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Abstract Otter trawling for fish is one of the world’s
most productive yet problematic fishing methods due
to its bycatch and discards; issues that have been
mitigated in some fisheries by developing more
selective trawls. This paper systematically reviews
efforts published in international peer-reviewed
papers over the past 30 years to identify beneficial
(and limiting) factors and propose a way forward in
this field. In total, 203 papers were assessed, encom-
passing many of the world’s fishing regions, and
involving > 147 species, although 74% of efforts
occurred in Europe mainly focussing on haddock
(Melanogrammus aeglefinus) (64 papers) and cod
(Gadus morhua) (59 papers). Common, simple mod-
ifications have involved increasing lateral-mesh open-
ings to match the morphology of unwanted catches via
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larger diamond-shaped mesh, or simply turning
meshes 45° or 90°, either throughout codends or as
strategic windows in the posterior trawl. In some
fisheries, more complex grids have improved size or
species selection. Fewer attempts have been made to
modify the anterior trawl, but varying sweep/bridle
lengths, horizontal separator panels and longer head-
ropes have realized benefits depending on species-
specific behavioural responses. While the utility of
many modifications is indisputable, experimental
designs (mostly involving covers, but also alternate
hauls and paired comparisons) have, in many cases,
suffered low replication and/or confounding variables.
These deficits may have compromised some results
and contributed to repeated efforts in particular
fisheries. We conclude that rigorous empirical assess-
ments, initially focusing on the posterior trawl, but
eventually encompassing anterior changes, combined
with straightforward interpretation of results for
stakeholders, are as important as the simplicity and
reliability of modifications. Finally, by assessing the
utility, applicability, advantages and disadvantages of
the modifications developed, we provide a framework
which could be followed in future work to reduce
bycatch in these fisheries.

Keywords Bycatch - Discard - Demersal fish trawl -
Multi-species - Selectivity
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Introduction
The problem

Despite many years developing more selective fishing
methods, bycatch (i.e. organisms that are unintention-
ally caught) remains a key issue for fisheries manage-
ment, policy and science (FAO 2011; Gilman et al.
2020). Demersal otter trawling for fish (hereafter
referred to as ‘fish trawling’ and the gear as ‘fish
trawls’) is a major contributor to global seafood
production; but is also responsible for 25% of the
world’s discarded bycatch (estimated at 9.1 million t
in total; Pérez Roda et al. 2019). Concerns from the
public and interacting fisheries regarding impacts
associated with large collateral mortalities of discards,
eco-labelling certification initiatives like the Marine
Stewardship Council, and the recent implementation
of the European Union’s Landing Obligation (or
‘discard ban’), have placed fish trawling at the
forefront of mitigation efforts, with hundreds of
studies being done—especially in the past few decades
(Broadhurst et al. 2006; Uhlmann et al. 2019).

Many of the world’s fisheries jurisdictions seek to
reduce bycatch from fish trawls, but most research has
occurred at relatively few locations, and in many cases
concentrated on technological modifications to con-
ventional trawls designed to improve either size or
species selectivity. While there exist several regional
reviews (e.g. Kennelly 1995; Pol and Carr 2000;
Valdemarsen and Suuronen 2003; Graham et al.
2004a, b; Graham 2006; Madsen 2007; Suuronen
and Sarda 2007; Madhu 2010; Feekings et al. 2013),
there has been no systematic, global synthesis of the
many fish-trawl studies that have been done. Such a
review should prove useful to those jurisdictions/fish-
eries beginning work in this area and/or that fall
outside the regions where research has concentrated,
and complement broader efforts to reduce the wastage
and environmental impacts of fishing gears in general
(e.g. Broadhurst 2000; Wenger et al. 2017; McHugh
et al. 2017; Pérez Roda et al. 2019).

Our objective in this review was to address the
above shortfall by detailing and critically evaluating
the various technical and experimental approaches
used throughout the world to improve the species and/
or size selectivity of fish trawls (and so reduce
bycatch) via gear modifications. We then use this
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information to suggest a way forward for future work
in this field.

Methods
Fish-trawl catching mechanisms

Any review of technical approaches to improve the
selectivity of fishing gears first requires some over-
view of the associated catching mechanisms (McHugh
etal. 2017). There are many different configurations of
fish trawls, but like for other otter trawls, all adhere to
a generic plan which can be separated into various
zones according to the underlying catching process
(McHugh et al. 2017; Melli et al. 2020; Fig. 1).

For the purposes of this review, and following
previous definitions (e.g. McHugh et al. 2017), the first
zone (‘spreading mechanisms’) includes the otter
boards (or hydrovanes which are dragged along or
very close to the seabed and angled so that they spread
all of the rigging aft), sweeps (typically > 100 m) and
bridles (Fig. 1). These non-netting components
exploit the behavioural responses of most fish to herd
them from the area in front of the entire trawl and into
the netting components (Wardle 1989). The second
zone can be defined as the entry point to the netting
components and encompasses the weighted ground
gear and foot rope (which keep the trawl on the
seabed), and a headline with floats or kites that assist
the mouth of the trawl to open vertically (Fig. 1).
These zone-2 components are configured to stop the
escape of fish under or over the trawl. Behind this
rigging are the trawl wings and body (zone 3) which
usually comprise sequentially smaller meshes, with
the body following a long-tapered section designed to
concentrate swimming and tiring fish towards their
retention in the extension and codend. The latter is
zone 4 and is usually not tapered, although the codend
can have variable circumferences (within or between
the extension) to accommodate catches.

Due to the size of the rigging involved in fish trawls,
especially the lengths of sweeps, most configurations
are towed as single rigs and only occasionally as twin
(or ‘dual’) rigs comprising two outside otter boards
and a centre weight or sled (e.g. Graham et al. 2003;
O’Neill et al. 2006). Further, while there is consider-
able variability in fish-trawl designs within and among
fisheries, in many cases the extension and codend are
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Fig. 1 A typical demersal otter trawl showing the four categorized zones

fairly homogenous, and are often the focus of input
controls such as minimum mesh sizes due to the
assumption that they are key areas affecting selection
(Millar and Fryer 1999).

Scope of the review

This review focusses on empirical experiments done at
sea to quantify modifications designed to improve the
size or species selection of demersal otter trawls
targeting fish (teleosts), and so excludes similar work
with beam trawls or directed trawling for cephalopods,
molluscs or crustaceans. Nevertheless, we acknowl-
edge that at least some of these other species groups,
and especially crustaceans, are retained and harvested
as so-called ‘by-product’ in many fish-trawl fisheries
(Kunjipalu et al. 2001; Aydin et al. 2014; Madhu et al.
2015; Brcic et al. 2018a, b).

Further, while there exist hundreds of national and
international reports, magazine articles and other
‘grey’ literature describing research on modifications
to fish trawls, this paper focusses only on papers in
international, refereed journals. This approach ensures
our critical consideration of the anonymously peer-
reviewed empirical science used in this field. In any
case, it was apparent that in many instances where
modifications presented in the grey literature had
merit, these were subsequently published in interna-
tional journals. We also restricted our study to papers
that were written in English.

Acquired material and synthesis

In this review, we followed a systematic approach with
consideration to the ‘preferred reporting items for
systematic reviews and meta-analyses’ (PRISMA)
method (Liberati et al. 2009). To ensure the publica-
tions examined were as inclusive as possible, we
began with ~ 150 papers describing experiments to
test modified fish trawls gathered by us over the past
30 years. From these papers we derived 22 common
words/phrases, including: ‘selectivity’, ‘codend’,
‘square mesh’, ‘trawl,” ‘grid’, ‘catch’, ‘bottom/dem-
ersal trawl’, ‘diamond mesh’, ‘bycatch reduction’,
‘square mesh’, ‘T0’, ‘T45’, ‘T90’, ‘discard’, ‘be-
haviour/behavior’, ‘twine’, ‘windows’, ‘multi-spe-
cies’, ‘separating’, ‘ground gear’, ‘sweep’ and ‘twin
trawl’. These terms and their combinations were
incorporated into searches of the ISI Web of Science,
Proquest and Google Scholar. We established an
historical search window of January 1988 to October
2020, starting with the study by Robertson and Stewart
(1988). The earliest boundary aligns with the findings
of Millar (1992) and Millar and Walsh (1992) who
detailed problems with the early analyses of selectivity
studies involving paired-gear comparisons, and pro-
posed a more rigorous approach (i.e. ‘Share Each
Length Catch Total’ (SELECT) methodology) (Millar
and Fryer 1999). While we do not comment on specific
issues in papers prior to 1988, it became apparent that
all useful earlier modifications were encapsulated in
the later papers.
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The search produced some 300 papers, which were
then filtered and cross-referenced against our original
150. We excluded papers where fish were not the
primary target, or those that did not investigate applied
modifications to fishing gears at sea, such as theoret-
ical or laboratory studies (for which there are many
excellent works dating back to Sainsbury (1984) and
more recently Tokag et al. (2018)).

Papers that satisfied the search criteria were then
examined in detail and partitioned into categories
according to the four zones of the trawl in which they
were focused (or combinations thereof), and whether
the modifications were relatively ‘simple’ or ‘com-
plex’ as described by Uhlmann and Broadhurst (2015).
Specifically, simple modifications were those that
were familiar to fishers and could be made within
conventional configurations, including changes to:
diamond-shaped mesh (also termed “T0’) simply by
turning it 45° (‘T45’ by hanging it on the bar to make it
‘square mesh’) or 90° (‘T90’); twine diameters;
ground gears; or headline heights. We anticipated that
such modifications might be more easily accepted by
fishers than complex modifications, which extended
beyond conventional configurations and involved
often new (unfamiliar to fishers), retroactively fitted
components such as separator panels, grids, light-
emitting diodes or new trawl designs.

