrafts and
unmanned aerial vehicles [UAVs] as fishing aids).

st 551
AT —
FISH and FISHERIES =~ ~=-EAV,VA§| EYJ—

In the marine environment, underwater remotely operated ve-
hicles (ROVs) have generally been used to access areas that would
otherwise be inaccessible to divers (Ambrose et al.,, 2005; Jones,
2009; Trenkel et al., 2004) to observe marine turtles (Dodge et al.,
2018; Smolowitz et al., 2015) or the condition of elasmobranchs in-
cidentally captured and released back into the water (Raoult et al.,
2019). However, ROVs used in fisheries research and ecology have
been limited due to high capital and operating costs, and the need
for specialized vessels for deployment and recovery operations.
More recently, miniature ROV technology has significantly reduced
the cost and has the potential to revolutionize marine research in a
manner similar to the development of UAVs (Anderson & Gaston,
2013). An autonomous underwater vehicle (AUV) was used to pho-
tograph the seafloor and to evaluate its use for determining scallop
density and size (Trembanis et al., 2016). ROVs provide the ability
to visually track animals in environments where diving conditions
for humans are implausible and where the animal's swimming abil-
ity is greater than that of the diver. For example, this approach has
been used to track loggerhead turtles (Smolowitz et al., 2015) to
continuously document their real-time behaviour for several hours
(Patel et al., 2016). New generations of ROVs are continuously being
miniaturized and are now considered an appropriate tool to observe
the short-term behavioural effects of catch and release of sharks
(Baronio, 2012). Preliminary investigations and observations are
needed to understand and clarify how the noise, electrical fields and
light produced by the AUVs could alter the natural behaviours of
sharks. As has been documented in livestock behavioural surveys
(Saitoh & Kobayashi, 2021), similar studies in the marine environ-
ment are necessary to verify the appropriate animal-drone distance
for behavioural observations in the wild. The underwater drone, like
its aerial counterpart, will continue to be optimized, and the technol-
ogy will be validated as a requisite tool for researchers studying the
marine environment; much like the proliferation of PSATs in marine
research. This technology makes it possible to pose different hy-
potheses and to innovate research concepts to inform management
on a hitherto unimagined level. An underwater drone capable of
carrying cameras and other miniaturized sensors (e.g. Conductivity
Temperature Depth probe to measure dissolved oxygen and mixed-
layer depth) is an innovative tool that can be integrated into expand-
ing new research areas. This technology and accompanying wealth
of data should be merged with data from various fields to study the
physical and environmental parameters of the water column, how
marine species interact with fishing gear and to determine the fate
of captured organisms.

Pelagic fishing gear types are generally large, and many factors
can affect the underwater shape of the gear during actual opera-
tions. To understand the behaviour of fish during capture, it is nec-
essary to correctly acquire and chronicle fishing gear movements
and the underwater shape and dynamics during fishing affected
by ambient conditions (e.g. current, wind, catch). Numerical simula-
tion can estimate the geometry and dynamics of various large fish-
ing gear types by solving the equations of motion and studying the
design and operational characteristics in a virtual space. Although
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researchers have used computer simulations to estimate the dynam-
ics of fishing gear in water, most of the discussions were focused on
the accuracy of the results and applicability of the models for long-
lines (Rice et al., 2007; Yoshihara, 1951) and purse seines (Lee et al.,
2005; Priour, 1999; Takagi et al., 2002).

6 | FOCUS ON THE POTENTIAL MISSIONS
FOR MINI-AUVs

Below we present some innovative research directions for poten-
tial applications of new mitigation measures in pelagic longlines and
tropical purse seine fisheries to reduce catch and mortality of sharks
and other taxa. Table 1 summarizes the information for each ap-

proach proposed mitigation measure.

6.1 | Longline and mini-AUVs: Platforms of
observation

Instrumented pelagic longline gear could be used to investigate
specific animal behaviours, to evaluate a suite of prognostic envi-
ronmental and operational factors determining the effectiveness of
candidate mitigation measures. Furthermore, it requires designing a
comprehensive system of "monitored" fishing gear to assess gear dy-
namics during fishing and the effectiveness of candidate mitigation
measures during specific experiments (e.g. hook tests of a different
shape or size, bait test and repellents).