After categorising all papers, each was qualitatively
summarized according to its defining characteristics.
These included: where and when the study was done
(including when the data were collected); up to six key
target and bycatch species (the latter comprising either
undersized targets and/or other species) and their
general body type (‘roundfish’ that were fusiform or
laterally compressed vs ‘flatfish’ that were dorsoven-
trally compressed); the specific modifications tested
and the testing method (i.e. how modifications were
assessed in trawls, along with ancillary equipment like
net monitoring equipment or cameras); selectivity
and/or efficiency improvements of modifications; and
any stated or potential confounding/beneficial factors
of the experimental designs or analyses (with refer-
ence to recommended approaches detailed in the
literature, including Fryer 1991; Wileman et al. 1996;
Millar and Fryer 1999).
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Results

In total, 203 papers published in 36 journals and
focussing on > 147 species across > 49 families
satisfied the objectives of the search criteria (Tables 1
and 2). The journal Fisheries Research published 94
papers (i.e. 46% of the total), while a further 59 papers
(29%) were distributed among seven journals: ICES
Journal of Marine Science/Journal du Conseil (16
papers); Journal of Applied Ichthyology/Archive of
Fishery and Marine Research (11); Scientia Marina
(8); Aquatic living Resources (7); Turkish Journal of
Fisheries and Aquatic Sciences (6); Fishery Technol-
ogy (6); and the Canadian Journal of Fisheries and
Aquatic Sciences (5).

Spatio-temporal patterns and species assessed

Most research (74%) to reduce fish-trawl bycatch has
occurred in Europe (with 20% in the North Sea alone)
(Fig. 2) and focused on haddock (Melanogrammus
aeglefinus Gadidae), cod (Gadus morhua Gadidae),
whiting (Merlangius merlangus Gadidae), hake (Mer-
luccius merluccius Merlucciidae) and European plaice
(Pleuronectes platessa Pleuronectidae)—species that
were either individually or collectively assessed >

190 times in papers (Table 1). Other substantial
European efforts have occurred in the Mediterranean
Sea (particularly off Turkey and Italy) for multi-
species fisheries, but often also with hake and/or red
mullet (Mullus barbatus Mullidae), blue whiting
(Micromesistius poutassou Gadidae), common pan-
dora (Pagellus erythrinus Sparidae) and Atlantic horse
mackerel (Trachurus trachurus Carangidae) (Table 1).
Both round and flatfishes were often collectively
assessed, but the former were the focus in four times
more studies (79 vs 21%; Table 1).

Fewer papers (17%) were done off North Amer-
ica—despite extensive fish-trawl fisheries occurring
there targeting cod and haddock, along with flatfish
like American plaice (Hippolossoides platessoides
Pleuronectidae); Pacific halibut (Hippoglossus steno-
lepis), various flounders and soles (Pleuronectidae)
(Fig. 2). The remaining regions with multiple efforts
were restricted to Australia (3%) and India (4%).
There were no papers from South America and only
one from each of Africa and Asia.

Irrespective of geographic location and species, 187
of the 203 papers described modifications within a
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Table 1 Families and common and Latin names of species assessed in more than one published paper (January 1988 to October

2020) describing modifications to reduce bycatch in demersal fish trawls

Family Common name Latin name No of papers
Anoplopomatidae Sablefish Anoplopoma fimbria
Bothidae®™ Mediterranean scaldfish Arnoglossus laterna
Callionymidae Dragonets Callionymus spp.
Carangidae Atlantic horse mackerel Trachurus trachurus 14
Mediterranean horse mackerel Trachurus mediterraneus
Gadidae Silvery pout Gadiculus argenteus
Alaskan pollock Gadus chalcogrammus
Atlantic cod Gadus morhua 59
Haddock Melanogrammus aeglefinus 64
Whiting Merlangius merlangus 24
Blue whiting Micromesistius poutassou 12
Saithe Pollachius virens 9
Pouting Trisopterus luscus 2
Poorcod/Capelin Trisopterus minutus 11
Hexagrammidae Lingcod Ophiodon elongatus 4
Leiognathidae Ponyfish Leiognathus sp. 2
Lophiidae Blackbellied angler Lophius budegassa 2
Angler Lophius piscatorius 5
Lotidae Shore rockling Gaidropsarus mediterraneus 2
Merlucciidae Silver hake Merluccius bilinearis 4
European hake Merluccius merluccius 33
North Pacific hake Merluccius productus 2
Moronidae European seabass Dicentrarchus labrax 2
Mullidae Red mullet Mullus barbatus barbatus 30
Surmullet Mullus surmuletus 6
Goldband goatfish Upeneus moluccensis 6
Nemipteridae Randall’s threadfin bream Nemipterus randalli 3
Nephropidae Norwegian lobster Nephrops norvegicus 7
Pentanchidae Blackmouth catshark Galeus melastomus 3
Phycidae Greater forkbeard Phycis blennoides 6
Platycephalidae Tiger flathead Neoplatycephalus richardsoni 2
Pleuronectidae™ Arrow-tooth flounder Atheresthes stomias 10
Witch flounder Glyptocephalus cynoglossus 2
Rex sole Glyptocephalus zachirus 4
Flathead sole Hippoglossoides elassodon 5
Pacific halibut Hippoglossus stenolepis 4
American plaice Hippolossoides platessoides 9
Rock sole Lepidopsetta bilineata 3
Yellowfin sole Limanda aspera 3
Yellowtail flounder Limanda ferruginea 5
Common dab Limanda limanda 3
Lemon sole Microstomus kitt 7
Dover sole Microstomus pacificus 11
English sole Parophrys vetulus 4
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Table 1 continued

Family Common name Latin name No of papers
European flounder Platichthys flesus 2
European plaice Pleuronectes platessa 15
Winter flounder Pseudopleuronectes americanus 3
Common sole Solea solea 2
Pomatomidae Bluefish Pomatomus saltatrix 2
Scophthalmidae” Four-spot megrim Lepidorhombus boscii 2
Scyliorhinidae Lesser spotted dogfish Scyliorhinus canicula 2
Sebastidae Blackbelly rosefish Helicolenus dactylopterus 2
Widow rockfish Sebastes entomelas 2
Shortspine thornyhead Sebastolobus alascanus 4
Sparidae Bogue Boops boops 2
Annular seabream Diplodus annularis 7
Axillary seabream Pagellus acarne 4
Common pandora Pagellus erythrinus 12
Blotched picarel Spicara maena 3
Picarel Spicara smaris 4
Synodontidae Greater lizardfish Saurida tumbil 2
Brushtooth lizardfish Saurida undosquamis 5
Trichiuridae Largehead hairtail Trichiurus lepturus 4
Zeidae John dory Zeus faber 3

Fdenotes flatfish

single zone of the trawl, with just 16 assessing
modifications at multiple zones, including four papers
describing modifications at all zones. Attempts at
modifying each zone dated back to the earliest papers,
but more recently there were clear temporal differ-
ences (Fig. 3). Efforts to address modifications within
zones 1 (7% of the total), 2 (11%) and 3 (11%)
remained temporally similar at averages of 0.4 to 0.7
studies year_l. In contrast, cumulative efforts towards
zone 4 (71% of the total) were substantially greater
(~ 4.2 studies year_l). Notwithstanding these differ-
ences, there has been a consistent trend towards
simple, rather than complex modifications across all
zones (Table 2, Fig. 3).

Experimental methodologies
In many papers, experimental methodologies were

determined by the assessed zone and/or trawl config-
uration examined. Nevertheless, the basic approach

@ Springer

involved at least one of three categories: (1) covers
(over codends or escape exits, behind ground gears or
as liners in codends); (2) alternate hauls (where
treatments were deployed in sequences, usually by
the same vessel); and/or (3) simultaneous paired
comparisons, either by two vessels each towing a
trawl side-by-side (‘parallel haul’), one vessel towing
paired trawls (‘twin trawl’), or a single trawl with the
codend split into side-by-side legs (‘trouser trawl’)
(Wileman et al. 1996; Millar and Fryer 1999).
Reflecting the dominant focus of work on zone-4
modifications, the most common approach (104
papers or 51%) involved installing covers over the
entire codend, and sometimes extension, to retain
escaping fish. This approach was most prevalent in
European fisheries. Cover designs varied but, to limit
confounding effects, in many studies (like Campos
and Fonseca 2003; Tosunoglu et al. 2003) researchers
followed the general recommendations of Wileman
et al. (1996) with a mesh size approaching 50% of the



Rev Fish Biol Fisheries

(0202) "Te 10 twoueuog “(q9107) e 12

sojues “(9107) ‘Te 10 3sed “(9007) ¢ 10 UISPEN
‘(P007) SHAIYQ Pue UNIIA “(€00T) ‘Te 10 [[ed

(T102) 'Te 10 Yred ‘(6007) Te 10

Sery] “(6002) ‘Te 32 IS[OH ‘8007) ‘T8 12 H ‘(L00T)
Te 30 o110 “(8661) 'Te 10 SESUY “(L661) Te 19 110D

(1100) "Te 1 yoouky “(0107) ‘Te 12 [[pqdwe)
“(8007) 'T& 12 [aIneg “($661) A[[oUUSY] pue IsImypeorg

(6107) I1eqIowwng pue [[I_N.O (8107) T& 12 [[owo]

(S102)
Te 30 Yoouky “(107) e 10 Py “(€00T) Te 10 [red

(e8107) ‘T8 12
UasIeT “(8661) B 19 YINeT “(L10T) Te 19 JouyuLig
(0102) Te 10 Sery

“(8000) "Te 12 12uu0AnD “(000T) WYEQ (9661) & 10
Tomarg (€661) ‘T 10 wurey (86861) $poD pue sesug

(0207) "Te 30 sAxeq ‘(L107) Te 10 sikeq
(S107) "Te 10 Sery “(8007) ‘e 10 PIsoy) “(S00T)
‘Te 39 YeuueH ‘(+007) ‘T¢ 32 Sury (€661) UaSWoyL,

(8661) 2o[euUNN pue 950y

(99102)

[e 10 ESenSIS “($007) uoMewos ‘(1007) omuny

PUE U0MDWOS “(6661) ‘T8 19 TUNUAIOL] (8661) T8 19
wne (g661) e 0 wurey (q6861) $poD pue sesug

(6102) 'Te 10 1PWoT “(S107)
Te 30 eSeNSIS (0107) T 19 1KY (0107) ‘T& 10 950y

[eued jo uoneoo|
uo 3urpuadop ysyiey Ioj A[eroadsa ‘sayored 1031e)
SurureIUTEW J[IYM SIZIS PAJUBMUN JO SAYIJED PAONPAY

(j[ooppey pue pod ‘3'9) SUONBIUALIO
[eOT1I0A JUQIRHIP IMm sa1oads Suneredas je poon

SOUIIEd 19318) SUIUTRIUTRW J[IYM
‘s9102ds UTe)IAD JO SIZIS PAUEMUN JO SAYIJED PIONPAY

JYSTU I8 INOTARYRq
ur saueyo oyroads-saroads swos 1nq ‘Q[qerIe A
ysyjey pajesie) OS[e Jng SYOUBRIQOWSE[d pajuemun
JO SOYDIBD PAONPAI UTRYD ISPYON € SUTAOWSY "$}9518)
JO S9ZIS I[[EWS Ul UOT)ONPAI dWOS [JIM SLIGAp pue
SQJBIQAJISAUL JO SAYDJED PISBAIOAP SII[OY PO JO
SOUDIBD PAONPAI PUR YSYIBY JO SIYIJBD PASLIOUT SOSI(]

[[BI9A0 $SO[ 1ySned 1ead
punoi3d 1y3r ysy IoSre[ aow jysneo HSIHS AL

Buneyul
JIYJURQ PUB YSY PAUBMUN JO SAYIJLILq PAonpay
ysyiey Jo sayojed
pauTBIUTRW NG POJ JO SAYDILD PIONPAI UI[PLaY
IoMOT "UsyIep IoJ 0s ssI] Inq ‘ysypunor A[reroadse
‘sa100ds UTRLISD JO SAZIS PAJULMUN JO SAYOILD PAONPIY

one1 peards JOMO[ YIIm SOZIS [B JO SIYDIed Iojealn)

sdooms

Io3UO[ YIIM PISBAIOAP YSY [[BWS SWOS JO SAYdIL))
a1ow Jy3ned so[priq pue sdooms ‘sdrem 193uo

JySTU Je 309530 oI pey sdooms

pastel pue awmnAep ur 30319 Iojeaid pey sdoams

Pa1amorT JySned sIzIs uo $310afye Jofew ou ng
‘(ysyrey Areroadsa) soroads awios Jo sayoIed paonpay]

01 TBUOTIUSAUOD JNOYSNOIY) JZIS YSOUI 9SLAIOU]

(xo1dwoo) sjeued 3urping yim awos
‘(orduts) Apoq [men jo siued snorrea ur SMOpuIpy

(x9[dwod) uoIsua)xe 0) Y3no1y) aurpeay ay) woijy
Qwios {{men} oy} ul sowrely/sjoued Jojeredss [eIUOZIIOH

(&poq
pue sSuim
[Men) ¢ U0z

(orduwrs) Surpou

(xo1dwoo) 2do1 300 Jo aurpeay

Suore syyS1y ondo-a1qy 10 ssporp Sumrwd Y3y

(odwis) sureyd I9[o1} JNOYIM

/YA IO Tea3 punoId uo SOSIp I9qqnI A3Ie] IO SIM[OY

(xordwoo)

sIead punoid (1eqqnt) Y3 dJruId)E pue (DSDS)
1293 punoi3 Suipeaids rernororwas, ‘xaddoyooy

(orduuts) sosip jo Suroeds

OpIM Jo/pue SOSIP 19qqni ‘saxods ‘sjyStom ‘sjeopy

Sursn adox jooj Sursiey

(1208 punoil
pue adoi1 j00}

(orduuts) surppeay ay) Suromo “(xo[dwod) (,[men ‘Qurpeady)
ssordoy, ayj Surpnyour) sadoipeay Aemeind ‘Suo| 7 QuoZ

(orduuts) onjer peaids Suiduey)

(orduuts)

so[Sue pue syidue[ o[puq o dooms ‘drem JuiSuey)

(swsrueyoow
Surpeaids)

(oduuts) wonoq ay) Jjo sdooms Juisrey 1 Juoz

(S)ooudIRyoy

syoeduwy

Ayxordwod pue (S)uoneoyipojy|  [MEBI) UI QUOZ

(s)2ouarayar pue sjoedur 11y ‘A11A1091as aao1dwr 03 (A)rxo[dwod pue) passasse

SUOIBOYIPOW ‘[MEI} dY) JO JUO0Z dy} jo Arewwing g d[qe],

pringer

As



Rev Fish Biol Fisheries

(610T) "Te 12 u1sudZ “(S107) UIS[IqzQ)

pue reseArq ‘(6107) UIyeS pue ue[£) “(8107)

Te 10 Aysof “(q8107) 'T& 32 9RIg (L10T) MnAYY

pue IR (L107) "¢ 1@ Te[nseqznd ‘(9107)

e 32 nYpEIN “(9107) WIPAY pue 1219 “(+107)

‘Te 30 Seyo, (¢10T) Te 10 temsaley “(ST0T ‘T10T)

Te 30 WIS[IqzQ) ‘(1107) T8 3@ upAy (0102)

e 39 $31V “(8002) “T& 32 ®[ES “(€10T ‘8007) ‘¢ 10

ysexeld ‘(8007) meydonT «(L00T) °H ‘(9007) Te 10

epIeS “(9007) ‘e 10 SuIpIO (900T) '[e 10 uowreyey

“(€002) ‘e 10 sodwe) ‘(¢007) Boosuoq pue sodwre)

“(1002) Te 30 npedifuny “(0p0¢) 12doo) pue KeprjieH

‘(6661) NOISIAS “(6661) e 10 AepI[eH ‘(8661) Te 10

de0L, “(8661) ‘Tt 32 sewo)-231d ‘(8661) Wye(

‘(L66T) 'Te 12 NOTBIAS “(L66]) NOISIANG pue STYEndd

“(9661) "Te 12 ®[EM “(T661) T8 12 Us[em (T661)
:ﬂwg ﬁﬁm HEEE ,Awwm: emals @:N uoS2qoy

(6107) "Te 3 IR ‘($107) ¢ 10 UIPAY “(+007)
Te 32 yoouky ‘(€00T) Te 10 ngounsoy, “(0007)
Jadoo) pue KeprfeH (8661) Wyed (L661) e 12 QT

(6102) "Te 32 Susy) (9107) Te 32 [MIeN.O “(BE10T)

‘e 30 uueWIIOH (600T) ‘Te 30 Wweyeln (L00T)

“Te 32 B[ES “(+007T) Te 10 SeYoL “(6661) “Te 12 Yoouk3|
(8661) 'Te 10 UASPEIN “(9661) U0SHQOY pue A1mo]

(6107) "Te 30 BIBN-BSIOA “(L107) 'Te 30 ZeAY[]
“(L107) e 10 tormwa( “(9107) ‘[e 30 eleS ‘(eS107)
‘e 30 uuewIoy ‘($107) ‘T8 10 JeseArq ((1107) Te 30
Joaquarp “(1107) Meyoong pue e[es ‘(6007) e 10
weyeI “(8007) T8 1 [I1N.O ‘(S00T) ‘e 32 uIs[1qzQ
(€002) Te 30 njgounso, ‘(¢00z) njgounsoy, pue
UIS[19zQ) “($661) ‘Te 10 WIRIqeD (T66T) T 10 S9AddY
(9910T ®9107) 'Te 10
[od “(S107) 'Te 32 nypeN ‘(£107) ‘Te 12 JooquaIp
“(#102) T 19 uny (1107) M2YdINT pue eles
(6007) "Te 10 o1aowIsyof (8007) ‘Te 0 njgounsof,
“(€002) e 12 sodwe) ‘(¢00g) eoasuo pue sodwe)
“(8661) 'Te 10 sewo)-za1d ‘($661) ‘[E 10 yreIqren
‘(S661) Ar1ouuay] pue jsiypeorq (7661) ‘e 19 $9AY

ysyiepy IoJ 0s SS[ Ing ‘Ysypunol

10J SaYSoW () I, pazIs-Ie[iwis se s0S7 g[qereduiod
SSOIOE SYS Poonpar A[[ensn Spuspod Ul saysdW Gy,

S$109JJ0 o[qeLIeA Jeqruis pey sodox

a3pLyse] Suraowal/SurulIoyS S U0 109 ou

M Pasearour 0577 owos ur Ing “YS Ul SASBAIOUT YIIM

pasSueyoun 10 pPaseaIdsp sem O saIpnis owos Uf

~dS pue 057 U0 $199JJ9 J[qRHEA PBY 9JUIQJUWNIID
1oyy Sursearour Jo 1eag JuyeyossSeq SutuayiSuang

QUIM) SSI[IOUY

JO S309JJ0 ON "seurm) oprweA[od 107 syuowrasordwur

YSI[s pue BWOoUA( JOJ $199JJ0 JR[IWIS “109)J9

ou pey Ino[o) S paSueyoun Io paonpar ym sos|
PISBAIOUT QUIM] J[QIXO 2IOW puUE JTUIS ‘IOUUTY],

SYS Te[IwIs yim ‘o[qnop uey sOS 1oysIy pey os[e

SPUSPO? J[UIS "SPUAPOD ()], 10J SYS UO (ISeAIOUI

SIS © 1O) S109JJ0 [ewIIUIW A[[ensn yiim sOS
PIseaIoul SYISUS] puB SIAJOWEIP PUSPOD II[[BWS

SYS 9[qBLIEA J0/pUB PISBIOUI
M sewmnawos ng ‘opqereduwrod ssoroe s0S|
pasoxduwr A[peoard£y azis ysowr (], Sursearouy

(a1dwts) L JO pe?)sur SPuSPOd YSour G T,

(ordwrs) sedox o3pinse| 1o ‘Iead

Suyeyo ‘sSeq Sumuay)Suans Surueyo 1o Juraowdy

(odwuts) AJIQIxay pue INojod (A[qnop SA I[3uls
Surpnyour) SSoUdOIY} ‘S[EIISIEW dUIM] PUIPOD JUAIIFI

(orduuis) spuopod 9[qnop sa J3urg

*(orduwurs) sy)SU] pUL SIOUIJWNIIID PUIPOD JUSIIII

(puapod pue

(orduuts) Sumou (), UOoISU)X9)

[EUOTIUSAUOD INOYTNOIY) JZIS YSIU PUIPOD ISBAIOU] ¥ QUo7

(S)2ouaIR)oy

syoeduy

Ayxordwod pue (S)uoneoyipojy|  [MEBI) UL UOZ

ponunuod g dqe],

pringer

As



Rev Fish Biol Fisheries

(810C ®910T ‘6007
Te 30 €SensIS “(3002) ‘Te 1 [119NLO “(020T)
[e 30 JoyyuLig “(Q8107) ‘I8 10 uasIeT “(8107) '8 19
ezewen (q910T ©910T) [0TeAzQ “(9107) & 10
SOJueS ‘(9107) ‘T8 19 uasie T (qQE107) ‘T 19 UUBWIIOH
(8002) “Te 10 WIPAY “(£00T) 'Te 19 uowreyeq
(9002) 'Te 10 uasuadsIgf (900T ‘S00T “+00T)