Thus, an array of miniaturized cameras suspended vertically on
hook snoods and horizontally placed along the mainline would pro-
vide 270° views of the gear (Figure 1). This comprehensive monitoring
would provide a wealth of critical information to: (1) record the occur-
rence of species in close vicinity of the gear, (2) quantify the operational
range of gear/bait attraction on the behaviour of different species, (3)
document the interactions between animals from the same species
(social behaviour) or different species (prey-predator), (4) understand
the process of capture avoidance, (5) quantify the number of sharks
that bite through the gear and free themselves; cetaceans that unbend
hooks and free themselves (i.e. pre-catch escapement), (6) document
predation of the bait or captured fish by other animals (i.e. depreda-
tion) and (7) investigate the behaviour of the gear when deployed (e.g.
hook sinking, vertical movement of the gear components) along with
the movement of the bait on the hook linked to the stiffness of the line
and the current. Furthermore, by instrumenting the fishing gear with
various sensors (depth, light, d.o. and hydrophone), it would be possible
to obtain evidence of the underlying factors that influence specific be-
haviours. All of the observations collected could then help to identify
the selectivity of the mitigation measure tested and describe the spe-
cific behaviours to avoid and/or reduce mortality outcomes.

Ethograms could be constructed for each species in order to
identify major factors that significantly influence interactions (i.e.
time to strike the bait, number of prior encounters (bumps and bites)
and other patterns in the capture or escape process (e.g. fighting

duration, type of movements or escape pattern, elapsed time before
death, interaction-induced injuries). The success of the capture event
relies in a second phase of the efficiency of the hook to retain the fish
and the capacity of the fish to cut the gear at various levels: hook, line
and snood. These events have never been satisfactorily quantified
because of a lack of adapted tools. The ratio of attack/capture versus
interactions with hooks (e.g. touch, escape) could be a good index
to assess the efficiency of modified and experimental longline gear.

In situ monitoring would also be very useful to document “pre-
catch” escapement rates, depredation rates and catch that fall off
the gear due to mechanical action. Direct recording and examination
of individual behaviours at different spatial scales from the periph-
ery of passive fishing gear (less than 500 m) to the proximate vicinity
close to the hook could offer new approaches to studying the selec-
tivity of fishing gears. The observational range with cameras is from
few metres as the visibility in water is limited.

The behaviour of the gear could be studied (i.e. sinking and sag
of the branch line with regards to bait type (alive, frozen, fresh) and
size/weight), along with the movements and harmonics of the main-
line or branch line with the current. Similarly, an ethogram could be
developed. Simultaneously, the occurrence and density of other
planktonic organisms could be recorded.

To simplify laborious visualization of the underwater videos, auto-
matic computer-based fish detection is needed. The species classifi-
cation for all the captured images validated by experts will constitute
a crucial reference data set for machine learning process develop-
ment. A large amount of verified data will be required to supply ma-
chine learning algorithms. Multiple sources of information in various
formats (i.e. image, audio and text files) on gear and marine animal's
behaviours and environmental parameters will constitute important
data sets to be explored to assess the characteristics of the capture
process. All of this information could be compiled in a common da-
tabase and searched for patterns with machine learning algorithms.

An autonomous underwater drone equipped with high-definition
cameras could be used to study the response of fish to baited hooks or
any gear parameters and/or dynamics affecting the catch efficiency
or selectivity at distances of several hundred metres. The autono-
mous drone is equipped with scalable artificial intelligence that has
unique qualities with GPS, located by a compact autonomous surface
vehicle, and internal navigation tools so that it is able to be in self-pilot
mode by following a pre-recorded route near the fishing gear in order
to detect the presence of pelagic species (Figure 1). In other words,
by a process similar to dynamic positioning, the highly accurate navi-
gation system (i.e. typically few metres drift over 1 km of trackline of
the mini-AUV) would allow for the repeatability of survey tracts lines.
The AUV is an effective tool for the collection of complementary im-
ages as part of the investigation of monitoring longlines. The ability to
quickly deploy and retrieve the mini-AUV from a vessel allows for the
rapid downloading of photographic and acoustic data.