‘e 19 BpIRS “(6661) 950Y (€661) USSYES] pue UdsIe]

(90202 ®0T0T)

‘Te 39 apuan) (107) SnSuy pue Iser

(S107) ‘Te 39 UUBWLIDH (ZT10T) PIOYSYeA pue
owo T “(8007) “Te 12 9H (S661) SPIBA\ PUE SSB[D

(90200) Te

apuan) “(610¢) 'Te 32 RYIMOIN (6107) uIyes pue

uel£a) (810¢) noukey pue e[os (8107) e 10 ddoy|

‘(8810C9102) 'Te 32 91219 “(QS10T) [& 10 uuewWLISH

(90027) 'Te 32 I1ON.O “(S00T) 1yoel§ pue uaspejy
(€007) Te 10 weyeIn (100T) Yoouky pue weyern

(6107) uryes pue ue[f)

(8102) "Te 32 B3BUSIS (9107) T8 3 ZIIOZ[Y ‘($#107)

"€ 32 YO2qUAIM (10T “T10T) ‘T8 30 TwapzQ) ‘(0107)

Te 30 deog, “(0107) SeyAey (L00T) e 12 Op[ewLD)

(L002) "Te 32 ysnofng (9007) [e 12 usspey

(002) Te 10 uI3[IgzQ “(S00T) ‘Te 12 UNdN ‘(200T)
‘e 30 UdspeIN ‘(100T) ' 30 InnZ (000T) YeUIOPON

(6100) e 12 BIBN-BSIDA “(8107) I8 1°
dexAey] ‘(eL107) Te 10 awWoT “(L107) Te 30 ZeA]
(9107) wIpAy pue 1210 “(BETOT) T8 19 UUBWLLIOH
‘(1T0T) 'Te 32 Yoaquarpm “(0107) 'Te 3 ASIq (0107)

n[gounso, pue uIpAY “(000T) NeUSPoN “(6661)
YeYIPOIN “(L661) NRUISPOIN “(+661) ‘Te 10 npedifunyy

Surppuey Jo asea sI spLS J[qrxapy jo a8ejueApe
UTBIA] “S}0QJJ0 [RUINIP M3, “AJTATIORSS PJOdfJe SpLIs
Jo so[3uy 05 paxmbal Aue 10] ¥S paonpar AQISON

S109jJ9 M9} pey sadT

Jnq ‘sesuodsal [BINOTIABYSQ SWOS PIYOAS SPUIPOD

ur spoued yoe[q prjos Suniesuy ‘sySIe) JO SSO[ NI
Im saroads pajuemun JSOUW JO SAYIED UT UOTIONPIY

sa10ads owos
10y sYS Sururejurews 9[ym sOS paaordwl UOISUIXS
oy} ur Jopurkd [[nJ e s (6L IO GpL SuraeH "Ie1oq
sem wonoq Y uo sjaued Juraey soroads swos 10§
Jnq ‘sopIs 9y} UO UBY) 19332q A[[ensn sem puapod oy}
Jo doy oy uo smopuim JuraeH ‘sY¥S pasueyoun Io
paonpar Yim s0ST paroxduir Jje SMopuim Gi,J, SUIAOIN

sa1oads owos

10§ K)IAT}OQ[as pasordwir A[IB[IWIIS OS[E SMOPUIM

01 "Ysy punoi J0J A[[eroadsa ‘syyS pagueyoun Jsedy Je
1O PIoNpaI YIIm SOSTT pasearout A[[ensn Smopuim Gy,

[QI93OBW ASIOY ONUR[IY JO UONDA[AS 9ZIS oY)

PaYoJe Afe[IIS ysow [euoSexay 'saysyiepy Ioj os

SSQ[ JNq SAZIS Ysaur ()], Je[IWIs 10§ $YS posueyoun
10 paonpal yIm s0ST pasearour A[fensn (gL

(xordwoo)

(e1qrxay 10 pISL) spLS-Ixoy 10 ANIMSHIA
‘A-MOS “X-110S 9y} SUuIpn[oul ‘SpPLIT 9ANII[S-9ZIS

(xordwoo) smopuim/sjoued

adeosa 03 YSy J02IIp 0) UOISUI)XS I0/PUB PUIPOD
QPISUT SAOTAQP SUIPINS/UOTIB[NWINS JO JUSWISSIASSY

(ordwurs) spuapod pue SUOISUIXS UT

s1opur[Ao/smopuim/sioued 06 L/SHL/0L JO Suruonisod

(ordwis) Spuapod [BUOHIUIAUOD UT SMOPUIM (), 1O G L,

(orduuts)

0L JO peaIsul Spuapod ysaw-[euosexay 1o 06L

(s)oouaIRyoy

syoeduy

Ayxordwod pue (S)uoneoyipojy|  [MEBI) UL UOZ

ponunuod g dqe],

pringer

As



Rev Fish Biol Fisheries

.06 paw ‘og 1, ‘padeys arenbs ‘i, ‘padeys puowerp ‘0L,

(Z002) T8 3 wyeQq
(8661) uoarg pue Ia1s3ueg

(ST0T) "Te 19 zounIe
-sauefuely “(102) “T¥ 12 PIOY “(6002) 1149
Pue 1S[0H (600C) T8 32 sAeD (6661) ‘T8 12 UnuaIol]

(6102) ‘Te 1@ joyjuug “(+10¢) '[& 32 Op[ewLD)
(6107) "Te 10 uuewdH (L107) e 12
[930A “(L107) 'T¢ 12 PRYAEM (6007 ‘800T) T& 12
oprewtn ‘(8002) ‘Te 32 110D ‘(S00T) '[e 12 BISUO]
‘(q ‘ep007) Te 0 weyeIn ‘($007) IS[OH pue preesig

(5100

‘2 39 Op[RWLD (9€107) '[P 19 UUBWLIDY (20T

‘600T ‘8002) '[& 10 eSensIS ((900T) ‘T¢ 12 NIAS[BAY]

‘($007) Uasyes] pue dwweAY (Z00T) ‘T8 19 SUdIBRIA
‘(000¢) uranen pue as0y ‘(666 1) 12doo) pue AeprjieH

(6107) Te 1 ofjodesep
“(9L102) "Te 30 1owo T “(9107) ‘Te 3@ meyoonT
“(910T ‘€107) PIRYaeA pue [[owo (S10T)

Te 39 2119 “(2107) T8 ¥° preesig (¢107) I8 12 p1soy)

SOUJIED PAZIPIEPUR)S UO ZIS JU [2)0) JO S199JJ2 ON

Ieo3 uIm)
Ul 1018213 91om sa10ads QWIOS JO SAYDIED PIZIPIEpurIS

[ord UM

SUOT)EOYIPOW JO SUOTIBUIQUIOD O} NP JUILLIA)IP

0} J[NOYJIP UD)JO QIB SISNEBD JNq ‘S[MBI) PIYIPOw
0) onp SAIUAIRIP dy1oads-saroads jueoyrudig

suoneoyIpow Ioyjo uey) 19)39q uiiojrod
0] Wads J0U PIp Jey) SWaISAs xo[dwoo pue oarsuadxyq

paurwexa saroads
JSOW 10§ SYS JUBISUOD I0 PAdnpar yim sOS paaoxduuy

saroads Auewr 10j pue
SATPNIS JSOW UT'(SYS JUBISUOD IO PAONPAI im sOS|
pasearour 9°1) AJIA1I[es paroidurr Apjueoyrusig

Surjpuey jo asea
ST SpLI3 J[qIxa Jo advjurApR UIRIA "Usy pajadie) jo
SSO[ ou yIm ‘9001 03 dn £q eunejedowr Koy paonpoy

(ordwis) 183 Jo 9ZIS [[BIAQ

(odwrs) spmen uim) sa 9[3ulg
(xo1dwos) puapod pue Apoq ‘s3uim ay)
Jo syred sSnOLIBA UT SIZIS YSOW J0O/pUB ‘Sureyd punoil
‘sjeop) ‘sjySroy Qurpeay ‘syisudl 9[priq pue doams
JUQIRJIP )M PAYIpPOW U0 ‘Ss|men Jo suostredwo))

suonEedsyIpour
L)

(xordwoo) safoy 19s-a1d 10 SYUI[-eam
‘SOSBA[AI OISNOOE JUISN [9AI] UTELIAD B YOBAI SAYIILD
uaym 10 syidop urelIad Je Ysy 9Ses[aI 0) SWSIUBYIIA

(xordwoo)
SMOPUIM USOW GHT/0L PUB SPHS JO SUOHIBUIQUIO))

(xo[dwod) YSy 3021Ip 0} SI0IPIP
/steuuny/sjoued Surpms/Juni urelod Jo JUSWISSISSY

(xo1dwoo) (9[qrxay Io pi3u) spud 1djooys-1adns
10 QIGWPION Ay} SUIPN[OUl ‘SpPLIF AATI[Is-510adg

(S)2ouaIR)oy

syoeduy

Ayxordwod pue (S)uoneoyipojy|  [MEBI) UL UOZ

ponunuod g dqe],

pringer

As



Rev Fish Biol Fisheries

Papers
e 1

® 2-10
@ 11-20
@ >20

Fig. 2 Map showing the locations and numbers of studies assessing technical modifications to demersal otter trawls targeting fish

during 1988 to 2020
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Fig. 3 Cumulative frequency of papers through time (1988 to 2020) describing a simple and b complex modifications to the defined

four zones of demersal fish trawls

smallest treatment, and hooped circumferences and
lengths 1.5 and 2.0 times the largest treatment codend.
Nevertheless, very few studies (e.g. Madsen et al.
2002) formally tested for confounding effects as
described by Madsen and Holst (2002), although
cameras were sometimes used (Campos and Fonseca
2003; Kvalsvik et al. 2006).

Smaller covers were used over the escape exits of
several zone-4 modifications (Zuur et al. 2001;

Maartens et al. 2002; Sistiaga et al. 2010, 2016a;
Herrmann et al. 2013c; Aydin et al. 2014; Ceylan and
Sahin 2019; Brinkhof et al. 2020), or on their own
(Eigaard and Holst 2004; Sarda et al. 2005, 2006;
Aydin et al. 2008; Eigaard et al. 2012) and/or with
small-mesh codend liners (Larsen and Isaksen 1993;
Maartens et al. 2002; Sistiaga et al. 2016a, 2018;
Mouchet et al. 2019). Typically, a covered treatment
was assessed in isolation, and without concomitant

@ Springer
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testing of a conventional configuration (e.g. Metin
et al. 2005; Park et al. 2012; Lomeli and Wakefield
2016; Larsen et al. 2016, 2018b). Other covers or
collecting bags were occasionally used in zone-2 or -3
modifications to retain organisms escaping under the
foot rope/ground gear (Pol et al. 2016b; Kaykag et al.
2018) or through anterior trawl panels (Park et al.
2012; Santos et al. 2016b; Larsen et al. 2018a).

Data describing catch-at-length for individual
species were collected from the codend and cover
and typically analysed using various parametric
selection curves via maximum likelihood to produce
parameter vectors of interest, including the 50% size at
selection (Lso) and selection range (SR; defined as
70% size at selection—25% size at selection). Such
analyses usually incorporated between-haul variation
(Fryer 1991) and assessments of model fits (discussed
by Millar and Fryer 1999), but not always (Rose 1999;
Sarda et al. 2004; Prakash et al. 2013; Rajeswari et al.
2013). Occasionally, additional fixed effects like catch
weight (O’Neill et al. 2016) or towing speed (Sala et al
2007) were included in models, and often with
variable effects. Any stated selectivity improvements
by modified vs conventional configurations were
mostly based on either maintaining or increasing Ls
with a reduced SR, or a constant SR but improved L.
In recent years, several cases of more complex models
were used to partition estimated selectivity parameters
among different modifications in codend/extensions,
and so provide greater detail about the relative efficacy
of components (e.g. Sistiaga et al. 2010, 2018; Her-
rmann et al. 2013c; Brinkhof et al. 2020).

Due to the analyses involved, using covers typically
means that studies done in multi-species fisheries have
selectivity assessments limited to fewer than seven or
eight species (He 2007; Ozbilgin et al. 2015; Ozvarol
2016b; Brcic et al. 2018a; Kopp et al. 2018), but often
only one (e.g. Lowry and Robertson 1996; Moderhak
1997, 1999, 2000; Kynoch et al. 2004; Ozvarol 2016a)
or two (Reeves et al. 1992; Larsen and Isaksen 1993;
Grimaldo et al. 2009; Larsen et al. 2018a, b), or even
precipitated separate papers based on data from the
same cruise but for different species (Ozvarol
2016a, b; Larsen et al. 2016, 2018b) or analyses
(Demirci et al. 2017; Cuende et al. 2020a; Brcic et al.
2016, 2018a). The numbers of replicate deployments
among treatments have varied considerably, with
many involving between 10 and 30 (Kynoch et al.
1999; Campos and Fonseca 2003; Bahamon et al.

@ Springer

2006; Ates et al. 2010; Krag et al. 2010; Demirci and
Akyurt 2017), but some were as low as two (Moderhak
1997; Ozdemir et al. 2012; Herrmann et al. 2013c¢) and
as high as 60 or 70 (Gamaza et al. 2018; Campos et al.
2003).

Alternate-haul approaches were presented in 45
papers (22%), and often where treatment trawls
encompassing zone 1-3 modifications were compared
against control (unmodified) trawls in single-rigged
fisheries (e.g. Ramm et al. 1993; Madsen et al. 2006;
Grimaldo et al. 2015; Sola and Maynou 2018).
Alternate hauls were also used for testing various
zone-4 modifications and, in contrast to cover-based
experimental designs, were more popular among non-
European fisheries (e.g. Wallace et al. 1996; Perez-
Comas et al. 1998; He et al. 2008; Graham et al. 2009;
Chosid et al. 2012; Wakefield et al. 2017). In some
papers assessing zone 1-3 changes, alternate hauls
were complemented with ancillary equipment, includ-
ing trawl-monitoring gear to account for variable
spread ratios (defined as the wing-end spread divided
by the headline length; e.g. Lauth et al. 1998;
Somerton 2004; Lucchetti et al. 2016) and therefore
headline height, or cameras (Glass and Wardle 1995;
Ferro et al. 2007; He et al. 2008; Wakefield et al.
2017); but not always (Broadhurst and Kennelly 1995;
Manjarres-Martinez et al. 2015). Simultaneous paired
comparisons were only slightly less common (in 36
papers) and also popular in non-European fisheries,
with nine involving trouser trawls (e.g. Millar and
Walsh 1992; Pol et al. 2016a), 21 with twin trawls (e.g.
Cotter et al. 1997; Graham et al. 2004a, b) and six
using parallel hauls (e.g. Pol et al. 2016a, b). Paired
comparisons were used to assess modifications across
all zones and, as for alternate hauls, often used with
ancillary techniques to validate consistent inter-trawl
geometries (Pol et al. 2016a, b; Reid et al. 2012; Krag
et al. 2015).

Where a small-meshed control codend was used in
alternate-haul or simultaneous paired-comparison
approaches, catch-at-length data were similarly anal-
ysed for parametric selection curves as above for
covered approaches, but usually accounting for dif-
ferent probabilities of retention in the treatment and
control gears (e.g. via the SELECT method; Halliday
et al. 1999; Sistiaga et al. 2008). Additional fixed
factors such as catch weight were also occasionally
modelled (O’Neill et al. 2006; Pol et al. 2016a, 2016b).
However, unlike covered codend work, assessments
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were usually done over a greater number of replicate
deployments, reflecting the likelihood of increased
between-haul variability. Specifically, alternate-haul
experiments nearly always involved at least 10 to 30
replicate tows of individual trawls (Galbraith et al.
1994; Eayrs et al. 2017,2020; Fraser and Angus 2019;
Lomeli et al. 2019) up to > 80 (Bullough et al. 2007),
while paired-comparison approaches had between 5
and 40 replicates (Graham et al. 2003; Graham et al.
2004a, b; Madsen and Staehr 2005; Veiga-Malta et al.
2019; Krag et al. 2009; Kynoch et al. 2011; Campbell
et al. 2010; Bonanomi et al. 2020), but as many as 100
(Beutel et al. 2008). Similar detail required in analyses
has meant that, as for covered codends, data collected
during the same paired-comparison cruises appear to
have sometimes been presented in separate papers
(e.g. Pol et al. 2016a, 2016b).

More recently, where small-meshed controls were
not used in alternate-haul or paired-gear comparisons,
but rather treatments were compared against conven-
tional gears, relative selectivity estimates have been
made via catch comparisons described by Holst and
Revill (2009) and others (e.g. Krag et al. 2015). These
approaches produce model estimates of the expected
proportions of fish at size and catch ratios in the
treatment trawl (Eryasar and Ozbilgin 2015; Lomeli
et al. 2018, 2019; Fraser and Angus 2019). Also,
unlike covered-codend studies, in some cases (mostly
off North America and Australia) broader categories
of catch data (numbers and weights of species) from
alternate-haul or paired-gear comparisons in multi-
species fisheries have been analysed using linear
(often mixed) models or ANOVA (Brewer et al. 1996;
Rose and Nunnallee 1998; Hannah et al. 2005;
Graham et al. 2009), and very occasionally simple
t-tests or non-parametric approaches (King et al. 2004;
Milliken and DeAlteris 2004). These approaches
produced mean percentage reductions of bycatch
species or unwanted sizes.

Zone-specific modifications

Irrespective of the methodological approach, each of
the four zones in the trawl were subjected to various
modifications (often with more than one assessed in a
particular study) designed to exploit either the per-
ceived behavioural responses and swimming capaci-
ties of the key species (especially zones 1 to 3), their
sizes (especially zone 4) and/or their morphology (i.e.

round vs flatfish) (Table 2). And because researchers
are unlikely to publish null results, in all papers at least
some aspects of the assessed modification(s) explained
variability in the catches of focal species; albeit with
substantial variations of influences. Reflecting the
work done in each zone, modifications increased in
diversity from the anterior to the posterior of the trawl
(Table 2).

Zone 1 (spreading mechanisms)

The relatively few attempts at modifying spreading
mechanisms were mostly simple, unless as part of
changes to other zones (where 50% of modifications
were complex) and designed to mostly exploit broad
inter-specific behavioural differences (Fig. 3; Table 2).
Within the former, variable warp, sweep or bridle
lengths were common and often showed quite strong
positive and negative impacts on catches of larger and
smaller species, respectively (e.g. Engas and Godg
1989b; Sistiaga et al. 2016b). Simply raising sweeps
off the bottom decreased the catches of some species
(especially flatfish, Pleuronectidae), and often with
greater impacts during daylight, while maintaining
target catches (Rose et al. 2010; Ryer et al. 2010;
Sistiaga et al. 2015; Lomeli et al. 2019) (Table 2). As
for penaeid trawls (McHugh et al. 2017), optimising
spread ratio for specific designs of fish trawls is
important and was clearly illustrated by Rose and
Nunnallee (1998) who observed greater catches of
arrowtooth flounder (Atheresthes stomias, Pleuronec-
tidae), flathead sole (Hippoglossoides elassodon,
Pleuronectidae) and Alaskan pollock (Gadus
chalcogrammus, Gadidae) as spread ratio decreased
(via a constraining line) in Alaskan trawls.

Zone 2 (headline, foot rope and ground gear)

Modifications at the headline, foot rope and ground
gear, whilst also few in number, improved trawl
selectivity and/or efficiency for both round (e.g.
haddock and cod) and flatfish (flounder, Platichthys
flesus Pleuronectidae, plaice and dover sole, Micros-
tomus pacificus Pleuronectidae) via behavioural
mechanisms and also reduced benthic infauna and
debris in the trawl (Table 2). Of particular note were
improvements generated by using relatively longer
(cutaway) headropes (including the ‘topless trawl’;
Chosid et al. 2008) which were designed to exploit the

@ Springer
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behavioural response of fish that rise up and increased
the escape of haddock, but less so for flatfish
(Thomsen 1993; King et al. 2004; Hannah et al.
2005; Eayrs et al. 2017). Similarly, Eayrs et al. (2020)
showed that lowering the headline significantly
decreased cod catches by a substantial amount (but
not flatfish).