In order to build a reliable monitoring system, experiments in the
field are necessary to validate system components, data retrieval and
downloading and to make improvements. This fishery independent
system strives to quantify types and frequencies of interactions in
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(Continued)

TABLE 1

Outputs/implications

Derived information

Investigation

Devices/methodologies

Innovative direction

New insights on purse seine and

understand the shape and deformation of The underwater dynamics of fishing gear

Multi-disciplinary and comparative

Computer simulation and

gill net capture processes
and perspectives for the

help to understand the behaviour of
individuals towards fishing gear
It is possible to estimate the three-

purse seine and gill nets over time and
under certain sea conditions in order to

predict whether the target fish can be
caught and avoid associated bycatch

approach, combining biological,
behavioural, and technological

studies

analysis of fishing gear

geometry and dynamics

development of technical

MMs
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dimensional trajectory of an

individual's behaviour with respect

to fishing gear
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real time that can be compared to visual observations. AUVs could
be used as a platform that allows simultaneous surveys from both
optical and acoustical images around fishing gear that will require a
stereo camera system. Continual visual observations and recording
of environmental conditions will allow for a better understanding of
capture or (escape process) and enumeration and identification of
marine animals in the vicinity of gear.

In addition to collection of images, advancements in AUV tech-
nology incorporating off-the-shelf probes and the increase of the
ability for payloads to collect complimentary data will provide the
potential to fulfil many missions to document many aspects of free
swimming animals' behaviour and their environment. The manufac-
turers have developed platforms allowing for the storage and the
visualization of all the data recorded (videos, pictures, acoustic and
hydrological parameters). These data are obtained by various sen-
sors to provide for a time synchronized analysis.

In parallel, dedicated software to detect the appearance of an
organism on video recorded by miniature cameras placed above the
baited hooks is currently in the testing phase. This software stream-
lines and saves considerable time interrogating the data. During pre-

liminary tests, interactions of several species were recorded (Figure 2).

6.2 | Visualinspection of DFADs and in the
purse seine

The mini-AUV could be used to approach and inspect deployed
DFADs and to observe at different spatial and temporal scales the
occurrence, density and location of pelagic organisms and to monitor
the free swimming schools of pelagic species during purse seining
operations. Visual inspection could be done using its embedded cam-
era but multiple cameras can be added to record the whole environ-
ment. Sonar could be used to assist the drone to track tunas (large

swim bladder) to analyse their movements near the DFAD (Figure 3).

6.3 | Environmental DNA samplings

The deployment of AUVs in parallel to the longline gear could be
used to collect water samples for environmental DNA assays to
compare with the observed CPUE and species identifications. This
method has also applications in conservation applications and a
large array of ecological goals (Le Port et al., 2018).

6.4 | Horizontal and vertical measurements
along the line with YSI probe and/or Turner Design
Fluorometer

The autonomous underwater drone can be equipped with the stand-
ard embedded YSI probe (https://www.ysi.com/) in order to measure
typical hydrological parameters such as water temperature, salinity
and pressure as well as dissolved oxygen concentration, to better
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FIGURE 1 Aninstrumented longline equipped with sensors and
cameras and a mini autonomous underwater vehicles patrolling
around the fishing gear (a: miniaturized sonar; b: lights; c: internal
camera; d: positioning buoy, e: miniaturized camera, f: 270° view
camera, g: acoustic attractant)

FIGURE 2 Images captured of

various individuals around branchlines

of a deployed surface longline: sunfish
(Mola mola, Molidae), Pelagic stingray
(Pteroplatytrygon violacea, Dasyatidae),
Atlantic bluefin tuna (Thunnus thynnus,
Scombridae), Common dolphin (Delphinus
delphis, Delphinidae), Swordfish (Xiphias
gladius, Xiphiidae)

characterize environmental variability over space and time. In addi-
tion, the robotic unit could be optimized via its Serial Hub with a Turner
Design Fluorometer to provide real-time the total Chlorophyll-a con-
centrations. To complete the physical environmental characterization,
vertical profiles at fixed points can also be executed by the robot in
order to give a precise vertical record of the stratification parameters:
thermocline depth and water density post-calculated for each layer.

T

il

FIGURE 3 Behaviours'inspection of target and non-target
species, by a mini autonomous underwater vehicle, on DFADs and
when encircled by the purse seine gear

6.5 | Post-release mortality

In order to validate good practices by fisheries during handling and
release practices, post-release behaviour and time spent hooked and
struggling could be monitored by the same autonomous underwater
drone system assigned to follow a released telemetered animal (Raoult
et al., 2019) to document this critical period within the current limits
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of the drone's performances in terms of battery speed and depth. The
first 24-48 hr after release is an important recovery period for species
that are offloading excess CO, and lactic acid (metabolic and respiratory
acidosis) and thus are vulnerable to predation (Musyl et al., 2015). To
improve our knowledge of pelagic fish behaviour, morbidity and mortal-
ity, equipping the drone with a dissolved oxygen sensor and calculating
the mixed-layer depth would be important prognostic parameters to
quantify whether discarded sharks ultimately die after release. Musyl
and Gilman (2018) hypothesized that sharks captured on shallow hooks
trapped in warm water on commercial longlines in Palau probably suf-
fered higher mortality outcomes because sharks could not cool them-
selves or repay oxygen debts by diving past the shallow mixed-layer.
The drone could also mimic the diving behaviour (W-shaped) of pelagic
fish to ascertain energetic costs and how this might affect morbidity.
Recent research has shown that fishing also has the capacity to exert
sub-lethal effects at the population level (e.g. spawning, migration, re-
production) which, due to logistical challenges, is rarely measured in
large pelagic species (Guida, 2016; Wosnick et al., 2019).

7 | COMPUTER SIMULATION AND
ANALYSIS OF FISHING GEAR GEOMETRY
AND DYNAMICS

The recent development of numerical simulations of the three-
dimensional dynamics of fishing nets (Takagi et al., 2002) has brought
new insights on purse seine capture processes and perspectives for
the development of technical mitigation measures. The technique
proposed here contributes to a multi-disciplinary and comparative
approach, combining biological, behavioural and technological stud-
ies (Takagi et al., 2007). It enables the understanding of the shape
and deformation of various fishing gears such as purse seine and
gill nets. The analysis also makes it possible to estimate each mesh
shape and how it changes over time. Hence, it is easy to estimate
whether target fish can be caught. Thus, the capture process is bet-
ter quantified than in traditional methods such as underwater video.

Figure 4 shows purse seine and bottom gill nets during opera-
tions under certain sea conditions. Estimating the whole shape of
fishing gear using the technique helps in understanding how shape
affects fish shoaling and thigmotactic behaviour. The fine-scale de-
formation of net meshes obtained from the simulation enables the
evaluation of its impact on selectivity and the attractive or repulsive

behaviour of target species. The significance of an individuals' be-
haviour can be revealed through the information and communica-
tions technology solution.

Integration of purse seiner sonar data collected in thousands of
sets could help gain information on tuna behaviour in the net in dif-
ferent fishing conditions and school sizes. Therefore, it is necessary
to establish a technology that captures the behaviour of individ-
uals in detail during fishing. It is possible to estimate the three-
dimensional trajectory of an individual's behaviour with respect
to fishing gear. Figure 5 shows the estimated three-dimensional
behaviour of yellowfin tuna during a purse seine operation using
dead-reckoning and ultrasonic equipment. Dead-reckoning enables
us to draw detailed three-dimensional paths using time series data
of the direction, speed and depth of the individual affixed with a
measuring device. In order to eliminate the accumulation of er-
rors, the data assimilation method was used, and higher accuracy
of three-dimensional positional information could be achieved
(Shimizudani, 2019).

8 | NEW PARADIGMS FOR FUTURE
RESEARCH

8.1 | Shark social learning and other abilities

Researchers used knowledge of sharks' sensory capabilities to
develop elasmobranch bycatch reduction methods (Jordan et al.,
2013). Studies exploring social learning, however, about sharks' abil-
ity to learn from congeners are limited, and the ethology of sharks
remains enigmatic (Nelson, 1977). Experimental studies on shark
behaviours have been conducted for a limited number of species
(Guttridge et al., 2009). There is evidence from field and laboratory
experiments that social learning among fish has been underesti-
mated. For example, it has been demonstrated that their ability to
learn from congeners may allow them to adapt (a) anti-predator be-
haviour; (b) migration and orientation; (c) foraging; (d) mate choice;
and (e) rival quality assessment (“eavesdropping”; Brown & Laland,
2003). Like teleost fishes, sharks appear to have the same ability
(Guttridge et al., 2009). The knowledge of the learning behaviour of
elasmobranchs should be explored as it could have direct implica-
tions for the development of catch reduction methods. The demon-
stration of the role of learning in fishing activity has been recently