Other common zone-2 modifications involving
raising the foot rope and other changes to ground
gears have mostly maintained target catches, while
reducing bycatches of several roundfish including, but
not limited to, lutjanids (Brewer et al. 1996), grey
gurnard (Eutrigla gurnardus Triglidae), whiting,
saithe (Pollachius virens Gadidae) and Atlantic horse
mackerel (Dahm 2000). Such modifications have also
reduced the amounts of debris and benthic infauna
caught (Ramm et al. 1993; Rose and Nunnallee 1998;
Krag et al. 2010). In particular, several studies have
compared rockhopper ground gear with alternatives,
including the so-called ‘semicircular spreading ground
gear’ which improved catching efficiency for larger
cod and haddock, while reducing drag (Brinkhof et al.
2017; Larsen et al. 2018a). Other, simpler, modifica-
tions to ground gear have involved exploiting species-
specific responses to herding stimuli. For example,
Kynoch et al. (2015) demonstrated that removing
tickler chains reduced catches of elasmobranchs
without affecting targeted haddock, whiting and
flatfish. The utility of light emitting diodes (LEDs)
as stimuli for exploiting behaviour in zone 2 was tested
in some studies with variable selectivity improve-
ments, although, not surprisingly, greater nocturnal
effects for certain species (Lomeli et al. 2018; O’Neill
and Summerbell 2019).

Zone 3 (trawl wings and body)

Within this anterior-netted section, simply increasing
lateral-mesh openings via larger TO mesh towards the
tapering end to match the desired sizes of target
species generally improved size selection for round-
fish, mostly maintaining commercial catches while
reducing unwanted sizes of species such as haddock,
whiting and devil anglerfish (Beutel et al. 2008; Holst
and Revill 2009; Campbell et al. 2010; Kynoch et al.
2011) (Table 2). A particularly successful suite of
modifications has involved horizontal separator panels
throughout the trawl to separate downwards-orientat-
ing (cod and most flatfish) from upwards-rising

@ Springer

species (haddock, whiting and saithe), with possibil-
ities for better selectivity via other compartment-
specific modifications in either the trawl body or
codend (Cotter et al. 1997; Engas et al. 1998; Ferro
et al. 2007; Holst et al. 2009). Short horizontal panels
restricted to the aft section of the trawl body also
appear to have utility (He et al. 2008). Horizontal
separator panels have also extended towards directing
jellyfish (Scyphozoa) from trawls through escape
exits; albeit with some loss of targeted fish (Park
et al. 2012).

Zone-3 modifications have also included various
lateral or top-orientated ‘windows’ in the trawl body
made from either TO or T45 mesh, with some
extending throughout (Ball et al. 2003; Bayse et al.
2016; Bonanomi et al. 2020). Generally, the utility of
these windows has reflected not only the behaviour of
key species but also their shape, with flatfishes better
suited to escaping through TO than T45 meshes
(Milliken and DeAlteris 2004). Most designs have
reduced unwanted sizes, although it is clear lateral-
mesh openings need to be carefully considered in
multi-species fisheries to avoid loss of targets (Bo-
nanomi et al. 2020).

Zone 4 (extension and codend)

Based on the long-standing assumption that the
codend is responsible for most of the selection in a
trawl (Millar and Fryer 1999), the earliest modifica-
tions tested to improve fish-trawl size selectivity
involved simply increasing the conventional TO mesh
(e.g. Walsh et al. 1992). Such changes are described in
14 papers (Table 2) and, because many fisheries
initially had mesh sizes chosen by industry prior to
being regulated (and were therefore as small as
possible), in virtually all cases these changes led to
increases in Lsgs, often with reasonable SRs and
therefore maintained target catches commiserate with
expectations.

Some studies concurrently investigated changes in
codend configurations other than increasing mesh size.
For example, reducing the circumferences of codends
and/or the lengths of extensions improved selectivity
for various species for TO mesh codends (described in
15 papers including very good studies by Wienbeck
et al. 2011; Eryasar et al. 2014; Herrmann et al.
2015a). The codend material also had effects, whereby
single and more flexible twine often improved
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selectivity (in nine papers and particularly those by
Kynoch et al. 1999; Sala et al. 2007); however variable
twine diameters were sometimes overlooked in some
zone-4 studies assessing other factors (Lowry and
Robertson 1996; O’Neill et al. 2016). Also, removing
external rigging like strengthening bags and chafing
gear, or even increasing their circumferences
improved selectivity in seven papers including those
by Tosunoglu et al. (2003), Kynoch et al. (2004) and
Demirci et al. (2019).

But the largest number of studies done to improve
selectivity in fish trawls has involved simply replacing
TO with T45 mesh throughout codends (38 papers
including very good experiments by Robertson and
Stewart 1988; Millar and Walsh 1992; Halliday et al.
1999; He 2007; Lucchetti 2008; Ozbilgin et al. 2012;
Tokag et al. 2014; Diizbastilar et al. 2017; Demirci and
Akyurt 2017) (Table 2). Various configurations of T45
codends have been assessed in many fisheries, across
many species assemblages and with a general trend of
facilitating either maintained or improved Lsgs across
lower SRs for roundfish, including Atlantic horse
mackerel (Campos et al. 2003), red mullet (Dereli and
Aydin 2016), hake (Halliday and Cooper 2000), cod
(Halliday et al. 1999; He 2007), haddock and saithe
(Halliday et al. 1999), Dussumier’s anchovy (Thryssa
dussumieri Engraulidae Madhu et al. 2016; Joshy
et al. 2018) and largehead hairtail (Trichiurus lep-
turus, Trichiuridae; Rajeswari et al. 2013). While
codends made from T45 mesh can also have lower SRs
than the same-sized TO mesh for flatfish (e.g. Amer-
ican plaice; Millar and Walsh 1992; Walsh et al.
1992), generally they are less effective at improving
their size selection (Wallace et al. 1996; Perez-Comas
et al. 1998).

One recurring issue with T45 codends is their
relatively lower netting flexibility and strength than TO
codends (Madsen 2007). These deficits have been
addressed in some fisheries by simply turning meshes
to 90°, effectively increasing and maintaining lateral-
mesh openings which can produce similar selectivity
across comparable mesh sizes as T45. Codends made
entirely of T90 mesh first appeared in 1997 in the
Baltic Sea (Moderhak 1997, 1999, 2000) and have
subsequently been assessed in 13 papers (all in Europe
except for Lomeli et al. 2017a) including detailed
studies for cod, European plaice and red mullet by
Wienbeck et al. (2011) and Kaykag et al. (2018). We
also located a single study examining hexagonal mesh,

but the authors noted fewer benefits in terms of
maintaining SR and increasing L5 than the same sized
T45 mesh (Aydin and Tosunoglu 2010).

In addition to codends made entirely of alternative
meshes, many studies assessed the effects and posi-
tioning of various windows made from larger TO or
T45 mesh, which have the advantage of only altering a
small section of conventional codends and so main-
taining many existing operational characteristics
(Table 2). Generally, such windows allowed unwanted
sizes or species to escape with few impacts on
commercial catches and tended to function better the
further aft they were positioned in the codend for
several species, including haddock (Graham and
Kynoch 2001; Graham et al. 2003; O’Neill et al.
2006) and cod (Herrmann et al. 2015b), but sometimes
not for whiting (Graham et al. 2003). The use of
guiding/stimulating devices in the codend to herd fish
towards such windows where they can then be selected
based on size further improved effectiveness in some
cases (e.g. for cod; Fraser and Angus 2019), although
LED lights seem to have little effect on the few
assessed species, including hake and whiting (Cuende
et al. 2020a, b).

As well as simple changes to lateral-mesh openings
in the codend and/or extension, many studies have
examined complex modifications including grids
(with and without guiding panels and deflectors) to
similarly exclude either (1) different sizes of the target
species (‘size-selective’ grids); or (2) much larger
organisms (‘species-selective’ grids). Both categories
have been tested across many jurisdictions, but most
work occurred with size-selective designs in the
Barents and North seas in attempts at increasing or
maintaining Lsgs, while reducing SR for a few key
species (Table 2).

Among the early size-selective grids was the ‘sort-
X’ (Larsen and Isaksen 1993); a steel grid made in
three sections with 55-mm bar spaces that was first
tested in the North Sea with cod and haddock and then
other fisheries (Sarda et al. 2004; Herrmann et al.
2013b; Gamaza et al. 2018). The sort-X improved
selectivity for cod and haddock in several studies.
Other authors tested variations of the sort-X concept
with variations being the single steel, ‘sort-V’
(Kvamme and Isaksen 2004; Jgrgensen et al. 2006;
Sistiaga et al. 2008, 2010; Herrmann et al. 2013c),
FRESWIND (Santos et al. 2016a) and the more
commonly used plastic and fibreglass ‘flexi-grids’
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(Sistiaga et al. 2009, 2016a; Brinkhof et al. 2020)
which, subject to determining appropriate bar spaces
(Sistiaga et al. 2008; Herrmann et al. 2013c; Vogel
et al. 2017) generally reduced SRs and so improved
selectivities in the fishery(ies) examined, and with
easier handling than the sort-X. However, SRs have
remained sufficiently wide to evoke substantial loss of
target sizes in fisheries seeking to reduce all under-
sized catches (Brinkhof et al. 2020). Further, at least
some work has demonstrated similar selectivity being
achieved though simpler modifications, like windows
with greater/more consistent lateral-mesh openings;
albeit with variable differences in the timings of
escape (e.g. Grimaldo et al. 2008). In particular,
Jgrgensen et al. (2006) noted few differences for cod
between the sort-V and simply increasing codend
mesh size.

Following their widespread use and success in
penaeid trawls (Broadhurst 2000), species-selective
grids, including the Nordmgre-, super-shooter and
other top- or bottom-opening, inclined grids have been
tested in some fish trawls (Chosid et al. 2012; Lomeli
and Wakefield 2013, 2016; Brcic et al. 2015), some
with various types of lifting/guiding panels and/or
funnels to direct fish (e.g. Halliday and Cooper 1999;
Rose and Gauvin 2000; Grimaldo et al. 2015). Their
consideration was mainly precipitated by a need to
reduce bycatches of charismatic megafauna, including
sea turtles (Vasapollo et al. 2019), elasmobranchs
(Chosid et al. 2012; Brci¢ et al. 2015) and marine
mammals (Wakefield et al. 2017). Providing bar
spaces were sufficient, several designs have success-
fully maintained target catches (but see Brcic et al.
2015) while reducing megafauna by close to 100%.

There have also been several studies that have
examined combinations of grids with T0/T45 mesh
windows (Eigaard and Holst 2004; Graham et al.
2004a, b; Fonseca et al. 2005; Grimaldo et al.
2008, 2009; Herrmann et al. 2019). Most have proven
to be quite successful at improving L50s at reduced or
constant SRs.

A final suite of quite complex and expensive
modifications to zone 4 involve mechanisms to release
fish at certain depths or when catches reach a certain
level using acoustic releases, weak-links or pre-set
holes in the codend/extension (Grimaldo et al. 2014,
Brinkhof et al. 2019). While they do have fishery-
specific utility for ensuring quotas of target species are
not exceeded, in terms of reducing unwanted
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bycatches more broadly, such modifications might
not perform better than other, simpler approaches.

Other modifications

Sixteen papers simultaneously examined combina-
tions of simple and complex modifications within
more than one zone in the trawl. For some studies, the
individual utility of some modifications could be
deciphered and were included in the relevant zones
discussed above, although some experimental designs
precluded completely understanding which compo-
nents were responsible for improving selectivity and/
or efficiencies (e.g. Fiorentini et al. 1999; Madsen
et al. 2006; Cartes et al. 2009; Manjarres-Martinez
et al. 2015). Seven papers, including four assessing all
zones in the trawl, were not partitioned above and are
included here because they mostly comprised com-
pletely different trawls which were typically assessed
during surveys (e.g. Cartes et al. 2009; Reid et al.
2012; Manjarres-Martinez et al. 2015). The exceptions
were Sangster and Breen (1998) who compared single
and twin rigs and showed that standardised (for swept
area) catches of some species were greater in twin
gear, and Dahm et al. (2002) who compared different
sizes of trawls and showed no effect on standardized
catches.

Discussion
The problem unresolved

The reviewed 203 papers describe some 28 broad
categories of simple and complex technical modifica-
tions for improving size or species selectivity, and so
reducing unwanted bycatches in fish trawls over the
past three decades. However, despite these options, no
fishery has completely resolved all bycatch problems
while maintaining targeted catches at conventional
levels. And nor is this likely to occur—because the
generic design of trawls, the different behaviours,
sizes and shapes of fish caught, combined with
diverse, and ever-changing priorities regarding target
species (and therefore bycatches) preclude absolute
100% selectivity in such gears (and, indeed, for most
fishing gears—Kennelly and Broadhurst 2002).

The effect of the above issues is clearly evident in
the many papers and, indeed, overarching bias in
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research efforts in this field towards relatively few
species—particularly the 64 and 59 papers focussing
on haddock and cod, respectively (with 15 in the most
recent two years). Some justification for this historical
focus can be attributed to variable minimum legal
sizes among fisheries, such as 32 (Madsen and Staehr
2005), 35 (Moderhak 1999), 38 (Santos et al. 2016a),
44 (Sistiaga et al. 2015) and 47 cm TL (Sistiaga et al.
2008) for cod, and inconsistent relationships between
Lso and SR affecting the consistency of scaled-up
modifications (Wileman et al. 1996). But, as for other
commonly assessed species (including whiting, hake,
red mullet and Atlantic horse mackerel), most efforts
appear to reflect either unresolved or new selectivity
issues and/or, in some cases, technological solutions
that were not easily transferable among fisheries.
Irrespective of the mechanisms leading to repetitive
research on relatively few species, this outcome
provides a positive corollary for maximizing future
progress in this field (which may not extend to 100%
resolution but could nevertheless substantially ame-
liorate bycatch problems). That is, by developing and
documenting the broad ranges of (1) experimental
approaches and (2) potential modifications to reduce
bycatch in fish trawls, we suggest studies of other
species, in fisheries in the same or other parts of the
world, might be progressed with less unnecessary
repetition, and so ensure maximum cost—benefit in
designing, refining and implementing solutions.

Considerations regarding experimental approaches

All the reviewed literature used at least one of three
broad categories of experimental methods (covers,
alternate hauls or paired comparisons)—albeit with
considerable variability among technical details and
the use of ancillary equipment (cameras or trawl-
monitoring equipment)—to quantitatively assess the
efficacy of modifications. Nevertheless, irrespective of
the approach, there were some consistent confounding
issues that, in many cases may have compromised
identifying successful solutions to bycatch problems.

One of the key limiting factors has been failure to
incorporate sufficient spatio-temporal replication in
experiments. Many studies have shown that, in
addition to sometimes even subtle technical factors
within a trawl, a plethora of other biological, envi-
ronmental and operational factors variably affect
selectivity (Wileman et al. 1996; Broadhurst et al.

2016). These include, but are not limited to, water
temperature and/or fish condition (Ozbilgin et al.
2007); sea state (Somerton et al. 2018); diel patterns
(Ryer et al. 2010); towing speed (Sala et al. 2007;
Somerton and Weinburg 2001); haul-back delay
(Madsen et al. 2008); catch weight (O’Neill et al.
2008); or water depth (Sala et al. 2008). The number
and variety of such issues and fishery-specific impor-
tance mean that it is difficult to envisage their
variability being captured in studies involving just
two to five hauls over a few days in a fishing season
(e.g. Sarda et al. 2006; Aydin et al. 2008; Ozdemir
et al. 2012, 2014; Rajeswari et al. 2013). In fact,
several authors have acknowledged such factors
probably contributed to differences in estimated
parameter vectors for the same modifications tested
in subsequent experiments (e.g. Brinkhof et al. 2020).
Only by incorporating appropriate spatio-temporal
replication across the full range of fishing conditions
can such factors be adequately addressed. We
acknowledge that operational costs usually restrict
the days at sea available for experiments, but even
within such constraints, experiments can still optimize
replication given levels of variance using well-estab-
lished cost-benefit procedures (Kennelly et al. 1993).
And because of the number and variety of studies
already done, the required parameters for such anal-
yses should be readily available for many fisheries.
In addition to problems of replication, we suggest
that many studies did not adequately assess for
confounding effects of the experimental procedure
on the treatments of interest. In particular, some
designs of covers could affect the geometry and
efficiency of trawls (Madsen and Holst 2002), and
certainly fine-mesh liners in codends would displace
more water forwards, potentially affecting the passage
of fish (Broadhurst et al. 1999, 2002). Such effects
were rarely tested for, or their confounding effects
ignored. As one example, Madsen et al. (2001)
recommended the kite cover for codends and subse-
quently demonstrated few confounding effects on
selectivity (Madsen and Holst 2002), but despite this,
most studies used hooped covers (but see Grimaldo
et al. 2009). It should be a fairly simple procedure to
confirm that codend/escape exit covers or liners do not
affect the performances of either the trawl or the
modifications using alternate hauls within the same
experiments. And considering that repeated experi-
ments have been done using consistent trawl designs
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in many fisheries, testing for ancillary cover effects
might only need to be published periodically.

Many studies have also identified other technical
factors that can confound trawl-gear comparisons,
such as variable codend lengths or circumferences
(Reeves et al. 1992; Sala and Lucchetti 2011), twine
diameters (Lowry and Robertson 1996) and/or netting
materials (Tokag et al. 2004; O’Neill et al. 2016). But
consistency among these factors was not identified (or
stated) in many of the reviewed papers. Further, there
was a tendency to present and discuss nominal mesh
sizes (i.e. from the manufacturer) which were not
stated as being measured (e.g. Ozbilgin et al. 2005;
Sola and Maynou 2018; Santos et al. 2016b), but if this
did occur, mean mesh sizes were always different (e.g.
Perez-Comas et al. 1998; Sala and Lucchetti 2011;
Ozbilgin et al. 2015). Because manufactures’ nominal
mesh sizes are not replicable, following Wileman et al.
(1996) and Ferro and Xu (1996), we reiterate that these
should be quantified and presented as mean sizes with
variances. Similarly, all other technical specifications
known to affect the selectivity of trawls should be
stated.

Another issue regarding experimental procedures
concerns the ease of their interpretation by fishing
industries (who need to use any modifications) and
managers (who need to legislate them). Many analyses
involved producing selectivity ogives which present
the probability of fish escaping at a particular size, and
are needed to illustrate the absolute selectivities of
gears independent of the population fished (Millar and
Fryer 1999). Nevertheless, this approach is not
particularly intuitive for fishers or managers, and
contrasts with attempts to reduce bycatches in other
fisheries where bycatches are usually discussed in
terms of percentage reductions in whole weights or
numbers (rather than sizes) (Pérez Roda et al. 2019;
Kennelly 2020).

While we do not propose that the existing analytical
methods be avoided, we suggest that there may be
some scope for complementary approaches that, in
addition to providing estimates of Lsy and SR, also
indicate total bycatch reductions due to the modifica-
tion(s). Certainly, there appears to be a regional
pattern in this regard, with European studies focusing
more on experimental approaches using covers and
therefore mostly reporting analyses of catches at size
(e.g. Larsen and Isaksen 1993; Sistiaga et al. 2010;
Ceylan and Sahin 2019). In contrast, studies in North
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America and Australia (although fewer in number)
have been more biased towards alternate-haul exper-
iments that concomitantly presented estimates of
bycatch reductions as standardised predicted mean
weights and/or numbers of animals (e.g. Lauth et al.
1998; King et al. 2004; Hannah et al. 2005; Graham
et al. 2009; Eayrs et al. 2020). An additional advantage
of combining approaches is that more data about
the assemblages of species would be used, which may
reduce the need for researchers to report results from
the same cruises in separate papers (e.g. Ozvarol
2016a, b; Larsen et al. 2016, 2018b; Pol et al.
2016a, b). Although presenting variations among
broad categories of catches will not change the
hypotheses tested, it might promote better understand-
ing by industries which, in turn would encourage their
greater development, refinement and ownership of
solutions and, eventually, implementation of success-
ful designs (Kennelly and Broadhurst 2002).

Some rationalization and consistency in experi-
mental approaches would also benefit the future
synthesis of data, especially those involving meta-
analyses. The latter are increasingly being used to
examine various parameters/estimates obtained in
experiments to derive generalisable patterns over
diverse situations (including those involving gear
selectivity; Fryer et al. 2016; Melli et al. 2020) and
subsets of the 203 papers summarized here could
provide starting points for such work. However, as we
identified in this review, inconsistency among papers
in the estimation of parameters, variable scientific
rigour (in terms of experimental designs and replica-
tion) and the non-reporting of null results, could
compromise the validity of such analyses. That is, as is
the case for individual experiments, confidence in any
generalities that may come from meta-analyses of
papers will be entirely dependent on the quality of the
data used in them.