(@

FIGURE 4 Examples of computer
simulation results of a bottom gillnet with
a 10 cms™ steady current speed (a) and

i I purse seine fishing net geometry 18 min
after casting (b)
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FIGURE 5 The fish position and trajectory (marked in red)

for 18 min during pursing (using a purse seine net) obtained by
computer simulation. The trajectory was estimated by the data
assimilation method combining dead-reckoning and the ultrasonic
positioning

highlighted (Mourier et al., 2017). The authors showed that sharks
may learn from previous non-lethal interactions with fishing gear
which could create and reinforce future gear avoidance behaviours.
This potential ability could partly explain the occurrence of hooks
retrieved with no or half-eaten bait (Matsuoka et al., 1992; Ward
& Myers, 2007). Conversely, sharks receive a positive reinforce-
ment by depredating bait from hooks, which could explain why
sharks are often caught with retained hooks in the jaw (Ward et al.,
2008). Similarly, it was demonstrated that sharks learned to avoid
capture in gillnets during a long-term population census (Manire &
Gruber, 1993). The sounds produced by the fishing vessels engines
could also attract sharks (Guttridge et al., 2009) which can identify
longline gear as a source a food almost like marine mammals (Rosa
& Secchi, 2007). Knowledge of these mechanisms in elasmobranchs
is lacking and should be investigated. Sharks ethology research at
fine spatial scales was studied primarily by combined telemetry/
direct observation by divers (Nelson, 1977), but recent technologi-
cal advances provide for a better understanding. Thus, behaviours
of sharks and other animals could be recorded by attached cam-
eras “crittercams” which provide relevant information on feeding
behaviour and social interactions (Marshall, 1998; Marshall et al.,
2007). A combination of instrumented longlines, mini-AUVs and as-
sociated with aerial drones would also suit this purpose. It has been
shown on several species that fish can undertake long migrations
and return to the same spot during reproduction (philopatry or “site
fidelity”; Hueter et al., 2005; Tillett et al., 2012). Recent studies
have demonstrated that fishes have complex behaviours that en-
able them to use tools and communicate by various forms. They all
have distinctive personality traits and they individually recognize
their congeners, with whom they communicate (Balcombe, 2016).
There is no reason to doubt that sharks could also show similar
abilities (Jacoby et al., 2014).
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9 | CONCLUSION

Bycatch in tuna fisheries is the main anthropogenic threat facing
sharks and other ETP species. A mitigation measures’ success de-
pends upon its effectiveness and industry acceptance. Direct fishing
mortality of pelagic marine fisheries is the main driver of reductions
in the size and abundance of pelagic apex predators, including the
bycatch mortality of sharks (Pacoureau et al., 2021). Of 1004 as-
sessed elasmobranch species, 18% were categorized as Critically
Endangered, Endangered and Vulnerable under the IUCN Red List,
with the main threat being fishing mortality from incidental catch.
This is a conservative estimate, however, as over 46% were catego-
rized as data deficient (Dulvy et al., 2014). The transfer of technical
mitigation measures from one region to another has not always been
effective and can result in unintended cross-taxa conflicts (Gilman
et al., 2019). The various potential interactions of sharks with fishing
gear and capture or escape processes remain enigmatic and require
additional investigations. Complementary investigations are needed
to understand the attraction and capture processes in order to as-
sess technical mitigation measures that are implemented and in situ
observational methods are needed.

The proposed technological innovations could help scientists
explore the mechanisms of interactions of animals interacting with
fishing gears, and the causes of differing responses among individ-
uals and species, allowing for an understanding of potential adverse
effects of the fishing gear on unwanted individuals and how these
interactions could be reduced. In the light of the results, simplified
technological transfers to fishers could be envisaged giving them the
ability to monitor their fishing operations and to make adjustments
to maximize catch and avoid or reduce mortality of bycatch. AUVs in
the vicinity of deployed gear can be used for studying distribution
and abundance patterns of organisms, behaviours while hooked and
injury/stress, survival outcomes, feeding and movements, species
identification and predator/prey interactions.

In the past, fishing gear simulations have been used by industry
to make more efficient nets and longlines but in combination with a
suite of data on fish and shark movements, could also provide valu-
able and actionable insights from a management perspective. The
successful application of such tools and methods will provide con-
servation benefits in understanding factors influencing capture, es-
cape and stress of hooked species. Standardized fishing methods are
needed for future studies aiming at investigating comparative fish-
ing trials to reduce experimental bias and improve data collection.
Studies indicate that well managed and sustainable fisheries require
good data (Sibert et al., 2006). Finally, much like the tenets embraced
in fish farming and aquaculture, the designation of mitigation as it
applies to capture fisheries should be centred on animal welfare con-
cerns. It is time to recognize this important animal welfare problem
in fisheries. There is growing evidence that fishes, including sharks,
have sentience and that they can feel pain. Moreover, results emerg-
ing from recent ethological research explaining the power of social
connection in the “fish world” should be taken into account during
development phases of mitigation measures.
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