Choosing effective modifications

In examining the various categories of modifications
developed to reduce bycatch in fish trawls, this review
has assessed the utility, applicability, advantages and
disadvantages of each. This led to the development of
a framework which could be followed in future work,
particularly for hitherto un-examined fisheries
(Table 3). Often, key prerequisites to getting techno-
logical solutions into practice throughout a fishery are
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Table 3 A framework for assessing modifications in demersal fish trawls

Consideration Zone(s) Modifications to test in sequence Advantages Disadvantages
First: 4 Choose the correct mesh size and shape for Simple changes usually Modifications will not reduce
the smallest target species improve selectivity drag or fuel usage
Choose the narrowest possible codend This zone is usually Some modifications (e.g. square-
circumference and twine diameter common among mesh configurations) can alter
To reduce catches of round fish, locate fleets through time
escape windows as close as possible to the Changes can be Fish escape may occur after
catch and on the top of the codend flexible and easy-to- substantial interactions with the
To increase fish entering escape exits, source gear leading to some mortality
consider guiding panels/stimulants (e.g. Trawl monitoring
LEDs for nocturnal fishing or deep water) equipment is not
To reduce catches of small fish in fisheries required
with very few target species, consider size-
selective grids
To reduce catches of animals larger than the
targeted species, consider species-selective
grids
Next: 1-3 Choose the largest possible diamond-mesh ~ Simple changes usually These zones are often not

sizes throughout zone 3

Choose the narrowest possible twine
diameter

Use a horizontal separator panel(s) to
confirm species-specific behaviour in the
trawl to inform the design of modifications

Depending on species distributions inside
the trawl, assess windows with different
mesh shapes in the wings, or top panels

To increase fish contact with panels/
windows, consider guiding panels/
stimulants (e.g. LEDs)

Depending on species distributions inside
the trawl, assess different types of ground
gears

Optimise bridle and sweep lengths for target
species

Optimise the spread ratio of the trawl

improve selectivity

Changes can reduce
drag and fuel usage

Changes can be
flexible and easy-to-
source

Unwanted fish often
escape the trawl
entirely with low
mortality

common throughout fleets

It can be difficult to distinguish
the key factors improving
selectivity

Trawl-monitoring equipment is
usually required

that they not only reduce bycatches while maintaining
target catches across most spatio-temporal scales, but
are also simple and easy to understand and implement
(Tucker et al. 1997). While we have no quantitative
measure regarding the relative success and adoption of
complex vs simple modifications, there was no clear
trend towards either being more or less efficient,
although simpler modifications were more common—
especially in zone 4 of the trawl. Therefore, it seems
appropriate for fledgling studies to first modify
existing configurations within the codend to improve
selection, simply because these are usually cheapest,

within the (often-generational) experience of fishers,
and codends are relatively homogenous within, and
even between, fleets (Table 3).

More specifically, increasing lateral-mesh openings
throughout codends via the use of larger TO or similar
sizes of T45 or perhaps T90 mesh (considering the
operational issues with T45) to match the desired sizes
and shapes of focus species would be a logical starting
point, and especially for fusiform fish morphologically
similar to the commonly assessed Atlantic horse
mackerel, hake, haddock or red mullet (Halliday and
Cooper 2000; Campos et al. 2003; Dereli and Aydin
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2016). Alternatively, if there is industry resistance to
alternative-mesh configurations, reducing codend cir-
cumference might be an even simpler option for TO
codends (Reeves et al. 1992; Galbraith et al. 1994;
O’Neill et al. 2008; Graham et al. 2009), but with
fewer benefits for T45 (Sala et al. 2016)—a similar
result found for penaeid trawls (Broadhurst and Millar
2009). Narrower twine dimeters and/or avoiding
double twine would similarly be appropriate options
for all mesh configurations (Graham et al. 2009).

In some cases, instead of changes to the whole
codend (that might affect strength or flexibility),
installing relatively small windows in codends (mostly
on the top or sides) made from meshes with larger
lateral openings could have utility, although position-
ing is clearly important with locations closer to the
catch most beneficial (e.g. Graham and Kynoch 2001;
Graham et al. 2003) (Table 3). Such positioning was
further discussed by Herrmann et al. (2015a, b) and
reaffirms earlier research in penaeid trawls where
displaced water was shown to assist fish to escape via
proximal openings (Broadhurst et al. 1999, 2002). A
consequence of these effects is that they imply
confounding impacts of the use of codend liners and/
or inappropriate cover designs (discussed above).

Grids are also clearly successful zone-4 options,
although their choice needs to be very fishery-specific
(Table 3). That is, size-selective grids, and especially
the flex-grid and variants might warrant future exten-
sion and assessment in those fisheries with few species
or where most bycatches are juveniles of the targets
(e.g. Larsen and Isaksen 1993; Sarda et al. 2004;
Eigaard et al. 2012; Herrmann et al. 2013b; Larsen
et al. 2016, 2018b; O’Neill et al. 2008; Sistiaga et al.
2018). In addition, using guiding panels and deflectors
to direct fish toward such grids can augment selectivity
(e.g. Halliday and Cooper 1999; Kvamme and Isaksen
2004; Kvalsvik et al. 2006; Grimaldo et al. 2015). But
in some cases, compared to size-selective grids,
simpler modifications like increasing codend mesh
size could be just as effective (Jgrgensen et al. 2006;
Grimaldo et al. 2008). In contrast, and as for penaeid
trawls, there appear to be few simple options for
excluding charismatic megafauna like turtles, seals
and elasmobranchs other than species-selective grids,
although subtle refinements (e.g. to bar shape, size and
design) can be made to maintain target catches of fish
(Wakefield et al. 2017; Vasapollo et al. 2019).
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Concomitant with simple zone-4 modifications as a
starting point for improving trawl selection are several
promising options for the anterior sections of the trawl
(Table 3). However, considering there are few exam-
ples in the literature where the relative utility of
individual multiple-zone configurations could be
deciphered, all anterior modifications need to be
assessed in isolation and with carefully considered
experimental controls. Simple options involve entire
areas or windows with larger lateral-mesh openings
(like those used in zone 4) and designed to partition
species based on size (e.g. Milliken and DeAlteris
2004; Bayse et al. 2016; Santos et al. 2016b;
Bonanomi et al. 2020). But most modifications in
these trawl sections rely on species-specific beha-
vioural responses. As a broad distinction, many
roundfish rise up (but not all; e.g. cod), while flatfish
remain low; a characteristic which can and has been
used to separate species using modifications like
horizontal panels (Engas et al. 1998; Ferro et al. 2007;
He et al. 2008; Holst et al. 2009; Park et al. 2012) or
topless trawls (e.g. Chosid et al. 2008; Krag et al.
2015; Eayrs et al. 2017).

Certainly, horizontal panels might be positioned in
studies of unassessed trawls to provide initial infor-
mation on the preferred orientations of the key species
as a precursor to making simple changes to promote
bycatch escape (He et al. 2008). Light emitting diodes
might then also be tested to exploit any identified
behavioural differences (Lomeli et al. 2018). For
example, Southworth et al. (2020) used a T45 window
with and without LEDs in the top body of a scallop
trawl and showed that the non-illuminated window
reduced catches of whiting and haddock in shallow
water while illuminating the panel in deep water
reduced haddock and flatfish catches.

Notwithstanding the potential complementary ben-
efits on overall trawl selection associated with mod-
ifying the anterior sections, the reviewed studies
indicated that considerable ancillary information con-
cerning the behavioural subtleties of focus species in
nets is needed, and incorporating often wide spatio-
temporal variability in key environmental parameters
(Wardle 1989). In addition to sufficient replication,
this often requires quite specialized equipment includ-
ing cameras and/or sonar (e.g. Krag et al. 2015; Cotter
et al. 1997; Engas et al. 1998; Ferro et al. 2007).
Furthermore, changes in the anterior section affect
whole trawl geometries (i.e. spread ratios and headline
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height) which means trawl-monitoring equipment
needs to be used and any effects incorporated into
analyses (e.g. Lauth et al. 1998; Fiorentini et al. 1999;
Milliken and DeAlteris 2004; Krag et al. 2015). Such
implicit requirements of zone 1 to 3 modifications and
their isolated testing may limit attempts at resolving
bycatch issues in this part of the trawl in some
fisheries, especially those in developing countries.

Nevertheless, advantages of modifying the anterior
trawl include minimizing escape mortalities because,
unlike the close confines of zone 4, fish are less likely
to contact netting or other animals and so get injured or
killed (Table 3). Further, because this area dictates
most of the system drag, there is considerable potential
to reduce operating costs through so-called ‘low
impact fuel efficient’ designs (LIFE; Suuronen et al.
2012) which can, in turn, facilitate adoption through-
out fleets due to concomitant fuel savings (McHugh
et al. 2017).

Conclusions

This review demonstrated that most efforts towards
reducing bycatch in fish trawls have involved rela-
tively few species in the North Atlantic Ocean which,
when combined with considerable collaboration
among researchers, has precipitated significant simi-
larity in the designs of modifications and ways to
assess them. But despite a geographic bias in effort,
within this region are diverse fisheries that range from
nearly mono- to multi-specific targeting various fish
sizes and shapes (round and flatfish) and with diver-
gent behaviours. This means the reviewed studies
encompass sufficient variety to provide excellent
starting points for unassessed fisheries, especially
with respect to simple modifications like T45/90 mesh
throughout codends, or as posterior top-orientated
windows.

The less-studied, non-European fisheries also offer
unique perspectives, including variability in opera-
tions that could benefit existing modifications, and
experimental approaches based more towards alter-
nate haul and paired-gear comparisons that facilitate
relative comparisons of absolute catches—which can
be more easily understood by stakeholders. But no
matter the region or basic approach, a major conclu-
sion from this review is that maintaining a rigorous
empirical framework to adequately test and quantify

the efficacy of individual modifications, while con-
veying implications about catches and bycatches to
stakeholders, is as important as the simplicity and
reliability of the modifications themselves.

While we advocate zone-4 modifications as an
excellent starting point for unassessed fisheries,
wherever possible these should be complemented by
a more holistic LIFE approach to resolving issues in
trawl fisheries (Suuronen et al. 2012). Fishers are more
likely to refine and adopt modifications that reduce
bycatch if there are additional benefits such as
minimising fuel usage via reductions in drag through
simple modifications in zones 1 to 3. And of course,
engaging industries in all such work should dramat-
ically increase the eventual implementation of suc-
cessful solutions.
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